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Preface

The XVIII International Conference on Strangeness in Quark Matter (SQM 2019)
was held from 10 to 15 June 2019 in Bari, Italy. Hosted by the INFN (the Italian
National Institute for Nuclear and Particle Physics), in collaboration with the
Physics Department of the Bari “Aldo Moro” University and Polytechnic
University, the conference attracted more than 270 participants from 32 countries,
including a large number of graduate students and young scientists. The SQM series
focuses on new experimental and theoretical developments on the role of strange
and heavy-flavour quarks in high-energy heavy-ion collisions and in astrophysical
phenomena. The main scientific topics addressed at SQM 2019 were the following:
strangeness and heavy-quark production in nuclear collisions and hadronic inter-
actions, hadron resonances in the strongly coupled partonic and hadronic medium,
bulk matter phenomena associated with strange and heavy quarks, QCD phase
structure, collectivity in small systems, strangeness in astrophysics, open questions
and new developments.

The scientific programme consisted of 50 invited plenary talks, 76 contributed
parallel talks and a quite rich poster session with more than 60 contributions.
A state-of-the-art session opened the conference, with a tribute to the late Roy
Glauber entitled “The Glauber model in high-energy nucleus-nucleus collisions” by
Reinhard Stock (Goethe University Frankfurt), followed by two overview talks to
set the scene on the theory and experiment sides, respectively. The first 2-day
plenary sessions were dedicated to highlights from theory and experiments: they
included reports on results from low- and high-energy collisions, as well as on
hyperon interaction in lattice QCD and thermal model. Representatives from all
major collaborations at CERN’s LHC and SPS, Brookhaven’s RHIC, the Heavy Ion
Synchrotron SIS at the GSI Darmstadt and the NICA project at the JINR Dubna
made special efforts to release new results at SQM 2019: thanks to the excellent
performance of these accelerator facilities, a wealth of new data on the production
of strangeness and heavy-flavour quarks in nuclear collisions have become avail-
able. The conference was organized in further plenary sessions dedicated to the
main scientific topics, two half-day parallel session afternoons, a poster session
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evening and a final session on “Future experiments and physics perspectives” on
the last morning before the “Summary and closing”.

Among the highlights presented at the conference, identified particle yield
measurements were shown to be progressing towards determining where phe-
nomena such as strangeness enhancement are localised in phase space. This is
currently addressed using complementary methods such as transverse multiplicity
estimators and two-particle correlations: such new approaches promise to constrain
theoretical models in unprecedented ways. Collective behaviour in small systems
was also a highlighted and much discussed topic, with new results from PHENIX
showing that p-Au, d-Au and 3He-Au exhibit elliptic flow coefficients consistent
with expectations regarding their initial collision geometry. This remarkable finding
indicates that even in these systems the observed v2 coefficient is not due to jet-like
phenomena but is rather a true manifestation of initial conditions translating into
momentum anisotropies, a hallmark feature of the classic flow paradigm. Further
results from ALICE, CMS and STAR complete the picture and consistently cor-
roborate the presence of elliptic flow in small systems. An increasing interest in
transverse-momentum differential baryon-to-meson ratios in the heavy-flavour
sector was also evident. Recent results from pp and Pb-Pb collisions from both
ALICE and CMS suggest that the same dynamics observed in the ratio K/K0

S may
be present in the Kc/D despite the fact that strange and charm quarks are thought to
be created in different stages of system evolution. Further studies and potential
future measurements may still be needed to fully conclude on the similarities in
these baryon-to-meson ratios.

A promising new perspective at the LHC is to use high-energy pp and p-Pb
collisions as factories of identified hadrons created by a source of finite radius and
then measure the ensuing interactions between these hadrons using femtoscopy.
This technique has allowed the ALICE Collaboration to study interactions that were
so far not measured at all and probe, for instance, the p-N and p-X interaction
potentials. These results provide fundamental constraints to the QCD community
and are significant in the context of the astrophysics: such potentials indeed serve as
input when modelling neutron stars under the hypothesis that hyperons are present
in this extreme state of matter. New results on the onset of deconfinement were
shown by the NA61/SHINE Collaboration, in particular, with the measurement of a
charged kaon-to-pion ratio in Ar-Sc intermediate compared to results in pp/Be-Be
and Pb-Pb, possibly suggestive of a change in the production mechanism that can
involve a phase transition. Recent results on strangeness production at low energy
from HADES and BM@N were also very welcome and enriched the discussion at
SQM 2019.

Presentations at the final session on Saturday morning showed good prospects in
the field for future measurements with FAIR at GSI Darmstadt, NICA at JINR
Dubna, Heavy Ions at J-PARC Tokai and at CERN with the currently ongoing
upgrades, opportunities for HL-LHC and next-generation experiments
(HL/HE-LHC and FCC). Perspectives for QCD measurements at future Electron
Ion Collider facilities were also presented. On the theory side, new developments
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and strong research efforts are currently taking place towards a better understanding
of strangeness production and open heavy-flavour dynamics in heavy-ion colli-
sions. Small system scan with more information about heavy flavour, crosstalk on
the Equation of state (EOS) between lattice QCD, Heavy ion collisions (HIC),
neutron stars, and global polarization in HIC are also topics of currently large
interest.

Two young scientist prizes, sponsored by the NuPECC, were awarded to the best
experimental and theory posters, respectively, Bong-Hwi Lim (Pusan National
University, Korea) and Olga Soloveva (Goethe University Frankfurt, Germany).
A special award dedicated to the memory of a friend and colleague has been
established for this conference series: the inaugural “Andre Mischke Award” for the
young scientist with the best experimental parallel talk at SQM 2019 was assigned
to Erin Frances Gauger (University of Texas at Austin, United States).

The scientific and organizational success of SQM 2019 was the result of the
work of many people. We would like to thank the colleagues of the International
Advisory Committee for their valuable help and guidance in shaping the scientific
programme of the conference. We are also warmly grateful to the members of the
Local Organizing Committee, the team of secretaries, the technical and adminis-
trative support staff and the student helpers: with them we’ve been sharing a fan-
tastic human and professional adventure over a year or so, in a common effort to
make sure that all aspects of the meeting were handled smoothly and efficiently.
Last but not least, we express our gratitude to the Italian and international orga-
nizations that provided financial contributions to the conference, allowing us to
support the participation of more than 50 young scientists to SQM 2019.

More information about the conference, including all oral and poster presenta-
tions, is available on the conference website at https://sqm2019.ba.infn.it/. The next
International Conference on Strangeness in Quark Matter (SQM 2021) will take
place in Busan, Korea, in May 2021.

Bari, Italy Domenico Elia
Giuseppe Eugenio Bruno

Pietro Colangelo
Leonardo Cosmai

Editors
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Chapter 1
ROY GLAUBER: In Memoriam the
Glauber Model in High Energy
Nucleus-Nucleus Collisions

Reinhard Stock

Abstract This article is devoted to thememory ofRoyGlauber.Hismulti-diffractive
model of nucleus-nucleus collisions has served a wide variety of applications in our
field.After a sketch of themodelwe illustrate a number of physics observableswhere,
in particular, the construction of the initialization phase of a A+A collision rests on
Monte Carlo simulations of the participant-spectator geometry of the incident config-
uration. This results, chiefly, in the determination of the nucleon participant , and the
binary collision number, as well as in a specification of the spatial expansion modes
of the source that lead to the observables of directed flow. Finally, one can attempt
to pin down the colour glass initial state, in comparison to Glauber initialization.

At the opening of this Conference let us commemorate Roy Glauber who passed
away last December. From among the many themes of his theoretical life-work it is
the “Glauber-Model” of multiple hadronic scattering phenomena which has become
basic to the understanding of nucleus-nucleus collisions at high energy. FromBevalac
time until todaywe employ themodel to define observables of increasing complexity:
initially it served, in particular, to quantify the concept of “central” collisions and
centrality classes but it then provided for the geometrical basis of the family of
flow-observables from which we have concluded on the bulk properties of the QGP
liquid. And, finally, it helps to quantify the basics of analysis of individual events,
thus opening up the wide field of observables related to event-by-event fluctuations
of the initial geometry. Thus, RoyGlaubers work has become a “household article” in
essentially all bulk QCDmatter questions where we talk about Glauber-initialization
vs. colour glass condensate initialization, to give just one example. A few of these
aspects will be recollected below. Let us begin, however, with a short look at Roy
Glaubers trajectory, in life and science.

Roy Glauber was born Sept. 1, 1925 in New York. He attended the famous Bronx
High School of Science, as a kind of Wunderkind with exceptional science talent,

R. Stock (B)
FIAS and Institut für Kernphysik, Johann Wolfgang Goethe-Universität,
Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany
e-mail: stock@ikf.uni-frankfurt.de

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_1

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_1&domain=pdf
mailto:stock@ikf.uni-frankfurt.de
https://doi.org/10.1007/978-3-030-53448-6_1


4 R. Stock

much reminding of Richard Feynmans famous performance in his “teenage years”.
At age 16 he entered undergraduate study at Harvard, and in 1943 he was drafted
into the Manhattan Project, the youngest scientist there, involved in critcal mass
computations. Returning to Harvard he got his Ph.D. in 1949 with Julian Schwinger
(Nobel laureate for the formulation of QED, later on). A period ofWanderjahre then
sees him at Princeton, Zuerich (with W.Pauli) and Caltech (where he substituted for
Feynman for a year). In 1976 Harvard again, he became Full Professor there, from
now on his permanent academic home but interspersed with many foreign visiting
positions including CERN. His principle research topic was Quantum Electrody-
namics in the interaction of light with matter, addressed to Quantum Optics. He also
first tackled the problems of multiple hadronic collisions at high energy, where he
developed the foundations of the so-called Optical Model for diffractive forward
scattering. The application to high energy proton-deuteron scattering then resulted
in the formulation of the Glauber Model to which we shall turn below because it
became extraordinarily useful later on, in the environment of nucleus-nucleus colli-
sion at relativistic energy where the concept of participant and spectator nucleons,
seen along a straight trajectory in an optical eikonal approximation, proved highly
useful. Figure1.1 shows a photo of Roy Glauber as we all remember him, taken at

Fig. 1.1 Roy Glauber at the Nobel Prize ceremony 2005
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the occasion of his Nobel Prize ceremony in 2005. What a remarkable picture! A
deep, and passionate academic and research life trajectory culminates, at age 80, in
this radiant and encouraging image of one of the Noblemen of science. We sadly
commemorate, today, to his passing away on December 26, 2018. His ideas live
onward in our research.

1.1 The Glauber Model

This is not the place for a detailed review of the Glauber Model of diffractive multi-
hadronic scattering [1] but let us briefly sketch the main points of the optical eikonal
approximation, the basis of the model. At very high energy the nucleon scattering
from a nucleus will stay essentially undeflected because of the far excess of longi-
tudinal over transverse momentum. Thus one might approximate its trajectory by
a light ray, the nucleon summing up all the successive phase shifts received at the
scattering centers inside the target. What emerges is a diffractive shadow image in
the transverse plane: the target is X-rayed. Thus the name eikonal approximation,
from greek eikona = image. This model neglects the fact that the participating nucle-
ons are, in reality, quantum mechanical objects, but it allows to implement all the
geometric aspects of the multiple scattering process, i.e. impact parameter of the pro-
jectile, and participant density distributions. We show in Fig. 1.2 the result by Franco
and Glauber [2] for proton-deuteron scattering at 1 and 2 GeV incident energy. It
illustrates the concept of participant and spectator nucleons, invented in this context.
The steep forward peak reflects single nucleon-nucleon scattering which is by far
the most frequent sub-process owing to the very dilute nucleon density distribution
of the deuteron.

Fig. 1.2 Elastic
proton-deuteron scattering
with Glauber Model fits.
From [2]
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1.2 Participant, Spectator and Collision Number

The assumption of independent straight line trajectories of the constituent nucleons of
target and projectile nuclei in a nucleus-nucleus collision makes it possible to simply
count the number of participating nucleons from target and projectile and, moreover,
the number of binary collisions occurring at the microscopic level, during interpene-
tration. In a Monte Carlo realization one has to dial an instantaneous, frozen position
map of the nucleons of target and projectile, based e.g. on a Woods-Saxon density
distribution. The nucleon trajectories are given finite transverse extension accord-
ing to the know (or assumed) nucleon-nucleon cross section. The entire geometrical
calculation takes place at a chosen impact parameter (see [3] for a comprehensive
review). We illustrate this process in Fig. 1.3 where a snapshot of a Au+Au collision
is shown. At an impact parameter 6 fm the instantaneous nucleon density distribu-
tions are seen approaching each other along the beam axis [3]. One can now read off
the distributions of to-be participants (deep colours), and count the number of binary
encounters of each participant, thus the total binary collision number. At first sight
this picture, and procedure, looks utterly unrealistic. If the microscopic nature of the
overall collision process is seen as independent and successiveN-N scatterings there
is hardly a justification to consider a participant nucleon to be still intact exerting its
initial cross section, after, say, 6 successive encounters. The misconception is in the
word successive. At the ultra-relativistic energies considered here the Lorentz factor
exceeds thousand, and thus all aspects of both longitudinal and transverse motion
of extended objects, such as nucleon form factors, must occur essentially simultane-
ously. There are no sequential instances of time resolvable. This point would clearly
deserve more discussion! However, the most elementary aspects of the picture, the
number of to-be involved or not involved nucleons, as a function of target/projectile
nuclear size, and of impact parameter, remain well defined. And, please note, that
this is all we need in the analysis of A + B collisions, as the following examples
will illustrate. We do not perform a full Glauber model analysis of the collisions

Fig. 1.3 Initial state of a
simulated Au+Au collision
at impact parameter 6fm,
specifying participants (dark
colour) and spectators (light
colour). From [3]
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but need to pin down all geometrical influences, including, more recently, also the
event-by-event fluctuations in the geometrical positions of the impinging nucleons.
Now to a bit of history.

1.3 Bevalac Physics: Carved—Out Fireballs, Rows on Rows

In the mid-70ties the Berkeley LBL Bevatron provided beams of 20Ne at energies
up to 2.1 GeV per projectile nucleon. The Fireball Model [4] was addressed to the
proton pt distributions of minimum bias Ne+U collisions. It combined the Glauber-
type geometrical abrasion model [5] of Swiatecki and collaborators, employed to fix
the interaction volume and the effective participant center of mass velocity, with a
Hagedorn-inspired statistical thermal emission model. Note that this approach came
to stay until today, where we initialize the A+B collision with a Glauber calcula-
tion and then interpolate the resulting momentum space distribution by the energy-
momentum tensor fromwhich ahydrodynamic evolutionoriginates. Figure1.4 shows
a sketch of the abrasion (“clean cut”) model applied to theNe+U collision at a periph-
eral impact parameter [4].

The assumption of thermal equilibrium met with serious critique (not for the first
time: Hagedorns entire life was accompanied by remarks like Feynmans about the
“nonsense to smash delicate swiss watches against the wall and study the debris”).
This motivated Huefner and Knoll [6] for their rows on rowsmodel, a strict and com-
plete Glauber model calculation of Ne on U collisions that we illustrate in Fig. 1.4.
In fact they showed that the equilibrium assumption was a good approximation in
collisions of heavy nuclei, as a consequence of multiple scattering at the microscopic
level.

Fig. 1.4 Sketch of the Fireball Model geometry for a Ne+U collision. From [4]
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Fig. 1.5 Rows of nucleons
along straight line Glauber
trajectories for the
combination of a light
projectile and heavy target.
From [6]

1.4 Asymmetric Collision Systems

Figure1.5 illustrates a notorious difficulty in dealing with asymmetric collision sys-
tems, such as the Bevalac Ne+U collision. The effective center of mass varies dras-
tically with impact parameter! In Fig. 1.5 a typical central Glauber-row of nucleons
is shown, a 3 on 7 collision. Toward surface reactions one finally approaches a 1 on
1 case! The shifting effective center of mass is beautifully illustrated in Fig. 1.6 by
the d+Au data from PHOBOS [7], the only RHIC experiment with a wide rapidity
acceptance. One sees a systematic shift of the charged particle rapidity distribution
with centrality (impact parameter), from symmetry about mid-rapidity for surface
reactions (the 1 on 1 case), to a downward peak shift of about 2.5 units for the most
central selection. This has important consequences [8], most often overlooked, for
the analysis of p+A and d+A data from experiments with a narrow rapidity accep-
tance such as STAR, PHENIX and ALICE. Note that the center of mass for hard
collisions (jet production) will always stay fixed at mid-rapidity: parton-parton scat-
tering. Thus in central collisions the bulk soft productionmedium—oftentimes called
the co-traveling plasma—moves with considerable longitudinal velocity opposed to
the leading parton. Moreover, if the acceptance is placed symmetric to the N-N cen-
ter of mass rapidity, i.e. y = 0 in collider experiments, the effective center of mass
rapidity of the soft bulk production falls far outside the acceptance. This explains the
high priority placed from Bevalac time onward on equal mass target and projectile
collisions.
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Fig. 1.6 The shift with
centrality of the charged
particle pseudorapidity
distribution in d+Au
collisions at 200 GeV,
measured by PHOBOS at
RHIC [7]

1.5 The Glauber - Relation Between 〈Ncharge〉, 〈Npar t〉
and Impact Parameter 〈b〉

From a minimum bias experiment with sufficient event statistics one obtains the
distribution of the charged particle multiplicity cross section, or of some related
quantity. This is sketched in Fig. 1.7 which illustrates the further steps in the Glauber-
type analysis [3]. Integrating the cross section downward frommaximummultiplicity
one defines the successive multiplicity classes 0−5%, 5%−10% etc. A Glauber
calculation then establishes the connection between impact parameter b and average
corresponding participant number 〈Npart 〉. Note that the latter varies from event to
event due to nucleon position fluctuations in the impinging nuclei, so even a sharp b
yields a broad Npart distribution, with mean 〈Npart 〉. The converse is equally true.
Finally, one integrates the resulting 〈Npart 〉 distribution downward from itsmaximum
into corresponding percentile classes, and associates this with the Nch percentile
classes. A typical final statement arises: in the 5%−10% class the average Nch is
about 1200, 〈Npart 〉 is about 300 and the mean corresponding impact parameter is
about 4 fm. This then sets the stage for a representation of other experimental results,
such as e.g. strangeness per participant pair versus centrality. Furthermore, it provides
the geometrical input for all model calculations, devoted to soft and hard production.
The Nuclear Modification Factor RAA makes further use of this calculation because
a mean number of binary collisions is also associated with each of the percentile
bins in Fig. 1.7. One can then consider RAA, the ratio of a certain hard production
cross section (photons, high pt hadrons) observed in an A + A collision, to the
corresponding elementary proton-proton minimum bias collision cross section as
multiplied by the appropriate number of collisions. The case RAA = 1 stands for
nothing but trivial collision number scaling. Figure1.8 illustrates the modification
factors for central Au+Au collisions at top RHIC energy obtained by PHENIX [9].
The photons stay close to unity, they do not significantly interact with the medium,
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Fig. 1.7 Definition of centrality windows in the charged particle multiplicity distribution in Au+Au
collisions, exhibiting the correspondence of impact parameter, participant nucleon number and
charged particle multiplicity. From [3]

Fig. 1.8 The nuclear modification factor dependence on pt for pions, η and direct photons, mea-
sured by PHENIX [9], compared with the parton energy loss model [10]

whereas the pions and η suffer a drastic suppression, they lose momentum in the
“cotraveling” QCD plasma. Diagnosis of its properties thus becomes possible, as
illustrated here by comparison to the GLV parton energy loss model [10]. Other
models feature the QCD transport coefficient q̂ = 〈q2

t 〉/λ as the fit variable.
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Fig. 1.9 Sketch of the initialization of elliptic flow, exhibiting the emerging primordial participant
fireball

1.6 Elliptic Flow Initialization

Further toward new observables that are related to participant-spectator geometrical
construction of an initial state in an A+A collision, let us turn to the famous image
shown in Fig. 1.9. It shows the geometrical constellation that leads to the initializa-
tion of elliptic flow. The non-sperical fireball interaction volume of the participants,
carved out in a semi-peripheral collision, is depicted here after about a few fm/c of
elapsed time, as we can infer from the receding projectile remnants (note that Lorentz
contraction is ignored here). That time interval was sufficient to describe the colli-
sion volume in a hydrodynamic view, exhibiting the pressure gradients governing the
onset of its expansion. Clearly, the gradients are higher along the (x, z) reaction plane
than perpendicular to it. This will create an unisotropic development of expansion
flow, as attested by the eventually observed azimuthal emission distribution of all
hadronization products. The analysis requires an event-by-event localization of the
reaction plane, a technique first developed in the Bevalac studies of directed sideward
flow, by the Plastic Ball Collaboration [11]. Its resolution rests on the high multi-
plicity of emitted hadrons, at unprecedented hight at top RHIC and LHC energies.
This is, perhaps, the best-studied observable of the field, both experimentally and
theoretically. The key question: to what extent does the hydrodynamic expansion
evolution preserve the primordial eccentricity? This analysis allows for a determina-
tion (or estimate) of the dissipative deviations from ideal fluid evolution, “blurring”
the initial image of the fireball source. Viscous dampingwould be themain influence,
as controlled by the specific shear viscosity eta/s, and, in fact, we now have stringent
estimates of this parameter which reflects another bulk property of the QCD plasma,
in addition to the QCD transport coefficient addressed in the previous paragraph.
Looking again at Fig. 1.9, this must be the most striking, and successful application
of Glaubers eikonal approximation. The “shutter speed” involved here must be of
unit fm/c dimension! Not often appreciated, the possibility to draw such a high time
resolution diagram is owed to the extreme energies reached at RHIC and LHCwhere
the interpenetration time of the interacting nuclei is shortened, by the high Lorentz
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factor, to fractions of a fm/c. Thus the primordial reaction volume is created almost
instantaneously, giving rise to a well-defined initialization period, as implied in the
above consideration. This period is, therefore, also accessible in principle to theoret-
ical models, e.g. Glauber initialization vs. colour glass initial state: a remaining topic
of research. The instantaneous positions of the nucleons inside the average Woods-
Saxon density distribution vary from event to event, as we mentioned when looking
at the relation between impact parameter and participant number. That has invited a
study of the higher moments of the initial excentricity, up to n=6. The simultaneous
hydrodynamic fit offers a far higher sensitivity to the specific shear viscosity. Thus
we conclude that, with the help of the Glauber model, relativistic heavy ion collision
studies have, in fact, succeeded to clarify the properties of the QCD plasma.
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Chapter 2
Recent Results from HADES

Manuel Lorenz

Abstract HADES measured Au+Au collisions at
√
sNN = 2.4 GeV, which probe

very similar temperature and density regions during their time evolution as neutron
star merger. Measurements of light nuclei, which contribute to the bulk of the created
matter at this energy, as well as rare and penetrating probes like dilepton radiation
and strangeness production are presented. In addition, with the start of the FAIR
Phase-0 program, new high-statistic data of Ag+Ag collisions at

√
sNN = 2.55 GeV

have been collected in March 2019.

2.1 Merging Neutron Stars in the Laboratory: Au+Au
Collisions at

√
sNN = 2.4 GeV

The discovery of gravitational wave signals from a neutron star merger event by the
Laser Interferometer Gravitational Wave Observatory (LIGO) [1], marks the start
of the gravitational-wave and true multi-messenger astrophysics era in which the
signal transmitted by compact stellar objects are expected to deliver tight constraints
on the equation of state of matter [2]. The next step is to explore the microscopic
composition of neutron star mergers.

Heavy-ion collisions in the few GeV energy regime offer the unique opportunity
to study the microscopic substance of neutron star mergers in the laboratory as both
probe very similar temperature and density regions during their time evolution. This
is visualized in Fig. 2.1, where the simulated density evolution in coordinate space of
two merging neutron stars [3] (upper part) is confronted to the conditions realized in
Au+Au collisions at

√
sNN = 2.4 GeV (lower part), modelled with the microscopic

transport code UrQMD [4]. The temperature in a neutron star merger is expected
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Fig. 2.1 Density evolution in coordinate space of two merging neutron stars [3] (upper part) com-
pared to those of a Au+Au collisions at

√
sNN = 2.4 GeV (lower part), modelled with the micro-

scopic transport code UrQMD [4]. More details can be found in the text and in [6]

to reach 50–80 MeV [3, 5], while the one in Au+Au collisions is determined to be
around 70 MeV, based on a measurement of dilepton radiation by HADES [6].

2.2 HADES

HADES, displayed in Fig. 2.2 in an expanded view, is a fixed-target setup served by
the SIS18 accelerator at GSI, Darmstadt. It comprises a 6-coil toroidal magnet cen-
tered around the beam axis and six identical detection sections located between the
coils, covering almost the full azimuthal angle. Each sector is equipped with a Ring-
Imaging Cherenkov (RICH) detector followed by low-mass Mini-Drift Chambers
(MDCs), two in front of and two behind the magnetic field, as well as a scintillator
hodoscope (TOF) and a resistive plate chamber (RPC) at the end of the system. The
RICH detector is used mainly for e± identification, the MDCs are the main track-
ing detectors, while the TOF and RPC are used for time-of-flight measurements in
combination with a diamond start detector located in front of a 15-folded segmented
gold target. The setup is completed by an electromagnetic calorimeter and a forward
hodoscope used for event plane and centrality determination. A detailed description
of the HADES detector is given in [7].

With the RICH as dedicated detector, HADES is predestinated for e±, but the time
resolution of the RPC and TOF detectors allow also for clear separation of different
charged hadrons. In addition, the precision of the track reconstruction allows for the
reconstruction of secondary vertices due to weak decay topologies. Both weak decay
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Fig. 2.2 Expanded view of the HADES sub-detectors. Not shown is the forward hodoscope, which
is located 7 m down-stream from the target

topology reconstruction and e± detection are enforced by the use of specially trained
artificial neural networks [8, 9]. The HADES heavy-ion program is supplemented by
investigations on more elementary collisions systems using pion and proton induced
reactions on nuclei [10, 11].

2.3 Bulk Properties and Light Nuclei

In Au+Au collisions at
√
sNN = 2.4 GeV a baryon dominated rather long-living

system is created, which is already visible from the correlations in the β versus
momentum × polarity plane, which is used for particle identification, displayed in
Fig. 2.3. The hadrons observed in central events show a clear hierarchy in yields,
with about 100 free protons, 10 π , 10−2 K+ and 10−4 K− per event. Around 50
additional protons are bound in light nuclei, which makes them, besides free protons
and neutrons, the most abundant hadrons. Combined with the intriguing results on
light nuclei production at the LHC [12, 13], this offers the unique possibility to study
light nuclei formation in two extreme regimes, one where they are an extremely rare
probe and one where they contribute to the bulk of the created matter. Further details
on light nucleimeasurementswithHADEScanbe found in the following contribution
to this conference [14].
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Fig. 2.3 Correlation
between β and momentum ×
polarity. The baryon
dominance over anti-baryons
is clearly visible. Also
clearly visible, are the high
abundances of light nuclei

2.4 Flavour Production

Strangeness is of particular interest as its presence and interaction with the surround-
ing nucleons influences the EOS itself. It has been realized that inside neutron stars
the appearance of hyperons is possible via theweak interaction and substantially soft-
ens the EOS and hence influences the stability of such objects [15–18]. Strangeness
is the only exotic quark flavour which is produced in the HADES energy regime.
Already the lightest strange hadrons are produced below their free NN-threshold, so
the required energymust be supplied by the collision system.Hence, one expects their
abundances to rise as a function of the geometrical overlap of the nuclei, which is a
proxyof the number of nucleons taking part in the collision. Indeed, the abundances of
hadrons carrying strangeness per mean number of participants, Mult/〈Apart 〉, show a
stronger rise than linear with 〈Apart 〉, as shown in Fig. 2.4 [19]. If one assumes energy
accumulation in sequential nucleon-nucleon collisions, one expects to observe sig-
nificantly different slopes, due to the clear hierarchy in the production thresholds,
≈ -150 MeV for K+, K0, � (NN→N�K) and ≈ -450 MeV, ≈ -490 MeV for the
K− (NN→NNK+K−) and the φ meson (NN→NNφ). Yet, a global fit of the func-
tion Mult ∝ 〈Apart 〉α to all strange hadron yields returns a satisfactory value of
χ2/NDF = 0.59, with α = 1.45 ± 0.06. This points to a more entangled system than
assumed in the past, as the total amount of produced strangeness increases with
the number of participants and seems to be only later redistributed to the finally
observed hadron species, once the system freezes out. Details on flow anisotropies
of kaons and the search for� polarizationwithHADES can be found in the following
contributions [20, 21] to this conference.
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Fig. 2.4 Multiplicities per
mean number of participants
Mult/〈Apart 〉 as a function of
〈Apart 〉. All hadron yields
are fitted simultaneously
with a function of the form
Mult ∝ 〈Apart 〉α with the
result: α = 1.45 ± 0.06.
More details can be found in
the text and in [19]
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2.5 FAIR Phase-0

As part of the Phase-0 of the FAIR project, HADES recorded in a very smooth 4
weeks measurement campaign in March 2019, 15 × 109 events of central Ag+Ag
collisions at

√
sNN = 2.55 GeV, meeting exactly the performance goals of the beam-

time proposal. FAIR Phase-0 marks with upgrades of the existing GSI accelerators
UNILAC, SIS18, ESR and CRYRING [22], as well as the use of CBM detector
technology, e.g. the upgraded HADES-RICH [23] the start of the FAIR project.
Those data will be used to further scrutinize the previously discussed observation
with higher accuracy.

Acknowledgments SIP JUC Cracow, Cracow (Poland), National Science Center, 2016/23/P/ST2/
040 POLONEZ, 2017/25/N/ST2/00580, 2017/26/M/ST2/00600; TU Darmstadt, Darmstadt (Ger-
many), VH-NG-823, DFG GRK 2128, DFG CRC-TR 211, BMBF: 05P18RDFC1; Goethe-
University, Frankfurt (Germany) and TU Darmstadt, Darmstadt (Germany), ExtreMe Matter Insti-
tute EMMI at GSI Darmstadt; TUMnchen, Garching (Germany), MLLMnchen, DFG EClust 153,
GSITMLRG1316F,BmBF05P15WOFCA,SFB1258,DFGFAB898/2-2;NRNUMEPhIMoscow,
Moscow (Russia), in framework of Russian Academic Excellence Project 02.a03.21. 0005, Min-
istry of Science and Education of the Russian Federation 3.3380.2017/ 4.6; JLU Giessen, Giessen
(Germany), BMBF:05P12RGGHM; IPN Orsay, Orsay Cedex (France), CNRS/IN2P3; NPI CAS,
Rez, Rez (Czech Republic), MSMT LM2015049, OP VVV CZ.02.1.01/0.0/0.0/16 013/0001677,
LTT17003.



20 M. Lorenz

References

1. B. P. Abbott et al. [LIGO Scientific and Virgo Collab.], Phys. Rev. Lett. 116 (2016) no.6,
061102

2. J.S. Read, C. Markakis, M. Shibata, K. Uryu, J.D.E. Creighton, J.L. Friedman, Phys. Rev. D
79, 124033 (2009)

3. E.R. Most, L.J. Papenfort, V. Dexheimer, M. Hanauske, S. Schramm, H. Stocker, L. Rezzolla,
Phys. Rev. Lett. 122 6, 061101 (2019)

4. S.A. Bass et al., Prog. Part. Nucl. Phys. 41, 225 (1998)
5. A. Bauswein, S. Goriely, H.-T. Janka, Astrophys. J. 773, 78 (2013)
6. J. Adamczewski-Musch et al. [HADES Collab.], Nature Phys. 15 10, 1040 (2019)
7. G. Agakishiev, et al. [HADES Collab.], Eur. Phys. J. A 41, (2009) 243
8. S. Harabasz, PhD Thesis, Tech. Univ. Darmstadt and Jagiellonian Univ. Cracow (2017)
9. S. Spies, Master Thesis, Goethe-University Frankfurt (2018)
10. B. Ramstein [HADES Collab.], AIP Conf. Proc. 1735 (2016) 080001
11. P. Salabura, et al. [HADES Collab.], Nucl. Phys. News 25 (2015) 2, 22
12. P. Braun-Munzinger, B. Dönigus, Nucl. Phys. A 987, 144 (2019)
13. A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Nature 561 (2018) no.7723, 321
14. M. Szala et al. [HADES Collab.], these proceedings
15. V.R. Pandharipande, Nucl. Phys. A 178, 123 (1971)
16. H.A. Bethe, M.B. Johnson, Nucl. Phys. A 230, 1 (1974)
17. N.K. Glendenning, S.A. Moszkowski, Phys. Rev. Lett. 67, 2414 (1991)
18. S. Balberg, A. Gal, Nucl. Phys. A 625, 435 (1997)
19. J. Adamczewski-Musch et al. [HADES Collab.], Phys. Lett. B 793 (2019) 457
20. F. Kornas et al. [HADES Collab.], these proceedings
21. L. Chlad et al. [HADES Collab.], these proceedings
22. M. Bai et al., https://doi.org/10.18429/JACoW-IPAC2018-THYGBF3.
23. C. Pauly et al. [TRB Collab.], Nucl. Instrum. Meth. A 876 (2017) 164

https://doi.org/10.18429/JACoW-IPAC2018-THYGBF3.


Chapter 3
BM@N First Results

Mikhail Kapishin

Abstract The BM@N (BaryonicMatter at Nuclotron) is the first experiment under-
taken at the accelerator complex of NICA-Nuclotron. The BM@Nscientific program
comprises studies of dense nuclear matter in heavy ion beams of the intermediate
energy range between the SYS-18 and NICA/FAIR facilities. The first experimen-
tal runs were performed with the deuteron and carbon beams of kinetic energy per
nucleon ranging from 3.5 to 4.5 GeV with fixed targets. The extended configuration
of the BM@N set-up was realized in recent runs with the argon and krypton beams.
First physics results are presented on Λ hyperon production in carbon-nucleus inter-
actions at the beam kinetic energy of 4.0 AGeV.

3.1 Nuclotron Heavy-Ion Physics Program

Collisions of relativistic heavy ions provide a unique opportunity to study nuclear
matter at extreme densities and temperatures. In such collisions, nuclear matter is
heated and compressed for a very short amount of time (few fm/c). At the Nuclotron
with beam kinetic energy per nucleon ranging from 1 to 4.5 GeV, baryons form the
majority of the products in a nucleus-nucleus collision, in contrast to collisions that
occur at higher energies at the RHIC or SPS accelerators. According to the Quark
Gluon String Model (QGSM) calculations presented in [1], at the Nuclotron ener-
gies the nucleon density in a fireball created by two colliding gold nuclei is 3–4
times higher than the saturation density. At such densities, nucleons start to over-
lap. At the Nuclotron, the experimental research is focused on studies of hadrons
with strangeness produced in the collision and not present in the initial state of two
colliding nuclei, unlike the nucleons consisting of light (u and d) quarks. The mea-
sured yields of light and strange mesons, hyperons, and antihyperons are shown in
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Fig. 3.1 Left plot: Yields of mesons and (anti-)hyperons measured in different experiments as a
function of the energy per nucleon-nucleon collision in c.m.s. for Au+Au and Pb+Pb collisions [2].
The Nuclotron beam energy range corresponds to

√
sNN = 2.3−3.5 GeV. Right plot: Yields of

hyper-nuclei predicted by the thermal model in [3] as a function of the nucleon-nucleon collision
energy in c.m.s. for Au+Au collisions. Predictions for the yields of 3He and 4He nuclei are presented
for comparison. The Nuclotron BM@N energy range is specified

Fig. 3.1 (left) as a function of the energy per nucleon-nucleon collision in the center
of mass system (c.m.s) in Au+Au / Pb+Pb collisions. The energy range of heavy
ion beams at the Nuclotron corresponds to

√
sNN = 2.3−3.5 GeV, these energies

are high enough to study strange mesons and multi-strange hyperons produced in
nucleus-nucleus collisions close to the kinematic threshold. Heavy ion collisions
are an abundant source of strange hadrons that can bind with nucleons and initiates
formation of a variety of light hypernuclei [4, 5]. Studies of hypernucleus production
processes are expected to provide insight into the properties of hyperon-nucleon and
hyperon-hyperon interactions. In Fig. 3.1 (right) the hypernucleus yields per event are
presented as a function of the nucleon-nucleon collision energy in c.m.s in Au + Au
collisions as predicted by the thermal model [3]. The maximum probability of hyper-
nucleus production is predicted for energies of

√
sNN = 4−5GeV, that is close to the

Nuclotron energy range. In general, the research program of the BM@N experiment
aims to study heavy ion collisions at the Nuclotron including the following topics:
exploration of the reaction dynamics and the equation of state (EoS) of nuclear mat-
ter, study of in-medium properties of hadrons, production of (multi)strange hyperons
in the vicinity of the threshold and searches for hypernuclei [6–8].
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3.2 BM@N Detector for Studies of Baryonic Matter at the
Nuclotron

BM@N (Baryonic Matter at Nuclotron) is the first experiment operational at the
Nuclotron/ NICA accelerating complex. The purpose of the BM@N experiment is
to study relativistic heavy ion beam interactions with fixed targets [7]. The Nuclotron
will provide the experiment with beams of a variety of particles, from protons to gold
ions, with a kinetic energy ranging from 1 to 6 GeV/nucleon. The maximum kinetic
energy of ions with the charge to atomic weight ratio of 0.5 is 6 GeV/nucleon. The
maximum kinetic energy of gold ions with Z/A of 0.4 is 4.5 GeV/nucleon, while the
maximum kinetic energy for protons is 13 GeV. Recently the BM@N experiment
collected data with beams of carbon, argon, and krypton ions. The planned intensity
of the gold ion beam at BM@N is 106 ions/s. The acceleration of the gold ion beam
is planned in 2021, after the Nuclotron upgrade. In Fig. 3.2 the interaction rates are
presented for different experiments with heavy ion collisions at different energies
per nucleon-nucleon collision in the center of mass system. The beam energy of
the BM@N experiment is in the intermediate range between experiments at the
SIS-18 and NICA/FAIR facilities and partially overlaps the energy range of the
HADES experiment. The acquisition rate of non-peripheral collisions, i.e., central
or intermediate interactions is expected to range from 20 to 50 kHz at the second
stage of the BM@N experiment in 2022 and later. The interaction rate is limited by
the capacity of the data acquisition system and readout electronics.

Fig. 3.2 Interaction rate and
energy per nucleon-nucleon
collision in c.m.s. in
experiments with heavy ions
[9]. The range for BM@N is
superimposed
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3.3 First Results of the BM@N Runs

The technical runs with the BM@N detector were performed in the deuteron beam
in December 2016 and in the carbon beam in March 2017. The kinetic energy was
4 GeV/nucleon for the deuteron beam and was varied from 3.5 to 4.5 GeV/nucleon
for the carbon beam. The starting configuration of the central tracker was based on a
forward silicon strip detector and a set of GEM detectors [10]. The experimental data
from the central tracker, outer drift chambers, time-of-flight detectors, zero degree
calorimeter and trigger detectors were read out using the integrated data acquisi-
tion system. The extended configuration of the BM@N set-up was realized in the
recent runs with the argon and krypton beams performed in March 2018. The set-up
comprised GEM detectors with the size of 163 x 45 cm2, forward silicon strip detec-
tors, full time-of-flight system, extended trigger system, hadron and electro-magnetic
calorimeters. The collected data were used to check efficiencies of sub-detectors and
develop algorithms for the event reconstruction and analysis. In particular, experi-
mental data of minimum bias interactions of the beam with different targets were
analyzed with the aim to reconstruct tracks, primary and secondary vertices using the
central tracking detectors [11–13]. The track reconstructionmethodwas based on the
so-called ‘cellular automaton’ approach [14]. Since the GEM tracker configuration
was tuned to measure relatively high-momentum beam particles, the geometrical
acceptance for relatively soft decay products of strange V0 particles was rather low.

Fig. 3.3 Invariant mass spectrum of proton and π− pairs reconstructed in interactions of the 4
AGeV carbon beam with the C, Al, Cu targets
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Fig. 3.4 Yields of Λ hyperons in minimum bias C+C, C+Al, C+Cu interactions vs rapidity y∗ in
c.m.s. (left plots) an transverse momentu pT (right plots). The predictions of the DCM-QGSM and
UrQMD models are shown as lines

The Monte Carlo simulation showed that only ∼4% of Λ hyperons and ∼0.8% of
K 0

s could be reconstructed. Λ hyperons were reconstructed using their decay mode
into p, π− pairs [15]. Since particle identification at this stage of the analysis was
not used, all positive tracks were considered as protons and all negative as π−. The
invariant mass distributions of p and π− are shown in Fig. 3.3 for reconstructed inter-
actions of the carbon beam with the C, Al, Cu targets. The background under the
signal will be reduced by introducing additional silicon tracking detectors to improve
the primary and decay vertex resolution.

The yields of Λ hyperons in minimum bias interactions of the 4 AGeV carbon
beam with the C, Al, Cu targets are measured in the kinematic range on the Λ

transverse momentum of 0.1 < pT < 1.05 GeV/c and the Λ rapidity in c.m.s. of
0.03 < y∗ < 0.93. The y∗ and pT spectra of the Λ hyperon yields corrected for
the detector acceptance and efficiency are presented in Fig. 3.4. The predictions
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Fig. 3.5 Energy dependence
of Λ hyperon yields in C+C
interactions measured in
different experiments. The
BM@N result is compared
with the data taken from
[17–19]. The predictions of
the DCM-QGSM and
UrQMD models are shown

of the DCM-QGSM [16] and URQMD models are shown for comparison. The
measured pT -differential yields of the Λ hyperon are parameterized by the form:
1/pT d2N/dpT dy ∝ exp(−(mT − mΛ)/T ), wheremT = √

(m2
Λ + p2T ) is the trans-

verse mass, and the inverse slope parameter (temperature) T is a free parameter of
the fit. The value of T extracted from the fit of the pT spectra is about 113 MeV
for C+C interactions rising up to 170 MeV for C+Cu interactions. The fit results
are consistent within the uncertainties with the model predictions. The measured
yields of theΛ hyperons in minimum bias C+C interactions are extrapolated into the
full kinematical range using averaged predictions of the DCM-QGSM and URQMD
models and compared in Fig. 3.5 with the results of other experiments [17–19].
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Chapter 4
Hyperons in Thermal QCD
from the Lattice

Gert Aarts, Chris Allton, Davide de Boni, Jonas Glesaaen, Simon Hands,
Benjamin Jäger, and Jon-Ivar Skullerud

Abstract We study the spectrum of light baryons and hyperons as a function of
temperature using lattice gauge theorymethods.Wefind thatmasses of positive parity
states are temperature independent, within errors, in the hadronic phase. The negative
parity states decrease in mass as the temperature increases. Above the deconfining
temperature, lattice correlators and spectral functions show a degeneracy between
parity sectors, i.e. parity doubling. We apply our findings to an in-medium Hadron
ResonanceGasmodel. The techniques used in this study include direct analysis of the
hadronic correlation functions, conventional fitting procedures, and the Maximum
Entropy Method.

4.1 Introduction

Symmetries play a crucial role in the Standard Model and are especially significant
in the QCD transition from the confining, chirally broken, hadronic phase to the
deconfined, chirally symmetric, plasma phase. Chiral symmetry restoration in the
meson sector at finite temperature has been studied extensively, but there have been
very few studies in baryons [1–3].

In the baryonic case, a combination of unbroken chiral symmetry and parity leads
to parity doubling, i.e. a degeneracy between positive and negative parity states.
Hence it is expected that in the chirally symmetric phase, baryonic channels related
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by parity will display approximate degeneracy. This work tests this conjecture by
studying octet and decuplet light baryons and hyperons as the temperature varies
using our FASTSUM Collaboration’s anisotropic, 2+1 flavour lattices [4].

We find evidence of parity doubling above the deconfining temperature, Tc,1 with
this degeneracy being most pronounced for the baryons with the smallest strange
quark content. In the hadronic phase we find that the negative parity masses decrease
as T → Tc while the corresponding positive parity masses remain constant within
the uncertainty. We use these temperature-dependent masses to define an in-medium
Hadron Resonance Gas, deriving results for susceptibilities and partial pressures.

The work presented here is detailed more fully in [5–7].

4.2 Parity in Baryons

We use the standard interpolation operator for a nucleon

ON (x, τ ) = εabcua(x, τ )
[
uT

b (x, τ )Cγ5dc(x, τ )
]
,

where u, d are the quark fields, a, b, c are colour indices, other indices are suppressed
and C denotes the charge conjugation matrix. Similar operators are used for octet and
decuplet cases, see [6]. Parity operators for the positive and negative parity channels
are defined as ON±(x, τ ) = P±ON (x, τ ),where P± = 1

2 (1 ± γ4).We study the usual
Euclidean correlators of these operators, summedover theDirac indices andprojected
to zero momentum,

G±(τ ) =
∫

d3x
〈
ON±(x, τ )O N±(0, 0)

〉
.

From the properties of Euclidean time reflection, it follows that the forward (back-
ward) propagation of G+(τ ) corresponds to the positive (negative) parity channel
(see e.g. [5]). Hence both parities are obtained from one correlator.

4.3 Lattice Parameters

Our FASTSUM collaboration specialises in using a fixed-scale approach on aniso-
tropic lattices where the temporal lattice spacing aτ is smaller than the spatial one
as . We use 2+1 quark flavours, where the strange quark mass has its physical value,
but the two lightest flavours are heavier than in nature resulting in a pion mass of
Mπ = 392(4) MeV. The inverse temporal lattice spacing is a−1

τ = 5.63(4)GeV with

1Tc is not uniquely defined. Here it’s defined from the renormalised Polyakov loop [4]. ∗ Invited
plenary talk presented at the Strangeness in Quark Matter Conference (SQM 2019), Bari, Italy,
10–15 June 2019.
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Table 4.1 Lattice parameters and temperatures studied. The ensemble at the lowest temperature
was provided by the HadSpec Collaboration [8]

Nτ 128 40 36 32 28 24 20 16

T/Tc 0.24 0.76 0.84 0.95 1.09 1.27 1.52 1.90

T [MeV] 44 141 156 176 201 235 281 352

as/aτ ≈ 3.5, and our spatial lattice volume is 243. We use a variety of temporal
extents, Nτ , with the corresponding temperatures T = 1/(aτ Nτ ) shown in Table4.1,
spanning both phases.

4.4 Results

The nucleon correlation functions are shown in Fig. 4.1 for both parity states. Other
channels have similar behaviour. The backward movers (from the second half of
the temporal range) have been reflected in τ to enable direct comparison with their
positive counterparts.

We define the ratio R(τ ) = [G+(τ ) − G+(1/T − τ)]/[G+(τ ) + G+(1/T − τ)]
whichmeasures the time reflection (a)symmetry of G+(τ ) and therefore the presence
(absence) of parity doubling. R(τ ) ∼ 1 signifies non-degenerate parity states, and
R(τ ) ∼ 0 parity doubling. It is convenient to average R(τ ) over τ obtaining R, a
quasi order parameter, and this is plotted in Fig. 4.2 (left). R clearly approaches
zero around Tc indicating parity doubling. This effect is strongest for baryons with
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Fig. 4.1 Temperature dependent correlators for the +ve and −ve parity nucleon channels
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Fig. 4.3 Temperature dependent masses of the octet and decuplet baryons for both parity sectors

the smallest strangeness content, as expected due to the residual chiral symmetry
breaking effects from the strange quark.

We obtain ameasure of the transition temperature for each channel using the point
of inflection of R and plot these in Fig. 4.2 (right) together with the Tc value obtained
from the Polyakov loop [4].

The ground state masses are extracted from the correlators in the hadronic phase
using conventional exponential fits with the results displayed in Fig. 4.3. We see that
the T = 0 masses are heavier than the experimental values—this reflects the non-
physical value of the two lightest dynamical quarks in our simulation. The positive
parity states’masses appear to be T -independent, whereas the negative states’masses
decrease as T → Tc.

By using these temperature-dependent masses in the Hadron Resonance Gas
(HRG) model, we obtain “in-medium HRG” predictions for the partial pressures
and susceptibility χBS = 1

V T 〈BS 〉, where B and S are the baryon and strangeness
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number, see Fig. 4.4. For χBS and the strange partial pressure sectors, this in-medium
HRG gives better agreement with independently obtained lattice results [10].

To interpret hadronic correlation functions in the plasma phase, where exponential
fits no longer work and we assume there are no bound states, we introduce spectral
functions [6],

G±(τ ) =
∫ ∞

−∞
dω

2π
K (τ, ω) ρ±(ω), where K (τ, ω) = e−ωτ

1 + e−ω/T
.

We use the Maximum Entropy Method to solve the above inverse problem for ρ(ω),
noting that the positive (negative) parity states appear for ω > 0 (ω < 0). Spectral
function results for a selection of channels are shown in Fig. 4.5 for a representative
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Fig. 4.5 Spectral function for indicative temperatures in the (left) hadronic and (right) plasma
phases for three baryon channels. The details of ourMaximumEntropyMethod procedure, including
choices of default model are detailed in [6]
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temperature in each phase. We see clear ground states in both parity sectors in the
hadronic phase, and signs of parity doubling in the plasma phase, particularly for the
non-strange baryons.

4.5 Conclusion

This work uses lattice simulations of 2+1 flavour QCD to analyse the parity states in
the baryonic spectrum as the temperature is varied from essentially zero to around
350 MeV. Our FASTUM collaboration’s lattices are anisotropic which increases the
sampling rate in the temporal direction, thereby enhancing the accuracy of our results.
We employ a variety of approaches in this work: using the correlation functions
directly, conventional fits to exponentials, and extracting the spectral functions using
the Maximum Entropy Method.

In the hadronic phase, these methods indicate that the positive parity ground
state masses are temperature independent (within errors) and that the negative parity
states’ masses decrease as T increases until becoming essentially degenerate with its
positive parity partner at or close to Tc. This “parity-doubling” is particularly evident
for baryons with the smallest strange content, and this is to be expected due to the
strange quark’s chiral symmetry breaking effects. This pattern is observed for both
octet and decuplet states.

We plan to use both lighter quarks and lattices with finer (temporal) spacings to
test the systematics of our approach in our next generation ensembles.
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Chapter 5
Recent Results from NA61/SHINE

Szymon Pulawski

Abstract The research programme of the NA61 collaboration covers a wide range
of hadronic physics in the CERN SPS energy range, encompassesing measurements
of hadron-hadron, hadron-nucleus as well as nucleus-nucleus collisions. The latter
are analysed to better understand the properties of hot and dense nuclear matter.
In this paper recent results of particle production properties as well event by event
fluctuations in proton-proton, Be+Be and Ar+Sc interactions at beam energies of
19A/20A, 30A, 40A, 75A/80A and 158A GeV/c are presented.

5.1 The NA61/SHINE Facility

The NA61/SHINE detector [1] is a large acceptance hadron spectrometer with excel-
lent capabilities in charged particle momentum measurements and identification by
a set of eight Time Projection Chambers as well as Time-of-Flight detectors. The
high resolution forward calorimeter, the Projectile Spectator Detector (PSD), mea-
sures energy flow around the beam direction, which in nucleus-nucleus reactions is
primarily a measure of the number of projectile spectator (non-interacted) nucleons
and is thus related to the violence (centrality) of the collision. A set of beam detectors
identifies beam particles and measures precisely their trajectories.

NA61/SHINE performed a two-dimensional scan in collision energy (13A-
150A GeV/c and system size (p+p, Be+Be, Ar+Sc, Xe+La, Pb+Pb) to study the
phase diagram of strongly interacting matter. The main goals of NA61/SHINE are
the search for the critical point and a study of the onset of deconfinemnet.
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5.2 Study of the Onset of Deconfinement

5.2.1 Particle Production Properties

The Statistical Model of the Early Stage (SMES) [2] predicts a 1st order phase
transition from the QGP to a hadron matter phase between top AGS and top SPS
energies. In the transition region constant temperature and pressure in the mixed
phase and an increase of the number of internal degrees of freedom is expected.

A plateau (“step”) in the energy dependence of the inverse slope parameter T
was observed by the NA49 experiment in Pb+Pb collisions for mT spectra of K±.
It was expected for the onset of deconfinement due to the presence of a mixed
phase of hadron gas (HRG) and quark-gluon plasma (QGP). In p+p interactions at
SPS energies the inverse slope parameter T ofmT spectra shows qualitatively similar
enery dependence as in central Pb+Pb collisions (“step”) and such a behaviour seems
to emerge also inBe+Be reactions, as visible in Fig. 5.1. The values of theT parameter
in Be+Be collisions are slightly above those in p+p interactions. The T parameter in
Ar+Sc reactions is found between those in p+p/Be+Be and Pb+Pb collisions.

Finally, rapid changes of the ratios K+/π+ at mid-rapidity and
〈
K+〉

/
〈
π+〉

as
function of collision energy (“horn”) were observed in Pb+Pb collisions by the NA49
experiment. These were predicted by the SMES model as a signature of the onset
of deconfinement. These two ratios together with new NA61/SHINE results from
Be+Be and Ar+Sc collisions are shown in Fig. 5.2. A plateau like structure is visible
in p+p interactions. The ratio K+/π+ at mid-rapidity as well as the ratio of total
yields from Be+Be collisions is close to the p+p measurements. For the five analysed
energies of Ar+Sc collisions, the ratio K+/π+ at mid-rapidity and

〈
K+〉

/
〈
π+〉

are
higher than in p+p collisions but show a qualitatively similar energy dependence—no
horn structure visible.

1 210 410
 [GeV]NNs

200

400

T
 [

M
eV

]

-K
 0≈y

SPS NA61/SHINE

SPS NA61/SHINE

SPS NA61/SHINE

AGS

SPS NA49

RHIC

LHC

WORLD (p+p)

p+p
Be+Be
Ar+Sc

Au+Au
Pb+Pb

1 210 410
 [GeV]NNs

200

400

T
 [

M
eV

]

+K
 0≈y

SPS NA61/SHINE

SPS NA61/SHINE

SPS NA61/SHINE

AGS

SPS NA49

RHIC

LHC

WORLD (p+p)

p+p
Be+Be
Ar+Sc

Au+Au
Pb+Pb

Fig. 5.1 Inverse slope parameter T of mT spectra of K± as function of collision energy. Most
results are shown with statistical uncertainties only. For the p+p data the shaded band indicates
systematic uncertainties
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5.2.2 Flow

Directed flow v1 was considered to be sensitive to the first order phase transition
(strong softening of the Equation of State) [3–5]. The expected effect is a non-
monotonic behaviour (change from positive to negative and again to positive values)
of proton dv1/dy as a function of beam energy. This effect is usually referred to
as collapse of proton flow. The NA49 experiment measured anti-flow of protons
at mid-rapidity [6]. A negative value of dv1/dy was observed in peripheral Pb+Pb
collisions at 40A GeV/c beam momentum (

√
sNN = 8.8 GeV).

In 2018 theNA61/SHINE experiment reported the first results on anisotropic flow,
measured in centrality selected Pb+Pb collisions at 30A GeV/c beam momentum
(
√
sNN = 7.6 GeV). According to the horn structure in the energy dependence of the

K+/π+ ratio in Pb+Pb collisions, this is the energy of the onset of deconfinement.
Therefore, studying the centrality dependence of flow at this specific energy may
allow to better understand the properties of the onset of deconfinement.

The NA61/SHINE fixed target setup allows tracking and particle identification
over a wide rapidity range. Flow coefficients were measured relative to the spectator
plane estimated with the Projectile Spectator Detector (PSD), which is unique for
NA61. Preliminary results on the centrality dependence of dv1/dy at mid-rapidity,
measured in Pb+Pb collisions at 30A GeV/c, are presented in Fig. 5.3 (left). One
sees that the slope of pion v1 is always negative. In contrast, the slope of proton v1
changes sign for centrality of about 50%. Recently, preliminary results of directed
flow for Pb+Pb collisions at 13A were released [7]. Proton directed flow as function
of rapidity is shown in Fig. 5.3 (right). The results do not show evidence for the
collapse of proton directed flow in Pb+Pb interactions at 13A GeV/c.
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Pb+Pb collisions at 30A GeV/c (left)and v1 as the function of rapidity measured in Pb+Pb at
13A GeV/c (right)

5.3 Search for the Critical Point

An intermittency signal in protons was predicted close to the critical point. This is
expected to become manifest in local power-law fluctuations of the baryon density
which can be searched for by studying the scaling behaviour of second factorial
moments F2(M) with the cell size or, equivalently, with the number of cells in (px ,
py) space of protons at mid-rapidity (see [8–10]). The transverse momentum space
is partitioned into M × M equal-size bins, and the proton distribution is quantified
by multiplicities in individual bins. The second order factorial moment in transverse
momentum space is expressed as:

F2(M) = 〈 1
M2

∑M2

m=1 nm(nm − 1)〉
〈 1
M2

∑M2

m=1 nm〉2
, (5.1)

where M2 is the number of bins (M bins in px and M bins in py) and nm is the
number of protons in the m-th bin. Combinatorial background subtracted (by mixed
events) second factorial moments, �F2(M), should scale according to a power-law
(for M � 1):

�F2(M) ∼ (M2)φ2 (5.2)

In the recent analysis of NA61/SHINE the intermittency effects were studied in
central Be+Be and centrality selected Ar+Sc collisions at 150A GeV/c. The dE/dx
methodwas used for the identification of protons. Centralitywas determined from the
energy deposited in the PSD detector. For Ar+Sc collisions protons were selected
with at least 90% purity. Figure5.4 shows preliminary results on F2(M) of mid-
rapidity protons produced in 5–10% and 10–15% central Ar+Sc collisions at 150A
GeV/c.

The result of F2(M2)seen in Ar+Sc collisions are higher in data than in mixed
events. A detailed investigation of the significance of this result is in progress.
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Fig. 5.4 Preliminary results on F2(M) of mid-rapidity protons measured in 5–10% (left) and
10–15% (right) central Ar+Sc collisions at 150A GeV/c

Fig. 5.5 �[PT , N ] for all charged hadrons (h+ + h−) from the NA61/SHINE and NA49 experi-
ments as function of system size at 150A/158A GeV/c (left) and �[PT , N ] for negatively charged
hadrons in inelastic p+p (blue squares), 0–5% Be+Be (green diamonds), and 0-5% Ar+Sc (orange
squares) collisions obtained by NA61/SHINE. for NA61/SHINE only statistical uncertainties are
shown. All NA61/SHINE results are preliminary

A critical point is also expected to lead to enhanced fluctuations of multiplicity
and transverse momentum. For their study NA61/SHINE uses the strongly inten-
sive measures �[PT , N ] and �[PT , N ], see [11]. In the Wounded Nucleon Model
(WNM) they depend neither on the number of wounded nucleons (W ) nor on fluc-
tuations of W . In the Grand Canonical Ensemble they do not depend on volume and
volume fluctuations. Moreover, �[PT , N ] and �[PT , N ] have two reference values,
namely they are equal to zero in case of no fluctuations and one in case of independent
particle production.

The system size dependence of �[PT , N ] at 150A/158A GeV/c from the
NA61/SHINE and NA49 experiments as function of system size (wounded nucle-
ons) is shown in Fig. 5.5 (left). NA49 and NA61/SHINEmeasurements show consis-
tent trends. Finally NA61/SHINE results for the NA61/SHINE acceptance for p+p,
Be+Be and Ar+Sc collisions are presented in Fig. 5.5 (right). So far there are no
prominent structures observed which could be related to a critical point.
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5.4 Strangeness Production in P+p Interactions at 158
GeV/c

5.4.1 � Production

Hyperons are excellent probes of the dynamics of proton-proton interactions as con-
stituent strange quarks are not present in the initial state of this process. Therefore
hyperon production has been studied in a long series of experiments in elementary
hadron+hadron interactions.However, the experimental situation in this field remains
inconclusive.

New data from p+p collisions on �− and �
+
hyperon production are presented.

The event sample consists of 53 million registered interaction trigger events obtained
at 158 GeV/c beam momentum corresponding to

√
sNN = 17.3 GeV/c. The results

refer to primary �− and �
+
produced in strong and electromagnetic processes and

are corrected for detector geometrical acceptance and reconstruction efficiency.
To find the� candidates, all� candidates are combinedwith pion tracks of appro-

priate charge (daughter track). A fitting procedure is applied, using as parameters the
decay position of the V 0 candidate, the momenta of both the V 0 decay tracks, the
momentum of the daughter track, and finally the z position of the� decay point. The
x and y position of the � decay position are not subject to the minimization, as they
are determined from the parameters using momentum conservation. This procedure
yields the decay position and the momentum of the � candidate.

Preliminary results derived from two dimensional spectra (y vs pT) are presented
as transverse momentum distributions in bins of rapidity in Fig. 5.6. Statistical uncer-
tainties are shown as vertical bars and preliminary estimates of systematic uncertainty
are indicated by shaded bands. The blue lines show results of exponential fits to the
measurements binned in mT.

The obtained pT spectrawere used to calculate the rapidity spectrumof�− and�
+

production as the sum ofmeasured points and extrapolation to the unmeasured region
of pT. The result is displayed in Fig. 5.7. Vertical bars show statistical, the shaded
band systematic uncertainties. The rapidity distribution was fitted by a Gaussian
function for extrapolation into the unmeasured regions. Based on summing the data
points and the extrapolation of the fitted function resulted in the mean multiplicity
〈�+〉 = 0.00079 ± 0.00002 ± 0.00010 and the mean multiplicity of 〈�−〉 = 0.0033
± 0.0001 ± 0.0006.

Additionally, the ratio of rapidity spectra �
+
/�− was calculated and compared

with Urqmd and Epos1.99 model predictions in Fig. 5.8. Urqmd fails to describe
�

+
/�−, which is a known problem of stringmodels.Epos1.99 describes the rapidity

distributions of�
+
,�− and their ratio, but not the shape of the transversemomentum

spectra.
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5.4.2 Search for Pentaquark Candidates

The NA49 Collaboration published evidence for the existence of a narrow �− π−
baryon resonance with mass of 1.862 ± 0.002 GeV/c2 and width below the detector
resolution [12] in 2004. The significance was estimated to be 4.0σ . This state was a
candidate for the hypothetical exotic�−−

3
2

baryon with S=-2, I= 3
2 and a quark content

of (dsdsū). At the same mass a peak was observed in the �− π+ spectrum which
is a candidate for the �0

3
2
member of this isospin quartet with a quark content of

(dsusd̄). The corresponding antibaryon spectra also showed enhancements at the
same invariant mass.

Recently a similar analysis was performed by NA61/SHINE based on an order
of magnitude higher statistics. The first step in the analysis was the search for �

candidates, which were then combined with the π− to form the �− candidates. Next
the �−−

3
2

(
�0

3
2

)
were searched for in the �− π− (�− π+) invariant mass spectrum,

where the π− (π+) are primary vertex tracks. An analogous procedure was followed
for the antiparticles.

To search for the exotic �−−
3
2

state the selected �− candidates were combined

with primary π− tracks. The resulting �− π− invariant mass spectrum is shown in
Fig. 5.9 (top, left). The shaded histogram is the mixed-event background, obtained
by combining the �− and π− from different events and normalising to the number
of real combinations. The complete set of invariant mass distributions measured by
NA61/SHINE (�− π−,�− π+,�+

π−,�+
π+) is shown inFig. 5.9 (left). In addition

to the described cuts, a lower cut of 3 GeV/c was imposed on the π+ momenta to
minimize the large proton contamination. Blue histograms show normalised mixed-
event backgrounds. One sees that data overlap with the mixed-event backgrounds
in the mass window 1.848 – 1.870 GeV/c2 where the NA49 signal was observed;
see Fig. 5.9 (right). Finally a narrow peak of �(1530)0 is observed in the invariant
mass of �

+
π−. The yield of observed �(1530)0 scales with the number of events

compared to NA49 results.
In summary, this NA61/SHINE analysis of p+p interactions, with ≈ 10 times

higher statistics, disproves the NA49 indication of the production of �−−
3
2

, �0
3
2
and

their antiparticles. All four invariant mass distributions shown in Fig. 5.9 do not
show significant signals in the mass window for which NA49 previously reported
pentaquark candidates.
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Chapter 6
Recent Heavy-Flavor Results from STAR

Guannan Xie

Abstract In these proceedings, we report on the production of various open heavy-
flavor hadrons and quarkonia in Au+Au collisions at

√
sNN = 200 GeV from the

STAR experiment.

6.1 Introduction

Due to the intrinsic large mass (charm and bottom), measurements of heavy-flavor
production (open heavy-flavor hadrons and quarkonia) are an important tool for
studying the properties of the Quark-Gluon Plasma (QGP) formed in relativistic
heavy-ion collisions. Themodification of their distributions in transversemomentum
(pT ) due to energy loss and in azimuth due to anisotropic flows is sensitive to heavy-
quark dynamics in the partonic QGP phase [1, 2].

In these proceedings we present measurements of the D0 nuclear modification
factors and elliptic flow in Au+Au collisions from STAR, and compare to similar
measurements for light-flavor hadrons. The Λ±

c and D±
s production are presented

to study the coalescence mechanism for charm-quark hadronization. The measure-
ments of open bottom production through the reconstruction of their displaced decay
daughters (B → J/ψ, D0, e) are performed to test the mass dependence of parton-
medium interactions in theQGP. The strong J/ψ suppression in heavy-ion collisions
has a complicated interpretation as not only color-screening, but also the cold nuclear
matter (CNM) effects and the regeneration mechanism play a role. Υ measurements
are a cleaner probe of the color-screening effect at RHIC energies and the suppres-
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sion pattern of different bottomonium states will help to constrain the temperature
of the medium. The J/ψ measurements as well as the Υ ones are also presented in
these proceedings.

6.2 Nuclear Modification Factors for D0

Figure6.1 left panel shows the D0 RAA, which is the yield ratio between Au+Au
and p+p scaled by the number of binary collisions [3]. From low to intermediate pT
region, the D0 RAA shows a characteristic structure which is qualitatively consis-
tent with the expectation frommodel predictions in which charm quarks gain sizable
collective motion during the medium evolution. In order to take advantage of the pre-
cision of the Au+Au spectra and avoid the large uncertainties from the p+p baseline,
we construct the RCP which is the yield ratio between central and peripheral Au+Au
collisions. The right panel shows the D0 RCP for different centralities as a function
of pT with the 40–60% centrality spectrum as the reference. The measured D0 RCP

in central 0–10% collisions shows a significant suppression at pT > 5GeV/c. The
suppression level is similar to that of light-flavor hadrons and strange mesons and
the suppression gradually decreases from central to mid-central and peripheral colli-
sions, similarly as RAA. The D0 RCP for pT <4GeV/c does not show a modification
with centrality, in contrast to light-flavor hadrons. Calculations from the Duke group
and the Linearized Boltzmann Transport (LBT) model match the data well [5, 6],
while the improved precision of the new measurements is expected to further help
constrain the theoretical model calculations.

0.5

1

1.5      2014

 2010/11

(a)  0-10%

 = 200 GeVNNsAu+Au

LBT

Duke

0.5

1

1.5

(b)  10-40%

 (GeV/c)
T

p
0 2 4 6 8

0.5

1

1.5

(c)  40-80%

AAR

0 2 4 6 8

0.5

1

1.5 , 0-12%π

, 0-5%0
sK

φ
0 D

(a)  0-10%

 = 200 GeVNNsAu+Au

0.5

1

1.5 LBT

Duke

(b)  10-20%

 (GeV/c)
T

p
0 2 4 6 8

0.5

1

1.5

(c)  20-40%

 (/
40

-6
0%

)
cp

R

Fig. 6.1 (Left) D0 RAA in Au+Au collisions at
√
sNN = 200 GeV for different centrality bins.

(Right) D0 RCP with the 40–60% spectrum as the reference
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6.3 Ds/D0, Λc/D0 Yield Ratios

Figure6.2 left panel shows theΛc/D0 yield ratio as a function of pT for the 10–80%
centrality class. The values show a significant enhancement compared to the calcula-
tions from PYTHIA. The model calculations which include coalescence hadroniza-
tion of charm quarks can qualitatively reproduce the pT dependence [7–9]. However,
one needs measurements at low pT to further differentiate between different mod-
els. The middle panel shows the measured Λc/D0 ratio as a function of Npart in
3 < pT < 6GeV/c. There is a clear increasing trend towards more central collisions
while the value in the peripheral collisions is comparable with the measurement
in p+p collisions at

√
sNN = 7 TeV from ALICE [10]. The right panel shows the

Ds/D0 ratio for two centrality classes. There is a strong enhancement compared to
the PYTHIA fragmentation with no significant centrality dependence [11].

Besides the D0, Ds and Λ±
c , STAR also has performed measurements of D± in

Au+Au collisions at
√
sNN = 200 GeV. With these various charmed hadron measure-

ments, the total charm quark cross section per binary nucleon-nucleon collision was
obtained as listed in Table6.1. The total cc cross section per binary nucleon-nucleon
collision in Au+Au collisions is consistent with that in p+p within uncertainties.
However, as demonstrated by the Λc/D0 and Ds/D0 yield ratios, the charm hadro-
chemistry is modified in heavy-ion collisions compared to p+p collisions.

Fig. 6.2 (Left) Λc/D0 ratio as a function of pT for the 10–80% centrality class. (Middle) Λc/D0

ratio as a function of Npart in 3 < pT < 6GeV/c. (Right) Ds/D0 ratio as a function of pT for the
0–10% and 10–40% centralities

Table 6.1 Total charm cross-section per binary nucleon-nucleon collision at midrapidity in Au+Au
and p+p collisions at 200 GeV

Charm Hadron Cross Section dσ /dy(µb)

Au+Au D0 41 ± 1 (stat) ± 5 (sys)

D+ 18 ± 1 (stat) ± 3 (sys)

(10–40%) D+
s 15 ± 1 (stat) ± 5 (sys)

Λ+
c 78 ± 13 (stat) ± 28 (sys)

total cc 152 ± 13 (stat) ± 29 (sys)

p+p total cc 130 ± 30 (stat) ± 26 (sys)
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Fig. 6.3 D0 elliptic flow v2 vs pT (Left) and the test of NCQ scaling (Middle) for D0 and light-
flavor hadrons. (Right) D0 directed flow v1 vs rapidity

6.4 D0 Elliptic Flow (v2) and Directed Flow (v1)

Figure6.3 left panel shows STAR results showing a large non-zero v2 for D0

mesons [12], which clearly follows the Number of Constituent Quarks (NCQ) scal-
ing similarly as light-flavor hadrons below pT of 1 GeV/c as shown in the middle
panel. This suggests that charm quarks gain significant flow through interactionswith
the medium. The v2 is compared to various model calculations and in particular the
3D viscous hydrodynamic model calculation can reproduce the results for pT < 4
GeV/c. The other transport models with charm quark diffusion in the medium are
consistent with the data when incorporating a diffusion coefficient (2πT Ds) in the
range of 2 ∼ 5 around Tc [13].

The D-meson directed flow v1 is expected to be sensitive to the initial tilt of the
bulk medium, while the difference between D0 and D0 is suggested to be sensitive to
the initial electromagnetic field. Figure6.3 right panel shows the first observation of
a non-zero D-meson v1 slope which is much larger than that of kaons. The v1 values
measured separately for D0 and D0 are consistent within uncertainties. Future mea-
surements with improved precision are needed to investigate the potential influence
of the electromagnetic field on the v1 values [14].

6.5 Measurements of RAA for B-decayed J/ψ , D0 and e

The STAR Heavy Flavor Tracker (HFT) provides the capability of using the impact
parameter method to distinguish the daughter particles from decays of bottom
hadrons. Figure6.4 shows the RAA of B→J/ψ , D0 and e. Strong suppressions for
B→J/ψ and B→D0 at high pT are observed. The production of B→e is less sup-
pressed than that of D→e with a significance level of about 2σ , which is consistent
with the expectation of mass hierarchy of parton energy loss [15].
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Fig. 6.4 RAA of different daughter particles fromdecays ofB-hadrons including B→ J/ψ , B→D0

and B→e

6.6 Measurements of J/ψ Productions in Au+Au Collisions

Figure6.5 shows the J/ψ RAA reconstructed through the di-muon channel using
the Muon Telescope Detector (MTD) as a function of pT in Au+Au collisions [16].
As can be seen the J/ψ production is suppressed across the whole pT range. The
suppression at low pT is likely due to the combination of the cold nuclear matter
effects, the regeneration and the dissociation in the QGP. With increasing pT the
CNM effects are expected to diminish. The relative contribution from the b-hadron
decays increases with pT , and the suppression level of J/ψ originating from these
decays is expected to be smaller than that of the prompt J/ψ . The centrality depen-
dence of the J/ψ suppression is shown in the right panel. The RAA decreases from
peripheral to central collisions. Comparing the Au+Aumeasurements at

√
sNN = 200

GeV to the Pb+Pb measurements at
√
sNN = 2.76 TeV from the LHC [17, 18], the

STAR result shows more suppression in central and semi-central collisions, which is
likely due to a smaller contribution from regeneration caused by the lower charm pro-
duction cross-section at the RHIC energy. Models taking into account dissociation
and regeneration can reasonably describe the data [19–21].

Fig. 6.5 (Left) J/ψ RAA as a function of pT in Au+Au collisions at
√
sNN = 200 GeV. (Right)

J/ψ RAA as a function of Npart in Au+Au collisions, compared to that in Pb+Pb collisions at
√
sNN

= 2.76 TeV and model calculations
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Fig. 6.6 Υ (1S) and Υ (2S+3S) RAA as a function of Npart in Au+Au collisions, compared to two
model calculations

6.7 Measurements of Υ Productions in Au+Au Collisions

Figure6.6 shows theΥ (1S) andΥ (2S+3S) RAA as a function of Npart inAu+Aucolli-
sions from the combined dielectron and dimuon results. The RAA shows a decreasing
trend from peripheral to central collisions for both Υ RAA, while the Υ (2S+3S) are
more suppressed than Υ (1S) in the most central collisions. This is consistent with
the “sequential melting” expectation. The data are also compared with two model
calculations. In the Rothkopf model [22] the Υ behavior in the QGP medium is
described using a complex potential from lattice QCD calculations and there are
no CNM or regeneration effects. While in the Rapp model [23], both CNM and
regeneration effects are taken into account. These two models can describe well the
measurements for the Υ (1S) and Υ (2S + 3S) in mid-central and central collisions.

6.8 Summary

We have presented the recent measurements of various open heavy-flavor hadrons
in Au+Au collisions at

√
sNN = 200 GeV utilizing the HFT at STAR. We have also

reported on the measurements of the J/ψ and Υ production in Au+Au collisions at√
sNN = 200 GeV enabled by the MTD.
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Chapter 7
Recent Results from ATLAS: Onia,
Heavy-Flavor, and More

Martin Spousta

Abstract In this short report we review the recent results obtained using the ATLAS
experiment at the LHC on quarkonia and heavy flavor measurements in heavy-ion
collisions.

In this short report we review the recent results obtained using theATLAS experiment
[1] at the LHC on quarkonia and heavy flavor measurements in heavy-ion collisions.
The text is divided into two sections. The first section briefly discusses the final
state effects in the production of quarkonia and heavy flavor and it describes the
measurements of suppression and flow of quarkonia and heavy-flavor in Pb+Pb
collisions. The second section discusses the initial state effects and describes the
measurements done in p+Pb collisions.

7.1 Suppression and Flow of Quarkonia and Heavy-Flavor
in Pb+Pb Collisions

It was predicted a long time ago that the Debye screening of the quark colour charge
in a hot quark-gluon plasma (QGP)would lead to a dissociation of quarkoniumbound
state in the medium, when the Debye length becomes smaller than the quarkonium
binding radius [2]. While the strong suppression of quarkonia in nucleus-nucleus
collisions is firmly established experimental fact, its interpretation remains open.
Besides initial state effects and the interaction with co-moving hadrons, which are
discussed in the context of p+Pb measurements in Sect. 7.2, it is also the parton
energy losswhichwas recently suggested as an alternative physicsmechanism for the
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observed quarkonia suppression [3, 4]. To help address the origin of the quarkonium
suppression, ATLAS published a measurement [5] of prompt charmonia, originat-
ing from the formation of cc̄ bound state which follows immediately after the hard
process, and non-prompt charmonia, originating from b-hadron decays. In that mea-
surement, prompt and non-prompt per-event yields, non-prompt fraction and nuclear
modification factors, RAA, of the J/ψ and ψ(2S) is performed. The measurement is
performed in the dimuon decay channel in Pb+Pb collisions at

√
sNN = 5.02 TeV,

for quarkonia with transverse momentum 9 < pT < 40 GeV and rapidity |y| < 2.0.
Strong suppressionof prompt andnon-prompt J/ψ andψ(2S)mesons is observed

in Pb+Pb data. In the 0−10%, the RAA of prompt J/ψ is approximately 0.2 for
pT = 10 GeV and it grows and achieves a value of 0.3 at pT ≈ 25 GeV. The RAA

of non-prompt J/ψ in 0−10% is approximately 0.3 and remains independent of
pT within the full pT range of this measurement. The dependence of the RAA on
centrality is approximately the same for prompt and non-prompt J/ψ . The ratio of
ψ(2S) to J/ψ meson production is measured for both the prompt and non-prompt
mesons, and as a function of centrality. Values consistent with unity are measured for
the non-prompt mesons, while the values observed for the prompt mesons are below
unity. The left panel of Fig. 7.1 shows a comparison of the J/ψ RAA measured in
0 − 20% central collisions with theoretical calculations.

ATLAS also measured the elliptic flow coefficient (v2) of prompt and non-prompt
J/ψ in Pb+Pb collisions [9]. The measurement is done using similar techniques and
kinematic cuts and using the same dataset as used for the measurement of the RAA
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of J/ψ and ψ(2S). In that measurement, the v2 coefficient is evaluated relative to
the event plane and the results are presented as a function of pT, y and centrality. It
is found that both prompt and non-prompt J/ψ mesons have non-zero elliptic flow.
Prompt J/ψ v2 is found to decrease as a function of pT, while the non-prompt J/ψ is
found to be, with limited statistical significance, consistent with a flat behaviour over
the studied kinematic region. There is no observed dependence on y or centrality.

The suppression and the azimuthal anisotropy was measured also for muons from
heavy-flavor decays in 2.76TeVPb+Pb collisions [8]. Themeasurement is performed
over the muon transverse momentum range 4 < pT < 14 GeV. Backgrounds arising
from in-flight pion and kaon decays, hadronic showers, andmis-reconstructedmuons
is statistically removed using a template-fitting procedure. The resulting RAA is
observed to be independent of pT within uncertainties. For the 10% most central
Pb+Pb events, themeasured RAA is approximately 0.35 indicating a clear suppression
of production of heavy-flavor muons in Pb+Pb collisions.

The azimuthal modulation of the heavy-flavor muon yields is measured and the
associated Fourier coefficients vn for n = 2, 3 and 4 are given as a function of pT
and centrality. Significant v2 values up to about 0.08 are observed at pT = 4 GeV.
In the 10−20%, 20−30%, and 30−40% intervals, the v2 decreases with pT but is
still significant at 10 GeV. At fixed pT, the v2 values show a systematic variation
with centrality which is typical of elliptic-flow measurements. For most centrality
intervals, v3 also decreases with increasing pT over the 4−8 GeV pT range. At a
given pT and centrality, the v3 values are smaller than the v2 values by a factor of
2−4. The v3 values show amuch weaker centrality dependence than the v2. The right
panel of Fig. 7.1 shows a comparison of heavy-flavor muon v2 in five centrality bins
with theory calculations.

7.2 Quarkonia and Heavy Flavor in p+Pb Collisions

In order to understand quarkonium suppression in Pb+Pb collisions it is necessary
to disentangle effects due to interaction between quarkonium and the QGP medium
from those that can be ascribed to initial state effects, such as: modifications of
the nuclear parton distribution functions, parton saturation effects in the incident
nucleus, and parton energy loss through interactions with the nuclear medium of the
initial state. These effects can be accessed in p+Pb collisions where a large region
of hot QGP is a priori not expected to occur. At the same time, modification of
quarkonia production is also expected even in p+Pb collisions to originate from final
state effects, namely from the absorption of the heavy quark-antiquark pair through
interactions with the co-moving hadrons. For a review of these physics mechanisms
see e.g. [10].

To help disentangle the role of the above mentioned phenomena, ATLAS mea-
sured the production cross sections of five quarkonium states, J/ψ , ψ(2S), and
Υ (nS) (n = 1, 2, 3) in p+Pb collisions at 5.02 TeV with an integrated luminosity
of 28 nb−1 [11]. The resulting nuclear modification factor, RpPb, is found to be con-



58 M. Spousta

Fig. 7.2 Left: Nuclear modification factor, RpPb, as a function of pT for Υ (1S) (in green) and
prompt J/ψ (in blue). The vertical error bars cover the statistical uncertainties and horizontal error
bars represent the bin size. The horizontal position of data point indicates the mean of the weighted
pT distribution. The vertical size of colored boxes underneath the data points represent the systematic
uncertainties. The RpPb of inclusive J/ψ measured byALICE from [12] is also shown in red. Figure
taken from [11]. Right: The v2 as a function of number of reconstructed charged particles (N rec

ch )
obtained from the template fits to hadron-hadron (circles) and to hadron-μ correlations (squares).
The error bars and shaded bands indicate statistical and systematic uncertainties, respectively. For
the hadron-hadron correlations, the statistical errors are too small to be seen. Figure taken from [13]

sistent with unity for prompt and non-prompt J/ψ for the kinematic range of the
measurement, 8 < pT < 40 GeV. The prompt ψ(2S) production is suppressed with
respect to prompt J/ψ production in p+Pb collisions with a significance of one
standard deviation.

The RpPb for Υ (1S) is measured for pT < 40 GeV and is found to be smaller than
unity at pT < 15 GeV, increasing with pT and becoming compatible with unity at
high pT. The production of Υ (2S) and Υ (3S) is found to be suppressed with respect
to Υ (1S) in the integrated kinematic ranges of pT < 40 GeV and −2 < y∗ < 1.5 in
p+Pb collisions with significance at the level of two standard deviations. Both the
promptψ(2S) to J/ψ andΥ (2S) toΥ (1S) double ratios show decreasing trend with
increasing centrality of p+Pb collisions. The left panel of Fig. 7.2 shows a compilation
of results on RpPb measured as a function of pT for Υ (1S) and prompt J/ψ .

The initial stage effects can also be studied using measurements of heavy quarks.
ATLAS measured prompt D0 mesons (D0 and D̄0) and D∗ mesons (which are
not coming from the sequential decays of b-hadrons) using p+Pb collisions at 8.16
TeV with an integrated luminosity of 76.3 μb−1 [14]. The D0 and D∗ mesons are
reconstructed in the decay channels with kaons in the range of transverse momen-
tum 3 < pT < 30 GeV and 5 < pT < 30 GeV, respectively. The relative D meson
productions at forward and backward center of mass rapidities is studied via the for-
ward (0 < y<0.5) to backward (−0.5 < y < 0) production ratio, RFB, as a function
of transverse momentum. No significant forward-backward asymmetry for prompt
D0 and D∗ mesons is observed. The azimuthal correlations between inclusive D∗
mesons and charged particles is also measured. The second-order harmonic coef-
ficients for D∗-hadron correlations are extracted using template fits to remove the
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“non-flow” contributions. The D∗-hadron correlations are broadly consistent with
the measurement of muon-hadron correlations.

Adetailedmeasurement of long-rangepseudorapidity correlations betweenmuons
and charged particles was done using p+Pb data at 8.16 TeV [13]. The template fitting
method is used to obtain the second-order Fourier coefficient, v2,2, corresponding
to the genuine long-range correlations. The v2,2 is factorized to obtain the single-
particle anisotropy coefficient, v2, of the muons. The right panel of Fig. 7.2 shows a
comparison of hadron-μ and hadron-hadron v2. Significant v2 values are observed
for muons over the transverse momentum interval 4 < pT < 8 GeV and over the
range of the charged particle multiplicity of 100 − 300. The muon-v2 values are
largest at 4 GeV and decrease with increasing pT. Given that nearly all the prompt
muons over this pT range are produced from decays of heavy-flavor particles, these
results confirm a significant azimuthal anisotropy in the distribution of heavy-flavor
particles produced in p+Pb collisions.

7.3 Conclusions

The ATLAS Experiment at the LHC provides a wealth of new results on quarkonia
and heavy flavor measurements in Pb+Pb and p+Pb collisions. The new results from
Pb+Pb collisions provide a precise quantification of strong suppression effects and
flow phenomena. The new results from p+Pb collisions should allow constraints to
be put on the origin of flow phenomena in small collision systems and quantify the
role of initial state effects in the studied data.
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Chapter 8
Recent Results on Heavy Flavour from
CMS

Ruslan Chistov

Abstract In this talk I report recent results on heavyflavor physics frompp collisions
at CMS. It includes spectroscopy of open or hidden beauty hadrons from pp collision
data at

√
s = 8 and 13 TeV. These studies are aimed at gaining new knowledge on

the properties of beauty hadrons which enhances our understanding of QCD.

8.1 Introduction

The CMS [1] experiment at LHC is designed mainly for high-pt physics including
studies of the Higgs boson, precisionmeasurements of the StandardModel processes
and parameters and numerous searches for New Physics. Nevertheless, CMS is con-
tributing intensively in heavy flavor physics. This is possible due to several features
of the experiment, including:

(a) A redundant muon system with large rapidity coverage provides high-
purity muon identification (muon-ID) with standalone δ pt/pt = 10% up to pt =
200 Gev/c;

(b)Avery efficient hardwareLevel 1 trigger andhighlyflexibleHighLevelTrigger
with paths dedicated to b-hadron specific decays with muons in the final state.

(c) A good pt resolution in tracker with high efficiency (>99%) and good sec-
ondary vertex reconstruction with impact parameter resolution down to ≈ 15 µm.

In this article I will discuss the results on b-hadrons recently obtained by CMS
from the analyses of the Run 1 and Run 2 data.
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8.2 Study of Bs1(5830)0 and B∗
s2(5840) Decaying into

B+K− and B0K 0
s in CMS

In 2018 the CMS Collaboration published results from a study of excited B0
s states,

the B∗
s2(5840)

0 and Bs1(5830)0, using 19.6 fb−1 of pp data at
√
s = 8TeV. Previously

these states were observed by the CDF [2] and D0 [3] Collaborations and confirmed
by the LHCb Collaboration [4] in the charged decay mode B+K−. CMS confirmed
all previous measurements and observed the new decay mode B∗

s2(5840)
0 → B0K 0

s
and obtained evidence for the analogous neutral mode for the Bs1(5830)0 state (see
Fig. 8.1). Various mass and mass difference measurements along with the ratios of
production cross-sections times branching fractions were measured [5]. As a by-
product of this analysis, the first measurement of the mass difference between spin
excited B-meson states was obtained:M(B∗0) − M(B∗+) = (0.91 ± 0.24 ± 0.09 ±
0.02(PDG)) MeV.
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Fig. 8.1 Invariant mass distributions of B0K 0
S candidates with the results of the fit overlaid [5].

The points represent the data, the thick solid curves are the results of the overall fits, and the
thin solid lines display the signal contributions. The short-dashed lines show the combinatorial
background contributions. The long-dashed lines show the contributions from swapping K± → π±
in the reconstruction of the B0 mesons
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8.3 Observation of Two Resolved States χb1(3P) and
χb2(3P) in CMS

The bottomonium system plays very important role in our understanding of the
dynamics of quarks inside the hadrons and permits thoroughly tests of various theo-
retical models describing the potential within the b − b̄ system. The χbJ (3P) triplet
is a special place since themasses of the triplet members are nearly at the open beauty
threshold. In charmonium system such a proximity of χc1(2P) state to the D0 D̄∗0
threshold results in the existence of the X (3872). The question about whether this
state is just the ordinary χc1(2P) with the mass modified by the interaction with
the D0 D̄∗0 threshold or it is a mixture of χc1(2P) and D0 D̄∗0 molecular or even
tetraquark, remains open. The study of the χbJ (3P) triplet states could shed new
light on the existence of possible Xb state, beauty analogue of X (3872). Also, this
study tests theoretical models describing the spin-orbit interaction term of the inter-
quark potential within the bottomonium system.

In 2018, by using the data collected at
√
s = 13 TeV (from 2015 to 2017 with

the integrated luminosity of 80 fb−1), the CMS Collaboration published the first
observation of resolved χb1(3P) and χb2(3P) states along with the measurement of
their masses and mass difference [6]. These measurements become possible due to
the good invariant mass resolution in χb1,2(3P) → Υ (3S)γ decay, where Υ (3S) →
μ+μ− and photons are detected through the conversion into the e+e− pairs. Figure8.2
shows the Υ (3S)γ invariant mass distribution after the photon energy correction as
well as the overlaid fit. Theχb1,2(3P)massesweremeasured to beM1 = 10513.42 ±
0.41 ± 0.18 MeV, M2 = 10524.02 ± 0.57 ± 0.18 MeV. The mass difference was
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Fig. 8.2 The invariant mass distribution of the χb1,2(3P) → Υ (3S)γ candidates [6]. The vertical
bars are the statistical uncertainties. The curves represent the fitted contributions of the two signal
peaks, the background, and their sum
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obtained to beΔM = 10.6 ± 0.64 ± 0.17MeV.Out of twenty theoretical predictions
forΔM , eighteen of them fall into the interval [8–18]MeV and only one gives for the
ΔM the value of −2 MeV. The negative sign, i.e. unnatural mass hierarchy, in this
model is due to the coupling with open-beauty threshold. The obtained experimental
result favors the natural mass hierarchy when the J = 2 state is heavier than the J =1
state.

8.4 Observation of Two Excited B+
c States

The spectrum of B+
c (b̄c) states will help to understand in a greater depth the

dynamics of heavy-heavy quark systems. In 2014, using Run 1 data, the ATLAS
Collaboration reported the observation (5.4 σ) of a new state decaying into B+

c π+π−
(B+

c → J/ψπ+) withmass consistent with the predictions for Bc(2S)+ [7]. Then, the
LHCb Collaboration, with 8 TeV data, in the same decay chain, found no significant
signal and set upper limit on the B+

c (2S) production cross-section depending on its
mass [8].

In 2019, using full Run 2 statistics, the CMS Collaboration observed two well
resolved peaks in B+

c π+π− (B+
c → J/ψπ+) invariant mass [9] (see Fig. 8.3). The

lower mass peak is attributed to the reflection from the Bc(2S)∗+ meson that firstly
decays into B∗+

c π+π−. Then the B∗+
c decays to B+

c ground state and a soft pho-
ton which is not reconstructed. The higher mass peak is just a signal from fully
reconstructed Bc(2S)+ in B+

c π+π− final state. The significance of each peak was
found to be larger than 5 σ. The mass difference between two peaks was mea-
sured to be 29.1 ± 1.5 ± 0.7 MeV and the mass of Bc(2S)+ was measured to be
6871.0 ± 1.2(stat.) ± 0.8(syst.) ± 0.8(Bc)MeV, in agreementwith theoretical pre-
dictions.
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8.5 Search for Exotic States in B+ → J/ψ�̄ p Decay

Fifteen years ago the Belle Collaboration discovered the first exotic charmonium-like
state, theX(3872), decaying into J/ψπ+π−.During last 15years,manycharmonium-
like states were observed including charged states. There are several theoretical
interpretations of these states. Among them one can mention hadrocharmonium,
tetraquarks and molecular states. No one is sufficient for describing all properties
of all observed states. Observation of new states will widen our understanding of
dynamics of quarks in different configurations. Recently, the LHCb Collaboration
by analysing the �0

b → J/ψK− p decay observed three pentaquark states in the
J/ψ p system. It is therefore interesting to find such b-hadron decay mode in which
it is possible to search for new pentaquarks, either in the same J/ψ p system or in a
new system, with strangeness, e.g. J/ψ�. Such hidden charm strange are predicted
recently close to their threshold [11].

In 2019 the CMS Collaboration released the results from the study of B+ →
J/ψ�̄p decay [10]. The invariant mass distribution of the J/ψ�̄p combinations
is shown in Fig. 8.4 demonstrated a very clean signal from this decay. The ratio
B(B+→J/ψ�̄p)
B(B+→J/ψK ∗+)

was measured which corresponds to the branching fraction B(B+ →
J/ψ�̄p) = (15.1 ± 0.8(stat.) ± 0.5(syst.) ± 0.9(Br)). This is the most precise
measurement of this decay to date. Also, the invariant mass distributions of the �̄p,
J/ψ p and J/ψ�̄ systems are studied and found to be inconsistent with pure phase
space hypothesis. Then, the model-independent angular amplitude analysis was used
to test for a presence of exotic resonances in J/ψ p and J/ψ� systems. It was
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Fig. 8.4 The invariant mass distribution of B+ → J/ψ�̄p candidates. The points are data and the
curve is the result of the fit
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found that the inclusion of three excited kaons K ∗
4 (2045)

+ (J P = 4+), K ∗
2 (2250)

+
(J P = 2−), K ∗

3 (2320)
+ (J P = 3+) decaying into �̄p is enough to describe the data.

The significance of incompatibility of data with this hypothesis is less than 3 σ
including systematics.

8.6 Summary

CMS observed new decay modes of excited B0
s state, B∗

s2(5840)
0 → B0K 0

s and
obtained evidence for Bs1(5830)0 → B0K 0

s . CMS observed for the first time two
resolved states χb1(3P) and χb2(3P), measured their masses and mass difference.
The latter supports the standard mass hierarchy (the J=2 state is heavier than the J=1
one). CMS observed for the first time two excited B+

c states, one of which is fully
reconstructed (Bc(2S)+) and the second one partially (Bc(2S)∗+) due to undetected
soft photon. The measured mass of the former state is in agreement with theoretical
predictions. CMS studied the B+ → J/ψ�̄p decay in which a model independent
angular analysis was performed. It was shown that data, i.e. intermediate two-body
massesM(J/ψ p) andM(J/ψ�̄) arewell described by the presence of excited kaons
decaying into �̄p.

Although designed for high transversemomentum physics, CMS is a very suitable
experiment for heavy flavor physics.
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Chapter 9
Recent Results on Light Flavor from
STAR

Jie Zhao

Abstract These proceedings present an overview of the recent results on light flavor
by the STAR experiment at RHIC.

9.1 Introduction

Relativistic heavy-ion collisions are unique tools to study the properties of the quark-
gluon plasma (QGP) in quantum chromodynamics (QCD) [1]. One important goal of
the heavy-ion program in RHIC-STAR is to explore the QCD phase diagram [1, 2].
At the RHIC top energy data were collected with different species from small to large
collision systems, allowing studies of the high temperature QCD medium to extract
quantitative information on the QGP. The Beam Energy Scan (BES) program with
the collision energies from 7.7 to 64.2 GeV extended the studies to lower temperature
and higher baryon densities on the QCD phase diagram. The main goal is to search
for the turn-off of QGP signatures and signals of the first-order phase transition and
the critical point [2]. To further extend the coverage on the QCD phase diagram, the
fixed-target program (FXT) is exploited to reach the higher baryon densities with the
baryon chemical potential in the range of μB ≈ 420–720 MeV.

Starting 2010 STAR has accumulated large volume data from 200 GeV down
to 7.7 GeV. A rich body of results were produced pertinent to the properties of
the QCD matter. In these proceedings, we highlight selected STAR results on light
flavor measurements that were presented in the “Strangeness in Quark Matter” 2019
conference. More details can be found in STAR related proceedings in [3–5].
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9.2 Initial Conditions

The measurement of longitudinal decorrelation of anisotropic flow can help provide
a 3D image of the QGP evolution [6]. Using the newly installed Forward Meason
Spectrometer (FMS), STAR has measured longitudinal flow decorrelations in 200
GeVAu+Au collisions (Fig. 9.1). Suchmeasurements as a function of the normalized
rapidity, indicate a strong decrease with respect to LHC [7–9]. These results provide
new constraints on both the initial-state geometry fluctuations and final-state dynam-
ics of heavy-ion collisions.

The measurement of the elliptic anisotropy (v2) in small systems can further
improve our understanding of the importance of the initial geometry. Figure9.2
shows the V2,2 obtained by difference methods in p+Au and d+Au collisions [10].
The results for different energies show a common trend with the charged particle
multiplicity, which provide important insights on the nature of collectivity in small
systems.
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Fig. 9.1 Decorrelation parameters, r2 (left), and, r3 (right), as a function of the normalized rapidity
in 5–10% Au+Au collisions [7] and Pb+Pb collisions [8, 9]

Fig. 9.2 Integral V2,2 as function of multiplicity in p+Au and d+Au collisions [10]
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9.3 Phase Transition and Critical Point

The higher-order fluctuation observables or the higher moments of conserved quanti-
ties, can be directly connected to the corresponding thermodynamic susceptibilities.
It is a sensitive tool to study the criticality on the QCD phase diagram as well as
to determine the freeze-out parameters [11, 12]. Figure9.3 (left) shows the new
measurements of the net-proton cumulants in Au+Au collisions at 54.4 GeV [3].
The data are compared to the results from other energies and a good agreement is
found. A non-monotonic behavior as a function of the collision energy is observed.
Figure9.3 (right) shows the 6th- to 2nd -order cumulant of the net-proton multiplicity
distributions [3]. The C6/C2 for central Au+Au collisions at 54.4 GeV is positive
while that for 200 GeV is negative, although with large uncertainties. The results are
in agreement with the theoretical expectation of a smooth crossover phase transi-
tion [13, 14]. STAR also measured net-� cumulants, which provide insights on the
flavor dependence of the freeze-out parameters [4, 15].

Production of light nuclei with small binding energies, such as the triton (∼8.48
MeV) and the deuteron (∼2.2 MeV), formed via final-state coalescence, are sensi-
tive to the local nucleon density [16]. The production of these nuclei can therefore
be used to extract information of nucleon distributions at freeze-out, which could be
associatedwith the QCDphase transition [17]. Figure9.4 (left) shows that the coales-
cence parameter, B2, first decreases and then increase with collision energy [18]. The
extracted neutron density fluctuations [19], n, also show a non-monotonic behavior
with collision energy (right panel of Fig. 9.4) [20].

Oneof the importantQGPsignatures is the nuclearmodification factor, RCP , being
significantly smaller than unity at high energies. The strange hadron measurements
from BES-I by STAR [21] show no suppression of the K 0

s Rcp up to pT = 3.5 GeV/c .
The particle type dependence of RCP is found to be smaller at

√
sNN ≤ 11.5 GeV

(Fig. 9.5). These measurements point to the beam energy region below 19.6 GeV for
further investigation of the deconfinement phase transition.
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9.4 Hypertriton

The measurement of hypertriton can provide insight on hyperon-nucleon interac-
tions [22, 23]. The heavy-flavor tracker (HFT) significantly improved the signal-to-
background ratio of hypertriton, thus allowing more precise determinations of the
hypertriton binding energy and mass difference between hypertriton and antihyper-
triton. The STAR data [24] provide the first test of the CPT symmetry in the light
hypernuclei sector. No deviation from the exact symmetry is observed.

9.5 Medium Effects and Dynamics

Lifetimes of long-lived resonances are comparable to the typical lifetime of the QGP
fireball created in heavy-ion collisions. Resonances can thus be used to study the
properties and evolution of the hot and dense QGP medium. The K ∗0 and φ mesons
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have different hadronic cross sections and lifetimes. The comparison of φ/K− and
K ∗0/K− ratios in Fig. 9.6 indicate strong medium effects at RHIC and LHC [5, 25].

Dileptons are penetrating probe to heavy-ion collisions [26]. Recent measure-
ments show a strong enhancement in the very low pT region. The results point to
additional physics contributions, for example contributions from photon interactions
in the magnetic field trapped in the QGP [27].

9.6 Chirality, Vorticity and Polarization Effects

Due to spin-orbit coupling, particles produced in non-central heavy-ion collisions
possess large orbital angular momentum and can be globally polarized along the
angular momentum direction [28]. This effect was demonstrated by the global �

polarization measurement from STAR (left panel of Fig. 9.7) [29]. The data also hint
a systematic splitting between � and �̄, an effect expected from the initial magnetic
field. Recently, STAR reported a first observation of the � local polarization with a
quadrupole structure (right panel of Fig. 9.7), which could be related to the elliptic
flow [30].

An electric charge separation can be induced by chirality imbalance along the
strong magnetic field and is predicted to occur in relativistic heavy-ion collisions
because of topological charge fluctuations and the approximate chiral symmetry
restoration inQCD.This effect is called theChiralMagneticEffect (CME) [31]. Since
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the first measurement of the Δγ correlator in 2009 [32], there have been extensive
developments to reduce or eliminate the backgrounds [31]. Figure9.8 (left) shows
the results obtained using the invariant mass method, one of the recently developed
method [33]. The extracted potential CME signal relative to the inclusive Δγ in 200
GeV Au+Au collisions with two novel methods [34, 35] are summarized in the right
panel of Fig. 9.8. These data-driven estimates indicate that the possible CME signal
is small, within 1-2 σ from zero [33].
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9.7 Summary

The recent results on light flavor from the STAR experiment are overviewed. The lon-
gitudinal flow decorrelation was measured in heavy-ion data and compared to LHC
data. The elliptic anisotropy is measured p+Au and d+Au collisions. These mea-
surements will further our understanding of the importance of the initial geometry to
the system evolution. The net-proton (net-�) cumulants, the light nuclei coalescence
parameter and neutron density fluctuation are reported. All these results seem to show
non-monotonic behavior with collision energy and may bear important implications
to phase transitions and the possible critical point. The strange hadron production is
found to be not suppressed at

√
sNN ≤ 11.5 GeV, calling for further studies at low

energies. The measured ratios of resonance yields to K− indicate strong medium
effects. Strong enhancement is observed in the very low pT dielectron yield, which
may be due to photon interactions. Hypertriton measurements are reported, which
present the first test of the CPT symmetry in the light hypernuclei sector. The� local
polarization with a quadrupole structure is observed for the first time, which needs
further theoretical undertanding. Two novel data-driven methods are used to search
for the CME signal. The present estimates indicate that the possible CME signal is
small, within 1–2 σ from zero.
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Chapter 10
High Energy Hadron Production,
Self-organized Criticality and Absorbing
State Phase Transition

Paolo Castorina and Helmut Satz

Abstract In high energy nuclear collisions, production rates of light nuclei agree
with the predictions of an ideal gas at a temperature T = 155 ± 10 MeV. In an
equilibrium hadronic medium of this temperature, light nuclei cannot survive. In this
contribution, we suggest that the observed behavior is due to an evolution in global
non-equilibrium, leading to self-organized criticality and to hadron formation as an
absorbing state phase transition for color degrees of freedom. At the confinement
point, the initial quark-gluon medium becomes quenched by the vacuum, breaking
up into all allowed free hadronic and nuclear mass states, without (or with a very
short-live) subsequent formation of thermal hadronic medium.

10.1 Introduction

The yields for deuteron, 3He, hyper-triton, 4He and their antiparticles have recently
been measured in Pb − Pb collisions by the ALICE collaboration [1–3] and are in
very good agreement [4] with the statistical hadronization model (SHM) [5], with
a formation temperature of T �, 155 MeV, corresponding at the (pseudo)critical
confinement temperature Tc = 155 ± 10 MeV [6].

The curious feature is that the all hadron abundances are already specified once
and for all at Tc and are not subsequently modified in the evolution of the hadron gas
and this enigma is further enhanced by the yields for light nuclei. Indeed, these states
have binding energies of a few MeV and are generally much larger than hadronic
size, and therefore their survival in the assumed hot hadron gas poses an even more
striking puzzle [7]. For example, the hyper-triton root-mean-square size is close to 10
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fm, about the same size of the whole fireball formed in Pb-Pb collision at
√
s = 2.76

TeV, and the energy needed to remove the Λ from it is 130 ± 30 KeV.
Why are the yields for the production of light nuclei determined by the rates as

specified at the critical hadronization temperature, although in hot hadron gas they
would immediately be destroyed?

In this contribution, following [8], we want to discuss a solution to this puzzle
obtained by abandoning the idea of a thermal hadron medium existing below the
confinement point.Wepropose that the hot quark-gluon system,when it cools down to
the hadronization temperature, is effectively quenched by the cold physical vacuum.

The relevant basic mechanism for this is self-organized criticality, leading to
universal scale-free behavior, based on an absorbing state phase transition for color
degrees of freedom.

10.2 Self-organized Criticality and Absorbing State Phase
Transition

The core hypothesis of Self-Organized Criticality (SOC) [9, 10] is that systems con-
sisting ofmany interacting components will, under certain conditions, spontaneously
organize into a state with properties akin to that ones observed in a equilibrium ther-
modynamic system, as the scale-free behavior.

The self-organized evolution indicates that the complex behavior arises sponta-
neously without the need for the external tuning of a control parameter (the temper-
ature for example). In SOC the dynamics of the order parameter drives the control
parameter to the critical value: natural dynamics drives the system towards andmain-
tains it at the edge of stability.

For non-equilibrium steady states it is becoming increasingly evident that SOC
is related to conventional critical behavior by the concept of absorbing-state phase
transition [11, 12].

An absorbing state is a configuration that can be reached by the dynamics but
cannot be left and absorbing state phase transitions are among the simplest non-
equilibrium phenomena displaying critical behavior and universality [11, 12].

A clear example is given by models describing the growth of bacterial colonies or
the spreading of an infectious disease among a population: once an absorbing state,
e.g., a state in which all the bacteria are dead, is reached, the system cannot escape
from it.

Let us now consider the hadronization dynamics where, for sake of simplicity,
an initial e+e− annihilation produces a q̄q pair which evolves according to QCD
dynamics. The short distances dynamics is due to local interacting color charges,
with the QCD processes of parton (quarks and gluons) annihilations and creation.

The dynamics of color degrees of freedom (d.o.f.) ends up with the hadronic
production, i.e. with the production of colorless clusters. The final state has no color
and the evolution of the system cannot produce colored partons in the final state.
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From this point of view, hadron production is a phase transition to an absorbing
state for color degrees of freedom.Moreover this phase transition is a non-equilibrium
one, since, by definition, the rate out of an absorbing state is zero and an absorbing
state can not obey the detailed balance.

A toy model which shows how the competition between hadron (h) formation, i.e.
color neutralization, and production and/or annihilation of color charges (partons P)
leads to an absorbing state is easily obtained by considering a normalized quantity
ρ(t), proportional to color charge, as a function of time t and the processes: P + P →
P with rate λ (parton annihilation); P → P + P with rate σ (parton production);
P → h with rate k (color neutralization).

The mean field evolution equation is given by [11, 12]

dρ

dt
= (σ − k)ρ − λρ2 = ρ(σ − k − λρ) . (10.1)

If σ < k the steady state is ρs = 0 and is an absorbing state. If σ > k the steady
state is ρs = (σ − k)/λ, the critical value is σc = k and, as in thermal equilibrium,
the critical point is governed by a power law behavior ρs � (σ − σc)

β with β = 1.
Absorbing states characterize first order phase transitions also [16] and, indeed,

for pure SU (N ) gauge theories, where the Polyakov loop, l, is an order parameter,
one can show that the dynamical evolution of the system [17] has a steady state with
l = 0, which is an absorbing state.

According to previous discussion: (1) The Hadronization mechanism is a non
equilibrium phase transition to an absorbing state for color d.o.f.; (2) The dynamical
evolution is driven by color d.o.f. up to the hadronization time/temperature; (3) a
natural assumption, due to the absorbing state phase transition, is that the system is
essentially Afrozen at the values of the parameters at the transition.

Let us discuss the consequences of this point of view for the hadron production.

10.3 SOC in Hadron Formation

10.3.1 Self-organization and Hadronic Spectrum

The typical illustration of SOC, proposed in the pioneeringwork [9], is the avalanches
dynamics of sandpiles, where the number N (s) of avalanches of size s observed over
a long period is found to vary as a power of s, N (s) = αs−p, which means that the
phenomenon is scale-free.

Another useful example of self-organized criticality provided by partitioning inte-
gers [8]. Consider the ordered partitioning of an integer n into integers. The num-
ber q(n) of such partitionings is for n = 3 equal to four: 3, 2+1, 1+2, 1+1+1, i.e.,
q(3) = 4. It is easily shown [14] that in general q(n) = 2n−1, i.e. the number of
partitions increases exponentially with the size of the integer.
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Given an initial integer n, wewould now like to know the number N (k, n) specify-
ing how often a given integer k occurs in the set of all partitionings of n. To illustrate,
in the above case of n = 3, we have N (3, 3) = 1, N (3, 2) = 2 and N (3, 1) = 5.
To apply the formalism of self-organized criticality, we have to attribute a strength
s(k) to each integer. It seems natural use the number of partitions for this, i.e., set
s(k) = q(k) and the desired number N (k, n) in a scale-free scenario is then given by

N (k, n) = α(n)[s(k)]−p. (10.2)

For small values of n, N (k, n) is readily obtained explicitly and one finds that the
critical exponent becomes p � 1.26.

The previous example is immediately reminiscent of the statistical bootstrap
model of Hagedorn [13], who had “fireballs composed of fireballs, which in turn
are composed of fireballs, and so on”. Indeed, its general pattern has been shown
to be due to an underlying structure analogous to the partitioning of an integer into
integers [14].

More precisely, Hagedorn’s bootstrap approach [13] proposes that a hadronic
colorless state of overall massm can be partitioned into structurally similar colorless
states, and so on. If these states were at rest, the situation would be identical to the
above partioning problem. Since the constituent fireballs have an intrinsic motion,
the number of states ρ(m) corresponding to a given mass m is determined by the
bootstrap equation which can be asympotically solved [15], giving ρ(m) ∼ m−a

exp(m/TH ) and TH as solution of

(
2

3π

) (
TH

m0

)
K2(m0/TH ) = 2 ln 2 − 1, (10.3)

with m0 denoting the lowest possible mass and K2(x) is a Hankel function of pure
imaginary argument. For m0 = mπ � 130 Mev, this leads to the Hagedorn temper-
ature TH � 150 MeV, i.e., to approximately the critical hadronization temperature
found in statistical QCD. The cited solution gave a = 3, but other exponents could
also been considered.

The previous form is an asymptotic solution of the bootstrap equation which
diverges for m → 0 and must be modified for small masses. Using a similar result
for ρ(m) obtained in the dual resonance model [18], Hagedorn proposed

ρ(m) = const.(1 + (m/μ0))
−a exp(m/TH ) (10.4)

where μ0 � 1 − 2 GeV is a normalization constant.
At this point we should emphasize that the form of ρ(m) is entirely due to the

self-organized nature of the components and they are in no way a result of thermal
behavior. We have expressed the slope coefficient of m in terms of the Hagedorn
“temperature” only in reference to subsequent applications. In itself, it is totally of
combinatorical origin.
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10.3.2 Comparison with ALICE Data

Wenowapply the formalismof self-organized criticality to strong interactionphysics.
Our picture assumes a sudden quench of the partonic medium produced in the col-
lision. The initial hot system of deconfined quarks and gluons rapidly expands and
cools; while this system is presumably in local thermal equilibrium, the difference
between transverse and longitudinal motion implies a global non-equilibrium behav-
ior. The longitudinal expansion quickly drives the system to the hadronisation point,
and it is now suddenly thrown into the cold physical vacuum. The process is not
unlike that of a molten metal being dumped into cold water. In this quenching pro-
cess, the system freezes out into the degrees of freedom presented by the system
at the transition point and subsequently remains as such, due to the absorbing state
nature of the transition, apart from possible hadron or resonance decays. There never
is an evolving warmmetal. In other words, in our case there is no hot (or a very short-
live) interacting hadron gas. Whatever thermal features are observed, such as radial
or elliptic hydrodynamic flow, must then have originated from local equilibrium in
the earlier deconfined stage [19]. The mechanism driving the system rapidly to the
critical point is the global non-equilibrium due to the longitudinal motion provided
by the collision.

In such a scenario, high energy nuclear collisions lead to a system which at the
critical point, i.e. the color absorbing state, breaks up into components of different
masses m, subject to self-similar composition and hence of a strength ρ(m) as given
by the above Eq. (10.4). In the self-organized criticality formalism, this implies that
the interaction will produce

N (m) = α[ρ(m)]−p (10.5)

hadrons of mass m. With ρ(m) given by Eq. (10.4), the resulting powerlaw form

log N (m) = −m

(
p log e

TH

) [
1 −

(
aTH

m

)
ln(1 + m

μ0
)

]
+ const. (10.6)

is found to show a behavior similar to that obtained from an ideal resonance gas in
equilibrium.We emphasize that it is here obtained assuming only scale-free behavior
(self-organized criticality) and amassweight determined by the number of partitions.
No equilibrium thermal system of any kind is assumed.

We now consider the mentioned ALICE data [1–3]. In Fig. 10.1 the production
yields for the different mass states in central Pb − Pb collisions at

√
s = 2.76 GeV

are shown; in each case, the yield is divided by the relevant spin degeneracy. We see
that the yields show essentially powerlike behavior, and the light nuclei follow the
same law as the elementary hadrons. The solid line in Fig. 10.1 shows the behavior
obtained from eqs. (10.6), ignoring for the moment the second term in the square
brackets,
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Fig. 10.1 Yield rates of
species at central rapidity vs.
their mass m [1–3]. The solid
line corresponds to Eq.
(10.7), the dashed line to Eq.
(10.8)

log[(dN/dy)/(2s + 1)] � −m

(
0.43 p

TH

)
+ A, (10.7)

with TH = 0.155MeV and fit values p = 0.9, A = 3.4. The form is evidently in
good agreement with the data.

Including the correction term to linear behavior that we had omitted above, we
have

log[(dN/dy)/(2s + 1)] � −m

(
0.43 p

TH

)
+ +pa log[1 + (m/μ)] + A. (10.8)

The additional term is, as indicated, rather model dependent. It will effectively turn
the yield curve down for decreasing masses. This is in fact necessary, since the decay
of heavier resonances will enhance the direct low mass meson yields. To illustrate
the effect of the term, we choose a = 3, corresponding to the mentioned solution
of the bootstrap equation [15], and μ = 2 GeV for the normalization. The result is
included in Fig. 10.1.
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Chapter 11
Recent Results in Small Systems from
CMS

Prabhat R. Pujahari

Abstract The observation of a wide variety of physical phenomena in the context of
the formation of a strongly interacting QCD matter in heavy-ion nuclear collisions
at the LHC has drawn significant attention to the high energy heavy-ion physics
community. The appearance of a varieties of similar phenomena as in heavy-ion in
the highmultiplicity proton-proton and proton-nucleus collisions at theLHCenergies
has triggered further investigation to understand the dynamics of particle production
mechanism in a highly dense and small QCD medium. The CMS collaboration uses
many different probes in these studies ranging from the particle production cross
section to multi-particle correlations. In this proceeding, I report a few selected
recent CMS results from the small systems with the main focus on the measurement
of collective phenomena in high multiplicity pp and pPb collisions.

11.1 Introduction

Inmulti-particle correlations the context of high energy heavy-ion physics, the colli-
sions between protons or a proton with a nucleus is commonly referred to as small
system and they can provide baseline measurements for heavy-ion collisions. Tra-
ditionally, it is thought that such small systems do not show characteristics of QGP
formation a priori. However, in the recent few years, this simplistic view of a small
system has been challenged at the LHC—thanks to the new frontier in energies and
state-of-the-art instrumentations. The individual events in a high multiplicity pp and
pPb collisions can have very high charged particle multiplicity and energy density
which is comparable to that of AA collisions [1].

With the advent of the LHC, high multiplicity pp and pPb collisions show unex-
pected phenomena which have never been observed before in such small systems.
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The observation of a long range rapidity ridge in the measurement of two-particle
angular correlation in heavy-ion collisions is no surprise to us and this can be well
explained by hydrodynamical collective flow of a strongly interacting and expanding
medium [3]. However, the appearance of similar structures in a high multiplicity pp
and pPb collisions has drawn a lot of attention and prompted studies to understand
the cause of such behaviour in small systems. In particular, the discovery of the ridge
by CMS collaboration [2] in high multiplicity pp collisions is one of such intrigu-
ing results observed in small systems [4]. The emergence of a long-range, near-side
correlation in the relative azimuthal angle of the produced particles in pp and sub-
sequently in pPb collisions motivate to investigate the existence of the collective
phenomena in such systems. Further information can also be gained by focusing
on multi-particle correlationsmulti-particle correlations and event-by-event fluctua-
tions of such quantities. We observe signatures traditionally attributed to a collective
behaviour not only in PbPb collisions but also in small systems. Since then, a sig-
nificant amount of, unexpected phenomena has been observed in small systems with
striking similarities to heavy-ion observations [5, 6].

11.2 Transverse Energy Density

The total transverse energy, ET , is a measure of how much energy is liberated by the
“stopping” of the colliding nucleons. From Fig. 11.1 it can be seen that dET /dη |η=0

≈ 22 GeV. This is nearly 1/40 of the value observed for the 2.5% most central PbPb
collisions. However, since the cross sectional area of pPb collisions is much smaller
than that of central PbPb collisions, this result implies that the maximum energy
density in pPb collisions is comparable to that achieved in PbPb collisions [1].
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11.3 Collectivity in Small Systems at the LHC

The pT distributions of identified hadrons are one of the important tools to probe
the collective behaviour of particle production. The pT distributions in pp and pPb
collisions show a clear evolution, becoming harder as the multiplicity increases [7].
As it is shown in Fig. 11.2, models including hydrodynamics describes the data
better for the pT spectra. Data-to-model agreement is good at higher charged parti-
cle multiplicity, Nch . In addition, the evolution of the pT spectra with multiplicity
can be compared more directly by measuring the average transverse kinetic energy,
〈K ET 〉 [7]. Due to the presence of collective radial flow, the shape of the transverse
momentum distribution depends on the mass of the particle.

The 〈K ET 〉 for Ks
0, Λ and Ξ particles as a function of multiplicity are shown in

Fig. 11.3. For all particle species, 〈K ET 〉 increases with increasing multiplicity. A
theoritical Blast-wave model [8] fits have also been performed to the pT spectra of
strange particles in several multiplicity bins as shown in Fig. 11.2. The interpretation
of the parameters of these fits, such as kinetic freeze-out temperature, Tkin and trans-
verse radial flow velocity, βT , are model dependent. In the context of the Blast-Wave
model, when comparing the parameters of different systems at similar dNch/dη, it
was found that βT is larger for small systems i.e., βT (pp) > βT (pPb) > βT (PbPb).
This could be an indication of a larger radial flow in more explosive small systems.
However, a similar decreasing trend is observed for Tkin and βT as a function of
multiplicity in all three collision systems.

It needs to be further understoodwhether the nature of the ridge and its collectivity
is due to the two-particle azimuthal correlation structures observed at large relative
pseudorapidity in pp and pPb collisions, or if it is a multi-particle collective effect.

A strong hint for multi-particle correlationsmulti-particle correlations in high
multiplicity pp and pPb collisions was reported by the CMS collaboration [9, 17].
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Figure11.4 shows the second-order azimuthal anisotropy Fourier harmonics (v2)
measured in pp, pPb and PbPb collisions over a wide pseudorapidity range based
on correlations calculated up to eight particles. The v2 values stay high and show
similar trends in all three systems. The v2 computed from two-particle correlations is
found to be larger than that obtainedwith four-, six- and eight-particle correlations, as
well as the Lee-Yang zeroes method. However, the v2 obtained from multi-particle
correlationsmulti-particle correlations, all yield to similar v2 values i.e., v2{4} ≈
v2{6} ≈ v2{8} ≈ v2{LYZ} [9]. These observations support the interpretation of a
collective origin for the observed long-range correlations in high-multiplicity pp and
pPb collisions.

Another useful observable in the study of collectivity is the event-by-event corre-
lation between Fourier harmonics of different order flow coefficients. The CMS Col-
laboration has measured these normalized symmetric cumulants, SC(m, n), where
m and n are different order flow coefficients, in pp, pPb and PbPb collisions, as a
function of track multiplicity [10]. Similar observations are made in all three sys-
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tems. In the case of SC(2, 3), which gauges the correlation between v2 and v3, an
anti-correlation is found at high track multiplicity, as shown in Fig. 11.5. On the
contrary, SC(2, 4) > 0: the v2 and v4 values are positively correlated event-by-event.
Similar trends are observed in pPb and PbPb collisions, and high multiplicity pp
collisions, regarding the trend of these observables as a function of track multiplic-
ity. A long-range near-side two-particle correlation involving an identified particle is
also observed [9, 11]. Results for both pPb and pp collisions are shown in Fig. 11.6.
Moving to high-multiplicity events for both systems, a particle species dependence
of v2 is observed. The mass ordering of v2 was first seen in AA collisions at RHIC
and LHC energies [12, 13], which can be understood as the effect of radial flow
pushing heavier particles towards higher pT . This behavior is found to be qualita-
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tively consistent with both hydrodynamic models [14] and an alternative initial state
interpretation [15].

A measurement of the elliptic flow of prompt J/Ψ meson in high-multiplicity
pPb collisions is reported by the CMS experiment [16]. The prompt J/Ψ results
are compared with the v2 values for open charm mesons (D0) and strange hadrons.
As shown in Fig. 11.6, positive v2 values are observed for the prompt J/Ψ meson,
as extracted from long-range two-particle correlations with charged hadrons, for
2 < pT < 8 GeV.

The prompt J/Ψ meson results, together with results for light-flavor and open
heavy-flavor hadrons, provide novel insights into the dynamics of the heavy quarks
produced in small systems that lead to high final-state multiplicities.

11.4 Conclusions

Several effects, such asmass-dependent hardeningof pT distributions, near-side long-
range correlations, multi-particle azimuthal correlations, etc, which in nuclear colli-
sions are typically attributed to the formation of a strongly-interacting collectively-
expanding quark-gluon medium, have been observed in high-multiplicity pp and
pPb collisions at the LHC. The study of small collision systems at high multiplic-
ity is undoubtedly of considerable interest. While a lot of progress has been made
towards understanding the long-range correlation phenomena in small colliding sys-
tems, there are still many open questions to be addressed by the experiemental and
theoritical communities.
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Chapter 12
D Meson Sensitivity to a System Size
Scan at LHC

Roland Katz, Jacquelyn Noronha-Hostler, Caio A. G. Prado,
and Alexandre A. P. Suaide

Abstract Experimental measurements in pA collisions indicate no D meson sup-
pression (RpPb ∼ 1) but a surprisingly large v2. To better understand these results
we propose a system size scan at the LHC involving 16OO, 40ArAr, 129XeXe and
208PbPb collisions. Using Trento+ v-USPhydro+DAB-MOD to make predictions,
we find that the RAA tends towards unity when the system size is decreased, but
nonetheless, in the most central collisions v2{2} is almost independent of the collid-
ing system. These results are analyzed in light of path length and initial eccentricity
variations.

12.1 Introduction

Flow correlations, strangeness enhancement and suppression of hard probes are con-
sidered to be three signatures of the Quark-Gluon Plasma. The recent observation of
the first two in small hadronic collisions - such as pp and pPb—raises many questions
on the nature of the created “medium” in these collisions [1–3]. Jet and heavy flavor
suppression is not observed in small systems [4], but the CMS collaboration hasmea-
sured large Dmeson anisotropies in pPb collisions [5]. We still dot not understand of
how such a significant v2 in small systems could be compatible with RAA → 1 [6].
In order to determine the applicability of hydrodynamics in these tiny systems, it was
recently proposed to run a system size scan at LHC via ArAr and OO collisions [7],
onwhich various predictions have beenmade [8]. Dmesons beingmostly sensitive to
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equilibrium dynamics, they appear to be ideal probes of system size effects [9]. Here
we investigate these effects on the RAA and vn{2} by varying the colliding nuclei. To
do so, we use Trento+v-USPhydro+DAB-MOD[10] with the same soft backgrounds
as in [8] and the Langevin set up that gave us the best results in PbPb collisions [11].

12.2 Model Description

The Monte Carlo simulation DAB-MOD [9–11], developed to study open heavy
favours, is coupled to 2D+1 event-by-event hydrodynamical backgrounds [8]. Heavy
quarks are first sampled using FONLL distributions and then propagate with a rela-
tivistic Langevin model using the spatial diffusion coefficient from [12]. When the
heavy quark / medium decoupling temperature Td is reached, the hadronization is
finally performed using a hybrid fragmentation/coalescence model. In DAB-MOD
the overall magnitude of the RAA is ambiguous as we usually fix the scaling parame-
ter of the Langevin model using RAA data in most central collisions. Here, we use for
all colliding systems the value determined in PbPb collisions (i.e. D/(2πT ) = 2.2).

12.3 Results

In Fig. 12.1, we first investigate how the system size modifies the RAA as one moves
towards smaller systems. First, central collisions are observed to be more sensitive to
system size than mid-central collisions where there is no visible difference between
OO and ArAr even though their system size is different [8]. We expect the RAA to
smoothly approachunitywith shrinking systemsize, as (1 − RAA) is approximatively
proportional to the initial medium radius ∼ A1/3. However, in a future extension to

Fig. 12.1 Direct D0 meson RAA for OO, ArAr, XeXe with spherical and prolate initial nuclei, and
PbPb collisions in 0–10% (left) and 30–50% (right) centrality classes. Prompt D0 data (|y| < 1)
from the CMS collaboration for PbPb collisions [13]
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Fig. 12.2 ε2{2} (left) and ε3{2} (right) versus radius for OO, ArAr, XeXe and PbPb collisions at
the LHC in 0–10% and 30–50% centrality classes

pPb collisions, we might not reach unity enough to describe the data (like in previous
studies with similar frameworks [6]). Finally, the deformation of the Xe nuclei has
no influence on the RAA.

For the azimuthal anisotropies vn , two factors play a significant role: the size of
the system, which can be described by the typical radius of the initial conditions R,
and the initial geometrical shape usually characterized by the eccentricities εn [8].
Their variations with the colliding system in the two centrality classes considered
here are shown in Fig. 12.2. The systems resulting from OO, ArAr, XeXe and PbPb
central collisions have significantly different sizes and eccentricities: the eccentric-
ities increase while the radius decreases. In contrast, in mid-central collisions the
eccentricities remain roughly constant when one varies the system size. The mid-
central collisions can then be seen as probes of pure system size effects. As measured
Dmeson data in pPb [5] correspond to central collisions, they might experience both
system size and eccentricities variations compared to largeAAcollisions. In Fig. 12.3
(top) we show the D meson v2 in the two different centrality classes. In the 30–50%
mid-central class, the v2 of smaller systems are significantly suppressed across all
pT. Thus, as ε2 is ∼ const. in the mid-central class, the pure effect of the system size
plays a dramatic role on the v2. In the 0–10% centrality class, the v2 is observed to be
roughly independent of the colliding system across all pT. This striking result can be
understood by returning to Fig. 12.2 where we saw that for central collisions the ε2
increases as R decreases. Thus, there are now two competing factors that influence
the final v2: a suppression effect from decreasing R, like in the mid-central class, and
an enhancement effect from increasing ε2. The similarity of the v2 curves regardless
of colliding system can therefore be explained by the two competing effects roughly
compensating each other in central collisions. One can extend these ideas to pPb
collisions: if they have large enough eccentricities (see Fig. 12.2) v2 may not van-
ish despite the system size shrinking (other effects, e.g. the initial flow, could also
contribute). Note finally that in central collisions the v2 shows a sensitivity to the
deformation of the 129Xe nucleus. In Fig. 12.3 (bottom), the triangular anisotropies
v3 are observed to be more sensitive to size effects than by eccentricities, i.e. there
is a consistent suppression in small systems regardless of the centrality class, even
when ε3 changes significantly. Finally, contrasting with the “universality” of v3(pT)
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Fig. 12.3 Direct D0 meson v2{2} (top) and v3{2} (bottom) for OO, ArAr, XeXe with spherical and
prolate initial nuclei, and PbPb collisions in 0–10% (left) and 30–50% (right) centrality classes.
Prompt D0 data (|y| < 1) from the CMS collaboration for PbPb collisions [14]

across centralities usually observed in PbPb collisions [14], in smaller systems the
v3 vary strongly with the centrality class.

12.4 Conclusions

We made predictions for the D meson nuclear modification factors and azimuthal
anisotropies for the proposed system size scan at LHC [9]. We find that the RAA

gradually approaches unity as the systemsize decreases, i.e. as the path lengths shrink.
The variations of the v2 over the colliding systems depend strongly on two competing
factors: the typical system radiusR and the geometry of the initial condition described
by its eccentricity ε2. In mid-central collisions, we get a clear hierarchy of the v2
between colliding systems, showing the strong influence of the system size itself, as
ε2 is nearly constant over the different systems. In central collisions the suppression
of v2 due to the decreasing R is counterbalanced by an enhancement coming from an
increasing ε2, leading to roughly equivalent v2(pT) across the colliding system scan.
Although ε3 increases with decreasing R in central collisions, v3 is more sensitive
to R itself and, thus, one observes a suppression following the system size hierarchy
regardless of the centrality class. Finally, we find that in small systems v3 decreases
with centrality, whereas it is known to be almost constant in PbPb collisions. The
latter can now be explained by a balance between a suppression effect from path
length reduction and an enhancement from ε3 increase with centrality.
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Chapter 13
Beauty Production with ALICE at the
LHC

Erin F. Gauger

Abstract In this manuscript, various beauty production measurements using the
ALICE detector will be presented. We will show new measurements of non-prompt
D0 mesons in pp collisions at

√
s = 5.02 TeV and beauty-tagged jet production in

p–Pb collisions at
√
sNN = 5.02 TeV. The RAA of beauty-hadron decay electrons in

central Pb–Pb collisions and the v2 of beauty-hadron decay electrons in semi-central
Pb–Pb collisions at

√
sNN = 5.02 TeV will also be discussed.

13.1 Introduction

In hadronic collisions, beauty quarks are produced early via hard-scattering processes
with large momentum transfer. Because of this early production, the beauty quark
is an excellent probe of the Quark-Gluon Plasma (QGP) [1, 2] formed in heavy-ion
collisions. Traveling through the QGP, beauty quarks interact with other partons via
collisional and radiative processes and lose energy. The beauty quark (mb � 4.18
GeV/c2 [4]) is expected to lose less energy than lighter quarks, since collisional pro-
cesses depend on the mass of the particle and the dead cone effect [3] would hamper
radiative energy loss. Since charm (mc � 1.27 GeV/c2 [4]) and beauty quarks are
both produced early in the collision but have different masses, it is useful to compare
beauty and charmmeasurements to test our understanding of mass-dependent energy
loss in heavy-ion collisions.

Measurements of beauty production in pp collisions are important to test per-
turbative QCD (pQCD) calculations, as well as to provide the baseline for Pb–Pb
measurements. In p–Pb collisions, beauty-production measurements are crucial to
isolate initial-state and cold nuclear matter effects, both of which would be present
in Pb–Pb measurements.
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13.2 Beauty Measurements

In ALICE, beauty production is measured via beauty-hadron decay electrons, non-
prompt D0 mesons, and beauty-tagged jets. All threemeasurements rely on the excel-
lent vertex reconstruction and impact parameter resolution of the ALICE detector to
isolate the decay particles and jets from beauty decay.

13.2.1 Beauty-Hadron Decay Electrons

Roughly 10% of beauty hadrons decay directly into electronic final states (e.g. B−→
e+X), and another 10% decay to charm hadrons which further decay to electrons (e.g.
B−→ D0→ e+X) [4]. This high branching ratio coupled with the excellent electron
identification of the ALICE detector makes it convenient to study beauty quarks by
measuring the production of beauty-hadron decay electrons. Beauty-hadron decay
electrons have been measured in pp, p–Pb, and Pb–Pb collisions [5–7].

Electrons from beauty-hadron decays must be separated from other sources of
electrons, such as photon conversion, Dalitz decays, and charm-hadron decays. This
separation is achievedby exploiting the relatively longdecay length of beauty hadrons
(τB ≈ 500 µm/c) versus non-beauty hadrons (e.g. τD = 60–300 µm/c) [4]. The
long decay length gives beauty-hadron decay electrons a longer distance of closest
approach to the primary vertex (d0), thus making the beauty-electron d0 distribution
much wider than that from other sources (Fig. 13.1, bottom left). The difference in d0
shape allows us to fit the electron d0 distribution with templates from Monte Carlo
simulations in order to extract the beauty-hadron decay electron yield. Once the
yields are obtained in both pp and Pb–Pb collisions, the nuclear modification factor
RAA = dNAA/dpT

TAA∗dσpp/dpT
can be calculated. The pp reference spectrum for the beauty-

hadron decay electron RAA measurement in Pb-Pb at
√
sNN = 5.02 TeVwas obtained

by a pQCD-driven scaling of the cross section measured at
√
s = 7 TeV [5]. In order

to obtain a v2 measurement, the yield is measured for electrons that lie both in and out
of the event plane, and the v2 is calculated according to v2 = 1

R2
π
4
Nin−plane−Nout−of−plane

Nin−plane+Nout−of−plane
,

where N refers to the number of electronsmeasured, and R is the resolution correction
for the event plane.

Two beauty-electron measurements in ALICE are RAA in 0–10% and v2 in 20–
40% central Pb–Pb collisions at

√
sNN = 5.02 TeV. In Fig. 13.1, top left, the beauty-

electron RAA is shown along with the RAA of heavy-flavor decay electrons (from
both charm and beauty decays). Though the systematic error bars are large, a hint
of an increased RAA of beauty-hadron decay electrons when compared with heavy-
flavor electrons at low-pT is observed. This is consistent with our expectations of the
mass dependence of energy loss in the QGP medium. At high pT, the two distribu-
tions overlap, in part because at higher momentum, the heavy-flavor electron sample
becomes dominated by beauty-hadron decay electrons. Figure13.1 (top right) shows
a comparison of the RAA of beauty-hadron decay electrons with models that include
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Fig. 13.1 Various results of beauty-hadron decay electrons in ALICE. The top two panels show
the RAA in 0–10% Pb–Pb collisions. The bottom-left panel shows an example of a MC template fit
of the d0 of electrons to extract those from beauty-decay. The bottom-right panel shows the v2 of
beauty-hadron decay electrons in 20–40% Pb–Pb collsions

both collisional and radiative energy loss. We see that the theoretical models are in
good agreement with data.

Finally, the v2 of beauty-hadron decay electrons is shown in Fig. 13.1 (bottom
right). The v2 is non-zero; in fact, between 1.3 < pT < 4 GeV/c, the significance
of the measurement for a positive v2 is 3.49σ. This hints that the beauty quark may
participate in the collective behavior of the medium. The v2 measurement of heavy-
flavor decay electrons [8], also shown in Fig. 13.1, is similar to that of electrons from
beauty decays.

13.2.2 Non-prompt D0 mesons

With theALICEdetector, beauty production is also studied bymeasuring non-prompt
D0 mesons from beauty-hadron decays. The measurement is performed in pp colli-
sions at

√
s = 5.02 TeV. The non-prompt D0 mesons (along with their charge con-

jugates) are reconstructed via the decay channel to K−π+ (branching ratio ∼ 3.9%)
and selected by applying various topological requirements, including a cut on the dis-
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Fig. 13.2 Left: the fraction of non-prompt to inclusive D0 mesons in the sample. Right: The cross
section of non-prompt D0 mesons in pp collisions at

√
s = 5.02 TeV compared to FONLL [10]

tance between the primary and secondary vertices. The topological selection criteria
are optimized using boosted decision trees, allowing us to achieve a high fraction
of non-prompt D0 mesons ( fnon-prompt) in our sample. At low-pT, fnon-prompt almost
reaches 95%, an unprecedented purity for this measurement (see Fig. 13.2).

The cross-section of non-prompt D0 mesons is compared with FONLL [10] pre-
dictions (pQCD) in Fig. 13.2. As in previous measurements [9], the two are in agree-
ment, though the measurement lies on the upper edge of the FONLL uncertainty
band.

13.2.3 Beauty-Tagged Jets

Amore direct access to the initial parton kinematics is obtained bymeasuring beauty-
tagged jets. This has been done for the first time in ALICE in p–Pb collisions at√
sNN = 5.02 TeV. Jets are selected using the anti-kT algorithm [11], and a resolu-

tion parameter of R = 0.4. To achieve a high purity of b-jets in the sample, the long
lifetime of beauty hadrons is exploited once more. Jets that contain a three-pronged
secondary vertex are selected, and a number of topological requirements are applied
to increase the b-jet purity. In particular, a cut is applied on the displacement sig-
nificance (SLxy > 7) of the secondary vertex. The SLxy is defined as the distance
between primary and secondary vertex in the xy-plane divided by the resolution of
that distance.
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Fig. 13.3 Top left and right: the cross-section of beauty-tagged jets in p–Pb collisions compared
with POWHEG. Bottom: the purity of beauty jets in the sample

The results of this measurement are shown in Fig. 13.3, where the estimated purity
(∼40%) of beauty-tagged jets in the sample is shown along with the jet cross-section
compared POWHEG HVQ and POWHEG dijet EPPS16. We see that both models
agree with the measured cross-section.

13.3 Conclusions

In this manuscript the ALICE results on beauty production were discussed with par-
ticular focus on beauty-hadron decay electrons in Pb–Pb collisions, non-prompt D0

mesons in pp collisions, and beauty-tagged jets in p–Pb collisions. All three analyses
took advantage of the long lifetime of beauty hadrons to separate the beauty sig-
nal from background sources. The non-prompt D0 meson measurement agrees with
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FONLL predictions, and the beauty-tagged jet measurements agree with POWHEG
models. In Pb–Pb collisions, we see a hint of the mass-dependent energy loss in the
QGP, as well as a non-zero v2 for beauty-hadron decay electrons.
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Chapter 14
Measurement of Non-strange D-Meson
Production and Azimuthal Anisotropy in
Pb–Pb Collisions with ALICE at the LHC

Syaefudin Jaelani

Abstract Heavy quarks are effective probes of the properties of the QGP created
in ultra-relativistic heavy-ion collisions. The ALICE Collaboration measured the
non-strange D-meson production in Pb–Pb collisions at

√
sNN = 5.02 TeV. The in-

medium energy loss can be studied via the nuclear modification factor measurement.
Themeasurement of theD-meson elliptic-flowcoefficient, v2, allows us to investigate
the participation of the heavy quarks in the collective expansion of the system at low
momentum and their possible thermalization in themedium. Furthermore, sensitivity
of charm quark to the light quark can be studied by the Event-Shape Engineering
technique of the D-meson elliptic flow.

14.1 Introduction

Heavy quarks are effective probes of the properties of the Quark-Gluon Plasma
(QGP) created in ultra-relativistic heavy-ion collisions. Charm and beauty quarks,
due to their large masses, are produced in hard scattering processes on timescales
shorter than the QGP formation time [1]. They experience the entire evolution of
the medium, lose part of their energy interacting with its constituents via in-medium
gluon radiation [2, 3] and collisional processes [4–6].

The measurement of the nuclear modification factor (RAA ) of D mesons provides
important information about the microscopic interactions of heavy quarks with the
medium constituents, in particular on the colour-charge and parton-mass dependence
of heavy-quark energy loss. Azimuthal anisotropymeasurements give insight into the
participation of low-momentum heavy quarks in the collective expansion of the sys-
tem and their possible thermalization in the medium. At high transverse momentum,
the path-length dependence of parton energy loss mechanisms can be tested [7].
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14.2 Non-strange D-Meson Reconstruction

The reconstruction of the non-strange D mesons (D0, D+ and D∗+) and their charge
conjugates is done via haronic decay channel, given by D0 → K−π+, D+ →
K−π+π+ and D∗+ → D0π+, with a branching ratio of 3.93% ± 0.04% for D0,
9.46% ± 0.24% for D+ as well as 67.7% ± 0.5% for D∗+ [8]. The decay topol-
ogy was exploited via secondary-vertex reconstruction separated by a few hundred
micrometers from the interaction point. Topological selections were applied in order
to reduce the combinatorial background and enhance the signal-to-background ratio.
Further background rejection was achieved by applying particle identification to the
D mesons daughters using information from the Time Projection Chamber via spe-
cific energy loss dE /dx , and via the measurment of the time-of- flight in the Time Of
Flight detector. Finally, the D-meson yield extraction will be done by separating the
signal and background in the invariant mass spectra. The correction for acceptance
and efficiency was determined using Monte Carlo simulations, including a transport
code [9] which reproduces the detector response. The HIJING [10] event generator
is used to simulate the underlying Pb–Pb events and D-meson signals were added
using PYTHIA6 [11] event generator. The prompt yield of D mesons is obtained by
subtracting from the inclusive yields the beauty-hadron decays estimated based on
FONLL calculations [12, 13]. The V0 scintillators, which cover the pseudorapidity
region−3.7< η < −1.7 and 2.8< η < 5.1, provide centrality and event plane angle.

14.3 Prompt D-Meson Nuclear Modification Factor
and Elliptic Flow

The RAA of non-strange D mesons (D0, D+ and D*+) is measured in two centrality
classes, central 0–10% and semi-central 30–50 %, in Pb–Pb collisions at

√
sNN =

5.02 TeV. The pT -differential cross section of prompt D mesons in pp collisions at√
s = 5.02 TeV [17] is used as reference. Figure14.1 shows the average non-strange

D-meson RAA compared to perturbative QCD model predictions in both centrality
classes. TheCUJET3.0 [14] andDjordjevic [15]models,which include both radiative
and collisional energy loss processes, provide a fair description of the RAA in both
centrality classes for pT > 10 GeV/c, where radiative energy loss is expected to be
the dominant interaction mechanism.

The average non-strange D-meson elliptic-flow coefficient v2 in Pb–Pb collisions
at

√
sNN = 5.02 TeV in the 30–50% centrality class is reported in Fig. 14.2 with

the π±, J/� and charged particle v2 for the same energy and centrality class. The
v2 coefficient of non-strange D-mesons is larger than zero for pT > 2 GeV/c in
semi-central Pb–Pb collisions, which indicates participation of charm quark in the
collective expansion dynamics.

The Event-Shape Engineering technique was used to investigate the D0, D+ and
D*+ v2. The second-harmonic reduced flow vector, q2 = |Q2|/

√
M , can be used
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Fig. 14.1 Average non-strange D-meson RAA in central 0–10% (left panel) and semi-central 30–
50% (right panel) events in Pb–Pb collisions at

√
sNN = 5.02 TeV compared with pQCD model

predictions [14–16]
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Fig. 14.2 Left: average non-strange D-meson v2 in Pb–Pb collisions at
√
sNN = 5.02 TeV in the

30–50% centrality class compared to the π±, J/� and charged particles v2. Right: average non-
strange D-meson v2 for the small and large q2, and unbiased v2 compared with some of the available
models

to quantify the eccentricity of the events, where M is the multiplicity and Q2 is the
second-harmonic flowvector. The eventswere divided into twogroups, small-q2 class
(20% of events with smallest measured qTPC

2 /qV0A
2 ) and large-q2 class (20% of events

with largest measured qTPC
2 /qV0A

2 ). The average D-meson v2 for the small-q2, large-
q2 and for unbiased v2 is shown in Fig. 14.2, on the right panel, compared with model
predictions. The models are based on charm-quark transport in a hydrodynamically
expanding medium. The POWLANG HTL [18] model reproduces well the data for
large-q2 and unbiased D-meson v2 below 12 GeV/c, while it underestimates the data
for small-q2. The LIDO [19] and DAB-MOD [20] models provide better description
of the data for small-q2 values, while they underestimate the data for large-q2 and
unbiased D-meson v2.

The average RAA for non-strange D mesons in the 0–10% centrality class (left)
and v2 in the 30–50% centrality class (right) are compared with Transport models
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Fig. 14.3 Average non-strange D-meson RAA in the 0–10% centrality class (left) and elliptic-flow
coefficient v2 in the 30–50% centrality class (right) measured in Pb–Pb collisions at

√
sNN = 5.02

TeV, compared with the transport models [18, 19, 21–25]

in Fig. 14.3. Most of the models provide a fair description of the data in central
events for pT < 10 GeV/c, while POWLANG [18] and BAMPS [21], in which the
interactions are only described by collisional (i.e. elastic) processes, show some
tension with respect to the RAA data points. The TAMU [25] model, with improved
space-momentum correlations between charm quarks and underlying hydromedium,
describes well the D-meson v2 for pT < 12 GeV/c. The MC@sHQ+EPOS2 [22]
model provides a fair description of v2, as PHSD [23] and TAMU [25] do for pT <

12 GeV/c, while BAMPS [21] model overestimates the maximum value of v2. In
addition, the LIDO [19] and DAB-MODE [20] models describe the shape of v2 but
underestimate its magnitude.

14.4 Conclusions

The ALICE Collaboration measured the non-strange D-meson RAA and the elliptic-
flow coefficient v2 in Pb–Pb collisions at

√
sNN = 5.02 TeV. The average RAA of

the non-strange D-meson shows minimum values of 0.15 in the centrality class 0–
10% at pT 6.5–8 GeV/c and 0.35 in the centrality class 30-50% at pT 7.5–8 GeV/c.
The values of the D-meson elliptic-flow coefficient v2 are larger than zero above 2
GeV/c in mid-central Pb–Pb collisions, which provide information of the collective
expansion of the system. In addition, the Event-Shape Engineering technique for the
non-strange D-meson elliptic-flow coefficient v2 to study the sensitivity of charm
quark to the light quark was applied.
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Chapter 15
Transport Properties of Heavy Quarks
and Their Correlations to the Bulk
Dynamics and the Initial
Electromagnetic Field

Salvatore Plumari, Gabriele Coci, Vincenzo Minissale, Santosh K. Das,
Lucia Oliva, Maria Lucia Sambataro, and Vincenzo Greco

Abstract We study the propagation of heavy quarks (HQs) in the quark-gluon
plasma (QGP) by means of a event-by-event relativistic Boltzmann transport (RBT)
approach. We discuss the correlations between light flavor and heavy quarks (HQs)
flow harmonics and the relative fluctuations of anisotropic flows σvn /〈vn〉 Moreover,
we investigate the role of QCD interaction in developing these flows correlations.
As recently recognized, strong electro-magnetic (E.M.) fields are created in Ultra-
relativistic Heavy-Ion Collision (HIC). We show that these fields are responsible for
a splitting of directed flow v1 of D and anti-D mesons. Moreover, we discuss the
effect of the initial large bulk vorticity on the build up of rapidity odd HQs directed
flow v1.
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15.1 Introduction

Heavy quarks (HQs), charm and bottom quarks, are excellent probes of the system
created in a ultra-Relativistic Heavy Ion Collision (uRHIC). They can probe both
for the initial stages of uRHIC and the thermalized QGP evolution because their
formation time is very small and the their large masses. In their final state the charm
quarks appear as constituent of charmed hadrons mainly D mesons and Λc baryons.
The main observables studied in HQ sector were the heavy mesons nuclear suppres-
sion factor RAA and the elliptic flow v2(pT ). Several theoretical efforts have been
made in order to describe both these observables [1–5]. A more realistic modelling
requires to take into account initial state fluctuations. Theoretical studies including
event-by-event fluctuations in the initial geometry, have shown that the triangular
flow v3(pT ) of D mesons is finite and it could provide constraint on heavy quark
transport coefficient [6, 7]. In uRHIC very strong Electromagnetic (EM) fields are
created and because HQ are produced in the very early stages of uRHIC they will
be directly affected by such a strong EM field. This results in a rapidity-odd directed
flow v1 for D0 and D̄0 [8].Moreover, recently, it was shown that theDmeson directed
flow measurement can probes to the initial conditions of the initial system after the
collision and providing information about its tilted profile in the reaction plane and
the initial e.m. field [9]. In this contribution we will discuss these aspects in the
framework of a transport calculation.

15.2 Transport Equation for Charm Quarks

The time evolution of the charm quark distribution function in QGP is obtained by
solving the RBT equations (for more details see [5]).

pμ∂μ fQ(x, p) = C[ fq , fg, fQ](x, p)

pμ

j ∂μ f j (x, p) = C[ fq , fg](xj , pj ) f or j = q, g (15.1)

where fi (x, p) is the on-shell phase space distribution function for the i parton
and C[ fq , fg, fQ](x, p) is the relativistic collision integral. The the phase-space
distribution function of the bulk medium (quarks and gluons) enters in the equation
for charm quarks as an external quantities in C[ fq , fg, fQ] therefore fq and fg are
independent of fQ(x, p) andwe discard collisions between charm quarkswhich is by
far a solid approximation. The evolution of the bulk of quarks and gluons is instead
given by the solution of the other two transport equations where the C[ fq , fg] is
tuned to a fixed η/s(T ), for details see [10]. For the heavy quark bulk interaction we
consider a quasi-particle model (QPM) [11]. Finally, for charm quark hadronization
in to D mesons, we consider an hybrid approach of hadronization by coalescence
plus fragmentation [12]. In order to extend the analysis to high order harmonic flows
vn(pT ) we need to include the initial state fluctuations. Recently, we have developed
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an event-by-event RBT approach for the bulk in order to study the role of finite η/s on
the anisotropic flows vn(pT ) [13, 14]. Therefore, within this approach it is possible
to study the correlation between different anisotropic flow harmonics. The novelty
of this contribution is the extension of these studies to the heavy quark sector where
we study the correlations between charm quarks and light quarks. For this purpose
a measure of the strength of the correlation is given by the correlation coefficient
C(v

(light)
n , v

(heavy)
n ). We have studied the impact of the temperature dependence of

the drag coefficient on both correlation and vn distribution. For this scope we have
considered two different models having different T dependent drag coefficients: one
with a pQCD like interaction with constant αs = 0.4 that leads a T 2 dependence
similar to AdS/CFT approach and another one with an interaction coming from
the QPM model with a weakly T dependent drag coefficient. Notice that in the
pQCD interaction we rescale the interaction in order to reproduce the same RAA(pT )

obtained in the QPM. As shown in Fig. 15.1a, the correlation coefficient decrease
with respect to the order of harmonics for both pQCD and QPM. The specific T
dependence of the drag strongly modify the soft-hard anisotropic flows correlations,
even if themodels are tuned to reproduced the same experimental Dmeson RAA(pT ).
As shown, the correlation is stronger for QPM than pQCD for all the harmonics
considered.

Interesting properties of HQs can be inferred by studying the relative fluctuations
σvn /〈vn〉 where σvn are the standard deviation for vn . As shown in Fig. 15.1b the
σvn /〈vn〉 are increasing functions with the order of the harmonics and are sensitive
to the temperature dependence of the transport coefficients for n ≥ 3. The upcoming
experimental results will help to constrain heavy quark transport coefficients.

Another new observable that has raised a growing attention is the directed flow
v1 =< px/pT > of D meson. There are two sources for a finite v1 of HQs: (i) the
initial large vorticity coming from a tilted initial distribution in the reaction plane that
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produce a v1 of Dmeson several times larger than the one of charged particles [9] (ii)
the initial strong E.M. field produced in a HIC that give a sizeable v1 for charm (anti-
charm) quarks which is odd respect to the charge. We have studied both these effects
solving the RBT equation coupled to the e.m. field. The time evolution of E.M. field
produce in a HIC is calculated by solving Maxwell equations for a single charge and
then they are folded with the nuclear transverse density and summed over forward
(η) and backward (−η) rapidity. For details about the e.m. field configuration used
see [8]. Due to the collision geometry the generated magnetic fieldB is dominated by
the y-component, this results in a Lorentz force that acts on the expanding medium
in the xz plane (orthogonal to B). On the other hand, time variation of B induces an
electric field E, whose dominant component is Ex , and results in a Faraday current in
the xz plane. The net combination of the two effects leads to the formation of a finite
direct flow. In realistic simulations for RHIC energies we distribute charm quarks in
momentum space according to FixedOrder +Next-to-Leading-Order (FONLL) [16].
For bulk partons we employ thermal distribution plus minijet tail at high pT while
in coordinate space we use the standard Glauber model with a slight modification.
The initial conditions are a modification of longitudinal boost invariant to take into
account that the initial longitudinal energy density profile is no longer symmetric
respect to η → −η. These initial condition have been implemented by using the same
parametrization in [17] where the parameter have been fixed in order to reproduce the
experimental data for the v1 of charged particles. The initial tilted fireball develops a
rapidity-odd directed flow v1 of charged particles. In Fig. 15.1c we show results for
the v1 under the combined effect of the initial tilt and e.m. field. Since the Lorentz
force acts in opposite directions for oppositely charged particles, the v1 from the
e.m. field is expected to generate a non-zero split in the v1 of D and D̄ mesons. On
the other hand, the tilt mechanism can generate only finite v1 without splitting. As
shownwe predict a large v1 consistent with the recent experimental data and splitting
between particle and anti-particle of about 1%.
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Chapter 16
Measurements of Open-Charm Hadrons
in Au+Au Collisions at

√
sNN = 200 GeV

by the STAR Experiment

Jan Vanek

Abstract At RHIC energies, charm quarks are primarily produced at early stages
of ultra-relativistic heavy-ion collisions. This makes them an excellent probe of the
Quark-Gluon Plasma (QGP) produced in these collisions since they experience the
whole evolution of the medium. STAR is able to study the production of charm
quarks through direct reconstruction of hadronic decays of open-charm hadrons.
This is possible thanks to an excellent vertex resolution provided by theHeavy Flavor
Tracker. In these proceedings, we present a selection of the most recent results on
open-charm hadron production, in particular the nuclear modification factors of D±
and D0, elliptic and triangular flow of D0, the �±

c /D
0 yield ratio, and the directed

flow of D0 mesons.

16.1 Introduction

One of the main goals of the heavy-ion program at the STAR experiment is to study
properties of the Quark-Gluon Plasma (QGP). Charm quarks are an excellent probe
of the QGP as they are produced at very early stages of ultra-relativistic heavy-
ion collisions and so experience the whole evolution of the hot and dense medium.
STAR is able to study production of charm quarks through a precise topological
reconstruction of open-charm hadron decays utilizing the Heavy Flavor Tracker
(HFT) [1].

Various measurements are used to study interactions of charm quarks with the
QGP. In these proceedings, we present a selection of the most recent results on
open-charm hadron production from the STAR experiment. In particular, we discuss
the nuclear modification factors of D± and D0 mesons which give access to the
charm quark energy loss in the QGP, and also D0 elliptic (v2) and triangular flow
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(v3) coefficients which can probe the charm quark transport in the QGP.We show the
�±

c /D
0 yield ratio as a function of transverse momentum (pT) and collision centrality

that helps us better understand the charm quark hadronization process in heavy-ion
collisions. In addition, we present the rapidity-odd directed flowofD0 mesons, which
can be used to probe the initial tilt of the QGP bulk and the effects of the early-time
magnetic field.

16.2 Results

Figure 16.1 shows the nuclear modification factors (RAA) of D0 and D± mesons
as a function of transverse momentum in 0–10% central Au+Au collisions. Both
open-charmmesons show a significant suppression at high pT which suggests strong
interactions of the charm quarks with the QGP. The RAA evolution in low to inter-
mediate pT region suggests a large collective flow of charm quarks [2] which can
also be seen in Fig. 16.2.

Fig. 16.1 Nuclear modification factor of D0 [2] and D± mesons as a function of pT in 0–10%
central Au+Au collisions at

√
sNN = 200 GeV

Fig. 16.2 The NCQ-scaled elliptic (left) and triangular (right) flow of D0 mesons and light-flavor
hadrons [4] in Au+Au collisions at

√
sNN = 200 GeV
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Fig. 16.3 (left) �±
c /D

0 yield ratio as a function of transverse momentum pT in Au+Au collisions
at

√
sNN = 200 GeV. The data are compared to PYTHIA, Statistical Hadronization Model [5]

and coalescence model calculations [6, 7]. (right) �±
c /D

0 yield ratio as a function of number of
participants Npart . TheALICE experimentmeasurement of the ratio in p+p collisions at

√
s = 7 TeV

[8] is shown for comparison

Figure 16.2 demonstrates a test of the Number of Constituent Quarks (NCQ, or
nq) scaling [3] for elliptic flow (left panel) and triangular flow (right panel) for both
D0 mesons and light-flavor hadrons. The STAR data show that charm quarks acquire
similar level of collectivity as the light quarks in the QGP medium.

The presence of the QGP may also influence the charm quark hadronization. In
order to study that, STAR has measured the �±

c /D
0 yield ratio as a function of pT

(Fig. 16.3, left panel) and number of participants Npart (Fig. 16.3, right panel). The
ratio shows an enhancement with respect to p+p collisions and PYTHIA calculation,
and is reasonably reproduced by models incorporating coalescence hadronization of
the charm quarks [6, 7].

Theoretical calculations predict that the charm quarks might also be sensitive to
the initial tilt of the QGP bulk and the electromagnetic (EM) field induced by the
passing spectators [9]. The former leads to a large negative slope of the directed flow
versus rapidity (dv1/dy) of open-charm mesons, and the latter to a negative slope

for D0 and a positive slope for D0. When combined, the slope is predicted to be

negative for both D0 and D0 but larger for D0 than for D0 in Au+Au collisions at√
sNN = 200 GeV. The STAR result on D0 and D0 v1 are shown in Figure 16.4. The

current precision of the measurement is not sufficient to conclude on the EM induced
splitting, but the dv1/dy slopes are indeed negative and significantly larger that of
light-flavor mesons, as discussed in [10].
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Fig. 16.4 Directed flow D0

and D0 mesons as a function
of rapidity in 10-80% central
Au+Au collisions at√
sNN = 200 GeV. The solid

black and blue dashed lines
are fits to the data. Taken
from [10]

16.3 Summary

The STAR experiment has extensively studied the production of open-charm hadrons
in Au+Au collisions at

√
sNN = 200 GeV through a precise topological reconstruc-

tion of their hadronic decays, utilizing the HFT. The latest results show that the D0

and D± mesons are suppressed in central Au+Au collisions, suggesting a substantial
energy loss of the charm quarks in the QGP. The charm quarks also exhibit a sig-
nificant collective motion as suggested by the observed large elliptic and triangular
flow of D0 mesons. The QGP seems to influence the charm quark hadronization. The
STAR results on the �±

c /D
0 yield ratio are in qualitative agreement with theoreti-

cal models incorporating coalescence hadronization of charm quarks. The measured
D0 dv1/dy slope is qualitatively consistent with hydrodynamical model calculations
with tilted QGP bulk [9].
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Chapter 17
Overview on Hidden Heavy Avour
Results

Roberta Arnaldi

Abstract A long road has been made since when quarkonium was proposed for
the first time as a signature for the formation of a plasma of quarks and gluons
(QGP). Now, thirty years later after the first SPS measurements, the high precision
data obtained from both RHIC and LHC experiments confirm its central role in
the investigation of the properties of the QGP created in heavy-ion collisions. In this
paper an overview of themost recent quarkonium results will be presented, focussing
on the production of the J/ψ , ψ(2S) and Υ states in pp, p-A and A-A collisions.

17.1 Introduction

The existence of a phase transition between the hadronic matter and the Quark Gluon
Plasma (QGP), a state where quarks and gluons are no longer confined into hadrons,
is predicted by QCD to occour when high temperatures and/or baryonic densities
are reached. The formation and the properties of such a state can be investigated
experimentally in ultrarelativistic heavy-ion collisions. These studieswere performed
for the first time thirty years ago at the CERN SPS, at a centre-of-mass energy (

√
sNN

) of 17 GeV. From year 2000, the higher energies reached at RHIC (
√
sNN = 200 GeV)

and, ten years later, at LHC (up to
√
sNN = 5.02 TeV) allowed to get further insight

on the QGP properties, investigating a system where higher temperatures and energy
densities were reached.

Quarkonia are well-known probes of the formation of the QGP since the high
colour-charge density reached in such amediumcan screen the binding force between
the Q and Q, leading to a temperature-dependent melting of the quarkonium states
according to their binding energies [1]. Quarkonium production is usually investi-
gated in three colliding systems, i.e. in proton-proton, proton-nucleus and nucleus-
nucleus collisions. Proton-proton interactions have a twofold interest: on one side,
they allow to address the production mechanisms, on the other side they represent
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a reference for the production in p-A and A-A collisions. In fact, the modification
induced by medium effects on the quarkonium yield in heavy-ion collisions is usu-
ally quantified through the nuclear modification factor RAA = YAA/〈Ncoll〉 × Ypp,
defined as the ratio of yields in A-A (or p-A) and pp collisions, scaled by the number
of interactions 〈Ncoll〉 computed within the Glauber model. Proton-nucleus inter-
actions allow the investigation of quarkonia in a cold nuclear medium, where the
effects which may modify the production are not related to the formation of a hot
system [2]. Among the cold nuclear matter (CNM) effects, the dominant ones are
due to the modification of the quarks and gluons structure functions for nucleons
inside nuclei, modeled either via the nuclear parton distribution functions (nPDF)
or through a Glass Condensate effective theory, or the initial/final energy loss of the
QQ pair during its path through the cold nuclear medium. A-A collisions allow the
study of the modifications induced by a hot medium on the probes. In a hot and
deconfined medium the production of quarkonium is expected to be significantly
suppressed with respect to the pp yield scaled by the number of collisions. However,
at very high energies as those reached at LHC, quarkonium can also be produced by
recombination of charm quarks, due to their large abundance in the medium. This
mechanism, particularly important for charmonium, i.e. states formed by c and c,
may counterbalance partly or totally, the suppression process. Finally, it should be
noted that, even if a priori the three colliding systems are well distinguished, the
separation between their properties is in reality not so sharp. Recent results at LHC
energies indicate, in fact, that some of the behaviours observed in the smaller sys-
tem, as pp and p-A, are reminiscent of observations done in the larger A-A systems
(see e.g. [3]) and hence the role of small systems in the understanding of heavy-ion
collisions is now deeply investigated.

17.2 Quarkonium in Proton–Proton Collisions

The study of quarkonium production in pp collisions has now reached a high level
of precision. The most recent RHIC [4] and LHC [5] measurements have signifi-
cantly extended, at various energies and in several rapidity (y) regions, the trans-
verse momentum (pT) coverage allowing not only a more stringent comparison to
theory models, but also an improvement of the reference for p-A and A-A studies.
Calculations based on the color glass condensate approach, on an improved color
evaporation model and on NRQCD show a reasonable agreement with the experi-
mental results over the full kinematic range [6, 7]. Quarkonium production is also
investigated as a function of the charged particle multiplicity. The self-normalised
yields show an increase with event activity which is weakly dependent on energy
and on the quarkonium state, while it is stronger for high-pT (Fig. 17.1 (left)). It can
be observed that the increase of the self-normalised yields is more than linear when
no rapidity gap is present between the y regions where quarkonium and multiplicity
are measured. Most of the theory predictions, even if based on different underlying
processes, fairly describe the experimental observations.
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Fig. 17.1 Left: Self-normalised quarkonium yields as a function of the event activity. Right: Self-
normalised z distribution for prompt J/ψ , both in data and in PYTHIA8 [8]

Finally, the production of J/ψ is also studied in jets [8, 9]. The measurements in
Fig. 17.1 (right) show that prompt J/ψ carry a small fraction of the jet momentum
(quantified through the momentum fraction z = pJ/ψ

T /p jet
T ), indicating that their

production is accompanied by a large jet activity, much larger than the one predicted
by PYTHIA8 [10]. These observations may help to put further constraints to the
quarkonium production models.

17.3 Quarkonium in Proton-Nucleus Collisions

The role of CNM effects on quarkonium production has been studied in several
systems at RHIC energies. Results from the lightest systems, as p-Al, show a very
little modification of the yields as a function of pT, both in the forward and in the
backward y regions accessible by the PHENIX experiment. When heavier nuclei are
involved, a reduction of the quarkonium production with respect to the one measured
in pp interactions is observed. Such a reduction is more important at low pT and can
be reproduced by theoretical models based on shadowing, with a possible inclusion
of a further contribution related to the break-up of the resonance due to inelastic
interactions with the surrounding nucleons. CNM effects have been studied in details
also at LHC energies, over a broad kinematic range, exploiting the complementarity
of the four experiments. As shown in Fig. 17.2 (left) the J/ψ RpA shows a suppression
going from the backward-y region to the most forward one [11]. Models based
on shadowing, color glass condensate implementations, energy loss or transport
calculations (see [11] and references therein) nicely describe the observed trend,
even if the uncertainties, mainly due to the shadowing contribution, do not allow to
discriminate between the various approaches.
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Similar conclusions can be drawn also for the Υ (1S) production in p-A col-
lisions [12, 13], since the RpA shows a suppression, dominant at low pT, which
increases from backward to forward y and which can be described by theoretical
models based on shadowing or energy loss. On the contrary, a different behaviour is
observed for the quarkonium excited states. The ψ(2S) resonance show a stronger
suppression than the J/ψ , in particular in the backward-y region [14]. Such a sup-
pression cannot be described by models based on the aforementioned CNM effects,
but final state mechanisms, as the interactions with comoving particles [15, 16],
affecting mainly the more loosely bound quarkonium states, have to be added. Same
conclusions can be drawn for the Υ (2S) and Υ (3S) resonances [12, 13, 17, 18].
The RpA studies are complemented by the investigation of the quarkonium elliptic
flow v2, which measures the participation of the resonance to the collective flow of
the medium. As shown in Fig. 17.2 (right) a non-zero v2 is observed for the J/ψ as
a function of pT, by both ALICE [19] and CMS [20]. The size of the v2 is similar
to the one observed in Pb-Pb collisions, which will be discussed later on, even if
the mechanisms involved should be different. Furthermore, it can be observed that
models including final state mechanisms still underestimate the observed effect [16].

17.4 Quarkonium in Nucleus–Nucleus Collisions

It is now well assessed that, for low pT J/ψ (Fig. 17.3 left), the smaller RAA sup-
pression observed at LHC, with respect to RHIC measurements, can be interpreted
as due to a different balance of the suppression and recombination mechanisms. The
latter is more important at higher energies because of the larger amount of cc̄ pairs
in the medium [21].

On the contrary, at high pT, where the recombination contribution is expected to
play a minor role, the suppression observed by RHIC and LHC experiments is of the
same order [22, 23]. A similar suppression at the two energies is also observed for
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the Υ (1S) [24]. Even if uncertainties are still rather large, this result seems to imply
a little modification induced by the hot medium on the strongly bound Υ (1S). On the
contrary, the Υ (2S) state shows a stronger suppression at LHC energies, as expected
in a sequential suppression scenario. The measurement of the RAA is complemented
by the observation of the v2, whose measurement is now extended over a broad
kinematic range. For the J/ψ , a significant v2 is observed, reaching a 7σ effect at
intermediate pT and remaining different from zero up to pT ∼20 GeV/c [23, 25,
26]. In the intermediate pT region, the results can be described by theoretical models
which assume that the J/ψ is inheriting the flow of the charm quarks, as a further
confirmation of the role played by recombination. At high pT, where recombination
is not expected to be present, the models so far underestimate the experimental data.
For the first time the v2 of the Υ (1S) has also been measured [23] with values close
to zero over the full pT interval, contrarily to the J/ψ case, suggesting a different
production mechanisms (see Fig. 17.3 (right)). Finally, for the first time ALICE
has evaluated the J/ψ polarization in Pb-Pb collisions, in various reference frames.
All polarization parameters turn out to be zero, when studied as a function of pT,
similarly to what was observed in pp collisions.

17.5 Conclusions

The new results presented at this Conference confirm the crucial role of quarkonia
in the understanding of QGP properties. LHC and RHIC results have now reached a
remarkable precision, allowing a detailed study of several observables as the RAA and
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the v2 for charmonium and bottomonium states. A simultaneous description of all the
available measurements is now challenging for theoretical models, but mandatory to
get further insight into the QGP characterization.
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Chapter 18
J/ψ Production Measurements in pp,
p–Pb and Pb–Pb Collisions at
Midrapidity at the LHC

Minjung Kim

Abstract Measurements of J/ψ production are a valuable probe to study the prop-
erties of the hot and dense medium created in heavy-ion collisions. We report on the
latest measurements of J/ψ production in pp, p–Pb and Pb–Pb collisions at midra-
pidity by ALICE at the LHC.

Suppression of J/ψ production in ultra-relativistic heavy-ion collisions induced by
color screening of the cc̄ pair was proposed as a signature of the Quark–Gluon
Plasma (QGP) created in the collisions [1]. The in-medium dissociation probability
of different charmonium states was further expected to provide an estimate of the
QGP temperature [2, 3]. At LHC energies, as the cc̄ cross section increases, the
recombination of abundantly produced cc̄ pairs into J/ψ , (re)generation, is expected
to be the dominant contribution to the J/ψ production and is therefore a direct probe
of the charm quark deconfinement and thermalization in the QGP [4, 5].

The ALICE detector is dedicated to study the QGP properties [6]. J/ψ pro-
duction is measured via the dielectron decay channel at midrapidity down to
zero transverse momentum (pT) with a separation of prompt and non-prompt
J/ψ down to pT = 1 GeV/c. The Inner Tracking System (ITS) and the Time
Projection Chamber (TPC) are used for track and collision vertex reconstruc-
tion. Electrons are identified with the specific energy loss (dE/dx) in the TPC.
The Electromagnetic Calorimeter (EMCal) and the Transition Radiation Detec-
tor (TRD) are used to trigger for the events with high pT electrons and for fur-
ther electron identification. In these proceedings, a review of recent results is pre-
sented on J/ψ production at midrapidity in pp collisions at

√
s = 5.02 TeV and√

s = 13 TeV, in p–Pb collisions at
√
sNN = 5.02 TeV and

√
sNN = 8.16 TeV, and in

Pb–Pb collisions at
√
sNN = 5.02 TeV.
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Fig. 18.1 pT—differential inclusive J/ψ cross section at midrapidity in pp collisions at
√
s

= 5.02 TeV [7] compared with ATLAS [8] and CMS [9] measurements (left) and at
√
s = 13

TeV compared with theoretical model calculations [10–12] (right)

Fig. 18.2 RpPb of inclusive J/ψ as a function of pT at midrapidity (left) and of rapidity (right) in
p–Pb collisions at

√
sNN = 8.16 TeV compared with model calculations [14–21]

In pp collisions, the pT–differential invariant cross section of inclusive J/ψ pro-
duction for rapidity |y| < 0.9 at

√
s = 5.02 TeV [7] and 13 TeV is measured as

shown in Fig. 18.1. The measurement at
√
s = 5.02 TeV (Fig. 18.1, left) agrees well

with ATLAS [8] and CMS [9] measurements in the pT region of overlap. The Non-
Relativistic QCD (NRQCD) [10] calculation coupled to a Color Glass Condensate
(CGC) description of the low-x gluons in the proton for prompt J/ψ production [12]
together with Fixed—Order Next-To-Leading-Logarithm (FONLL) calculations for
the non-prompt contribution J/ψ [11] describe the measurements well [7, 13] as
illustrated in Fig. 18.1, right.

In order to quantify possible cold-nuclear-matter (CNM) effects present in Pb–Pb
collisions, we measure the nuclear modification factor RpPb, the ratio of the cross
section in p–Pb collisions to that measured in pp collisions scaled by the number
of nucleons in the nucleus, in p–Pb collisions where we do not expect significant
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Fig. 18.3 RpPb of prompt (left) and non-prompt (right) J/ψ at midrapidity in p–Pb collisions at√
sNN = 5.02 TeV [24] compared with model calculations [9, 25–28]

Fig. 18.4 Inclusive J/ψ RAA in 0–20% centrality as a function of pT in Pb–Pb collisions at√
sNN = 5.02 TeV at midrapidity compared with measurements at forward–rapidity [30, 31] (left)

and model calculations [20, 32] (right)

hot–medium effects. Figure 18.2 shows the RpPb of inclusive J/ψ in p–Pb collisions
at

√
sNN = 8.16 TeV as a function of pT at midrapidity and as a function of centre-

of-mass rapidity, yCMS. Various theoretical calculations considering different initial
state effects, nuclear shadowing [14, 15], CGC effects [16, 17] and parton coherent
energy loss [18], and assuming additional final state interactions [19–21] describe
the pT and yCMS dependence of the RpPb.

Based on the long lifetime of beauty hadrons, we can separate the prompt and
non-prompt J/ψ production atmidrapidity using the pseudo-proper decay length [22–
24]. Figure 18.3 shows the RpPb of prompt J/ψ (left) and non-prompt J/ψ (right) as a
function of pT. Within experimental and theoretical uncertainties, models including
CNM effects [25–28] describe the measured RpPb of prompt J/ψ which is smaller
than unity at low pT. The RpPb of non-prompt J/ψ is consistent with FONLL calcu-
lations [11] including EPPS16 nPDFs [29] and matches CMS result [24] at high pT
within uncertainties.

The modification of J/ψ production in heavy–ion collisions can be studied via the
nuclear modification factor RAA which is defined as the ratio between the yield in
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Pb–Pb collisions and the J/ψ cross section in pp collisions scaled by the nuclear over-
lap function. The RAA of inclusive J/ψ in Pb–Pb collisions at midrapidity in 0–20%
centrality is shown as a function of pT in Fig. 18.4 together with the measurements
at forward rapidity [30] and with model calculations [20, 32]. At low pT (pT < 5
GeV/c), the RAA of inclusive J/ψ is larger at midrapidity compared to forward rapid-
ity while both results show comparable suppression at high pT. This behavior can
be understood within (re)generation scenario of J/ψ since the cc̄ density is larger
at midrapidity. The pT dependence of the J/ψ RAA is described by the statistical
hadronization model (SHM) [32] and a transport model [20] within experimental
and theoretical uncertainties.

Selected measurements of J/ψ production in pp, p–Pb and Pb–Pb collisions at
midrapidity were presented. In p–Pb collisions, suppression of prompt J/ψ pro-
duction is observed due to nuclear effects. The measurements in Pb–Pb collisions
indicate a sizable contribution of J/ψ production from (re)generation. The additional
data samples collected in Run 2 in 2018 and the much larger data samples with even
better detector performance expected in Run 3 and Run 4 [33] will further improve
precision of the measurements.
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Chapter 19
Quarkonia and Its Fate in the
Anisotropic Hot QGP Medium

Mohammad Yousuf Jamal

Abstract The dissociation of the heavy quarkonia states (s-wave bottomonia specif-
ically, for radial quantum numbers n = 1 and 2) have been determined considering the
(momentum) anisotropic hot QCD medium. To do that, the in-medium (corrected)
complex potential has been obtained. The non- ideal hot QCD medium effects have
been included employing a quasi-particle description and found to suppress the dis-
sociation temperature as compared to the ideal case.

19.1 Introduction

After the discovery of J/ψ (a bound state of cc̄), [1], in 1974, both the experimental as
well as the theoretical studies of heavy quarkonia has become an interesting topic for
the researchers to investigate. Later, the quarkonia (QQ̄) suppression has become one
among the most reliable signatures of the Quark-Gluon-Plasma (QGP) production
in the relativistic heavy-ion collision experiments.

As the bottom quark mass, mb � ΛQCD (QCD scale), the velocity of the bound
state (bb̄) remain small and hence, the Non-Relativistic QCD (NRQCD) approach [2,
3], using non-relativistic potential models can be exploited in this context. Here, we
have considered the medium as a hot thermal bath and employed the quasi-particle
distribution functions to incorporate the hotmediumeffects, using the effective fugac-
ity quasi-particle model (EQPM) [4, 5]. The anisotropy has been introduced at the
level of distribution function by stretching/squeezing it in one of the direction. There-
after, the complex dielectric permittivity in the presence of anisotropy has been
obtained. The in-medium complex Cornell potential has been obtained by modify-
ing it using complex dielectric permittivity. The thermal width/binding energy of
quarkonia bound states is then determined by the imaginary/real part of the modi-
fied potential [6]. The dissociation temperatures have been calculated by exploiting
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the criterion [7], that says, at the dissociation temperature, the thermal width equals
twice the binding energy. To examine the hot QCD medium effects using EQPM
[4, 5], the hot QCD equation of state (EoS) have been updated with the recent lattice
[8, 9].

19.2 Heavy-Quark Potential, Thermal Width
and the Quarkonia Binding Energy in the Anisotropic
Hot QCD Medium

In the present analysis, we shall employ the Cornell potential [10, 11], that contains
the Coulombic as well as the string part, given as

V(r) = −α

r
+ σr, (19.1)

modifying it in the presence of dissipative medium using the dielectric permittivity,
ε(k), in the Fourier space. Here, r is the effective radius of the corresponding quarko-
nia state, α is the strong coupling constant and σ is the string tension. Let us now
briefly discuss the model [4, 5] that has been employed in the analysis.

19.2.1 Effective Fugacity Quasi-Particle Model (EQPM)
and Debye Screening

EQPM,maps the hot QCDmedium effects with the effective equilibrium distribution
function, fg,q(p), of quasi-partons [4, 5], that describes the strong interaction effects
in terms of effective fugacities, zg,q . Where the quasi-parton equilibrium distribution
functions for gluon and quark/anti-quark, respectively read as,

fg(p) = 1

z−1
g eβEp − 1

, fq/q̄(p) = 1

z−1
q/q̄ e

βEp + 1
. (19.2)

The Debye mass, mD can be obtained using the distribution functions given in
19.2 as,

m2
D = −4πα

(
2Nc

∫
d3 p

(2π)3
∂p fg(p) + 2Nf

∫
d3 p

(2π)3
∂p fq(p)

)
, (19.3)

Let us now discuss the modification of the potential, considering the presence of
anisotropy in the hot QCD medium.



19 Quarkonia and Its Fate in the Anisotropic Hot QGP Medium 137

19.2.2 Medium Modified Heavy-Quark Potential
in the Presence of Anisotropy

The anisotropic distribution function has been obtained from isotropic one by rescal-
ing (stretching/squeezing) it in one of the direction in the momentum space as [12],

f (p) → fξ(p) = Cξ f (
√

p2 + ξ(p · n̂)2), (19.4)

where, n̂ is a unit vector (n̂2 = 1), showing the direction of momentum anisotropy.
The parameter ξ, gives the anisotropic strength in the medium, and describes the
amount of squeezing (ξ > 0, or oblate form) in the n̂, direction. The normalization
constant, Cξ by normalizing the Debyee mass comes out as,

Cξ =
{ √

ξ
tan−1

√
ξ

if ξ ≥ 0. (19.5)

Now, the mediummodified potential can be obtained in the Fourier space by dividing
the heavy-quark potential using the medium dielectric permittivity, ε(k) as,

V̀ (k) = V̄(k)

ε(k)
. (19.6)

19.2.3 Binding Energy and Thermal Width

In the small anisotropy limit, the binding energy (BE) can be obtained by using the
real part of the modified potential and solving the Schrödinger equation, considering
the isotropic part and the first order perturbation in anisotropy parameter, ξ, [6] as,

Re[BE(T )] =
(
mQ σ2

m4
D n2

+ α mD + ξ

3

(mQ σ2

m4
D n2

+ α mD + 2 mQ σ2

m4
D n2

))
.(19.7)

Using the imaginary part of the potential, the thermal width for a particular reso-
nance state can be found as,

Γ (T ) = −
∫

d3r |Ψ (r)|2 Im V (r), (19.8)

where, Ψ (r) is the Coulombic wave function for ground state (1 s, corresponding to
n = 1 (Υ )) and the first excited state (2 s, corresponding to n = 2 (Υ ′)), respectively.
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Table 19.1 Dissociation temperature for isotropic and anisotropic cases

Temperatures are in the unit of Tc(= 0.16 GeV)

Leading Order

States ↓ ξ = 0.0 ξ = 0.4

Υ 2.96 3.09

Υ ′ 1.51 1.56

(2 + 1)-Lattice EoS

Υ 2.56 2.69

Υ ′ 1.14 1.21

19.3 Results and Discussion

Asdiscussed earlier, the dissociation temperature has been obtained by employing the
criterion that says, the temperature atwhich twice the binding energy (real part) equals
the thermal width, causes dissociation of quarkonia, is the dissociation temperature.
The results for leading order and the lattice EoS are shown in Table 19.1. One can
observe that the dissociation temperature is higher for Υ (1s-state), as compared
to the excited states, Υ

′
(2s-state). The numbers for dissociation temperatures are

found to be consistent with those given in [7]. Specifically, while implementing the
non-ideal (lattice) EoS, the numbers are observed to be closer.

19.4 Summary and Conclusion

The dissociation temperatures for the bottonium states have been obtained using the
medium modified inter-quark potential in the anisotropic hot QCD medium. Using
the real/imaginary part of the mediummodified potential the binding energy/thermal
dissociation width and hence, the dissociation temperatures have been obtained. The
momentum-space anisotropy, ξ > 0 increases the dissociation temperature whereas
non-ideal medium interaction effects are found to suppress the results.
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Chapter 20
Quarkonium Measurements at Forward
Rapidity with ALICE at the LHC

Wadut Shaikh

Abstract Heavy quarks are produced at the first instant of ultra-relativistic nucleus–
nucleus collisions and therefore are an important tool to study the subsequent high
energy-density medium formed in such collisions. A series of experimental efforts
for understanding the properties of the Quark–Gluon Plasma (QGP), a medium con-
sisting of a deconfined state of quarks and gluons, are based on measuring the bound
states of heavy quark-antiquark pairs known as quarkonia. However, the medium
modification of heavy-flavour hadron production includes also the contribution of
Cold Nuclear Matter (CNM) effects such as shadowing or nuclear breakup in addi-
tion to the QGP effects. Proton–nucleus collisions, where no QGP is expected, are
used to measure CNM effects on quarkonium production. Finally, quarkonium mea-
surements in proton–proton collisions are used as reference for both heavy-ion and
proton–ion collisions. ALICE measurements of quarkonia at forward rapidity for
various energies and colliding systems (pp, p–Pb, Pb–Pb and Xe–Xe) during the
LHC Run 1 and Run 2 periods will be discussed.

20.1 Introduction

Quarkonia are a fruitful probe to investigate the properties of the deconfinedmedium,
called Quark–Gluon Plasma (QGP), created in ultra-relativistic heavy-ion collisions.
At LHC energies the modification of the J/ψ (cc̄) yield in heavy-ion collisions with
respect to the binary-scaled yield in pp collisions is explained as an interplay of sup-
pression [1] and (re)generation [2, 3]. For Υ (bb̄), on the other hand, (re)generation
effects are expected to be negligible due to the small number of produced b quarks. In
addition, the regenerated quarkonia inherit the flow of their constituting c quarks and
thus participate to the collective motion in the QGP. The CNM effects (shadowing,
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parton energy loss, interaction with hadronic medium) which are not related to the
deconfined medium may also lead to a modification of quarkonium production. In
order to disentangle the CNM effects from the hot nuclear matter effects, quarko-
nium production is studied in p–Pb collisions in which the QGP is not expected to be
formed. In pp collisions, the quarkoniumproduction can be understood as the creation
of a heavy-quark pair (qq̄) (perturbative) followed by its hadronization into a bound
state (non-perturbative). None of the existing models fully describe the quarkonium
production in pp collisions andmore differential measurements will further constrain
the quarkonium production models in elementary hadronic collisions.

20.2 Analysis and Results

The ALICE Collaboration has studied quarkonium production in various collision
systems (pp, p–Pb, Pb–Pb, and Xe–Xe) at different center-of-mass energies per
nucleon pair

√
sNN down to zero transverse momentum (pT) and at forward rapidity

(2.5 < y < 4) with the Muon Spectrometer [6] through the dimuon decay channel.

pp collisions: In Fig. 20.1 (left), the inclusive J/ψ production cross section at
√
s

= 13 TeV is compared to different sets of Non-Relativistic QCD (NRQCD) pre-
dictions [5]. Recent theoretical developments, e.g. combining NRQCD with Color
Glass Condensate (GCG+NRQCD) [7] reproduce the J/ψ pT shape. In Fig. 20.1
(right), the quarkonium production shows a linear increase with charged-particle
multiplicity.

The ALICE Collaboration has also measured the inclusive J/ψ polarization in pp
collisions at

√
s = 7 and 8 TeV [9]. The measured J/ψ polarization is compatible

with zero within uncertainties in the different studied pT intervals. The Color-Singlet
Model (CSM) and the Next-to-Leading Order (NLO) NRQCD [10] predictions do
not describe the polarization parameters.

Fig. 20.1 pT differential inclusive J/ψ cross sectionmeasured at forward rapidity in pp collisions at√
s = 13 TeV (left). Relative quarkonium yield as a function of the relative charged-particle density

in pp collisions at
√
s = 13 and 5.02 TeV (right)
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Fig. 20.2 The ψ(2S) and J/ψ RpA as a function of ycms with different model predictions in p–Pb
collisions at

√
sNN = 8.16 TeV (left). J/ψ v2 coefficients in p–Pb and Pb–p collisions compared

to the results in Pb–Pb at
√
sNN = 5.02 TeV and the transport model calculations for semi-central

Pb–Pb collisions at
√
sNN = 5.02 TeV (right)

p–Pb collisions: The CNM effects can be studied in p–Pb collisions via the nuclear
modification factor (RpA), defined as:

RpPb = σpPb

APb . σpp
,

where σpPb and σpp are the production cross sections in p–Pb and pp collisions
respectively. APb is the atomic mass number (208) of the Pb nucleus. Inclusive J/ψ
production in p–Pb collisions at

√
sNN = 8.16 TeV [11] was measured by ALICE and

a suppression was observed at positive ycms corresponding to low Bjorken-x gluons
in the Pb nucleus. The models which include various combinations of cold nuclear
matter effects describe the J/ψ p–Pb data.

The RpA of ψ(2S) together with J/ψ is shown in Fig. 20.2 (left). Contrary to
the J/ψ case [11], models must include final-state interactions with the surrounding
medium in order to describe the ψ(2S) results.

The ALICE Collaboration measured azimuthal correlations between J/ψ emitted
at forward and backward rapidities with mid-rapidity charged particles at

√
sNN =

5.02 and 8.16 TeV [12]. The data indicate persisting long-range correlation struc-
tures atΔϕ ≈ 0 andΔϕ ≈ π . The elliptic-flow is defined as the 2nd order coefficient
v2 of the Fourier expansion of the azimuthal distribution. Figure 20.2 (right) shows
the elliptic-flow coefficient v2 of J/ψ for p–Pb and Pb–p collisions [12] together with
measurements [8] and model calculations for Pb–Pb collisions at

√
sNN = 5.02. The

J/ψ v2 in 3 < pT < 6 GeV/c is found to be positive in both rapidity intervals and of
the same order as that measured in Pb–Pb collisions.
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Fig. 20.3 J/ψ RAA in Pb–Pb (Xe–Xe) at
√
sNN = 5.02 (5.44) TeV (left). The Υ (1S) v2 coefficient

integrated over the transverse momentum range 2 < pT < 15 GeV/c in three centrality intervals
compared to that of inclusive J/ψ at

√
sNN = 5.02 TeV (right)

Pb–Pb (Xe–Xe) collisions: The nuclear modification factor for a given centrality
class i in A–A collisions can be defined as:

Ri
AA = d2NAA

i /dydpT
< T i

AA > . d2σ pp/dydpT
,

where d2NAA
i /dydpT is the yield in nucleus-nucleus collisions, < T i

AA > is the
nuclear overlap function and d2σ pp/dydpT is the production cross section in pp
collisions. In Fig. 20.3 (left), the J/ψ RAA measured in Xe–Xe collisions [13] as a
function of centrality is compared to the one measured in Pb–Pb collisions [14] both
at forward rapidity and mid-rapidity (−0.5 < y < 0.5). The ALICE Collaboration
also measured the RPbPb of Υ states for Pb–Pb collisions at

√
sNN = 5.02 TeV [15]. A

strong suppression in central collisions is observed for Υ (1S). A larger suppression
of Υ (2S) compared to Υ (1S) is also observed.

The data samples recorded by ALICE during the 2015 and 2018 LHC
Pb–Pb runs at

√
sNN = 5.02 TeV were used for Υ (1S) v2 measurement [16]. In

Fig. 20.3 (right), the v2 coefficient of Υ (1S) in three centrality intervals is shown,
together with that of the J/ψ [8]. The measured Υ (1S) v2 coefficient is compatible
with zero within current uncertainties and consistent with no recombination expecta-
tions in the bottomonium sector. The RAA and v2 results suggest that (re)generation is
the dominant contribution to the production of J/ψ , but it only gives a marginal con-
tribution, if any, to the production of Υ (1S) in heavy-ion collisions at LHC collision
energies.
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Chapter 21
AdS/CFT Calculations for Rapidity
Dependence of Non-prompt J/Ψ
Suppression at LHC

R. Hambrock and William A. Horowitz

Abstract We compare the rapidity dependence of non-prompt J/Ψ suppression of
data from CMS at

√
s = 2.76TeV with the calculations from two AdS/CFT based

energy loss models. When computed in the aMC@NLO framework matched to
Herwig++, we fail to reproduce the increase in suppression with increasing suppres-
sion that is observed in data. Using FONLL for production and fragmentation, we
however reproduce this relationship.

21.1 Introduction

Heavy flavour observables are a crucial probe of the quark gluon plasma. By virtue of
their high mass, heavy quarks effectively only enter the picture via hard production,
and are thus participants for the entire lifespan of a QGP.

To perform heavy flavour phenomenology, we require observables that allow us
to distinguish between different theoretical approaches. One line that can be drawn
between theoretical models is the coupling strength of the plasma they assume. Our
past work has shown that both weak- and strong-coupling exhibit agreement with
suppression of B- and D-mesons [1], but that the more differential observable of
azimuthal heavy flavour correlations reveals stark differences between the results at
low pT [2]. While their mutual agreement with suppression data suggests maturity
of both frameworks, the azimuthal correlations constitute a promising observable for
distinguishing weakly- and strongly coupled plasmas.
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In this paper, we show calculations for another more differential observable,
namely non-prompt J/Ψ suppression with respect to rapidity. We compare these
calculations with data from CMS [3]. Our energy loss model interfaces with both
aMC@NLO [4] and FONLL [5], and we’ll show that the choice of production and
hadronization/fragmentation frameworks is critical for this observable.

21.2 Energy Loss Model

21.2.1 Overview

The following will outline our computational procedure and its background. Subse-
quent to initializing the momenta of heavy quark pairs either to leading order with
FONLL [5] or to next-to-leading order with aMC@NLO [4] using Herwig++ [6]
for the showering, the production points of the heavy quarks are weighted by the
Glauber binary distribution [7]. The particles are propagated through the plasma via
the energy loss mechanism described in Sect. 21.2.2, either until the temperature in
their local fluid cell drops below a critical threshold where hadronization is presumed
to occur, or until the maximum time the VISHNU background [8] is calculated for
has passed. Depending on the initialization mechanism used, the bottom quarks are
now hadronized to B mesons and then fragmented to J/Ψ s using either Herwig++
or FONLL.

21.2.2 Langevin Energy Loss

The stochastic equation of motion for a heavy quark in the fluid’s rest frame is [9]

dpi
dt

= −μpi + FL
i + FT

i (21.1)

where FL
i and FT

i are longitudinal and transverse momentum kicks with respect
to the quark’s direction of propagation and μ is the drag loss coefficient, given by
μ = π

√
λT 2/2MQ [10] where MQ is the mass of a heavy quark in a plasma of tem-

perature T with ’t Hooft coupling constant λ. The correlations of momentum kicks
at time t1 and t2 are given by

〈FT
i (t1)F

T
j (t2)〉 = κT

(
δi j − pipj

|p|2
)
g(t2 − t1)

〈FL
i (t1)F

L
j (t2)〉 = κL

pi pj
|p|2 g(t2 − t1)
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where the function g is only known numerically [7] and with

κT = π
√

λT 3γ1/2 (21.2)

κL = γ2κT = π
√

λT 3γ5/2 (21.3)

q̂ = 〈p⊥(t)2〉λ ≈ κT t/λ = γ(2πT 3
√

λ)/v (21.4)

where γ is the speed of the quark. The coupling of the longitudinal fluctuations to
velocity grows as γ5/2, thus growing significant extremely quickly [7]. The fluctua-

tions are thus important to include for finite λ ∼ O(10), where γ
f luc
cri t = M2

Q

4T 2 is lower

than the speed limit on a quark, γsl
cri t = (1 + 2MQ√

λT
)2 where g(0) = 1, since any kick

will be fully correlated to itself. If the time scale of momentum kick correlations is
small compared the time scale determined by the drag coefficient, we can model the
colouring aswhite noise, hence treat g as aDirac delta [7]. Sincewe require γ < γsl

cri t ,

it follows that tcorrμ ∼ 1
2

√
λ
√

γ T
MQ

< 1
2

√
λ

√
4M2

Q

λT 2
T
MQ

= 1, and we may thus safely
approximate the colouring as white noise. It should be noted that this construction
does not obey the fluctuation-dissipation theorem [7]. The computations based on
this model will be labeled D(p).

21.2.3 Development on Energy Loss Model

The problem with the energy loss mechanism described in 21.2.2 is that, since the
longitudinal momentum fluctuations grow as γ

5
2 , our setup breaks down for high

momenta, where in a perturbative QCD setting, Brehmstrahlung would restrict the
momentum growth of the quark. Via a novel calculation presented in [11], we instead
consider a stationary string in AdSd hanging into a black hole horizon and calculate
s2(t, a, d), the average transverse distance squared travelled by the string’s free
endpoint, where t is the time, d the dimension of the setup, and a parametrizes
between a heavy quark for a = 0 and a light quark for a = 1. Crucially, s2(t, a, d =
3) can be determined analytically for small string lengths, which is identical to the
asymptotically late time behavior of a string with arbitrary initial length. We thus
find the asymptotically late time behavior of a string in d dimensions by

s2(t � β, a, d) = s2small(t � β, a, d)

= (
d − 1

2
)2s2small (t � β, a, d = 3) = (d − 1)2

8π
√

λ
β(1 − a

2
) (21.5)
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where β = T−1. At late times, the motion is diffusive, thus we can extract the diffu-
sion coefficient

D(a, d) ∼ 1

2
s2(t � β, a, d) (21.6)

which in AdS5 for a heavy quark reads 2β/π
√

λ. From this, we obtain

κT = 2T 2/D = π
√

λT 2/β = π
√

λT 3 (21.7)

q̂ = 〈p⊥(t)2〉λ ≈ κT t/λ = (2πT 3
√

λ)/v (21.8)

Requiring these fluctuations to obey the fluctuation-dissipation theorem (which the
construction in Sect. 21.2.2 could not), we attainμ = π

√
λT 2/2E . The computations

based on this model will be labeled D=const.

21.3 RAA(y)

We compare non-prompt J/Ψ suppression calculations with data from CMS [3]
(Fig. 21.1). All of our calculations overpredict the suppression of non-prompt J/Ψ .
However, the FONLL based calculations qualitatively capture the increase in sup-
pression with increasing rapidity that is seen in the data. On the other hand, the
aMC@NLO based calculations show no rapidity dependence of the suppression at
all.

Fig. 21.1 Comparison of RJ/Ψ
AA (y)CMSdata [3] [6.5 < pT < 30GeV]with our energy lossmodels

using MC@NLO (Left) and FONLL (Right) respectively
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21.4 Conclusion and Outlook

We have compared AdS/CFT based non-prompt J/Ψ suppression with CMS data
(Fig. 21.1). We find that the choice of production and hadronization/fragmentation
frameworks leads to starkly different results. In particular, aMC@NLO does not
appear to have rapidity dependence in the production spectrum of bottom quarks.
This lead us to henceforth switch to FONLL for production and hadronization/
fragmentation for observables that are rapidity sensitive. Unfortunately, this comes
at the loss of next-to leading order production, which is critical for realistic azimuthal
correlation predictions. For these, using Herwig++ appears to be the better choice
[12], if restricted to mid-rapidity.
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Chapter 22
Heavy-Flavour Jet Production and
Charm Fragmentation with ALICE at
LHC

Auro Mohanty

Abstract Heavy quarks, produced in hard parton scatterings in the early stage of
ultra-relativistic heavy-ion collisions, are ideal probes to investigate the properties
of the Quark–Gluon Plasma (QGP) produced in such collisions. Measurements of
heavy-flavour jets can provide constraints on energy-loss models. In particular, they
add information on how the radiated energy is dissipated in the medium. Studies
of angular correlations between heavy-flavour and charged particles allow us to
characterize the heavy-quark fragmentation process and its possible modification in
a hot nuclear matter environment. This manuscript will focus on the latest results on
heavy-flavour jets and D-meson correlations with charged particles studied with the
ALICE detector in pp, p–Pb and Pb–Pb collisions.

22.1 Physics Motivation

Fragmentation function of photon-triggered mesons was studied by Kang and
Vitev [1] and a flavour dependence of energy loss in QGP medium was predicted.
Measurements in pp collisions provide essential reference to interpret those in
proton–nucleus (p–A) and nucleus–nucleus (A–A) collisions. They also provide an
excellent test of the perturbative quantum chromodynamics (pQCD) because heavy-
flavour observables are calculable in pQCD down to pT ≈ 0. Anderle et al. [2]
presented a global QCD analysis of D∗±-meson fragmentation functions in pp scat-
terings.

ALICE is uniquely placed to play a significant role in the low and intermediate
pT (pT: transverse momentum) sector.
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22.2 Procedure and Physics Results

Heavy-flavour jets are studied by means of two different methods: by reconstruct-
ing jets with a heavy-flavour tag (‘heavy-flavour jets’) and by studying correlations
between heavy-flavour hadrons with other hadrons (‘D-meson-hadron correlations’).

22.2.1 Heavy-Flavour Jets

Jets are reconstructed using the anti-kT algorithm [3]. They are tagged as heavy-
flavour jets if they have within their constituents: heavy-flavour electrons, D mesons,
or beauty mesons (by an indirect measurement).

22.2.1.1 Heavy-Flavour Electron Jets

Electrons resulting from the semi-leptonic decay of heavy-flavour hadrons are used
to tag the jets, called heavy-flavour electron (HFe) jets. First, jets are reconstructed
using charged tracks. Then a constituent track in each jet is searched for, having the
same momentum as the heavy-flavour electrons identified separately (see [4] for a
detailed description of the ALICE apparatus).

Figure 22.1 shows the nuclear modification factor RpPb of HFe jets with jet radii
R = 0.3, 0.4, and 0.6 in p–Pb collisions at a center of mass energy per nucleon pair,√
sNN = 5.02 TeV. No cold nuclear matter (CNM) effects are observed.

D-Meson Tagged Jets. Jets are tagged if they contain a D0 mesonwithin the jet cone.
D0 mesons are reconstructed in the D0 → K− π+ [5] decay channel. The daughter
kaon and pion tracks are replaced by an equivalent D0 constituent, which is then used
together with the other charged tracks to reconstruct the jets.

Fig. 22.1 RpPb of HFe jets
with R = 0.3, 0.4, and 0.6
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Fig. 22.2 RpPb and RAA of D-jets (left) and RAA of D-jets, D mesons, and charged jets (right) at√
sNN = 5.02 TeV

ALI-PUB-321582 ALI-PUB-321586

Fig. 22.3 zch|| -differential cross section of D0-jets in pp collisions at
√
s = 7 TeV

Jet-pT differential cross section of D0-jets was measured in pp collisions at√
s = 13 TeV with R = 0.4. The D0-jet production cross section was also measured

at
√
sNN = 5.02 TeV in pp, p–Pb, and Pb–Pb collisions in 0–20% centrality with R =

0.3. The nuclear modification factor is shown for p–Pb and Pb–Pb in Fig. 22.2 (left
panel). RpPb is consistent with unity within uncertainties, while RAA is 0.2 at pT ∼
10 GeV/c . On the right panel, it can be seen that the RAA of D0-jets is compatible
with that of D mesons.

Fractional momentum (zch|| ) carried by the constituent D0 meson along the jet
axis was measured for D0-jets [6] in pp collisions at

√
s = 7 TeV, with R = 0.4.

Hard fragmentation is observed in 5 < pch. jetT < 15 GeV/c, compatible with leading
order (LO) and next-to-leading order (NLO) pQCD predictions, as seen on the left in
Fig. 22.3.However, in 15 < pch. jetT < 30GeV/c, there is a hint of softer fragmentation
observed in data, seen on the right panel.
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ALI-PREL-307329 ALI-PREL-307319

Fig. 22.4 D-meson-hadron azimuthal correlations measured in pp and p–Pb collisions at
√
sNN =

5.02 TeV (left), and in pp collisions at
√
s = 5.02, 7, and 13 TeV (right)

b-Tagged Jets. The property of B mesons having a longer lifetime is exploited here
to identify jets originating from b quarks without explicitly reconstructing the B
mesons. Jets containing a 3-pronged secondary vertex within the cone are selected
since B mesons tend to decay into at least three daughters. Our measurements of
jet-pT differential production cross section of b-jets in p–Pb collisions at

√
sNN=5.02

TeV are in agreement with POWHEG+PYTHIA predictions.

22.2.2 D-Meson-Hadron Correlations

Charm jet fragmentation is also studied using azimuthal (Δφ) correlations between
D mesons and associated charged hadrons. Two peaks are observed in the Δφ dis-
tribution, one at Δφ ≈ 0, called the near side, and a broader peak at the away side
Δφ ≈ π , signifying two leading jets emitted in opposite directions in a collision. No
evidence of CNM effects were found (see Fig. 22.4, left panel) when production of
associated tracks was compared across pp and p–Pb collisions, at

√
sNN = 5.02 TeV.

No energy dependence could also be observed in pp collisions as seen on the right
panel.

22.3 Summary

ALICE obtained new measurements of HFe jets in pp and p–Pb collisions at√
sNN = 5.02 TeV. Also shown is a first measurement of D0-jets in Pb–Pb colli-

sions at
√
sNN = 5.02 TeV in 0–20% centrality with a suppression by a factor of

five at pT ∼ 10 GeV/c. At
√
s = 7 TeV, hard fragmentation for D0-jets was seen

in pp collisions in 5 < pT < 15 GeV/c along with a hint of softer fragmentation in
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15 < pT < 30 GeV/c in data when compared to theoretical predictions. Our new
measurements of b-tagged jets in p–Pb collisions at

√
sNN = 5.02 TeV were also

reported. No energy dependence was observed for D-meson-hadron correlations in
pp collisions. And there was no evidence of CNM effects in p–Pb collisions for any
study reported in this manuscript.
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Chapter 23
Strangeness Enhancement from
Dynamical Core–Corona Initialisation
Model

Yuuka Kanakubo, Michito Okai, Yasuki Tachibana, and Tetsufumi Hirano

Abstract We estimate the fraction of energy of the quark gluon plasma (QGP) fluids
in high-energy proton–proton and nuclear collisions with the dynamical core–corona
initialisation (DCCI) model. The fraction of the QGP fluids turn out to be the key to
interpret the strangeness enhancement in high-multiplicity small colliding systems.

23.1 Introduction

Strangeness enhancement reported from ALICE Collaboration [1] implies existence
of the quark gluon plasma (QGP) fluids in small colliding systems such as p + p
and p + Pb collisions. Strange hadron yield ratios increase with multiplicity and
saturates at high multiplicity in which local chemical equilibrium is archived. One
of the possible ideas to give insight into these data is the core–corona picture [2,
3]: The system formed in relativistic heavy-ion collisions can be separated into two
components, “core” and “corona”. The core is the matter under thermal equilibrium
and the corona is like a system in p + p collisions in which thermalisation is not
supposed to be archived.

In this study, we introduce the concept of the core–corona picture into a dynamical
initialisation model [4], analyse strange hadron yield ratios as functions of multiplic-
ity using this model and estimate the fraction of energy of the QGP fluids from small
to large colliding systems [5].

Y. Kanakubo (B) · M. Okai · Y. Tachibana · T. Hirano
Department of Physics, Sophia University, Tokyo 102-8554, Japan
e-mail: y-kanakubo-75t@eagle.sophia.ac.jp

Y. Tachibana
Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_23

161

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_23&domain=pdf
mailto:y-kanakubo-75t@eagle.sophia.ac.jp
https://doi.org/10.1007/978-3-030-53448-6_23


162 Y. Kanakubo et al.

23.2 Dynamical Core–Corona Initialisation (DCCI) Model

In this study initial conditions of the QGP fluids are dynamically generated as a
consequence of four-momentum deposition from partons which are formed just after
the collision of two nuclei. We use relativistic hydrodynamic equations with source
terms to describe the dynamical generation of the QGP fluids,

∂μT
μν
fluid(x) = J ν(x) . (23.1)

Assuming the dynamics of partons in phase space, we derive the source terms in
(23.1) as

Jμ (x) = −
∑

i

dpμ

i (t)

dt
G (x − xi (t)) , (23.2)

where pμ

i is four-momentum of the i th parton and G is the Gaussian function. Here
we call dpμ

i /dt the “fluidisation rate”. We assume that the dynamical initialisation
takes place from formation time of partons, τ = τ00(= 0.10 fm), to initial time of
fluids, τ = τ0(= 0.60 fm). Here we note that energy-momentum conservation is
satisfied within the combined system of the QGP fluids and the traversing partons
during the dynamical initialisation.

Under the basic concept of the core–corona picture, we assume the fluidisation
rate is proportional to density of initially produced partons,

dpμ

i

dt
(t) = −a0

ρ(xi (t))
pT,i

2
pμ

i (t) , (23.3)

where pT,i and pμ

i are transverse momentum and four-momentum of the i th parton.
The dimensionless parameter a0 is a free parameter to control the intensity of energy-
momentum deposition. ρ is the density of partons surrounding the i th parton defined
as

ρ(xi (t)) =
∑

j �=i

G
(
xi (t) − xj (t)

)
. (23.4)

Here we assume that each parton has a Gaussian profile.
We briefly summarize the entire model flow in the following. First we generate

the initial partons with the Monte Carlo event generator PYTHIA ver 8.230 [6] in
which hadronisation is switched off. Next we perform the dynamical core–corona
initialisation to obtain initial conditions of the QGP fluids. We describe space-time
evolution of the QGP fluids with ideal (3 + 1)-dimensional hydrodynamics. The core
and corona undergo the different hadronisation processes. Hadron yields from the
QGP fluids (core) are obtained by integrating Cooper–Frye formula at hypersurface
of decoupling temperature. On the other hand, hadron production from the surviving
partons (corona) is described by string fragmentation with PYTHIA.
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23.3 Results

Figure 23.1 shows the strange hadron yield ratios in p + p, p + Pb and Pb + Pb
collisions as functions ofmultiplicity and are comparedwith theALICEexperimental
data [1]. The yield ratios monotonically increase with multiplicity and saturate in
high-multiplicity events. The yield ratio of cascades to pions (�− + �̄+)/(π+ + π−)

purely from the corona is ∼ 0.002 at low multiplicity, while it saturates at ∼ 0.005
at high multiplicity, which is almost the same as the value purely obtained from
the core. The behaviour in these results is similar to that in the experimental data.
Thus, as a result of competition between the core and the corona in final hadron
productions, we successfully describe the continuous change of strange hadron yield
ratios as seen in the experimental data.

We study how much energy and momentum produced at the initial stage of the
collisions are turned into the fluids. To see this, we show in Fig. 23.2 the fraction of
the fluidised energy at midrapidity,

R = dEfluids/dηs

dEtot/dηs

∣∣∣∣
ηs=0

. (23.5)

The fluidized energy can be obtained by integrating the time component of source
terms from τ = τ00 to τ0 in the transverse plane as

Fig. 23.1 (Color online) Yield ratio of a cascades (�− and �̄+), b lambdas (	 and 	̄) as a function
of multiplicity at mid-rapidity, 〈dNch/dη〉, in p + p (diamonds) at

√
sNN = 7 TeV, p + Pb (triangles)

at 5.02 TeV and Pb + Pb (squares) at 2.76 TeV collisions at the LHC energies. Results from the
DCCI model (closed symbols) are compared with the ALICE data (open symbols) [1]
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Fig. 23.2 (Color online)
Fraction of the fluidized
energy to the total energy at
ηs = 0 as a function of
multiplicity in p + p
(diamonds) at

√
sNN = 7, p

+ Pb (triangles) at 5.02 TeV,
and Pb + Pb (squares) at 2.76
TeV.

ch / <0.5

dEfluids

dηs

∣∣∣∣
ηs=0

=
∫ τ0

τ00

dτ

∫
d2x⊥τ J τ (τ, x⊥, ηs = 0). (23.6)

On the other hand, the total energy density dEtot/dηs is calculated by taking the sum
of energy of all the initial partons at τ = τ00.

Fraction of the fluidized energy, R, increases monotonically and saturates around
〈dNch/dη〉|η|<0.5 ∼ 10. Themost notable thing is that the fraction of fluidized energy,
R, is finite in 〈dNch/dη〉 ∼ 3–10. This means that, within the DCCI model calcu-
lations, the contribution of hadron production from the QGP fluids is needed to
reproduce the yield ratio of cascades reported in the experimental data. Thus, this is
the strong indication of the partial QGP generation even in averaged events in p + p
collisions at

√
sNN = 7 TeV.

23.4 Summary

We investigated multiplicity dependence of hadron yield ratios from p + p to A +
A collision systems with the DCCI model. Modeling the dynamical generation of
initial conditions of the QGP fluids from initial partons, we describe the strangeness
enhancement in high-multiplicity small colliding systems reported by ALICE Col-
laboration.We found that there exists contribution from theQGPfluids to final hadron
yields even in averaged p + p events within the DCCI model.
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Chapter 24
Production of Light Flavor Hadrons
Measured by PHENIX at RHIC

Iurii Mitrankov

Abstract Light flavor hadrons are copiously produced in hadronic and heavy-ion
interactions and bring a wealth of information about properties of the produced
mediumand reactiondynamics.Havingdifferentmasses, quark content and lifetimes,
light flavour hadrons do not only serve as general observables in the soft sector, but
also play an important role as high transverse momentum probes and signatures of
the onset of collectivity in collisions of small systems. We present review of the most
recent PHENIX results on the production of π0, η, KS, ϕ and ω mesons in p (d, 3He)
+Au, Cu+ Cu, Cu+Au, Au+Au and U+U collisions at top RHIC energies with
emphasis on study of the parton energy loss in heavy ion collisions, cold nuclear
matter effects in small systems.

24.1 Introduction

The ultra-relativistic heavy-ion collisions provide a capability to investigate the prop-
erties of quark-gluon plasma (QGP)-state of matter at very high temperature and/or
density where quarks and gluons are in the deconfined state [1]. The QGP study is
one of the main goals of PHENIX experiment [2].

One of the ways to investigate QGP properties in experiments is to measure
the yields of final state particles. The properties of hot nuclear matter can be
studied by measuring level of hadron suppression or so-called jet quenching
effect in high transverse momentum pT range in heavy-ion collisions. Particles,
containing strange quarks, are considered to be a convenient tool to investigate QGP.
Strangeness enhancement inQGPmay cause an increase in the production of hadrons
containing s

/
s̄ quarks with increasing number of participants from proton-proton to

nucleus-nucleus collisions [1].
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The light hadron production was well studied in symmetric Au + Au and Cu +
Cu collisions at

√
sNN = 200 GeV at RHIC [3, 4]. Systematical study of light hadron

production is continued in asymmetric Cu + Au collisions at
√
sNN = 200 GeV and

in collisions of deformed Uranium nuclei at
√
sNN = 192 GeV, which can provide

more information about jet quenching and therefore the characteristics of the QGP.
The study of light hadron production with different masses, quark content, life-

times and flavor in small collision systems like p+Au, d+Au andHe+Au can help
to explore onset of collectivity (mini QGP) in such collisions as well as cold nuclear
matter effects (CNM), which are important for interpreting of heavy-ion results.

24.2 Data Analysis

The studying of hadrons production was done using the two PHENIX central arms
each covering 90° in azimuth at the mid rapidity (|y| < 0.35) [1]. The measurement
of particles momentum is done using drift chambers and the first layer of the pad
chambers. Kaons identification is performed by the time-of-flight detector (ToF).
Electromagnetic calorimeter providesmeasurements of photon kinematic properties.

Light mesons π0 → γγ, η → γγ, KS → π0π0, ϕ → K+K−, ω → π0 were
reconstructed by handling respective invariant mass distributions.

Nuclear modification factors RAB are often used to study collective effects that
affect hadrons invariant transverse momentum spectra and are calculated according
to the relation

RAB = σ inel
pp

Ncoll

dNAB

dσpp
,

where dNAB = 1/(2πpT) ·
(
d2NAB

)
/(dpTdy)—inclusive hadron’s production spec-

trum in A + B collisions, dσpp = 1/(2πpT) · (
d2σpp

)
/(dpTdy)—inclusive differ-

ential cross section for hadron production in p + p collisions at the same center-of-
mass energy, Ncoll—number of nucleon-nucleon collisions in the A + B system for
selected centrality intervals are estimated with the Glauber Monte-Carlo simulation
and σ inel

pp = 42.2mb is the total inelastic proton-proton cross sections.

24.2.1 Large Systems

The π0, η, KS, ϕ and ω mesons nuclear modification factors in Cu + Au collisions
at

√
sNN = 200 GeV as a function of transverse momentum is shown in Fig. 24.1.

In all figures vertical bars correspond to statistical uncertainties and rectangles—to
systematic ones.
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Fig. 24.1 Nuclear modification factors RAB as a function of pT measured for ϕ, π0, η, ω and KS
in Cu + Au collisions

Fig. 24.2 Left: RAB for ϕ-meson integrated at pT > 2.2 GeV/c in Cu + Au, U + U, Au + Au and
Cu + Cu collisions as a function of Npart. Right: RAB for π0, η, KS -mesons integrated at pT >
5 GeV/c in U + U, Au + Au and Cu + Cu collisions as a function of Npart

In contrast to π0, η, KS, and ω, ϕ shows less suppression at pT < 5GeV/c, while
at pT > 5GeV/c it exhibits the same suppression pattern as π0, η, KS, and ω.

In peripheral Cu + Au and U + U collisions all considered mesons RAB exhibit
similar shape within systematic uncertainties. The same light mesons behaviour was
observed in Cu + Cu and Au + Au collisions, as presented at Fig. 24.2.

There is no difference in the integrated RAB of ϕ-meson between Au + Au, Cu
+ Cu, Cu + Au and U + U collisions and of π0, η, KS-mesons between U + U, Au
+ Au and Cu + Cu collisions. This might indicate that the suppression level scales
with the average size of the nuclear overlap region.

24.2.2 Small Systems

The Fig. 24.3 shows ϕ meson RAB measured in p + Au, d + Au and 3He + Au
collisions at the

√
sNN = 200 GeV. From comparison of p + Au, d + Au and 3He

+ Au results, an ordering for ϕ RAB can be seen in the intermediate pT in most
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Fig. 24.3 The ϕ-meson RAB in p + Au, d + Au and 3He + Au collisions at 200 GeV

central collisions: RHe+Au < Rd+Au < Rp+Au. In other centralities ϕ-meson nuclear
modification factors for all three systems exhibit similar shape.

The RAB of ϕ and π0 mesons in central p + Au and 3He + Au collisions at
200 GeV are shown in Fig. 24.4. It seems that ϕ and π0 RAB exhibit similar shape
within systematic uncertainties. Therefore, the production of light mesons shows
similar behavior, it can be assumed that CNM effects are not responsible for the
differences between ϕ and π0 seen in Au + Au, Cu + Cu, Cu + Au, and U + U
central collisions.

Fig. 24.4 The ϕ and π0 meson RAB measured in central p(3He) + Au collisions at 200 GeV
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24.3 Conclusions

PHENIX experiment has measured invariant yields and RAB of π0, η, KS, ϕ and ω

mesons in p(d,3He) + Au, Cu + Cu, Cu + Au, Au + Au, U + U collisions at top
RHIC energies.

The ϕ-meson exhibits a different suppression pattern, being an outlier, compared
to π0, η, KS, ω mesons in large systems collisions. These results provide a contri-
bution to the understanding of the strangeness enhancement competing with energy
loss as well as additional examination of fragmentation and recombination models.

There is no difference in the integrated RAB of light mesons between heavy-ion
collisions systems. This might indicate that the suppression level scales with the
average size of the nuclear overlap region.

The ϕ and π0 RAB shows similar values in central p(3He) + Au collisions within
uncertainties, which might indicate that CNM effects are not responsible for the
differences between π0 and ϕ observed in large systems. In the intermediate pT
range in most central collisions ϕ RAB seem to depend on the collision system size.

Acknowledgments We acknowledge support from Russian Ministry of Education and Science,
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Chapter 25
Strange and Non-strange Light-Flavour
Hadron Production in Pb–Pb and p–Pb
Collisions at LHC Energies with ALICE

Michal Šefčík

Abstract The ALICE experiment is dedicated to the study of strongly interacting
matter at the extremely high temperatures and energy densities reached at the LHC.
We report on the production of π , K and p measured with ALICE in p–Pb and Pb–Pb
collisions at the top LHC energies of

√
sNN = 8.16 and 5.02 TeV, respectively, as

well as on the production of �, � and � in Pb–Pb collisions at
√
sNN = 5.02 TeV.

Excellent tracking and particle-identification capabilities of the ALICE experiment
allow characterising the hot nuclear matter via detailed measurements of particle
production in nucleus-nucleus collisions. In addition, the study of proton-nucleus
collisions provides a fundamental benchmark for initial state and cold nuclear matter
effects.

25.1 Introduction

Measurement of light flavour hadron observables provides important information
about the colliding system. In these proceedings we briefly discuss methods for
particle reconstruction and identification with ALICE. Then we describe the study
of the production of π , K and p in p–Pb collisions at

√
sNN = 8.16 TeV and in Pb–Pb

collisions at
√
sNN = 5.02 TeV, as well as the study of the production of �, � and �

in Pb–Pb collisions at
√
sNN = 5.02 TeV. The results include transverse momentum

spectra ratios, Blast-Wave model fits, and yields integrated in transverse momentum
as a function of multiplicity.
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25.2 Particle Detection in ALICE

The ALICE detector was designed for the study of heavy-ion collisions at the LHC.
The main sub-detectors used to measure identified hadrons are the Inner Tracking
System (ITS), the Time Projection Chamber (TPC), the Time-Of-Flight detector
(TOF) and the High Momentum Particle Identification Detector (HMPID). The V0
detector is used for triggering and for the estimation of multiplicity and centrality.
A full description of the ALICE sub-detectors can be found in [1, 2].

Charged light-flavour hadrons (π , K, p) are identified using combined information
from ITS, TPC, TOF and HMPID detectors. Weakly decaying strange particles (K0

S,
�, �, �) are reconstructed via their characteristic decay topologies. For a detailed
description, see similar analyses [3, 4].

25.3 Results

The transverse momentum spectra of pions, kaons and protons have been fitted
simultaneously with a Blast-Wave function [5]. The resulting fitted parameters
are presented in Fig. 25.1. The evolution with multiplicity in Pb–Pb collisions at√
sNN = 5.02 TeV follows a trend similar to that observed at the lower energy√
sNN = 2.76 TeV, with further increase in radial expansion velocity. In p–Pb colli-

sions at
√
sNN = 8.16 TeV, we observe higher kinetic freeze-out temperature than at

the lower energy
√
sNN = 5.02 TeV.

TheK/π and p/π ratios are shown in Fig. 25.2 for p–Pb collisions and in Fig. 25.3
for Pb–Pb collisions. The p/π ratio exhibits a pronounced enhancement at inter-
mediate pT in central Pb–Pb collisions w.r.t. peripheral collisions. The K/π ratio
enhancement is comparatively negligible.

Figure 25.3 also shows a comparison of spectra ratios to hydrodynamic mod-
els. The models used are: iEBE-VISHNU hybrid model [6, 7], McGill [8] and

Fig. 25.1 Blast-wave
parameters resulting from a
simultaneous fit of π , K and
p spectra. Tkin represents the
kinetic freeze-out
temperature and βT the
radial expansion velocity.
The fit ranges are specified in
the plot legend. Various
collision systems and
energies are shown

ALI-PREL-319778
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Fig. 25.2 (K+ + K−)/(π+ + π−) (left) and (p + p̄)/(π+ + π−) yield ratios as a function of trans-
verse momentum in 0–5% and 80–90% centrality classes in p–Pb collisions at

√
sNN = 8.16 TeV.

In the lower part, the ratio of central to peripheral collisions is shown
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Fig. 25.3 (K+ + K−)/(π+ + π−) (left) and (p + p̄)/(π+ + π−) yield ratios as a function of
transversemomentum in 0–5%centrality class in Pb–Pb collisions at

√
sNN = 5.02TeV.Comparison

with hydrodynamic models is shown. In the lower part, the ratio of data to models is shown

EPOS [9]. All the hydrodynamic models describe the behaviour at low pT. EPOS,
which includes radial flow and jet-medium interactions, describes the dependence
over the entire pT range.

The p/π and �/π ratios of pT-integrated yields are shown in Fig. 25.4 as a func-
tion of multiplicity. All measured collision systems and energies follow a common
trend. The increase in small systems observed for strange particles is more pro-
nounced for particles with greater strangeness content. For strange particles, there is
a flat trend at high multiplicities. The p/π ratio exhibits a hint of decrease at high
multiplicities.
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Fig. 25.4 Ratio of proton (left) and � (right) yields to pion yield as a function of charged particle
multiplicity at medium pseudo-rapidity. Data from pp collisions at

√
s = 7 TeV, p–Pb collisions at√

sNN = 5.02 TeV and Pb–Pb collisions at
√
sNN = 2.76 TeV and

√
sNN = 5.02 TeV are shown

25.4 Conclusions

The production of light-flavour hadrons in p–Pb and Pb–Pb collisions was measured
by ALICE. Blast-wave fits of the pT spectra indicate that with the increase in energy,
the radial expansion velocity increases in central Pb–Pb collisions and the kinetic
freeze-out temperature increases in p–Pb collisions. The yield ratio to pions versus
multiplicity has a continuous behaviour across colliding systems and energies.
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Chapter 26
Chemical Equilibration of QGP
in Hadronic Collisions

Aleksi Kurkela and Aleksas Mazeliauskas

Abstract We performed state-of-the-art QCD effective kinetic theory simulations
of chemically equilibrating QGP in longitudinally expanding systems. We find that
chemical equilibration takes place after hydrodynamization, but well before local
thermalization. By relating the transport properties of QGP and the system size we
estimate that hadronic collisions with final state multiplicities dNch/dη > 102 live
long enough to reach approximate chemical equilibrium for all collision systems.
Therefore we expect the saturation of strangeness enhancement to occur at the same
multiplicity in proton-proton, proton-nucleus and nucleus-nucleus collisions.

The experimental measurements of the final-state particles in the ultra-relativistic
proton–proton, proton-nucleus and nucleus-nucleus collisions at hadron colliders
show a qualitative change of hadron chemistry with the increasing particle multi-
plicity [1–3]. At central nucleus-nucleus collisions the observed ratios of long-lived
hadrons is consistent with chemical equilibrium hadron resonance gas models at
temperature Tch ≈ 155MeV [4], while the lowest multiplicity proton-proton colli-
sions are reproduced by perturbative event generators. One interpretation behind this
change is the formation of deconfined state of Quark-Gluon Plasma (QGP), which
reaches approximate thermal and chemical equilibrium in the collision fireball, from
which the thermal hadron productions ensues. Indeed, the hydrodynamic models of
the QGP expansion have been very successful in describing small transversemomen-
tum particle spectra and multi-particle correlations. However the initial state created
in high-energy nuclear collisions even locally is far from equilibrium and the study
of thermalization has been a very active topic [5]. In this work [6, 7] we describe
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the QGP approach to chemical equilibrium within the framework of QCD effective
kinetic theory [8].

At high energy, weak coupling limit of QCD, the mid-rapidity interaction region
is dominated by strong non-equilibrium gluonic fields [5]. The microscopic descrip-
tion to local thermal equilibrium from such initial configuration is described by the
“bottom-up” thermalization scenario [9], which was explicitly realized by classical-
statistical Yang-Mills [10] and gluonic kinetic theory [11] simulations. Here for the
first time we use the complete leading order QCD kinetic theory of quarks and glu-
ons [8] to simulate the hydrodynamic, chemical and kinetic equilibration of QGP.We
solve the coupled Boltzmann equations for quark and gluon distribution functions
undergoing homogeneous boost-invariant expansion

∂τ fg,q − pz
τ

∂pz fg,q = −C2↔2[ f ] − C1↔2[ f ]. (26.1)

We include elastic 2 ↔ 2 and colinear 1 ↔ 2 collision processes at leading order in
the coupling constant λ = 4παs Nc. We consider Nc = 3 colors and Nf = 3 flavours
of massless fermions with equal quark-antiquark content, i.e., at vanishing baryon
chemical potential μB = 0. For the explicit expressions of collision kernels and the
regularization procedure of the infrared divergences see the published work [7].

Following the previous work [11], initially at τ = 1 Q−1
s the fermion distribution

function fq = 0 is set to zero, while the initial gluon density is

f0 = 2A

λ

Q0√
p2⊥ + p2z ξ

2
e
− 2

3

p2⊥+ξ2 p2z

Q2
0 , (26.2)

where the values of A = 5.24 and Q0 = 1.8 Qs are adjusted to match transverse
momentum and energy density extracted from the lattice. The parameter ξ determines
the initial anisotropy and is set to ξ = 10 to reflect highly anisotropic initial conditions
in heavy ion collisions. We then follow the evolution of quark and gluon distribution
functions to equilibrium at different values of the coupling constant λ and find the
corresponding values of shear viscosity over entropy ratio η/s. In the following we
discuss the time evolution of energy density obtained by momentum integration of
the non-equilibrium quark and gluon distribution functions.

It was observed in previous works [11–14], that the parametrically large differ-
ences in the equilibration rates for different coupling constantsλ can be largely scaled
out by measuring time in units of relaxation time

τR(τ ) = 4πη/s

Tid.(τ )
, (26.3)

where η/s is the specific shear viscosity. Note that for expanding system the local
thermalization temperature and the relaxation time itself is time dependent. Here
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Fig. 26.1 a Fermion energy density fraction eq (τ )/eq,eq(τ ) as a function of rescaled time for
different coupling constants. The inset shows un-rescaled time dependence. b Evolution of total
energy density and its gluonic and fermion components in kinetic theory converted to physical units
using universality of τ/τR scaling and phenomenological values of η/s = 0.16, 〈sτ 〉 = 4.1GeV2

and νeff = 40. The grey lines correspond to ideal, viscous and chemically equilibrated energies.
Figures taken from [6]

we define the effective temperature Tid.(τ ) = (T (τ )τ 1/3)|τ→∞
τ 1/3 , which asymptotically

coincides with the temperature of near equilibrium QGP.
In chemical equilibrium, Nf = 3 fermions constitute eq,eq/etotal ≈ 0.66 of the

total equilibrium energy density. In Fig. 26.1a we present the time evolution of quark
energy density relative to equilibrium expectation as a function of rescaled time time
τ/τR . We consider different values of the coupling constant λ = 1, 5, 10, 20, which
corresponds to η/s ≈ 1900, 2.8, 1.0, 0.4 and vastly different relaxation times τR .
Remarkably, the large separation of equilibration time-scales shown in the inset of
Fig. 26.1a collapses to near λ-independent equilibration curve shown in the main
panel of Fig. 26.1a. We find that at the time τ/τR ≈ 1.2 and for larger values of the
coupling, the fermions reach 90% of their chemical equilibrium energy density. We
checked that this is not affected my small non-zero fermion density at early times
indicated by grey dashed line in Fig. 26.1a.

We can convert the scaled chemical equilibration time τchem/τR to physical time by
solving (26.3) and noting that the asymptotic constant T 3

id.τ = (T 3τ )∞ is proportional
to the local entropy density per rapidity (sτ )∞:

τchem = (τchem/τR)
3/2

︸ ︷︷ ︸
scaled time variable

× (4πη/s)3/2 × (sτ )−1/2
∞ × (4π2νeff/90)

1/2

︸ ︷︷ ︸
phenomenological input

. (26.4)

Substituting the empirical estimate τchem/τR = 1.2 we obtain a pocket formula for
chemical equilibration time as a function of entropy density, specific shear viscos-
ity and number of degrees of freedom. It is important to emphasize that although
the parametric dependence of equilibration time on, say, entropy density, can be
inferred from general physics arguments, (26.4) has all relevant numerical factors
and is therefore a quantitative formula. The approximate independence of η/s seen
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in Fig. 26.1a, gives us motivation of plugging in phenomenological relevant param-
eter values of η/s = 2/4π ≈ 0.16, 〈sτ 〉 = 4.1GeV2 and νeff = 40. In Fig. 26.1b we
show the converted time evolution of total, gluon and fermion energy density. We
observe that at τ ≈ 0.6 fm fermion and gluon energy contributions become equal
and at τchem ≈ 1.5 fm the chemical equilibration defined above is achieved. In the
paper [6, 7] we also studied hydrodynamic and kinetic equilibrations and found the
following ordering of equilibration scales (also shown in Fig. 26.1b)

τhydro︸ ︷︷ ︸
±10% viscous e(τ )

< τchem︸︷︷︸
±10% fermion eq. e(τ )

< τtherm︸ ︷︷ ︸
±10% ideal e(τ )

. (26.5)

Strikingly, the empirical weak coupling equilibration formula (26.4) produces
realistic equilibration timescales compatible with heavy-ion phenomenology if
extrapolated to realistic values of η/s. To what extent such extrapolation captures the
dynamics of relatively strongly coupled system is debatable, but it is clear that the
weak coupling equilibration baseline is not in contradictionwith rapid thermalization
of QGP.

Finally, (26.4) can be reformulated as a bound on charged particle multiplicities
necessary to achieve chemical equilibrium by freeze-out. We relate the multiplic-
ity dNch/dη in terms of scaled variables using 〈τs〉 ≈ (S/Nch) 1/(πR2) dNch/dη
(where S/Nch ≈ 7 [15]) and (26.4), so that

dNch

dη
= 4π3

90 νeff (S/Nch)
−1 (4πη/s)3 (τ/τR)

3 (τ/R)−2 . (26.6)

Assuming that the system disintegrates once its lifetime exceeds the system size
τ ∼ R [14], theminimummultiplicity needed for that time to be at or above chemical
equilibration time τchem/τR = 1.2 is

dNch

dη
� 110

(
τchem

1.2τR

)3 (
η/s

0.16

)3 (τchem

R

)−2
. (26.7)

This bound is roughly compatiblewith experimentally observed trends of strangeness
enhancement [1–3], which gives theoretical ground for the assumed formation of
chemically equilibrated QGP at high multiplicity collisions.

In summary, we presented the detailed picture of QGP equilibration within QCD
kinetic theory framework. Strikingly, extrapolated to phenomenological values of
η/s, this picture gives realistic equilibration timescales and connects in a novel way
the transport properties of QGP to experimental observations of hadron chemistry in
proton–proton, proton-nucleus and nucleus-nucleus collisions.
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Chapter 27
Strangeness and Light Fragment
Production at High Baryon Density

David Blaschke, Gerd Röpke, Yuri Ivanov, Marina Kozhevnikova,
and Simon Liebing

Abstract We discuss medium effects on light cluster production in the QCD phase
diagram within a generalized Beth-Uhlenbeck (GBU) approach by relating Mott
transition lines to those for chemical freeze-out. We find that in heavy-ion collisions
at highest energies provided by the LHC light cluster abundances should follow the
statistical model because of low baryon densities. At low energies in the nuclear
fragmentation region, where the freeze-out interferes with the liquid-gas phase tran-
sition, selfenergy and Pauli blocking effects are important. At intermediate energies
the HADES, FAIR and NICA experiments can give new information. The GBU
approach provides new insights to strange hadron production in this energy domain
for explaining the “horn” effects.
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27.1 Chemical Freeze-Out in the QCD Phase Diagram

Thebeamenergy scan (BES) programsof heavy-ion collisions (HIC) provide insights
into the systematics of particle production under varying conditions of temperature
and density of the evolving hadronic fireball created in these experiments. A remark-
able fact is that the thermal statistical model of hadron production makes excellent
predictions for particle yields with just two free parameters: the temperature T f o and
the baryon chemical potential μB, f o at the chemical freeze-out [1]. The chemical
freeze-out concept assumes that the system is approximately described by the equi-
librium as long as collisions are frequent to establish the corresponding distributions.
For an expanding fireball, this is no longer the case at a critical density so that the
chemical equilibrium freezes out at the corresponding parameter values for temper-
ature T and baryon number density nB . An empirical relation for T f o as function of
μB has been given in [2]

T f o[GeV] = 0.166 − 0.139(μB/GeV)2 − 0.053(μB/GeV)4, (27.1)

with μB[GeV] = 1.308/[1 + 0.273
√
sNN/GeV] and √

sNN =
√
2mN Elab + 2m2

N ,
mN = 0.939 GeV. It has been discussed in [3] that (27.1) apparently works well
down to T f o ∼ 10 MeV corresponding to HIC at moderate laboratory energies of
Elab = 35 AMeV [4] which have been analyzed in the quantum statistical freeze-out
scheme in [5], but also up to highest energies provided by heavy-ion collisions at the
LHC [1].

In this contribution, we would like to focus on the region between these two
extremes, where the transition from baryon stopping to nuclear transparency takes
place and the highest baryon densities at freeze-out are reached. It is the region of
c.m.s. energies of the future NICA facility [6],

√
sNN = 2 . . . 11 GeV, which was

partly addressed already by AGS and CERN-SPS experiments as well as the RHIC
BES I program and the recent HADES experiment at GSI. Besides the MPD and
BM@N experiments at NICA it will be covered in future by the low-energy RHIC
and the RHIC fixed target programs as well as the FAIR CBM experiment. We want
to elucidate that the yields of light fragments (clusters) like neutrons (n), protons (p),
deuterons (2H, d), tritons (3H, t), helions (3He, h), and α-particles (4He) undergo a
change from being strongly affected by medium effects at lowest energies to free-
streaming quasiparticle behaviour at highest energies and that a similar transition
governs the appearance of the “horn” effects for the ratios of strange to nonstrange
hadron production in this energy range.

In Table 27.1 we show freeze-out parameter values according to (27.1) for dif-
ferent collision energies from the available and planned beam energy scan programs
together with the baryon densities for these parameters, calculated within the statisti-
cal model with and without light clusters. The results are shown by the plus symbols
in the QCD phase diagram of Fig. 27.1, where also the coexistence regions for the
nuclear gas-liquid transition and for two examples of the hadron-quark matter transi-
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Table 27.1 Freeze-out temperatures T f o and chemical potentials μB according to (27.1) by Cley-
mans et al. [2] for heavy-ion collisions with beam energies Elab in the fixed target mode and the
corresponding center of mass energy

√
s in the nucleon-nucleon system relevant for the collider

mode. The last two columns display the total baryon density according to the statistical model
without and with light clusters

Elab [A GeV]
√
sNN [GeV] T f o [MeV] μB [MeV] nnocluster[fm−3] ncluster[fm−3]

1.23 2.0 39.34 846.0 0.0231 0.0529

2.0 2.35 56.38 796.8 0.0371 0.0699

3.85 3.0 79.956 719.1 0.0636 0.0938

8.0 4.3 108.7 601.7 0.1045 0.1238

10 4.7 114.7 572.9 0.1122 0.1288

15 5.6 125.0 517.2 0.1225 0.1347

20 6.4 131.8 476.1 0.1260 0.1354

30 7.7 139.6 421.6 0.1251 0.1316

43 9.2 145.7 372.5 0.1196 0.1242

70 11.6 151.8 313.9 0.1086 0.1158

158 17.2 158.6 229.0 0.0875 0.0890

204 19.6 160.0 205.9 0.0813 0.0825

387 27 162.6 156.2 0.0680 0.0687

809 39 164.2 112.3 0.0566 0.0571

2194 64.2 165.3 72.5 0.0470 0.0474

21298 200 165.9 23.5 0.0364 0.0366

tion from [7] and [8] are displayed as grey shaded regions together with their critical
endpoints.

Accounting for an excluded volume of the hadrons according to [9] (version I)
results in a reduction of the maximal densities that can be reached at chemical freeze-
out (cross symbols), see also [10]. Note that the account of light clusters increases the
freeze-out densities at low temperatures by about a factor two when compared with
a result where no light clusters have been taken into account (triangle symbols) [10].
The freeze-out at high temperatures proceeds from the quark-gluon plasma (QGP)
and basically coincides with the behaviour of the pseudocritical temperatures of the
deconfinement transition Tc obtained in lattice QCD simulations [11, 12]. For T f o <

100 MeV the freeze-out proceeds from a subphase within hadronic matter, such
as the quarkyonic phase characterized by confinement and partial chiral symmetry
restoration, resulting in a triple point in the QCD phase diagram [13, 14].
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Fig. 27.1 Chemical freezeout lines in the temperature density plane (phase diagram) together with
Mott lines for light clusters. The coexistence regions for the nuclear gas-liquid transition and for
two examples of the hadron-quark matter transition are shown as grey shaded regions together with
their critical endpoints. For details, see text

27.2 Freeze-Out and Mott Transition for Light Clusters

The particle production measured in heavy ion collisions (HIC) is of interest to
infer the properties of dense matter. The time evolution of the fireball produced in
HIC demands a nonequilibrium approach to describe the time dependence of the
distribution function of the observed products, which are mainly neutrons, protons,
and clusters at low energies, but also mesons, hyperons and antiparticles at high
energies. Different transport codes have been developed to describe the time evo-
lution of the fireball, but the formation of bound states (clusters) remains an open
problem where some semi-empirical assumptions such as the coalescence model
are applied. The freeze-out concept can only be considered as an approximation
to describe disassembling matter. It has the advantage that correlations and bound
state formation are correctly described within a quantum statistical approach. For a
nonequilibrium theory, the equilibrium is a limiting case, and even more, the quasi
equilibrium (generalized Gibbs ensemble) serves to define the boundary conditions
for the nonequilibrium evolution, see [15].

A topical question is the debate about the origin of light (anti-)hypernuclear clus-
ters at LHC in the ALICE experiment which follow thermal statistical model predic-
tions with T f o ∼ 156.5 MeV [1] despite the fact that their binding energy is about
two orders of magnitude smaller. Are they formed at the hadronization of the QGP
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Fig. 27.2 Binding energies of light clusters in nuclear matter as a function of density for differ-
ent temperatures. Vanishing binding energy defines the Mott transition density. For details of the
calculation, see [17, 18]

and survive because of the sudden character of the freeze-out or are they formed by
coalescence of baryons at a much later stage? Here we add the notion of the Mott
transition [16] to this discussion. Due to an interplay of selfenergy and Pauli-blocking
effects in the Bethe-Salpeter equation for light nuclear clusters their binding energy
becomes medium dependent, see Fig. 27.2 and vanishes (Mott effect) along the Mott
lines in the phase diagram, see Fig. 27.1. For details of the calculation, see [18]. To the
left of theMott lines the corresponding cluster is a bound state (at rest in the medium)
while to the right of it the cluster is partially dissociated. For highest energies (and
temperatures) the medium does not lead to a Mott effect and clusters are formed like
in free space. When lowering the energy there is a crossing between freeze-out and
Mott lines which strongly depends on details of the calculation as, e.g., the account
for a finite momentum of the clusters relative to the medium which would stabilize
them, see Fig. 27.3. The account for light clusters in calculating the freeze-out line
removes the second crossing with the Mott lines at low energies. It is very impor-
tant to study light (hyper)nuclear cluster production in an experiment like HADES,
BM@N or MPD to analyse the transition from high to low T f o systematically.

Here we want to report first results of applying the sudden freeze-out scheme to
light cluster formation in the three-fluid hydrodynamics simulation program THE-
SEUS [21], by including scalar and vector selfenergies for nucleons as medium
effects in the particle distribution functions on the freeze-out surface. Calculations
for the deuteron rapidity distribution in Pb+Pb collisions at Elab = 20 A GeV and
30 A GeV are shown in Fig. 27.4 and compared to experimental data from the NA49
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Fig. 27.3 Left: Binding energies of light clusters in nuclear matter as a function of the center
of mass momentum P relative to the nuclear medium (Fermi sphere), see right panel. Vanishing
binding energy defines the Mott momentum above which the clusters are bound states, see [18]

Fig. 27.4 Results of the NA49 collaboration for the deuteron rapidity distribution in Pb+Pb colli-
sions at Elab = 20 A GeV (left panel) and Elab = 30 A GeV (right panel) compared with results
from the three-fluid hydrodynamics simulation (THESEUS) for impact parameter b = 3 fm using
a crossover equation of state model with a thermal statistical model with (broken lines) and without
(solid lines) selfenergy effects

collaboration. We observe that the best description is obtained when the selfenergy
effects are discarded. It is necessary to include also the momentum-dependent Pauli-
blocking effects in a further development of this study and compare results with
recent data from the HADES collaboration at lower energies Elab = 1.23 A GeV
[22] to find out at which energy the importance of nuclear medium effects for cluster
production sets in. These new results can be compared with previous results for light
clusters [23] obtained within THESEUS by applying the coalescence scheme [24]
for cluster formation in the final state of the collision.
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Fig. 27.5 The “horn” in the
collision energy dependence
of the ratio K+/π+ from
different experiments (full
symbols) compared to the
results from a GBU approach
to pions and kaons in dense
quark matter (solid line)
[26]. The results for K−/π−
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be compared with the
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27.3 “Horn” Effects in Strangeness Production

The effect of a “horn” structure for the ratio of strange to nonstrange particle pro-
duction as a function of the collision energy has been suggested by Gazdzicki and
Gorenstein [19] and was established experimentally by the NA49 collaboration [20]
for the particle ratio K+/π+ to be located between the AGS and the SPS domains
of collision energy at

√
sNN ∼ 8 GeV. A similar structure has also been found in the

energy scan of the ratio �/π− [1] and they have been attributed to a tricritical point
in the QCD phase diagram [13, 14].Within standard HIC simulations this horn effect
has not been reproduced (see, e.g., [21]), but when accounting for effects of partial
chiral symmetry restoration on strangeness production already in the hadronic phase
the horn effect is interpreted as an enhancement of strangeness production on the
rising branch of the ratio [25]. Another interesting aspect may be the occurrence of
a plasmon-like mode in the K+ channel at the hadronisation transition that can be
described within a PNJL model for the quark-gluon plasma [26], see Fig. 27.5. It is
also possible that a threshold-like enhancement of the pion production for collisions
at

√
sNN > 8 GeV due to the onset of Bose condensation of pions [27] contributes

to the pronouncedness of the effect [28]. A systematic approach should also explain
the strong system-size dependence observed by the NA61/SHINE experiment [29].

27.4 Conclusions

We have argued for the importance to combine quantum statistical analyses of low-
energy heavy-ion collisions with simulations the NICA parameter region. Light clus-
ters are of interest to determine the parameter values at freeze-out, in particular the
density that is not well known and the role of the in-medium effects, for instance for
the deuteron yield. A second topical goal is the study of strange hadron production in
this context, with inputs from chiral quark models of hadrons within the generalized
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Beth-Uhlenbeck approach in order to pin down the nature of the “horn” effects for
strange-to-nonstrange particle ratios.
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Chapter 28
Cross-Correlators of Conserved Charges
in QCD

Rene Bellwied, Szabolcs Borsanyi, Zoltan Fodor, Jona N. Guenther,
Jacquelyn Noronha-Hostler, Paolo Parotto, Attila Pásztor, Claudia Ratti,
and Jamie M. Stafford

Abstract We present cross-correlators of QCD conserved charges at μB = 0 from
lattice simulations and perform a Hadron Resonance Gas (HRG) model analysis to
break down the hadronic contributions to these correlators. We construct a suitable
hadronic proxy for the ratio −χ BS

11 /χ S
2 and discuss the dependence on the chemical

potential and experimental cuts.We then perform a comparison to preliminary STAR
results and comment on a possible direct comparison of lattice and experiment.

28.1 Introduction and Setup

The transition between hadronic matter and deconfined Quark Gluon Plasma (QGP)
is a smooth crossover at vanishing baryon chemical potential [1–4], and is believed
to turn into a first order transition for larger values of the chemical potential. Among

R. Bellwied · P. Parotto · C. Ratti · J. M. Stafford
Department of Physics, University of Houston, Houston, TX 77204, USA

S. Borsanyi · Z. Fodor · J. N. Guenther · P. Parotto (B)
Department of Physics, University of Wuppertal, Wuppertal D-42119, Germany
e-mail: parotto@uni-wuppertal.de

Z. Fodor · A. Pásztor
Eötvös University, Budapest 1117, Hungary

Z. Fodor
Jülich Supercomputing Centre, Jülich D-52425, Germany

Physics Department, UCSD, San Diego, CA 92093, USA

J. N. Guenther
Department of Physics, University of Regensburg, Regensburg D-93053, Germany

J. Noronha-Hostler
Department of Physics, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_28

191

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_28&domain=pdf
mailto:parotto@uni-wuppertal.de
https://doi.org/10.1007/978-3-030-53448-6_28


192 R. Bellwied et al.

the best suited observables for the study of the QCD phase diagram in the transition
region are fluctuations of conserved charges. They can be studied in theory through
first principles lattice QCD calculations (see e.g. [5–9]), as well as being closely
connected to experimentally available measurements of net-particle fluctuations and
correlations [10–14]. Due to the fact that some hadrons cannot be detected in exper-
iment, a sizable share of B, Q, S is lost. Historically, the hadronic proxies used for
B, Q and S are protons, the sum p + π + K and the kaons themselves, respectively.
More recently, the attention has moved towards non-diagonal correlators between
conserved charges [13, 14].

In this contribution we build a bridge between lattice-QCD-calculated correlators
of conserved charges and experimentally accessible fluctuations and correlations of
hadronic species, focusing on the correlator between baryon number and strangeness
χ BS
11 . We employ the HRG model in order to include the effect of resonance decays

and cuts on the kinematics, which are present in the experiment. Most importantly,
the HRG model allows us to isolate single particle-particle correlations and connect
them to the correlators of conserved charges.

The ideal HRG model partition function is a sum over the single-state partition
functions. Fluctuations of conserved charges are expressed as derivatives of the grand
partition function with respect to the different chemical potentials:

χ
BQS
i jk (T, μ̂B , μ̂Q , μ̂S) = ∂ i+ j+k

(
p/T 4

)

∂μ̂i
B∂μ̂

j
Q∂μ̂k

S

=
∑

R

Bi
R Q j

R SkR I Ri+ j+k

(
T, μ̂B , μ̂Q , μ̂S

)
, (28.1)

where μ̂i = μi/T , and the phase space integral at order i + j + k reads (note that
it is completely symmetric in all indices, hence i + j + k = l):

I Rl
(
T, μ̂B, μ̂Q, μ̂S

) = ∂ l pR/T 4

∂μ̂l
R

. (28.2)

It is possible to recast the sum in (28.1) as a sum over the fewer states which are
stable under strong interactions:

∑

R

Bl
RQ

m
R S

n
R I

R
p →

∑

i∈stable

∑

R

(PR→i )
p Bl

i Q
m
i S

n
i I

R
p , (28.3)

where (PR→i )
p is the average number of particles i produced by the decay of

particle R.
The advantage of expressing the fluctuations in (28.1) in term of stable particles, is

that we can further distinguish by particles which can be—or usually are—detected
in experiment, and those which are not. In this work we employ the hadronic list
labeled as PDG2016+ in [17], with the list of decays described and first utilized in
[18]. We will hereafter consider the following species as the commonly measured
ones:

π±, K±, p (p) , �(�), �−(�
+
), �−(�

+
).
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In Fig. 28.1 we show the χ BS
11 correlator as a function of the temperature for

vanishing chemical potential, calculated from the lattice (left panel) at different finite
spacings, as well as its continuum extrapolation. In the right panel, along with the
continuum extrapolation, we show the results from our HRG model analysis, where
we separate the contribution to this correlator from measured and non-measured
hadronic species. We see that the contributions roughly correspond to the same
amount. Moreover, we can see in Fig. 28.2 the breakdown of the main contributions
from measured particle-particle correlations to −χ BS

11 and χ S
2 at vanishing chemical

potential.
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Proxy for −χ BS
11 /χ S

2

In order to perform a comparison to experiment and potentially to latticeQCD results,
we consider the ratio−χ BS

11 /χ S
2 . Exploiting the information in Fig. 28.2, we construct

the following proxy for this ratio:

C̃�,�K
BS,SS = σ 2

�/(σ 2
K + σ 2

�), (28.4)

which is shown in the left panel of Fig. 28.3 as a blue dotted line, alongside the ratio
−χ BS

11 /χ S
2 (black solid line). This quantity well reproduces the full contribution for

all temperatures around the QCD transition.
In Fig. 28.4 we show the same comparison for finite chemical potential, along

parametrized chemical freeze-out lines with T (μB = 0) = 145, 165MeV. In the left
panel we show the comparison in the absence of cuts on the kinematics, while in the
central panel we introduce “exemplary” cuts, which are the same for all the hadronic
species; in both cases we see that the proxy works well for a broad range of collision
energies. In the right panel we compare our proxy in the case with and without the
cuts, and notice that the effect of the cuts is quite modest. This hints at the possibility
of directly comparing lattice QCD calculations and experimental measurements for
this particular ratio.

In the right panel of Fig. 28.3 we compare preliminary STAR results to our proxy,
where we have utilized the same cuts as present in the experimental analysis [12,
13]. We see that a higher chemical freeze-out temperature is preferred, which is in
line with previous findings [19, 20]. A direct comparison to lattice QCD results is
however premature, since it is essential that the same cuts are applied to all hadronic
species for the proxy we constructed to reproduce the ratio −χ BS

11 /χ S
2 .
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Chapter 29
Parton Hadron Quantum Molecular
Dynamics (PHQMD)—A Novel
Microscopic N-Body Transport
Approach For Heavy-Ion Dynamics
and Hypernuclei Production

Elena Bratkovskaya, Jörg Aichelin, Arnaud Le Fèvre, Viktar Kireyeu,
Vadim Kolesnikov, Yvonne Leifels, and Vadim Voronyuk

Abstract We present the novel microscopic n-body dynamical transport approach
PHQMD(Parton-Hadron-Quantum-Molecular-Dynamics) for the description of par-
ticle production and cluster formation in heavy-ion reactions at relativistic ener-
gies. The PHQMDextends the established PHSD (Parton-Hadron-String-Dynamics)
transport approach by replacing the mean field by density dependent two body inter-
actions in a similar way as in the Quantum Molecular Dynamics (QMD) models.
This allows for the calculation of the time evolution of the n-body Wigner density
and therefore for a dynamical description of clusters and hypernuclei formation. The
clusters are identified with the MST (Minimum Spanning Tree) or the SACA (‘Sim-
ulated Annealing Cluster Algorithm’) algorithmwhich—by regrouping the nucleons
in single nucleons and noninteracting clusters—generates the most bound configu-
ration of nucleons and clusters. Collisions among particles in PHQMD are treated in
the same way as in PHSD. In [1] we presented the first results from the PHQMD for
general ‘bulk’ observables such as rapidity distributions and transverse mass spectra
for hadrons as well as for clusters production, including hypernuclei, at SIS and
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FAIR/NICA/BES RHIC energies. The selected results on clusters and hypernuclei
production from [1] are discussed in this contribution.

29.1 Introduction

The study of cluster and hypernucleus production, which reflects the phase space
density during the expansion phase, is of particular interest from experimental as
well as from theoretical side. The production mechanisms of hypernuclei may shed
light on the theoretical understanding of the dynamical evolution of heavy-ion reac-
tions which cannot be addressed by other probes. In particular, the formation of
heavy projectile/target like hypernuclei elucidates the physics at the transition region
between spectator and participant matter. Since hyperons are produced in the over-
lap region, multiplicity as well as rapidity distributions of hypernuclei formed in the
target/projectile region depend crucially on the interactions of the hyperons with the
hadronic matter, e.g. cross sections and potentials. On the other hand, midrapidity
hypernuclei test the phase space distribution of baryons in the expanding participant
matter, especially whether the phase space distributions of strange and non-strange
baryons are similar and whether they are in thermal equilibrium.

The description of cluster and hypernuclei formation is a challenging theoretical
taskwhich requires (I) themicroscopic dynamical description of the time evolution of
heavy-ion collisions; (II) themodelling of themechanisms for the clusters formation.

Cluster formation has often been described either by a coalescence model [2,
3] or statistical methods [4] assuming that during the heavy-ion reaction at least a
subsystem achieves thermal equilibration. Both of these models have serious draw-
backs. The most essential is that they are not able to address the question of how
the clusters are formed and what we can learn from the cluster formation about the
reaction dynamics.

29.2 PHQMD: Basic Ideas

In order to overcome the limitations of existing models for the clusters formation,
we advance the novel Parton-Hadron-Quantum-Molecular Dynamics (PHQMD) [1]
approach which is based on the collision integrals of the Parton-Hadron-String
Dynamics approach [5, 6] and density dependent 2-body potential interactions of
QMD type models [7, 8]. These clusters can be identified by two methods: either by
the minimum spanning tree (MST) procedure [7] or by a cluster finding algorithm
based on the simulated annealing technique, the Simulated Annealing Clusterization
Algorithm (SACA) [9, 10]. Presently an extended version—the ‘Fragment Recog-
nition In General Application’ (FRIGA) [11] is under development which includes
symmetry and pairing energy as well as hyperon-nucleon interactions. The MST
algorithm is based on spatial correlations and it is effective in finding the clusters
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at the end of the reaction. In order to identify the cluster formation already at early
times of the reaction, when the collisions between the nucleons are still on-going
and the nuclear density is high, the SACA approach is used. It is based on the idea
of Dorso and Randrup [12] that the most bound configuration of nuclei and nucleons
evolves in time towards the final cluster distribution.

29.3 Results

First results from combined PHSD/SACA approach have been reported in [13].
Recently we presented the first results from the PHQMD approach on ‘bulk’ dynam-
ics, covering the energy range from SIS to RHIC, as well as the results on dynamical
cluster formation, including hypernuclei, based on the MST and SACA models [1].
In this contribution we show the selected results from [1].

In Fig. 29.1 we display our results for Au+Au at 600 AMeV calculated with a hard
EoS in comparison with minimum bias ALADIN data [14]. The clusters identified
by SACA are stable for times larger than 50 fm/c as shown in Fig. 29.1. One can
see clearly that PHQMDwith a hard EoS reproduces quite nicely the experimentally
observed ‘rise and fall’. The rise and fall of the intermediate mass cluster multiplicity
depends strongly on the nuclear equation-of-state. As shown in [1], the rise and fall
for a soft EoS overpredicts the data at large Zbound 2. There in semi-peripheral and
peripheral collisions, where Zbound 2 is large, the spectator matter is much less stable
and fragments into a much larger number of intermediate mass clusters as compared
to a hard EoS (Fig. 29.1). Thus, the fragment pattern in semi-peripheral reactions
can serve as an additional observable to determine the hadronic EoS experimentally.

A special interest is related to the production of hypernuclei in heavy-ion col-
lisions. In Fig. 29.2 we show the multiplicity of light and heavy hypercluster as a
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Fig. 29.2 (right) Themultiplicity of hyperclusters as a function of the impact parameter for Au+Au
collisions at 4 AGeV calculated with the PHQMD using the SACA cluster recognition algorithm.
The blue dots show the multiplicity of all hyper-nuclei, while the green squares and black rhombus
stand for A ≤ 4 and A ≥ 5, respectively

function of the impact parameter for Au+Au collisions at 4 AGeV. As seen from this
figure, the yield of light hyper-clusters decreases with the impact parameter, mainly
because the overlap region between projectile and target gets smaller and hence less
hyperons are produced. In central collisions, mainly small hypernuclei (A ≤ 4) are
formed while mid-central collisions are better suited for a study of heavier hypernu-
clei (A ≥ 5). Hypernuclei with A ≥ 5 are dominantly produced by hyperons which
enter the spectator matter and get caught there. Therefore, for heavy hyper-nuclei
production there is a competition between the hyperon production which decreases
with impact parameter and the spectator matter whose size increases with impact
parameter.

Summarizing, we present the PHQMD transport approach which can be used for
the dynamical cluster identification including the hypernuclei production from low
to ultrarelativistic energies.
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Chapter 30
�K Femtoscopy in Pb–Pb Collisions at√
sNN = 2.76 TeV Measured with ALICE

Jesse T. Buxton

Abstract The first measurements of the scattering parameters of �K pairs in all
three charge combinations (�K+, �K−, and �K0

S) are presented. The results are
achieved through a femtoscopic analysis of �K correlations in Pb–Pb collisions at√
sNN = 2.76 TeV recorded by ALICE at the LHC. The femtoscopic correlations

result from strong final-state interactions, and are fit with a parametrization allowing
for both the characterization of the pair emission source and the measurement of the
scattering parameters for the particle pairs.

30.1 Introduction

Femtoscopy is an experimental method used to study the space–time characteristics
of the particle emitting sources in relativistic particle collisions. With this method,
two- (or many-) particle relative-momentum correlation functions are used to con-
nect the final-statemomentumdistributions to the space–time distributions of particle
emission at freeze-out [1]. The correlation functions are sensitive to quantum statis-
tics, as well as strong and Coulomb final-state interactions (FSI). Thus, femtoscopy
can offer a unique environment in which to measure nuclear scattering parameters,
many of which are difficult, if not impossible, to measure otherwise.

30.2 Data Analysis

This work reports on the analysis of Pb–Pb collisions at
√
sNN = 2.76 TeV produced

by the LHC and measured by the ALICE experiment in 2011. Charged particle
tracking was performed using the Time Projection Chamber (TPC) and the Inner
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Tracking System (ITS). Particle identification for reconstructed tracks was carried
out using both the TPC and Time-Of-Flight (TOF) detectors in the pseudorapidity
range |η| < 0.8. The purities of the K± collections are estimated to be PK± ≈ 97%
in the range 0.14 < pT < 1.5 GeV/c. Electrically neutral � (�) and K0

S particles
were reconstructed through their weak decays: �→ pπ− and K0

S→ π+π−. The �

and � purities are estimated to be P�(�) ≈ 95% (pT > 0.4 GeV/c), and that of the
K0

S is PK0
S
≈ 98% (pT > 0.2 GeV/c). When forming particle pairs, a shared daughter

restriction is applied to ensure the first particle in the pair is unique from the second.
Furthermore, an average separation constraint is imposed to remove splitting and
merging effects.

30.3 Analysis Methods

The two-particle correlation function is defined as the ratio of the covariant two-
particle and single-particle spectra. In practice, the correlation function is formed
experimentally as C(k∗) = N A(k∗)

B(k∗) , where A(k∗) is the signal distribution, B(k∗) is
the reference distribution, and N is a normalization parameter. The signal distribu-
tion is the same-event distribution of particle pairs, and the reference distribution
is obtained using mixed-event pairs [2], i.e., particles from a given event are paired
with those from another event.

Theoretically, the �Kcorrelation function can be described analytically with a
model derived by Lednický and Lyuboshitz [3],

C(k∗)Lednick ý =1 +
∑

S

ρS

[
1

2

∣∣∣∣
f S(k∗)
Rinv

∣∣∣∣
2 (

1 − dS
0

2
√

πRinv

)

+ 2� f S(k∗)√
πRinv

F1(2k
∗Rinv) − � f S(k∗)

Rinv
F2(2k

∗Rinv)

]
,

(30.1)

where f (k∗) is the complex scattering amplitude, F1 and F2 are analytic functions,
and Rinv is the radius of the spherically symmetric Gaussian distribution assumed for
the pair emission source in the pair rest frame. The complex scattering amplitude is

evaluated via the effective range approximation, f (k∗) =
(

1
f0

+ 1
2d0k

∗2 − ik∗
)−1

,

where f0 is the complex s-wave scattering length and d0 is the effective range of the
interaction.

Residual correlations The finally measured correlation function is a combination
of the genuine �Kcorrelation with contributions from both impurities and residual
correlations resulting from resonance feed-down [4],

Cmeasured(k
∗
�K) = 1 + λ′

�K[C�K(k∗
�K) − 1] +

∑

i j

λ′
i j [Ci j (k

∗
�K) − 1], (30.2)
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Fig. 30.1 THERMINATOR 2 simulation (open triangles) with experimental data (closed circles)
for the 30–50% centrality range. Results are shown for �K+ (left), �K− (middle), and �K0

S
(right). A 6th-order polynomial fit to the simulation is shown as a dashed curve. This polynomial
scaled to match the experimental data is drawn as a solid curve

where λ′
i j = λFitλi j , the �K term represents the genuine �K correlation, and the

i j terms denote the contributions from impurities and residual correlations. The
λi j parameters serve as weights dictating the relative strength of each component’s
contribution to the observed signal, and are estimated using the THERMINATOR
2 and HIJING simulations [4, 5]. The net correlation signal from the small subset
of pairs containing an impurity (i.e., pairs with at least one misidentified member)
is assumed to average to unity. The main sources of residual correlations in the
�K systems result from � hyperons which have decayed from �0, �0, and �−
parents. When modeling the �0K and �0K systems, for which the interactions are
not known, the source radii and scattering parameters are assumed equal to those
of the daughter �K system. For modeling the �−K± contribution, the available
experimental �−K± data are used. Each residual component, Ci j (k∗

�K) in (30.2),
is the parent correlation function expressed in terms of the relative momentum of
the daughter �Kpair, and is obtained using a transform matrix generated with the
THERMINATOR 2 [6] simulation (see [4] for more details).

Non-femtoscopic background Asignificant non-femtoscopic background is observed
in all studied �K correlations, which is primarily due to particle collimation associ-
ated with elliptic flow, and results from mixing events with unlike event planes [7].
Each background is modeled using a 6th-order polynomial fit to the THERMINA-
TOR 2 simulation, as shown in Fig. 30.1, which is then applied as a scale factor in
the final fit function.

30.4 Results

Figure 30.2 shows experimental �K correlation functions with fits for the 0–10%
centrality percentile interval. All six �K systems are fit simultaneously across all
centralities, with a single radius and λFit parameter for each centrality interval. Scat-
tering parameters (� f0,� f0, d0) are shared between pair-conjugate systems, but they
are assumed unique among the different�K charge combinations. Figure 30.3 sum-
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Fig. 30.2 Fit results for the �K data in the 0–10% centrality range; �K+⊕�K− are shown in the
left column,�K−⊕�K+ in the middle, and�K0

S⊕�K0
S in the right. The curves show the primary

�K contribution to the fit, i.e., 1 + λ′
�KC�K in (30.2) (dotted), the fit to the non-femtoscopic

background (dashed), and final fit (solid)

Fig. 30.3 Extracted fit parameters for all of the�K systems. The cross ([A]= [8]) and X (B= [9])
points show theoretical predictions made using chiral perturbation theory

marizes the extracted �K fit parameters. For all �K systems, positive imaginary
parts of the scattering lengths, �( f0), describing the inelastic scattering channels,
are extracted. More interestingly, the results show that the �K+ and �K− systems
differ in the sign of the real part, �( f0), of their scattering lengths, with a negative
value for�K+ and positive value for�K− (and�K0

S). The real part of the scattering
length describes the effect of the strong interaction, with a positive value signifying
an attraction and a negative value signifying a repulsion. Therefore, the results from
this analysis indicate that the strong force is repulsive in the �K+ interaction and
attractive in the �K− and �K0

S interactions.

30.5 Summary

Results from a femtoscopic analysis of�K correlations in Pb–Pb collisions at
√
sNN

= 2.76TeVmeasured by theALICE experiment at the LHChave been presented. The
femtoscopic radii, λ parameters, and scattering parameters were extracted from one-
dimensional correlation functions in terms of the invariant momentum difference.
Striking differences are observed in the�K+, �K−, and�K0

S correlation functions,
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and the extracted scattering parameters indicate that the strong force is repulsive in
the �K+ interaction and attractive in the �K− and �K0

S interactions. This effect
could be due to different quark–antiquark interactions between the pairs, or from
different net strangeness for each system.
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Chapter 31
Geometry and Dynamics of Particle
Production Seen by Femtoscopic Probes
in the STAR Experiment

Paweł Szymański

Abstract The main goal of studying heavy-ion collisions is to understand the prop-
erties of the matter under extreme conditions. The spatial and temporal character-
istics of particle emission can be extracted using the femtoscopy technique. From
non-identical particle correlations one can obtain information about asymmetry in
emission process between two kind of particles. Such asymmetry can provide infor-
mation about which type of particles are emitted earlier and/or closer to the center of
the source. In these proceedings, results on femtoscopic observables of pion, kaon
and proton non-identical particle combinations and transverse mass dependence of
three-dimensional femtoscopic observables for charged kaons in Au+Au collisions
at energy

√
sNN = 39 GeV will be reported.

31.1 Introduction

The Solenoidal Tracker at RHIC (STAR) is a large detector system at Relativistic
Heavy Ion Collider (RHIC) [1]. A comprehensive program called BeamEnergy Scan
(BES) designed to study the phase diagram of nuclear matter, has been launched at
RHIC. It uses gold ion collisions at collision energy (

√
sNN ) in the range from 7.7

up to 200 GeV. The program studies the phase transition signatures and it is aimed
at finding a localization of the critical point between cross over and the first-order
phase transitions [2].
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31.2 Femtoscopy

Femtoscopy is the only tool to perform studies of the particle-emitting source which
has a size and life time of the order 10−15 m and 10−23 s, respectively. Through
two particle correlations at low relative momentum, which measure their statistical
effects and interactions between them in the final state, one can study space-time
characteristics of the source.

The correlation function (C(q)), which is used in femtoscopy, is defined as a ratio
of probability of observing twoparticleswithmomentap1 andp2 to a product of prob-
abilities of observing such particles independently. This function is determined by a
pair wave function (ψ(q, r)), which includes information about quantum-statistical
effects and interactions, and emission function (S(q, r)), which contains space-time
information about the source:

C(q) =
∫

d3S(q, r)|ψ(q, r)|2 (31.1)

where q is a difference between momenta p1 and p2, and r is a difference between
the position of the first and second particle in the pair, respectively.

Kaon femtoscopy provides complementary information to pions. Strange parti-
cles provide cleaner signal as compared to pions, because they are less affected by
resonance decays. Such correlation depends on quantum-statistical effects and final
state interactions, which are Coulomb and strong forces. In case of identical kaon
pairs strong interaction is assumed to be negligible [3].

Non-identical particle femtoscopy is a useful tool to study geometry and dynamics
of particle production, like measurements of asymmetries in emission process [4].

31.3 Identical Kaon Femtoscopy

Geometrical source characteristics are determined through fitting procedure using
Bowler-Sinyukov approach [5, 6]:

C(qo, qs, ql) = 1 − λ + λK (qinv)(1 + exp[−R2
oq

2
o − R2

s q
2
s − R2

l q
2
l ]) (31.2)

where λ is the correlation strength, Ro,s,l are the radii of the particle-emitting source
in out, side and long directions, respectively (using Bertsch-Pratt parametrization [7,
8]), and K (qinv) is the Coulomb factor.

Figure 31.1 shows the transverse mass (mT =
√
k2T + m2, kT = |pT,1 + pT,2|/2)

dependence of the extracted femtoscopic radii for pions and charged kaons measured
in Au+Au collision at

√
sNN = 39 GeV. Obtained sizes are smaller for peripheral

collisions. The radii decrease with increasingmT . The radii in long and out directions
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Fig. 31.1 Transverse mass dependence of sizes of kaon and pion source at
√
sNN = 39 GeV. Only

stat. uncertainties

are larger for kaons than for pions at the same transverse mass, that indicate breaking
of mT -scaling.

31.4 Non-identical Particle Femtoscopy

The correlation function, C(k∗), can be represented as the decomposition into spher-
ical harmonic components [9]:

C(k∗) =
∑
l,m

Cm
l (q)Ym

l (θ,φ), Cm
l (q) =

∫

Ω

C(k∗, θ,φ)Ym
l (θ,φ)dΩ (31.3)

where k∗ is the particlemomentum inPairRest Frame, θ andφ are polar and azimuthal
angles, respectively. The C0

0 component is sensitive to the system size and C1
1 is

sensitive to the emission asymmetry.
Figure 31.2a presents C0

0 components for different particle system with like-sign
particle combinations for 0–10% of the most central Au+Au collisions at

√
sNN =

39 GeV. These correlations are dominated by the Coulomb interaction. Interactions
between unlike-sign particle combinations (Fig. 31.2b) are more complicated. For
pion-proton unlike-sign pairs there is a visible peak around k∗ = 0.1 GeV/c that
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Fig. 31.2 Spherical harmonics C0
0 components for like-sign pairs a and unlike-sign pairs b for

different particle combinations. Only stat. uncertainties
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Fig. 31.3 Spherical harmonics C1
1 components for like-sign pairs a and unlike-sign pairs b for

different particle combinations. Only stat. uncertainties

corresponds to the Λ hyperon decay. The shape of the correlation functions of kaon-
proton pairs is determined by the non-negligible contribution from strong interaction.
Figure 31.3a, b show that asymmetries in the emission process existed for each
analysed pair combination.

31.5 Summary

For Au+Au collisions at
√
sNN = 39 GeV pion and kaon source sizes seem to follow

different transversemass dependence, which indicate breaking of the transversemass
scaling. There is a different shape of correlation functions for various non-identical
particle combinations. In case of Kp the strong interaction is not negligible and
requires further investigation.

An emission asymmetry is observed for particle combinations with different
masses produced in Au+Au collisions at

√
sNN = 39 GeV. The clear asymmetry sig-

nal implies collective (and dynamical) effects. Shape of both components of spherical
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harmonics (C0
0 and C

1
1 ) suggest that lighter particles are emitted closer to the center

of the source and/or later than heavier particles.
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Chapter 32
The Spatial Sub-separation
of Strangeness from Antistrangeness
in Heavy-Ion Collisions at Energies
of FAIR and NICA

Larisa Bravina, Oleksandra Panova, Oleksandr Vitiuk, Evgeny Zabrodin,
and Horst Stöcker

Abstract The heavy-ion collisions at energies of FAIR andNICA are studied within
the microscopic transport model. The whole interaction area is subdivided into the
small cells. We perform the analysis of the space-time evolution of all particles in
all cells, in the T − μB and T − μS planes, and the analysis of the finally emitted
strange and non-strange particles in the x − t plane. Following the time evolution
of all distributions, we clearly see the spacial separation of strangeness from anti-
strangeness, as well as earlier freeze-out times of kaons and pions compared to those
of protons and Lambdas. The latter appear to be frozen out at lower temperature and
larger strangeness chemical potential.

32.1 Introduction

Experiments with heavy-ion collisions at center-of-mass energies 3.5 ≤ √
s ≤

11 GeV accessible for Beam Energy Scan at RHIC and for coming facilities FAIR
(GSI) and NICA (JINR), aim to study properties of hot and dense nuclear matter at
temperatures above 100 MeV and baryon chemical potentials about 400–500 MeV.
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Themeasured final state distributions are compared to calculations of variousmodels
in order to recognize new phenomena, most likely associated with the transition to
new state of matter, quark-gluon plasma (QGP). These models can be roughly sub-
divided into microscopic transport models and macroscopic models, which include
hydrodynamic and thermal statistical models. Among the differences between the
microscopic and macroscopic approaches is the treatment of particle freeze-out.
Whereas the macroscopic models employ the ad hoc assumption of sudden freeze-
out of hadrons, microscopic models allow the particles to leave the interaction area
from the very beginning of the collision. Instead of sharp simultaneous freeze-out
of all hadrons microscopic models favor continuous sequential particle freeze-out
[1, 2]. But the hot fireball rapidly expands, therefore, temperatures of hadrons emitted
at different times should be different. To check the consequences of such scenario for
heavy-ion collisions at energies of FAIR and NICA we employ the UrQMD model
[3, 4].

32.2 Space-Time Freeze-Out of (Non) Strange Hadrons

Our strategy is as follows. We run about 5 · 104 central Au + Au collisions at each
of four energies, Elab = 10, 20, 30, and 40 AGeV. The whole volume of the fireball
is subdivided into small cubic cells with volume 3 fm3. The snapshots of the system
evolution are made with the time step �t = 1 fm/c. After determination of energy
density ε, net baryon density ρB , and net strangeness density ρS , we fit the data to
statistical model (SM) of ideal hadron gas to find temperature T , baryon chemical
potentialμB and strangeness chemical potentialμS of the cell (for details see, e.g. [5,
6]). Then, every particle from the final spectrum of hadrons is traced back to its last
interaction point, elastic or inelastic. Knowing the space-time coordinates of the area
from which the hadron was emitted, we get both the space-time freeze-out picture of
hadron species and their freeze-out distributions in the T − μB plane. Figure 32.1
shows that main part of kaons is emitted within 2 ≤ t ≤ 10 fm/c, whereas for �

this period lasts from t ≈ 8 fm/c to t ≈ 20 fm/c. Temperature and baryochemical

Fig. 32.1 d2N/dtdz distribution of kaons (left) and Lambdas (right) produced in UrQMD calcu-
lations of central Au + Au collisions at Elab = 40 AGeV
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Fig. 32.2 Time evolution of temperature (upper row) and baryon chemical potential (bottom row)
in the central layer 0 ≤ y ≤ 1 fm of central Au + Au collisions at Elab = 40 AGeV

potential are also distributed non-uniformly even within thin layer 0 ≤ y ≤ 1 fm, as
displayed in Fig. 32.2. The hottest areas are the remnants of colliding nuclei, while the
central area has the largestμB . Therefore, we restrict our consideration to central area
with volume V = 125 fm3. It looks homogeneous w.r.t. T and μB after t ≥ 8 fm/c.
Time evolution of T andμB in the central cell in Au+Au collisions at all 4 energies
is depicted in Fig. 32.3. Here average freeze-out times of π, N , N̄ , K , K̄ ,Λ, Λ̄,Σ ,
and Σ̄ are plotted also. We see that mesons are frozen earlier than baryons. Anti-
kaons are frozen earlier than kaons, and Λ̄ are frozen earlier than �. The sequential
freeze-out of hadrons (i) influences directed and elliptic flow of these particles [7] and
(ii) helps to explain the difference in � and Λ̄ polarization at intermediate energies
[8, 9].

32.3 Conclusions

The following conclusions can be drawn from our study. (1) Microscopic models
favor continuous freeze-out of hadrons. Each hadron specie i has its own average
T i
FO andμi

FO , which complicates the comparison with the standard statistical model
of ideal hadron gas. (2) The sequential chemical freeze-out of hadrons influences
development of their anisotropic flow, particularly, directed flow. (3)Different freeze-
out conditions both in time and in space for � and �̄ can explain the experimentally
observed difference in polarization of both hyperons.



218 L. Bravina et al.

Fig. 32.3 Evolution of T versus μB and average freeze-out temperatures and baryon chemical
potentials of different hadrons in central cell with V = 125 fm3 in central Au + Au collisions at
Elab = 10, 20, 30, and 40 AGeV
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Chapter 33
Strangeness Flow in Au + Au Collisions
at 1.23 AGeV Measured with HADES

Lukáš Chlad

Abstract We present preliminary results on anisotropic flow of particles with
strangeness content (K 0

s and K+) in Au + Au collisions at
√
sNN = 2.42GeV mea-

sured with HADES. The strange particle flow in heavy-ion collisions is a good probe
for the nuclear equation-of-state. Kaon flow was rarely measured at such low centre-
of-mass energies, due to the sub-threshold production of strangeness. Thanks to the
large statistics of 2.6 billion 40% most central collisions, this study is now possi-
ble. The obtained flow parameters (differential measurement of directed and elliptic
flow w.r.t. centre-of-mass rapidity and transverse momentum) are compared with
previously published world data as well as with flow of non-strange particles.

33.1 Introduction

In order to understand the extreme state of nuclear matter that exists for example in
neutron stars, kaon properties in dense nuclear matter are of particular interest [1].
In simulations [2] it was shown that kaon flow can differentiate between various
applied potentials thanks to the large mean free path of kaons in matter. Using the
SIS18 accelerator at GSI, several measurements have been done by the KaoS and
FOPI collaborations [3, 4] resulting in an almost negligible directed kaon flow. At
around the same time it was shown in [5] that zero transverse flow of nucleons can
be caused by the integration of nucleons over a wide range of transverse momentum,
due to the fact that nucleons with high transverse momentum have positive flow and
those with low pT have negative flow. A similar effect can be observed for kaons.
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e-mail: chlad@ujf.cas.cz

Faculty of Mathematics and Physics, Charles University,
Ke Karlovu 2027/3, 12116 Prague 2, Prague, Czech Republic

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_33

221

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_33&domain=pdf
mailto:chlad@ujf.cas.cz
https://doi.org/10.1007/978-3-030-53448-6_33


222 L. Chlad

33.2 HADES Au + Au Experiment

The analysis presented in this contribution is based on a data set collected by the
High-Acceptance Dielectron Spectrometer (HADES) in 2012, measuring Au + Au
collisions with

√
sNN = 2.42GeV. The HADES detector is located at the GSI

Helmholtzzentrum für Schwerionenforschung near Darmstadt, Germany. It is a
multi-purpose, fixed target, charged particle detector providing the possibility to
measure both elementary and heavy-ion collisions thanks to the broad range of pro-
jectiles accelerated by the SIS18. The spectrometer consists of six superconducting
coils which divide the detector into six identical sectors covering almost the full
azimuthal angle and a polar angle interval of 18–85◦. Each sector contains a Ring
Imaging Cherenkov detector (RICH) for electron identification, four planes of Mini-
Drift Chambers (MDC) for momentum determination, scintillator based Time-Of-
Flight (TOF) and Resistive Plate Chamber (RPC) detectors for time measurement.
In addition, there is a diamond START detector in front of the target for trigger pur-
poses. Behind the spectrometer the Forward Wall scintillator hodoscope is located,
which is used to reconstruct the reaction plane, for more details about the detector
see [6]. During the 2012 campaign we collected billions of events thanks to very fast
data acquisition system (DAQ), from which 2.6 × 109 events with 0–40% centrality
were selected for analysis. One can find an overview of existing results in [7].

33.3 Particle Identification and Flow Analysis

The analysis of kaon flow presented here consists of several steps: identification
of K 0

s and K+, reaction plane reconstruction and event centrality determination.
The identification of charged kaons is based on a combined momentum and veloc-
ity measurement with additional criteria on the specific energy loss measurement
in the MDCs, see [8]. Neutral kaons are detected based on the reconstruction of
the weak decay K 0

s → π+ + π− with a branching ratio of 69.2%. To extract the
yield of neutral kaons topological cuts as well as a mixed-event technique to remove
the combinatorial background are needed, for more details see [9]. Using the com-
parison of simulations with the Glauber model and recorded data it is possible to
estimate the centrality of each event as described in [10]. Finally, the reaction plane
reconstruction and the determination of its resolution follow the procedures given
in [11]. To obtain a differential measurement of the flow of kaons using the event
plane method we need to know the number of kaons for each centrality, rapidity,
transverse momentum interval and for several bins in Δφ = ψRP − φK, where ψRP

denotes the azimuthal angle of reaction plane and φK is azimuthal angle of a given
kaon.Angular distributions of kaons are then fitted using the first two terms of Fourier
expansion dN

dΔφ
∝ 1

2π (1 + 2v1 cos(Δφ) + 2v2 cos(2Δφ)), where the coefficients v1
and v2 have to be corrected for the reaction plane resolution in order to obtain the
correct flow parameters.
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33.4 Results

Our preliminary results of the first differential kaon flow analysis at sub-threshold
energy show that there is no significant difference between neutral and positively
charged kaons which might be expected since both contain anti-strange quark, see
Fig. 33.1b. From Fig. 33.1a one can see that there is no strong dependence of the
directed flow coefficients on the centrality of collisions, but there is a visible depen-
dence of v1 on the transverse momentum, see Fig. 33.1c. On the other hand, the
elliptic flow coefficients are increasing towards more central events (Fig. 33.1b).
Finally, v2 is approximately constant as a function of rapidity and with increasing
transverse momentum it is decreasing towards more negative values as displayed in
Fig. 33.1d. For the average value of pT ≈ 400MeV/c determined by our acceptance
v2 ≈ −0.1, i.e. kaons tend to be squeezed out of the dense nuclear matter.
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Fig. 33.1 a Directed flow for K 0
s in Au + Au collisions at different centralities at 1.23AGeV as a

function of the centre-of-mass rapidity yCM. b Elliptic flow as a function of transverse momentum
pT comparing K 0

s and K+. c Directed flow for K+ in semi-central collisions as a function of the
centre-of-mass rapidity yCM for 100MeV/c intervals of transverse momentum. d The same for
elliptic flow. On all pictures only statistical errors are shown
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33.5 Summary and Outlook

In the previous section we presented our preliminary results on the differential flow
of kaons. Comparisons with published data are only possible if we do an integration
over bigger transverse momentum intervals, like it was done in [3, 4], resulting in
a good agreement within error bars. It is also interesting to mention that kaons and
pions show many similarities, as the reader can convince himself by looking to [12].

For the future, we would like to extend this analysis to the newly collected data
on Ag + Ag collisions at 1.58AGeVmeasured by HADES duringMarch 2019. Last
but not least, a comparison with relativistic transport models will be of interest.
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Chapter 34
Strangeness Production with Respect
to High Momentum Hadrons in pp
and p-Pb Collisions with ALICE
at the LHC

Justin T. Blair

Abstract In order to understand strangeness production mechanisms, one can study
the correlations of hadrons with hidden strangeness (e.g. the φ meson) and open
strangeness (K0

S, � and �̄) in hard (jet) processes and in soft (bulk) processes. Two-
particle angular correlations with K0

S triggers allow for the study of fragmentation in
pp collisions as a function of multiplicity. Similarly, correlations with associated φ

mesons in p-Pb collisions allow both the jet and the underlying event components of
strange particle production to be probed. Presented are K0

S-h correlations measured
by ALICE [1] in pp collisions at

√
s = 13 TeV, and h-φ correlations measured in

p-Pb collisions at
√
sNN = 5.02 TeV.

34.1 Introduction

Historically, an enhanced production ofmulti-strange hadrons in heavy-ion collisions
was seen as a clear signature of the presence of a QGP [2]. Recent results have shown
that this increase in multi-strange hadrons is also present in high multiplicity pp and
p-A collisions with a smooth increase in strange hadron production as a function of
charged particle multiplicity [3–5]. This increase is seen across all collision systems,
and is more prominent for multi-strange hadrons.

In order to probe the origin of this strangeness enhancement in small systems,
it is necessary to study the different production mechanisms of strange quarks. Jet
production can be separated from production in the underlying event by measuring
angular correlations [6], allowing for the study of strangeness production in both hard
and soft scatterings. Using a high momentum strange hadron (K0

S) as a jet proxy,
the fragmentation of jets containing strange quarks can be studied as a function
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of multiplicity. Similarly, measuring associated strange hadrons (φ) correlated to
an high momentum trigger hadron can separate strange quarks produced in hard
processes (jet-like) from those produced in soft processes (underlying event).

34.2 K0
S-h Angular Correlations

To study jets containing strangeness, high momentum K0
S triggers are selected as a

jet proxy in pp collisions at
√
s = 13 TeV. The trigger K0

S are reconstructed from
the K0

S → π+π− decay channel (B. R ≈ 69%). These decay pions can be identified
in the ALICE detector using particle identification (PID) cuts on signals from both
the Time Projection Chamber (TPC) and Time of Flight (TOF) detectors, as well as
topological cuts to account for the displaceddecayvertex of theK0

S. Eventmultiplicity
is determined using the V0 detectors at large forward and backward rapidity (V0M
estimator). Yields of associated hadrons aremeasured in both the near-side and away-
side jet peaks for different event multiplicities: 0–10% (highest multiplicity), 10–50,
50–100, and 0–100% inclusive. Results are compared to predictions from simulated
PYTHIA [7] events.

These yields are then compared to measurements from h-h correlations to look for
differences in jet fragmentation. In all multiplicity classes, yields in both the near and
away-side for K0

S triggers were lower than for unidentified hadron triggers across all
associate pT (Fig. 34.1). However, simulated PYTHIA events have a ratio consistent
with the measured data for both near and away-side yields.

Fig. 34.1 Ratio of yields of
(K0

S-h/h-h) correlated pairs
in the near-side jet peak
compared to PYTHIA
predictions (shaded band)
for 0–10% V0M multiplicity
class pp events
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34.3 h-φ Angular Correlations

Hadron-φ angular correlations are measured in p-Pb collisions at
√
sNN = 5.02 TeV

to separate the φ produced within jets from φ produced in the underlying event.
Candidate φ’s are reconstructed from the φ → K+K− decay channel (B. R.≈ 49%).
Trigger hadrons are selected with a transverse momentum of 4 < phT < 8 GeV/c and
correlatedwith (K+K−) pairswithmomentum2 < pKKT < 4GeV/c.Decay kaons are
identified usingPIDcuts on signals fromboth theTPCandTOFdetectors [5]. The h-φ
correlation is then obtained by subtracting combinatoric h-(K+K−) correlated pairs
(measured in the invariant mass sideband region) from the h-(K+K−) correlation
measured in the φ mass signal region. These correlations are measured for three
different event multiplicity classes: 0–20% (highest mult.), 20–50%, and 50–80%
(Fig. 34.2). Event multiplicity is determined using the A-side V0 detector (V0A) at
large forward rapidity. Both the trigger hadron and associated φ are corrected for
detector efficiency and acceptance effects.

After the h-φ correlation is measured, the yields of associated φ can be separated
into a jet-like component and an underlying event component. To separate these, an
assumed flat non-jet contribution is calculated as the average of the correlation in the
regions away from the jet peaks. Once this underlying event is defined, the jet-like
yields can be further separated into a near-side yield (|Δϕ| < π

2 ) and an away-side
yield (π

2 < Δϕ < 3π
2 ).

Taking the ratio of h-φ pair yields to measured h-h pair yields gives a proxy
measurement for φ/h in jets and φ/h in the underlying event (Fig. 34.3). The ratio of
φ/h in jets is seen to be systematically lower than the inclusive ratio, while the ratio
in the underlying event is systematically higher. Further, as multiplicity increases
so does the fraction of total particles coming from the underlying event. Together,
these observations show that the rise of the inclusive ratio is in part due to higher
multiplicity events being dominated by production in the underlying event regime.
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Fig. 34.2 Angular correlations between a high momentum hadron and intermediate momentum
associated φ meson for different multiplicity classes
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Fig. 34.3 Ratio of (h-φ)/(h-h) pair yields in p-Pb events as a function of event multiplicity. Yield
ratios are calculated both for inclusive total pairs, aswell as for just the near and away-side jet regions
and the underlying event region separately. Additional systematic uncertainties (gray shaded boxes)
are included for the presence of a non-zero v2 [8]

34.4 Conclusion

The ALICE collaboration has measured K0
S-h angular correlations as a function of

multiplicity in pp events at
√
s = 13 TeV. This measurement compares the fragmen-

tation of jets containing strangeness with inclusive charged jets. For all multiplicities,
yields of associated hadrons with K0

S triggers were measured lower than predicted
by simulated PYTHIA events. Taking the ratio to correlated pairs with an inclu-
sive hadron trigger shows that K0

S triggers gave lower associated yields accross all
multiplicities, but the ratio of (K0

S-h)/(h-h) pairs is consistent with PYTHIA.
Hadron-φ angular correlations are measured as a function of multiplicity in p-Pb

events at
√
sNN = 5.02 TeV. By measuring the yield of φ mesons associated with a

high momentum trigger hadron, it is possible to separately measure the ratio of φ/h
within jets and φ/h in the underlying event. The φ/h ratio in jets (hard production)
is systematically lower than the inclusive ratio, while the φ/h ratio in the underlying
event (softer production) is systematically higher for all multiplicities.
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Chapter 35
Hadrochemistry of Particle Production in
Small Systems with ALICE at the LHC

Emily Willsher

Abstract The results of multi-strange particle production as a function of transverse
momentum and event multiplicity in p–Pb collisions at

√
sNN = 8.16 TeV mea-

sured with ALICE at the LHC are reported. A comparison to other collision energies
and systems such as pp, Pb–Pb andXe–Xe is also reported and discussed. Thesemea-
surements help further the understanding of the differences and similarities between
small and large collision systems.

35.1 Introduction

Historically, small collision systems, such as proton-proton and proton-lead, have
been used as a reference for measurements in heavy-ion collisions in order to sepa-
rate Quark-Gluon Plasma (QGP) effects from hadronic or cold nuclearmatter effects.
However, recent measurements of high-multiplicity pp and p–Pb collisions at the
LHC have led to the observation of effects previously only seen in heavy-ion col-
lisions [1, 2]. This includes results of strange particle production as a function of
charged-particle multiplicity [3]. In this contribution, new results on the production
ofΞ± andΩ± in p–Pb collisions at the energy of

√
sNN = 8.16 TeV are presented.

35.1.1 Strangeness Production

The enhanced production of strange hadrons was one of the earliest proposed signa-
tures of QGP formation [4]. The enhancement was predicted to follow a hierarchy
dependent on the strangeness content of the particle, meaning the level of enhance-
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ment is stronger for multi-strange particles. This has been observed in heavy-ion
collisions at SPS, RHIC, and the LHC [5–7]. ALICE has also measured this effect in
small systems by considering the ratio of strange particle to pion yields as a function
of the number of charged particles produced in the collisions. Themeasured enhance-
ment is strongly dependent on charged-particle multiplicity and independent of the
collision system [3, 8]. This smooth strange particle enhancement across collision
systems can be explainedwith statistical hadronisationmodels [9], core-coronamod-
els [10] or by using energy density as a universal scaling constant [11]. However,
particle production mechanisms in these small collision systems are still unclear.

35.2 Multi-strange Hadron Detection with ALICE

The ALICE apparatus and its performance are described in detail in [12]. The main
detectors used in this analysis were: the inner tracking system (ITS), which provides
detailed tracking and vertex information that allows the primary and secondary ver-
tices to be distinguished; the time projection chamber (TPC), which provides further
tracking information and particle identification (PID) through the measurement of
the specific energy loss (dE/dx) in the gas; and the V0 detectors which are used for
triggering, as well as estimating the multiplicity of charged particles in the events as
described in [13]. Multi-strange hadrons (Ξ± and Ω±) are reconstructed by utilis-
ing the characteristic topology of their weak decays into three identifiable charged
particles. The reconstructed momenta of the charged decay tracks are combined in
order to compute the invariant mass of the cascade candidates. The significance of
the signal peak in the invariant mass distribution is optimised by applying selections
on the decay topology. The data are divided into different transverse momentum (pT )
and multiplicity bins and the yields are extracted by using bin counting in the signal
region and a fit of the background. The results are corrected with acceptance and
efficiency values which are calculated using Monte Carlo simulations of the ALICE
detector using DPMJET [14] and EPOS-LHC [15] generators.

35.3 Results

This analysis was carried out on a 16MMinimum Bias (MB) triggered event sample
of p–Pb collisions at

√
sNN = 8.16 TeV, where the MB trigger is given by a hit

in both V0 detectors. The transverse momentum distributions for Ξ± and Ω± in
different multiplicity classes are shown in Fig. 35.1. The yields can be extracted
from the spectra by integrating the data points and using a Lévy-Tsallis [16] fit to
extrapolate to the unmeasured pT regions. The corrected yields plotted as a function
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ALI-PREL-318235 ALI-PREL-326650

Fig. 35.1 Tranverse momentum spectra for Ξ± (left) and Ω± (right) for different multiplicity
intervals in p–Pb collisions at

√
sNN = 8.16 TeV. The dashed lines correspond to a Lévy-Tsallis fit

ALI-PREL-318245 ALI-PREL-318250

Fig. 35.2 Yields of Ξ± (left) and Ω± (right) as a function of dNch/dη in p–Pb collisions at√
sNN = 8.16 TeV (blue) and

√
sNN = 5.02 TeV (red)

of dNch/dη are shown in Fig. 35.2, where they are compared to the previous results
obtained at

√
sNN = 5.02 TeV. It can be observed that the multiplicity dependence

of these yields follows a common linear trend at both energies, as was seen in pp
collisions [17]. The multiplicity reach of the present measurement has also been
extended to higher values of dNch/dη. The strangeness enhancement was studied
by calculating the ratio of strange particle to pion yields, where pions measured
at

√
sNN = 8.16 TeV have been used. The results as a function of dNch/dη are

shown in Fig. 35.3 for Ξ± and Ω± in p–Pb collisions at
√
sNN = 8.16 TeV by the

filled circle points, alongside the ratios in pp, Pb–Pb and Xe–Xe. The measurements
show no significant dependence on the collision energy or system and scale with
charged-particle multiplicity at LHC energies.
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35.4 Conclusion

In summary,measurements ofmulti-strange hadrons as a function of charged-particle
multiplicity in p–Pb collisions at ALICE have been reported. The results add to
the picture of a smooth evolution of strangeness enhancement across collision sys-
tems. The latest data reported here also show that the particle yields as a func-
tion of charged-particle multiplicity in p–Pb collisions at

√
sNN = 5.02 TeV and√

sNN = 8.16 TeV have a common linear trend. These results are important to
improve the current understanding of the microscopic mechanisms behind particle
production in small systems. Future measurements will extend pp and p–Pb results
to dNch/dη values reached in central Pb–Pb collisions so we can understand these
small systems better.
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Chapter 36
Collectivity and Electromagnetic Fields
in Proton-Induced Collisions

Lucia Oliva, Pierre Moreau, Vadim Voronyuk, and Elena Bratkovskaya

Abstract We investigate the influence of the intense electromagnetic fields gener-
ated in p+Au collisions at top RHIC energy on the collective anisotropies of charged
mesons, performing simulations with the Parton-Hadron-String Dynamics (PHSD)
transport approach. We show that the electric field Ex along the impact parameter
axis and the magnetic field By orthogonal to the reaction plane are comparable in
magnitude, with a maximum strength of � 2.5m2

π . We found that those fields affect
the directed flow v1 of pions and kaons: a splitting in the rapidity dependence of v1
of particles with opposite charge is generated in the Au-going side and is mainly
driven by the huge Ex component. The effect is stronger for the strange mesons and
for larger impact parameters. Moreover, we demonstrate that the main contribution
to the electromagnetically-induced splitting comes from the deconfined phase.

36.1 Introduction

In recent years the small systems, such as proton-nucleus collisions, has stimulated
a lot of interest due to the new experimental and theoretical findings indicating the
formation of Quark-Gluon Plasma (QGP) droplets in high-multiplicity events [1],
leading to final momentum anisotropies comparable to those found in large colliding
systems.Whilemanyworks has been devoted to investigate the huge electromagnetic
fields (EMF) produced in non-central heavy-ion collisions [2, 3] and their influence
on final observables, such extended analysis is missing in the case of relativistic

L. Oliva (B) · E. Bratkovskaya
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
e-mail: oliva@fias.uni-frankfurt.de

L. Oliva · P. Moreau · E. Bratkovskaya
Institut für Theoretische Physik, Goethe-Universität, Frankfurt am Main, Germany

V. Voronyuk
Joint Institute for Nuclear Research, Dubna, Moscow region, Russia

Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_36

239

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_36&domain=pdf
mailto:oliva@fias.uni-frankfurt.de
https://doi.org/10.1007/978-3-030-53448-6_36


240 L. Oliva et al.

proton-induced collisions. The generation of collective flow patterns in relativistic
nuclear collisions is experimentally described by the Fourier expansion inmomentum
space of the azimuthal particle distribution. Among the flow anisotropies the first
Fourier coefficient, namely the directed flow v1, is one of the most compelling probes
of the presence and the impact of the EMF in such collisions [4–6]. We aim at
studying the impact of the EMF on the collective behaviour of the matter created
in small colliding systems on the basis of a microscopic transport approach: by
means of the Parton-Hadron-String Dynamics (PHSD) model [7, 8] we quantify
the electromagnetically-induced directed flow of the most abundant charged mesons
produced in p+Au collisions at

√
sNN = 200 GeV [9].

36.2 Reminder of PHSD and The Electromagnetic Fields

The PHSD approach is a microscopic description of the dynamical evolution of
heavy-ion collisions and small systems at relativistic energy [7, 8]. In the PHSD
model the initial scatterings between nucleons in the two colliding nuclei lead to
formation of strings, which fragment into hadrons or partons depending on whether
the local energy density is respectively below or above the critical value for the QCD
transition; the transition from partonic to hadronic degrees of freedom is described
by dynamical hadronization. The evolution of the strongly interacting particles both
in the QGP and in the hadronic phase is governed by off-shell transport equations
derived from the Kadanoff-Baym equations for Green functions in phase-space rep-
resentation. In the deconfined stage the QGP properties, namely the parton spectral
functions and the self-generated mean-field potentials, are described by the Dynam-
ical Quasi-Particle Model (DQPM), whose parameters are determined by a fit of
lattice QCD thermodynamics.

PHSD includes the dynamical formation and evolution of the retarded EMF, its
influence on quasi-particles and the back-reaction of particle dynamics on the fields
[3, 4]: the transport equations are coupled to the Maxwell equations for the electric
field E and the magnetic field B and the quasiparticle propagation in the EMF is
determined by the Lorentz force F = q (E + v × B), being q and v respectively
charge and velocity of the particle.

36.3 Results and Discussion

We have performed simulations with PHSD of p + Au collisions at
√
sNN = 200

GeV with fixed impact parameter b.
In Fig. 36.1 we show the distribution in the transverse plane of Ex (left panel) and

By (right panel) produced in collisions at b = 4. The field strengths are computed in
the plane z = 0 at the maximum overlap time of the collision. While in symmetric
nucleus-nucleus collisions (e.g. Au + Au) the EMF produced in the early stage is
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Fig. 36.1 Distribution of the EMF components Ex (left panel) and By (right panel) in the transverse
plane at z = 0 at the maximum overlap time of p + Au collisions with b = 4 fm at

√
sNN = 200

GeV. The circles are drawn to guide the eye

dominated by the magnetic field perpendicular to the reaction plane By and the other
components are very small [2, 3], in asymmetric systems (e.g. Cu+Au) a significant
electric field along the impact parameter axis Ex directed from the heavier nucleus
towards the lighter nucleus is generated in the overlap area due to the different
number of protons in the two colliding nuclei [4]. In the extremely asymmetric case
of proton-induced reactions the field distributions are essentially that generated by
the heavy nucleus and Ex reaches values comparable to By ; we see from Fig. 36.1
that the maximum magnitude of both components is about

∣
∣eBy

∣
∣ � |eEx | � 2.5m2

π

and for collisions at b = 4 the interaction area is affected by field strengths close to
the maximum value. Regarding the temporal evolution of the two EMF components,
both

∣
∣By

∣
∣ and |Ex | decrease very fast, becoming close to zero after∼ 0.25 fm/c from

the first nucleon-nucleon collisions; see [9] for more details.
In order to disentangle the influence of the EMF on particle dynamics, we com-

puted the directed flow v1 = 〈cosφ〉, being φ the azimuthal angle of the particle
momentum. In Fig. 36.2 we plot the rapidity dependence of v1 (in percentage) of
pions (left panel) and kaons (right panel) obtained with PHSD simulations at b = 2
fm with and without the inclusion of EMF, labelled by solid and dashed curves

Fig. 36.2 Directed flow of
pions (left panel) and kaons
(right panel) versus rapidity
for b = 2 fm p + Au
collisions at

√
sNN = 200

GeV obtained with PHSD
simulations with (solid
curves) and without (dashed
curves) EMF, whose effect is
highlighted by arrows
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respectively. For what concern pions, we see that in simulations that do not include
the EMF π+ (blue lines) and π− (red lines) show basically the same v1. Switching on
the EMF in PHSD, π+ and π− are pushed respectively in the positive and negative
x−direction, this resulting in a splitting of the v1 of the two particles. The effect on
kaons is very interesting since K+ (blue lines) and K− (red lines) have a different v1
even in the case without EMF; indeed, K+ receive more contributions from u and
d quarks from the initial colliding nuclei with respect to K−. The EMF turn over
the splitting in the kaon v1 with respect to that generated by the vortical flow men-
tioned above, leading to amaximal flipping at backward rapidities.We highlight with
arrows how the EMF modify the v1 of pions and kaons: indeed, the direction of the
splitting in v1 results from the contrast between sideways kicks on charged particles
by electric and magnetic forces and from the arrows and Fig. 36.1 it becomes clear
that in proton-nucleus reactions the EMF effect on v1 is mainly driven by Ex .

Therefore, the EMF lead to a separation of hadrons of the same species but with
opposite charge along the impact parameter axis. The magnitude of the splitting of
such partners can be identified by means of the quantity Δv1 ≡ v+

1 − v−
1 , where

v+
1 and v−

1 are the directed flow of the positively and negatively charged particles
respectively. Then we compute the quantity

Δv
em f
1 ≡ Δv

(PHSD+EMF)
1 − Δv

(PHSD)
1 . (36.1)

i.e., the difference of Δv1 in PHSD simulations with and without the inclusion of
EMF; this way we pinpoint the magnitude of the directed flow splitting induced
by the EMF as the one coming from other sources such as vortical motions and
fluctuations is removed. In Fig. 36.3 we plot in percentage the quantity (36.1) for
pions (left panel) and kaons (right panel) in collisions at b = 2 fm and b = 6 fm. We
notice that the effect increases for collisions with larger impact parameter following
the increasing trend of Ex . Moreover, the electromagnetically-induced splitting is
bigger in magnitude for kaons respect to pions, at least in the rapidity region |y| < 2.
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Fig. 36.3 Electromagnetically-induced splitting in v1(y) of pion (left panel) and kaons (right
panel) in p + Au collisions at

√
sNN = 200 with b = 2 fm and b = 6 fm. The dashed lines are the

contribution of mesons coming directly from QGP hadronization
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The reason is the different mass and hence velocity of the two meson species: for
the slower moving kaons the influence of the EMF lasts for a longer time and the
magnetic force that tends to compensate the push of the electric force is smaller. In
Fig. 36.3, along with the total result (solid lines), we plot the v1 of mesons coming
directly from hadronization of QGP without suffering further rescattering in the
hadronic phase (dashed lines); we see that for |y| < 2 the v1 splitting induced by the
EMF in the partonic phase is higher than that generated in the confined stage and
this difference is remarkable for kaons.
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Chapter 37
Particle Production as a Function of
Underlying-Event Activity Measured
with ALICE at the LHC

Valentina Zaccolo

Abstract ALICE has performed several measurements aimed at understanding the
collective-like effects observed in small collision systems. New approaches may be
needed to clarify particle-production mechanisms in high-multiplicity pp collisions.
Transverse momentum (pT) spectra as a function of charged-particle multiplicity
show intriguing features. For example, data exhibit a stronger-than-linear increase
of the self-normalised high-pT particle yields versus multiplicity. In order to under-
stand the role of auto-correlations on these effects, it has been proposed to use the
underlying event as a multiplicity estimator to factorise the hardest and the soft-
est components of the events. This approach can also be used to study collective
effects in events with exceptionally large activity in the underlying-event region
with respect to the event-averaged mean. In these proceedings, pT spectra as a func-
tion of underlying-event activity in pp collisions measured with the ALICE detector
are presented. Results are compared with PYTHIA 8.2 event generator.

37.1 Introduction

In hadronic interactions at high energies, as the ones achieved at the Large Hadron
Collider (LHC), there are significant contributions from hard processes, which can be
described by perturbative QCD precise calculations. Nevertheless, particle produc-
tion at LHC is still dominated by soft-QCD processes. Soft QCD is characterised by
non-perturbative phenomenology and requires accurate modelling. The Underlying
Event is constituted by multiple semi-hard parton interactions, initial and final state
radiation and beam remnants, therefore, all the event components but the hardest
scattering.
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The results presented in the following sections are motivated by two observations.
Firstly, the pT spectra versus multiplicity results measured recently by ALICE [1]
highlighted a stronger than linear increase with multiplicity, which grows with pT.
Using a forward multiplicity estimator, that is well separated in rapidity from the
region of the measurement, the increase is reduced. One could argue that the reason
of the increasewithmultiplicity is due to the presence of jets which bias the estimator.
This last point can be understood better using a jet-free multiplicity estimator, which
could then help characterising the correlation effects between low- and high-pT
particle production. The second observation relates to multiplicity-dependent studies
for heavy-flavours and high-pT particle production [1–3], where ALICE observes,
again, a non-linear particle production increase with multiplicity. This effect is often
attributed to multiplicity saturation due to coherent hadronisation effects. Anyway,
recently, the non-linear particle production increase with multiplicity was explained
with auto-correlations effects [4]. The authors argue that removing them would lead
to a weaker-than-linear increase.

The measurements are performed with ALICE, one of the four main experiments
at the LHC. It is constituted by 18 different detector systems and its peculiarities are a
very high momentum resolution and excellent particle identification capabilities [5].
The central barrel detectors are embedded in a solenoidal magnet of B = 0.5 T
nominal field. The tracking and vertexing detectors used for results shown in the
following are the Inner Tracking System (ITS) and the Time Projection Chamber
(TPC). The events used in the analysis were collected in 2016 proton–proton (pp)
collisions at

√
s = 13 TeV selected using a charged-particle signal coincidence in

V0A and V0C arrays of scintillator counters.

37.2 Analysis and Results

The analysiswas performed considering two regions defined by the relative azimuthal
angle with respect to the leading charged particle: |Δφ| = φ − φleading. The toward
and transverse regions are defined by |Δφ| < π/3 and π/3 < |Δφ| < 2π/3, respec-
tively. The relative transverse activity classifier, RT, is the self-normalised particle
density in the transverse region [6]. An additional selection is done to characterise
only the UE plateau region (the region of the jet pedestal): 5 < pleadingT < 40 GeV/c.
Several intervals of RT were selected in order to distinguish between low and highUE
activity. From PYTHIA 8 simulations, one expects that the RT distributions exhibit
a Koba-Nielsen-Olesen scaling [8].

Results for the transverse region are shown in Fig. 37.1 (left). The pT spectra of
charged particles reconstructed in the transverse region above 0.6 GeV/c exhibit a
strong RT dependence. The evolution of the pT-dependent spectra normalised to the
inclusive pT spectrum (RT ≥ 0) are reminiscent of the observed behaviour when the
inclusive multiplicity estimator was used [1]. A different behaviour is observed for
analogous measurements considering the toward region (Fig. 37.1, right), where the
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Fig. 37.1 Charged-particle pT spectra as a function of RT in pp collisions at
√
s = 13 TeV. Results

for the transverse (left) and toward (right) regions are compared with their corresponding pT spec-
trum for the RT-integrated event class. Vertical bars are statistical errors uncertainties, while boxes
are systematic uncertainties

Fig. 37.2 Self-normalised
charged-particle yields in the
transverse (green) and
toward (red) regions as a
function of RT for pp
collisions at

√
s = 13 TeV in

the pT range from 2 to 4
GeV/c. The data are
compared with calculations
of PYTHIA 8.2 with the
Monash tune

ratios to the inclusive pT spectrum in the toward region converge to unity at high pT.
One can conclude that we have achieved an almost complete separation between the
soft (UE) and hard (jet) parts of the event at high pT. Moreover, the auto-correlation
effects are significantly reduced.

Figure 37.2 shows the self-normalised particle yields, considering particles within
2 < pT < 4 GeV/c, as a function of RT. On one hand, the self-normalised yield in
the transverse region, in green, shows the same behaviour of the one observed with
the full midrapidity-based multiplicity estimator [1]. On the other hand, the self-
normalised yields in the toward region, in red, as a function of RT do not converge
to zero showing that at RT ∼ 0 one can still have the presence of a jet. This opens
the possibility of studying a hard object with almost no UE activity. Moreover, for
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the toward region the self-normalised yields exhibit a weaker dependence on RT

than that observed for the transverse region. The results are compared to PYTHIA 8
(Monash tune) calculations [7] which reproduce well the observed trends.

37.3 Summary and Outlook

The charged-particle pT-spectra in the transverse and toward regions as a func-
tion of the relative transverse activity classifier RT have been measured using the
ALICE detector. Results for pp collisions at

√
s = 13 TeV have been presented. The

charged-particle pT-spectra in the transverse region show a hardening at high RT,
which confirms the trend observed using the mid-pseudorapidity multiplicity estima-
tor in the full azimuthal region. The charged-particle pT-spectra in the toward region,
instead, exhibit a weaker dependence with RT, suggesting that the auto-correlation
effects are at play when pT spectra and multiplicity are both determined within the
same pseudorapidity and |Δφ| regions. Finally, it was observed that it is still possi-
ble to identify a jet with zero activity in the UE, giving the opportunity to relate pp
collisions to elementary colliding systems like e+e−. Therefore, RT is an effective
instrument to disentangle jet and UE components of the particle spectra and is a
promising instrument for light and heavy-flavour particle-production studies.
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Chapter 38
Bottomonium Production in pp, pPb and
PbPb Collisions at 5.02 TeV with the
CMS Detector

Daniele Fasanella

Abstract Bottomonia are important probes for the study of properties of the Quark-
Gluon Plasma (QGP): they are produced at early times and then propagate in the
strongly interacting medium of deconfined quarks and gluons. The CMS experiment
is particularlywell suited for the study of bottomonia in their dimuon final state.Mea-
surements of bottomonium production are reported for the Y(1S), Y(2S), and Y(3S)
mesons in pp, pPb and PbPb collisions at 5.02 TeV. The results are compared with
theory models, which can help to improve and constrain the theoretical calculations.

38.1 Introduction

It is expected that matter at high energy density and temperature forms the Quark-
Gluon Plasma (QGP), a strongly interacting medium of deconfined quarks and glu-
ons [1, 2]. One of the most remarkable signatures of quarkonium state interactions
with the medium is the sequential suppression in heavy ion collisions compared to
the production in proton-proton (pp) collisions. The dissociation temperatures for
the states, above which suppression occurs, are expected to be correlated with their
binding energies, and are predicted to be Tdissoc ≈ 2 Tc, 1.2 Tc and 1 Tc for the
Y(1S), Y(2S), and Y(3S) states, respectively, where Tc is the critical temperature for
deconfinement [3]. The suppression of the Y(1S), Y(2S), and Y(3S) yields produced
in heavy-ion collisions relative to proton-proton (pp) collisions was first measured
by the Compact Muon Solenoid (CMS) experiment, at the Large Hadron Collider
(LHC), in PbPb collisions at a centre-of-mass energy per nucleon pair of

√
sNN =

2.76 TeV [4]. The tightest bound state, Y(1S), was observed to be less suppressed
than the more loosely bound excited states, Y(2S) and Y(3S).
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38.2 Bottomonia Production Results

In this report the more recent CMS results using data samples at a center-of-mass
energy of 5.02 TeV in pp, pPb and PbPb collisions [5–7] are presented . The avail-
ability of data coming from different kinds of collision and different energies opens
interesting opportunities in the understanding of bottomonia production. The events
are selected online with a hardware-based trigger requiring two muon candidates
in the muon detectors. The yields of Upsilon mesons are extracted using unbinned
maximum-likelihood fits to the invariant mass spectra, where signals of each state
are modelled by two Crystal-Ball (CV) functions, and the chosen background PDF
is usually an error function multiplied by an exponential.

Different observables are used to study bottomonium production characteristics
between the collision types. Double ratios, defined as

(Y (2S)/Y (1S))PbPb

Y (2S)/Y (1S))pp
, (38.1)

are very useful to quantify the relative modification of yields of the excited states,
where reconstruction, trigger, and muon identification efficiencies largely cancel.
In Fig. 38.1 (left) double ratios for Y(2S) are reported, as a function of the average
number of nucleons (Npart ) that participate in the interaction. Predictions of suppres-
sion from Krouppa and Strickland [8], incorporating color-screening effects on the
bottomonium family and reflecting feed-down contributions from decays of heavy
quarkonia, are in overall agreement with the Y(2S) double ratio results. Another
theoretical curve from Du et al. [9], based on a kinetic-rate equation and containing
a small component of regenerated bottomonia, shows a similar level of agreement
with the data. Within this model, our data rule out a scenario where the regeneration
component is absent.

The excited-to-ground-states cross section ratio, Y(2S)/Y(1S) are also studied in
Pb, pp and PbPb collisions, as a function of event activity variables, like the number
of tracks (N |η|<2.4

tracks ). This is evaluated as the number of tracks reconstructed in the
tracker, not including the two muons, originating from the same vertex as the Y, with
pT > 400 MeV/c at |η| < 2.4. The pp and pPb activity-integrated ratio results far
above the PbPb ones. In Fig. 38.1 (right) the Y(2S)/Y(1S) is shown as a function
of N |η|<2.4

tracks . This ratio is found to decrease with increasing N |η|<2.4
tracks for pp and Pb

collisions, and is not visible a pronounced PbPb centrality dependence (within large
uncertainties). The unexpected dependence in pp and pPb suggests novel phenomena
in quarkonium production that could arise from a larger number of charged particles
being systematically produced with the ground state, or from a stronger impact of
the growing number of nearby particles on the more weakly bound states.

Normalized cross sections are also obtained, correcting for acceptance and effi-
ciency the yields extracted from the fits to the dimuon invariant mass spectra. These
cross sections are used to evaluate themodifications of particle production in nucleus-
nucleus (AA) interactions, thought the nuclear modification factor, RAA:
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Fig. 38.1 On the left, the double ratio of the Y(2S) as a function of centrality is shown [7].
The centrality-integrated value is shown in the right panel. The error bars represent the statistical
uncertainty in the PbPb data while the boxes represent the systematic uncertainty. The global
systematic uncertainty is represented as a grey box drawn around the line at unity. Calculations
by Krouppa and Strickland (orange curves [8]) and by Du et al. (green hatchedband [9]) are also
shown. On the right, single cross section ratios Y(2S)/Y(1S) versus N |η|<2.4

tracks is shown, measured,
for pp and PbPb collisions at

√
sNN = 2.76 TeV (open circles and open stars respectively) and for

pPb collisions at
√
sNN = 5.02 TeV(closed circles) [5]. The error bars in the figures indicate the

statistical uncertainties, and the boxes represent the point-to-point systematic uncertainties

RAA(pT, y) = N AA(pT, y)

〈TAA〉σ pp(pT, y)
. (38.2)

The quantity 〈TAA〉 is the average nuclear overlap function, N AA is the normalized
corrected yield of Upsilon mesons in PbPb collisions, and σpp refers to the pp cross
section. The dependence of RAA on PbPb collision centrality, as quantified using the
average number of participating nucleons 〈Npart 〉, is depicted in Fig. 38.2, where
a gradual decrease in RAA for the Y(1S) and Y(2S) states is observed. Within the
current theoretical and experimental uncertainties, both the considered theoretical
models in [8, 9] are in agreement with the results. The RAA of the Y(3S) state
is measured to be below 0.096 at 95% confidence level, making this the strongest
suppression observed for a quarkonium state in heavy ion collisions to date. The
obtained centrality-integrated RAA value has been compared to those measured by
CMS at

√
sNN = 2.76 TeV, resulting in an increase by a factor of ∼ 1.20 ± 0.15,

although the two RAA values are compatible within the uncertainties. This is in
agreement with the expectation of larger suppression at highermedium temperatures.
The models predict increases in the medium temperature for PbPb collisions of
∼16% [8] and ∼7% [9] between

√
sNN = 2.76 TeV and

√
sNN = 5.02 TeV.

In conclusion, CMS has produced a large amount of results on bottomonium
production in pp, pPb and PbPb collision. All the three states are suppressed in
PbPb collisions with respect to pp, with a gradual decrese of RAA with 〈Npart 〉.
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Fig. 38.2 Nuclear modification factors for the Y(1S) (left) and Y(2S) (right) mesons as a function
of 〈Npart 〉 [6] compared to calculations fromKrouppa and Strickland [8], and Du, He, and Rapp [9].
The box at the dashed line at unity represents the global uncertainty. The data to theory ratios are
shown in the bottom panels. For [8], the points correspond the 4πη/s = 2 curve (where η is the
viscosity and s the entropy), while the error bars show the difference between this one and the
other two η/s curves. For [9], the points and error bars correspond to the center and width of the
published theory band, respectively

Good agreement has been found with theoretical models. The excited-to-ground-
states cross section ratios, Y(2S)/Y(1S), are found to unexpectedly decrease with
increasing charged-particle multiplicity.

References

1. F. Karsch and E. Laermann, Thermodynamics and in-medium hadron properties from lattice
QCD, in Quark-Gluon Plasma III, arXiv:hep-lat/0305025

2. E.V. Shuryak, Theory of hadronic plasma. Sov. Phys. JETP 47, 212 (1978)
3. A.Mocsyand, P.Petreczky, “Color screening melts quarkonium”, Phys. Rev. Lett. 99, https://doi.

org/10.1103/PhysrevLett.99.211602
4. CMSCollaboration, “Observation of sequential Upsilon suppression in PbPb collisions”, https://

doi.org/10.1103/PhysRevLett.109.222301
5. CMS Collaboration, “Event activity dependence of Y(nS) production in

√
sNN = 5.02 TeV pPb

and
√
s = 2.76 TeV pp collisions”, https://doi.org/10.1007/JHEP04(2014)103

6. CMS Collaboration, “Measurement of nuclear modification factors of (1S), (2S), and (3S)
mesons in PbPb collisions at

√
sNN = 5.02 TeV”, https://doi.org/10.1016/j.physletb.2019.01.

006
7. CMS Collaboration, “Suppression of Excited ϒ States Relative to the Ground State in Pb-Pb

Collisions at
√
sNN = 5.02 TeV”, https://doi.org/10.1103/PhysRevLett.120.142301

8. B. Krouppa and M. Strickland, “Predictions for bottomonia suppression in 5.023 TeV Pb–Pb
collisions”, https://doi.org/10.3390/universe2030016

9. X. Du, R. Rapp and M. He, “Color Screening and Regeneration of Bottomonia in High-Energy
Heavy-Ion Collisions”, https://doi.org/10.1103/PhysRevC.96.054901

http://arxiv.org/abs/hep-lat/0305025
https://doi.org/10.1103/PhysrevLett.99.211602
https://doi.org/10.1103/PhysrevLett.99.211602
https://doi.org/10.1103/PhysRevLett.109.222301
https://doi.org/10.1103/PhysRevLett.109.222301
https://doi.org/10.1007/JHEP04(2014)103
https://doi.org/10.1016/j.physletb.2019.01.006
https://doi.org/10.1016/j.physletb.2019.01.006
https://doi.org/10.1103/PhysRevLett.120.142301
https://doi.org/10.3390/universe2030016
https://doi.org/10.1103/PhysRevC.96.054901


Chapter 39
Study of Open Heavy-Flavour Hadron
Production in pp and p–Pb Collisions
with ALICE

Preeti Dhankher

Abstract Measurement of heavy-flavour production in small systems can be used to
test theQuantumChromoDynamic (QCD)models. In thismanuscript, the production
cross section ofDmesons atmidrapidity andopenheavy-flavour decaymuons (HFM)
measured at forward rapidity in pp collisions at

√
s = 5.02 TeV, and open heavy-

flavour decay electrons (HFE) measured at midrapidity in pp collisions at
√
s =

13 TeV with ALICE detector will be presented. The self-normalized yield of open
heavy-flavour decay electrons andmuons as a function of multiplicity in pp and p–Pb
collisions will be presented. Finally, the latest result on nuclear modification factor
(QpPb) of D mesons and the ν2 of open heavy-flavour decay electrons and muons in
p–Pb collisions will be discussed.

39.1 Introduction

Heavy quarks (charm and beauty) are effective probes to test perturbative QCD
(pQCD) based calculations in pp collisions and to study cold nuclear matter (CNM)
effects such as gluon saturation, shadowing, kT broadening and energy loss in p–Pb
collisions. Recent observations in pp and p–Pb collisions shown remarkable sim-
ilarities with Pb–Pb collisions, which might suggest the presence of collectivity.
To further explore the origin of the collective-like effects observed in pp and p–Pb
collisions, the study of open heavy-flavour production as a function of the charged-
particle multiplicity naturally links soft and hard processes that occur in the collision
and allows one to study their interplay.

In ALICE [1], open heavy-flavour hadrons are either detected directly via the
reconstruction of hadronic decays of D mesons (D0, D+, D∗+, and D+

s ) and �+
c

baryon at midrapidity, or indirectly by reconstructing a single electron at midrapidity,

Preeti Dhankher for the ALICE Collaboration.

P. Dhankher (B)
Indian Institute of Technology Bombay, Mumbai 400076, India
e-mail: preeti.dhankher@cern.ch

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_39

253

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_39&domain=pdf
mailto:preeti.dhankher@cern.ch
https://doi.org/10.1007/978-3-030-53448-6_39


254 P. Dhankher

0 5 10 15 20 25 30 35

) c
-1

b 
G

eV
μ

) ( yd Tp
/(dσ2 d

3−10

2−10

1−10

1

10

210
 = 5.02 TeVspp,

 1.0% BR uncertainty not shown± 2.1% lumi, ±

|<0.5y, |0Prompt D
ALICE

FONLL

)c (GeV/
T

p
0 5 10 15 20 25 30 35

FO
N

LL
D

at
a

0.5
1

1.5
2

2.5
3

ALI−PUB−314115

0 5 10 15 20 25 30 35

)c
-1

b 
G

eV
μ

) ( yd Tp
/(dσ2 d

3−10

2−10

1−10

1

10

210
 = 5.02 TeVspp,

 3.1% BR uncertainty not shown± 2.1% lumi, ±

|<0.5y, |+Prompt D
ALICE

 factorisationTk

)c (GeV/
T

p
0 5 10 15 20 25 30 35

-fa
ct

TkD
at

a

0.5
1

1.5
2

2.5
3

ALI−PUB−314099

0 5 10 15 20 25 30 35

)c
-1

b 
G

eV
μ

) (yd Tp
/(dσ2 d

3−10

2−10

1−10

1

10

210
 = 5.02 TeVspp,

 1.3% BR uncertainty not shown± 2.1% lumi, ±

|<0.5y, |*+Prompt D
ALICE

TmGM-VFNS, SACOT-

)c (GeV/
T

p
0 5 10 15 20 25 30 35

T
m

SA
C

O
T-

G
M

-V
FN

S
D

at
a

0.5
1

1.5
2

2.5
3

ALI−PUB−317971

Fig. 39.1 D-meson production cross sectionsmeasured in pp collisions at
√
s = 5.02TeVcompared

with pQCD models

or amuon produced at forward rapidity via semi-leptonic decay channels. In addition,
�+

c and �0
c are also reconstructed via semi-leptonic decays at midrapidity.

39.1.1 Heavy-Flavour Production in pp Collisions

The non-strange D-meson (D0, D+ and D∗+) production cross sections measured
down to low pT (0 GeV/c for D0) in pp collision at

√
s = 5.02 TeV [2] are

shown in Fig. 39.1. The measurement is compared with different pQCD models
using the Fixed Order plus Next-to-Leading Logarithms approach (FONLL) [3],
kT-factorization [4] and General-Mass Variable-Flavour-Number Scheme
(GM-VFNS) [5]. All the models describe well the experimental data within their
large uncertainties. The data are more precise than the model predictions, therefore
providing strong constraints on their parameters. The production cross section of
HFE and HFM (c, b → e/μ) in pp collisions at

√
s = 13 TeV and 5.02 TeV is shown

in Fig. 39.2 along with the FONLL calculations. The data lie at the upper edge of the
theoretical prediction for bothmeasurements. The semi-leptonic decaymeasurement
for muons (right) also shows separately c → μ and b → μ cross section predictions
from FONLL, which indicate that beauty is the main contributor for pT � 5 GeV/c,
whereas at low pT the charm contribution dominates.

39.1.2 Multiplicity Dependence in Heavy-Flavour Production

The study of heavy-flavour production as a function of multiplicity correlates the
hard and soft processes of particle production. The self-normalized yields of HFE
in pp collisions at

√
s = 13 TeV (left) and HFM measured in pp collisions at√

s = 8.16 TeV (right) are shown in Fig. 39.3, in which they both exhibit a faster-
than-linearly increasing trend, where the increase is steeper for high-pT intervals.
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Fig. 39.2 Production cross section of HFE in pp collisions at
√
s = 13 TeV (left) and HFM in pp

collisions at
√
s = 5.02 TeV [6] (right)
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Fig. 39.3 Multiplicity-dependent self-normalized yields of HFE in pp collisions at√
s = 13 TeV compared with PYTHIA8.2 predictions (left) and of HFM in pp collisions at

√
s =

5.02 TeV compared with EPOS3.2 predictions without hydrodynamics

The left panel shows that the HFE measurement is consistent with the PYTHIA8.2
[7] predictions, which incorporates Multiple Parton Interactions (MPI) and indicates
that the increasing trend may be linked to MPIs. The right panel shows the HFM
measurement compared with the EPOS3.2 [8] predictions without hydrodynamic
treatment of the collision, which also include MPIs. The data are underpredicted by
the model at high multiplicity which suggests that there can be some collective-like
effects along with the MPIs. Figure 39.4, left panel, demonstrates that the similar
steeper-than-linear increasing trend is observed also for the averageD-meson relative
yields measured in p–Pb collisions and in pp collisions and the right panel shows
that the D-meson and HFE measurements are consistent within the uncertainties.
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Fig. 39.4 Multiplicity-dependent self-normalized yield of average D-mesons in pp collisions at√
s = 7 TeV (left) and of HFE in p–Pb collisions at

√
sNN = 8.16 TeV (right). Both results are

compared with average D-meson measurement in p–Pb collisions at
√
sNN = 5.02 TeV

39.1.3 Nuclear Matter Effects and v2 in p–Pb Collisions

Nuclear modification factor measurements in p–Pb collision provide access to CNM
effects and possible collective-like effects. Figure 39.5, left and middle panels show
the nuclear modification factor (RpPb) of prompt D-mesons given by (39.1), compar-
ing it to model predictions as well.
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Fig. 39.5 Nuclear modification factor RpPb (left and middle) and Qcp (right) of prompt D-meson
measured in p–Pb collisions at

√
sNN = 5.02 TeV [14] RpPb measurement compared with models

including CNM effects (left) and assuming formation of QGP (right)



39 Study of Open Heavy-Flavour Hadron Production … 257

1 2 3 4 5 6
)c (GeV/

T
p

0

0.05

0.1

0.15

0.2
2v

| < 1.2ηΔ| < 0.8, |η e, |→(c,b)

| < 1.6ηΔ| < 0.8, 0.8 < |ηCharg. part., |

| < 5ηΔ < -2.5, 1.5 < |η, p-going -4 < μ
| < 5ηΔ < -2.5, 1.5 < |η, Pb-going -4 < μ

ALICE
 = 5.02 TeVNNsp-Pb,

(0-20%) - (60-100%)

ALI−PUB−310817

)c (GeV/
T

p
0 1 2 3 4 5 6

| >
 1

}
ηΔ

{2
, |

2v

0

0.02

0.04

0.06

0.08

0.1

0.12

Systematic Uncertainty

p-going

Pb-going

ALICE Preliminary

 = 8.16 TeVNNsp-Pb

Multiplicity class CL1: 0-10%

±μInclusive

 < 3.53
CMS

yp-going: 2.03 < 

 < -2.96
CMS

yPb-going: -4.46 < 

ALI−PREL−308084

Fig. 39.6 Elliptic-flow coefficient (v2) of HFE in p–Pb collisions at
√
sNN = 5.02 TeV compared

with the one of charged particles and inclusivemuons [15] (left) and v2 of inclusivemuonsmeasured
in p–Pb collisions at

√
sNN = 8.16 TeV (right)

The data is described well by models including CNM effects [9–12] (left), whereas
the middle panel shows the comparison of data with models which predict a small
QGP droplet formation [13] and a suppression at high pT, which is disfavoured by
the data. The right panel shows the measurement of Qcp given by (39.1) which is
comparable to the measurement of inclusive charged particles. The enhancement
(∼ 3σ) observed at intermediate pT could be interpreted as larger radial flow in most
central p–Pb collisions.

As shown in Fig. 39.6, a positive elliptic-flow coefficient (v2) is observed in
the heavy-flavour sector, which potentially can be interpreted as the existence of
collective-like behaviour in small systems. The left panel of Fig. 39.6 shows the v2
measurement obtained from a Fourier decomposition of the correlation distribution
between HFE and charged particles in p–Pb collisions at

√
sNN = 5.02 TeV [15].

The measured v2 is positive with a significance of more than 5σ in the 1.5 < pT <

4 GeV/c range. The right panel shows the positive v2 of inclusive muons obtained
with Q-cumulant method in p–Pb collisions at

√
sNN = 8.16 TeV.

39.2 Summary and Conclusions

In summary, the results of D-meson, HFE, and HFM production cross section mea-
sured in pp collisions at 5.02 TeV and 13 TeV are discussed. Various pQCD theo-
retical models describe the pp data within their uncertainties. The self-normalized
yields of Dmesons, HFE, and HFMdemonstrate stronger-than-linear dependence on
charged-particle multiplicity and this trend can be qualitatively explained by mod-
els including MPIs. The RpPb measurement of prompt D mesons is consistent with
no modification of the spectra over the whole momentum range within the current
uncertainties. The Qcp measurement of prompt D mesons and the positive v2 of HFE
and HFM in p–Pb collisions suggest potential collectivity in small systems.
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Chapter 40
Experimental Overview on Strangeness
and Collectivity in Small Systems

Roberto Preghenella

Abstract Since the discovery of the “ridge” in high-multiplicity proton-proton col-
lisions at the LHC, the investigation of collectivity in small systems has become an
increasingly large subject. In these proceedings, I report a brief overview of the past
and recent experimental results addressing the physics of strange particle production
and the search for collective phenomena in small collision systems.

40.1 Introduction

Soon after the startup of the LHC, the analysis of high-multiplicity events in
proton-proton collisions has revealed the existence of unexpected phenomena in
small collision systems. The CMS Collaboration discovered the so-called “ridge” in
pp collisions [1], which was the first of a list of unexpected results that followed suit.
Studies of particle production have uncovered the presence of long-range, near-side
angular correlations in pp and in p–Pb collisions [2], paving the way for a systematic
investigation of the existence of collective phenomena, known since long in heavy-
ion collisions [3], in the much smaller pp and p–Pb collision systems. A wealth of
new, unexpected phenomena have been observed so far in small collision systems at
the LHC and at RHIC, with striking similarities to heavy-ion phenomenology [4].

40.2 Collective Phenomena

The initial discovery of the ridge in pp [1] and its subsequent observation in p–Pb
collisions [2] was the trigger for more detailed searches for collective phenomena
in small collision systems. Two-particle correlations results in p–Pb collisions have
been reported by the ALICE Collaboration, showing the presence of the so-called
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“double ridge” [5, 6] and a large number of results on two-particle correlations
followed, especially on correlation of identified hadrons [7–13] and of Bose-Einstein
(HBT) correlations [14, 15]. The similarities between pp, p–Pb and Pb–Pb collisions,
consistent with the hydrodynamic picture of a particle-production source expanding
collectively and more explosively along the collision event plane, were striking.

The LHC discoveries were complemented by results from RHIC experiments
that followed closely the investigation of small systems with a set of reanalyses of
previously recorded d–Au data [16, 17]. A significant addition to this exploration
comes from a recent work reported by the PHENIX Collaboration at RHIC that has
reported on the observation of elliptic and triangular flowpatterns of charged particles
produced in p–Au, d–Au and 3He–Au collisions [18].With the unique combination of
three distinct initial geometries and two flow patterns PHENIX provided a powerful
way to discriminate between different models, showing that hydrodynamical ones,
which include the formation of a short-lived Quark-Gluon Plasma (QGP) droplet,
provide the best simultaneous description of the measurements.

Measurements of two-particle angular correlations of charged particles emitted in
hadronic Z0 decays have been recently performed using the archived e+e− annihila-
tion data collected with the ALEPH detector at LEP [19]. No significant long-range
correlation is observed in either the beam-axis analysis or the thrust-axis one, where
the latter is sensitive to a medium expanding transverse to the color string between
the outgoing qq̄ pair. Similar negative results from the analysis of archived ZEUS
data in electron-protonDIS collisions indicate that flow-like correlations are a feature
unique to hadronic collision systems.

One question one needs to ask for the case of small collision systems is whether
the observed correlation structures actually result from genuine multi-particle col-
lective effects. Strong hints for collective multi-particle correlations in pp and p–Pb
collisions were reported already [7, 20], supporting the interpretation of a collec-
tive origin for the observed long-range correlations in high-multiplicity pp and p–Pb
collisions. But one has to be careful and find methods to reliably suppress the corre-
lations that result from non-flow effects present in pp collision in order to be able to
unveil the actual underlying collectivity. As a matter of fact, a significant fraction of
non-flow correlations that are present in small systems in a broad range of Nch have
been revealed [21–27].

The measurement of the production of identified hadrons and their pT distribu-
tions provides another tool to look from a difference perspective at the collective
behaviour. The shape of the transverse momentum distributions encode in their char-
acteristics dependence on the particle mass the signature of the development on
collective radial flow. A clear evolution in the pT distributions in pp and p–Pb colli-
sions can be observed,with spectra becoming harderwith increasing charged-particle
multiplicity and with a more pronounced modification for heavier particles [28–32].
The pT-dependent ratios, such as the �/K0

S ratio measured by the CMS Collabo-
ration [29] can better reveal the stronger multiplicity dependence of the spectral
shapes of heavier particles. The ratios in pp and p–Pb collisions show a significant
enhancement at intermediate pT (∼3 GeV/c), quantitatively similar to that measured
in Pb–Pb collisions at similar multiplicity. Results from the ALICE Collaboration
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show that the modification of the pT-dependent ratios of p/π and of �/K0
S follows a

rather smooth evolution at low andmid pT across different systems, pointing towards
a universal soft mechanism driven by final state dNch/dη [33]. The high-pT part of
the ratio, which is dominated by hard fragmentation, is unchanged. The spectral
shapes of identified hadrons can be characterised with the Blast-Wave model [34],
that has proven to be a useful tool to test the data against the radial flow picture.
In this context, when comparing the Bast-Wave parameters of different systems at
similar dNch/dη, Tkin values are similar, whereas βT are larger for small systems.
Stronger pressure gradients in smaller systems could be at play and result in a larger
observed radial flow, as predicted in [35]. Both Tkin and βT parameters obtained from
pp and p–Pb fits are consistent for similar dNch/dη when looking at ALICE results.
On the other hand, a different conclusion emerges from CMS results [29], where pp
collisions exhibit a larger βT for similar dNch/dη.

40.3 Strangeness Production

The study of the production of strange hadrons in high-energy hadronic interactions
provides an important means to investigate the properties of QCD. String fragmen-
tation, as an example of non-perturbative QCD process, dominates the production
of strange hadrons at low pT. As a matter of fact, given that the mass of the strange
quark is larger than the one of up and down quarks, production of strange hadrons
in fragmentation is suppressed relative to hadrons containing only light quarks. An
enhanced production of strange hadrons was one of the earliest proposed indica-
tors for the formation of a Quark-Gluon Plasma (QGP) state [36–38]. Strangeness
enhancementwas expected to bemore pronounced formulti-strange baryons andwas
indeed observed in collisions of heavy nuclei at the SPS, RHIC and LHC [39–48].

The first observation of strangeness enhancement in high-multiplicity pp colli-
sions has been reported by the ALICE Collaboration with measurements of the pro-
duction of primary strange and multi-strange hadrons [30]. Similar measurements
have been previously performed in p–Pb collisions [33, 49] and in Pb–Pb colli-
sions [48, 50]. When increasing the charged-particle multiplicity in pp collisions,
a significant enhancement of strange to non-strange hadron production is observed.
The values of the ratios and their evolution with dNch/dη resembles those observed
in p–Pb collisions at a slightly lower centre-of-mass energy and suggests that if there
exists a common driver for the strangeness production that is not given by the initial-
state collision system or energy but rather by the final-state event activity [51]. The
observation of the constant production of protons relative to pions along with the
multiplicity-dependent enhancement of the production of strange hadrons could not
be simultaneously reproduced by theMonte Carlo event generatormodels commonly
used at the moment of the discovery [52–56]. This has raised a challenge for the gen-
eral purpose pp event generators and their underlying models that has significantly
stimulated and attracted the corresponding theoretical community towards a better
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understanding of the physics of heavy-ion collisions from a microscopical point of
view [57–60].

Hadron abundances in heavy-ion collisions, including those of strange particles,
are compatiblewith the expectations from chemical equilibrium and can be described
using statistical hadronisation models in the grand-canonical ensamble [61, 62]. To
effectively produce a suppression of strangeness production in small systems one
needs to extend the grand-canonical statistical description and introduce new con-
cepts, like the ones employed in the strangeness canonical suppression [63] and the
core-corona superposition [64, 65] models. The study reported in [66] has analysed
the prodution of light-flavour hadrons as a function of the multiplicity at LHC ener-
gies in the strangeness canonical suppression picture using THERMUS [67]. The
model provides a good description of the data, but with a notable exception for the
case of the φ meson. Given the fact that a strangeness canonical suppression model
is only sensitive to the hadronic quantum numbers, the strangeness in this case, the
observation of an enhancement (suppression) of φ meson production with increasing
(decreasing) multiplicity is inconsistent with the canonical suppression interpreta-
tion. The indication is that the φ meson behaviour is closer to the behaviour expected
from a hadron formed by two strange quarks. The increase of the relative φ meson
productionwith dNch/dη does not allow one to proceed alongwith the canonical sup-
pression interpretation of the observed strangeness enhancement in high-multiplicity
pp and p–Pb collisions in a fully consistent way. Further analyses of hadron produc-
tion in small collision systems employing statistical models in several configurations
have been performed in [68]. The authors conclude that high-multiplicity proton-
proton collisions are close to the thermodynamic limit and estimate that the final
state in pp collisions could reach the thermodynamic limit when dNch/dη is larger
than twenty per unit of rapidity. Interestingly, results from the study of the PHENIX
experiment at RHIC on the measurement of direct photon emission from heavy ion
collisions seem to imply that there must be a transition at a similar dNch/dη ≈ 2 to
20 from the small yield of direct photons in pp collisions to an enhanced regime like
the one observed in Au–Au collisions [69].

40.4 Conclusions

A multitude of features which in nuclear collisions are typically attributed to the
formation of a strongly-interacting collectively-expanding quark-gluonmedium, like
near-side long-range correlations and mass-dependent hardening of pT distributions,
have been observed in high-multiplicity events with small collision systems at the
LHC and at RICH. An enhanced production of strange particles as a function of the
charged-particle multiplicity density (dNch/dη), originally considered to be another
signature of QGP formation in nuclear collisions, has also been observed in small
collision systems.

It is unequivocal that the study of the features emerging from small collision
systems at high multiplicity is of significant interest. Further studies are essential to
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assess whether the combination of these observations can be interpreted as signal of
the progressive onset of a QGP medium, which seems to start developing already in
small systems.
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Chapter 41
Experimental Overview on Heavy
Flavour in Small Systems

Émilien Chapon

Abstract Heavy flavour production in small systems is sensitive to a variety of
effects, from initial to final state. It can be studied using leptons from heavy flavour
hadron decays, or meson or baryon exclusive hadronic decays. The yields are com-
pared to models including initial state effects, such as nuclear modifications of the
parton distribution functions or in the colour glass condensate framework. These data
can also be used to look for signals of a quark gluon plasma. Additional information
is gained from studies of the heavy flavour elliptic flow and correlations.

41.1 Introduction

The large mass of the heavy quarks make them excellent probes of the physics of
small collision systems (proton-proton and proton-nucleus). Their production can
be computed in a perturbative way, which helps study the initial state: either the
nuclear modifications of the parton distribution functions (nPDF), or gluon saturation
in the colour glass condensate (CGC) framework. Measurements in small systems
also provide a comparison point for the interpretation of results in nucleus-nucleus
collisions: in these intermediate size systems, a different interplay of initial state and
other cold nuclear matter (CNM) effects is expected, as well as a smaller amount
of quark gluon plasma (QGP) effects, if any. They provide insights on collectivity,
where again comparing light and heavy flavours sheds light on the importance of
the quark mass. We will see whether heavy flavour (HF) hadrons exhibit elliptic
flow in proton-nucleus collisions, and how it compares with that of light flavours.
Finally, since qualitative similarities are found with nucleus-nucleus collisions, all
these measurements help look for a possible QGP created in small systems, in proton-
nucleus or even proton-proton collisions.

Experimentally, several methods can be used to measure heavy flavour. The first
one is to measure charged leptons, produced in the weak decays of HF hadrons (the
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decay chain of beauty hadrons can involve a charm hadron). Heavy flavour electrons
and muons can be separated from other sources (such as decays from light flavour
hadrons or resonances, and photon conversions for electrons) by the fact that they are
displaced with respect to the primary vertex: the lifetime of HF hadrons translates
into measurable flight distances, from cτ ≈ 150 μm for charm to cτ ≈ 500 μm for
beauty. This difference is also used for extracting separately the charm and beauty
contributions. A second method is to focus on the exclusive decay of specific hadrons,
such as D0 → K−ß+ or B+ → J/ K+. Also for these hadronic final states, the pres-
ence of a displaced vertex is used experimentally for suppressing the combinatorial
background. Finally, further information on heavy quark fragmentation can be gained
from the study of HF-tagged jets, defined experimentally either from the presence
of a HF hadron (such as D0) inside the jet, or from other algorithms based on jet
properties (presence of a secondary vertex or a decay lepton). In a similar fashion,
observables can also be defined from the correlation between the HF hadron and
light hadrons.

41.2 Production

Measurements of HF electrons and muons in pPb collisions give access to inclusive
HF hadrons in semi-leptonic decays. Recent results at

√
sNN = 5.02 TeV by the

ALICE Collaboration of beauty electrons [1], at midrapidity, and HF muons [2],
at forward rapidity, are consistent with expectations from EPS09 [3] shadowing,
though with large uncertainties in the former case. The PHENIX Collaboration has
also reported the nuclear modification factor of inclusive cc̄ and bb̄ production in
deuteron-gold collisions using e+e− production [4], found to be consistent with one,
with large uncertainties and some dependence on the model assumed in the analysis
procedure. Very precise cross sections are also reported in pp [5], with much smaller
uncertainties than models (such as FONLL [6]).

The measurement of identified hadrons, such as D0 → K−ß+, leads to several
advantages, despite the reduction in number of events because of the fragmentation
and branching ratio. It gives access to the original hadron kinematics (including pT),
and to the study of possible differences between mesons and baryons, for instance.
In pp collisions, the recent ALICE measurement of 4 different D meson species at√
s = 5.02 TeV [7] is very precise, lying at the upper edge of the large uncertainty

band from FONLL [6]: these data may be used to further constrain this HF production
model and others. In addition, such measurements can also be used to extract the
total charm cross section [8], which is an important input to several calculations such
as quarkonium production in heavy ion collisions.

In pPb collisions, the measurement of D meson production cross sections allows
the direct comparison of the data [9–11] to models, though the corresponding theo-
retical uncertainties are usually large, as discussed above, from scale uncertainties in
FONLL and gluon shadowing at low Bjorken x . This motivates the direct use of pp
measurements as a reference, building nuclear modification factors RpPb (Fig. 41.1).
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Several observations can be made from these ratios. First, results for different D
meson species are found to be consistent, between D+, D0, D∗+, and even D+

s [9,
11]. Further, modifications are found to be consistent with expectations from nPDF
models [10], but also with CGC expectations in the corresponding domain of appli-
cability (at small xPb, i.e. at forward rapidity). The data, especially from LHCb,
are found to be very precise, much more than nPDFs, especially at small xPb, in
the shadowing region, but also at larger xPb in the antishadowing region. It is then
natural to try to constrain nPDFs using these data. A couple of theory groups have
discussed recently the use of HF data for constraining low x gluon shadowing and
the potentially large reductions of uncertainties that could be obtained. The authors
of a first paper [12] have used a data-driven parametrisation of matrix elements, and
a Bayesian reweighting of MC replicas. On the other hand, the second group [13]
has obtained the partonic cross sections in a SACOT-mT scheme in the GM-VFNS
approach, with a Hessian reweighting for constraining nPDFs. Very recent LHCb D0

meson results in pPb [14] suggest CNM effects on top of nPDF, however, showing
that some care is needed if planning to use these data as inputs to an nPDF analysis.

By injecting noble gases in the interaction region (using SMOG), the LHCb exper-
iment has the capability to measure charm production in a fixed-target mode, which
is probing the large x region. In order to remove “normal” beam-beam interactions,
events are selected when only beam 1 is present. The D0 results in proton-helium col-
lisions [15], reported as a function of rapidity in the centre-of-mass frame (spanning
backward to midrapidity), show no evidence for substantial valence-like intrinsic
charm contribution, since the data are below the expectation in the most backward
(largest x) bin, where intrinsic charm would lead to an enhancement [16].

The ALICE Collaboration has compared their D meson data in pPb (averaging
D+, D0, and D∗+) [9] to several models of initial state (CGC, nPDF) and CNM effects
(kT broadening, energy loss, incoherent multiple scattering), or even transport models
assuming the creation of a QGP droplet in pPb collisions. The latter predict a bump
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in the RpPb around 2–4 GeV and a suppression at higher pT, but neither of these
features is found in the data, disfavouring these models, even in the most “central”
(higher activity) pPb collisions.

Further studies of D meson production as a function of event activity in pPb
collisions have been reported by the ALICE Collaboration [17]. Different trends are
found depending on the event activity estimator: when charged particle tracks are
used, measured at midrapidity, a faster than linear increase is observed, while an
almost linear correlation between D meson yields and event activity is found when
the V0A detector is used. In all cases, EPOS 3 [18] provides a better description
when including hydrodynamics than without. In addition, the nuclear modification
factor as a function of pT in different centrality classes, QpPb, has also been studied
by the ALICE Collaboration [9]. In all centrality classes, a similar trend is found as
for light hadrons (charged particles), including a hint of suppression at low pT and
a hint of enhancement at high pT in central events.

Heavy flavour hadronisation in a heavy ion environment can be studied by com-
paring meson to baryon production. The Λ+

c /D0 ratio has been measured by the
ALICE and LHCb [19] Collaborations, and found to be consistent with the one in
pp collisions, decreasing with pT. Nuclear PDF uncertainties almost full cancel in
this ratio, and a better description is found by a model using a parametrisation of pp
cross section than from event generators. Similar observations have been made in pp
by the ALICE Collaboration for the Ξ 0

c /D0 ratio [20].
Heavy flavour tagged jets have been compared in pp and pPb collisions by the

CMS [21] and ALICE [22] Collaborations, respectively for charm jets, and bottom
and heavy flavour electron jets. In all cases, results are found to be consistent in pp and
pPb. The ALICE Collaboration has also compared D0 mesons in jets between pp and
pPb collisions, with two measurements: D0-tagged jets (jets including a D0 meson),
and D0-hadron correlations (near and away side production of charged hadrons) [23].
In both cases, no evidence has been found for CNM effects, within uncertainties.

Inclusive beauty production can be accessed in nonprompt J/ψ production, mea-
sured by all four LHC experiments [24–27]. Results are consistent with nPDF expec-
tations, with an additional hint of higher suppression in high event activity events.
Similarly to charm production, identified B mesons, such as B+ → J/ψK+, allow
the reconstruction of the original hadron kinematics and particle identification, at
the cost of smaller yields compared to nonprompt J/ψ. Results from the CMS [28]
and LHCb [29] Collaborations are found to be consistent with nonprompt J/ψ, as
well as nPDF expectations. Recently, the LHCb Collaboration has reported a mea-
surement of Λ0

b in pPb collisions [29], the first b baryon measurement in heavy ion
collisions, constraining the b quark fragmentation in a nuclear environment. The
baryon-to-meson ratio is found to be compatible with the pp value.

Going to even higher masses, the CMS Collaboration has reported the first mea-
surement of top quarks in pPb collisions [30]. Top quarks are too short-lived to
hadronise, and measured by CMS in the lepton+jets final state. This process is sen-
sitive to high x gluons, providing a new handle for nPDFs in this kinematic region.
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41.3 Flow and Correlations

Measurements of heavy flavour hadron anisotropic flow in small systems are con-
fronted with some experimental challenges. The so-called nonflow contribution, due
to jet-like back-to-back topologies, has to be accounted for, usually using an esti-
mation based on low multiplicity events, where it is expected to be dominating. In
addition, the heavy flavour signal usually sits on top of a background, which can be
large, and the signal v2 needs to be extracted from the signal + background v2. Dif-
ferent strategies are chosen by the experiments to solve these challenges. The ALICE
and CMS Collaborations use two-particle correlations (Fourier fits), with nonflow
subtraction. The ATLAS Collaboration relies on template fits of Δφ between the
particle of interest and charged hadrons, where a template accounting for nonflow
is built using low multiplicity events. Finally, the event plane method is used by the
PHENIX Collaboration.

The elliptic flow of heavy flavour leptons has been measured by the ALICE [31],
ATLAS [32], and PHENIX Collaborations. A non-zero v2 is consistently found, also
smaller than that of charged hadrons, consistently for all three experiments. The CMS
experiment has also reported the elliptic flow of D0 mesons in pPb collisions [33],
scaling results by the number of constituent quarks nq as motivated by the quark
coalescence model: the hadron v2 should reflect that initially carried by its constituent
quarks. In pPb collisions, the v2/nq of D0 mesons is smaller than strange hadrons
for small kinematic energy K ET/nq , while in PbPb, both particles follow the same
trend.

The ALICE [34] and CMS [35] Collaborations have also measured the J/ψ meson
v2 in pPb collisions. Large values are found, comparable to those in PbPb collisions,
and they are similar in the p-going and Pb-going directions. The v2 is lower for J/ψ
than for strange hadrons, though both are consistent at low K ET/nq . Finally, it is
similar to the D0 meson v2. These indications of the collective behaviour of J/ψ
mesons in pPb are a challenge to transport models, which usually predict a smaller
v2 (Fig. 41.2).

41.4 Future

Finally, projections for the expected performance and precision of the heavy flavour
measurements in the upcoming Runs 3 and 4 at the LHC are presented in the High-
Luminosity LHC Yellow Report [36]. A large gain with respect to current LHC results
will be brought both from the larger data sets (especially for the ALICE experiment)
and detector upgrades. New ways to understand the heavy quark dynamics in small
system and look for the QGP will include precise nuclear modification factor mea-
surements (including B+, currently suffering from large uncertainties), elliptic flow
for heavy flavour leptons, D0 and J/ψ, as well as D0D̄0 correlations.
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hadrons, from the CMS experiment [35]. Right: elliptic flow of J/ψ mesons in pPb collisions,
separately for the p-going and Pb-going direction, compared to PbPb collisions, from the ALICE
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41.5 Summary

Heavy flavour hadron production in pPb collisions shows modest modifications with
respect to pp collisions, overall consistent with expectations from initial state mod-
ifications (nPDF or CGC). These modifications could then, in turn, be potentially
used to constrain nPDFs. The data show no sign of the expectations from transport
models assuming the creation of a QGP in pPb collisions, namely a flow peak at low
pT and suppression at high pT . On the other hand, a large heavy flavour flow is
found in pPb collisions, larger than predicted by transport models. Initial state fluc-
tuations, expected to play a significant role in small systems, are however missing
from models. Heavy flavour production in small systems sheds light on the initial
state modifications and final state interactions, and shows no clear sign of QGP up to
now.
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Chapter 42
Sequential Coalescence with Charm
Conservation

Jiaxing Zhao, Shuzhe Shi, Nu Xu, and Pengfei Zhuang

Abstract In the frame of sequential coalescence,we discuss heavy flavor production
in high energy nuclear collisions. The charm conservation during the evolution of
the hot medium enhances the earlier hadron production and suppresses the later
production. This relative enhancement (suppression) changes significantly the ratios
between charmed hadrons in heavy ion collisions at RHIC and LHC energies.

The hadronizationmechanism is a fundamental problem inQuantumChromodynam-
ics (QCD). Different from the parton hadronization in vacuum, the statistics plays
an important role in the hadronization of the Quark-Gluon Plasma (QGP) formed in
high energy nuclear collisions. If the produced hadrons are in thermal and chemical
equilibrium state at the hadonization, their yield can be described by a statistical
model with temperature and chemical potentials as parameters [1, 2]. More dynam-
ical approaches are the coalescence models which describe well the quark number
scaling of the elliptic flow and the enhancement of the baryon to meson ratios [3–5]
for light hadrons in heavy ion collisions. However, there are two assumptions in these
coalescence models. One is the coalescence probability or Wigner function which is
usually taken as a Gaussian distribution with the width as a free parameter, the other
is the simultaneous hadronization for all the hadrons.

The hadronization of heavy quarks provides away to understand the hadronization
mechanism. Due to the large mass of heavy quarks, their bound states, mesons and
baryons, can be described by two- or three-body Schrödinger or Dirac equations in
both vacuum and hot medium [6–9]. In this case, the eigenvalue of the equation,
namely the binding energy, determines the dissociation or production temperature
of the bound state, which leads to a sequential coalescence process for all the heavy
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flavor hadrons. On the other hand, the eigenstate of the equation, namely the wave
function of the bound state, controls the coalescence probability of the corresponding
quarks. In addition, the heavy quark mass is much larger than the typical temperature
of the fireball produced in heavy ion collisions at the Relativistic Heavy Ion Collider
(RHIC) and the Large Hadron Collider (LHC), the thermal production of heavy
quarks can be safely neglected [10], and the initially produced heavy quarks are
conserved during the evolution of the colliding system. This charm conservation
effect changes remarkably the heavy flavor yields [11].

By solving the two-body Dirac equation [8] with lattice simulated heavy quark
potential at finite temperature [12], we obtain the charmed meson binding energy
ε(T ) and the radial wave function ψ(r, T ). From the condition for meson melt-
ing ε(Tm) = 0 or 〈r〉(Tm) → ∞, we extract the meson dissociation (production)
temperatures Tm = 1.2Tc for m = D+

s and 1.15Tc for m = D∗+
s , D0, D∗0 and D∗+,

where Tc is the deconfinement temperature for light quarks. Considering the relation
Vqq � Vqq̄/2 between the quark-quark and quark-anti-quark potentials, the dissocia-
tion temperatures for charmed baryons like Λc, Σc, Ξc and Ωc should be lower than
that for charmed mesons [7, 9]. To simplify the calculation, we take the dissociation
or production temperature as Tb = Tc for all the charmed baryons. The evolution of
the hot medium created in heavy ion collisions at RHIC and LHC can be described
by the energy-momentum conservation law ∂μT μν = 0, which determines the space-
time dependence of the medium temperature T and baryon chemical potential μB .
During the evolution, the medium cools down continuously due to the expansion of
the system. When the local temperature T (x) reaches the production temperature
Th for charmed hadron h, the hadron will be produced via coalescence mechanism
at time th(x). Since different hadrons have different production temperatures, the
hadronziation of charmed quarks happens sequentially. D+

s s are produced first, then
D∗+

s , D0, D∗0 and D∗+, and finally the charmed baryons Λc,Σc, Ξc and Ωc.
The spectra of charmed hadrons produced through sequential coalescence are con-

trolled by both the dynamics (Wigner function W ) and statistics (quark distribution
fi ),

dN

d2 pT dη
= C

∫
pμdσμ

n∏
i=1

d4xid4 pi
(2π)3

fi (xi , pi )W (x1, ..., xn, p1, ..., pn) (42.1)

where pT and η are the charmed hadron transverse momentum and longitudinal
rapidity, the summation is over the constituent quarks with n = 2 for mesons and 3
for baryons, the integration is on the coalescence hypersurface σμ(th, x) at produc-
tion time th , and the constant C is a statistical factor to take into account the internal
quantum numbers in forming a colorless hadron. The Wigner function or coales-
cence probability W (x1, ..., xn, p1, ..., pn) for n quarks to combine into a hadron is
the Fourier transformation of the probability densityψ†(x1, ..., xn)ψ(x1, ..., xn)with
the wave function ψ(x1, ..., xn) determined by the two- or three-body Dirac equa-
tion. Considering thermal and chemical equilibrium for light quarks, non-chemical
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equilibrium for strange quarks, and non-thermal equilibrium for charm quarks, the
quark distributions can be taken as

fq(x, p) = Nq

epμuμ(x)/T (x) + 1
, q = u, d

fs(x, p) = Nsγs

epμuμ(x)/T (x) + 1
,

fc(x, p) = rhρc(x)
[
α fth(p) + β fpp(p)

]
, (42.2)

where the constants Nq and Ns are determined by the inner quantum numbers of
the quarks. Since strange quarks may not reach fully chemical equilibrium at RHIC
energy, a fugacity factor is included in the distribution which is γs = 0.85 at RHIC
and 1 at LHC from the comparisonwith the experimental data [13]. For charmquarks,
they lose energy during the transportation in the quark-gluon plasma and become
partially thermalized at the hadronization. We take, as a first approximation, a linear
combination of the pQCDdistribution fpp determined by experimental p+p collisions
and a thermal distribution fth as the charm quark distribution. The coefficients α and
β control the degree of the thermalization. The space density ρc(x) is determined by
the initial p+p collisions and nuclear geometry. The charm quark number fraction rh
describes the charm conservation during the hadronization. More charm quarks are
involved in the earlier coalescence, and less charmquarks join the later hadronization.
Suppose the produced D+

s number and all the charmed meson number are ND+
s
and

Nm , the charm quark number fraction is then rh = 1 for D+
s , 1 − ND+

s
/Nc ∼ 0.9

for the other charmed mesons, and 1 − Nm/Nc ∼ 0.6 for charmed baryons. Note
that, if all the charmed hadrons are simultaneously produced at the phase transition
temperature Tc or coalescence time tc in usual coalescencemodels, the charm fraction
is the same for all the singly charmed hadrons, and therefore the charm conservation
will not affect the yield ratios in this case.

Recently, the yield ratio of D+
s /D0 is measured in heavy ion collisions at

RHIC [15] and LHC [16] energies. In comparison with the corresponding p+p colli-
sions simulated via PYTHIA[17], the ratio in A+A collisions is strongly enhanced.
One of the reasons for this enhancement is the strangeness enhancement [18] in
heavy ion collisions which leads to D+

s enhancement. There is another reason in
our calculation: The enhanced charm quark number used in the coalescence for D+

s
results in a D0 suppression due to the charm conservation. These two reasons make
a very strong D+

s /D0 enhancement which explains well the experimental data [11].
Figure 42.1 shows the centrality dependence of the ratio at RHIC energy. Since the
fugacity is not sensitive to the centrality, the ratio is almost a constant in semi-central
and central collisions.

In summary, we have established a sequential coalescence model with charm
conservation and applied it to the charmed hadron production in heavy ion collisions.
The charm conservation leads to an enhancement for earlier produced hadrons and
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Fig. 42.1 The centrality dependence of the yield ratio Ds/D0 (left panel) and strangeness fugacity
γs (right panel) for Au+Au collisions at RHIC energy. b is the impact parameter, Np is the number
of the participant nucleons, and the data are from [14] for γs and [15] for Ds/D0

a suppression for later produced hadrons. The strangeness enhancement and charm
conservation in the sequential hadronization model explain well the strong Ds/D0

enhancement observed in heavy ion collisions at RHIC and LHC energies.
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Chapter 43
�+

c Production in pp and PbPb Collisions
at 5.02 TeV with the CMS Detector

Rui Xiao

Abstract Due to the large masses of heavy quarks, their interactions with the quark-
gluon plasma (QGP) may be different from those of light quarks. The lightest charm
baryon is �+

c , composed of a charm quark and two light quarks. Measurements of
�+

c production in both pp and PbPb collisions can provide important inputs to the
understanding of heavy quark transport in the QGP and the creation of heavy quark
mesons and baryons via coalescence. Models involving quark coalescence predict a
large enhancement of �+

c production in PbPb collisions compared to pp collisions.
The high luminosity datasets collected at a nucleon-nucleon center-of-mass energy of
5.02 TeV using the CMS detector have been used to measure �+

c production in both
pp and PbPb collisions via the�+

c → pK−π+ decay channel. Results for differential
cross sections for �+

c and ratios of �+
c over D0 yields in pp and PbPb collisions, as

well as the nuclear modification factor for �+
c , are presented.

43.1 Introduction

Measurements of heavy-quark production provide unique inputs in understanding
the properties of quark-gluon plasma (QGP) [1]. In relativistic heavy ion collisions,
besides the fragmentation process present in proton-proton (pp) collisions, hadron
production can also occur via quark coalescence. Due to the larger number of con-
stituent quarks, the relative coalescence contribution to baryon production is expected
to be more significant than for mesons. In particular, models involving coalescence
of charm and light-flavor quarks predict a large enhancement in the �+

c /D0 produc-
tion ratio in heavy ion collisions relative to pp collisions [2–4]. All discussions of
�+

c and D0 also include the corresponding charge conjugate states. In this contribu-
tion, we report a study of inclusive�+

c baryon production in pp and lead-lead (PbPb)
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Fig. 43.1 Invariant mass distribution of �+
c candidates with pT = 5–6GeV/c (left), 10–20GeV/c

(middle) in pp collisions, and pT = 10–20GeV/c in PbPb collisions within the centrality range
0–100% (right). The solid line represents the full fit and the dashed line represents the background
component [7]

collisions. The datawere collected at
√
sNN = 5.02 TeV in 2015 using theCMSdetec-

tor [5]. The �+
c /D0 production ratios use the corresponding CMS measurements of

prompt D0 production [6].

43.2 Analysis Procedure

The �+
c → pK−π+ candidates are reconstructed by selecting three charged tracks

with |η| < 1.2 and a net charge of+1. During the invariant mass reconstruction, both
possibilities for the mass assignments of the same-sign tracks are considered, while
the kaon mass is assigned to the opposite-signed track. The incorrect assignment
results in a broad distribution in the invariant mass and is indistinguishable from
the combinatorial background. The �+

c baryon yields in each transverse momentum
(pT) interval are obtained from unbinned maximum likelihood fits to the invariant
mass distribution. The signal shape is modeled by the sum of twoGaussian functions.
Representative invariant mass distributions in pp and PbPb collisions are shown in
Fig. 43.1.

43.3 Results

Figure43.2 shows the pT-differential cross section of �+
c baryon in pp and PbPb

collisions. The shape of the pT distribution in pp collisions is consistent with the
pythia8 calculation [8], while the data are systematically higher than pythia8.

The nuclear modification factor RAA for �+
c baryons is shown in Fig. 43.3 as a

function of the number of participating nucleons 〈Npart〉 for PbPb collisions. There is
a hint that the production of �+

c is suppressed in PbPb collisions for pT > 10GeV/c,
but no conclusion can be drawn due to the large uncertainty in the pp differential cross
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error bars represent the systematic and statistical uncertainties, respectively. The PbPb data points
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section. However, the ratio of the RAA values for the 0–30% and 30–100% centrality
ranges shows evidence for more suppression in the more central PbPb collisions.

Figure43.4 shows the �+
c /D0 production ratio as a function of pT for pp and

0–100% centrality PbPb collisions. The production ratio in pp collisions, is similar
in shape versus pT but systematically higher than the calculation from pythia8.212
tune CUETP8M1. The calculations of pythia8 adding a color reconnection (CR)
mechanism [9], shown in Fig. 43.4, are consistent with the �+

c /D0 production ratio



282 R. Xiao

 (GeV/c)
T

p
4 6 8 10 12 14 16 18 20

)0
D

+0
) /

 (D
− C

Λ
 +

 
+ C

Λ(

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7  (5.02 TeV)-1, pp 38 nb-1bμPbPb 44 

CMS pp
Data
PYTHIA8
PYTHIA8 + CR
EPJC78 (2018) 348
arXiv:1902.08889

PbPb
Data: Cent. 0-100%

|y| < 1.0
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c /D0 production cross section ratio versus pT in pp collisions and for minimum
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clarity. The open crosses and open stars represent the predictions of pythia8 with the CUETP8M1
tune and with color reconnection [9], respectively. The solid and dashed lines are the calculations
from [10] and [11], respectively

results in pp collisions. The�+
c /D0 production ratio in pp collisions is also compared

to two models. The black solid line shows calculations using a model that includes
both coalescence and fragmentation in pp collisions [10]. Compared to the data, this
model predicts a stronger dependence on pT. Another model includes enhanced con-
tributions from the decay of excited charm baryon states not included in pythia [11]
also shown in Fig. 43.4 by the dashed line. This model provides a reasonable descrip-
tion of the data in the range where it is available. The PbPb measurement in the pT
range 10–20GeV/c is consistent with the pp result. This lack of an enhancement may
suggest that there is no significant contribution from the coalescence process for
pT > 10GeV/c in PbPb collisions.

43.4 Summary

In summary, this report presents the �+
c spectra in pp and PbPb collisions at

5.02 TeV with the CMS detector. A hint of suppression of �+
c production for

10 < pT < 20GeV/c is observed in PbPb when compared to pp data, with cen-
tral PbPb events showing stronger suppression. The �+

c /D
0 production ratios in pp

collisions are consistent with the predictions of pythia8 adding color reconnection
in hadronization, and also with a model that includes enhanced contributions from
the decay of excited charm baryons. The �+

c /D
0 production ratios in pp and PbPb

collisions for pT = 10–20GeV/c are found to be consistent with each other. This may
suggest that the coalescence process does not play a significant role in �+

c baryon
production in this pT range.
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Chapter 44
Charmed Hadron Production by
Recombination in Heavy Ion Collisions

Sungtae Cho

Abstract Starting from the investigation on recent experiments about charmed
hadrons, e.g., nuclearmodification factor ratios between charmoinum states andmea-
surements of doubly charmed hadrons, we discuss the production of those charmed
hadrons by recombination in heavy ion collisions. We adopt the coalescence model,
and evaluate transverse momentum distributions of not only charmonium states but
also charmed hadrons such as Ξcc baryons and X (3872) mesons produced from
quark-gluon plasma. We discuss the important characteristics of charmed hadron
production in heavy ion collisions by showing the transverse momentum distribu-
tion ratio between various charmed hadrons.

44.1 Introduction

Heavy quark hadrons have been considered to be useful probes in understanding the
properties of the quark-gluon plasma. Since heavy quarks are expected to be more
produced than before as the energies available in heavy ion collisions are increased,
the possibility of producing heavy quark hadrons from the quark-gluon plasma is
expected to increase as well [1, 2]. Therefore it is necessary to study the production
of hadrons with heavy quarks in high energy heavy ion collisions from a point of
view of the coalescence model in which the hadron production is described as the
process of coalescing constituents into hadrons [3, 4].

Recently, the production of various kinds of exotic hadrons with or without
heavy quarks in heavy ion collision have been investigated based on the coalescence
model [5–7]. Nevertheless, the production of many normal hadrons with multi-heavy
quarks, e.g., Ξ ∗

cc, Ωscc, Ω∗
scc, and Ωccc baryons have not been studied yet in heavy

ion collision experiments. We discuss here the production of those multi-charmed
hadrons in heavy ion collisions, mostly by focusing on the production yield and the
yield distribution as a function of transverse momenta.
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We investigate also the transverse momentum distribution of the X (3872)meson.
As attempts to understand the X (3872) meson, e.g., the structure and spin, the
X (3872) meson has been studied in heavy ion collisions [8]. Here we try to under-
stand the internal structure of the X (3872) meson by evaluating the transverse
momentum distribution of the X (3872) in both a four-quark and a two-quark state.
Since it has been found that the yield depends on the structure of hadrons [5–7], trans-
verse momentum distributions are also expected to be dependent on the structure of
hadrons as well as the wave function through the Wigner function [9]. Therefore by
evaluating two different transverse momentum distribution of the X (3872) meson
we expect to obtain information about the dependence of the transverse momentum
distribution on their constituents.

We also discuss transverse momentum distribution ratios between various multi-
charmed hadrons. Studying the transverse momentum distribution ratio, especially
between the X (3872) and multi-charmed hadrons will shed some lights in investi-
gating roles of heavy quarks in the heavy quark hadron production.

44.2 Production of Multi-charmed Hadrons from the
Quark-Gluon Plasma

We first focus on the production yields of Ξcc, Ξ ∗
cc, Ωscc, Ω∗

scc, and Ωccc baryons
in heavy ion collisions. Using the same method introduced in [7] we evaluate the
production yields of the above multi-charmed hadrons in both the coalescence and
statistical hadronization model [10]. When evaluating yields and transverse momen-
tum distributions ofΞcc andΩscc baryons, we have not included decay contributions
from Ξ ∗

cc and Ω∗
scc baryons. We show results in Table44.1.

Secondly, we calculate transverse momentum distributions of Ξcc, Ωscc, Ωccc

baryons, and X (3872) mesons in the coalescence model. Especially, we consider
two transverse momentum distributions for the X (3872) meson, one in a four-quark
state, and the other in a two-quark state [10]. In evaluating transverse momentum

Table 44.1 The Ξcc, Ξ∗
cc, Ωscc, Ω∗

scc, and Ωccc yields at mid-rapidity in both the statistical and
coalescence model expected at RHIC in

√
sNN = 200 GeV Au+Au collisions and at LHC in√

sNN = 2.76 TeV Pb+Pb collisions

RHIC LHC

Stat. Coal. Stat. Coal.

Ξcc 3.7 × 10−3 4.5 × 10−4 1.0 × 10−2 1.6 × 10−3

Ξ∗
cc 6.4 × 10−3 9.0 × 10−4 1.8 × 10−2 3.3 × 10−3

Ωscc 1.3 × 10−3 8.2 × 10−5 3.7 × 10−3 3.0 × 10−4

Ω∗
scc 1.5 × 10−3 1.6 × 10−4 4.3 × 10−3 6.0 × 10−4

Ωccc 1.1 × 10−4 1.1 × 10−6 4.0 × 10−4 5.3 × 10−6
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distributions ofmulti-charmed hadronswe adopt the charm quark transversemomen-
tum distribution developed in [11], and use the oscillator frequency, ωc, leading to
consumption of all charm quarks at zero transverse momentum by quark coalescence
[11, 12]. We show results in Fig. 44.1. A superscript R(L) represents the transverse
momentum distribution at RHIC(LHC)

√
sNN = 200GeV (

√
sNN = 2.76TeV).

We also show in Fig. 44.1 some transverse momentum distribution ratios between
multi-charmed hadrons. We see different shape of peaks at different transverse
momentum regions in Fig. 44.1b–d. We argue that the peak appearing here in each
transverse momentum distribution ratio is related to the type and number of quark
constituents participating in hadron production. The peak is located at higher trans-
verse momentum when more heavier quarks are involved; the peak at the higher
transverse momentum for hadrons with heavier quarks supports the argument that
the momentum of heavy quark hadrons is mostly carried by heavy quarks due to their
heavier mass [11, 12].

We show in Fig. 44.2 transverse momentum distribution ratios between the
X (3872) in a four-quark state and theΞcc, cc̄qq̄/ccq and those between the X (3872)
in a two-quark state and the Ξcc, cc̄/ccq at both RHIC

√
sNN = 200GeV and LHC√

sNN = 2.76TeV.We see clear difference between two ratios, therebywe can obtain

Fig. 44.1 a Transverse momentum distributions ofΞcc,Ωscc,Ωccc baryons, and a X (3872)meson
in a four-quark state, X4 and transverse momentum distribution ratios between the Ωccc and the
Ωscc (b), between the Ωccc and the Ξcc (c), and between the Ωscc and the Λc (d) at both RHIC√
sNN = 200GeV and LHC

√
sNN = 2.76TeV
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Fig. 44.2 a Transverse momentum distribution ratios between the X (3872) in a four-quark state
and the Ξcc, and b those between the X (3872) in a two-quark state and the Ξcc at both RHIC√
sNN = 200GeV and LHC

√
sNN = 2.76TeV

the information on the quark structure of X (3872) mesons by evaluating the trans-
verse momentum distribution ratio between the X (3872) meson and various multi-
charmed hadrons.

44.3 Conclusion

We have investigated the yield and transverse momentum distribution of X (3872)
mesons as well as those of multi-charmed baryons. We find that estimated yields of
multi-charmed hadrons produced in heavy ion collisions are large compared to those
of the X (3872), and therebywe expect to observe sufficient amount ofmulti-charmed
hadrons in heavy ion collision. We also see that transverse momentum distributions
of multi-charmed hadrons keep the information on their constituent quarks at the
moment of hadron production very well, especially charm quarks carrying most of
the momentum of multi-charmed hadrons due to their heavier masses. Moreover we
note that the transverse momentum distribution ratio between various multi-charmed
hadrons reflects the interplay between quark contents of corresponding hadrons,
enabling us to infer the internal structure of the X (3872) meson.
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Chapter 45
Heavy Quark Baryon and Meson
Production in pp and AA at RHIC and
LHC Within a Coalescence Plus
Fragmentation Model

Vincenzo Minissale, Salvatore Plumari, Gabriele Coci, Giuseppe Galesi,
and Vincenzo Greco

Abstract The hadronization process of heavy hadrons with bottom and charm
quarks, especially for baryonsΛc, in a dense QGPmedium is largely not understood.
We present predictions obtained with a coalescence plus fragmentation model, for
D0, Ds , Λc spectra, the related baryon to meson ratios and the Ds/D0 ratio, both at
RHIC and LHC energies in a wide range of transverse momentum. We discuss how
our model can naturally predict values of the order of O(1) for Λc/D0 as recently
measured at both RHIC and LHC. Moreover assuming that at the LHC top energies
there can be the formation of QGP, we show that in the same scheme due to consid-
erable volume effect a still large Λc/D0 ≈ 0.5 is predicted as seen by ALICE in pp
collisions.

45.1 Introduction

A new state of matter composed of a strongly interacting plasma of deconfined
quark and gluons called Quark-Gluon Plasma (QGP) is created and studied in Ultra-
relativistic heavy ion collision at LHC and at RHIC. In recent years a lot of efforts
have been made to study the heavy quark dynamics in the QGP [1–8]. The final
observable states that contain charm quarks are the charmed hadrons, mainly D
mesons and Λc, Σc baryons. Recent experimental results from STAR and ALICE
collaborations have shown a baryon/meson ratio in the heavy flavor sector like the
one observed for light and strange hadrons [9]. The explanation of the hadronization
process trough the recombination mechanism starts from the idea that the final state
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particles are formed by comoving partons in the QGP that combine their transverse
momentum to produce a meson or a baryon with an higher transverse momentum
[10–13].

45.2 Coalescence Plus Fragmentation Model

Our coalescence model is based on the Wigner formalism, the resolution of the
coalescence integral gives the momentum spectrum of hadrons that can be written
as:

d2NH

dP2
T

= gH

∫ n∏
i=1

d3 pi
(2π)3Ei

pi · dσi fqi (xi , pi ) fH (x1 . . . xn, p1 . . . pn) δ(2)

(
PT −

n∑
i=1

pT,i

)

(45.1)

where dσi denotes an element of a space-like hypersurface, gH is the statistical factor
to form a colorless hadron while fqi are the quark phase-space distribution functions.
fH is the Wigner function and describes the spatial and momentum distribution of
quarks within an hadron. TheWigner distribution function used has a Gaussian shape
in space and momentum, with a normalization fixed to guarantee that in the limit
p → 0 we have all the charm hadronizing. While the covariant width parameter an
be related to the oscillator frequencyω by σ = 1/

√
μωwhereμ is the reduced mass.

The width of fM is related to the root mean square charge radius of the hadron. For
D+ meson 〈r2〉ch = 0.184 f m2 corresponding to a σp = σ−1

r = 0.283GeV; for Λ+
c

the mean square charge radius is 〈r2〉ch = 0.15 fm2. We compute the coalescence
probability Pcoal for each charm quark then we assign a fragmentation probability
Pf rag(pT ) = 1 − Pcoal(pT ). Therefore the hadron spectra comes from the charm
spectrum that do not undergo to coalescence, and evaluates by the convolution with
the fragmentation function, that in our case is the Peterson fragmentation function
Dhad(z, Q2) ∝ [z[1 − 1

z − εc
1−z ]2]−1 (see [3]). The relative ratios between different

hadron channels are properly calculated and normalized according to the ratio of
fragmentation fraction in [14]. Our approach is based on a fireball where the bulk of
particles is a thermalized system of gluons and u, d, s quarks and anti-quarks at a
temperature of TC = 165MeV. The fireball is considered at τ = 7.8 fm/c, for LHC
Pb+Pb at 2.76TeV, and τ = 4.5 fm/c, for RHIC Au+Au at 200GeV. To take into
account for the collective flow, we assume a radial flow profile as βT (rT ) = βmax

rT
R ,

where R is the transverse radius of the fireball. For partons at low transverse momen-
tum we consider a thermal distribution, instead for pT > 2.5GeV, we consider the
minijets that have undergone the jet quenching mechanism. For heavy quarks we use
the transverse momentum distribution obtained by solving the relativistic Boltzmann
equation [3]. The heavy quark numbers are estimated to be dNc/dy � 2 at RHIC
and dNc/dy � 15 at LHC.
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45.3 Results

In Fig. 45.1a (left) are shown the transverse momentum spectra at midrapidity for
Au+Au collisions at 200GeV and for 0–10% centrality for D0 meson (left) and
for Λ+

c baryon (right). We have also considered the feed-down for the Λ+
c and D0

that comes from the decay of the main hadronic channels, i.e. D∗0, D∗+, Σ∗
c (2520)

and Σc(2455). The contribution from coalescence (black solid) and fragmentation
(dashed) for D0 production is similar at momenta for pT < 3GeV. The two produc-
tion differs at higher momenta where fragmentation becomes dominant for the yield.
The coalescence is the dominant mechanism for the Λ+

c production for pT < 7GeV
and it is mainly related to the fragmentation fraction of charmed hadrons formed
via fragmentation from charm quarks, as showed in the analysis in [14], where this
fraction is about the 6% of the total produced heavy hadrons. In Fig. 45.1b (right)
are shown the transverse momentum spectra at midrapidity for Pb + Pb collisions
at 2.76TeV and for 0–10% centrality for D0 meson (left) and for Λ+

c baryon (right).
For D0 the contribution from coalescence is smaller than the one from fragmenta-
tion in all the momentum region considered, thus fragmentation is dominant for the
overall yield. For the Λ+

c production the coalescence is the dominant mechanism
up to pT = 7GeV. In Fig. 45.2a we show the Λ+

c /D0 ratio in comparison with the
STAR experimental data shown by squares [17] (left). Coalescence by itself predicts
a rise and fall of the baryon/meson ratio, the inclusion of fragmentation reduces the
ratio, and we can see a quite good agreement with the experimental data in the peak
region (blue line). The two panels in Fig. 45.2 show the comparison between RHIC
and LHC for this ratio. Even if the only coalescence and the only fragmentation ratio
remain similar, the combined ratio is different because, for each species, the produc-
tion ratio between coalescence and fragmentation is smaller at LHC than at RHIC
as can be seen from the spectra in Fig. 45.1 and so at LHC the final ratio is smaller
than at RHIC. Recently have been released new experimental data of Λ+

c /D0 in pp
collisions at LHC [18–20], and show an unexpected excess of production of Λc. We
have applied our model assuming the formation of a QGP system in the case of pp
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Fig. 45.1 (Color online) a (left) Transverse momentum spectra for Au + Au collisions at
√
s =

200GeV and for (0−10%) centrality. Experimental data from [15]. b (right) Transverse momentum
spectra for Pb + Pb collisions at

√
s = 2.76TeV and for (0−10%) centrality. Experimental data

from [16]
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[17] (b) and pp collisions with a coalescence plus fragmentation model. Experimental data from
[18, 19]

collisions. In Fig. 45.2b is shown with the red dashed line the Λ+
c /D0 ratio obtained

for this kind of system. Our calculations predict a significantly different ratio respect
to the only fragmentation. Moreover, the presence of a coalescence mechanism can
have a deep impact on the pp baseline used to evaluate theoretically the RAA for the
different species, in particular for Λc the presence of coalescence implies a different
behavior especially at low momenta. Recently released data from ALICE for the
Λc nuclear modification factor [19] can lead to a better understanding of the heavy
hadrons production in both pp and heavy ion collision.
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Chapter 46
Proton and Light Nuclei from Au+Au
Collisions at

√
sNN = 2.4 GeV Measured

with HADES

Melanie Szala

Abstract The HADES (High Acceptance DiElectron Spectrometer) experiment
at the SIS18 accelerator of the GSI Helmholtzzentrum für Schwerionenforschung
investigates heavy-ion collisions at kinetic beam energies of a few GeV per nucleon.
In this energy regime a large fraction of protons are bound in light nuclei. In order to
unterstand the productionmechanism of this nuclei, we present details of the analysis
for Au+Au collisions with 1.23AGeV (

√
sNN = 2.4GeV).

46.1 Motivation

The further one moves in the QCD phase diagram to the high μB region, the more
abundant light nuclei become. In heavy ion collisions at

√
sNN = 2.4 GeV almost 50%

of all protons are bound in light nuclei [1]. This is in strong contrast to ultra-relativistic
heavy ion collisions at LHC, where light nuclei are rare [2]. The HADES experiment
is investigating rare and penetrating probes such as strangeness production [3] and
dilepton radiation [4] in order to bridge towards lower and higher energy regions
[1, 5]. Now, we extend our measurements also to light nuclei. Due to the very high
statistics and clear separation of charged hadrons by the time-of-flight and energy-
less measurements, we can study p, d, t and 3He.
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46.2 Experimental Details

46.2.1 HADES Experiment

The setup of the HADES experiment is described in detail in [6]. The HADES spec-
trometer is a fixed target experiment located at the heavy-ion synchrotron SIS18
of the Helmholtzzentrum für Schwerionenforschung GSI in Darmstadt, Germany.
Since 2002, the HADES experiment operates with the aim of investigating dense
matter in the energy regime of a few GeV per nucleon. The spectrometer was con-
structed to have a large geometrical acceptance covering polar angles from 18 to
85◦ and almost the full azimuthal angle (see Fig. 46.1). Further characteristics of
the spectrometer are its good momentum resolution and high read-out rate. In 2012
HADES has recorded about seven billion Au+Au collisions at a collision energy of
1.23AGeV (

√
sNN = 2.4GeV).

46.2.2 Particle Identification

The particle identification is based on the velocity vs. momentum/Z correlation
(Fig. 46.2) where the velocity is determined from the time-of-flight measurement
in the TOF and RPC scintillators with respect to the time-zero information delivered
by the START detector and the tracked flight path. If needed, additional particle dis-
crimination power is gained from the energy loss (dE/dx) information in the MDC
and TOF. P, d, t and 3He as charged particles can be selected by the HADES detec-
tor directly. Protons and the light nuclei are identified by applying pre-cuts on the
correlation between β-momentum and the energy loss. As shown in Fig. 46.2 protons
and light nuclei are well described by the expected correlation in these observables
(black lines).

By cutting around the expected time-of-flight or energy loss identified hadron
candidates can be selected. To select the pure signal out of this candidates, the mass

Fig. 46.1 Cross section of
the HADES spectrometer.
The spectrometer is divided
into six identical sectors that
are placed symmetrically
around the beam axis
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Fig. 46.2 Correlation
between the momentum/Z
and β of all selected tracks.
Black lines correspond to the
expected values for the
different particle species

projection is fitted in the expected mass region and the background is subtracted
using the ROOT class Interpolator. Afterwards, the phase space is divided into bins
of reduced transverse mass m t − m0 and rapidity y and the reconstructed protons
and light nuclei are counted in each cell of the phase space, in order to obtain the
reconstructed raw yields of protons and light nuclei inside the HADES acceptance
as a function of (m t − m0) − y.

46.2.3 Efficiency Correction

The measured particle spectra are corrected for geometric acceptance of the detector
as well as the detector and track reconstruction efficiency. The acceptance and effi-
ciency matrices are generated based on simulations. The events are generated with
PLUTO [7] or the UrQMD [8] and then passed through a HGeant simulation that
mimics a realistic detector response. The simulated data can thus be analyzed exactly
in the same way as the real data.

46.3 Results

46.3.1 mt − m0 Spectra

We provide multi-differential spectra based on our large data sample of 2.2 × 109

events used in the analysis. We investigate the 0–10% most central collisions [9] in
order to study only the mid-rapidity source. The relative fraction of protons and light
nuclei originating from the break-up spectator regions inside the HADES acceptance
gets larger going to more peripheral collisions. The number of events for the 0–10%
most central collisions is about 5 × 108. The phase space is divided in reduced
transverse mass bins of 25MeV/c and in rapidity bins of 0.1, giving a total number of
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52 bins for protons. The acceptance and efficiency corrected transverse mass spectra
of p, d, t and 3He for bins of rapidity are presented in Fig. 46.3. The coverage for
protons is in total 1.5 units in rapidity. For comparison, a thermal source of protons
with a temperature of 120MeV has a total coverage of 1.8 units in rapidity. Hence, we
cover themajority of protons and hence have small uncertainties due to extrapolation.
The same applies to d, however the coverage in mt − m0 is slightly lower than for
protons. For t and 3He the coverage is further reduced to mostly the backward region
as well as midrapidity and only small coverage in forward regions.
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Fig. 46.3 Efficiency and acceptance corrected reduced transverse mass spectra of protons,
deuterons, triton and 3He for 0–10% most central collisons. For visibilty, the spectra are scaled
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46.4 Summary and Outlook

We present high statistic, multi-differential data of p, d, t and 3He. The results
shown are only preliminary results and the analysis of light nuclei is still on-going.
The future analysis will involve comparisons of mt − m0 spectra with a blast wave
model for extraction of kinetic freeze-out parameters and the extraction of the yields.
Furthermore, we can test possible production scenarios, e.g. thermal model versus
coalescence, and will provide multi-differential BA parameter. This measurements
are supplemented by data of Ag+Ag collisions at

√
sNN = 2.55GeV taken as part of

the FAIR Phase-0 in spring 2019. The first analysis of this data shows very promising
prospects for new even more precise measurements.
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Chapter 47
Testing Coalescence and Thermal Models
with the Production Measurement of
Light (Anti-)Nuclei as Function of the
Collision System Size with ALICE at the
LHC

Luca Barioglio

Abstract High energy pp, p–Pb, and Pb–Pb collisions at the LHC offer a unique
tool to study the production of light (anti-)nuclei. The study of the production yield
of (anti-)nuclei in heavy-ion collisions at the LHC energy probes the late stages in
the evolution of the hot, dense nuclear matter created in the collision. The same
measurements performed in smaller collision systems are crucial to understand how
the particle production mechanism evolves going from small to large systems. The
latest ALICE results on the production yields of light (anti-)nuclei in pp, p–Pb, and
Pb–Pb collisions at energies going from 5.02 to 13TeV centre-of-mass energies are
presented. A critical comparison of the experimental results with the predictions
of the statistical (thermal) model and baryon coalescence approach is given to pro-
vide insight into the production mechanisms of light anti-nuclei in ultra-relativistic
collisions.

47.1 Nuclear Matter Production

At the LHC, light (anti-)nuclei are abundantly produced in different collision sys-
tems and at different energies. Light nuclei are characterized by a low binding energy
(EB ∼ 1MeV) compared to the temperature of the chemical freeze-out, which is the
time when the abundances of particle species are fixed (Tch ∼ 160MeV). Therefore,
in principle one would not expect to observe any nucleus. The study of nuclear
(anti-)matter production mechanisms is crucial to understand how these loosely
bound objects can form and survive in such extreme conditions.
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The experimental results on light-nuclei production are compared with the predic-
tions of the available phenomenological models, namely the statistical hadronization
[1] and the coalescence [2] models.

According to the statistical hadronisation model (SHM), (anti-)nuclei are pro-
duced at the chemical freeze-out in statistical equilibrium, along with all the other
hadrons. The SHM can describe the production yields dN/dy in central Pb–Pb col-
lisions [3], including nuclei. In Pb–Pb collisions a grand canonical approach is used,
since the condition VT 3 > 1 is satisfied, where V and T are the system temperature
and volume respectively. In pp and p–Pb collisions, characterized by a smaller vol-
ume, this condition is notmet and hence a canonical approach is used. In the canonical
statistical model (CSM) the local conservation of quantum numbers is constrained.
In these proceedings data are compared with the prediction of THERMAL-FIST
package [4], in which baryon number, strangeness content and electric charge are
exactly conserved. For increasing system size the canonical approach tends to the
grand canonical one.

In the coalescence picture, nucleons that are close to each other in phase space
after chemical freeze-out can merge and form a nucleus via coalescence [2]. The key
concept of this class of models is the overlap between the nuclear wave function and
the phase space of the constituent nucleons and themain observable is the coalescence
parameter, defined as:

BA
(
pp
T

) = 1

2πpA
T

d2NA

dydpA
T

/ (
1

2πpp
T

d2Np

dydpp
T

)A

(47.1)

where the invariant spectra of the (anti-)protons are evaluated at the transverse
momentum of the nucleus divided by its mass number A, so that pp

T = pA
T /A. The

coalescence parameter is related to the probability to form a nucleus via coalescence.

47.2 The Coalescence Parameter

The B2 has been measured in different collision systems at different energies. The
dependence of the B2 on the system size can be studied by measuring for each
collision system and energy the value of the B2 at a fixed pT/A value. The B2

measurements for pT/A = 0.75GeV/c are shown in Fig. 47.1. The results for other
values of pT/A are similar. The data are compared with the calculations [5] for the
coalescence model for two different parameterizations of the system size concerning
the radius found in HBT studies. The B2 does not show any discontinuity between
different collision systems and different energies.Moreover, it evolves smoothlywith
the multiplicity of charged particles created at mid rapidity in the collision. The B2

slightly decreases with increasing multiplicity in pp and p–Pb collisions, where the
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Fig. 47.1 B2 as a function
of the average event
multiplicity 〈dNch/dη〉 at
pT/A = 0.75GeV/c. Data
are compared with the
predictions of the
coalescence model [5]. The
red dashed line and the black
continuous one correspond to
different parameterizations
of 〈dNch/dη〉 with respect to
the HBT radius

system size is smaller than the deuteron size. At highmultiplicities, where the system
size is larger than the deuteron size, the decrease is more noticeable. The global trend
is described by the coalescence model.

47.3 The Ratio Between Nucleus and Proton Yields

In Fig. 47.2 the ratio between the pT-integrated yields of deuterons and protons (d/p)
and the ratio between the yields of 3He nuclei and protons (3He/p) are shown. Data
are compared with the prediction of Thermal-FIST package and coalescence calcu-
lations [6]. For 3He, results from both the two-body and three-body coalescence are
reported. For both deuterons and 3He nuclei the ratio evolves smoothly as a function
of the event multiplicity, hence of the system size. The drop at low multiplicity can
be interpreted in the CSM as the result of canonical suppression and for coalescence
as a consequence of the small phase-space of the nucleons in small systems. The
flatness of the ratio at high multiplicity follows the prediction of both the CSM and
the coalescence model.

47.4 Conclusions

The measurements of the coalescence parameter B2 and of the yield ratios d/p and
3He/p as a function of the event multiplicity suggest a common production mecha-
nism that depends only on the system size. Coalescence can describe both the B2 and
the yield ratios as a function of multiplicity. CSM can describe the evolution of d/p
and 3He/p with the system size. However, in the current state more data and more
precise model calculations are needed to discern the production mechanisms of light
nuclei.
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Fig. 47.2 Ratio between the
pT-integrated yields of
deuterons and protons (top)
and of 3He nuclei and
protons (bottom). Data are
compared with the
predictions of the
THERMAL-FIST CSM [4]
and the coalescence
model [6]
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Chapter 48
Light Nuclei Production in
Ultra-Relativistic Heavy Ion Collisions

Dmytro Oliinychenko, Long-Gang Pang, Hannah Elfner, and Volker Koch

Abstract We briefly overview the motivations of recent studies of light nuclei pro-
duction in ultra-relativistic heavy ion collisions: anti-nuclei in space, and search for
the critical point of the strongly-interacting matter. Then we focus on a particular
recent development—the possible solution of the “snowballs in hell” puzzle—why
the nuclei with binding energies of few MeV apparently survive at temperatures
of around 155MeV. Recent simulations within a hydrodynamics + hadronic trans-
port approach, where deuterons are produced and destroyed mainly in π pn ↔ πd
reactions show that deuterons do not survive. They are rather created and disinte-
grated with approximately equal rates during certain period of time. Complementing
previous publications, we show that these simulations reproduce not only deuteron
spectra, but also the deuteron flow v2 in PbPb collisions at 2.76TeV.

48.1 Overview: Anti-nuclei in Space and Relation Between
Light Nuclei Production and Critical Fluctuations

In the few past years light nuclei production (d, t , 3He, 3ΛH,
4He, and their antiparti-

cles) in ultra-relativistic heavy ion collisions has been actively explored, both theo-
retically and experimentally. There are at least twomajor motivations. First, AMS-02
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experiment at the International Space Station [1] has measured anti-nuclei in space
[2], possibly including few unpublished events of 3He and 4He. These events may
originate from exotic sources such as antimatter clouds in space or dark matter anni-
hilations, and from ordinary sources, such as pp, pA, and AA collisions. Presently
the estimates of the ordinary pp background vary by an order of magnitude [3, 4],
even though models are calibrated using the same data [5]. This stimulated interest
to building more precise models of light nuclei production and obtaining new data
to constrain them.

Another reason to study light nuclei is related to the search of the critical point
of strongly-interacting matter [6]. A generic feature of this critical point is that
in its vicinity spatial fluctuations of the baryon density are expected to increase.
Experimentally only momentum space is accessible, therefore spatial fluctuations
cannot be measured directly. However, based on a simple coalescence model it was
recently suggested, that light nuclei production is sensitive to these fluctuations [7,
8]. In this model the density is separated into average and fluctuating contributions

ρn(x) = 〈ρn〉 + δρn(x) (48.1)

ρp(x) = 〈
ρp

〉 + δρp(x) (48.2)

and the triton and deuteron yields are expressed as

Nd ≈ 3
21/2

(
2π
mT

)3/2 ∫
d3x ρp(x)ρn(x) ∼ 〈ρn〉 Np(1 + Cnp) (48.3)

Nt ≈ 31/2

4

(
2π
mT

)3 ∫
d3x ρp(x)ρ2n(x) ∼ 〈ρn〉2 Np(1 + 2Cnp + Δρn) , (48.4)

where

Cnp ≡ 〈
δρn(x)δρp(x)

〉
/ (〈ρn〉

〈
ρp

〉
) (48.5)

Δρn ≡ 〈
δρn(x)2

〉
/
〈
ρ2n

〉
. (48.6)

Here Cnp represents the spatial correlations between neutrons and protons, and
Δρn corresponds to the spatial fluctuations of neutron density. Therefore the ratio
Nt Np/N 2

d becomes

Nt Np

N 2
d

= 1

2
√
3

1 + 2Cnp + Δρn

(1 + Cnp)2
(48.7)

Here the factor 1
2
√
3
originates from spin degeneracies and masses, gt gp

g2d

(
3m·m
(2m)2

)3/2 =
1

2
√
3

≈ 0.29, and the second factor characterizes spatial correlations and fluctuations.

In absence of fluctuations and correlations the ratio Nt Np

N 2
d

is expected to be independent
of collision energy, centrality, baryon or isospin content of the system. Therefore
a non-flat behaviour of the ratio Nt Np/N 2

d against collision energy characterizes
spatial fluctuations and may help to locate the critical point. The experimentally
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Fig. 48.1 Comparison of the
Nt Np

N2
d

ratio in central PbPb or

AuAu collisions at
midrapidity between data
from NA49 [10–12]
(squares), STAR [13–15]
(stars), and ALICE [16]
collaborations (circle) and
models (lines): uniform
coalescence (solid) [7],
thermal (dash-dotted) [17],
and JAM hadronic transport
with coalescence afterburner
[9]
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measured Nt Np/N 2
d ratio indeed exhibits a non-flat behaviour against energy, as

shown in Fig. 48.1. However, a theoretical interpretation of this behaviour is currently
not possible, because different models of light nuclei production do not agree even
without critical point effects. This disagreement can be traced back to the model
assumptions. The coalescence model assumes that light nuclei are produced at the
late stage of the collision, when all resonances, such asΔ∗ and N ∗ have decayed into
nucleons. Then nucleons form light nuclei as described above, resulting in Nt Np

N 2
d

=
1

2
√
3
. Correlations between protons and neutrons and Δρn from thermal fluctuations

are neglected. In the thermal model nuclei are formed from nucleons early, at the
hadronic chemical freeze-out. After this resonances decay into protons, increasing
their amount by a feed-down factor of (1 + Res → p), which varies from roughly
1.5 to 3 depending on collision energy. The intermediate case is represented by the
JAM+coalescencemodel [9], where the JAM transport code is run until time 40 fm/c,
allowing some resonances to decay into protons and neutrons and then coalescing
nucleons that lie close in the phase space. Interestingly, the ratio Nt Np/N 2

d in this
model is almost independent on collision energy, even though it takes into account
correlations between protons and neutrons, as well asΔρn from thermal fluctuations.

The disagreement between the assumptions of thesemodels can be resolvedwithin
a dynamical approach, where light nuclei are produced and destroyed continually
as a result of reactions. Such an approach was recently suggested, but presently has
been explored only for deuterons [18, 19]. It allows to determine, where and when
deuterons are produced and resolve the tension between the extreme assumptions of
the thermal and coalescence models—early production at hadronic chemical freeze-
out versus late production at the stage, when nucleons received the full feed-down
from resonances.
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Of course, in addition to a realistic space-time picture any reasonable model of
light nuclei production should properly take the knownnuclear effects into account. In
particular, recently it has been pointed out that the feed-down to tritons and deuterons
from the numerous excited states of 4He is important, especially at lower energies
[20, 21]. Even if instead of the Nt Np

N 2
d

ratio one considers a similar proton-free ratio

N3HeNt

Nd Nα
, (48.8)

which is insensitive to resonances feed-down to protons (also insensitive to weak
decays, for which the published STAR proton spectra are not corrected!), the decays
of 4He∗ should still be taken into account.

48.2 Snowballs from Hell

Thedynamical approachmentioned above suggests a solution to the following “snow-
balls in hell” puzzle [22]: midrapidity yields of light nuclei at LHC are described
well by a thermal model with the temperature of hadronic chemical freeze-out
Tchem ≈ 155MeV, while their spectra follow a blast-wave model with kinetic freeze-
out temperature around Tkin ≈ 115 MeV [16]. This poses the question, how light
nuclei with binding energies of only few MeV (“the snowballs”) survive between
chemical and kinetic freeze-outs (“the hell”). The puzzle is relevant for deuterons at a
wide range of energies of

√
sNN = 5 − 5000 GeV, and for other (anti-)nuclei (t , 3He,

3
ΛH,

4He, and their antiparticles) at 2.76 GeV. In contrast, as one can see in Fig. 48.1,
tritons at lower energies are not described by the thermal model, therefore the puzzle
is not persistent there. A possible solution of this puzzle was suggested for deuterons
in a dynamical model [18, 19] and for other light nuclei in analytical models [23,
24]: the nuclei are destroyed and created, while their yield remains approximately
constant over time.

The approach used in [18] is a hybrid approach combining relativistic hydro-
dynamics for the earlier stage of the reaction and hadronic transport for the later
stage. The transformation between those, called particlization, is performed at
T = 155MeV, the temperature of the hadronic chemical freeze-out according to the
thermal model. Thermal deuterons are sampled from hydrodynamics and allowed to
rescatter in the hadronic afterburner, mainly via π pn ↔ πd reactions. The amounts
of these reactions in forward and reverse directions turns out to differ by less than
5% after t > 15 fm/c, and deuteron yield remains approximately unchanged. Nev-
ertheless, the majority of the final deuterons are originating from the afterburner
stage, not from hydrodynamics. Another option is tested in [18], where no deuterons
are produced from the hydrodynamics at all, and therefore all deuterons originate
from the afterburner. The resulting deuteron yield is then less by ≈20%, but is still
consistent with experimental data.
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Fig. 48.2 Elliptic flow of
deuterons from the
dynamical approach [18, 19]
is compared to the data from
ALICE [25]
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As demonstrated in [18, 19], this approach is able to describe deuteron spectra in
PbPb collisions at

√
sNN = 2.76TeV at different centralities. Here, in Fig. 48.2 we

show that the deuteron elliptic flow v2(pT ) is also reproduced. This calculation was
performed with deuterons being sampled at the particlization. It would be interest-
ing to see, if these results change considerably in case of no deuterons sampled at
particlization. An ongoing work is devoted to this question, as well as to testing the
same mechanism at lower energies and for different nuclei.

48.3 Summary and Perspectives

In the last two years the interest to better understand light nuclei production in
heavy ion collisions has increased considerably. There are at least two motivating
challenges: precisely estimate the anti-nuclei flux in space from pp, pA, and AA
collisions; and the search for the critical point of the strongly-interacting matter
by measuring spatial density fluctuations using light nuclei production. The first
challenge can in principle be resolved experimentally, but the second one needs
precise models of nuclei production, where it would be possible to switch critical
point effects on and off. No suchmodel is currently available.Moreover, evenmodels
without critical point disagree on where and how the light nuclei are produced, see
Fig. 48.1. This disagreement can be alleviated by dynamical simulations. The latter
have already proven successful, resolving the “snowballs in hell” puzzle. To improve
the dynamical models one needs more data on inclusive and exclusive inelastic cross
sections of hadrons with light nuclei, such as π + d, π + t , π + 3He, p + d, p + t ,
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p + 3He, etc. The rates of reverse reactions that produce light nuclei can be computed
from these cross sections using the detailed balance principle.

Simulations with some (but not all) critical point effects can be performed by
supplying transport or hybrid simulation with an adjustable equation of state. In case
of transport this can be a mean field potential tuned to provide an equation of state
with a critical point. In hydrodynamics one can directly choose the equation of state
with a phase transition, such as [26]. Certain care should be taken at the particliza-
tion to preserve the spatial fluctuations. A recently developed local microcanonical
sampling approach [27] allows to address this difficulty. It is possible, that spatial
fluctuations generated by the critical point and preserved by the proper particliza-
tion are still vanishing during the afterburner stage and are not influencing the light
nuclei production. In this case the experimentally measured bumps in Fig. 48.1 may
be related to the collision dynamics or to nuclear liquid-gas phase transition. These
possibilities should not be dismissed and can be addressed with dynamical models
in future.
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Chapter 49
K∗(892)0 Production in p+p Interactions
from NA61/SHINE

Angelika Tefelska

Abstract The measurement of K ∗(892)0 resonance production via its K+π−
decay mode in inelastic p+p collisions at beam momenta 40–158GeV/c (

√
sNN =

8.8 − 17.3GeV) is presented. The data were recorded by the NA61/SHINE hadron
spectrometer at the CERN Super Proton Synchrotron. The analysis of K ∗(892)0 was
done with the template method. The results include the double differential spectra
d2n/(dydpT), d2n/(mTdmTdy) as well as dn/dy spectra.

49.1 Introduction

The study of short-lifetime resonances are unique tools to understand the less known
aspects of high energy collisions, especially its time evolution. The measurement of
K ∗(892)0 meson production may help to distinguish between two possible scenarios
for the fireball freeze-out: the sudden and the gradual one [1]. The ratio of K ∗(892)0
to charged kaon production may allow to determine the time between chemical and
kinetic freeze-outs [1, 2].

The transverse mass spectra and yields of K ∗(892)0 mesons are also important
inputs for Blast-Wave models and Hadron Resonance Gas models. Moreover, res-
onance spectra and yields provide an important reference for tuning Monte Carlo
string-hadronic models.

In this paper we report measurements of K ∗(892)0 resonance production via
its K+π− decay mode in inelastic p+p collisions at beam momenta 40–158GeV/c
(
√
sNN = 8.8 − 17.3GeV). The data were recorded by the NA61/SHINE hadron

spectrometer [3] at the CERN SPS. The template fitting method was used to extract
the K ∗(892)0 signal. This analysis method is also known as the cocktail fit method
and was used by many other experiments such as ALICE, ATLAS, CDF, and CMS.
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49.2 Methodology

The K ∗(892)0 analysis was done for p+p interactions based on data sets recorded
in years 2009, 2010 and 2011 which contained about 5.26 × 106 (beam momentum
40GeV/c), 4.78 × 106 (beam momentum 80GeV/c) and 56.65×106 (beam momen-
tum 158 GeV/c) good-quality collisions of the proton beam with a 20cm long liquid
hydrogen target. The NA61/SHINE calibration, track and vertex reconstruction pro-
cedures and simulations are discussed in [4–6].

The template method was used to extract raw K ∗(892)0 signals. In this method
the background is described as a sum of two components: mixed events and Monte
Carlo generated templates which describe the contribution of K+π− pairs coming
from sources other than the K ∗(892)0. For the studied resonance in the small p+p
system, the template method was found to be much more effective in estimating
the background than the standard procedure relying on mixed events only. More
information about the methodology is available in [7].

49.3 Results

Figure49.1 presents the mid-rapidity transverse mass spectra of K ∗(892)0 mesons
produced in inelastic p+p collisions at 40, 80, and 158GeV/c. The rapidity spectra
obtained by integrating and extrapolating the transverse momentum distributions are
shown in Fig. 49.2.

Themeanmultiplicities of K ∗(892)0 mesons in full phase-space (158GeV/c) or in
0 < pT < 1.5GeV/c (40 and 80GeV/c) were obtained from summing the measured
points and adding the contribution from a Gaussian fit in the unmeasured region
(lines in Fig. 49.2). For 158GeV/c the point with y < 0 was calculated only to check
the symmetry of the rapidity distribution and was not included in the procedure of
mean multiplicity determination. The numerical values of the mean multiplicities of
K ∗(892)0 mesons are presented in Table49.1.

Fig. 49.1 Preliminary
results on mid-rapidity
transverse mass spectra of
K ∗(892)0 mesons produced
in inelastic p+p collisions at
40, 80, and 158GeV/c
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Fig. 49.2 Preliminary results on rapidity spectra of K ∗(892)0 mesons produced in inelastic p+p
collisions at 40, 80, and 158GeV/c. For 40 and 80GeV/c the results were obtained in a wide
transverse momentum range (0 < pT < 1.5GeV/c), whereas for 158GeV/c pT-extrapolated and
integrated (0 < pT < ∞) results are shown

Table 49.1 Mean multiplicities of K ∗(892)0 mesons produced in inelastic p+p collisions at 40,
80, and 158GeV/c fromNA61/SHINE, as well as fromNA49 [8] at 158GeV/c. The first uncertainty
is statistical and the second is systematic√

sNN NA61/SHINE preliminary NA49 [8]

8.8 0.0285 ± 0.0031 ± 0.0046 –

12.3 0.0381 ± 0.0054 ± 0.0037 –

17.3 0.0806 ± 0.0006 ± 0.0026 0.0741 ± 0.0015 ± 0.0067

49.4 Comparison with Hadron Resonance Gas Model

The new K ∗(892)0 results of NA61/SHINE were compared with predictions of the
statistical HadronResonanceGasmodel [9, 10] in Canonical (CE) andGrandCanon-

Fig. 49.3 Preliminary
results on mean multiplicities
of K ∗(892)0 mesons
produced in p+p collisions
compared to Hadron Gas
Model predictions [9, 10].
Statistical and systematic
uncertainties of 〈K ∗(892)0〉
were added in quadrature
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ical (GCE) formulations (Fig. 49.3). At 158GeV/c the GCE model provides a very
good description of K ∗(892)0 production in the small p+p system. The CE model
also agrees provided that the φ meson is excluded from the fits. More comparisons
of the 158GeV/c measurements with Hadron Resonance Gas model predictions of
other authors can be found in [7, 11].
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Chapter 50
Studying the Effect of the Hadronic
Phase in Nuclear Collisions with
PYTHIA and UrQMD

A. S. Vieira, C. Bierlich, D. D. Chinellato, and J. Takahashi

Abstract In this work, we couple Pb-Pb events simulated with the PYTHIAAngan-
tyr event generator at

√
sNN = 2.76 and 5.02TeVwith the hadronic cascade simulator

UrQMD to study the effect of the hadronic phase on observables such as charged-
particle multiplicity densities, transverse momentum spectra and identified particle
ratios, giving special emphasis to short-lived resonances.

The extreme conditions reached in ultra-relativistic heavy-ion collisions at the LHC
are expected to produce a state of matter in which quarks and gluons are deconfined,
the quark-gluon plasma (QGP). As a consequence, several features, such as elliptic
flow and chemically equilibrated particle production, are expected and observed in
these collision systems. However, it has to be noted that, once hadronization takes
place, inelastic and elastic interactions may still take place. A proper distentangle-
ment of the effects of this final hadronic phase and any features emerging from previ-
ous stages of the system evolution is fundamental to the understanding of heavy-ion
collisions.

50.1 The Used Models

To characterize the hadronic phase, we couple the PYTHIA Angantyr model [1, 2]
to the hadronic cascade simulator UrQMD [3]. The Angantyr model is based on the
wounded nucleon model [4], and as such on a Glauber model. In Angantyr, several
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additions to the original model has been made. The full nucleon–nucleon scattering
amplitude is parametrized, allowing for a distinction between nucleons which are
elastically scattered, diffractively excited or participating with colour exchange from
both nucleons, denoted absorptively scatterred. All parameters in the parametrization
of the scattering amplitude are fitted to the total and semi-inclusive cross sections in
pp collisions. The parameters of the PYTHIA models for multiparton interactions
(MPIs) [5], hadronization, parton showers as well as parton density functions, are
all fixed in e+e−, ep and pp collisions. In a pp collision, MPIs are selected by the
2 → 2 perturbative parton–parton scattering cross section. Since this cross section
has a 1/p4⊥ divergence, it is regulated by one of the aforementioned parameters of
the MPI model. In a heavy ion collision, a single projectile nucleon can interact
absorptively with several target nucleons. In such cases, shadowing effects must
be taken into account. In Angantyr this is done by ordering absorptively wounded
nucleons into two categories, using the following strategy. All possible nucleon–
nucleon interactions are ordered in increasing nucleon–nucleon impact parameter.
Going from smallest to largest impact parameter, the nucleon pairs are labelled
primary if neither of the nucleons have participated before, and secondary if one of
the nucleons have previously participated in an interaction. The primary interactions
are modelled as a normal inelastic non-diffractive collision. A secondary interaction
is treated as only a single wounded nucleon, with inspiration from the Fritiof model
[6], where a wounded nucleon contributes to the final state as a string with a mass
distribution∝ dM2/M2, similar as the modelling of diffractive excitation. Instead of
using a single string, as the original Fritiof program did, Angantyr allows for MPIs
in secondary collisions, by treating the system as a collision between a nucleon and
an Ingelman–Schlein Pomeron [7], followed by a (perturbative) parton shower. The
nucleon–Pomeron scatterings are adjusted to look as normal inelastic non–diffractive
nucleon–nucleon scatterings in the direction of the wounded nucleon. Furthermore,
secondary collisions are rejected in cases where they would break overall energy–
momentum conservation. This has the effect that not all possible nucleon–nucleon
interactions from the Glauber calculation, are in fact realized in the generation of a
final state.

As such, the Angantyr framework produces hadronic final states of heavy ion
collisions (pA and AA), without any free parameters, as all are fixed by data from
smaller collision systems. It should be noted that this treatment generates a heavy ion
final state with no effects from a potential QGP, thus providing a baseline for tests
of various models for collectivity. The recent models for “Rope hadronization” [9]
and “String shoving” [10] implemented in Pythia, are not included in any results of
these proceedings. The final state hadrons are assigned spatial vertices calculated in
the string model [11]. These spatial vertices are then passed on to UrQMD, leading
to a complete model of a heavy-ion collision in which no equilibrium is assumed.
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50.2 Results

In order to test if this simulation chain describes heavy-ion collision data adequately,
we compare predictions of the basic observables dNch/dη and 〈pT〉 to ALICE mea-
surements [12]. While the dNch/dη is within 10% of the measured values, the 〈pT〉
exhibits stronger deviations due to the absence of radial flow. The corresponding
plots have been omitted for brevity.

To further characterize the effect of the hadronic phase, we study how the pT-
differential spectra of charged particles are altered by hadronic scattering in UrQMD
by calculating the ratio of the pT spectra obtained when scattering is allowed to the
spectra obtained when only decays occur in the hadronic phase. As can be seen in
Fig. 50.1, hadronic interactions are seen to reduce high-pT yields rather significantly,
with the effect being most pronounced around 5GeV/c. In addition, a minor radial-
flow-like effect can be seen at low-pT, where very low momentum particles are
pushed to a momentum of about 1.5GeV/c.

The observation that high-pT is suppressed in this way prompts the calculation of
the nuclear modification factor RAA, shown in Fig. 50.1 for two selected centralities
and for PYTHIA+UrQMD calculations with and without hadronic interactions. For
this calculation, the same framework was used to determine particle spectra in pp
collisions at

√
s = 2.76 TeV and the number of binary collisions is taken to be the

one calculated by the ALICE experiment [14]. While for low pT the RAA from
simulations fails at describing the measurement, the model matches data above a pT
of 6GeV/c. Quantitatively, two contributions lead to this correct description of the
RAA:

(a) Angantyr does not follow normal Ncoll scaling. As explained in Sect. 50.1, the
number of binary collisions does not enter as a scaling parameter, as shadowing
effects are included by treatment of secondary wounded nucleons.

(b) UrQMD further modifies the RAA, through rescattering effects, to precisely
reproduce the minimum at around 5–6GeV/c.
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Fig. 50.2 The flow
coefficients v2{2} and v2{4}
from Pythia8/Angantyr +
UrQMD (blue and red), as
well as v2 extracted from fit
of the dNch/dΔφ

distribution, all as function
of centrality. Compared to
data from ALICE [13]
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Furthermore, the model is also seen to exhibit a progressively smaller high-pT sup-
pression for increasing pT. In the framework of the hadron vertexmodel, this is under-
stood to be a consequence of high-momentum particles originating from boosted jet-
like structures that hadronize progressively further away from the bulk of particles
created in a heavy-ion collision. Another observable commonly used to characterize
heavy-ion collisions is the anisotropic flow, quantified via the flow coefficients vn .
The leading elliptic flow term, v2, is shown in Fig. 50.2 as a function of centrality
in Pb-Pb collisions at 2.76TeV simulated with the PYTHIA+UrQMD chain. The
v2 has been calculated in two distinct ways: first, with a fit to the azimuthal particle
distribution with respect to the simulated event plane dNch/dΔφ, and then also using
2- and 4-particle cumulants following [15]. If no hadronic interactions take place,
particle production is seen to exhibit no correlation with the event plane as expected.
However, if hadronic scattering is enabled, a substantial amount of elliptic flowbuilds
up in the hadronic phase, reaching around 50–60% of the values measured byALICE
[13], which is consistent with observations from earlier studies using UrQMD [16].
The elliptic flow estimated via 4-particle cumulants v2{4}matches the one calculated
via a fit to the dNch/dΔφ distribution in 0–50% collisions, indicating that it is well
correlated with initial hadronic geometry, while for more peripheral events this cor-
relation with the simulated event plane becomes weaker, indicating that the non-zero
v2{2} and v2{4} in peripheral events is due to non-flow contributions such as dijet
structures. Therefore, even in the absence of initial hadronic flow, hadronic interac-
tions may build up a substantial amount of elliptic flow. Further studies are needed
to determine the exact level of flow that would have to be present at hadronization
time so as to be able to reproduce measurements from ALICE.
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Chapter 51
Probing QCD Matter via K∗0(892) and
φ(1020) Resonance Production at RHIC

Md Nasim

Abstract We present some measurements of K ∗0 and φ resonances at midrapid-
ity in Au+Au collisions at

√
sNN = 7.7 − 200GeV using the STAR detector. The

transverse momentum (pT ) spectra and pT -integrated yields of K ∗0 and φ have been
studied. The ratios between resonance (K ∗0 and φ) to non-resonance particles (K )
are presented as a function of centrality. It is found that K ∗0/K− ratios are suppressed
in the most central collisions as compared to peripheral ones for all studied collision
energies. On the other hand, φ/K− ratios are weakly dependent on centrality. These
results can be understood by considering the effect of more hadronic rescattering for
K ∗0 (lifetime ∼ 4 fm/c) as compared to φ (lifetime ∼ 42 fm/c). We have also pre-
sented the measurement of the first-order azimuthal anisotropy (known as directed
flow, v1) of φmeson as a function of rapidity (y) at midrapidity in Au+Au collisions
at

√
sNN = 7.7 − 200GeV. The slope of φ-meson v1 (dv1/dy) has been compared to

the dv1/dy of other identified particles. We have found that all particles that consist
of produced quarks show similar behaviour for

√
sNN > 14.5GeV.

51.1 Introduction

The aimof the STARexperiment atRelativisticHeavy IonCollider (RHIC) is to study
the QCD matter by colliding nuclei at ultra-relativistic speeds [1]. The study of K ∗0
(lifetime∼ 4 fm/c) and φ (lifetime∼ 42 fm/c) production in heavy-ion collisions can
be used to probe the medium created after the collision [2]. The K ∗0 resonance has a
short lifetime, therefore itmaydecay during the hadronic phase and its decay products
may undergo elastic or pseudoelastic scatterings [3]. Due to elastic or pseudoelastic
scatterings, the final yield of K ∗0 resonance may get changed. The K ∗0 resonance
yields may get reduced due to rescattering of its daughters through elastic scattering

Md Nasim for the STAR Collaboration.
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or the yields may be regenerated through pseudoelastic scattering between chemical
and kinetic freeze-out [2]. However, due to longer lifetime as compared to the fireball,
φ mesons mostly decay outside of the fireball and its daughters are not affected by
late-stage hadronic scatterings. Hence, the study of K ∗0 and φ resonances provides
an important information about the late-stage hadronic scatterings.

In high-energy heavy-ion collisions, particles are produced with an azimuthally
anisotropic momentum distribution. Directed flow (v1) is a measure of azimuthal
angular anisotropy of the produced particles with respect to the first-order event
plane [4]. The v1 is an initial state effect and expected to be sensitive to the equation
of state of the system formed in the collision. The φ meson freezes out early and
is expected to have small hadronic interaction cross section. The measured v1 of φ
meson can be used as a clean probe to study the QCD matter [5].

51.2 Data Sets and Methods

The results presented here are based on data collected at
√
sNN = 7.7, 11.5, 14.5,

19.6, 27, 39, 62.4 and 200GeV in Au+Au collisions by the STAR detector using a
minimum-bias trigger. The Time Projection Chamber (TPC) [6] and Time of Flight
(TOF) [7] detectors with full 2π coverage are used for particle identification in
the central pseudorapidity (η) region (|η| < 1.0). The K ∗0 and φ resonances are
reconstructed from the following hadronic decay channels: K ∗0 −→ K± + π∓ and φ
−→ K+ + K−. Eventmixing technique has been used for combinatorial background
estimation [8]. Figure51.1 shows invariant mass distribution of K±π∓ and K+K−
pairs after mixed event background subtraction.

The first harmonic coefficient of the Fourier decomposition of azimuthal distri-
bution with respect to the first-order event plane angle (ψ1) can be expressed as
v1 = 〈cos(ϕ − ψ1)〉, where ϕ is the azimuthal angle of the produced particle. The
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Fig. 51.1 Invariant mass distribution of K±π∓ and K+K− pairs after mixed event background
subtraction for miminum bias (0–80%) Au+Au collisions at

√
sNN = 11.5GeV for 0.4 < pT <

0.6GeV/c
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first-order event plane angles are calculated using a forward rapidity detectors (Beam-
Beam Counters or Zero-Degree Calorimeters) [9]. The measured v1 with respect to
the first-order event plane has been corrected for the finite event plane resolution.
More details on the v1 measurement in STAR can be found in [10].

51.3 Results

Figure51.2 shows K ∗0/K− and φ/K− ratios as a function of (dNch/dη)1/3 mea-
sured at midrapidity (the cubic root of the charged-particle multiplicity density is
proportional to the system radius) in Au+Au collisions at various center-of-mass
energies measured by STAR experiment [8, 11–14]. The results are compared to the
measurements performed at

√
sNN = 2.76TeV in Pb+Pb collision by the ALICE

collaboration. The K ∗0/K− ratios decrease with increasing (dNch/dη)1/3 for all
studied collisions energies. On the other-hand, φ/K− ratios are almost independent
of (dNch/dη)1/3. The observed suppression of the K ∗0/K− ratios could be due to
rescattering effect as discussed earlier.

Directed flow slope, dv1/dy, versus beam energy for φ, Λ̄, p and p̄ is presented in
Fig. 51.3 for 10–40% central Au+Au collisions [10]. The slope for Λ̄ is negative for
all energies and is consistent within errors with that for p̄. The p̄, φ and Λ̄ are seen to
have similar v1(y) for

√
sNN > 14.5GeV. All these species consist from quarks that

are produced in the collision. For
√
sNN <14.5GeV, the current statistical uncertainty

is too large to make any conclusion.
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Fig. 51.2 Ratios K ∗0/K− and φ/K− as a function of (dNch/dη)1/3 in Au+Au and Pb+Pb colli-
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Fig. 51.3 Directed flow
slope (dv1/dy) versus beam
energy for 10–40% centrality
in Au+Au collisions for φ,
Λ̄, p and p̄ [10]
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51.4 Summary

We report the measurement of K ∗0 and φ resonance production at midrapidity in
Au+Au collisions at

√
sNN = 7.7 − 200GeV recorded by the STAR detector. The

K ∗0/K− and φ/K− ratios as a function of (dNch/dη)1/3 is presented for different
center-of-mass energies. The K ∗0/K− ratios are found to decrease with increasing
(dNch/dη)1/3. Whereas, φ/K− ratios are nearly independent of (dNch/dη)1/3. The
observed suppression of K ∗0/K− ratios in central collisions could be due to the effect
of hadronic rescattering which reduce the measured yield of short-lived resonances.
The directed flow of φ meson is presented for different collision energies. Directed
flow slope (dv1/dy) of φ meson is found to be consistent within errors with that of
Λ̄ and p̄ for

√
sNN > 14.5GeV.
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Chapter 52
Hadronic Resonances Production with
ALICE at the LHC

Sushanta Tripathy

Abstract Measurements of the production of short-lived hadronic resonances are
used to probe the properties of the late hadronic phase in ultra-relativistic heavy-ion
collisions. Since these resonances have lifetimes comparable to that of the fireball,
they are sensitive to the competing effects of particle re-scattering and regeneration
in the hadronic gas, which modify the observed particle momentum distributions and
yields after hadronisation.Having differentmasses, quantumnumbers and quark con-
tent, hadronic resonances carry awealth of information on different aspects of ion-ion
collisions, including the processes that determine the shapes of particle momentum
spectra, insight into strangeness production and collective effects in small collision
systems. We present the most recent ALICE results on ρ(770)0, K*(892)0, φ(1020),
Σ(1385)±, Λ(1520) and Ξ(1530)0 production at the LHC. They include measure-
ments performed in pp, p–Pb and Pb–Pb collisions at different energies, as well as
the latest results from the LHC Run 2 with Xe–Xe collisions at

√
sNN = 5.44TeV

and with Pb–Pb collisions at
√
sNN = 5.02TeV. Collision energy, centrality andmul-

tiplicity differential measurements integrated yields and particle ratios are discussed
in detail. A critical overview of these results are given through comparisons to mea-
surements from other experiments and theoretical models.

52.1 Introduction

Hadronic resonances are very interesting probes to study the properties of the
hadronic medium formed in ultra-relativistic heavy-ion collisions, as the yield ratios
of resonances to stable hadrons provide information about the re-scattering and regen-
eration effects in the hadronic medium [1, 2]. Resonances with shorter lifetime are
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expected to decay inside the hadronic phase formed in ultra-relativistic heavy-ion
collisions and if the elastic or pseudo-elastic scattering of their decay products (re-
scattering) is dominant over regeneration, the resonance yield after kinetic freeze-out
would be smaller than the one originally produced at the chemical freeze-out. The
re-scattering and regeneration processes may also cancel each other. If the lifetimes
of resonances are more than the lifetime of the hadronic phase, their yields will not
be affected by any such processes. Along with the insight into the hadronic phase of
the system, resonances with open and hidden strangeness shed light on strangeness
production in different collision systems. It is expected that the particles with open
strangeness may be subject to canonical suppression in small collision systems with
respect to large systems. However the φ meson, a hidden-strangeness particle, is not
expected to be canonically suppressed [3].

We present the most recent ALICE results on ρ(770)0, K*(892)0, φ(1020),
Σ(1385)±, Λ(1520) and Ξ(1530)0 production at the LHC. They include measure-
ments performed in pp, p–Pb and Pb–Pb collisions at different energies, as well as
the latest results from the LHC Run 2 with Xe–Xe collisions at

√
sNN = 5.44TeV

and with Pb–Pb collisions at
√
sNN = 5.02TeV.

52.2 Results and Discussions

Figure 52.1 shows the particle yield ratios of different resonances to their ground
states (ordered by increasing resonance lifetime from top to bottom) as a func-
tion of multiplicity for pp, p–Pb, Xe–Xe and Pb–Pb collisions. Comparisons with
EPOS3 [4] and STAR data are also shown in Fig. 52.1. A significant suppression of
the ρ/π, K∗0/K and�∗/� ratios has been observed with increasing charged particle
multiplicity. This indicates the dominance of re-scattering over regeneration for ρ,
K∗0 and �. However, the long-lived resonance ratios like �∗/� and φ/K are nearly
constant as a function of multiplicity. This suggests the long-lived resonances are not
significantly affected by the re-scattering or regeneration processes. It indicates that
the long lived resonances decay predominantly outside the hadronic medium. The
EPOS3 calculations without UrQMD seem to describe only the φ/K while they fail
to explain ρ/π and K∗0/K ratios. However, we observe that EPOS3 with UrQMD,
which includes a modelling of re-scattering and regeneration in the hadronic phase,
seems to explain all the particle ratios qualitatively.

Figures 52.2 and52.3 show the pT-integratedφ/(π+ + π−) and�/φ ratios, respec-
tively in pp, p–Pb and Pb–Pb collisions as a function of charged-particle multiplicity.
These ratios give insight into strangeness production using the φ meson, a hidden-
strangeness particle. The ratioφ/π increases as a function ofmultiplicity in small col-
lision systems and approaches the thermally predicted value [7] at high multiplicity
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Fig. 52.1 Summary of particle yield ratios of different resonances to their respective ground-
state particles as a function of multiplicity for pp, p–Pb, Xe–Xe and Pb–Pb collisions along with
comparisons to EPOS3 predictions and STAR data

Fig. 52.2 pT-integrated
φ/(π+ + π−) ratio in pp,
p–Pb and Pb–Pb collisions as
a function of
charged-particle
multiplicity [5, 6]. Statistical
uncertainties are represented
by bars and total systematic
uncertainties by open boxes.
The Grand Canonical
thermal model prediction [7]
is shown as solid green line
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in large collision systems. Even though the φ meson has hidden strangeness, this
behavior is consistent, against the expectations with its canonical suppression in
small systems [3] and it favors the non-equilibrium production of φ and/or strange
particles. The φ/K (Fig. 52.1) ratio remains fairly flat and the �/φ remains flat or
slightly increases across a wide multiplicity range. These ratios suggest that the φ
behaves similarly to particles with open strangeness.
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Fig. 52.3 pT-integrated
�/φ ratio in pp, p–Pb and
Pb–Pb collisions as a
function of charged-particle
multiplicity. Statistical
uncertainties are represented
by bars and total systematic
uncertainties by open boxes

| < 0.5η|
〉η/d

ch
Nd〈

1 10 210 310

φ/Ξ

0

0.2

0.4

0.6

0.8

 = 13 TeVspp 
 = 5.02 TeVNNsp-Pb 

 = 5.02 TeVNNsPb-Pb 

 
 
 

stat.
sys.
uncorr. sys.

 
 
 

ALICE Preliminary

ALI-PREL-132037

52.3 Summary

In summary, the ratios of ρ/π, K∗0/K and �∗/� show a decreasing trend from pp
and peripheral Pb–Pb to central Pb–Pb collisions. This suggests the dominance of
re-scattering over regeneration processes for short-lived resonances in the hadronic
phase of the system formed in heavy-ion collisions. However, yield ratios for long-
lived resonances remain flat as a function ofmultiplicity. This suggests that long-lived
resonances are not significantly affected by re-scattering or regeneration processes,
or that those processes may cancel each other out. It indicates that the long lived
resonances decay predominantly outside the hadronicmedium. EPOS3withUrQMD
seems to reproduce these trends qualitatively. The φ meson, a hidden-strangeness
particle, shows similar behavior to particles with open strangeness and seems to
have an effective strangeness between 1 and 2 [8, 9].
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Chapter 53
Influence of Centrality Definition and
Detector Efficiency on the Net-Proton
Kurtosis

Sukanya Sombun, Jan Steinheimer, Christoph Herold, Ayut Limphirat,
Yupeng Yan, and Marcus Bleicher

Abstract We study the influence of the centrality definition and detector efficiency
on the net-proton kurtosis for minimum bias Au+Au collisions at a beam energy of√
sNN = 7.7GeVby using theUrQMDmodel.Wefind that differentways of defining

the centrality lead to different cumulant ratios. Moreover, we demonstrate that the
kurtosis is suppressed for central collisions when a wider transverse momentum
acceptance is used. Finally, the influence of a detector efficiency on the measured
cumulant ratios is estimated.

53.1 Introduction

One aim of heavy ion collisions is to study the phase structure of the strong interac-
tion or quantum chromodynamics (QCD) which has been widely investigated both
in experiment and theory. QCD based models predict a first-order phase transition
at large μB which ends in a QCD critical point (CP) [1]. The QCD phase structure
can be disclosed from the study of event-by-event fluctuations of conserved quan-
tities which can be defined in the form of cumulants. Especially cumulants of the
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net-proton number are predicted to be sensitive to the presence of a QCD phase
transition [2, 3] and CP [4–7]. Higher order cumulants are particularly sensitive to
a divergent correlation length close to the CP. The higher order susceptibilities of
baryon number, electric charge and strangeness have been calculated theoretically
in [8–16]. Experimentally, event-by-event fluctuations of higher order cumulants of
net-proton, net-pion and net-kaon number were measured by RHIC [17–22] and
LHC [23–25]. Hereby, a non-monotonic behaviour of higher order cumulant ratios
as a function of beam energy might disclose critical behaviour. Although critical
fluctuations have been widely studied, there are still difficulties in understanding the
interplay of different effects and their impact on the measured observables. Some
uncertainties that we are going to address in this paper using the UrQMD model are
the centrality determination, the importance of volume fluctuations, the transverse
momentum (pT ) acceptance, and efficiency corrections.

53.1.1 The UrQMD Model

For the present study, we use the Ultrarelativistic Quantum Molecular Dynamics
(UrQMD) model to study cumulant ratios of the net-proton number distribution. The
UrQMD model is a microscopic transport model which is able to simulate p+p,
p+A and A+A collisions. It is based on the covariant propagation of constituent
quarks and anti-quarks accompanied by mesonic and baryonic degrees of freedom,
binary elastic and inelastic scattering of hadrons, resonance excitations as well as
string dynamics and strangeness exchange reactions [26–28]. The elementary cross-
sections are interpreted geometrically and are taken from experimental data [29].

53.2 Method

53.2.1 Calculation of Cumulants

The fluctuations of the net-proton number distribution can be characterized by the
corresponding cumulants. These are calculated as

C1 = M = 〈N〉 (53.1)

C2 = σ2 = 〈
(δN)2

〉
(53.2)

C3 = Sσ3 = 〈
(δN)3

〉
(53.3)

C4 = κσ4 = 〈
(δN)4

〉 − 3
〈
(δN)2

〉2
(53.4)

where (δN) = N − 〈N〉, and 〈N〉 is the event-averagedvalue of the net-proton number
N. We consider the following ratios of these cumulants,
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C2

C1
=

〈
δN 2

〉

〈N 〉 = σ2

M
(53.5)

C3

C2
=

〈
δN 3

〉

〈
δN 2

〉 = Sσ (53.6)

C4

C2
=

〈
δN 4

〉

〈
δN 2

〉 − 3
〈
δN 2

〉 = κσ2 (53.7)

with combinations of mean (M), variance (σ2), skewness (S) and kurtosis (κ) of
measured event-by-event fluctuations. For the statistical error calculations, we use
the delta theorem [30] which states that the error of cumulant ratios is proportional
to a certain power of the standard deviation as:

error

(
Cr

C2

)
∝ σr−2

√
n

. (53.8)

Here, r denotes the order of the cumulant, and n the number of events.

53.2.2 Centrality Definition

In heavy-ion experiments, there is no unique definition of centrality. As the impact
parameter (b) is experimentally not accessible, observables like the number of par-
ticipants (Npart) or the number of charged particles (Ncharge) are used. These can be
related to the impact parameter e.g. by a Glauber model. Therefore, the centrality is
practically determined by particle multiplicities. In our work, the centrality will be
defined by Npart, Ncharge or the number of participants in the projectile, Npart−projectile.
Calculation of cumulants as a function of Npart and Ncharge is believed to minimize
volume fluctuations which can have an influence on the extracted ratio of cumulants.
We study the dependence of the net-proton number on the different centrality defini-
tions. For this, we simulate Au+Au collision at a beam energy of

√
sNN = 7.7GeV

with impact parameters in the range 0 ≤ b ≤ 15 fm. We define the following quan-
tities,

– Ncharge: The number of all charged particles with |η| ≤ 1 and 0.15 < pT <

2.0GeV minus the number of protons and anti-protons in this specific acceptance
range.

– Npart: 394 minus all spectator protons and neutrons defined by |y| > 1.5 and pT <

0.3GeV.
– Npart−projectile: 197 minus all projectile spectator protons and neutrons defined by

y > 1.5 and pT < 0.3GeV.

We determine the distribution of these three different quantities as shown in Fig. 53.1.
The three different methods give different distributions. We find that the participant
distribution of Npart shows a sharp cutoff at the maximum number of participants,
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Fig. 53.1 [Color online] Distributions of Ncharge, Npart and Npart−projectile in Au+Au collision at
a beam energy of

√
sNN = 7.7GeV with impact parameter 0 ≤ b ≤ 15 fm. Figure from [31]

whereas the distribution of Ncharge shows a much smoother drop. The centrality is
classified into 10 centrality bins of 0–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–70,
70–80, 80–90 and 90–100%.We calculate the cumulantsCn for a fixed Npart (Ncharge,
Npart−projectile) and then average those cumulants over all Npart in a given centrality
bin. The ratios of cumulants are then determined as ratios of averages.

53.3 Results

53.3.1 Dependence on Centrality Definition

We first assume that the efficiency of the detector and its acceptance are perfect
(100%) for all particles. Figure53.2 shows the result of the net-proton number kur-
tosis as a function of centrality for the three centrality definitions, at mid-rapidity
|y| < 0.5 and within transverse momentum 0.4 < pT < 0.8GeV. For the most cen-
tral collisions, we find that the value of the kurtosis does not depend on the centrality
definition. On the other hand, for mid-central collision, the difference between the
values of κσ2 becomes larger. Moreover, the centrality defined by Ncharge yields only
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Fig. 53.2 [Color online] The kurtosis of the net-proton number as a function of centrality which
is defined by three different quantities, the number of charged particles, the number of participants
and the number of participants in the projectile. Figure from [31]

a mild dependence of the kurtosis on the centrality because it not subject to large
volume fluctuations. Thus, we use Ncharge in what follows to define the centrality to
investigate other effects.

53.3.2 Effect of Transverse Momentum Range

We now study the kurtosis of the net-proton number as a function of centrality
which is defined by Ncharge for two different transverse momentum ranges, namely
(0.4 < pT < 0.8 GeV) and (0.4 < pT < 2.0GeV). The result is shown in Fig. 53.3.
It can be seen that for the most central collisions, the value of the kurtosis is strongly
suppressed for the larger acceptance range due to baryon number conservation.
At mid-central collisions, the value of the kurtosis is larger for the wider trans-
verse momentum range which indicates that volume fluctuations affect the extracted
kurtosis.
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Fig. 53.3 [Color online] The kurtosis of the net-proton number as a function of centrality (defined
by Ncharge) for two different transverse momentum pT ranges. Figure from [31]

53.3.3 Effect of Efficiency

In practice, particle detectors are not ideal systems but suffer from a finite particle
detection efficiency. The efficiency is the number of produced particles that are
recorded in the detector divided by the overall yield, see [32]. Therefore, detectors
measuring particle number fluctuations will never perform perfectly. We now show
how an efficiency below 100% influences the measurement of cumulants. We begin
by studying the effect of efficiency on the fluctuations. In Fig. 53.4, we show the
result of the net-proton number kurtosis in two different pT ranges as a function of
centrality at 100 and 70% Ncharge efficiency. It is found that the reduced (realistic)
efficiency leads to an overall increase of the kurtosis.

Second, we study the effect of a proton efficiency. The result of the variance,
skewness and kurtosis of the net-proton number as a function of centrality defined
by 70% Ncharge efficiency is shown in Fig. 53.5. We compare the results for 100
and 75% proton efficiency. The circles represent calculations with 100% proton
efficiency, the squares are 75% proton efficiency. We find that the cumulant ratios
of the net-proton number for the 75% proton efficiency is smaller than for the 100%
proton efficiency.
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Fig. 53.4 [Color online] The kurtosis of the net-proton number in two different pT acceptance bins
(black squares and red circles) as a function of centrality with 100% (open symbols) and 70% (full
symbols) Ncharge efficiency. Figure from [31]

Fig. 53.5 [Color online] The result of variance, skewness and kurtosis of the net-proton number
in two different pT acceptance bins for a 70% Ncharge efficiency. We compare the result between
100% (red circle symbol) and 75% (black squares symbol) proton efficiency. Figure from [31]
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53.4 Conclusions

We have studied the effect of different methods for centrality determination on the
measured net-proton kurtosis. We have found that different centrality definitions
give different results for the kurtosis. Using a centrality defined by Ncharge reduces
the effect of volume fluctuations. Moreover, we have studied the effect of two dif-
ferent transverse momentum ranges accepting net-protons in the measurement. We
have seen that the wider transverse momentum range leads to a strongly suppressed
kurtosis at central collisions. Finally, we have observed the effect of centrality deter-
mination, finding a clear impact on the value of the kurtosis.
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Chapter 54
Direct Photon and Light Neutral Meson
Production in the Era of Precision
Physics at the LHC

Meike Charlotte Danisch

Abstract Wepresent the latest results fromALICEondirect photon and light neutral
meson production in p–Pb and Pb–Pb collisions. The direct photon excess ratio Rγ in
different charged particle multiplicity classes of p–Pb collisions at

√
s NN = 5.02 TeV

is shown. In addition, we present the direct photon elliptic flow coefficient v2 in
central and semicentral events of Pb–Pb collisions at

√
s NN = 2.76 TeV. An outlook

on ongoing and future measurements is given.

54.1 Introduction

Direct photons, being defined as photons not originating from hadron decays, are
a valuable tool to investigate the space-time evolution of the medium created in
heavy-ion collisions. The measured elliptic flow coefficient of photons reflects the
momentum anisotropy of the source, convoluted with the photon emission rate, inte-
grated over time. Direct photons can also contribute to the effort of testing bulk
effects in high multiplicity collisions of small systems.

There are different sources of photons in heavy-ion collisions. Prompt photons
are created in initial hard scatterings. In addition, we expect thermal photons from
the QGP and the hadron gas phases, which are sensitive to the medium temperature
[1]. There will also be photons from hadron decays, which are the vast majority of
all photons. The latter originate mostly from decays of the neutral mesons π0 and η
into two photons. Therefore we need to measure their spectra precisely in order to
be able to obtain the excess of direct photons over this decay photon background.
Due to the different shapes of transverse momentum (p T) distributions of prompt
and thermal photons (power-law and close-to-exponential respectively) they can be
distinguisted on a statistical basis. Prompt photons dominate direct photons at high
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Fig. 54.1 Direct photon Rγ ,
labeled by the percentile of
the multiplicity distribution

p T � 4GeV/c and thermal photons at low p T � 3GeV/c. Therefore, a direct photon
excess at low p T can be interpreted as thermal photon signal. So far it was assumed
that thermal photons are relevant only in AA collisions but after collective effects
have been observed also in high-multiplicity pp and p–A collisions (see for example
[2]) we can question this assumption.

54.2 Direct Photon Rγ in p–Pb Collisions
at

√
sNN = 5.02 TeV

Observation of a diret photon signal implies that the ratio of inclusive (γinc) over
decay photons (γdec) is larger than one. In order to eliminate parts of the uncer-
tainty, we define the double ratio as Rγ = γinc

γdec
≡ γinc

π0,p /
γdec
π0,p , where π0,p stands for the

parametrisation of the measured π0 spectrum. In the analysis presented here, inclu-
sive photons are measured with three different techniques: PCM, EMCal and PHOS
[3]. The EMCal is a sampling calorimeter composed of alternating layers of lead and
plastic scintillators. It is placed at a radius of R = 4.3m from the beam and covers
a range of Δϕ = 100◦ in azimuthal angle and |η| < 0.7 in pseudorapidity. The cell
size is about 6 × 6 cm2.
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The Photon Spectrometer PHOS is a homogeneous calorimeter made from
PbWO4 crystals. The acceptance of Δϕ = 60◦ and |η| < 0.125 is smaller than the
one of EMCal but PHOShas a finer granularitywith a cell size of about 2.2 × 2.2 cm2

at R = 4.6m. With the photon conversion method (PCM) we exploit the fact that
photons can convert to an electron positron pair in the detector material with a prob-
ability of about 8% (for R < 1.8m). We search for secondary vertices characterized
by two oppositely charged emerging electron tracks which we detect in the Inner
Tracking System (ITS, |η| < 1.2) and Time Projection Chamber (TPC, |η| < 0.9).
This methods benefits from the large acceptance and the good momentum resolu-
tion especially at low p T. In addition to the inclusive photons, we measure π0 and η
mesons via their decay to two photons, performing an invariant mass analysis of pho-
ton pairs. For this purpose, the photon samples are taken from the same methods as
mentioned above, as well as from one additional hybrid method (PCM-EMC), where
one photon is detected with PCM and one with EMCal. The decay photon spectra are
then obtained using a Monte Carlo simulation including all relevant hadron decays,
based on the measured neutral meson spectra and mT scaling. For each of the four
methods, the Rγ is calculated. In case of the PCM-EMC method, inclusive photons
are taken from PCM. After checking that the results from all methods are consistent,
they were combined. The analysis was performed in event multiplicity classes of
data from p–Pb collisions recorded in 2013. The results are shown in Fig. 54.1. The
dotted blue, red and purple lines, starting at p T = 3GeV/c show results of different
pQCD calculations. They are all well compatible with the measured points at high
p T. For 0–20 and 0–100% samples a green band is drawn in addition, which shows
a prediction from a hydrodynamic model [4] including thermal photon emission at
low p T. The current data are not sensitive to the predicted very small thermal photon
signal.

54.3 Direct Photon v2 in
√
sNN = 2.76 TeV Pb–Pb Collisions

The inclusive photon v2 is obtained using the scalar product method [5]. Refer-
ence particles are measured in the V0 scintillation detectors placed in a different
pseudorapidity region (2.8 < η < 5.1 and −3.7 < η < −1.7) [3]. Results from the
independent methods PCM and PHOS are combined after they were found to be
consistent. In the analysis presented here, Pb–Pb collisions were analyzed in two
centrality classes, 0–20 and 20–40%. For PCM, 13.6 × 106 events were available
and 18.8 × 106 for PHOS. The direct photon v

γ,dir
2 can be calculated by subtracting

the v
γ,dec
2 of decay photons from the v

γ,inc
2 of inclusive photons using the following

formula: vγ,dir
2 = v

γ,inc
2 Rγ−v

γ,dec
2

Rγ−1 , where the Rγ measured with PCM and PHOS [7] was

used. vγ,dec
2 is obtained from a MC simulation including all relevant hadron decays.

The simulation is based on hadron spectra and v2 measurements and uses K ET scal-
ing [8] when necessary. The results for decay photons and direct photons are shown
in Fig. 54.2. At low p T, where thermal photons should dominate, we measure a pos-
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Fig. 54.2 Direct and decay photon v2 in central (left) and semicentral (right) collisions compared
with hydrodynamic and cascade model predictions [6]

itive v
γ,dir
2 which is close to v

γ,dec
2 . This indicates an already developed momentum

anisotropy of the medium at direct photon production times. At higher p T, where
the prompt photon contribution increases, the v

γ,dir
2 decreases. In more peripheral

events, the thermal photon v2, and therefore also the direct photon v2 at low p T, are
expected to be larger than in central events because of the more pronounced initial
spatial anisotropy of the medium. Because the direct photon signal is smaller in more
peripheral events [7] the uncertainties are larger in this case and therefore we cannot
yet make a conclusive statement on how the direct photon v2 changes with centrality.
Calculations from different theoretical models are illustrated by the dashed lines.
They tend to underestimate the v2 with respect to the measured values.

54.4 Summary and Outlook

In summary, ALICE has measured the direct photon elliptic flow coefficient v2 in
Pb–Pb collisions at

√
s NN = 2.76 TeV. It was found to be consistent with the current

knowledge of the space-time-evolution and photon emission rates but smaller uncer-
tainties will be needed to confirm or exclude givenmodel predictions. The direct pho-
ton Rγ in high multiplicity p–Pb collisions at

√
s NN = 5.02 TeV is not yet sensitive to

the predicted very small thermal photon signal. Analyses of
√
s NN = 5.02 TeV Pb–Pb

collisions are ongoing. Neutral pion spectra are a crucial input for the decay photon
simulation which is required for direct photon measurements. They are presented in
Fig. 54.3 in different centrality classes. The increased statistics of the

√
s NN =5.02TeV

dataset will enable us to reduce statistical uncertainties of Rγ and v2 by one order of
magnitude compared to the measurements at

√
s NN = 2.76 TeV. It was investigated

that also the systematic uncertainties, which dominate over parts of the p T range,
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Fig. 54.3 Neutral pion
spectra in pp and Pb–Pb
collisions at√
s NN = 5.02 TeV

can be reduced by employing new analysis techniques. This allows to exploit the
advantages of the ALICE upgrade in future runs.
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Chapter 55
Time-Evolution of Net-Baryon Density
Fluctuations Across the QCD Critical
Region

Marcus Bluhm and Marlene Nahrgang

Abstract We investigate the role of a finite surface tension during the time-evolution
of fluctuations in the net-baryon density. The systems in this study undergo a tem-
perature evolution across the phase transition in the critical region of the QCD phase
diagram. The occuring non-equilibrium effects are discussed.

55.1 Introduction

The search for the conjectured critical point associated with the deconfinement and
chiral phase transition in the QCD phase diagram has received tremendously increas-
ing attention in recent years, both theoretically and experimentally. In order to identify
potential signatures of the critical point in experimental data a firm understanding of
the dynamics of critical fluctuations during the evolution of matter created in heavy-
ion collisions is crucial. For the net-baryon density nB as the slow critical mode [1]
this dynamics is governed by diffusion processes. The time-evolution of fluctuations
in nB , which are expected to be enhanced in the critical region [2, 3], can therefore be
modeled by a stochastic diffusion equation. Numerical simulations of the diffusion
of critical fluctuations both on the crossover [4–6] and first-order phase transition
sides of the critical point have been performed recently for one spatial dimension. In
these studies, non-equilibrium effects [7–10] such as retardation or critical slowing
down have been observed quantitatively.

In this talk, we study the time evolution of net-baryon density fluctuations across
the phase transition in the crossover domain near the critical point. We look at the
local variance, i.e. the variance of event-by-event fluctuations over the size of a fluid
cell. In continuum it is related to the zero-distance value of the two-point correlation
function. We numerically solve the stochastic diffusion equation in the form
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∂t nB(x, t) = D

nc

(
m2∇2

x nB − K∇4
x nB

) + √
2Dnc/A∇xζx (x, t)

+ D∇2
x

(
λ3

n2c
(ΔnB)2 + λ4

n3c
(ΔnB)3 + λ6

n5c
(ΔnB)5

)
. (55.1)

Here, ΔnB = nB − nc with a critical density of nc = 1/(3 fm3). Equation (55.1)
describes the dynamics of the critical fluctuations in one spatial, the longitudinal,
dimension which is not coupled to the physics in the transverse area A. Accordingly,
the covariance of the white noise reads 〈ζx (x, t), ζx (x ′, t ′)〉 = δ(x − x ′)δ(t − t ′).
This ensures that the long-time equilibrium distribution of nB is governed by the free
energy of the system in agreement with the fluctuation-dissipation theorem.

The particular form of (55.1) is based on a free energy functional which contains
apart fromaGaussianmass term,wherem2 is inversely connectedwith the correlation
length ξ, also a kinetic energy term with surface tension K and non-linear coupling
termswhich are proportional toλi . This is valid in the vicinity of the critical point and
may still be improved by including further regular contributions. The dependence of
the coupling coefficients on ξ is defined by universality [1] through themapping of the
3-dimensional Ising spin model onto an effective potential [11] and the dependence
of ξ on temperature T and baryo-chemical potential μB in QCD can be determined
by a matching to the susceptibility of the spin model scaling equation of state [12]
as explained in [13, 14]. The numerical results presented in this work depend on the
values of the dimensionless couplings λ̃i and the diffusion coefficient D.

The stochastic diffusion equation (55.1) allows us to contrast three distinct physi-
cal cases: the Gauss model with K = λi = 0 andm2 �= 0 which was studied in detail
in [5], the Gauss+surface model for which also K �= 0, and the Ginzburg–Landau
model as considered in [6] for which we exemplarily choose λ̃3 = 1, λ̃4 = 10 and
λ̃6 = 3 for the dimensionless couplings. In the numerical implementation we apply a
semi-implicit scheme for the Ginzburg–Landaumodel and an implicit scheme for the
other two. Exact net-baryon number conservation is ensured by imposing periodic
boundary conditions.

55.2 Time Evolution of the Variance

To study the time evolution of fluctuation observables such as the local variance
σ2, we consider a system of temporally evolving but spatially constant T which is
otherwise static, i.e. of a fixed finite size L = 20 fm. The temperature cools down
following T (τ ) = T0 (τ0/τ ) where we start from T0 = 0.5 GeV with equilibrated
initial conditions at τ0 = 1 fm/c. Correspondingly, D(τ ) = D(τ0)T (τ )/T0. At τ −
τ0 = 2.33 fm/c the pseudo-critical temperature is reached.

Let us first focus on theGauss+surfacemodel. For thismodel analytic expressions
for the long-time equilibriumvalue of the local variance at fixed T can be derived both
in the continuum and in discretized space-time. In the latter case the result depends
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Fig. 55.1 Comparison of the
time-evolution of the local
variance σ2 for the
Gauss+surface model for
different diffusion
coefficients
D/fm = 1, 0.1, 0.01 at
τ0 = 1 fm/c. The critical
temperature Tc is reached at
τ − τ0 = 2.33 fm/c
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on the employed resolution Δx = L/Nx with Nx considered lattice sites and reads

σ2 = n2c e
−Δx

√
m2/K /(2A

√
m2K ). In equilibrium, physical observables such as σ2

are independent of the diffusion coefficient D. As the temperature cools down, the
system falls out of equilibrium as a consequence of this dynamics and the time-
evolution of σ2 becomes sensitive to the value of D. This is illustrated in Fig. 55.1.
One observes that with decreasing diffusion coefficient finite-range fluctuations are
not formed fast enough and as a consequence their magnitude is reduced during the
time evolution. Similar observations have been reported for the Gauss model in [5].
Here, even for D(τ0) = 1 fm themaximumofσ2 is reduced by a factor of 2 compared
to the equilibrium value at Tc due to non-equilibrium effects. The temporal evolution
of T ismuch larger than the diffusion rate.Moreover, thismaximum is shifted towards
later times, i.e. smaller T than Tc, where this retardation effect becomes stronger with
decreasing D.

In Fig. 55.2 we contrast the impact of the time-evolution of T on the behavior
of the local variance for the three different physical models. One observes that the
non-equilibrium effects are larger once a finite surface tension is included because
it takes more time to build up the finite correlation length associated with K . The
local variance in the Gauss model reaches almost its equilibrium value at T = Tc,
see [5], while it is significantly reduced once K �= 0. Moreover, it is interesting to
point out another effect of finite K : the local variance at a temperature away from Tc
is not suppressed as much as it is the case in the Gauss model. The retardation effect
is larger for the models with K �= 0, as the maximal value of the local variance is
shifted to T < Tc.

55.3 Conclusions and Outlook

In this work, we have outlined the importance of finite-range correlations associated
with the presence of a surface tension K in models describing the diffusion of net-
baryon density fluctuations. The time needed to build up these correlations can be
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Fig. 55.2 Comparison of the time-evolution of the local variance σ2 scaled by its equilibrium
value σ2

eq at T = Tc for different forms of the stochastic diffusion equation (Gauss, Gauss+surface
and Ginzburg–Landau models) and D(τ0) = 1 fm. The equilibrium value has been calculated for a
static box of length L = 20 fm at constant temperature in the long-time limit

important and of the same order as the cooling time, which leads to important non-
equilibrium effects.

In future work, the expansion of the system, e.g. in a Bjorken geometry, will be
added and second-order relaxation equations will be applied in order to guarantee
causality and prepare a future embedding in full fluid dynamical simulations of
heavy-ion collisions.
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Chapter 56
Measurement of Higher Moments
of Net-Proton Distributions in Au+Au
Collisions at

√
sNN = 54.4 GeV at RHIC

Ashish Pandav

Abstract We report the measurement of cumulants (Cn) of event-by-event net-
proton distributions up to the sixth order in Au+Au collisions for center-of-mass
energy

√
sNN = 54.4 GeV using the STAR detector at RHIC. Measurements are

performed as a function of collision centrality. Protons and antiprotons are selected
within the rapidity range |y| < 0.5 and within transverse momentum range 0.4 <

pT < 2.0 GeV/c. We observe a strong dependence of cumulants (Cn, n ≤ 4) on
collision centrality whereas the cumulant ratios C2/C1, C3/C2 and C4/C2 exhibit
a weak collision-centrality dependence. The cumulant ratio (C6/C2) of net-proton
distributions for most central gold nuclei collisions at

√
sNN = 54.4 GeV shows

positive value while at
√
sNN = 200 GeV it is negative for the same collision system.

The expectation from the UrQMD and HIJING models calculated in the STAR
acceptance are compared to the measured cumulant ratios and found not to describe
the measurements.

56.1 Introduction

Cumulants of conserved charges in high-energy heavy-ion collisions are excellent
probes for the study of phase structure in the QCD phase diagram, nature of quark-
hadron phase transition and freeze-out dynamics. The cumulants and their ratios
are related to the correlation length of the system and the thermodynamic num-
ber susceptibilities that are calculable in the lattice QCD and various QCD-based
models [1–3]. Cumulants up to the 4th order (Cn, n ≤ 4) of event-by-event distri-
butions of net charge, net proton (proxy for net baryon) and net kaon (proxy for
net strangeness) was measured by the STAR experiment in the phase I of Beam
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Energy Scan (BES) program at RHIC [4]. The cumulant ratios C3/C2 and C4/C2

of net-proton distribution in the most central (0–5%) gold nuclei collisions show
non-monotonic dependence as a function of beam energy [5] which has important
implication vis-a-vis the critical point search. Furthermore, the ratio of sixth- to
second-order cumulants (C6/C2) can also provide insights into the nature of phase
transition. The QCD-based model calculations predict a negative value of C6/C2 of
net-baryon distributions for crossover phase transitions if the chemical freeze-out is
close to the chiral phase transition [6].

56.2 Analysis Details

In order to obtain the cumulants of net-proton distributions, protons and antipro-
tons are selected within the rapidity coverage |y| < 0.5 and within pT range 0.4–
2.0GeV/c. The collision centrality is determined from the charged particle multi-
plicity within pseudorapidity range |η| < 1, excluding the protons and antiprotons
to avoid autocorrelation effect. The centrality bin width correction is applied to the
measurement of the cumulants and their ratios in order to suppress the volume fluc-
tuation effects [7]. Cumulants are corrected for the efficiency and acceptance effects
of the detector assuming the distribution of the detector response to be binomial.
For estimation of statistical uncertainties of cumulants and their ratios, a resampling
method called the bootstrap was used [8]. Systematic uncertainties of the Cn’s are
estimated varying track selection and particle identification criteria.

56.3 Results and Discussions

In this section, new results on themeasurement of cumulants up to the 6th order of the
event-by-event net-proton distributions for Au+Au collisions at

√
sNN = 54.4GeV

are presented as a function of collision centrality. Figure56.1 shows the event-
by-event net-proton multiplicity distributions from Au+Au collisions at

√
sNN =

54.4GeV for 0–5, 5–10, 30–40, 60–70 and 70–80% most central collisions. The
distributions are uncorrected for the efficiency and acceptance effects. The shape
of the net-proton distribution broadens and its mean increases as one approaches
central collsions from peripheral collisions. Cumulants are obtained for these distri-
butions. They are corrected for finite centrality bin width, the detector efficiency and
acceptance effects [9, 10]. Figure56.2 shows the cumulants (up to the 4th order) of
net-proton distribution as a function of collision centrality (given by the average num-
ber of participant nucleons, <Npart>) for Au+Au collisions at

√
sNN = 54.4GeV.

The cumulants increase with number of participant nucleons.
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Fig. 56.1 Event-by-event
net-proton multiplicity
distributions in Au+Au
collisions at√
sNN = 54.4GeV for 0–5,

5–10, 30–40, 60–70 and
70–80% collision centralities
at mid-rapidity. The
distributions are uncorrected
for the efficiency and
acceptance effects

Fig. 56.2 Cumulants of
net-proton distribution up to
the 4th order as a function of
average number of
participant nucleons for
Au+Au collisions at√
sNN = 54.4GeV

Collision-centrality dependence of cumulant ratios C2/C1, C3/C2 and C4/C2 is
shown in Fig. 56.3. The C2/C1 decreases with collision centrality. The ratios C3/C2

and C4/C2 exhibit a weak dependence on collision centrality. The cumulant ratios
obtained from theUrQMD[11] andHIJING[12]models are also compared and found
to qualitatively reproduce the measured centrality dependence, whereas quantitative
differences exist. The Skellam baseline for C4/C2, which is the expected value if
protons and antiprotons follow Poisson distribution, fails to describe the measured
values. The non-monotonic

√
sNN dependence ofC4/C2 of net-proton distribution is

shown in Fig. 56.4 for peripheral (70–80%) and most central (0–5%) collisions with
inclusion of the results from the current measurement (open and solid red markers
respectively). The new measurement with high statistics (∼550 million minimum-
bias events) gives a precise baseline for the possible critical fluctuations studieswhich
is expected to be observed at lower center-of-mass energies.

Figure56.5 shows the ratio of the sixth- to second-order cumulants (C6/C2) of
net-proton distribution as a function of collision centrality for Au+Au collisions
at

√
sNN = 54.4GeV and

√
sNN = 200GeV [13]. The value of C6/C2 for central

collisions (0–40%) at
√
sNN = 54.4GeV is positive. This is in contrast to the value

of C6/C2 measured in Au+Au collisions at
√
sNN = 200GeV, which is negative
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Fig. 56.3 Ratio of cumulants C2/C1, C3/C2 and C4/C2 of net-proton distribution as a function
of average number of participant nucleons (<Npart>) for Au+Au collisions at

√
sNN = 54.4GeV.

Blue and green band are the UrQMD and HIJING expectations, respectively

Fig. 56.4 Collision-energy dependence of C4/C2 for net-proton distributions for 0–5 and 70–
80% most central collisions for Au+Au collisions with inclusion of the results from the C4/C2
measurement at

√
sNN = 54.4GeV
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Fig. 56.5 Cumulant ratio C6/C2 of net-proton distribution for Au+Au collisions at
√
sNN =

54.4GeV (blue) and 200GeV (red) as a function of collision centrality. Red band is the UrQMD
expectation for Au+Au: 200GeV and yellow band is the Lattice QCD prediction [14]

for central (0–40%) collisions. A negative value of C6/C2 is predicted to occur for
a cross over transition between hadronic matter and quark-gluon plasma in QCD-
based calculations [6]. The UrQMD model expectation for Au+Au collisions at√
sNN = 200GeV are found to be positive and consistent with the Skellam baseline

for (0–40%) collision centrality.
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Chapter 57
Equation of State of QCD Matter Within
the Hagedorn Bag-Like Model

Volodymyr Vovchenko, Mark I. Gorenstein, Carsten Greiner,
and Horst Stoecker

Abstract TheQCDequation of state at finite temperature and densities of conserved
charges is considered in the framework of a Hagedorn bag-like model, incorporating
both the finite sizes of hadrons as well as their exponential mass spectrum. Aug-
mented with non-zero masses of quarks and gluons in the bag spectrum, the model
yields a fair quantitative description of lattice data on thermodynamic functions,
the conserved charges susceptibilities, and Fourier coefficients of net-baryon den-
sity. Both at zero and finite baryon densities a broad crossover transition between
hadronic and quark-gluon matter is observed. The model thus provides a thermody-
namically consistent construction of a crossover equation of state for finite baryon
number, electric charge and strangeness chemical potentials, which can be used in
fluid dynamical simulations of heavy-ion collisions.

57.1 Introduction

The known hadron mass spectrum [1] is consistent with an exponential increase at
large masses, as first suggested by Hagedorn long time ago [2]. Other evidence for
Hagedorn states comes from analyses of QCD thermodynamics [3, 4] and transport
properties [5] in the vicinity of the chiral pseudocritical temperature Tpc, as well as
from their role as a possible explanation of fast equilibration of hadrons in heavy-ion

V. Vovchenko · C. Greiner · H. Stoecker
Institut für Theoretische Physik, Goethe Universität Frankfurt, 60438 Frankfurt am Main,
Germany

V. Vovchenko (B) · Mark I. Gorenstein · H. Stoecker
Frankfurt Institute for Advanced Studies, Giersch Science Center, 60438 Frankfurt am Main,
Germany
e-mail: vovchenko@fias.uni-frankfurt.de

Mark I. Gorenstein
Bogolyubov Institute for Theoretical Physics, Kyiv 03680, Ukraine

H. Stoecker
GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_57

361

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_57&domain=pdf
mailto:vovchenko@fias.uni-frankfurt.de
https://doi.org/10.1007/978-3-030-53448-6_57


362 V. Vovchenko et al.

collisions [6, 7]. The Hagedorn states have recently been implemented into transport
codes, as an alternative to the string mechanism of hadron production [8, 9].

The class of Hagedorn bag-like models for the QCD equation of state (EoS) has
been constructed starting from the early 80s [10], offering perhaps the first example
of a framework which realizes a transition between hadronic matter and QGP. One
crucial ingredient there is an exponential spectrum of Hagedorn states, realized in
the framework of the MIT bag model [11, 12]. Coupled with an introduction of
finite eigenvolumes [13, 14], this allows to obtain a first-order, second-order, or a
crossover transition in the gas of spatially extended quark-gluon bags, with ther-
modynamic properties at high temperatures being similar to the MIT bag model
equation of state [15–18]. In contrast to many common constructions of the parton-
hadron transition (see e.g. [19, 20]), the transition in theHagedornmodel is described
within a single partition function.

A comparison of the Hagedorn model crossover EoS with lattice QCD thermo-
dynamics at μB = 0 has first been considered in [21]. General qualitative features
were found to be compatible with lattice QCD, although a quantitative description
is lacking. A more recent study [22] has achieved a semi-quantitative description
of the lattice data by introducing quasiparticle-type quarks and gluons with non-
zero masses into the bag spectrum. This work reports on the recent advances in that
direction, with a focus on finite chemical potentials of conserved charges.

57.2 Model

The Hagedorn bag-like model comprises of a statistical mechanics treatment of a
multi-component system of non-overlapping particles which have finite sizes. The
particles carry integer values of the three QCD conserved charges: baryon number,
electric charge, and strangeness. The number of particle specieswith a particularmass
m, eigenvolume v, and conserved charges b, q, and s is characterized by a mass-
volume density ρ(m, v; b, q, s). A generalized mass-volume density of states which
depends on the chemical potentials is given by aFourier transformofρ(m, v; b, q, s):

ρ(m, v;μB,μQ,μS) =
∞∑

b,q,s=−∞
e

bμB
T e

qμQ
T e

sμS
T ρ(m, v; b, q, s). (57.1)

The density of states consists of two contributions, ρ = ρH + ρQ . Here

ρH (m, v;μB,μQ,μS) =
∑

i∈pdg
e

bi μB
T e

qi μQ
T e

si μS
T di δ(m − mi ) δ(v − vi ). (57.2)

is the discrete part of the particle spectrum, consisting of the low-mass, established
hadrons and resonances listed in ParticleDataTables [1].mi and di are the i th species’
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mass and degeneracy, respectively, and vi = mi/(4B) is its bag-model motivated
eigenvolume. B is the bag constant, which will be specified later.

The continuum part of the particle spectrum is ρQ . It corresponds to the expo-
nential spectrum of quark-gluon bags, evaluated assuming bags filled with non-
interacting quarks and gluons with constant masses [12, 22, 23]:

ρQ(m, v; μB , μQ , μS) = C vγ (m − Bv)δ exp
{
4
3 [σQ(μB , μQ ,μS) v] 14 (m − Bv)

3
4

}

×θ(v − V0) θ(m − Bv − M0). (57.3)

Here σQ(μB,μQ,μS) is three times the pressure of an ideal gas of massive quarks
and gluons. C , γ, δ, V0 and M0 are model parameters. The values of the exponents γ
and δ determine the nature of the transition between hadrons and QGP. The different
possibilities were categorized in [24]. In the followingwe only consider the crossover
case.

To evaluate the system pressure one needs to incorporate the eigenvolume effects.
This is achieved through the isobaric ensemble [10]. For the case of a crossover
transition the resulting pressure is given by a transcendental equation [22]:

p(T, μB , μQ , μS) = T
∑

i∈pdg
di φ(T,m) exp

(
biμB + qiμQ + siμS

T

)
exp

(
− mi p

4BT

)

+C

π
T 5+4δ [σQ ]δ+ 1

2 [B + σQT 4] 32
(

T

p − pB

)γ+δ+3
Γ

[
γ + δ + 3,

(p − pB )V0
T

]
. (57.4)

Here Γ is the incomplete Gamma function. Equation (57.4) is solved numerically.

57.3 Results

For calculations we use the following parameter set:

γ = 0, δ = −2, B1/4 = 250 MeV, C = 0.03 GeV4, V0 = 4 fm3, (57.5)

mu = md = 300 MeV, ms = 350 MeV, mg = 800 MeV. (57.6)

These parameter values were obtained in [22] by constraining the model to lattice
QCD thermodynamics at μB = 0, yielding a reasonable description of the lattice
data on thermodynamic functions, conserved charges susceptibilities, and Fourier
coefficients of net-baryon density (see [22] for the agreement level).

We emphasize now, that the present Hagedorn model is defined not only for zero
chemical potentials, but also for finite values of μB , μQ , and μS . Here we explore the
structure and behavior of themodel at finite baryon density, somethingwhichwas not
done before in this framework quantitatively. In the presentworkwe letμQ = μS = 0
and perform calculations for finite μB values only. The left panel of Fig. 57.1 depicts
theμB/T dependence of the pressure along the T = 155MeV isotherm.The pressure
is scaled by the corresponding value in the Stefan-Boltzmann (SB) limit of 3-flavor
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Fig. 57.1 Left panel: Dependence of the pressure on the baryochemical potential along the T =
155MeV isotherm. The pressure is scaled by the corresponding value in the Stefan-Boltzmann limit
of 3-flavor QCD. Right panel: The phase structure of the Hagedorn bag-like model in the μB -T
plane. The dashed black line corresponds to the μB -dependent Hagedorn temperature whereas the
blue and red dashed lines depict the contours corresponding to 10% and 90% eigenvolume filling
fractions, respectively

QCD – the expected μB → ∞ limit. The pressure of the Hagedorn model exhibits
a consistent approach towards the SB limit at large μB/T . The behavior is smooth
in the entire range of μB/T values considered. For comparison we also depict the
pressure by using a Taylor expansion truncated atO(μ4

B), with expansion coefficients
taken from the lattice data [25]. The truncated Taylor expansion behaves similarly
to the Hagedorn model at moderate μB/T < 3, but becomes inaccurate at larger
chemical potentials, overshooting the SB limit at μB/T ≈ 8.

To further clarify the phase structure of the Hagedorn model we consider the
μB − T plane (right panel of Fig. 57.1). The dashed black line depicts the μB-
dependent of the Hagedorn temperature of the quark-gluon bag spectrum in (57.3).
This line, defined through a transcendental equation TH = [3B/σQ(TH )]1/4, cor-
responds to the region of the phase diagram where heavy Hagedorn states start
significantly contributing to the thermodynamics. The line can roughly be viewed
as a crossover line for the transition between normal hadronic matter and the QGP.
Another interesting quantity is the eigenvolume filling fraction which corresponds to
the fraction of the whole space occupied by finite-sized particles. The blue and red
dashed lines in Fig. 57.1 depict the contours corresponding to 10% and 90% eigen-
volume filling fractions, respectively. The matter with less than 10% filling is dilute
and very similar to a hadron resonance gas. In the opposite side of the phase diagram
one has large filling fractions, meaning that most of the space is occupied by bags
filled with QGP. The results shown in Fig. 57.1 suggest that the transition between
these two regimes is rather broad, not only at μB = 0, but also in the baryon-rich
region of the phase diagram.
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57.4 Summary

The Hagedorn bag-like model with quasiparticle-type parton masses provides a rea-
sonable description of parton-hadron crossover at zero and finite densities of con-
served charges within a single partition function. It is thus suitable as an input for
fluid dynamical simulations of heavy-ion collisions. One possible future extension
is incorporating a hypothetical first-order phase transition in the baryon-rich region,
e.g. as outlined in [16]. Such a generalization can then be used to predict testable
signatures of a first-order transition at finite baryon densities.
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Chapter 58
Determination of Chemical Freeze-Out
Parameters from Net-Kaon Fluctuations
at RHIC

Jamie M. Stafford, Paolo Alba, Rene Bellwied, Valentina Mantovani-Sarti,
Jacquelyn Noronha-Hostler, Paolo Parotto, Israel Portillo-Vazquez,
and Claudia Ratti

Abstract We calculate the mean-over-variance ratio of the net-kaon fluctuations in
the Hadron Resonance Gas (HRG) Model for the five highest energies of the RHIC
Beam Energy Scan (BES) for different particle data lists. We compare these results
with the latest experimental data from the STAR collaboration in order to extract sets
of chemical freeze-out parameters for each list. We focused on the PDG2012 and
PDG2016+ particle lists, which differ largely in the number of resonant states. Our
analysis determines the effect of the amount of resonances included in the HRG on
the freeze-out conditions.

58.1 Introduction

Characterizing the transition region of the QCD phase diagram is a focal point for
current theoretical and experimental investigations in nuclear physics. Lattice QCD
calculations have shown that there is a cross-over transition at T � 155 MeV in the
low μB region of the phase diagram [1–3]. In addition, models have indicated that the
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transition becomes first order at high baryonic chemical potential, thus implying the
presence of a critical point [4]. The search for this proposed critical point represents
the main goal of the Beam Energy Scan II (BES-II) program at RHIC.

The evolution of the system in a heavy-ion collision (HIC) can be broken into
several stages; two important stages of HICs, the chemical and kinetic freeze-outs,
can be related to the experimental results. The chemical freeze-out corresponds to
the point in the evolution of the system at which inelastic collisions cease, and at this
time the chemical composition is fixed, corresponding to themeasured particle yields
and fluctuations. The next freeze-out stage, the kinetic freeze-out occurs when the
system is so sparse that elastic collisions can no longer occur, and this corresponds to
information on the particle spectra and correlations. Within this framework it is clear
that the study of the chemical freeze-out is an important aspect of phenomenological
explorations in heavy-ion collisions.

Chemical freeze-out parameters are typically obtained by treatment of the particle
yields or fluctuations in a thermal model, such as the Hadron Resonance Gas (HRG)
model [5–7]. Thermal fits of particle yields can be used to determine the temperature,
baryonic chemical potential, and volume at freeze-out (Tf ,μB, f , Vf ). In addition, the
fluctuations of conserved charges can be used to identify freeze-out parameters by
comparing experimental results for the particle fluctuations to a thermal model. The
HRG Model has been used to determine the chemical freeze-out conditions in this
way in works such as [6]. This study produced sets of freeze-out parameters for a
range of collision energies of the BES by performing a combined fit of net-p and
net-Q. Thus, these correspond to the freeze-out conditions of the light particles.
Combining this information with the isentropic trajectories from Lattice QCD, we
study the net-kaon fluctuations in the HRG model in order to determine if the kaons
freeze-out at the same temperature as the light hadrons. This addresses an important
effect that has been seen in data at both RHIC and the LHC, which is the tension
between the light and strange particles in thermal fits [5, 8]. One explanation that
attempts to resolve the difference in temperatures is that there could be missing
resonances in the thermal model [9, 10]. While recent lattice QCD calculations [10,
11] indicate that several resonances are indeedmissing, their full decay channels need
to be implemented in order to determine their influence on the freeze-out temperature.
Other explanations include a higher freeze-out temperature for strange hadrons [12,
13], pion-nucleon interactions in the S-matrix formalism [14], and large annihilation
cross-sections that lead to a lower (anti)proton freeze-out [15–17] In this study, we
seek to characterize the chemical freeze-out during heavy-ion collisions by utilizing
the HRG Model to calculate fluctuations of conserved charges.

58.2 Methodology

The Hadron Resonance Gas (HRG) Model describes an interacting gas of ground
state hadrons as a system of non-interacting particles and their resonant states. The
pressure of such a system of hadrons can be treated in the grand canonical formalism:
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In order to compare the HRGmodel results to the experimental data, it is important to
also consider the experimental cuts in rapidity and transversemomentum. Taking this
into account, the fluctuations of net-kaons, the difference of kaons minus anti-kaons,
can be written as:
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}

An important goal of this study is to determine the effect of the amount of resonances
included in the HRG model on the net-kaon fluctuations. We do so by utilizing
different particle lists. In a previous analysis [11], it was determined that the most
experimentally well-known states are not enough to complete the hadronic spectrum
in HRGmodel calculations as compared to results from Lattice QCD. Therefore, we
utilize themeasurements of all observed hadronic states from the Particle Data Group
over all confidence levels [18]. This compilation of resonances was found to be the
one which best reproduces the Lattice QCD results. We will compare the net-kaon
fluctuations calculated using this optimal PDG list to the results from [19], which
utilized a different particle list. These lists differ largely in the number of resonant
states, particularly in the strange sector.
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Fig. 58.1 Left: Isentropic trajectories for the five highest energies of the BES. Entropy per baryon
number is conserved along these trajectories, which start from the freeze-out parameters determined
by the combined fit of χ

p
1 /χ

p
2 and χ

Q
1 /χ

Q
2 . Right: Comparison of net-kaon and light hadron freeze-

out parameters for two different HRG particle lists, PDG2012 and PDG2016+, over a range of
collision energies at RHIC

58.3 Results

In order to compare the results from these two different particle lists, we followed the
same treatment from [6, 19, 20]. First the freeze-out parameters for the light particles
were calculated via a combined fit of χ

p
1 /χ

p
2 and χQ

1 /χ
Q
2 in the HRG model with

the PDG2016+ particle list. Isospin randomization was taken into account for the
determination of the freeze-out parameters from net-proton and net-electric charge,
as a similar analysis has shown previously [6]. Then, isentropic trajectories were
developed by starting from these new freeze-out points obtained with the PDG2016+
list for the various BES energies and fixing the entropy per baryon number along the
path in the phase diagram, consistent with [20]. They are shown in Fig. 58.1 (left).

By calculating the net-kaon fluctuations along these isentropes and comparing to
the experimental results for themean-over-variance, we have identified sets of freeze-
out parameters, (TFO , μB,FO ), for the five highest energies of the Beam Energy Scan.
The freeze-out parameters for the kaonswith the twodifferent PDG lists are compared
to the freeze-out parameters for the light particles determined by the combined fit
of net-proton and net-electric charge as shown in Fig. 58.1 (right). Even with the
inclusion of more strange resonances, the separation between freeze-out conditions
for net-kaons and light particles remains.

58.4 Conclusions

By utilizing different compilations of resonances from the Particle Data Group, we
study the effect of the number of particles included in the HRG model on the results
for net-kaon fluctuations. We find a slightly lower freeze-out temperature for the
kaons when more strange resonances are included in the particle list. However, at
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√
sNN=200 GeV there is a separation of about 10 MeV between these two sets of

freeze-out conditions for net-kaons and light hadrons.
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Chapter 59
Update on BEST Collaboration
and Status of Lattice QCD

Claudia Ratti

Abstract The Beam Energy Scan Topical (BEST) Collaboration was formed to
support the Relativistic Heavy Ion Collider (RHIC) experimental program in search
for the QCD critical point. I will report on the status of the BEST collaboration,
mainly focusing on the lattice QCD effort but also touching on the other main topics.

59.1 Introduction and Structure of the Collaboration

There are many open questions on the QCD phase diagram that can be answered by
studying finite density QCD. The most pressing one is whether the deconfinement
phase transition, an analytical crossover at chemical potential μB = 0 [1], can turn
into first order as the chemical potential is increased. Other relevant questions are the
location of the transition line and the nature of the QCD phases at large densities. The
only way to produce the high density phase of matter in the laboratory is to bring
more net-baryon number in the mid-rapidity region, by systematically decreasing
the collision energy so that some of the primordial baryons are left in the collision
area. The RHIC facility at BNL is devoted to this purpose: the second Beam Energy
Scan (BESII) is scheduled for 2019–2021. The foreseen runs will take place both in
the collider and fixed target modes, so that higher values of the baryonic chemical
potential can be reached. After RHIC, other facilities will study dense QCD matter:
NICA, CBM and JPARC will pursue the study of critical point, onset of deconfine-
ment and dense hadronic matter at least till 2025. For reviews on these topics see
[2–4].

Fundamental theory and phenomenology need to provide adequate support to
such a rich experimental program. The main purpose and goal of the project pursued
by the Beam Energy Scan Topical (BEST) collaboration is to develop a dynamical
framework which allows for a quantitative description of the heavy ion reaction for
collision energies relevant to the RHIC BES. This framework will then enable a
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quantitative assessment of the data from the BES in order to either claim discovery
or rule out the presence of a critical point and the onset of chiral restoration in the
region of the QCD phase diagram accessible by the RHIC beam energy scan. In
this contribution I will review the current status of the BEST collaboration, mainly
focusing on the lattice QCD effort but also touching on other relevant topics.

To achieve the proposed goal, several elements need to be developed and eventu-
ally merged into the final framework. Following essentially the time evolution of the
heavy ion collision, from initial conditions to hydrodynamic and transport evolution
to the final analysis of the data, these are:

– Initial conditions: Calculate and model the initial distribution of all conserved
charges as well as of axial charges.

– Hydrodynamic evolution: Development of (3+1)-D viscous relativistic
(anomalous-magneto) hydrodynamics with transport coefficients for all charges
which includes hydro fluctuations and coupling to a fluctuating critical field.

– Equation of state and transport coefficients: Carry out lattice QCD calculations
of theEoSat large densities, needed for the hydrodynamic evolution, anddetermine
some of the needed transport coefficients. Extend the EoS to regions beyond the
reach of lattice calculations by careful modeling and matching to lattice results.

– Transport evolution: Development of a transport model which matches onto the
hydrodynamic phase and is able to propagate fluctuations and anomalous currents.

– Data analysis: Develop and apply a data analysis framework which will enable a
comparison of all observables, to constrain the model parameters.

The left panel of Fig. 59.1 shows a schematics of the above steps and how they
are linked together. The right panel shows the twelve Universities and two national
laboratories that belong to BEST.

Fig. 59.1 Left: The various components of the BEST program and how they are linked together.
Right: BEST collaboration institutes
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59.2 Lattice QCD and Equation of State with 3D-Ising
Critical Point

The lattice effort in the BEST collaboration is conducted completely independently
by the group at Brookhaven National Laboratory and the University of Houston
group, using two different lattice discretizations and two different methodologies.
The goals until now were to obtain the QCD transition temperature at finite μB ,
extract the equation of state up to power six in μB/T , to use as an input in hydro
simulations and as a baseline in the EoS with critical point, and calculate fluctuations
at finite μB .

The Wuppertal Budapest Houston [5] and the HotQCD [6] collaboration have
published results for the QCD transition temperature at finite μB . The most recent
value for the chiral transition temperature from the HotQCD is Tc = 156.5 ± 1.5
MeV, obtained from chiral observables. Both collaborations found that the curvature
of the phase diagram at μB = 0 is extremely small (see Fig. 59.2 left).

After the publication of the QCD Equation of State at μB = 0 [7–11], both col-
laborations proceeded to extend them to finite density. This is difficult due to the
sign problem. One of the methods to circumvent the sign problem is to expand
the thermodynamic observables as a Taylor series in powers of μB/T . The Taylor
coefficients can be calculated in two ways, either by direct simulations (method cho-
sen by the HotQCD collaboration), or simulations at imaginary chemical potentials
(choice of the WBH collaboration). Besides, a finiteμB chemical potential implies a
choice for the strangeness and electric charge chemical potentials,μS andμQ respec-
tively. The two possibilities that were considered are μS = μQ = 0 or μS(T, μB)

and μQ(T, μB) such that the average strangeness density 〈ρS〉 = 0 and the average
electric charge density 〈ρQ〉 = 0.4〈ρB〉. Both collaborations published results for
the Taylor coefficients up to sixth order, in the case of μS = μQ = 0 [12, 13] and
in the case of strangeness neutrality [13–15]. All results for the EoS are consistent
between the two collaborations. More recently, a lattice-based Taylor expansion for
the equation of state containing all conserved charges has been developed within the
BEST collaboration [16, 17].

Fluctuations of conserved charges can be used to study criticality, as they are
expected to diverge with powers of the correlation length near the critical point.
Recent results by the HotQCD collaboration are showing the baryon number vari-
ance and the disconnected chiral susceptibility, extrapolated to finite μB along the
crossover line. Both are expected to diverge at the critical point, but they do not show
signs of criticality up to μB=250 MeV [18]. Both collaborations have expanded the
higher order fluctuations as functions ofμB/T , finding a behavior that is compatible
with the experimental results [12, 19] (see Fig. 59.2 right). Both collaborations also
have results for correlators between conserved charges [20, 21].

The lattice QCD Equation of state developed by the lattice effort of the BEST
collaboration has been modified by introducing a critical point in the 3D Ising model
universality class [22], in order to test its effects on thermodynamics and eventually
dynamical observables. The hydrodynamics working groupwithin BEST has already
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Fig. 59.2 Left: QCD transition line from [6]. Right: extrapolation of higher order fluctuations to
finite μB [12]

Fig. 59.3 Left: effect of the critical point on the isentropic trajectories in the QCD phase diagram
[22]. Right: fireball trajectory of a central gold-gold collision at 19.6 GeV [25]

started testing it, and the predictions will be compared to the experimental data as
they become available. The community also benefits from this achievement, since
the code to generate the EoS is open source [23]. It was assumed that the lattice QCD
Taylor expansion coefficients are the sum of a regular and a singular contributions.
The latter are obtained by mapping the Ising model Equation of State onto the QCD
one. The left panel of Fig. 59.3 shows the effect of the critical point on the isentropic
trajectories in the QCD phase diagram.

59.3 Other Working Groups

Initial conditions for all three conserved charges have been developed, which take
into account the fact that the nuclei at the lowest collision energies are not so Lorentz
contracted and so there can bemultiple scatterings between them [24–27]. The hydro-
dynamics simulations have been extended to include the propagation of net-baryon
current including dissipative effects [28]. This has allowed the authors of [25] to
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extract the fireball trajectory of a central gold-gold collision at 19.6 GeV, shown in
the right panel of Fig. 59.3.

One of the goals of BEST is to develop a quantitative understanding of fluctu-
ations near the CP, which includes a modification of hydro to couple with a slow
mode. This formalism has been developed [29–32]. In [29] it was shown that the
dynamics of fluctuations (more precisely, the Wigner transform of the two-point
correlation function of the fluctuations) and the influence of the fluctuations on the
bulk hydrodynamic evolution can be studied together, self-consistently, by solving
deterministic equations. This formalism is being implemented numerically within
BEST [33, 34].

The chiral magnetic effect has been the goal of an active research program within
the collaboration [35–38]. One of the goals is to model initial conditions not only for
the conserved charges, but also for axial charges. In a series of papers [39–41] it has
been demonstrated that glasma provides the appropriate methodology for addressing
this question. Another goal is to develop anomalous magneto hydrodynamics [42–
44]. A first step in this direction is the development of a code [45], which calculates
electromagnetic fields from the spectators and participant nucleons in relativistic
heavy-ion collisions. Finally, we want to quantify the experimental signal of the
chiral magnetic effect. One first example is the prediction for CME-induced charge
asymmetry of azimuthal correlations in 200 GeV Au+Au collisions, which happens
to be in good agreement with the STAR H-correlation measurements [45].

I will finally touch on the topic of particlization and hadron dynamics. It was
found out that the standard Cooper-Frye procedure is not suitable to study fluctua-
tions because the Poisson sampling adds unphysical fluctuations and washes away
correlations [46, 47]. A new micro-canonical sampling method has been proposed
[48], which conserves all the charges as well as energy and momentum. This method
has been tested in a toy model and it was shown that the obtained fluctuations are in
agreement with the ones which were computed analytically, contrary to the Cooper-
Frye ones.

For other important developments within the collaboration, which are not at the
core of the BEST project but have important implications for the success of the BES
program as a whole, see [49–58].
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Chapter 60
Overview of Experimental Critical Point
Search

Tobiasz Czopowicz

Abstract The existence and location of the QCD critical point is an object of vivid
experimental and theoretical studies.Rich andbeautiful data recordedby experiments
at SPS and RHIC allow for a systematic search for the critical point—the search for
a non-monotonic dependence of various correlation and fluctuation observables on
collision energy and size of colliding nuclei.

60.1 Critical Point Search Strategies

A sketch of the most popular phase diagram of strongly-interacting matter is shown
in Fig. 60.1. At low temperatures and baryon chemical potential, the system consists
of quarks and gluons confined inside hadrons. At higher temperature and/or baryon
chemical potential, quarks and gluons may act like quasi-free particles, forming a
different state of matter—the Quark-Gluon Plasma. Between the two phases, a first-
order transition is expected at high μ. Critical point (CP) is a hypothetical end point
of this first-order phase transition line that has properties of a second-order phase
transition [1, 2].

It is commonly expected that the QCD critical point should lead to an anomaly in
fluctuations in a narrow domain of the phase diagram. However predictions on the CP
existence, its location and what and how should fluctuate are model dependent [3].

The experimental search for the critical point requires a two-dimensional scan in
freeze-out parameters (T, μ) by changing collision parameters controlled in labora-
tory, i.e. energy and size of the colliding nuclei (or collision centrality).
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Fig. 60.1 A sketch of the
phase diagram of
strongly-interacting matter

60.2 Experimental Measures

60.2.1 Extensive Quantities

An extensive quantity is a quantity that is proportional to the number of Wounded
Nucleons (W) in the Wounded Nucleon Model [4] (WNM) or to the volume (V) in
the Ideal Boltzmann Grand Canonical Ensemble (IB-GCE). The most popular are
particle number (multiplicity) distribution P(N ) cumulants:

κ1 = 〈N 〉,
κ2 = 〈

(δN )2
〉 = σ2,

κ3 = 〈
(δN )3

〉 = Sσ3,

κ4 = 〈
(δN )4

〉 − 3
〈
(δN )2

〉2 = κσ4.

60.2.2 Intensive Quantities

Ratio of any two extensive quantities is independent of W (WNM) or V (IB-GCE)
for an event sample with fixed W (or V)—it is an intensive quantity. For example:

〈A〉 / 〈B〉 = W · 〈a〉 /W · 〈b〉 = 〈a〉 / 〈b〉 ,

where A and B are any extensive event quantities, i.e. 〈A〉 ∼ W , 〈B〉 ∼ W and
〈a〉 = 〈A〉 and 〈b〉 = 〈B〉 for W = 1. Popular examples are:

κ2/κ1 = ω[N ] = σ2[N ]
〈N 〉 = W ·σ2[n]

W ·〈n〉 = ω[n] (scaled variance),
κ3/κ2 = Sσ,
κ4/κ2 = κσ2.
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60.2.3 Strongly Intensive Quantities

For an event sample with varying W (or V), cumulants are not extensive quantities
any more. For example:

κ2 = σ2[N ] = σ2[n] 〈W 〉 + 〈n〉2 σ2[W ].

However, having two extensive event quantities, one can construct quantities that are
independent of the fluctuations of W (or V). Popular examples include [5, 6]:

〈K 〉 / 〈π〉,
�[N , PT ] = (ω[N ] 〈PT 〉 − ω[PT ] 〈N 〉)/c,
�[N , PT ] = (ω[N ] 〈PT 〉 + ω[B] 〈N 〉 − 2(〈N PT 〉 − 〈PT 〉 〈N 〉)/c,
where PT = ∑N

i=1 pT,i and C is any extensive quantity (e.g. 〈N 〉).

60.2.4 Short-Range Correlations

Quantum statistics leads to short-range correlations in momentum space, which are
sensitive to particle correlations in configuration space (e.g. of CP origin).

Popular measures include momentum difference in Longitudinal Comoving Sys-
tem (LCMS), q, that is decomposed into three components: qlong—denotingmomen-
tum difference along the beam, qout—parallel to the pair transverse-momentum
vector (kt = (pT,1 + pT,2)/2) and qside—perpendicular to qout and qlong . The two-
particle correlation function C(q) is often approximated by a three-dimensional
Gauss function:

C(q) ∼= 1 + λ · exp (−R2
longq

2
long − R2

outq
2
out − R2

sideq
2
side

)
,

where λ describes the correlation strength and Rout , Rside, Rlong denote Gaussian
HBT radii.

A more parametrization of the correlation function is possible via introducing
Lévy-shaped source (1-D) [7]:

C(q) ∼= 1 + λ · e(−qR)α ,

where q = |p1 − p2|LCMS , λ describes correlation length, R determines the length
of homogenity and Lévy exponent α determines source shape:
α = 2: Gaussian, predicted from a simple hydro, α < 2: anomalous diffusion, gen-
eralized central limit theorem, α = 0.5: conjectured value at the critical point.
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60.2.5 Fluctuations as a Function of Momentum Bin Size

When a system crosses the second-order phase transition, it becomes scale invariant,
which leads to power-law form of correlation function. The second factorial moment
is calculated as a function of the momentum cell size (or bin number M):

F2(M) ≡
〈
1

M

M∑

i=1

ni (ni − 1)

〉/〈
1

M

M∑

i=1

ni

〉
,

where ni is particle multiplicity in cell i .
At the second-order phase transition the system is a simple fractal and the factorial

moment exhibits a power-law dependence on M [8–11]:

F2(M) ∼ (M)ϕ2 .

In case the system freezes-out in the vicinity of the critical point, ϕ2 = 5/6.
To cancel the F2(M) dependence on the single-particle inclusive momentum dis-

tribution, one needs a uniform distribution of particles in bins or subtraction of the
F2(M) values for mixed events:

�F2(M) = Fdata
2 (M) − Fmixed

2 (M).

60.2.6 Light Nuclei Production

Based on coalescencemodel, particle ratios of light nuclei are sensitive to the nucleon
density fluctuations at kinetic freeze-out and thus to CP. In the vicinity of the critical
point or the first-order phase transition, density fluctuation becomes larger [12, 13].

Nucleon density fluctuation can be expressed by proton, triton and deuteron
yields as:

�n =
〈
(δn)2

〉

〈n〉 ≈ 1

2
√
3

Np · Nt

N 2
d

− 1.

60.3 Experimental Results

60.3.1 Multiplicity Fluctuations

Results on energy dependence of multiplicity fluctuations by NA61/SHINE [14]
quantified by the scaled variance are presented in Fig. 60.2 (left). No prominent
structures that could be related to the critical point are observed.
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Fig. 60.2 Results on multiplicity [14] (left) and multiplicity-transverse momentum [15] (center,
right) fluctuations for all negatively charged particles recorded by NA61/SHINE

60.3.2 Multiplicity-Transverse Momentum Fluctuations

Results on energy dependence of multiplicity-transverse momentum fluctuations by
NA61/SHINE [15] expressed in � and � strongly intensive quantities are presented
in Fig. 60.2 (center, right). No prominent structures that could be attributed to the
critical point are observed.

60.3.3 Net-Proton Fluctuations

Figure 60.3 (left) presents energy dependence of fourth-order net-proton fluctua-
tion in 5% most central Au+Au collisions recorded by STAR [16]. The observed
non-monotonic dependence is consistent with theoretical predictions [17] and might
suggest a critical point around

√
sNN ≈ 7 GeV.

60.3.4 Net-Kaon and Net-Charge Fluctuations

The STAR Collaboration has also studied net-kaon and net-charge distributions in
centralAu+Aucollisions [18, 19].However, the results, presented in Fig. 60.3 (right),
show no (within errors) energy dependence.

60.3.5 Short-Range Correlations

Finite-Size Scaling Figure 60.4 presents compilations of Au+Au (
√
sNN = 7.7–200

GeV) data from STAR [21] and Pb+Pb (
√
sNN = 2.76 TeV) data from ALICE [22].

The Gaussian emission source radii (R2
out − R2

side) [20] show clear non-monotonic
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Fig. 60.4 Compilations of Au+Au (
√
sNN = 7.7–200 GeV, STAR [21]) and Pb+Pb (

√
sNN = 2.76

TeV, ALICE [22]) data: energy dependence of Gaussian emission source radii [20] (left) and one
of the result for initial Finite-Size Scaling analysis [20] (right)

Fig. 60.5 Transverse mass dependence of the Lévy exponent α for 20% most central Be+Be
collisions at 17 GeV by NA61/SHINE [23] (left) and for 30% Au+Au at 200 GeV by PHENIX [24]
(right)

energy dependence with a maximum at
√
sNN ≈ 47.5 GeV. The initial Finite-Size

Scaling analysis [20] suggests the critical point position: T = 165 MeV and μ = 95
MeV.

Transverse-Mass Dependence of Lévy Exponent Transverse-mass dependence of
Lévy exponent α have been studied both at SPS and RHIC. Figure 60.5 presents the
results for Be+Be at 17 GeV by NA61/SHINE [23] and for Au+Au at 200 GeV by
PHENIX [24]. Both studies revealed similar results, i.e.α ≈ 1.2, a value significantly
above the CP prediction.
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60.3.6 Fluctuations as a Function of Momentum Bin Size

NA49 and NA61/SHINE have studied the second factorial moment, �F2, for mid-
rapidity protons at 17 GeV.

Although in central Be+Be, C+C, Ar+Sc and Pb+Pb no signal has been observed,
a deviation of�F2 from zero seems apparent in central Si+Si and mid-central Ar+Sc
as shown in Fig. 60.6.

60.3.7 Light Nuclei Production

The nucleon density fluctuations, �n, for central Pb+Pb by NA49 [27] and central
Au+Au by STAR [28, 29] show a non-monotonic dependence on collision energy
with a peak for

√
sNN ≈ 20 GeV [30] as presented in Fig. 60.7.

Fig. 60.6 Second factorial moment, �F2, for mid-rapidity protons at 17 GeV in Si+Si by NA49
[26] (left) and in 5–10% and 10–15% Ar+Sc by NA61/SINE [25] (center, right)

Fig. 60.7 Nucleon density fluctuation, �n, for central Pb+Pb [27] and Au+Au [28, 29] collisions
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Fig. 60.8 Compilation of theoretical predictions [3] and experimental hints on the critical point
location

60.4 Summary

The experimental search for the critical point is ongoing. There are four indications
of anomalies in fluctuations in heavy-ion collisions at different collision energies
(
√
sNN ≈ 7, 17, 20, 47 GeV). Interpreting them as due to CP allows one to estimate

four hypothetical CP locations depicted in Fig. 60.8.
Fortunately, there are high-quality, beautiful new data coming soon both from

SPS (NA61/SHINE) and RHIC (STAR Beam energy Scan II).
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Chapter 61
Patterns and Partners Within the QCD
Phase Diagram Including Strangeness

Angel Gómez Nicola, Jacobo Ruiz de Elvira, and Andrea Vioque-Rodríguez

Abstract We review the current situation of the pattern of chiral symmetry restora-
tion. In particular, we analyze partner degeneration for O(4) andU (1)A symmetries
within the context ofWard Identities and Effective Theories. The application ofWard
Identities to the thermal scaling of screening masses is also discussed. We present
relevant observables for which an Effective Theory description in terms of Chiral
Perturbation Theory and its unitarized extension are compatible with lattice data even
around the transition region. We pay special attention to the role of strangeness in
this context.

61.1 Introduction

Over recent years, we are progressively reaching a deeper understanding of the QCD
phase diagram and its main properties. Combined efforts from experiment, lattice
simulations and phenomenology are allowing to access regions of the (T,μB) plane
increasingly richer in baryon density. In particular, beam energy scans [1] would
reveal whether a critical point exists and the behaviour of QCD matter around it.
This is actually one of the main objectives of the current program of hot and dense
QCD matter in lattice and heavy-ion collisions [2, 3].

In this context, a significative advance has been to realize that the phase boundary
lies close to the chemical freeze-out for physical conditions of net baryon number
B, electric charge Q and strangeness S, accesible to experimental heavy-ion exper-
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iments. Thus, using hadron statistical models [4], which have been very successful
in the past for this purpose, one can fit hadron yields from ALICE data. The result
of such fits are points on the freeze-out (T,μB) curve which turn out to overlap
with the critical line obtained from lattice collaborations where μB is treated within
Taylor expansions to avoid the so-called sign problem [5]. In addition, the study of
fluctuations of those very same conserved changes opens up interesting possibilities.
A particularly interesting analysis in this context regarding strangeness is the study
of crossed susceptibilities performed in lattice works [6]. This is relevant because
a combination of BS and QS crossed susceptibilities provides a relation between
chemical potentials μB,S,Q . Such relation can also be tested at freeze-out with exper-
imental hadron yields fits or with theoretical models such as the Hadron Resonance
Gas (HRG).

The μB = 0 regime is in principle much better understood. Regarding the transi-
tion, the most analyzed signals have been the inflection point of the (subtracted) light
quark condensate 〈q̄q〉l = 〈ūu + d̄d〉 and the peak of the scalar (or chiral) suscep-
tibility χS . Both reveal a crossover-like transition in the physical case (Nf = 2 + 1
light flavors and physical quark masses) at Tc � 156 MeV [5, 7] which in the chiral
limit reduces to T 0

c � 132 MeV [8] and becomes a true phase transition, most likely
of second order, for two massless flavours [9].

An open problem in this context is to determine not only the order but the univer-
sality class (pattern) of the chiral phase transition. This depends crucially on whether
theU (1)A anomalous symmetry is sufficiently restored at Tc [9–11], whichmay even
affect the properties of the possible critical point at μB �= 0 [12]. A second-order
O(4) ≡ SU (2) × SU (2) transition would be preferred in a scenario with U (1)A
breaking at Tc, while a second-orderU (2) ×U (2) one would correspond to aU (1)A
restored situation. The latter may even degenerate into a first order transition for
strong enough U (1)A restoration [11].

A useful perspective to explore this problem is the analysis of partners, i.e.,
hadronic states which should become degenerate under those symmetries. Con-
sider for instance the pseudoscalar and scalar nonets πa = iψ̄lγ5τ

aψl , δa = ψ̄lτ
aψl

for isospin I = 1, ηl = iψ̄lγ5ψl , ηs = i s̄γ5s, σl = ψ̄lψl , σs = s̄s for I = 0, Ka =
iψ̄γ5λ

aψ, κa = iψ̄λaψ (a = 4, 5, 6, 7) for I = 1/2. Here, ψl is the light quark dou-
blet and those states correspond respectively to the quantum numbers of the pion,
a0(980), light and strange component of the η/η′, light and strange components of
the f0(500)/ f0(980), kaon and K (800) (or κ). For the isospin I = 0, 1 sector, chiral
and U (1)A transformations connect the bilinears

πa SUA(2)←−−→ σ, δa
SUA(2)←−−→ ηl, (61.1)

πa U (1)A←−→ δa, σ
U (1)A←−→ ηl, (61.2)
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which are the partners that have been studied in recent lattice and theoretical works
on this subject. The lattice results are not fully conclusive. On the one hand, for
Nf = 2 + 1 flavors and physical quarkmasses, the analysis of [13] shows degeneracy
ofU (1)A partners well above the O(4) ones. On the other hand, Nf = 2 works [14–
17] point to U (1)A restoration at Tc in the chiral limit, while for massive quarks in
those works the strength of U (1)A breaking increases with the volume [11].

61.2 Ward Identities

We have recently analyzed the chiral pattern commented above, exploiting Ward
Identities derived formally from the QCD generating functional [18, 19]. In particu-
lar, the following identity connects susceptibilities (two-point correlators at p = 0)
in the pseudoscalar ηl , π and crossed ηlηs channels with the topological susceptibility
of the anomaly operator A(x) = 3g2

16π2 TrcGμν G̃μν :

χls
P(T ) = −2

m̂

ms
χ5,disc(T ) = − 2

m̂ms
χtop(T ), (61.3)

where χ5,disc(T ) = 1
4

[
χπ
P(T ) − χll

P(T )
]
and m̂ = mu = md . Now, one can choose

a SU (2)A transformation so that

ηl(x)
SUA(2)−−−→ −δb(x) ⇒ χls

P
SUA(2)−−−→ 0, (61.4)

since ηs is invariant under SU (2)A transformations and the δηs correlator vanishes by
parity. Therefore, from (61.3), the conclusion is that for exact chiral restoration,where
δ and ηl should degenerate, χ5,disc should vanish as well. Thus, πa − η degenerate
and the O(4) ×U (1)A pattern is realized. This should be then the scenario in the
chiral limit for twomassless flavours at Tc, consistently with the lattice results in [11,
14–17]. For Nf = 2 + 1 flavours and physical masses, the strangeness contribution
and the large uncertainties for δ − ηl degeneration [13] might explain a stronger
U (1)A breaking, consistently also with the chiral limit analysis of that collaboration
[5].

An interesting application of WI in this context is related to the temperature
dependence of lattice spatial screening masses Mi [19, 20] for different i channels.
Assuming a scaling Mi (T )/Mi (0) ∼ [χi (T )/χi (0)]

−1/2, the WI allow to connect
Mi (T ) with suitably subtracted quark condensates, well under control in lattice sim-
ulations. This assumption implies that the zero momentum propagator given by the
susceptibilitiesχi dominates the thermal dependence.One can actually test such scal-
ing laws directly for lattice collaborations providing data on both screening masses
and quark condensates for the same lattice setup. Such test has been performed in
[19] for the π, K , s̄s and κ channels, which according to the WI scale as the inverse
square root of 〈q̄q〉l , 〈q̄q〉l + 2〈s̄s〉, 〈s̄s〉 and 〈q̄q〉l − 2〈s̄s〉 respectively. The agree-
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Fig. 61.1 Left: Evolution towards the chiral limit of the different O(4) and U (1)A restoration
temperatures within U (3) ChPT. Right: Temperature dependence of the topological susceptibility
calculated within the U(3) formalism compared to lattice data from [21] and [22] with Tc = 155
MeV

ment is quite good, with only two fit parameters related to the definition of subtracted
condensates. It explains also the qualitative behaviour of the Mi (T ) around Tc, from
the expected one of the quark condensates involved. Thus, for instance, the rapid
growth of Mπ(T ) would be explained by the inverse dependence

[〈q̄q〉l (T )
]−1/2

while MK and Ms̄s are softened by the 〈s̄s〉(T ) component.

61.3 Effective Theories

Hadronic effective approaches like the HRG or ChPT (for the lightest states) are
needed to provide a physically meaningful description below the transition. In con-
nection with our previous discussion, it is worth mentioning that recent analysis
within U (3) ChPT (where N−1

c is included in the standard chiral power counting)
have allowed on the one hand to verify the previously mentioned WI [20] and on
the other hand to confirm the pattern of O(4) ×U (1)A restoration in the chiral limit
[19]. The latter is showed in Fig. 61.1 where pseudocritical temperatures associated
to the degeneracy of different O(4) and O(4) ×U (1)A partners, converge as the
pion mass vanishes.

The U (3) ChPT framework allows also to obtain a quite accurate description of
the topological susceptibilityχtop and its thermal dependence [23]. The leading order
yields

χU (3),LO
top = �

M2
0 m̄

M2
0 + 6B0m̄

(61.5)

with � = B0F2 the single-flavor quark condensate in the chiral limit, B0 = M2
0π±/

(mu + md), with M0π± the tree-level mass of the charged pions, F the pion decay
constant in the chiral limit, M0 the anomalous part of the η′ mass and m̄−1 =∑

i=u,d,s
m−1

i . Expression (61.5) reproduces the known results for two and three

light flavours in the limit M0 → ∞ [24] as well as the quenched gluodynamics limit
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Fig. 61.2 Scalar
susceptibility saturated by
the unitarized thermal
f0(500) pole, according to
[31]. A normalization factor
A has been chosen to match
the perturbative ChPT result
at T = 0 and the uncertainty
bands given by the
low-energy constants (LEC)
is shown. Lattice points are
taken from [7]

formi → ∞ [25, 26]. The NLO corrections can be found in [27], while the NLO and
NNLO U (3) results at T = 0 are given in [23], including the fourth-order cumulant
of the topological charge. The contribution of η′ loops and η − η′ mixing corrections
provided by the U (3) formalism are of the same order as the K , η SU (3) ones and
are compatible with the lattice results in [21, 28]. In addition, the large-Nc behaviour
of both quantities arising naturally within this formalism agrees also with lattice
analysis [28].

The temperature evolution of the topological susceptibility within theU (3)ChPT
analysis, showed in Fig. 61.1, is consistent with lattice data, even far beyond the
applicability range of the theory. Althoughχtop(T ) scales perturbatively as 〈q̄q〉l (T )

(actually both quantities are proportional at LO), deviations from this behaviour are
expected around the transition. Actually, from the WI in (61.3) and the WI χπ

P =
−〈q̄q〉l /m̂, an additional contribution proportional to χll

P(T ) is present, consistently
with the existence of a sizable gap between chiral and U (1)A restoration.

Finally, we remark that combining the standard ChPT expansion with unitariza-
tion arguments, one can generate thermal resonances, which show up as second-sheet
Riemann poles of meson scattering amplitudes at finite temperature [29]. The case
of the thermal f0(500) is particularly important in the present context since it satu-
rates the scalar susceptibility, giving rise to a peak around the crossover transition
compatible with lattice data, as shown in Fig. 61.2, even more accurately than the
HRG description [30, 31].

61.4 Conclusions

Despite the recent advances in the understanding of theQCDphase diagram, there are
still many relevant open problems such as the nature of the transition, the description
of matter rich in baryon density and the critical point. We have showed that the
use of theoretical tools such as Ward Identities and Effective Theories allow us to
make strong claims about the pattern of the transition. It points towards O(4) ×
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U (1)A restoration in the limit of two massless flavours, from the analysis of partner
degeneration. Related observables accurately described within this framework are
screening masses, the topological charge distribution and the scalar susceptibility
through thermal unitarity.
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Chapter 62
Production of Hypernuclei and
Properties of Hyper-Nuclear Matter

Alexander Botvina, Marcus Bleicher, and Nihal Buyukcizmeci

Abstract The relativistic nucleus-nucleus collisions can produce hypernuclei and
low-temperature hyper-matter as a result of hyperon capture by nuclear residues and
free nucleons.We use the transport, coalescence and statistical models to describe the
whole process, and point at the important advantages of such reactions: A broad vari-
ety of formed hypernuclei in masses and isospin allows for investigating properties
of exotic hypernuclei, as well as the hypermatter both at high and low temperatures.
The abundant production of multi-strange nuclei that can give an access to multi-
hyperon systems and strange nuclear matter. The de-excitation of hot hyper-cluster
will allow for the hyperon correlation studies. There is a saturation of the hypernuclei
production at high energies, therefore, the optimal way to pursue this experimental
study is to use the accelerator facilities of intermediate energies.

Embedding hyperons in the nuclear matter allows to explore the many-body aspects
of the strong three-flavor interaction (i.e., including u, d, and s quarks) at low ener-
gies. Heavy hypernuclei open also opportunities to study the hyperon interactions
and properties of strange matter, that is important for nuclear astrophysics (e.g.,
in neutron stars). Many various hyperons (Λ,�,�,�) are produced in relativistic
nuclear collisions. These hyperons can be captured by the produced baryons as well
as by the projectile/target nuclear residues with the formation of hypernuclei. In such
deep-inelastic reactions leading to fragmentation processes one can form hypernuclei
of all sizes and isospin content, that gives advantages over traditional experimental
hypernuclear methods. There are many experimental collaborations (STAR at RHIC,
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ALICE at LHC, PANDA, CBM, HypHI, Super-FRS, R3B at GSI/FAIR, BM@N,
MPD atNICA)which plan to investigate hypernuclei and their properties in reactions
induced by relativistic ions. The isospin space, particle unstable states, multi-strange
nuclei and their precise lifetime can be explored in these fragmentation reactions.
It was theoretically demonstrated with numerous models [1–8] that in nuclear col-
lisions one can produce all kind of hypernuclei including multi-strange and exotic
ones. Moreover the properties of the hypernuclei (e.g., the hyperon binding ener-
gies) can be extracted directly from their yields [9]. There also exist experimental
confirmations of such processes leading to light hypernuclei [10–12] and fission
hypernuclei [13, 14].

62.1 Formation of Hypernuclei in Relativistic Ion Collisions

Figure 62.1 we show our theoretical predictions on the fragment and Λ-hyper-
fragment production for the gold–gold and carbon–carbon relativistic collisions. The
dynamical reaction stage is calculated with the Ultrarelativistic Quantum Molecular
Dynamics (UrQMD) model, which is followed by the coalescence of baryons (CB)
model [7]. The suggested mechanisms are the following: Nucleons of the projectile
and target interact with binary collisions leading to the production of new particle

UrQMD+CB
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Fig. 62.1 The UrQMD plus CB model calculations of Au + Au and C + C ion collisions integrated
over all impact parameters. The laboratory energies, projectile and targets are noted in panels. Left
panels: Yields (per one inelastic event) of normal fragments (solid lines with squares) and hyper-
fragments with one capturedΛ (notation H = 1, dashed lines with circles) versus their mass number
(A). The dotted lines present the corresponding fragments originated from the projectile/target
spectator residues. Right panels: Rapidity distributions (in the center of mass system, yc.m.) of all
produced hyper-fragments (solid lines) and, separately, the hyper-residues (dashed lines) [7]
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Fig. 62.2 Fragments formed from participant nucleons in the midrapidity region in lead on lead
collisions at projectile energies of 1 and 2 GeV per nucleon. The dynamical stage and participant
nucleons were calculated with DCM. Left panels: mass yields of excited fragments as obtained
with CB model, and ones after de-excitation of these fragments via Fermi-break-up (FB) process.
Right panels: transverse momenta distributions of 3He (top) and 4He (bottom) fragments, before
and after the de-excitation of fragments

including resonances. As a result of primary and secondary interactions between
the particles and other nucleons many hyperons can be created. These hyperons can
be captured by spectator residues consisting of non-interacting (spectator) nucle-
ons, therefore, big pieces of hypermatter around normal nuclear density are pro-
duced. Hyperons can also be captured by other free baryons which are stochastically
occurred in their vicinity at the dynamical stage. Such a condensation-like process
is responsible for light clusters. In these cases we expect mostly the production of
excited fragments, since the baryon capture in the ground states has a very low proba-
bility according to the reaction phase space. As was established in studies of normal
nuclear matter the excitation energy of big spectator residues may reach several
MeV per nucleon [8, 15]. We obtain very broad mass distributions of both nor-
mal fragments and hyper-fragments, see Fig. 62.1. There are a lot of large fragments
corresponding to the spectator residues. They concentrate in the regions of the projec-
tile/target rapidities. The coalescence is mainly responsible for the lightest fragments
and gives a contribution at all rapidities. The yields of coalescence fragments fall
exponentially with A. We believe light hyper-fragments can be used for studying
hyperon and nucleon interactions. Whereas moderately excited big hyper-fragments
are suitable for the investigation of hyper-matter properties. Important features of
hypernuclei production in relativistic ion collisions related to the projectile/target
hyper-residues were discussed in [2–9].
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62.2 De-Excitation of Coalescence Fragments

In this proceedings we concern the de-excitation process of light coalescence frag-
ments produced abundantly in the midrapidity zone. Namely this zone is under study
with the modern detectors [11, 12]. We show in Fig. 62.2 that at intermediate pro-
jectile energies around 1 GeV per nucleon primary coalescence clusters including
tens of nucleons can be formed, and they undergo the following de-excitation. Here
all dynamical participant baryons were generated within the Dubna Cascade Model
(DCM) [8], while for the secondary de-excitation of clusters the statistical Fermi-
break-up (FB) model was adopted, which was generalized for hypernuclei [5]. It
is expected that the fragments become smaller after de-excitation (left panels). In
addition, their isospin content changes and this can be seen in particle correlations.
Important unstable states can be investigated in this way. We have also found an
interesting isotope effect: In central collisions of big nuclei at low energies (less
than 400 MeV per nucleon) the yield of 4He nuclei can be larger than 3He ones as a
result of this de-excitation. (Note, that within a pure coalescence picture the yields of
small clusters are always larger than big ones.) However, if we increase the projectile
energy the yields of 3He become again larger than 4He ones, since the primary hot
fragments will have smaller sizes. The kinetic energies of fragments change after
de-excitation too. As seen from the right panels for helium particles the momentum
distributions become steeper and maximums are shifted toward low energies. This
is a consequence of that large primary fragments are formed by coalescence from
slow baryons. We believe the extension of the coalescence towards hot clusters and
their de-excitation is the qualitatively new development and it is consistent with the
reaction physics.
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Abstract We briefly report the recent results obtained by the AMADEUS collab-
oration on experimental studies of the K− low-energy interactions with light nuclei
and outline the future perspectives.
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63.1 Introduction

The low-energy QCD describing the strong interaction remains still poorly known in
the strangeness sector due to the lack of fundamental experimental results. One of the
key-issues is the investigation of the low-energy interaction between K− mesons and
nucleons/nuclei reflected by the �(1405) resonance properties and possible kaonic
bound state formation in the isospin I = 0 channel [1, 2]. Recently, two different
theoretical approaches considered this issue. The phenomenological potential mod-
els [3–7] consider the I = 0�(1405) as a pure K̄N bound state and thus predicting the
existence of deeply bound kaonic nuclear states. The chiral models [8–12] predict the
�(1405) as a superposition of two states, which results in a much less attractive K−N
and leads to the prediction of only slightly bound kaonic nuclear states. Therefore,
to clarify this issue, experimental data are needed.

The AMADEUS collaboration performed measurements which set new experi-
mental constraints to theK−Nstrong interaction in the non-perturbativeQCDexploit-
ing the low-energy K− hadronic interactions with light nuclei (e.g. H, 4He, 9Be and
12C) [13]. The excellent quality low-momentumkaon beam (pK ∼ 127MeV/c) deliv-
ered by the DA�NE electron-positron collider [14] and the KLOE detector [15] as
an active target were used to explore both stopped and in-flight K− nuclear captures.

A complete characterization of the K− two-, three- and four-nucleon absorptions
(2NA, 3NA and 4NA) was performed for the first time in the �p and �0p final
states studying the low-energy K− captures on a solid 12C target [16, 17]. Moreover,
the possible contribution of a K−pp bound state to the measured �p spectrum was
investigated. A summary of the analysis [16] is shown in Sect. 2.

The experimental investigation of the non-resonant hyperon-pion production in I =
1 channel (K−n → �π−) [18] was carried out to provide important informations on
the �(1405) resonance structure. Sec. 3 presents a summary of the obtained results.
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The described analyses have been performed for the data sample of 1.74 fb−1,
collected by the KLOE collaboration [15] during the 2004/2005 data taking period.

63.2 Characterisation of the K− Multi-nucleon
Absorptions in �p and �0p Final States; Search for
the K−pp Bound State

The AMADEUS collaboration performed studies of�(�0)p channels in K− absorp-
tion on 12C [16] which allowed to extract for the first time two, three and four nucleon
absorption branching ratios (BRs) and cross sections for low-momentum kaons in
the investigated channels. The �p direct production in 2NA-QF is expected to be
phase space favoured with respect to the corresponding �0p final state and the ratio
between the final state phase spaces for the two processes is R′ �1.22. From the
BRs we measure:

R = BR(K−pp → �p)

BR(K−pp → �0p)
= 0.7 ± 0.2(stat.)+0.2

−0.3(syst.). (63.1)

The dominance of the �0p channel is then evidence of the important dynamical
effects involved in the measured processes.

The reconstruction of �(�0)p channels allows also for the search of a signal
corresponding to eventual intermediate formation of a K−pp nuclear cluster. The
performed analysis shows that the K− multi-nucleon absorption processes are suf-
ficient to describe the �p spectrum (right panel of Fig. 63.1). The contribution of

Fig. 63.1 (left) �p invariant mass distribution for the K− absorption on 12C listed in the legend.
Black points represent the data, black error bars correspond to the statistical errors, cyan error bars
correspond to the systematic errors. The gray line distributions represent the global fitting functions.
(right) Calculated �p invariant mass distributions for the process K−12C → K−pp + 10Be →
�p + 10Be, for a bound state with BE = 45 MeV and = 5, 15, 30, 50 and 90 MeV/c2 (yellow,
magenta, red, green and blue curves respectively). The gray curve is the shape of the 2NA-QF. The
areas of the distributions are normalised to unity. These figures are adapted from [16]
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the possible K−pp bound state completely overlaps with 2NA-QF, except for small
values of the bound state width (less than 15 MeV/c2), as it is shown in the left panel
of Fig. 63.1.

63.3 Investigation of Non-resonant AK−n→�π− Transition
Amplitude Below the K̄N Threshold

In order to investigate the �(1405) resonance properties, produced through the K−
induced reaction in light nuclear targets, it is essential to take into account two biases.
One bias is related to the invariant mass threshold due to the absorbing nucleon
binding energy (for K− capture at rest on 4He and on 12C the �π invariant mass
threshold is about 1412 MeV, and 1416 MeV, respectively). The K̄N sub-threshold
region associated to the �(1405) high-mass predicted pole (about 1420 MeV), can
be explored by measurement of K−N absorption in-flight. The in-flight contribution
(for kaons with mean momentum of 100 MeV/c) shifts by about 10 MeV the �π

invariant mass threshold.
The second bias is the contribution of non-resonant K−N → Yπ reaction. The

non-resonant transition amplitude modulus |AK−n→�π−| was extracted for the first
time in the K−n → �π− process, considering K−n single nucleon absorptions in
4He [18]. For this purpose experimentally extracted�π− invariant mass, momentum
and angular distributions were simultaneously fitted using dedicatedMC simulations
that include non-resonant processes, resonant processes and the primary production
of a � followed by the �N → �N′ conversion process. The simulations of non-
resonant/resonant processes were performed based on the results of phenomenologi-
cal calculations presented in [19]. The data analysis gave |AK−n→�π−|(33±6)MeV =
0.334 ± 0.018 (stat.) +0.034

−0.058 (syst.) fm. This measurement allows to test and constrain
recent calculations for S-wave K−n → �π− transition amplitude.

63.4 Conclusion

The interactions of low-momentum kaons K− with nucleons/nuclei in light nuclear
targets are investigated by AMADEUS with the aim to provide new experimental
constraints to the K−N strong interaction in the non-perturbative regime of the QCD
in the strangeness sector. BRs and cross sections for the two-, three- and four-nucleon
absorptions in the �p and �0p final states were determined by the studies of low-
energy K− interactions in a solid carbon target. The experimental investigation of
the non-resonant K−N → Yπ production was performed for the first time for K−n
single nucleon absorption in 4He. This result is substantial for the determination of
the I = 1 background biasing the �(1405) spectrum.
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Chapter 64
Hawking Radiation from the Relics of the
Cosmic Quark Hadron Phase Transition

Bikash Sinha

Abstract It is entirely plausible that during the primordial quark- hadron transi-
tion, microseconds after the Big Bang, the universe may experience supercooling
accompanied by mini inflation leading to a first order phase transition from quarks to
hadrons. The relics, in the formof quark nuggets expected to consist of StrangeQuark
Matter, with a baryon number beyond a critical value will survive. It is conjectured
that color confinement turns the physical vacuum to an event horizon for quarks and
gluons. The horizon can be crossed only by quantum tunnelling. The process just
mentioned is the QCD counterpart of Hawking radiation from gravitational black
holes. Thus, when the Hawking temperature of the quark nuggets gets turned off,
tunnelling will stop and the nuggets will survive forever. The baryon number and
the mass of these nuggets are derived using this theoretical format. The results agree
well with the prediction using other phenomenological models. Further, the varia-
tion of Hawking temperature as a function of baryon number and mass of the nugget
mimicks chiral phase transition, somewhat similar to the QCD phase transition just
described. Finally the strange quark nuggets may well be the candidates of baryonic
dark matter.

Microseconds after the Big Bang the universe consisted of quarks, leptons and pho-
tons. As the universe expanded and cooled to a temperature around (150–200) MeV
the chirally symmetric quark gluon plasma made a phase transition to the hadron
phase of broken chiral symmetry. For very small baryon number η = nB/s ∼ 10−9;
(nB , the net baryon density and s the entropy density), the wisdom of lattice suggests
a rapid “cross- over” from the universe of quarks to the universe of hadrons. A first-
order QCD phase transition seems unlikely and any imprint of the time before the
phase transition gets erased out. However, lattice calculations for an expanding uni-
verse with massless bare quarks is not entirely satisfactory. Instead, chiral models of
QCD have been used extensively [1–4].

It is conventionally assumed that the baryon asymmetry η = (nB − nB̄)γ at that
primordial epoch of phase transition is the same as that of today’s universe η ∼ 10−10.
There are however reasonably straightforward arguments [1–7] that η at that epoch
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is much higher and indeed of the order of η ∼ O(1) unity. It can be shown however,
that after the phase transition η goes back to 10−10, as it is today. The consequence
of such a possibility is discussed in the following.

Witten [7] and others [4–6, 8, 9] have argued that a first order phase transition
is plausible with a “small” supercooling. In a recent private communication Witten
[5] further asserted that if η = nB/γ remains ∼ 10−10 at the point of q-h phase
transition, as it is in the current universe, then supercooling is not plausible. However,
he also points out [5] that if the baryon to photon ratio is not small during the QCD
phase transition and becomes small because of some phenomena at later times,
then supercooling is plausible in principle, eventually leading to a first order phase
transition from quark and gluons to hadrons. In the following, we demonstrate that
this is entirely possible.

However, the physical process guiding the value of η ∼ O(1) before the phase
transition, to come down to a value of η ∼ 10−10 at CMB temperature later should
emerge naturally.

This iswhat is achieved through a “little inflation” of about 7 e-folding occurring at
a lower temperature,whichmaybe identifiedwith theQCDfirst order phase transition
[1, 3]. Such an inflation naturally dilutes the baryon photon ratio to the observed
range. Comparing this “little inflation” with the more standard Guth’s inflationary
model [10], one finds that the patterns of entropy variation in the two cases are very
different. In the standard inflationary model [10] the entropy is conserved during
exponential expansion, and increases, due to reheating when bubbles collide, at the
end of the transition. However in Guth’s scenario, supercooling is there though very
large; In the little inflation scenario for the case of quark-hadron phase transition, the
entropy is constantly increasing during the quark-hadron phase transition.

Bhattacharya et al. [11] however, have demonstrated, using Flux Tube model that
quark nuggets of baryon number∼ 1043, or larger will survive even upto now. These
nuggets will consist of Strange Quarks (SQN) [7] and could be a viable candidates of
cold dark matter [5, 7, 12], could even be candidates of primordial black hole [13].

We shall now discuss the evolution of these SQNs as the universe expands with
time.

The SQNs remain in kinematic equilibrium due to radiation pressure (photons and
neutrinos) acting on them with their velocity extremely non-relativistic. Effectively,
the SQNs are almost static. It has been argued [12] that when the temperature of the
universe is around couple of MeV, gravity dominates over radiation and the SQNs
grow in size after collapsing under gravitational attraction, due to other SQN’s; it
can not grow however beyond a certain mass [12]. For baryon number 1042 the
mass of the collapsed SQN is 0.24M� but for baryon number 1046 it goes down to
0.0001M� [12]. These inputs are crucial for the construction of the model developed
in the following.

Color confinement in QCD does not allow colored species to exist in the physical
vacuum and thus in some sense color confinement is similar to gravitational con-
finement provided by black holes. Thus, while ‘G’ ensures gravitational attraction
and eventually to black holes, ‘B’, the Bag pressure ensures confinement of quarks
leading to colorless physical vacuum (white holes) in QCD.
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It has been argued [14] that quantum tunnelling through a color event horizon is
the QCD counterpart of Hawking radiation from the gravitational black holes.

Let us consider the SQNs, after the gravitational collapse as QCD white holes,
with neutrons tunnelling out from the event horizon. The natural length scale for
SQNs, heuristically, can be argued as [8, 9] LB = MN/M�(B1/4)−1, MN being the
mass of the SQN and B the Bag Pressure which keeps the color confined. So, the
entropy for QCD white hole becomes

SQN = (A/4L2
B) = πR2B1/2 (MN/M�)−2 (64.1)

The celebrated Hawking entropy can be written as S = πR2/G; for QCD [14],
G ≡ 1/2σ; σ = 0.16GeV 2, σ being the string tension.

The confinement radius R of a SQN is equivalent to the “strong” Schwartzchild
radius equivalent of the gravitational black hole.

S = 2πR2σ = πR2B1/2 (MN/M�)−2 (64.2)

thus B1/2 (MN/M�)−2 = 2σ, it is noted that in the final expression, “strong”
schwartzchild radius gets crossed out as it should. For B1/4 = 150MeV ; MN/M� =
0.265 and for B1/4 = 200 MeV MN/M� = 0.35; the result agrees closely with the
results obtained by Banerjee et al. [12], although derived from a very different route
of arguments.

Using the conjectured analogy between black hole thermodynamics and the ther-
modynamics of confined charged quarks, the SQNs, we represent black hole mass,
charge and gravitational constant [14] by the mass MN of the SQNs, baryon number
BN and the string tension σ

{M, Q,G}BH ←→ {MN , BN , 1/2σ}QN

such that

TQN (BN ,MN ) = TQN (BN ,MN = 0) ×

⎡
⎢⎢⎢⎣

4

√
1 − M2

N

2σB2
N

(
1 +

√
1 − M2

N

2σB2
N

)2

⎤
⎥⎥⎥⎦ (64.3)

Figure 64.1, TSN (BN ,MN )/TSN (BN ,MN = 0) as a function of (M2
N/2σB

2
N ) is

shown [14]; and TQN (BN ,MN = 0) can be identified with QCD phase transition
temperature ∼150 MeV [14]. The mass of MN being zero seems to imply com-
plete restoration of chiral symmetry, similarly when MN = √

2σBN ≈ BN all the
baryons (quarks) have a total mass approximately the same as Baryon number,
chiral symmetry is exactly and completely broken. For MN ∼ 1044 (GeV) [12]
BN = (1/

√
2σMN ) ≈ 6 × 1043; Hawking radiation stops and no more tunneling

out to the physical vacuum takes place. The SQNs survive the evolution of the uni-
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Fig. 64.1 Hawking temperature as a function of mass MN and the baryon number BN of the
nuggets; σ is the string tension

verse. The surviving nugget with baryon number∼ 6 × 1043 agrees closely the value
obtained by Bhattacharya et al. [11], although obtained from a flux tube model.

The phase transition is not instantaneous but happens over a period of time [15]; for
a critical temperature of transition 100 MeV, the time it takes for the phase transition
≈ tch ∼ 144μsec [15] and for a critical temperature 150 MeV tch ≡ 64μsec; during
this time all the quarks inside the nugget, acquiresmass, by breaking chiral symmetry.

ForMN less than≈ 1044 (GeV), equivalent ofHawking radiation persists and neu-
trons tunnel out of the event horizon. After tunnelling of neutrons (proton tunnelling
will be inhibited by coulomb repulsion) through the event horizon the temperature
will rise and the mass of the evaporating SQN’s will decrease; just like Hawking
temp, T = 1/8πGM . Those SQN’s with MN < 1044C will eventually disappear
leaving large entropy pockets in the universe associated with baryon inhomogeneity
arising from the evaporated neutrons from the quarks nuggets [15] With expansion
of the universe and the neutrino inflation [15], the inhomogeneity will be washed
out, preserving the Big Bang nucleosynthesis.

One has attempted so far utilizing the possible equivalence of gravitational black
hole and QCD white hole to drive the mass of QCD white hole which survives the
evolution of the universe uptil now. Using the same conceptual framework we have
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derived the baryon number at which evaporation or equivalently tunneling out of
the QCD white hole stops. Stopping of Hawking radiation from white holes indicate
the survivability of the nuggets. The results agree closely with previously obtained
results [11, 12] using somewhat different theoretical framework. The results obtained
using black hole analogy is quite straightforward but based on fundamental physical
laws, such as thermodynamics and Hawking radiation from black hole. The results
obtained using black (white) hole thermodynamics lends credence to the framework
used and the results obtained.

Where do these SQNs go? Originally, it was proposed that these SQNs are the
MACHOs, theMassiveAstrophysicalCompactObjects [12], detected in the direction
of the LargeMagellanic Cloud (LMC) ofmass range (0.15–0.95)M�, with a probable
mass of 0.5M�, and the total number being Nmacho ≈ 1023−24. These MACHOs are
candidate of baryonic dark matter [12].
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Chapter 65
Hyperon Interaction with Dense Nuclear
Matter and Link to Neutron Stars

Laura Tolos

Abstract The theoretical status of the hyperon-nucleon and hyperon-hyperon inter-
actions is reviewed, paying a special attention to chiral effective field theories. Results
on hyperons in dense matter are presented and the consequences for the properties
of neutron stars are analyzed.

65.1 Introduction

Over the past decades the properties of hyperons in dense matter have been object
of high interest, in connection with on-going and future experiments on hypernuclei
as well as the possible existence of hyperons in neutron stars.

In order to determine the properties of hyperons in a dense medium, it is of crucial
importance to have a deep understanding of the underlying bare hyperon-nucleon
(YN) and hyperon-hyperon (YY) interactions, and the modifications induced in a
dense medium.

In this contribution, the theoretical status of the YN and YY interactions is
reviewed, concentrating the attention on the recent developments within chiral effec-
tive field theory (χEFT). The properties of hyperons in dense nuclear matter within
χEFT are studied, whereas the presence of hyperons in neutron stars and the conse-
quences for their structure are analyzed.
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65.2 Theoretical Approaches to YN and YY Interactions

Despite the scarce experimental information on YN and YY interactions, there has
been an important effort from the theoretical point of view to describe theYN andYY
interactions. Those includemeson-exchangemodels,χEFT approaches, calculations
on the lattice, low-momentum models and quark model approaches.

Meson-exchange models rely on the fact that the interaction between two baryons
is given by the exchange of mesons. In particular, the determination of the YN and
YY interactions is based on the nucleon-nucleon (NN)meson-exchangemodel under
the assumption of SU (3)flavor symmetry. Among those models, one should mention
the Jülich [1, 2] and Nijmegen potentials (see [3] and references therein).

The YN and YY models based on χEFT have been also built recently by con-
structing a systematic approach that respects chiral symmetry. More precisely, the
Jülich-Bonn-Munichgrouphas constructed theYNandYY interactionswithinχEFT
starting from their previous approach for the NN interaction [4–6]. In the next section
we discuss this approach in more detail.

Another way of constructing theYN andYY interactions is based on solvingQCD
on the lattice. Within lattice QCD, Monte Carlo methods are used to solve the QCD
path integral over the quark and gluon fields at each point of a four-dimensional
space-time grid. The effort in this direction has been lead by the HALQCD (see
contribution to these proceedings) and the NPLQCD [7] collaborations.

Other approaches include low-momentum interactions and quark model poten-
tials. The former aims at obtaining a universal effective low-momentum potential
for YN andYY using renormalization-group techniques [8], whereas the latter builds
the YN and YY interactions within constituent quark models [9].

I refer the reader to the recent review of [10] and references therein.

65.3 Hyperons in Dense Matter Within χEFT

The χEFT has been used to described NN interaction to a high precision. However,
only during the past decade the YN interaction has been object of analysis within the
χEFT. The YN interaction has been obtained within the SU(3) χEFT deriving the
different orders in the chiral expansion and improving calculations in a systematic
way by going to higher orders in the Weinberg power counting. At leading order
(LO) in the power counting, the YN potential consists of single pseudoscalar-meson
exchanges and non-derivative four-baryon contact terms [4], whereas the next-to-
leading order (NLO) accounts for two pseudoscalar-meson exchanges and contact
interactions with two derivatives [5, 11].

The solution of a regularized Lippmann-Schwinger equation using, as kernel, the
YN LO and NLO contributions allows for the calculation of scattering observables.
In [5] the NLO13 interaction was determined by fixing the baryon-baryon-meson
couplings constants using the available standard YN data points and the SU(3) sym-
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metry. This symmetry has also helped to derive the various low-energy constants,
although this symmetry is broken by using the hadron physical masses. As a result,
the available ΛN and �N data is described consistently. However, the simultaneous
determination of NN and YN interactions with contact terms completely respecting
SU(3) symmetry was not possible [5].

The properties of Λ and � in dense matter have been later on analyzed using
the LO and NLO YN interactions [12]. Within the Brueckner-Hartree-Fock frame-
work, the single-particle potentials of the Λ and � hyperons in nuclear matter have
been obtained. The Λ single-particle potential has been found to be in good qualita-
tive agreement with the empirical values extracted from hypernuclear data, whereas
the �-nuclear potential has been determined to be repulsive. These results have
been improved in the subsequent analysis of [13]. Whereas the �-nuclear potential
becomes moderately repulsive, the Λ one is repulsive starting at two-to-three times
saturation density.

The effect of the three-body forces has also been studied for the Λ-nuclear inter-
action in dense matter [6]. The inclusion of three-body forces is needed in order to
obtain, for example, the nuclear saturation in non-relativistic approaches, such as
the Brueckner-Hartree-Fock. The Λ single-particle potential turns out to be more
repulsive when three-body forces are considered [6].

More recently, there has been a reanalysis of the work in [5] regarding the ΛN
and �N interactions. In this recent work [11] the number of constants is reduced
by inferring some of them from the NN sector using SU(3) symmetry, leading to
the NLO19 interaction. Whereas NLO13 of [5] and NLO19 of [11] yield equivalent
results for ΛN and �N scattering observables, the in-medium Λ and � properties
in matter are affected by the different choice. This is due to the fact that the strength
of ΛN → �N transition potential changes. The Λ single-particle potential from
the new NLO19 is much more attractive than the NLO13 one, whereas the NLO19
interaction provides slightly more repulsion for the � single-particle potential.

With regards to �N interaction and the �-hyperon in nuclear matter, the calcu-
lation within χEFT up to NLO [14] shows that the ΛΛ s-wave scattering length
and upper bounds of the �− p cross sections are compatible with the obtained �N
interaction. The � single-particle potential in nuclear matter ranges between −3 to
−5MeV, similar to other Brueckner-Hartree-Fock calculations, whereas the reported
experimental value is larger.

65.4 Hyperons in Neutron Stars

The knowledge of the properties of hyperons in dense matter is of crucial importance
in the context of neutron stars. Neutron stars are the most compact known objects
without event horizons and, therefore, serve as a unique laboratory for dense mat-
ter physics [15]. Their bulk features, such as mass and radius, strongly depend on
the properties of matter in their interior and, hence, on the equation of state (EoS).
The most precise measurements of masses are located around the Hulse-Taylor pul-



418 L. Tolos

sar. Accurate values of approximately 2M� have been determined recently [16–18].
As for radii, precise determinations do not yet exist, being the simultaneous deter-
mination of both mass and radius the focus of the ongoing NICER (Neutron star
Interior Composition ExploreR) [19] and the future eXTP (enhanced X-ray Timing
and Polarimetry) missions [20].

The composition of the neutron star interior is determined by demanding equilib-
rium against weak interaction processes, the so-called β-stability. Traditionally the
interior of neutron stars was modelled by a uniform fluid of neutron rich matter in
β-equilibrium, where the main ingredients are neutron, protons and electrons. How-
ever, other degrees of freedom are expected, such as hyperons, because of the fast
increase of the nucleon chemical potential with density as well as the fact that the
density in the center of neutron stars is very high.

The presence of hyperons affects the EoS of the neutron star interior. The EoS and,
hence, the pressure becomes softer with respect to the case when only neutrons and
protons are present. The addition of one particle specie opens a set of new available
low-energy states that can be filled, hence lowering the total energy of the system.
Neutron stars are in hydrostatic equilibrium, that is, there exists a balance between
the gravitational force and the internal pressure. Thus, the less pressure, the less mass
a neutron star can sustain.

As indicated before, hyperons are energetically favoured in neutron stars. How-
ever, their presence induces a softening of the EoS. A softening of the EoS could
then lead to masses for neutron stars below the 2M� observations. In the literature
this effect is usually referred as the hyperon puzzle. Over the years, several solutions
have been put forward so as to have hyperonic 2M� neutron stars. One possible
solution is based on stiff YN and YY interactions. In this manner, a stiff EoS will be
produced that overcomes the softening induced by hyperons, thus leading to 2M�
neutron stars. Another solution relies on the stiffening induced by hyperonic three-
body forces. Nevertheless, there is not a general consensus whether models with
hyperonic three-body forces will allow for 2M� neutron stars. Also other solutions
have been considered, such as those assuming new degrees of freedom (Δ baryons
or condensates), or the presence of a transition to quark matter below the hyperon
onset with strong quark interactions to still reach 2M�.

I refer the reader to the recent reviews of [10, 21] and references therein.
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Chapter 66
Spin Alignment Measurements of Vector
Mesons in ALICE at the LHC

Sourav Kundu

Abstract Spin alignment of K∗0 and φ vector mesons produced in non-central
heavy-ion collisions could occur due to the presence of large initial angular momen-
tum. This phenomenon leads to a non-uniform angular distribution of the decay
daughters of vector mesons with respect to the quantization axis in the rest frame
of vector mesons. We present the recent spin alignment measurements of K∗0 and φ
vector mesons at mid-rapidity (|y| < 0.5) in Pb–Pb collisions at

√
sNN = 2.76 TeV

with respect to the production plane and the second-order event plane. The measured
value of the second diagonal spin density matrix element (ρ00) is lower than 1/3 for
both the vector mesons at low transverse momentum (pT) and consistent with 1/3 (a
value implying no spin alignment) at high pT in mid-central Pb-Pb collisions. The
results are also compared with the spin alignment of vector mesons in pp collisions
at

√
s = 13 TeV and spin alignment of K0

S (spin zero hadron) in Pb–Pb collisions
at

√
sNN = 2.76 TeV. In both cases the extracted ρ00 values are consistent with 1/3

within the uncertainty.

66.1 Introduction

A large initial angular momentum is expected to be created in non-central heavy-ion
collisions. Its magnitude is predicted to be ∼105� [1]. In presence of large initial
angular momentum quarks could be polarized due to the spin-orbital interaction of
quantum chromodynamics and quark polarization may lead to the polarization of
vector mesons (spin = 1) [2]. Polarization/spin alignment of vector mesons is also
sensitive to the different hadronization mechanisms [3]. Spin alignment of vector
mesons can be studied by measuring the angular distributions of the decay daughters
of vector mesons with respect to the quantization axis. The quantization axis can be
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taken either as the normal to the production plane or as the normal to the reaction
plane. The production plane is defined by the momentum of the vector meson and the
beam axis, whereas the reaction plane is subtended by the impact parameter and the
beam axis. In the experiment the event plane is used as a proxy for the reaction plane
as the impact parameter direction is not directly measured. Therefore the results with
respect to the event plane are further corrected for the event-plane resolution. The
angular distribution is expressed as [4],

dN

d cos θ∗ ∝ [1 − ρ00 + cos2 θ∗(3ρ00 − 1)]. (66.1)

θ∗ is the angle between the decay daughter of vector meson and the quantization
axis in the rest frame of the vector meson. N0 is a normalization constant. The
second diagonal element of the spin density matrix is ρ00 which corresponds to the
probability of finding a vector meson in spin state 0 out of the 3 spin states –1, 0
and 1. All spin states are equally probable in the absence of spin alignment, which
makes the angular distribution flat. However, any deviation of ρ00 from 1/3 leads to
a non-uniform angular distribution. This is the experimental signature of the spin
alignment of vector mesons.

In this work we present the pT and centrality dependence of ρ00 for K∗0 and φ
vector mesons in Pb–Pb collisions at

√
sNN = 2.76 TeV. The results for vector mesons

in pp collisions at
√
s = 13 TeV and for K0

S mesons (spin zero) in Pb–Pb collisions
at

√
sNN = 2.76 TeV are also shown, for which we do not expect any spin alignment.

66.2 Analysis Details

Spin alignment measurements of vector mesons are carried out by analyzing 14
million events in Pb–Pb collisions at

√
sNN = 2.76 TeV and 43 million events in pp

collisions at
√
s = 13 TeV. Measurements are performed at midrapidity (|y| < 0.5)

in different pT regions and centrality classes. The V0 detector [5, 6] is used for
trigger logic, centrality determination and 2nd order event plane estimation. K∗0 and
φ vector mesons are reconstructed in each event from the invariant-mass distribution
of oppositely charged Kπ and KK pairs, respectively, as discussed in [6, 7]. The
invariant-mass distribution of unlike charged pairs contains a large combinatorial
background along with the signal. The combinatorial background is estimated by
using themixed-event technique [6]. K0

S mesons are reconstructed from the invariant-
mass distribution of oppositely charged ππ pairs, which are selected by using their
distinctive V-shaped decay topology [8]. Charged π and K mesons are identified
from the specific energy loss measured in the Time Projection Chamber (TPC) and
the velocity measured by the Time-Of-Flight (TOF) detector. K∗0, φ and K0

S signals
are extracted for various pT and cos θ∗ bins in different centrality classes. The raw
yields are corrected for detector acceptance × efficiency, determined by using a
dedicatedMonteCarlo simulation of theALICEdetector response. Figure 66.1 shows
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Fig. 66.1 dN /dcos θ∗
distribution at mid-rapidity
in 10–30% Pb–Pb collisions
at

√
sNN = 2.76 TeV using

the event plane
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corrected cos θ∗ distribution for K∗0 at mid-rapidity in 10–30% Pb–Pb collisions at√
sNN = 2.76 TeV for 0.8 ≤ pT < 5.0 GeV/c using the event plane. The efficiency

and acceptance corrected cos θ∗ distributions [7] are fitted with the function defined
in (66.1) to extract ρ00 values for each studied pT range and centrality class.

66.3 Results

Figure 66.2 shows the extracted ρ00 values for K∗0 as a function of pT in 10–50%
Pb–Pb collisions at

√
sNN = 2.76 TeV with respect to both the production plane and

the event plane. The ρ00 values for K∗0 in Pb–Pb collisions show a deviation from 1/3
at pT < 2 GeV/c for both the production and the event-plane measurements. For pT
> 2 GeV/c the extracted ρ00 values are consistent with 1/3. Measurements for vector
mesons in heavy-ion collisions are compared with the results from pp collisions at√
s = 13 TeV where the measured ρ00 values are consistent with 1/3 throughout the

studied pT range. The extracted ρ00 values for K0
S in 20–40% Pb–Pb collisions are

also consistent with 1/3. ρ00 versus 〈Npart〉 for K∗0 and φ mesons in Pb–Pb collisions
at

√
sNN = 2.76 TeV are shown in Fig. 66.3. A clear centrality dependence is observed

for the extracted ρ00 values of vector mesons in Pb–Pb collisions with the maximum
deviation from 1/3 occurring in mid-central collisions. In peripheral and central
collisions the measurements are consistent or close to 1/3 within uncertainty. This
centrality dependence is similar to the dependency of the angular momentum on the
impact parameter [1].
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Fig. 66.2 Left panel: ρ00 as a function of pT for K∗0 with respect to both the production plane and
the event plane in 10–50% Pb–Pb collisions at

√
sNN = 2.76 TeV. Right panel: ρ00 versus pT for

K∗0 in 10–50% Pb–Pb collisions at
√
sNN = 2.76 TeV, along with the results for K∗0 in pp collisions

at
√
s = 13 TeV and for K0

S in 20–40% Pb–Pb collisions at
√
sNN = 2.76 TeV. Measurements are

done at midrapidity with respect to the production plane

Fig. 66.3 ρ00 versus 〈Npart〉
for K∗0 and φ mesons in
10–50% Pb–Pb collisions at√
sNN = 2.76 TeV with

respect to the production
plane
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66.4 Summary

We have reported the first observation of spin alignment of vector mesons in high-
energy heavy-ion collisions with the ALICE detector at the LHC. The extracted ρ00
values for both K∗0 and φ mesons deviate from 1/3 at low pT. The deviation from
1/3 is largest in mid-central collisions which is expected from the presence of a large
initial angular momentum in mid-central collisions [1].
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Chapter 67
Vorticity and Λ/Λ̄ Polarization in
Heavy-Ion Collisions at FAIR and NICA
Energies

Oleksandr Vitiuk, Larisa Bravina, Evgeny Zabrodin, Aleksandr Sorin,
and Oleg Teryaev

Abstract Vorticity and polarization ofΛ and Λ̄were calculated within the UrQMD
model in non-central Au+Au collisions at energies of FAIR and NICA. To determine
temperature and chemical potentials of the areas from where Λ/Λ̄ were emitted,
the fit to statistical model of ideal hadron gas was employed. Then the thermal
vorticities of the areas and polarization of both hyperons were calculated. It is found
that the polarization of Λ/Λ̄ increases with decreasing energy of the collisions. The
stronger Λ̄ polarization compared to that of Λ is explained by different space-time
distributions and different freeze-out conditions of both hyperons.

67.1 Introduction

The properties of deconfined partonic matter, the quark-gluon plasma (QGP), have
been explored in heavy-ion collisions at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC). One of the important characteristics related
to collective behavior of the produced substance is the vorticity of nuclear matter. In
non-central heavy-ion collisions huge orbital angular momenta of order 103 − 105�
are generated. Thus, thematter should exhibit rotationalmotion to conserve the initial
angular momentum carried by two colliding nuclei. The direction of the angular

O. Vitiuk · L. Bravina · E. Zabrodin (B)
Department of Physics, University of Oslo, Oslo, Norway
e-mail: zabrodin.vitiuk@fys.uio.no

O. Vitiuk
e-mail: oleksandr.vitiuk@fys.uio.no

O. Vitiuk
Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

E. Zabrodin
Skobeltzyn Institute for Nuclear Physics, Moscow State University, Moscow, Russia

A. Sorin · O. Teryaev
Joint Institute for Nuclear Research, Dubna, Russia

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_67

429

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_67&domain=pdf
mailto:zabrodin.vitiuk@fys.uio.no
mailto:oleksandr.vitiuk@fys.uio.no
https://doi.org/10.1007/978-3-030-53448-6_67


430 O. Vitiuk et al.

momentum is orthogonal to the reaction plane defined by incoming beam and the
impact parameter vector. Several theoretical models suggest that the large angular
momentum carried by two colliding nuclei [1–3] can be transferred to the created
system. As a consequence, the spin of particles composing the system might be
globally polarized along the direction of the system angular momentum, due to spin-
orbit coupling. Hyperons are natural candidates to explore this phenomenon since
in the parity violating weak decays of the hyperons the momentum vector of the
decayed baryon is highly correlated with the hyperon spin. Recently STARmeasured
the global polarization of and in non-central Au+Au collisions in the Beam Energy
Scan (BES) program [4]. From the measured polarization, the fluid vorticity of the
strongly coupled QGP and the magnitude of the magnetic field created in non-central
heavy-ion collisions are extracted. Quite astonishing is the observed difference in
polarizations of Λ and Λ̄ at intermediate and low energies. Therefore, it is worth to
study the inherent correlation between the vorticity and global polarization in detail.

67.2 Results

We studied Au+Au collisions within the UrQMD model [5, 6] at 7.7 ≤ √
s ≤

19.6 GeV corresponding to energies of BES, FAIR and NICA. At each energy one
million collisions with the impact parameter b = 6 fm, corresponding to central-
ity σ/σgeo ≈ 20%, were generated. The freeze-out conditions of both hyperons are
studied first. Since there is no sharp freeze-out of hadrons in transport models [7, 8],
we listed the mean values of the freeze-out times in Table 67.1. One can see that Λ̄
are emitted, in average, about 1 fm/c earlier thanΛ. But the fireball expands quickly,
and its temperature can drop noticeably within this time. To check the temperatures
of the areas from where the hyperons were emitted, the whole space was subdivided
into small cubic cell with volume V = 1 fm3. After calculation of the total energy
density ε, net baryon density ρB, and net strange density ρS for each cell in its local
rest frame, the procedure described in [9, 10] was employed to find the temperature
and the chemical potentials in each cell. Figure 67.1a shows that the temperature is
not uniformly distributed within the whole volume. It drops from the inner to outer
zones, and the spectators are the hottest areas of the fireball. Thus, the temperatures
of emitted hyperons depend also on the location of their freeze-out areas.

Under assumption of local thermal equilibrium in the system, its thermal vorticity
tensor reads

Table 67.1 Mean freeze-out time ofΛ and Λ̄ hyperons inUrQMDcalculations ofAu+Aucollisions
with b = 6 fm at

√
s = 7.7 − 19.6 GeV√

s (GeV) 7.7 11.5 14.5 19.6

〈t FOΛ 〉 (fm/c) 21.3009 21.9568 23.066 24.3462

〈t FO
Λ̄

〉 (fm/c) 19.7806 21.0302 21.959 23.1288
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Fig. 67.1 Proper temperature T (left) and thermal vorticity component �zx (right) in the reaction
plane of Au+Au collisions with b = 6 fm at

√
s = 7.7 GeV at t = 15 fm/c

�μν = 1

2

(
∂νβμ − ∂μβν

)
(67.1)

Here βμ = uμ/T is the inverse-temperature four-velocity, T is a proper temperature,
and uμ is hydrodynamic four-velocity, respectively. The reaction-plane component
�zx displayed in Fig. 67.1b is themost important for calculation ofΛ/Λ̄ polarization
because it is parallel to angular momentum of the system. As shown in [11], Λ are
located both in the center of the fireball and in the spectator regions, whereas Λ̄

are distributed mainly in the baryon-less areas. Because of the larger vorticity at
early times, earlier frozen hyperons possess larger polarization, see Fig. 67.2a. A bit
shorter freeze-out time of Λ̄ together with its different distribution in space result
to stronger Λ̄ polarization at intermediate energies, as depicted in Fig. 67.2b, in
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good agreement with the STAR experimental data. Here we plot also calculations
of Λ/Λ̄ polarization in Au+Au collisions at

√
s = 7.7 GeV with b = 9 fm, roughly

corresponding to centrality 50%. To match the data on Λ̄ at this energy one can, e.g.,
slightly increase the yield of early frozen Λ̄ hyperons.

67.3 Conclusions

Method for calculation of thermal vorticity field and thenΛ and Λ̄ global polarization
in transport model is developed. We found that Λ and Λ̄ have different freeze-
out conditions both in space and in time. Therefore, polarization of Λ̄ is stronger
than that of Λ at intermediate energies. The increase of the hyperon polarization
with decreasing bombarding energy is reproduced. Strong Λ̄ polarization at

√
s =

7.7 GeV seen in experiment can be reproduced by moderate rise of early frozen Λ̄

in the transport model.
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Chapter 68
Λ Polarization in Au+Au Collisions
at

√
sNN = 2.4GeV Measured

with HADES

Frédéric Julian Kornas

Abstract In April 2012, a large statistic sample of Au+Au collisions has been
recorded by the High Acceptance Di-Electron Spectrometer (HADES). We describe
the strategy to measure a possible global polarization through weakly decaying parti-
cles. The Λ polarization extracted so far is at most at a few percent following the
trend of the STAR measurements. However, a significant background correlation is
observed and requires detailed investigations.

68.1 Introduction

The system created in peripheral heavy-ion collision might obtain a large orbital
momentum from the colliding nuclei. This may result in a global spin polarization
of the particles produced in such a collision [1–4]. The polarization measurement
has been performed for the strange hyperons Λ (Λ̄. Due to the parity violation in the
weak decay, the proton (antiproton) is preferably emitted in the spin direction of the
mother particle. This turns the spin measurement into a momentum measurement
which makes it experimentally accessible.

A non-zero polarization forΛ and Λ̄ has been observed by the STARcollaboration
at the RHIC beam energy scan (BES) [5]. In Au+Au collisions at center-of-mass
energies ranging from

√
sNN = 7.7 − 39GeV, it has been found the polarization

to increase up to a few percent with decreasing beam energy. With a large data
sample, the analysis was also performed at .., resulting in a non-zero polarization
[6]. Recently, the ALICE collaboration measured theΛ and Λ̄ polarization in Pb+Pb
collisions at

√
sNN = 2.76TeV and

√
sNN = 5.02TeV [7]. They found both to be

consistent with zero.
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In summary, the polarization trends towards zero for high energies, while it
increases towards lower beam energies. Hence, a measurement at lower energies
might be helpful to learn about initial conditions and dynamics in the baryon
dominated regime.

68.2 Data Analysis

The data presented in this paper has been recorded in April 2012 by the High Accep-
tance Di-Electron Spectrometer (HADES). A detailed description of the detector can
be found in [8]. During this beamtime, seven billion events have been recorded. The
Λ hyperon can be detected by reconstructing its weak decay into charged particles,
namely Λ → π− + p. Out of all reconstructed tracks, a first set of protons and
pions was pre-selected by a loose mass cut. Due to the flight length of the Λ of
a few centimeters, the identification is mainly performed by its decay topology. If
both, pion and proton originate from a Λ, the distance of closest approach of the two
daughters should be small, while their combined vertex is more likely to be a few
centimeters away from the global event vertex. Both daughter tracks are not pointing
to the event vertex, while the combined mother track should. This set of topological
parameters is a good tool, to remove most of the combinatorial background, while
keeping most of the Λ s. Applying topological cuts allows one to reconstruct Λ

signal, however the statistics and signal-to-background ratio is not satisfactory to
perform the Λ polarization analysis.

For this purpose, an artificial neural network is used in the analysis. It allows to
substantially suppress the combinatorial backgroundwhile increasing the reconstruc-
tion efficiency significantly. Being among the best setups, theMulti-Layer Perceptron
(MLP) included in the TMVA package is used [9]. As input parameters, the above
described topological parameters are used together with the particles masses and the
momentum of the Λ. The network has been trained on reconstructed particles from
Monte-Carlo simulations for the signal, while the background generated from data
is described by the mixed-event method. To account for the efficiency loss of close
pairs in the same-event data, a 15° opening angle cut was necessary [10]. To avoid
training on primary particles, loose cuts on the topological parameters are necessary
before training. For each set of parameters, the network returns one single discrim-
inant, which can be interpreted as the probability of one pair to originate from a Λ

decay. It is chosen to maximize the significance and an overall number of 2.1 ·105 Λ

s are available for the analysis of 10-40% centrality class as can be seen in Fig. 68.1.
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Fig. 68.1 Left panel: Blue: Invariant mass distribution of reconstructed pπ−-pairs. Black: Mixed-
event background. The background has been fitted with a Landau function while for the signal a
doubleGaussian is used. Right panel: Extraction of the polarizationwith the InvariantMassMethod.
The background shape is estimated by a linear function α + βMinv

68.3 Polarization Measurement of the �

As pointed out in the introduction, in the decay Λ → p+π− the proton will mainly
be emitted in the direction of the spin of the Λ. If the Λ has a polarization PΛ, this
means that in the rest frame of theΛ, the proton angular distribution will be modified
to

dN

d cos θ∗ = 1

4π

(
1 + αΛPΛ cos θ∗), (68.1)

where θ∗ is the angle between the polarization vector and the proton direction and
αΛ = 0.75 ± 0.01 is the decay parameter [11]. Note that in comparison to previous
measurements [5, 6, 9] the value is about 15% higher (old value: αΛ = 0.642 ±
0.013). The polarization vector is expected to be along the global angular momentum
which is perpendicular to the reaction plane, spanned by the beam axis and the
impact parameter of the two colliding nuclei. The true reaction plane (RP) can be
estimated by the event plane (EP), reconstructed from the spectator hits collected far
behind the target. Dividing all hits randomly in two subsamples and performing the
reconstruction separately results in an estimate for the EP resolution REP [12]. Then
(68.1) can be transformed to the azimuthal angles [13] resulting in

PΛ = 8

παΛ

sin
(
ΨEP − φ∗

p

)

REP
, (68.2)

where φ∗
p is the azimuthal angle of the proton in the Λ rest frame, and . . . denote the

average over all particles in all events. Thus, we can calculate a possible polarization
from our Λ sample.

Two different methods have been used to perform polarization analysis [14]. For
the Invariant Mass Method (IMM), the second factor in (68.2) is calculate as a
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function of the invariant mass Minv . From the number distribution, for each Minv the
exact signal and background fraction is known, thus on can get the Λ polarization
but fitting

sin
(
ΨEP − φ∗

p

)
tot

= S

S + B
sin

(
ΨEP − φ∗

p

)
SG

+ B

S + B
sin

(
ΨEP − φ∗

p

)
BG

.

(68.3)

However, one has to assume the shape of the background correlation (as shown
in the right panel of Fig. 68.1).

The second method is the Event Plane Method (EPM). Here the distribution of
ΨEP − φ∗

p is divided into certain number of bins. For each bin, one measures the
invariant mass distribution to get the net amount of Λ s in each bin (compare to
Fig. 68.1). This second decomposition needs a lot of statistics, but therefore all back-
ground correlations are removed properly. Then the distribution of NΛ

(
ΨEP − φ∗

p

)

is decomposed into the Fourier components, while the first sinus-term corresponds
to the polarization (simply by multiplication with the prefactors according to (68.2)).

Both methods have been applied and are consistent with each other. However, a
significant background correlation is observed and currently under investigation.

68.4 Summary and Outlook

The data collected in April 2012 with Au+Au collisions allows to reconstruct a
high statistic data sample from the decay channel Λ → p + π−. Making use of
an artificial neural network results in a significant increase in the efficiency of Λ

reconstruction. Using this data sample, the first measurement of the Λ polarization
at collision energies of

√
sNN = 2.4GeV has been performed with two different

methods, which are consistent with each other. A significant background correlation
is observed which is currently under investigation. The event generator which allows
to simulate background with realistic hadron multiplicities and kinematics as well
as including Λ polarization signal is being developed. In addition, v1 and v2 of the
Λ is measured and will be investigated further.
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Chapter 69
Relativistic Dissipative Hydrodynamics:
Effective Fugacity Quasiparticle
Description

Samapan Bhadury, Manu Kurian, Vinod Chandra, and Amaresh Jaiswal

Abstract The relativistic first order hydrodynamic evolution equation for the shear
stress tensor, the bulk viscous pressure and the charge current have been investi-
gated by employing a effective covariant kinetic theory. We have studied the mean
field contribution to the dissipative evolution equation of the quark-gluon plasma at
non-vanishing baryon chemical potential and finite quark mass. As an implication,
dependence of hot QCD equation of state and the viscous corrections on the temper-
ature evolution and pressure anisotropy have been investigated for one-dimensional
boost invariant Bjorken expansion.

69.1 Introduction

The high energetic heavy-ion collisions in Relativistic Heavy Ion Collider and Large
Hadron Collider have experimentally verified the existence of strongly coupled
QCD matter: Quark-Gluon Plasma (QGP). The relativistic dissipative hydrodynam-
ics serves as an efficient theoretical approach to describe the space-time evolution of
the created QGP. In this contribution, we discuss the first order dissipative evolution
equation of the QGP with finite baryon chemical potential and quark mass within
a recently proposed effective covariant kinetic theory [1]. The effective fugacity
quasiparticle model (EQPM) [2] have been utilized in the analysis to encode the hot
QCD equation of state (EoS) in terms of temperature dependent fugacity parameter.
The relativistic Boltzmann equation with EQPM mean field term has been solved
within relaxation time approximation (RTA) [3] by employing the iterativeChapman-
Enskog like expansion. We study the mean field correction to the dissipative quan-
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tities at finite baryon chemical potential. We investigate the viscous corrections to
the temperature evolution and pressure anisotropy for the boost invariant Bjorken
expansion.

69.2 Effective Covariant Kinetic Theory

The relativistic Boltzmann equation quantifies the change of momentum distribution
of the particles in the system and takes the following formwithin RTA for the particle
species k [1],

p̃μ
k ∂μ fk(x, p̃k) + Fμ

k (u · p̃k) ∂(p)
μ fk = − (u · p̃k) δ fk

τR
, (69.1)

where τR is the thermal relaxation time and uμ is the fluid velocity. The term Fμ
k =

−∂ν(δωkuνuμ) describes the mean field force term that can be realized from the
conservation laws [1]. The covariant form of EQPM distribution function for quarks,
antiquarks and gluons at non-zero baryon chemical potential μq can be written as,

f 0q = zq exp [−β(u · pq − μq)]
1 + zq exp [−β(u · pq − μq)] , (69.2)

f 0q̄ = zq̄ exp [−β(u · pq̄ + μq)]
1 + zq̄ exp [−β(u · pq̄ + μq)] , (69.3)

f 0g = zg exp [−β u · pg]
1 − zg exp [−β u · pg] , (69.4)

where zq and zg are the temperature dependent effective fugacity parameter for
quarks and gluons, respectively. Note that the fugacity parameter zk encodes the
thermal medium effects and is same for quarks and antiquarks, i.e. zq = zq̄ , in the
EQPM description of the QGP. The physical picture of the effective fugacity can
be understood from the dispersion relation that relates the dressed (quasiparticle)
four-momenta p̃μ

k and the bare particle four-momenta pμ
k as,

p̃k
μ = pμ

k + δωk u
μ, δωk = T 2 ∂T ln(zk), (69.5)

in which modified zeroth component of the four-momenta defined as p̃k
0 ≡ ωk =

Ek + δωk . We solve the relativistic Boltzmann equation by employing an iterative
Chapman-Enskog like expansion by assuming the system is near local equilibrium,
i.e. fk = f 0k + δ fk , where δ fk/ f 0k � 1 and δ fk takes the following forms,
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δ fq = τR

[
p̃γ
q∂γβ+ p̃γ

q

u · p̃q
(
β p̃φ

q∂γuφ−∂γα
)
−βθ δωq

]
fq f̃q , (69.6)

δ fq̄ = τR

[
p̃γ
q̄∂γβ+ p̃γ

q̄

u · p̃q̄
(
β p̃φ

q̄∂γuφ+∂γα
)
−βθ δωq̄

]
fq̄ f̃q̄ , (69.7)

δ fg = τR

(
p̃γ
g∂γβ + β p̃γ

g p̃φ
g

u · p̃g ∂γuφ − βθ δωg

)
fg f̃g. (69.8)

Here, α = βμq and θ ≡ ∂μuμ is the expansion scalar. Note that we assume that the
thermal relaxation time τR is independent of particle four-momenta.

69.3 Dissipative Evolution Equation

The macroscopic definition of shear stress tensor in terms of the non-equilibrium
part of the distribution function δ fk within EQPM have the following forms,

πμν =
∑
k

gkΔ
μν
αβ

∫
d P̃k p̃α

k p̃β
k δ fk +

∑
k

gk δωk Δ
μν
αβ

∫
d P̃k p̃α

k p̃β
k

1

Ek
δ fk,

(69.9)

where gk is the degeneracy factor and d P̃k ≡ d3|p̃k |
(2π)3ωk

is the momentum integral factor.
We define the projection operatorΔμν ≡ gμν − uμuν and a four-index tensorΔμν

αβ ≡
1
2 (Δ

μ
αΔν

β + Δ
μ
βΔν

α) − 1
3Δ

μνΔαβ which is a traceless symmetric projection operator
orthogonal to thefluid velocity. Similarly, the bulk viscous pressureΠ and the particle
diffusion current nμ can be defined respectively as,

Π = −1

3

∑
k

gkΔαβ

∫
d P̃k p̃

α
k p̃β

k δ fk − 1

3

∑
k

gk δωk Δαβ

∫
d P̃k p̃

α
k p̃β

k

1

Ek
δ fk,

(69.10)

nμ = gqΔ
μ
α

∫
d P̃q p̃α

q (δ fq − δ fq̄) − δωqgqΔ
μ
α

∫
d P̃q p̃α

q

1

Eq
(δ fq − δ fq̄).

(69.11)

Substituting δ fk from (69.6)–(69.8) and keeping terms of first order gradients, we
obtain the Naiver-Stokes like equation as follows,

πμν = 2 τR βπ σμν, Π = −τR βΠ θ, nμ = τR βn ∇μα, (69.12)

withσμν ≡ Δ
μν
αβ∇αuβ . The dissipative coefficients βπ ,βΠ andβn can be expressed in

terms of thermodynamic integrals for massive andmassless case and are described in
detail in the [4]. We employ Bjorken’s prescription to model the dissipative hydrody-
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namical evolution of the QGP [5]. In terms of Milne coordinates,(τ , x, y, ηs), where
τ = √

t2 − z2, ηs = tanh−1(z/t), uμ = (1, 0, 0, 0) and gμν = (1,−1,−1,
−1/τ 2), the energy density ε evolution in the boost-invariant longitudinal expan-
sion takes the form,

dε

dτ
= −

(
ε + P

τ

)
+

(
ζ + 4η/3

τ 2

)
, (69.13)

with θ = 1/τ ,Π = −ζ/τ ,πμνσμν = Φ/τ , Φ = 4η/3τ .

69.4 Results and Discussions

The temperature behavior of the ratio of the coefficient of the bulk viscous tensor
to that of the shear tensor (βΠ/βπ) at μq = 0.1 GeV is depicted in Fig. 69.1. The
ratio becomes βΠ/βπ = ζ/η within RTA, where ζ and η are the bulk and shear
viscosities of the QGP medium. The ratio has a decreasing trend with the increase in
temperature. The quark mass correction and mean field corrections are seen to have
visible effects in the low temperature regime near to the transition temperature. In
Fig. 69.2,we plotted the proper time evolution of temperature and pressure anisotropy
in ideal and first order hydrodynamics. We considered the initial condition for shear
and bulk viscous part as Φ =4η/3τ0 and Π =−ζ/τ0 with the thermal relaxation
time τR =0.25 fm. We observe that the viscous effects leads to slower cooling of the
medium compared to ideal hydrodynamic evolution.

Fig. 69.1 Evolution of
(βΠ/βπ) with temperature
and comparison with results
in [6–8]
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Fig. 69.2 The proper time temperature evolution (left panel) and behavior of pressure anisotropy
(right panel)with initial temperature T0 = 500MeVat initial proper time τ0 = 0.4 fm.The evolution
of PL/PT is compared with the result of [9]
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Chapter 70
Transport Coefficients of Hot and Dense
Matter

Olga Soloveva, Pierre Moreau, Lucia Oliva, Taesoo Song, Wolfgang Cassing,
and Elena Bratkovskaya

Abstract We present calculations for the shear viscosity of the hot and dense quark-
gluon plasma (QGP) using the partonic scattering cross sections as a function of
temperature T and baryon chemical potential μB from the dynamical quasiparticle
model (DQPM) that is matched to reproduce the equation of state of the partonic
system above the deconfinement temperature Tc from lattice QCD. To this aim we
calculate the collisional widths for the partonic degrees of freedom at finite T and μB

in the time-like sector and conclude that the quasiparticle limit holds sufficientlywell.
Furthermore, the ratio of shear viscosity η over entropy density s, i.e. η/s, is evaluated
using these collisional widths and are compared to lQCD calculations for μB = 0 as
well. We find that the ratio η/s is in agreement with the results of calculations within
the original DQPM on the basis of the Kubo formalism. Furthermore, there is only a
very modest change of η/s with the baryon chemical μB as a function of the scaled
temperature T/Tc(μB).

70.1 Introduction

Transport coefficients of the hot and dense QGP are important ingridients for a fun-
damental description of medium properties. An exploration of temperature T and
baryon chemical potential μB dependences of transport coefficients will provide use-
ful information for the hydrodynamical simulations of heavy-ion collisions (HICs). It
has been found that the QGP, produced in the central regions of HICs at the Relativis-
tic Heavy Ion Collider (RHIC), is a strongly interacting system. The experimental
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data for elliptic flow can be well reproduced by hydrodynamical simulations with
a small value of the shear viscosity over entropy density [1, 2]. Calculations in the
vicinity to the deconfinement phase transition Tc on the basis of perturbative QCD
are notoriously difficult since the coupling rises in this region. In the strong inter-
acting regime the methods of lattice gauge theories can be applied. Results from the
lattice QCD calculations available only for μB = 0, so far the presence of a non-zero
chemical potential μB might affect the values of transport coefficients substantially.
In light of these difficulties the evaluations of transport coefficients for a non-zero
μB are necessary. One can evaluate transport coefficients for a non-zero μB within
the effective approaches, which are found to match well the lQCD equation of state.
We will present calculations for the shear viscosity within the DQPM for moderate
values of μB ≤ 450MeV, where we assume that in this region the transition between
the hadronic and the quark-gluon plasma phase is a smooth cross-over.

70.2 Dynamical Quasiparticle Model (DQPM)

Wedescribe theQGP in equilibrium on the base of the dynamical quasiparticlemodel
(DQPM), which is based on partonic propagators with sizable imaginary parts of
the selfenergies incorporated [3]. Whereas the real part of the self-energies can be
attributed to a dynamically generated mass (squared) the imaginary parts contain
the information about the interaction rates in the system. Furthermore, the imaginary
parts of the propagators define the spectral functions of the degrees of freedomwhich
might show quasiparticle peaks. A further advantage of a propagator-based approach
is that one can formulate a consistent thermodynamics [4] as well as a causal theory
for non-equilibrium configurations on the basis of the Kadanoff-Baym equations.
In order to explore the transport properties of a partonic system we have calculated
the interaction rates using the partonic differential cross sections as a function of T
and μB , which are evaluated for the leading tree-level diagrams using the DQPM
(cf. Appendices of [5]). In the on-shell case (energies of the particles are taken to be
E2 = p2 + M2 with M being the pole mass) the interaction rate Γ on

i is obtained as
follows:

Γ on
i (pi , T, μB) = 1

2Ei

∑

j=q,q̄,g

∫
d3 pj

(2π)32Ej
dj f j (Ej , T, μB)

∫
d3 p3

(2π)32E3
(70.1)

×
∫

d3 p4
(2π)32E4

(1 ± f3)(1 ± f4)|M̄|2(pi , pj , p3, p4) (2π)4δ(4) (
pi + pj − p3 − p4

)

=
∑

j=q,q̄,g

∫
d3 pj
(2π)3

dj fj vrel

∫
dσon

i j→34 (1 ± f3)(1 ± f4),
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where dj is the degeneracy factor for spin and color (for quarks dq = 2 × Nc and for
gluons dg = 2 × (N 2

c − 1)), and with the shorthand notation f j = f j (Ej , T,μB) for
the Fermi and Bose distribution functions. In (70.1) and in all the following sections,
the notation

∑
j=q,q̄,g includes the contribution from all possible partons which in

our case are the gluons and the (anti-)quarks of three different flavors (u, d, s).

70.3 Shear Viscosity of the Hot and Dense QGP

The starting point to evaluate viscosity coefficients for the partonicmatter is theKubo
formalism [6] which was also used to calculate the viscosities within the PHSD in a
box with periodic boundary conditions (cf. [7]). We focus here on the calculation of
the shear viscosity η based on [8] which reads:

ηKubo(T,μB) = −
∫

d4 p

(2π)4
p2x p

2
y

∑

i=q,q̄,g

di
∂ fi (ω)

∂ω
ρi (ω,p)2, (70.2)

where the notation fi (ω) = fi (ω, T,μB) is used again for the distribution functions,
and ρi denotes the spectral function of the partons, while di stand for the degeneracy
factors.We note that the derivative of the distribution function accounts for the Pauli-
blocking (−) and Bose-enhancement (+) factors. Following [9], we can evaluate the
integral over ω = p0 in (70.2) by using the residue theorem. When keeping only the
leading order contribution in the width γ(T,μB) from the residue—evaluated at the
poles of the spectral function ωi = ±Ẽ(p) ± iγ—we finally obtain:

ηRTA(T,μB) = 1

15T

∫
d3 p

(2π)3

∑

i=q,q̄,g

(
p4

E2
i Γi (pi , T,μB)

di ((1 ± fi (Ei )) fi (Ei ))

)
,

(70.3)
which corresponds to the expression derived in the relaxation-time approximation
(RTA) [10] by identifying the interaction rate Γ with 2γ as expected from transport
theory in the quasiparticle limit [11]. We recall that γ is the width parameter in the
parton propagator. The interaction rateΓi (pi , T,μB) (inverse relaxation time) here is
calculated microscopically using the differential cross sections for parton scattering
as described in Sect. 70.2.

The actual results are displayed in Fig. 70.1 for the ratio of shear viscosity to
entropy density η/s as a function of the scaled temperature T/Tc for μB = 0 in
comparison to those from lattice QCD [13]. The solid green line (ηKubo/s) shows
the result from the original DQPM in the Kubo formalism while the dashed green
line (ηRTA

2γ /s) shows the same result in the relaxation-time approximation (70.3)
by replacing Γi by 2γi . The solid red line (ηRTA

Γ on /s) results from (70.3) using the
interaction rate Γ on calculated by the microscopic differential cross sections in the
on-shell limit. We find that the ratios η/s do not differ very much and have a similar
behavior as a function of temperature. The approximation (70.3) of the shear viscosity
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Fig. 70.1 Left: The ratio of shear viscosity to entropy density as a function of the scaled temperature
T/Tc forμB = 0 from (70.2–70.3). The solid green line (ηKubo/s) shows the results from the original
DQPM in the Kubo formalism while the dashed green line (ηRTA2γ /s) shows the same result in the

relaxation-time approximation (70.3). The solid red line (ηRTAΓ on /s) results from (70.3) using the
interaction rate Γ on calculated by the microscopic differential cross sections in the on-shell limit.
The dashed gray line demonstrates the Kovtun-Son-Starinets bound [12] (η/s)KSS = 1/(4π). The
symbols show lQCD data for pure SU(3) gauge theory taken from [13] (pentagons). Right: The
ratio of shear viscosity to entropy density as a function of the scaled temperature T/Tc from the
DQPM for μB in the range [0, 0.45] GeV from (70.3)

is found to be very close to the one from the Kubo formalism (70.2) indicating that
the quasiparticle limit (γ � M) holds in the DQPM.

We note in passing that there is no strong variation with μB for fixed T/Tc(μB),
however, the ratio increases slightly with μB in the on-shell limit while it slightly
drops with μB in the Kubo formalism for the DQPM [5]. Accordingly, there is some
model uncertainty when extracting the shear viscosity in the different approxima-
tions.
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Chapter 71
Evolution of Fluctuations in the Initial
State of Heavy-Ion Collisions from RHIC
to LHC

Giuliano Giacalone, Francçois Gelis, Pablo Guerrero-Rodríguez,
Matthew Luzum, Cyrille Marquet, and Jean-Yves Ollitrault

Abstract Fluctuations in the initial state of heavy-ion collisions are larger at RHIC
energy than at LHC energy. This fact can be inferred from recent measurements of
the fluctuations of the particle multiplicities and of elliptic flow performed at the two
different energies.We show that an analytical description of the initial energy-density
field and its fluctuations motivated by the color glass condensate (CGC) effective
theory predicts and quantitatively captures the measured energy evolution of these
observables. The crucial feature is that fluctuations in the CGC scale like the inverse
of the saturation scale of the nuclei.

Data collected at the CERN Large Hadron Collider (LHC) and at the BNL Relativis-
tic Heavy Ion Collider (RHIC) indicates that initial-state fluctuations in relativistic
heavy-ion collisions are larger at RHIC. Two observables support this statement: The
relative fluctuations of the charged-particle multiplicity, Nch, in central collisions,
and the relative fluctuations of elliptic flow, v2.

Fluctuations of Nch in nucleus-nucleus collisions probe the fluctuations of the
initial state because they are to a good approximation equal to the relative fluctuations

G. Giacalone (B) · F. Gelis · J.-Y. Ollitrault
Institut de physique théorique Université Paris Saclay CNRS,
91191 Gif-sur-Yvette, France
e-mail: giuliano.giacalone@ipht.fr

P. Guerrero-Rodríguez
Department of Physics, University of Jyväskylä, 35, 40014 Jyväskylä, Finland

M. Luzum
Instituto de Física Universidade de São Paulo, R. do Matão 1371,
São Paulo, SP 05508-090, Brazil

C. Marquet
CPHT, CNRS École Polytechnique, Institut Polytechnique de Paris,
Route de Saclay, 91128 Palaiseau, France

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6_71

453

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-53448-6_71&domain=pdf
mailto:giuliano.giacalone@ipht.fr
https://doi.org/10.1007/978-3-030-53448-6_71


454 G. Giacalone et al.

0.00 0.25 0.50 0.75 1.00
charged multiplicity (knee-rescaled)

10−3

10−2

10−1

100

101

102
pr
ob

ab
ili
ty

de
ns
it
y

STAR, Au+Au,
√
s = 200 GeV

ATLAS, Pb+Pb,
√
s = 5.02 TeV

0.0 0.5 1.0
energy (knee-rescaled)

10−4

10−3

10−2

10−1

100

101

102

pr
ob

ab
ili
ty

de
ns
it
y

CGC, Au+Au, Qs0 = 0.72 GeV
CGC, Pb+Pb, Qs0 = 1.24 GeV

Fig. 71.1 Left: Rescaled histograms of the charged-particle multiplicity measured by the STAR
Collaboration [1] and by the ATLAS Collaboration [2]. Right: Rescaled histogram of the total
energy in the initial state of Pb+Pb and Au+Au collisions obtained in the CGC model (using the
Monte Carlo implementation of [10])

of initial total entropy of the system. The left panel of Fig. 71.1 shows the distribution
of charged multiplicity measured by the STAR Collaboration in Au+Au collisions at√
s = 200 Gev [1], and by the ATLAS Collaboration in Pb+Pb collisions at

√
s =

5.02TeV [2]. The histograms are here rescaled by their value at the knee, i.e., themean
value of Nch at zero impact parameter, inferred with the Bayesian procedure of [3].
The fluctuations of Nch around the knee quantify the width of the large-multiplicity
tail, and this is 1.5 times larger in STAR data:

σ [Nch](b = 0)

〈Nch〉(b = 0)

∣
∣
∣
∣
RHIC

= 0.065,
σ [Nch](b = 0)

〈Nch〉(b = 0)

∣
∣
∣
∣
LHC

= 0.044. (71.1)

This implies that initial-state fluctuations are larger at RHIC.
Moving on to the relative fluctuations of v2, they also serve as a probe of the initial

state since elliptic flow is a measure of the initial eccentricity, ε2 [4], of the system, a
quantity which originates from the fluctuating geometry of the initial energy-density
field. In general, at a given centrality we have v2 = κε2, where κ is a response
coefficient. The relative fluctuation of v2 can be quantified by the ratio of the first
two cumulant of its distribution, v2{4}/v2{2}, which is simply equal to ε2{4}/ε2{2}
because the coefficient κ cancels in the ratio [5]. This allows us in particular to
compare the relative v2 fluctuations between RHIC and LHC without knowing how
the coefficient κ evolves with energy. In absence of fluctuations, the ratio is equal
to unity, while ε2{4}/ε2{2} < 1 for a fluctuating initial state. The deviation of this
quantity from unity quantifies the amount of fluctuations in the system. I show in
Fig. 71.2 the ratio v2{4}/v2{2} measured at both RHIC and LHC. STAR data are
lower than ATLAS data. The initial state fluctuates more at RHIC.
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Fig. 71.2 Ratio of the first
two cumulants of elliptic
flow, v2{4}/v2{2}. Symbols
are STAR data
(diamonds) [1] and ATLAS
data (circles) [2]. Lines are
the results of the CGC
model. Figure from [6]
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Armed with this knowledge, we argue now that the energy evolution of the pre-
vious observables is captured by the model we introduced in [6], which treats the
initial condition of heavy-ion collisions as the energy density field produced imme-
diately after (τ = 0+) two sheets of Color Glass Condensate [7] cross each other.
The statistics of energy-density fluctuations in this model was derived in [8]. The
local average (1-point function) of energy density reads:

〈ρ(s)〉 = 4

3g2
Q2

A(s)Q
2
B(s), (71.2)

where s is a transverse coordinate, and Q2
A/B is the saturation scale (squared) of

nucleus A/B, which we take proportional to the nuclear density integrated along
the collision axis (thickness function), usually denoted by TA/B , with a coefficient in
front, Q2

s0, which gives the value of the saturation scale at the center of the nucleus.
Fluctuations of energy density are, at leading logarithmic accuracy, given instead by
the following short-range connected 2-point function:

〈ρ(s1)ρ(s2)〉 − 〈ρ(s1)〉〈ρ(s2)〉 = δ(r)ξ(s),

with s = (s1 + s2)/2 and r = s1 − s2, and

ξ(s) = 16π

9g4
Q2

A(s)Q
2
B(s)

[

Q2
A(s) ln

(
Q2

B(s)
m2

)

+ Q2
B(s) ln

(
Q2

A(s)
m2

)]

, (71.3)

where m is an infrared scale which cuts off the correlation of two color sources in
the transverse plane. We shall use m = 0.14 GeV, i.e., the pion mass. Let us study,
then, the previous observables within this model.
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The relative fluctuations of the total energy per unit longitudinal length, E , are
equal to:

σ [E]
〈E〉 =

√
∫

s ξ(s)
∫

s〈ρ(s)〉 ∝ 1

Qs0
, (71.4)

neglecting slowly-varying logarithms. Now, fits of the Bjorken-x evolution of struc-
ture functions measured at HERA indicate that the saturation scale evolves with
collision energy as follows [9]:

Qs[LHC]
Qs[RHIC] =

( √
sLHC√
sRHIC

)0.14

≈ 1.5. (71.5)

This yields the same factor 1.5 obtained in the comparison between the relative
fluctuations of multiplicity at RHIC and LHC in (71.1). Multiplicity fluctuations,
hence, are quantitatively consistent with an 1/Qs scaling, precisely as predicted by
our model (71.4). To visualize how the fluctuations of E look like, we compute its
distribution using the magma model [10], a Monte Carlo implementation of event-
by-event profiles that fluctuate according to (71.2) and (71.3). The distributions of
E for RHIC and LHC are shown in Fig. 71.1, on the right. Note that the different
values of Qs0 used in the calculations were fitted from anisotropic flow data [6], and
are consistent with the HERA scaling, (71.5). Computing (71.4), in central collisions
we obtain:

σ [E](b = 0)

〈E〉(b = 0)

∣
∣
∣
∣
RHIC

= 0.134,
σ [E](b = 0)

〈E〉(b = 0)

∣
∣
∣
∣
LHC

= 0.088. (71.6)

These numbers are essentially larger by a factor 2 than those given in (71.1), as also
suggested by the width of the tails of the histograms in Fig. 71.1. This is consistent
with the fact that the distribution of E will receive an important correction from the
pre-equilibriumdynamics of the system during the first fm/c of its evolution [11]. The
relative fluctuations of entropy at equilibrium are in fact expected to be significantly
smaller than those of the initial energy [12].

Finally, let us compute the fluctuations of elliptic flow. As anticipated, these
originate from the fluctuations of the initial ε2. Following Blaizot et al. [13], and
neglecting slowly-varying logarithms, the rms eccentricity due to fluctuations can be
written as:

√
∫

s |s|4ξ(s)
∫

s |s|2〈ρ(s)〉 ∝ 1

Qs0
. (71.7)

The saturation scale appears in the denominator. Interestingly, this implies that ε2
is larger at RHIC than at LHC. Nevertheless, the measured v2 is smaller at RHIC,
because the response κ is strongly suppressed by the lower collision energy. Relative
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fluctuations, though, do not depend on κ and can be genuinely compared. The CGC,
thus, naturally predicts that they are larger at RHIC, in agreement with the experi-
mental data shown in Fig. 71.2. Results on v2{4}/v2{2} = ε2{4}/ε2{2} in the CGC
are reported as lines in Fig. 71.2, and describe quantitatively the data.

In summary, the energy evolution of fluctuations provides a powerful probe of
the initial state of nucleus-nucleus collisions. Experiments indicate that initial-state
fluctuations in heavy-ion collisions are larger at RHIC than at LHC. This feature
is both qualitatively and quantitatively captured by the CGC-inspired model of [6],
where fluctuations are inversely proportional to the saturation scale of the colliding
nuclei.

Acknowledgments G.G. M.L. and J.-Y.O. acknowledge funding from USP-COFECUB (grant
Uc Ph 160-16, 2015/13). The work of F.G. and C.M. was supported in part by the Agence
Nationale de la Recherche under the project ANR-16-CE31-0019-02. M.L. acknowledges sup-
port from FAPESP projects 2016/24029-6, 2017/05685-2, 2018/24720-6, and project INCT-FNA
Proc. No. 464898/2014-5.

References

1. L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 115, 22, 222301 (2015). https://
doi.org/10.1103/PhysRevLett.115.222301 [arXiv:1505.07812 [nucl-ex]]

2. M. Aaboud et al. [ATLAS Collaboration], [arXiv:1904.04808 [nucl-ex]]
3. S.J. Das, G. Giacalone, P.A. Monard, J.Y. Ollitrault, Phys. Rev. C 97, 1, 014905 (2018). https://

doi.org/10.1103/PhysRevC.97.014905 [arXiv:1708.00081 [nucl-th]]
4. D. Teaney, L. Yan, Phys. Rev. C 83, 064904 (2011). https://doi.org/10.1103/PhysRevC.83.

064904. [arXiv:1010.1876 [nucl-th]]
5. G. Giacalone, J. Noronha-Hostler, J. Y. Ollitrault, Phys. Rev. C 95, 5, 054910 (2017). https://

doi.org/10.1103/PhysRevC.95.054910 [arXiv:1702.01730 [nucl-th]]
6. G. Giacalone, P. Guerrero-Rodríguez, M. Luzum, C.Marquet, J.Y. Ollitrault, Phys. Rev. C 100,

2, 024905 (2019). https://doi.org/10.1103/PhysRevC.100.024905 [arXiv:1902.07168 [nucl-
th]]

7. E. Iancu, R. Venugopalan, in Hwa, R.C. (ed.) et al.,Quark gluon plasma, pp. 249–3363. https://
doi.org/10.1142/9789812795533_0005 [hep-ph/0303204]

8. J.L. Albacete, P. Guerrero-Rodríguez, C. Marquet, JHEP 1901, 073 (2019). https://doi.org/10.
1007/JHEP01(2019)073. [arXiv:1808.00795 [hep-ph]]

9. J.L. Albacete, C. Marquet, Prog. Part. Nucl. Phys. 76, 1 (2014). https://doi.org/10.1016/j.ppnp.
2014.01.004. [arXiv:1401.4866 [hep-ph]]

10. F. Gelis, G. Giacalone, P. Guerrero-Rodríguez, C. Marquet, J.Y. Ollitrault, arXiv:1907.10948
[nucl-th]

11. S. Schlichting, D. Teaney, arXiv:1908.02113 [nucl-th]
12. G. Giacalone, A. Mazeliauskas, S. Schlichting, arXiv:1908.02866 [hep-ph]
13. J.P. Blaizot, W. Broniowski, J.Y. Ollitrault, Phys. Lett. B 738, 166 (2014). https://doi.org/10.

1016/j.physletb.2014.09.028. arXiv:1405.3572 [nucl-th]

https://doi.org/10.1103/PhysRevLett.115.222301
https://doi.org/10.1103/PhysRevLett.115.222301
http://arxiv.org/abs/1505.07812
http://arxiv.org/abs/1904.04808
https://doi.org/10.1103/PhysRevC.97.014905
https://doi.org/10.1103/PhysRevC.97.014905
http://arxiv.org/abs/1708.00081
https://doi.org/10.1103/PhysRevC.83.064904
https://doi.org/10.1103/PhysRevC.83.064904
http://arxiv.org/abs/1010.1876
https://doi.org/10.1103/PhysRevC.95.054910
https://doi.org/10.1103/PhysRevC.95.054910
http://arxiv.org/abs/1702.01730
https://doi.org/10.1103/PhysRevC.100.024905
http://arxiv.org/abs/1902.07168
https://doi.org/10.1142/9789812795533_0005
https://doi.org/10.1142/9789812795533_0005
https://doi.org/10.1007/JHEP01(2019)073
https://doi.org/10.1007/JHEP01(2019)073
http://arxiv.org/abs/1808.00795
https://doi.org/10.1016/j.ppnp.2014.01.004
https://doi.org/10.1016/j.ppnp.2014.01.004
http://arxiv.org/abs/1401.4866
http://arxiv.org/abs/1907.10948
http://arxiv.org/abs/1908.02113
http://arxiv.org/abs/1908.02866
https://doi.org/10.1016/j.physletb.2014.09.028
https://doi.org/10.1016/j.physletb.2014.09.028
http://arxiv.org/abs/1405.3572


Chapter 72
Jet-Fluid Interaction in the EPOS3-Jet
Framework

Iurii Karpenko, Joerg Aichelin, Pol Bernard Gossiaux, Martin Rohrmoser,
and Klaus Werner

Abstract EPOS3-Jet is an integrated framework for jet modeling in heavy ion col-
lisions, where the initial hard (jet) partons are produced along with soft (medium)
partons in the initial state EPOS approach. The jet partons then propagate in the
hydrodynamically expanding medium. The energy and momentum lost by the jet
partons is added to the hydrodynamic medium via the source terms. The full evo-
lution proceeds in a concurrent mode, without separating hydrodynamic and jet
parts. In this report we examine the medium recoil effects in Pb–Pb collisions at√
sNN = 2.76 TeV LHC energy in the EPOS3-Jet framework.

72.1 Introduction

A consistent modeling of back reaction of the hydrodynamic medium on the jet
evolution is important for understanding the substructure of jets produced in heavy
ion collisions. The majority of existing models implement only one-way jet-hydro
interaction by coupling jets to a fixed hydrodynamic expansion and not including the
energy deposition in the medium itself. On the other hand, some recent studies, e.g.
[1] conclude that the medium recoil effect has to be taken into account in order to
reproduce the modification of the radial momentum distribution within a jet in AA
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collisions as compared to the pp case. Therefore, in this report we examine the back
reaction of themedium due to energy loss of jet partons in the EPOS3-Jet framework.

72.2 Model

The initial hard partons—seeds of the jets—are sampled from the initial state calcu-
lations in EPOS3 [2]. For the hydrodynamic expansion of the medium, the averaged
initial conditions are taken. This makes it easier to visualize the effect of the jet
energy loss on the medium.

Each initial hard parton leads to the development of a time-like parton cascade, due
to collinear parton splitting caused by bremsstrahlung. The evolution of the parton
cascade is performed with a Monte Carlo algorithm [3] representing the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) equationwith leadingorderq → qg, g →
gg and g → qq̄ splitting functions. The evolution of each parton cascade proceeds
from an initial virtuality scale Q↑, which we set to be equal to parton’s transverse
momentum p⊥, down to a minimal virtuality scale of Q↓ = 0.6 GeV.

TheDGLAP evolution proceeds inmomentum space. In order to couple the parton
cascade to the medium, one has to make assumptions about its spacetime evolution.
Therefore, we assume that in the global frame a parton has a mean life time (or the
time before its next splitting occurs) of Δt = E/Q2.

The parton shower has vacuum splitting functions. For the mediummodifications
of the parton shower, we consider at present two effects: (i) an effective increase
of the virtuality the off-mass-shell partons dQ2

dt = q̂R(T ), where t is time and T
the temperature in the local fluid (medium) rest frame. This mimics the medium
induced radiation at the stage of jet formation; (ii) collisional energy loss which is
modelled via a Langevin-type longitudinal drag and random transverse kicks to each
jet parton: Δp‖ = −A(t, x)Δt, Δp⊥ = n⊥

√
q̂CΔt . Different from the previously

reported results [4], A(t, x) and q̂C are taken to be both temperature- andmomentum-
dependent according to [5], where they are evaluated with pQCD cross sections with
running αs .

Here we are interested in a qualitative study of the jet-medium interaction and do
not aim to fit the experimental data. Therefore, the transport coefficients A(t, x) and
q̂C are further multiplied by a correction factor (or so-called K-factor) K = 0.166 to
approach the temperature-dependent jet transport coefficient fromMARTINI model
reported in [6]. This results in a parton-level RAA ≈ 0.6 at pparton⊥ = 10...30 GeV.

Back reaction on the medium. The space-time evolution of the jet partons proceeds
in the same time steps as the hydrodynamic evolution of the medium. During each
time step, the energy and momentum loss of each jet parton in the computational
frame of the fluid, is added to the corresponding fluid cells via an additional source
term in the hydrodynamic equations: ∂νT μν = Jμ. The source term Jμ is essentially
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a 4-vector of the lost energy and momentum in Milne coordinates, multiplied by a
Gaussian smearing kernel with the width Rg = 0.4 fm/c in the transverse direction
around the position of the jet parton.

72.3 Results and Conclusions

The simulations are performed formost central Pb–Pb collisions at
√
sNN = 2.76TeV

collision energy. To see the effects of medium recoil we run the “semi-EbE” sim-
ulations, where the sampled ensembles of initial hard partons are taken from the
initial state EPOS with a requirement that in each event there must be at least 1
hard parton with p⊥ > 50 GeV (so-called p⊥ trigger), whereas the hydrodynamic
evolution always starts from the smooth, event-averaged initial state. In other words,
initial hard partons are sampledwithMonteCarlo (EPOS)whereas the hydrodynamic
initial state is not fluctuating.

In Fig. 72.1 we show one of the events where the back reaction to the medium is
visually expressed. On the top panel of the figure, which represents the snapshots of
the x component of the transverse flow velocity one can see an irregular spot which
emerged already at τ = 1 fm/c. This local flip of collective flow velocity is caused
by the energy loss of an energetic jet parton with p⊥ ≈ 50 GeV, which propagates
through the medium in the −x direction.

The bottom panel of Fig. 72.1 shows perturbations in the local rest frame energy
density of the fluid, i.e. a difference between a hydrodynamic evolution with the
additional source term enabled and an unperturbed hydrodynamic evolution. In the
energy density perturbations, one can see more structures formed at τ = 1 fm/c,
which all expand subsequently by a hydrodynamic evolution. This indicates that
there are some 8 energetic jet partons at τ = 1 fm/c, which all lose their energy
to the medium. One may recognize the “Mach cones” [7] here, though the grid
resolution does not permit to see them very clearly.

Conclusions. Let us draw conclusions from Fig. 72.1. First, the relative scale of
energy density perturbations is very small in most of the cases. The perturbations
become significant only at the periphery of the system where the background energy
density is not large—which also results in visible velocity perturbations (top panel
of Fig. 72.1). Second, the hydrodynamic evolution smears out the early time pertur-
bations, as one can see as well from the top panel of Fig. 72.1, and the expansion
at late times becomes smooth again. Therefore we conclude that the present model
for the jet-medium interaction with the assumption of instant thermalization of the
energy-momentum loss by the jet partons makes it difficult to observe the medium
recoil effects on the jet observables.
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Fig. 72.1 x component of transverse flow velocity (top panel) and corresponding perturbations in
the local rest frame energy density of the medium caused by the energy lost by the jets (bottom
panel). A jet event displayed here is simulated for 0–5%central Pb-Pb collision at

√
sNN = 2.76TeV
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Chapter 73
Radial Flow Induced by Inhomogeneous
Magnetic Field in Heavy Ion Collisions

Mosen Haddadi Moghaddam, Behnam Azadegan, Ahmad F. Kord,
and Wanda M. Alberico

Abstract In this paper, we study the effects of an in-homogeneous magnetic field
on the quak gluon plasma dynamics, within theMagneto-Hydrodynamic framework.
We have investigated the effect of an inhomogeneous external magnetic field on the
transverse expansion of in-viscid fluid created in high energy nuclear collisions.
Transverse velocity and energy density are modified by the presence of the magnetic
field. This effects can also influence the transverse momentum spectrum for particles
at the freeze-out surface. In this context we obtained an interesting comparison with
data extracted from heavy-ion collisions.

73.1 Introduction

Collisions of two heavy nuclei at high energy produce a hot and dense fireball. Quarks
and gluons could reach the deconfined state, called quark gluon plasma (QGP), in a
very short time (∼1 fm/c) after the initial hard parton collisions of nuclei. recently
a wide range of studies has shown that relativistic heavy-ion collisions create huge
magnetic field due to the relativistic motion of the colliding heavy ions carrying large
positive electric charge (For more references and details refer to it [1–3]).

Recently, some efforts in numerical and analytical works have been made, based
on the relativistic magneto-hydrodynamic (RMHD) setup, to describe high energy
heavy ion collisions (See, for example, [4–11]). The aim of our work is to generalize
the Bjorken model by considering an inhomogeneous external magnetic field acting
on the medium. We show that the presence of the magnetic field leads to non-zero
radial flow [9].
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73.2 Relativistic Magneto-Hydrodynamic

We deal with the case of an ideal non-resistive plasma, with vanishing electric field
in the local rest-frame (eμ = 0), which is embedded in an external magnetic field
(bμ) [12, 13]. The energy momentum conservation equations read:

dμ(T
μν
pl + T μν

em ) = 0, (73.1)

where

T μν
pl = (ε + P)uμuν + Pgμν (73.2)

T μν
em = b2uμuν + 1

2
b2gμν − bμbν . (73.3)

In the above gμν is the metric tensor, ε and P are the energy density and pressure,
respectively. Moreover dμ is the covariant derivative. And the four velocity is defined
as

uμ = γ(1, v), γ = 1√
1 − v2

satisfying the condition uμuμ = −1.
Canonically one takes projections of the equation dμ(T

μν
pl + T μν

em ) = 0 along the
parallel and perpendicular directions to uν , which gives:

D(ε + b2/2) + (ε + P + b2)� + uνb
μ(dμb

ν) = 0, (73.4)

(ε + P + b2)Duα + ∇α(P + 1

2
b2) − dμ(b

μbα) − uαuνdμ(b
μbν) = 0. (73.5)

Notice that α should be a spacelike index. Moreover

D = uμdμ, ,� = dμu
μ, ,∇α = �α

νd
ν . (73.6)

73.2.1 Induced Radial Flow in B-Field

We consider the medium expands both radially and along the beam axis, the only
nonzero components of uμ = (uτ , u⊥, 0, 0) are uτ , which describes the boost-
invariant longitudinal expansion [14], and u⊥, which describes the transverse expan-
sion. And we suppose the external magnetic field to be located in transverse plane
as bμ = (0, 0, bφ, 0) (Fig. 73.1).

We now seek the perturbation solution in the presence of a weak external mag-
netic field pointing along the φ direction in an inviscid fluid with infinite electrical
conductivity:
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Fig. 73.1 Particles transverse momentum spectrum from central Au–Au collisions: black, purple
and red lines correspond to a freeze out temperature of 140, 150 and 160MeV, respectively. Circles:
PHENIX data [15]

uμ = (1,λ2u⊥, 0, 0), bμ = (0, 0,λbφ, 0), b
2 ≡ bμbμ

ε = ε0(τ ) + λ2ε1(τ , x⊥), ε0(τ ) = εc

τ 4/3
(73.7)

In such setup, the conservation equations (73.4), (73.5) reduce to the following
partial differential equations

u⊥ − τ 2∂⊥(
u⊥
x⊥

) − τ 2∂2
⊥u⊥ − τ∂τu⊥ + 3τ 2∂2

τ u⊥

−3τ 7/3

x⊥εc
b2φ − 3τ 7/3

4εc
∂⊥b2φ − 9τ 10/3

4x⊥εc
∂τb

2
φ − 3τ 10/3

4εc
∂⊥∂τb

2
φ = 0. (73.8)

For non-vanishing bφ we assume a space-time profile of the magnetic field in
central collisions in the form:

b2φ(τ , x⊥) = B2
c τ

−1√αx⊥e−αx2⊥ . (73.9)

We see that the magnitude of bφ is zero at x⊥ = 0. Finally, one can find the solutions
for transverse velocity u⊥ and correspondingly modified energy density ε1; for more
details refer to [9].

73.3 Particle Transverse Momentum Spectrum

From the local equilibrium hadron distribution the transverse spectrum is calculated
via the Cooper–Frye formula in the freeze out surface

S = E
d3N

dp3
= gi

2π2

∫ x f

0
x⊥ τ f (x⊥) dx⊥

[
mT K1(

mTuτ

Tf
)I0(

mTu⊥
Tf

)

+pT Rf K0(
mTuτ

Tf
)I1(

mTu⊥
Tf

)
]

(73.10)
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where τ f (x⊥) is the solution of the T (τ f , x⊥) = Tf and the degeneracy is gi = 2 for
both the pions and the protons. The above integral over x⊥ on the freeze-out surface
is evaluated numerically.

The spectrum (73.10) is illustrated in the following figures for three different val-
ues of the freeze out temperature (140, 150 and 160MeV) and compared with exper-
imental results obtained at PHENIX [15] in central collisions. Our proton spectrum
appear to underestimate the experimental data, except at low pT , but their behav-
ior with pT has the correct trend of a monotonically decrease. The pion spectrum,
instead, appears in fair agreement with the experimental results, which are very close
to the theoretical curves. This is an indication that hadrons with different masses have
different sensitivities to the underlying hydrodynamic flow and to the electromag-
netic fields. Indeed, the difference between the charge-dependent flow of light pions
and heavy protons might arise because the former are more affected by the weak
magnetic field than the heavy protons [16].

For comparison, we also show the results obtained by Gubser [17], which appear
to be more flat and typically overestimate the experiment. We also notice that, for
the proton case, the highest value of the freeze out temperature we employed (as
suggested, e.g. in [18]) slightly brings (for protons) the calculation closer to the
experimental data; however it also shows a kind of saturation phenomenon and points
to the need of including other effects not considered in the present work.
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Part X
Upgrades and New Experiments



Chapter 74
Upgrade of the NA61/SHINE Detector

Dariusz Tefelski

Abstract The NA61/SHINE detector is being upgraded during the Long Shutdown
2 period (2019–2021). In order to match the requirements for the upcoming open
charm measurement program. The main goal of the upgrade is to accelerate the
readout rate by a factor of 10 and increase acceptance in the high density tracks
environment. The following elements of the detector are parts of the upgrade: Time
Projection Chambers, Vertex Detector, Beam Position Detectors and Projectile Spec-
tator Detector. Besides the detectors, a new Trigger and Data Acquisition system is
being developed.

74.1 Introduction

The NA61/SHINE (SPS Heavy Ion and Neutrino Experiment) is a large acceptance,
fixed target hadron spectrometer. It is located at the H2 beamline of the SPS syn-
chrotron in CERN North Area. NA61/SHINE was approved by the CERN Research
Board in 2007 and started taking physics data in 2009. It is a direct descendant of
NA49 experiment [1]. The NA61/SHINE experiment facility is described in details
in [2]. Design of the present data acquisition system is discussed in [3]. The main
motivation for the experiment was to study the properties of the onset of deconfine-
ment, search for the critical point of strongly interacting matter and precise refer-
ence measurements for neutrino physics (neutrino oscillation experiments) and for
improving simulations of cosmic-ray air showers.

The physics program of NA61/SHINE for the period 2022–2024, after the Long
Shutdown 2 (LS2), includes measurements of the open charm hadron production
in Pb+Pb collisions for heavy ion physics, measurements of nuclear fragmenta-
tion cross-sections for cosmic ray physics and measurements of hadron production
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induced by proton, kaon and pion beams for neutrino-physics. A detailed description
of this physics program is given in [4]. The goal of the upgrade of the NA61/SHINE
experiment during the LS2 is to increase the trigger rate to 1 kHz, where the slow-
est detectors are Time Projection Chambers (TPC). Moreover, the acceptance and
efficiency of Vertex Detector (VD) [5], and the radiation tolerance of the Projectile
Spectator Detector (PSD) will be improved. Old and deteriorated detectors e.g. the
trigger detectors, the Beam Position Detectors (BPD), the Time of Flight detectors
(ToF) and outdated data acquisition systems based on CAMAC and FASTBUS buses
will be replaced. On top of this new Trigger and Data Acquisition system (TDAQ)
is developed.

74.2 Upgrade of the Subsystems

A sketch of the NA61/SHINE experiment including the location of the detector
systems under upgrade is shown in Fig. 74.1. The experiment relies on eight TPCs,
which will be upgraded with the readout electronics previously used in the ALICE-
TPC. The Vertex TPC 1 and 2 are located inside superconducting magnets in a rather
confined space. Which requires careful mechanical development and also proper
routing and shielding of sensitive front end cards (FEC), adapters and cabling. As
the ALICE FECs are bigger than the previously used boards, they do not match
straight forwardly the mechanical constraints. The adapters and additional cables
designed to overcome this point were considered to inject interference and noise. To
counteract this phenomenon, additional shielding was developed and tested under
real beam conditions before LS2. The data were analyzed and the feasibility of track
reconstructionwas confirmed. The tests demonstrates both, the need for the shielding
and the success of the shielding measures implemented. Besides the cable adapters,
an adapted water cooling system is required.

VD is of particular importance for charm measurement program. So far, the so-
called Small Acceptance Vertex Detector (SAVD) was used in the NA61/SHINE
experiment. This detector was based onMIMOSA-26 pixel sensors and a control and
theTRBv3 readout boards as used in the prototype of theCBMMicroVertexDetector
(MVD). The TRBv3 boards were used for readout. Due to the limited data bandwidth
of the 10 years old MIMOSA-26 sensors, this solution cannot be operated at a 1 kHz
trigger. Therefore it was decided to use the state-of-the-art ALPIDE sensors which
provide a higher rate capability and a substantially lower dark rate. For reading out
the ALPIDE sensors, MOSAIC boards were chosen, as tests in similar configuration
to NA61/SHINE were already performed in the ALICE Collaboration. A setup with
one stave was also successfully tested in the NA61/SHINE environment.

The new BPD and trigger detectors (start detectors) will be realized from scin-
tillating fibres (SciFi) and diamond based sensors. The precise configuration is still
under debate. The readout of the detectors will be done with DRS4 boards (designed
at the University of Geneva), which act as versatile fast waveform recorders (at 1
GS/s). Signals from start detectors will pass through constant fraction discriminators
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Fig. 74.1 Planned upgrades in the NA61/SHINE experiment. Beam is coming from the left side,
first to trigger and beam position detectors, then to Vertex Detector and fixed target inside, then
tracks of charged particles created in collisions are bent in magnetic field and registered by TPCs
and ToF downstream. Finally, projectile spectators hit PSD

to specialized FPGAs with a custom configuration suited for the NA61/SHINE. This
trigger system will also include a busy logic for all incorporated detectors. The heart
of the trigger system is CAEN V2495 FPGA VME module which will cooperate
with CAEN V812 CFD and CAEN V1290 MHTDC modules. Details are provided
in the related Technical Design Report [6].

The ToF subsystem will base on Multigap Resistive Plate Chamber (MRPC)
technology. This device is designed by the MPD/BM@N Collaboration at the Joint
Institute for Nuclear Research (JINR) andwill need dedicated closed loop gas system
as a greenhouse gas (Freon) will be used. The readout electronics will incorporate
DRS4 boards. The newMRPCdetectors were tested on beam at NA61/SHINE exper-
iments in place of old ToF-left wall and satisfactory time resolution was achieved
(47.5 ps).

The Projectile Spectator Detector was already divided in two separate parts: Main
PSD with a through-hole and the Forward PSD. This design will have much better
radiation tolerance and signal dynamic range. Readout will be performed also with
DRS4 boards.

The most important part of the upgrade consists in extending the data bandwidth
of the experiment bymeans of designing a new TDAQ. The increased data rate forces
to distribute the data recording over a multiple computers. Moreover, we conclude
that it will be impossible to store all raw data from detectors. Therefore, various
data reduction algorithms have to be applied online. Both, the data recording and
reduction will be carried out by a novel server farm composed from 160 computers
with 12 cores each. Block diagram of new TDAQ system is presented in Fig. 74.2.
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Fig. 74.2 Block diagram of TDAQ system. Red lines depict trigger and busy, blue lines denote
Detector Control System and Monitoring network, black lines show data flow from detectors up to
CERN data storage system. Blue boxes represent key elements of the network infrastructure

74.3 Conclusions

Tests which were performed on H2 line in experimental hall of the NA61/SHINE
experiment showed that ALICE electronics work well with NA61/SHINE Time Pro-
jectionChambers. Further electronicmatching and software preparation are ongoing.
New Vertex Detector will be build using ALPIDE sensors which will help to achieve
1kHz readout rate and will improve signal to noise ratio. Tests performed with DRS4
boards showed that these are versatile waveform recording boards suitable for data
taking with detectors such as Projectile Spectator Detector, Trigger Detectors and
Time-of-Flight detectors. The work on TDAQ system design is ongoing.
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Chapter 75
Status and Performance of the Detector
Upgrades for STAR in the BES-II
and Beyond

Florian Seck

Abstract TheSTARcollaboration has installed three detector upgrades for the beam
energy scan phase II program at RHIC to aid the exploration of the QCD phase
diagram.After BES-II the forward upgrade of STARwill enable novelmeasurements
in pp, pA and AA collisions motivated by cold QCD and heavy-ion physics. Results
from the commissioning of the new detectors and their performance during the first
year of running in BES-II will be discussed together with the general progress of
BES-II and the status of the forward upgrade.

75.1 Introduction

One of the driving forces for the construction of the Relativistic Heavy Ion Col-
lider (RHIC) was the aim to study the QCD phase-diagram over a wide range of
temperatures and baryon densities. The beam energy scan phase I program (BES-I)
conducted between 2010 and 2014 revealed interesting hints in several observables
that are considered to be sensitive to the turn-off of QGP signatures and a first-order
transition in the QCD phase diagram at collision energies below

√
sNN = 20GeV

[1]. These observables warrant a closer investigation with a beam energy scan phase
II program (BES-II) that covers seven center-of-mass energies ranging from 7.7 to
19.6GeV in the years 2019–2021 as shown in Fig. 75.1. Multi-differential studies
will profit from datasets that are typically a factor 20 larger compared to the statistics
collected during BES-I. In addition the STAR detector was upgraded with three new
subsystems to enhance its experimental reach. Supplementing the collider program
the STAR collaboration developed a fixed-target program (FXT) to measure heavy-
ion collisions down to

√
sNN = 3GeV. Collisions at 7.7GeV can bemeasured in both

setups and serve as an important cross check.
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Fig. 75.1 Sketch of the
QCD phase diagram with the
BES-I and II programs
highlighted

The RHIC program in the years 2021 and beyond will be devoted to address
fundamental questions in both cold QCD and heavy-ion physics opening a portal
towards theElectron-IonCollider (EIC). RHIChas the unique capability to accelerate
polarized protons and provide data in a kinematic regime in which nuclear modi-
fications of the sea quark and gluon distributions are expected to be sizable and
currently poorly constrained. The nuclear parton distribution functions (nPDF) for
gluons and sea-quarks can be accessed with processes that experience no QCD final-
state effects: the direct photon and Drell-Yan production. The forward upgrade at
STAR will enable key measurements in pp, pA and AA collisions to improve for
example our understanding of the spin of the proton and the longitudinal structure of
the initial state in heavy-ion collisions. It consists of the Forward Tracking System
(FTS) and the Forward Calorimeter System (FCS), both covering an acceptance of
2.5 < η < 4 on the west side of STAR [2, 3].

75.2 BES-II

To allow for higher luminosity at the lowestBES-II collidermode energies the first RF
linac-based electron cooler LEReC (Low Energy RHIC Electron Cooling) is under
development. In 2019 electron cooling for two beams with a life time extension and
a reduced transverse size was demonstrated. Further commissioning is ongoing to
provide stable operation in 2020/21. Data at the first two collider energies (

√
sNN =

19.6 and 14.6GeV) were collected from February to July 2019 with a surplus of
events compared to the original expectation. In addition one fixed-target dataset at√
sNN = 3.2GeV was completed and small subsets of data were taken at several

other fixed-target energies [4].
The Event Plane Detector [5] (EPD) was already fully installed for the data taking

in 2018. With its higher granularity and larger acceptance compared to the Beam-
Beam Counters (BBC), it improves significantly the event plane reso- lution and
supplies means to define the centrality independent from the tracks measured in
the TPC. In 2019 the EPD was also included into the minimum-bias trigger. An
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Fig. 75.2 Left: Comparison of dE/dx resolution in the TPC before and after the iTPC upgrade.
Middle: 1/β measured with eTOF versus momentum (GeV/c). Right: Raw phase-space distribution
of protons identified via m2 cut in bTOF and eTOF in Au + Au collisions at

√
sNN = 14.6GeV

asymmetry cut on the activity in the east and west side EPD detectors was developed
to veto beampipe collisions at the lowest collider energies.

The upgrade of the inner Time Projection Chamber [6] (iTPC) increased the
segmentation of the inner pad plane of the TPC and therefore the maximum number
of TPChits a track can have from45 to 72. This leads to an extended rapidity coverage
(from |η| < 1 to |η| < 1.5) and low pT acceptance (from pT > 125MeV/c to pT <

60MeV/c). The increased number of hits also improves the particle identification
(PID) via the ionization energy loss dE/dx by 15–30% as shown in the left panel of
Fig. 75.2.

The endcap Time Of Flight detector [7] (eTOF) installed on the east pole tip of
STAR complements the particle identification capabilities at forward rapidities in
collider mode allowing to study the rapidity dependence of several key observables
from BES-I. It is also essential to provide PID in the fixed-target program at mid-
rapidity.With online calibrations a time resolution better than 85ps has been achieved
in accordance with the design goals. The middle panel of Fig. 75.2 shows an eTOF
PID plot with particle bands separated over a large momentum range. The right
panel of Fig. 75.2 shows for Au + Au collisions at 14.6 GeV the raw phase-space
distribution of protons identified via a squared massm2 cut in the barrel TOF (bTOF)
and the eTOF. The acceptance in which the eTOF contributes is framed by the
red lines −1.8 < η < −0.9 which is larger than the nominal eTOF acceptance of
−1.6 < η < −1.1 due to a wide selection of event vertexes along the beam direction.

75.3 Forward Upgrade

The forward tracking system (FTS) provides precision tracking with a position res-
olution better than 100µm, charge discrimination, photon suppression and pT mea-
surements at forward rapidity. It consists of 3 layers of siliconmini-strip discs located
140–190cm along the beam line from the center of the TPC and four layers of double-
sided small-strip Thin Gap Chambers (sTGC) 270–360cm away from the nominal
interaction point inside the magnet pole tip opening (see Fig. 75.3 left panel). The
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Fig. 75.3 Left: Schematic view of the FTS. Middle: Schematic view of the FCS. Right: sTGC
prototype installed at STAR in 2019

detector design for the silicon tracker builds on the STAR experience with the Inter-
mediate Silicon Tracker installed between 2014 and 2016. A first prototype of a
silicon module was assembled and tested in the lab. A 30 × 30 cm2 sTGC prototype
(see Fig. 75.3 right panel) was tested with cosmic rays, integrated into the STAR
DAQ and successfully commissioned with beam during the last weeks of RHIC
operation in 2019. A full-size prototype (60 × 60 cm2) will be installed at STAR for
the upcoming run in 2020. A new tracking algorithm for the forward region in a
non-uniform magnetic field is under development.

The forward calorimeter system (FCS) consists of a preshower scintillator
hodoscope (fPRE) as well as electromagnetic and hadronic calorimeters (Ecal, Hcal)
shown in the middle panel of Fig. 75.3. The Ecal reuses a lead-scintillator sandwich
calorimeter from PHENIX. The Hcal will be the first hadronic calori-meter at STAR
and utilize 10 × 10cm2 towers out of iron-scintillator sandwich. The readout for all
three sub-detectors will be based on SiPMs. Large-scale prototypes were tested at
Fermilab in April 2019 demonstrating that the requirements on the energy resolu-
tion can be met. At the end of the 2019 beam operation at RHIC, prototypes of all
FCS components were installed at STAR for commissioning with 200GeV Au +
Au collisions.

75.4 Summary

STARhas extended its experimental reach for theBES-II programwith three detector
upgrades (EPD, iTPC, eTOF) that will not only provide high quality data during the
BES-II but also enable unique opportunities for mid-rapidity physics at top RHIC
energy. Datasets at the two highest collider energies (19.6 and 14.6GeV) and several
fixed-target energies have been collected in 2019. The forward upgrade at STAR is
targeted at addressing fundamental questions in QCD paving the way towards the
EIC. Prototypes of the new tracking and calorimeter systems have been tested at
STAR and will be ready for the post-BES-II era in autumn 2021 and beyond.
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Chapter 76
ALICE Inner Tracking System Upgrade:
Construction and Commissioning

Domenico Colella

Abstract ALICE (A Large Ion Collider Experiment) is the CERN LHC experiment
optimized for the study of the strongly interacting matter produced in heavy-ion col-
lisions and devoted to the characterization of the Quark–Gluon Plasma. To achieve
the physics program for LHC Run 3 and 4, ALICE is undergoing a major upgrade
of the experimental apparatus during the ongoing second long LHC shutdown. A
key element of the ALICE upgrade is the substitution of the Inner Tracking System
(ITS) with a completely new silicon-based detector whose features will allow the
reconstruction of rare physics channels which could not be accessed before with the
ITS layout used during LHC Run 1 and 2. The enabling technology for such per-
formance boost is the adoption of custom-designed MAPS (Monolithic Active Pixel
Sensors) as detecting element. In this proceedings, the status of the construction and
commissioning of the ITS upgrade will be detailed. The completion of the mod-
ules construction will be achieved soon and, in the meantime, the commissioning in
laboratory is proceeding using the components already integrated in the detector.

76.1 ALICE Inner Tracking Upgrade

The main objective of the ALICE experimental program for LHC Run 3 and 4
is a detailed exploration of the Quark–Gluon Plasma properties via high precision
measurements of rare probes in pp, p–Pb and Pb–Pb collisions [1]. In order to be
able to measure a large sample of short lived systems such as heavy-flavor hadrons,
quarkonia, and low mass dileptons over a wide range of transverse momenta, it is
necessary to enhance the tracking and readout rate capabilities with respect to the
ones of the detector that worked during the LHC Run 1 and 2. During the LHC Long
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Fig. 76.1 (Left) Schematic layout of the upgraded ITS. (Right) Summary table containing the
detector layers geometric characteristics

Shutdown 2 in 2019–2020, several sub-detectors will be upgraded and the Inner
Tracking System (ITS) will be replaced.

The key improvements of the ITS upgrade are [2]: a completely new layout envis-
aging seven cylindrical layers (three innermost layers referred as Inner Barrel, IB,
and four outermost layers referred as Outer Barrel, OB) all equipped with ALPIDE
Monolithic Active Pixel Sensors (MAPS) chips of about 30 × 30 µm2 pixel size, a
large reduction of the material budget (∼0.3% X0 for the IB and ∼1% X0 for the
OB), and a reduced distance of the innermost layer to the interaction point. These
design characteristics will allow a strong improvement of the tracking efficiency at
low transverse momenta as well as the impact parameter resolution [3]. A schematic
view of the detector layout and a table reporting geometrical details for each layer
are shown in Fig. 76.1.

The very low value for the material budget has been obtained adopting monolithic
silicon pixel chips, integrating the sensor and the readout electronics functionalities
in the same substrate, thinned to 50µm in the IB (100µm in the OB). The pixel chips
are mounted on low-mass polyimide Flexible Printed Circuits (FPC, for powering
and data stream), glued on a carbon fiber structure (space frame), equipped with
water cooling pipes integrated in the structure.

The chips (9 for the IB and 14 for the OB) glued and wire-bonded to the FPC
constitute the Hybrid Integrated Circuit (HIC). The HIC(s) (1 for the IB, 8 or 14 for
the two innermost and the two outermost layers of the OB respectively) glued to the
space frame constitute the Stave. More details on the ALPIDE chip characteristics
and R&D can be found in [4].

76.2 Component Production Status

The electrical and functional tests of the ALPIDE chips have been performed at
CERN (CH) for the 50 µm thinned chips and at Yonsei and Pusan/Inha (KR) for the
100 µm thinned chips, between September 2017 and May 2019. A total of almost
4×104 chips have been tested with a detector-grade quality yield of 63.7%.
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The full production of HICs and Staves for the IB has been carried out at CERN
and concluded at mid 2019. A total of 95 Staves, enough to build two copies of the
three inner barrel layers, have been assembled with a yield of 73%. The OB HICs
have been produced in five sites (Bari (IT), Liverpool (UK), Pusan/Inha, Strasbourg
(FR) and Wuhan(CN)), while the FPCs have been tested in Trieste (IT). It took 80
weeks to assembly the needed 2500 HICs; this quantity includes the HICs needed to
cover the whole detector acceptance plus spares and assumes an overall production
yield of 74% (convolution of 82% for the HIC and 90% for the Stave). The HIC
production has been completed and a yield of 84% has been achieved. The OB
Staves have been assembled in five sites (Berkeley (US), Daresbury (UK), Frascati
(IT), NIKHEF (NL) and Torino (IT)). Enough Staves to cover the full OB acceptance
have been assembled and qualified as detector grade. The Stave assembly yield is
close to 90% and production of few more spare Staves will be completed by October
2019.

Full readout logic is implemented in the ALPIDE chip that sends the digitized and
zero-suppressed hit data to the off-detector electronics. A total of 192 FPGA-based
readout units [5] (CERN, Bergen (NO), NIKHEF) control and monitor the sensors
and their power supply modules, receive the trigger and detector control information,
and deliver the sensor data to the counting room. A total of 142 boards (Berkeley),
able to provide analog and digital 1.8V supplies to each HIC plus a negative voltage
output for the reverse bias, are needed to power the full detector. Production and
qualification of the full set of readout and power boards are completed.

Detailed description of themechanical support structure layout can be found in [2].
All the components have been produced and verified (Berkeley, CERN, Padova (IT)).
A dry insertion test of a dummy version of IB half-detector has been successfully
carried out. Cables placing in the supporting structures is ongoing and required smart
solutions to fit all in the best way.

76.3 Layer Assembly and Commissioning

A large clean room has been built at CERN to allow the full detector assembly and
the on-surface commissioning activities, before the installation in the ALICE cavern
in May 2020. Here the same backend system that will be used in the experiment is
available, including powering system, cooling system, full readout chain. Integration
of the Staves in the layer structure and connection to the services is done once the
Staves are shipped to CERN, in parallel with the commissioning on the already
installed part of the system.

Detector Control System (DCS) and Data Acquisition System (DAQ) softwares
are available and running on machines housed in a control room adjacent to the
clean room. Starting from June 2019, acquisition of the first data using the Staves
in the first available half-layer, IB-HL0 (innermost layer of the IB), began. Thresh-
old, DAC tuning and noise occupancy scans are periodically performed to monitor
the performance of the detector. One example of threshold map obtained after the
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Fig. 76.2 (Left) First cosmic ray identified in the IB-HL0, including cluster shape of the track hit
in the three crossed Staves. (Right) Map of the threshold value for all the pixels in the six Staves
included in the IB-HL0 after tuning of the DAC parameters

tuning of the relevant DAC parameters and the effect of this tuning on the threshold
distribution is visible in the right part of Fig. 76.2 for the IB-HL0. Still in the same
Figure, the representation of the first reconstructed track of a cosmic ray is shown.
As can be seen from the detector sketch, the track reconstruction is possible thanks
to the partial overlap of adjacent Staves. It is also interesting to notice how the shape
of the pixel cluster connected to the hit changes in the Staves sequentially crossed:
in the first Stave (number 6), where the particle crossing is almost perpendicular, the
cluster is small; in the second and third Staves (numbers 7 and 8), where the angle
between the track and the chip plane decreases, the cluster becomes bigger and starts
to resemble a piece of track.

From July 2019 the detector is kept powered and running; continuous monitoring
is provided by three shift crews alternating all along the 24 h. Software develop-
ment and hardware integration proceed in parallel as well as preparation of all the
infrastructures in the experimental area for the final installation.
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Chapter 77
LHCb Fixed Target Results
and Prospects

Luciano Libero Pappalardo

Abstract LHCb has the unique capability to study collisions of the LHC beams
on fixed targets. Internal gas targets of He, Ne and Ar have been used so far to
collect samples corresponding to integrated luminosities up to 0.1 pb−1. An upgraded
target, allowing a wider choice of target gas species and to increase the gas density
by up to two orders of magnitude, is going to be installed for the LHC Run 3.
Results and prospects on open and hidden charm productions are presented, which
can provide crucial constraints on cold nuclear-matter effects and nPDF at large x .
These measurements, together with production of p̄ and other light hadrons, are of
great interest to cosmic-ray physics as well.

77.1 The LHCb Fixed-Target Systems SMOG and SMOG2

Fixed-target pA collisions with a proton beam at the TeV scale allow to cover a broad
and diversified physics program at unique kinematic conditions. In particular, due
to the substantial boost of the reaction products in the laboratory frame, fixed-target
collisions measured with a forward spectrometer, such as LHCb, allow to access
the backward center-of-mass rapidity region (−3 < y∗ < 0), corresponding to the
poorly explored high x-Bjorken regime. Furthermore, the use of a gaseous target has
the advantage of allowing for a broad variety of nuclear targets, thus providing novel
probes for the study of the nucleon and nuclear structure, and for measurements
of great interest ranging from heavy-ion physics to cosmic rays physics and Dark
Matter (DM) search.

Among the main LHC experiments, LHCb is the only detector that can already
run both in collider and fixed-target mode. The LHCb fixed-target system, called
SMOG (System for Measuring the Overlap with Gas), was originally conceived for
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Fig. 77.1 Left: SMOG2 storage cell mounted inside LHCb, in front of the VELO detector. Right:
details of the storage cell

precise luminosity determinations through the beam-gas imaging technique [1]. The
SMOG system allows to inject a low flow rate of noble gas into the vacuum vessel
of the LHCb VErtex LOcator (VELO) detector. A temporary local pressure bump
of about 10−7 mbar is obtained in the LHCb beam-pipe section, which is about two
orders of magnitude higher than the nominal LHC vacuum pressure and one order
of magnitude lower than the LHC vacuum interlock limit. The resulting beam-gas
collision rate allows for a precise determination of the beam density profiles. As an
additional important feature, SMOG gives the unique opportunity to operate LHCb
in fixed-target mode, and to study proton-nucleus and nucleus-nucleus collisions on
various target types and at different center-of-mass energies. Several dedicated runs
have already been performed since 2015 using He, Ar, or Ne targets with proton and
Pb beams, and first interesting physics results have recently been published [2, 3].
The system is now being upgraded (SMOG2) with the implementation of a storage
cell for the target gas [4, 5] to be installed at the upstream edge of the VELO,
coaxial with the LHC beam. This new setup has the major advantage of increasing
by up to two orders of magnitude the target areal density (and thus the luminosity),
by injecting the same amount of gas of SMOG. Other important advantages are:
the implementation of a more sophisticated gas-feed system with multiple injection
lines, which will allow for a precise (at few percent-level) determination of the target
density and for the injection of additional gas species (H, D, N, O, Kr and Xe); a well
defined interaction region (limited by the cell length, 20 cm); the possibility to run
in parallel (i.e. simultaneously) with the collider mode, thanks to the significantly
displaced interaction regions for the two configurations. The final design of the
storage cell and its arrangement inside the VELO vessel are shown in Fig. 77.1.
Possible scenarios for the integrated luminosities to be collected with SMOG2 using
different gas targets during the 3 years of LHC Run 3 data-taking are reported in [6].

77.2 Physics Results with SMOG

The LHCb Collaboration has recently reported first measurements of J/� and D0

production using fixed-target p–He and p–Ar collisions with SMOG, at
√
sNN = 87

GeV and
√
sNN = 110 GeV, respectively [3]. Events with J/� and D0 candidates
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Fig. 77.2 Differential cross section for prompt production of J/� (Left) and D0 (Right) in a He
target as a function of the center-of-mass rapidity compared with HELAC-ONIA predictions based
on different parametrizations of nPDFs (details in [3])

have been selected by requiring a reconstructed primary vertex in the fiducial region
−200 mm < zPV < 200 mm, where zPV denotes the primary vertex position along
the beam direction. While J/� candidates are obtained by reconstructing μ+μ−
pairs originating from the Interaction Point (IP), D0 candidates are reconstructed
through the Kπ decayproducts, requiring both tracks to be originated fromacommon
displaced vertex. Prompt J/� and D0 signal yields are then obtained through an
unbinnedMaximumLikelihood fit of the invariant mass distribution of the respective
decay products. The measured differential cross section for prompt production of
J/� and D0 on a He target as a function of the center-of-mass rapidity y∗ are shown
in Fig. 77.2. These measurements are relevant for the study of cold nuclear-matter
effects and allow to constrain the nPDFs parametrizations in the high-x region. The
comparison between data and HELAC-ONIA predictions in the most negative y∗
bin, corresponding to the Bjorken-x region 0.17 < x < 0.37, does not reveal clear
effects of intrinsic charm contributions, expected to be substantial at high x [7].

The SMOG system has also been exploited for direct measurements of antiproton
production in p–He collisions at

√
sNN = 110 GeV [2]. These measurements are

of great relevance in the context of DM search. An excess of antiprotons over cur-
rent predictions based on spallation of primary cosmic rays on interstellar medium
(H and He) has been recently observed by the space-borne PAMELA and AMS-02
experiments. However, present predictions for the p̄/p flux ratio from the known
production sources are limited by large uncertainties on p̄ production cross sec-
tions, especially from He. At LHCb antiprotons are clearly identified by the RICH
detectors in the wide momentum range 12 < p < 100 GeV/c. Figure 77.3 shows,
as an example, the measured differential production cross section as a function of
the antiproton momenta in the transverse-momentum range 1.2 < pT < 2.8 GeV/c.
Noteworthy, the experimental uncertainties are much smaller than the theoretical
predictions spread.
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Fig. 77.3 Antiproton production cross section per He nucleus as a function of momentum in
the 1.2 < pT < 2.8 GeV/c range. The data points are compared with predictions from theoretical
models

77.3 Future Prospects

The implementation of the upgraded SMOG2 system will allow to continue and
extend these studies with a significantly increased statistical precision and with the
possibility to use additional target species, ranging from H up to Kr and Xe. Rele-
vant achievements, in the field of cold-nuclear matter effects and heavy ion physics,
include the possibility to measure prompt beauty production in pA collisions and to
study the sequential charmonia production and QGP-related flow observables and
correlations in PbA collisions. Interesting studies can also be performed in the field of
cosmic rays physics. Measurements of p̄ production from anti-hyperon decays (e.g.
Λ̄, Σ̄) will be possible, and the production of light anti-nuclei (d̄, H̄e) is also fore-
seen. Furthermore, thanks to the possibility to use also H and D targets, one can mea-
sure the ratios σ(pHe → p̄X)/σ (pH → p̄X) and σ(pD → p̄X)/σ (pH → p̄X).
Finally, SMOG2 operated with H and D targets offers unique conditions to probe
quark and gluon PDFs in nucleons and nuclei, especially at high-x and moderately-
high Q2, where present experimental data are largely insufficient to constraint the
theoretical distributions.
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Chapter 78
Perspectives on Strangeness Physics
with the CBM Experiment at FAIR

Iouri Vassiliev

Abstract The main goal of the CBM experiment at FAIR is to study the behavior
of nuclear matter at very high baryonic density. This includes the exploration of the
high density equation of state (EoS), search for the transition to a deconfined and
chirally restored phase, critical endpoint. The promising diagnostic probes for this
new states are the enhanced production of multi-strange (anti-)particles. The CBM
detector is designed to measure such rare diagnostic probes multi-differentially with
unprecedented precision and statistics. Important key observables are the production
of hypernuclei. The discovery and investigation of new (doubly strange-)hypernuclei
and of hyper-matter will shed light on the hyperon-nucleon and hyperon-hyperon
interactions.

78.1 Introduction

Heavy-ion collision experiments allow to create and investigate extreme states of
strongly interacting matter in the wide range of collision energies and colliding
systems. In nature, such extreme states are predicted to exist in the cores of neutron
stars or inside the colliding neutron stars. In the Compressed BaryonicMatter (CBM)
experiment at the Facility for Antiproton and Ion Research (FAIR) ultra-high net-
baryon densities and moderate temperatures will be reached in heavy-ion collisions.
The structures in the QCD phase diagram like the critical endpoint followed by a
first order phase transition at large baryon chemical potential or even new phases,
such as quarkyonic matter, are predicted by different models [1, 2].

Experimental discovery of the structures in the QCD phase diagram provide an
unique information about properties of strongly interacting matter at extreme states,
with fundamental consequences for our understanding on the structure of neutron
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stars, chiral symmetry restoration, and the origin of hadron masses. The CBM exper-
iment will measure very rare probes including multi-strange (anti-)hyperons and
hypernuclei [3] at interaction rates of up to 10 MHz.

78.2 CBM Detector

The CBM detector is a forvard spectrometer designed for heavy-ion collisions at
SIS100 at FAIR. The SIS100 synchrotron will provide heavy-ion (up to Au) beam
energies from 2 to 11 AGeV. The expected collision rate is in the range of 104–107

collisions per second. The Micro-Vertex Detector (MVD) comprises four stations
which are placed between 4 and 20cm downstream the target and inside vacuum.
It will host highly-granular, next-generation Monolithic Active Pixel Sensors, with
a spatial precision of 5 µm, a time resolution of 5 µs, and a peak rate capabil-
ity of 700kHz/mm2. Eight double-sided Silicon Tracking Stations (STS) used as a
main tracker. MVD and STS detectors are located inside a magnetic dipole field.
Electrons are identified with the Ring Imaging Cherenkov (RICH) detector and the
Transition Radiation Detector (TRD), hadrons are identified by the Time-of-Flight
(TOF) detector. The CBM detector allows to replace RICH and the first TRD layers
with sofisticated muon detector (MUCH) in order to provide muons identification.
The setup is completed by the Projectile Spectator Detector (PSD) for centrality and
reaction plane determination. All sub-systems are designed to provide rate capability
and precision to the CBM physics program with rare probes. The high-speed data
acquisition system will collect time-stamped subdetector signals.

78.3 First-Level Event Selection

The First-Level Event Selection (FLES) package of the CBM experiment is created
to reconstruct online the full event topology including tracks of charged particles,
short-lived multi-strange particles and hypernuclei, low mass vector mesons and
resonances in about 200 channels. Tracks of the charged particles are reconstructed
by the Cellular Automaton (CA) track finder [5] using STS or MVD plus STS hits.
The Kalman filter (KF) based track fit is used for precise estimation of the track
parameters and parameters errors. Covariance matrix contains essential information
about tracking and detector performance. The KF particle finder [6] is used in order
to find and reconstruct parameters of short-lived particles by combining the already
found tracks of long-lived charged particles. The FLES package is platform and
operating system independent.
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Fig. 78.1 The reconstructed
invariant-mass distribution of
ΛK− pairs in 5 · 106 central
Au + Au PHSD collisions at
10 AGeV. The red line
indicates the signal plus
background fit by a
polynomial plus Gaussian
function

78.4 Multi-strange Particles

The strange (anti-)particle production has been proposed as one of the most sensi-
tive observables that could spot out the creation of a Quark-Gluon-Plasma (QGP)
during the early stages of a heavy-ion collisions. Droplets of QGP allow to interact
ss̄-quarks and create more multi-strange (anti-)baryons. Moreover, yield of multi-
strange hyperons at FAIR energy is sensitive to the effect of the chiral symmetry
restoration [7]. To study the performance of multi-strange hyperon and hypernu-
clei reconstruction, several sets of 5 · 106 central Au + Au Parton-Hadron-String
Dynamics (PHSD) [8] events at the FAIR energy range have been simulated. High
statistics allows to calculate directly the reconstruction efficiency even for rarely
produced Ω̄+ particles, avoiding signal embedding into simulated events. The TOF
detector identifies hadrons i.e. pions, kaons, protons and fragments, i.e. d, t , 3He and
4He in the angular range covered by the STS detector. A typical reconstructed ΛK−
invariant-mass spectrum is shown in Fig. 78.1. The red line indicates the signal and
background fit by a polynomial plus Gaussian function. The Ω− reconstruction effi-
ciency results in about 4.7% for central PHSD events. A good signal to background
ratio of about 10.8 is observed due to the TOF K− and proton particles identification
procedure and sophisticatedΩ− → ΛK− decay reconstruction with the KF Particle
package.

78.5 Hypernuclei

Singly and doubly strange hypernuclei will be produced in heavy-ion collisions with
the maximum yield in the region of SIS100 energies [9, 10]. Beam energies avail-
able at SIS100 appear to be especially well suited for generating signals of the phase
transition, and offer an opportunity to address fundamental scientific questions: how
far can we extend the chart of nuclei towards the third (strange) dimension by pro-
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Fig. 78.2 A reconstructed 4
ΛΛH→ π− 4

ΛHe→ 2π− p3He decay topology (left). The reconstructed
invariant-mass spectrum of 4ΛHeπ

− (right) in 1012 central Au + Au collisions at 10 AGeV. The red
line indicates the signal plus background fit by a polynomial plus Gaussian function

ducing singly and doubly strange hypernuclei? Does strange matter exist in the form
of heavy multi-strange objects? The current KF Particle package includes searching
for the bound state of {Λn}b and {Λnn}b, singly strange 3

ΛH,
4
ΛH,

4
ΛHe,

5
ΛHe, dou-

bly strange hypernuclei-4ΛΛH,
5
ΛΛH and 6

ΛΛHe and corresponding anti-particles. A
reconstructed 4

ΛΛH → π− 4
ΛHe → 2π− p3He decay is shown in Fig. 78.2(left). 4ΛΛH

hypernuclei are created at the primary vertex and decay to π− 4
ΛHe several centime-

ters downstream of the target, 4ΛHe decay in the STS detector to π− p3He. Presence
of the 3He fragment in a 3-prong detached vertex is a unique signature of such decay.
The reconstructed invariant-mass spectrum of π− p3He is shown in Fig. 78.2(right).
Combinatorial background events is due to misidentified high-momentum hadrons
in the sample of 3He selected particles.

Assuming the 4
ΛΛHproductionmultiplicity for centralAu+Auevents at 10 AGeV

is about 1 · 10−4 [9, 10], a reaction rate of 106 central events/s, a branching ratio of
10% for two sequential weak decays, and an efficiency of 2.3%, one would expect
to measure within one week about 14k of 4

ΛΛH.

78.6 Conclusions

The main goal of the CBM research program is to explore the QCD phase diagram
in the region of neutron star core densities. This includes study of the EoS of nuclear
matter and search for new hypothetic phases. The start version of the CBM detector
will be able to measure rare diagnostic probes, such as multi-strange (anti-)hyperons,
hypernuclei and lepton pairs with unprecedented precision and statistics. In order to
achieve the required precision for multi-differential observables, the measurements
will be performed at reaction rates between 10 and 10 MHz.
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Chapter 79
Status and Prospects at NICA

Vladimir Kekelidze, Vadim Kolesnikov, Viktor Matveev, and Alexander Sorin

Abstract The new accelerator complex NICA (Nuclotron-based Ion Collider fAcil-
ity) is under construction at JINR (Dubna, Russia). The main physics goal of the
NICA project is the experimental exploration of the properties of nuclear matter
under extreme condition. The MPD experiment is foreseen for study heavy-ion col-
lisions at the NICA collider. The current status of the NICA project is presented.

79.1 Introduction

Relativistic nucleus-nucleus collisions provide the unique possibility for experimen-
tal investigation of dense nuclear matter in the laboratory. The structure of the phase
diagram of strongly interactingmatter in the region of high baryon density has gained
a great attention in recent years. Since the existing theoretical methods are limited
in describing fundamental characteristics of nuclear matter at finite baryochemical
potential, including confinement and chiral symmetry breaking, new experimental
data in this domain are of great importance. Due to these reasons, a new project
has been launched at JINR aimed in building of a new accelerator facility for heavy
ions and conducting comprehensive studies of nuclear matter in the range of colli-
sion energies where the net-baryon density has the maximum [1]. The NICA sci-
entific program will address a variety of physics phenomena, including study of
the nature of phase transitions in dense hadronic matter, in-medium modification of
hadron properties, features of hyperon-nucleon interaction and critical phenomena
in the QCD matter at high baryon density [2]. In particular, an energy scan will
be performed in the energy range 4 <

√
sNN < 11 GeV with the intent to investi-

gate the nuclear matter Equation of State (EoS), to study the excitation function of
the production of hadrons and (hyper)nuclei, to investigate the energy and system
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size dependence for event-by-event fluctuations and correlations, and to address the
modifications of dilepton invariant mass spectra in dense medium [3]. For a proper
normalization of the measurements from heavy-ion collisions, a study of elementary
reactions is foreseen. The energy range at the NICA collider will be extended to the
lower energy region with the Nuclotron accelerator extracting beams focusing on the
investigation of the reaction dynamics, in-medium hadron properties, production of
multistrange hyperons at the threshold, and search for hyper-nuclei [4]. Production
of strangeness is of particular interest. Strange hadrons are valuable probes in the
study of reaction dynamics and particle production mechanisms. Moreover, it was
predicted that if the deconfinement phase transition has happened in a heavy-ion col-
lision, enhanced production of strange hadrons (relative to the yields from elementary
pp reactions) is expected [5]. The enhancement of strangeness increases with the
strangeness content exhibiting non-trivial energy and centrality dependence. In order
to better understand the nature and dynamics of phase transformations in hadronic
matter, new precise experimental data on the production of hyperons are requested,
including results for the yields, rapidity distributions, transverse momentum spec-
tra, and azimuthal anisotropy. Strongly interacting matter, created in a heavy-ion
collision at finite impact parameter, has a non-zero vorticity due to a large global
orbital angular momentum in the system. The vorticity field may cause the global
polarization characterized by the polarization of the secondary particles along the
direction of this orbitalmomentum.Experimental data from theRHICaccelerator and
theoretical calculations indicate that the polarization degree of produced hyperons is
growing towards NICA energies [6]. Dense nuclear matter favors formation of exotic
nuclei with strange degrees of freedom—hypernuclei. Hypernuclear spectroscopy is
a unique experimental method to probe the properties of the hyperon-nucleon inter-
actions. Since the energy range of the NICA covers the maximum-density region
for net-baryons, the yields of nuclear clusters with strangeness are predicted to be
enhanced considerably [7].

79.2 The NICA Accelerator Complex

Figure79.1 (left panel) shows the NICA accelerator complex including an injector,
a booster, the Nuclotron accelerator, and a collider. The NICA injector, which com-
prises a heavy-ion source and linear accelerator for heavy ions, should provide beams
of ions (up to gold nuclei) with a design intensity of 2 · 109 particles per cycle. The
booster synchrotron with its magnetic ring of 211m circumference placed inside of
the window of the existing Dubna Synchrophasotron yoke should accelerate ions
up to 600 MeV/nucleon energy. The superconducting synchrotron Nuclotron, which
is in operation since 1993 and recentlywas essentially upgraded, should provide p, d,
and heavy-ion beams with the maximum kinetic energy per nucleon of 5.8 GeV for
A/Z= 0.5 specie and 4.5 GeV for lead nuclei. The collider is composed of two rings,
of about 503m circumference each, separated vertically. The magnetic structure of
the collider is based on double-aperture superconductive (SC) magnets, which pro-
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Fig. 79.1 Left: A schematic view of the NICA accelerator complex. Right: Booster magnets in the
tunnel

vide the maximum field up to 1.8 T. Given to the modern electron and stochastic
cooling systems at NICA, the achieved collider luminosity for gold ions will be of
the order of 1027 cm−2s−1. NICA is also the accelerator of polarized protons and
deuterons. It should provide beams of polarized protons up to center-of-mass energy
of 27 GeV with the luminosity of 1032 cm−2s−1.

At present, all magnets for the booster has being constructed and tested, commis-
sioning of the booster is ongoing (see Fig. 79.1, right panel). The Nuclotron accel-
erator is now routinely used to provide beam for fixed target experiments. Serial
fabrication of the magnets for the NICA collider and construction of the new NICA
infrastructure, including buildings, transfer lines, service and supply systems, is pro-
gressing according to plan.

79.3 The MPD Detector at NICA

The MultiPurpose Detector (MPD) at the NICA collider is a large acceptance
solenoidal detector designed to detect hadrons, electrons and gammas [8]. It con-
sists of several subsystems (see Fig. 79.2) located inside a superconducting solenoid
generating a magnetic field of up to 0.6 T. In order to ensure the good tracking res-
olution, the magnetic field inhomogeneity inside the MPD tracking volume should
be less than 10−3.

The main tracker in the MPD detector is a cylindrical Time-Projection Chamber
(TPC) 3.4 m long and 2.8 m in diameter. The TPC covers the pseudorapidity range
|η| < 2. It provides more than 95% efficiency in track reconstruction with a relative
momentum resolution �pt/pt below 3% within 0.2 < pt < 2 GeV/c. In addition to
that, the TPC will enable particle identification via the specific energy loss (dE/dx)
measurement with a precision better than 8%. At forward pseudorapidities tracking
in TPC will be supplemented by a multi-layer end cap tracker (ECT) located just
after the TPC end plates. The Inner Tracker (IT), which will bemade of several layers
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Fig. 79.2 A view of the
MPD detector at the NICA
collider

of double-sided silicon microstrip detectors. Its primary function will be to provide
precision tracking points allowing determination of the position of secondary decay
vertices displaced from the primary vertex. The MPD Time-of-Flight (TOF) system,
which is situated just behind the TPC, covers a 25 m2 area over the pseudorapidity
range |η| < 1.4. The purpose of the TOF system, based on themultigap resistive plate
chamber (MRPC) technology, is to extent the TPC particle identification capability
into the intermediate momentum region. With the overall time resolution of the
systemof 80 ps,π /K separation up to 1.3GeV/c andK/p separation up to 2GeV/cwill
be real. The Electromagnetic Calorimeter (ECAL) is designed to measure the spatial
position and energy of electrons and photons. It comprises of about 38000 of lead-
scintillator sampling towers of 18 radiation length thickness, which are organized in a
projective geometry to ensure uniform detector performance of themeasured value of
the energy deposit over a wide pseudorapidity range. Arrays of quartz counters (FD)
should define the minimum-bias trigger and provide fast timing to the experiment.
Two arms of hadron calorimeters (FHCAL) covering the peudorapidity range 2.5 <

|η| < 4 will detect the energy deposit of forward going particles providing data for
the offline centrality estimate and event plane analysis. A more detailed description
of the detector components can be found elsewhere [9].

The MPD Collaboration is now in the process of industrial production of detector
elements. For example, the yoke for the unique MPD superconductive magnet has
been delivered to Dubna recently (see Fig. 79.3, left panel), the magnet solenoid has
been fabricated and now is under tests (see Fig. 79.3, right panel).

79.4 Results of Feasibility Study at NICA

In order to get realistic estimates for the performance of theMPD experimental setup,
a dedicated ROOT-based software framework—MPDRoot has been developed [10].
The MPRoot system comprises interfaces to various event generators and provides



79 Status and Prospects at NICA 507

Fig. 79.3 Left: The yoke of the MPD magnet. Right: The MPD magnet solenoid

Fig. 79.4 Invariant mass spectra for: � (a) and � (b)

propagation of particles through the detector material based on the GEANT package.
A collection of special class libraries describes relevant responses of all MPD sub-
systems and provides multiple reconstruction algorithms. In the following, several
selected results of multiple Monte Carlo studies are outlined, more feasibility study
results for MPD can be found elsewhere [11].

The MPD performance for hyperons and hypernuclei measurements was stud-
ied for the combination of TPC and TOF detectors within the midrapidity region
(|η| < 1.2). A sample of 2 × 106 minimumbiasAu+Au collisions at

√
sNN = 9GeV

from the PHSD event generator [12] was used as an input for the study of hyperon
production, and the event generator DCM-QGSM [13], implementing a coalescence-
based algorithm for (hyper)nuclei formation, was used for simulation of hypernuclei.
The analysis procedure includes particle propagation, detector response simulation,
track reconstruction, primary and secondary vertex finding, and particle identifi-
cation. Hyperons and hypernuclei were reconstructed using the secondary vertex
finding technique with an optimized set of topological and track quality cuts in order
to reduce the combinatorial background. This allowed invariant mass spectra of �-
hyperons and �̄ in the whole pt -range to be plotted as in Fig. 79.4. The estimated
efficiencies and signal-to-background (S/B) ratios are also indicated in the figure.

Figure79.5a shows the invariantmass distribution of (3He,π−) pairs after subtrac-
tion of the combinatorial background. The results for reconstruction of hyperhelium-
4 are shown in Fig. 79.5b. Given to the results achieved in MPD feasibility study, we



508 V. Kekelidze et al.

Fig. 79.5 a Invariant mass spectra of (3He, π−) pairs; and b invariant mass spectra for (3He, p,
π−) candidates

can estimated that with a typical event rate of 7kHz for the design NICA luminosity
a sample of about 105 hypertritons can be collected in a week of data taking.

79.5 Summary

Realization of the NICA project at JINR will provide new opportunities for the
experimental exploration of nuclear matter of the highest baryonic density. The con-
struction of the accelerator complex and experimental setups at NICA is going close
to the schedule enabling the start-up configurations of the collider and detectors be
ready in 2022.
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Chapter 80
Prospects for Electron-Ion Colliders

Silvia Dalla Torre

Abstract Several projects of electron-ion colliders are being proposed worldwide
involving a broad scientific community. The overall panorama is presented, with
emphasis on the projects with shorter timescale andmoremature technology, namely
the EIC in USA and the LHeC proposed at CERN. In particular, the first level of the
decisional process for EIC is expected within 2019.

80.1 The Worldwide Panorama

A compilation of the proposals for electron-ion colliders around the world from [1]
is presented in Table80.1. The number of the proposed projects and their world-
wide distribution test of the wide scientific interest: it is estimated that the involved
community includes 2000 scientists [1].

All the projects foresee, beyond electron scattering off proton, scattering off a
variety of nuclei. Electron and light nuclei polarization is a major tool characterizing
some of the projects. A large variety of center of mass energy Ecm and luminosity
L can be observed, corresponding more to complementary aspects of the projects
than to competition. The most promising new proposals couple high energy and
high luminosity. Therefore, they offer the possibility of precision measurements and
extended exploration in large phase-space domains.

The double handle of high Ecm and high L was not available till now. In fact,
so far, all the experiments dedicated to electron-hadron scattering have been fixed
target ones, a part the experiments atHERA,DESY. Infix target experiments, electron
beams can provide high luminosity, even if at modest Ecm, as in the past experiments
at SLAC and the ongoing program at Jlab. Higher energies are available at the unique
high energy μ beam at CERN SPS, where high L is more difficult. Nevertheless,
key steps in the exploration of Deep Inelastic Scattering (DIS) physics have been
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Table 80.1 Overview of proposed electron-hadron colliders. (data from [1])

Facility Years Ecm (GeV) Luminosity
(1033cm−2s−1)

Ions Polarization

EIC in US >2028 20–100 →
140

2–30 p → U e, p, d, 3He, Li

EicC in China >2028 16–34 1 → 100 p → Pb e, p, light
nuclei

(HE-)LHeC at
CERN

>2030 200–1300
(1800)

10 Depends on
LHC

e possible

PEPIC at
CERN

>2025 530 → 1400 <10−1 Depends on
LHC

e possible

VHEeP at
CERN

>2030 1000–9000 10−5–10−4 Depends on
LHC

e possible

FCC-eh at
CERN

>2044 3500 15 Depends on
FCC-hh

e possible

performed with the experiments EMC, BCDMS, NMC, SMC and COMPASS, the
last one still in operation.

HERA, the only e-p collider so far, has offered extremely high energy even if with
modest L. Also the HERMES experiment, running at the HERA electron beam and
making use of an internal gas jet target, was limited in L.

The proposed collider projects have very differentmaturity level and some of them
are very far in time. In particular, FCC-eh at CERN, included in the recent CERN
FCC Conceptual Design Report [2] cannot become operational in less than 25 years,
while PEPIC and VIEeP [3] are based on a novel electron acceleration technology,
namely proton-driven plasmawakefield acceleration, currently been developed. They
promise extremely high Ecm, even if with low L.

EIC [4], EicC [5] and LHeC [6], discussed in the following sections, are projects
based on better consolidate technologies with perspectives for physics in a time term
of about ten years.

80.2 The Large Hadron Electron Collider (LHeC) at CERN

In this proposal, one of the high energy LHC ion beams collides with electrons at
maximum nominal energy of 60 GeV; 40 GeV and 50 GeV options are also been
considered. The electrons are accelerated by an Energy Recovery Linac (ERL), a
technology under development thanks to the project PERLE based in Orsay. The
same scheme can later be proposed for the HE-LHC and the FCC. The corresponding
Ecm is 1.3 TeV (LHC), 1.8 TeV (He-LHC) and 3.5 TeV (FCC). The LHeC expected
ep L is 1034 cm−2s−1, 1031 cm−2s−1 for eD and 3×1032 cm−2s−1 for ePb.
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The LHeC scientific case ismulti-folded. The capability for high resolution explo-
ration of the nucleon and nucleus structure in an extremely wide phase space domain
will contribute to progress in QCD understanding. Present limitations in the knowl-
edge of the gluon structure function at small and at large xBjorken will be overcome
thanks to high energy and highL, respectively. LHeChas amission in empowering the
LHC program, where the uncertainties in Parton Distribution Functions (PDF) limit
the precision in measuring the Higgs properties and the search of Physics Beyond
the Standard Model (BSM). It can also act as low-cost Higgs factory, where the
Higgs boson is produced via the WW or ZZ channel, with production rates lower,
but comparable to those of dedicated e+e− factories [7]. The clean pattern of lepton
scattering events offers novel opportunities in search of exotic particles.

80.3 The Electron-Ion Collider (EIC) in USA

80.3.1 The Electron-Ion Collider Accelerator Facility

The facility specifications are characterized by a wide coverage in Ecm , high lumi-
nosity, a large variety of nuclear beams and the polarization of the beams of both
electron and light nuclei.More in detail: Ecm in the range 20–140GeV; nuclear beams
from H to Pb/U; L up to 1034 cm−2s−1 for ep collisions; highly polarized (80%) e
beams; highly polarized (70%) p beams; interaction regions specifically designed to
ensure full 4-π coverage.

Two options are proposed [8] in two different sites: JLEIC to be constructed at
Jefferson Lababoratory (Jlab) and eRHIC to be constructed at Brookhaven National
Labaratory (BNL). Both designs benefit from existing nuclear physics infrastructure
and are based on the same accelerator principles: electron storage rings with frequent
injection of fresh polarized beams and hadron storage rings with strong cooling or
alternatively frequent injections.

JLEIC profits of the existingCEBAF facility providing 12GeVpolarized electron,
while all the other facility components are new. Electrons fromCEBAFare injected in
an eight-shaped storage ring. The h complex consists in a source, acceleration stages
and an eight-shaped collider ring. The eight-figure ring design ensures polarization
preservation, polarization management and spin-flip. High L is via frequent e and
ion injection, full-size ion injection and multistage magnetized electron cooling of
the ion beam. Operation at 140 GeV is possible changing the magnet technology in
order to use 12T bending dipoles.

eRHIC makes use of the whole existing RHIC complex, with minimal modifi-
cations: the storage ring, injectors, ion sources, tunnel and experimental halls. The
electron complex is new and it can provide polarized electrons with energy up to
18 GeV, injected on energy in a novel storage ring added in the existing RHIC tun-
nel. In particular, the design of the e rapid cycling synchrotron is innovative: all
systematic depolarizing resonances in e acceleration are suppressed up to energies
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higher than 18 GeV. High luminosity can profit of the technologically challenging
strong h cooling. A valid alternative is the use of the second RHIC superconducting
ring, for on-energy injections into the collider ring, replacing the hadron bunches
after 1h of storage.

A crossing angle of the two beams is necessary to avoid parasitic collisions due
to short bunch spacing, make space for machine elements, improve detection and
reduce detector background. The angle is 50 mrad at JLEIC and 25 mrad at eRHIC.

80.3.2 Detectors for Physics at the Electron-Ion Collider

The physics opportunities at EIC are intimately connected to the overall design of the
experiments and to the performance of the required detectors. From the experimental
point of view, the broad physics EIC program can be accomplished by the study of (i)
inclusive reactions, (ii) semi-inclusive and (iii) exclusive processes.Correspondingly,
the main requirements for the experimental apparatus follow, adding more and more
complexity while moving from reactions (i) to (iii):

– Precise scattered electron identification and extremely fine resolution in the mea-
surement of its angle and energy, where the electromagnetic calorimeter system
must also provide highly efficient trigger capabilities for inclusive reactions (i)
and all the other experimental channels; the pseudorapidity η interval to be cover
is |η| <3.5 and electron-hadron discrimination at the 10−4 level results in different
requirements for the energy resolution in different phase space regions: from 2 to
3%/

√
(E) to 7%/

√
(E); very low material budget in the rear direction of the order

of 5% X0 is also required;
– More is needed to access the semi-inclusive processes (ii): excellent hadron iden-
tification over a wide momentum and rapidity range, from below 1 GeV/c up to
50 GeV/c, full 2π acceptance for tracking and momentum analysis and excellent
vertex resolution of 10–20 µm by a low-mass vertex detector;

– Exclusive reactions (iii) impose the capability to accurately reconstruct all particles
in the event, the complete hermeticity of the setup with very forward detectors as
Roman pots, and large acceptance zero-degree calorimetry to effectively detect
neutrons from the breakup of nuclei;

– The entire experimental programwill require the precise control of the luminosity;
– The polarized beams impose the use of electron and light nucleus polarimeters.

Four detector concepts are being discussed, all including the basic ingredients
mentioned above. TOPSIDE is almost fully based on silicon detectors. ePHENIX
is a detector, primarely designed for eRHIC, where the sPHENIX setup is completed
with hermeticity and particle identification. sPHENIX TPC performs central track-
ing. In BEAST, also designed for eRHIC, the central tracking is again by a TPC in
a strong magnetic field of 3 T. The dedicated JLEIC detector uses a set of gaseous
trackers around the central vertex detector.
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80.3.3 The Physics Case for the Electron-Ion Collider

EIC mission is understanding QCD with particular attention paid to the non-
perturbative effects. The goal is to answer key questions as the complete 3-D descrip-
tion of nucleons and nuclei, the understanding of their properties, including themass,
from their parton composition, the role of the colour in the interaction between
coloured partons and uncoulored particles and the formation of coulorless confined
states. The following examples test of the many EIC potentialities.

A fundamental tool for the exploration depicted above is polarization. The open
question concerning the nature the nucleon spin can only be attacked with high preci-
sion and high statistic measurements to explore the elusive contribution of the orbital
angular momentum of the partons. The polarized function distributions depending on
the transverse polarization are very marginally known and need EIC for a systematic
exploration.

The study of the evolution of the parton see in the nuclei needs high statistics,
variety of nuclei and variable Ecm . The intriguing question of the gluon saturation
at small values of xBjorken can be attacked with delicate exclusive measurements in
diffractive channels.

EIC can largely contribute to increase the precision in the knowledge of the nuclear
PDFs, where, once more, the variety of the available nuclei represents a powerful
handle.

At the highest luminosities, it will be possible to perform test of the electroweek
fundamental symmetry, opening a window on possible effects of new physics.

80.3.4 Realization Perspectives for the Electron-Ion Collider

The EIC-dedicated white book, published in 2012 and revised in 2014 [4], has set the
basis for one of the main recommendation of The 2015 Long Range Plan for Nuclear
Science [9]: EIC is the main priority for new facility construction. The project has
been scrutinized by theNationalAccademyofScience-Engineering-Medicine: a very
positive judgement has been express in the Accademy report [10], formally opening
theway to the project approval. TheUSADepartment Of Energy (DOE) has included
EIC in its budget justification for 2020 [11], planning the mission approval in 2019.

This extremely positive perspectives are complemented by the wide international
community supporting EIC. The EIC User Group (EICUG) [12] has almost 900
members, extremely active: EICUG annual meetings, the annual dedicated confer-
ence Physics Opportunities at an ElecTron-Ion Collider(POETIC) [13], the working
groups and more.

Themature decision-making process, the wide and committed community as well
as the advanced status of the accelerator designs indicate that the project is mature
and very near to approval.
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80.4 The Electron-Ion Collider (EicC) in China

AHigh-Intensity Heavy IonAccelerator Facility (HIAF) is presently under construc-
tion in Huizhou, Guandong province, for interdisciplinary studies. An electron-ion
collider can be formed adding an adequate electron complex and an ion accelera-
tion and interaction ring. In a first version (EicC-I), the beam energies are 3.5 GeV
for e and 20 GeV for p, with polarization of, respectively, 80% and 70% and L of
(1–5)×1033 cm−2s−1. p, D and 3He beams are foreseen. A following phase (EicC-
II) can offer higher energies: 10 GeV for e and 60–200 GeV for p and higher L:
5×1034 cm−2s−1.

A white book about the EicC is in preparation to be submitted within 2019.

80.5 Conclusions

Perspectives for the Electron-Ion Colliders have been presented by facts, the main
ones recalled in the following. A large and active community is at work, as also tested
by the several proposals all over the world. The physics reach is broad, mainly cen-
tered in exploring and understanding QCD, while these facilities have also a mission
in empowering high energy hadron colliders and they have discovery capability in
the BSM sector. The different projects, covering different phase space regions, and
offering different research handles, as, for instance, polarization, are intrinsically
complementary.

There are concrete perspectives for USA EIC approval in 2019.
A future where key issues in physics are accessed by Electron-Ion Colliders is

concretely in front of us.
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Chapter 81
Theory Summary at Strangeness
in Quark Matter 2019

Jacquelyn Noronha-Hostler

Abstract This is the theory summary of Strangeness in Quark Matter 2019 confer-
ence. Results include the state-of-the-art updates to the Quantum Chromodynamics
(QCD) phase diagram with contributions both from heavy-ion collisions and nuclear
astrophysics, studies on the QCD freeze-out lines, and several aspects regarding
small systems including collectivity, heavy flavor dynamics, strangeness, and hard
probes.

Keywords Heavy-ion Collisions · Quantum chromodynamics · Nuclear
astrophysics

81.1 Introduction

One of the crucial signatures for the discovery of the Quark Gluon Plasma (QGP)
was the measurement of strangeness enhancement due to the ease of producing more
strangeness particles from gluon interactions or an annihilation of a light quark anti-
quark pair. Since that time the study of strangeness has evolved significantly. For
instance, now that it is understood that the Quantum Chromodynamic (QCD) phase
transition is a cross-over [1], contrasting observables of light versus strange hadrons
can provide insight into properties of this transition. Connected to the same QCD
phase diagram but in the baryon rich regime, the interactions of strange hadrons are
a necessary input to the QCD equation of state and can put constraints on the mass
radius relationship of neutron stars.

The natural next step is then studying the charm quark, which may not be ther-
malized with the rest of the QGP and can provide orthogonal information about its
properties. In fact, charm quarks appear to be a particularly interesting probe in small
systems [2] and may provide key information to determine the limits of size of the
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QGP. However, one should caution that it is important to use realistic medium in
theoretical descriptions, otherwise the results may be misleading.

In this theory summary of Strangeness in Quark Matter 2019, I provide an
overview of the latest breakthroughs in relativistic heavy-ion collisions and nuclear
astrophysics that give insight into strange and charm quarks.

81.2 QCD Phase Diagram: From Heavy-Ion Collisions
to Neutron Stars

Over the last few years significant advancements have been made to the QCD phase
diagram. The left side of Fig. 81.1 demonstrates the most recent reconstruction of
the QCD equation of state based on Lattice QCD results for an equation of state with
three conserved charges: baryon number, strangeness, and electric charge where
one finds that the assumption of strangeness neutrality pushes experiments to larger
baryon chemical potentials [3]. This implies that relativistic heavy ion collisions
may possibly be closer to nuclear astrophysics than originally expected. In nuclear
astrophysics it is possible to reach quite high temperatures in neutron star mergers
(see Fig. 81.1 on the right) and gravitational waves may provide hints if deconfined
matter is at the core of neutron stars [4].

At μB = 0 the phase transition is a cross-over [1] and it is anticipated that at
larger baryon densities a critical point may be discovered followed by a first-order
phase transition line that may be reached in neutron star mergers or proto-neutron
stars. One of the primary signals of such a critical point is the kurtosis of net-proton
fluctuations [5, 6]. However, caveats exist once one considers finite size effects,
centrality binning, and detector efficiencies [7, 8].

One of the crucial questions in nuclear astrophysics is: what is the state of matter
at the core of a neutron star? Is it deconfined matter, just protons/neutrons, or strange

Fig. 81.1 QCD phase diagram from Lattice QCD (left) with BSQ conserved charges from [3].
On the right is the estimated range in the QCD that neutron star mergers may reach using ideal
relativistic hydrodynamic calculations coupled to GR [4]
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baryons (and their non-trivial interactions)? A possible signal for deconfiment would
be the measurement of mass twins, which are stars that have the samemass but vastly
different radii [9–11]. Additionally, it is important to properly understand repulsive
versus attractive hyperon interactions since the addition of hyperons can affect the
mass radius relationship [12–14].

Unlike in most studies of phase transitions in fields like condensed matter, in
nuclear physics the system may be far from equilibrium and transport coefficients
play a significant role in the search for a critical point/first order phase transition.
Shear and bulk viscosity need to be calculated at finite baryon densities [15]. In
heavy-ions where BSQ conserved charges are relevant, this also then leads to three
diffusion transport coefficients for each conserved charges, which have been thus
far been calculated in kinetic theory or non-conformal holographic models [16–21].
Unlike in heavy-ions, in neutron star mergers the transport coefficients stem from
weak interactions [22, 23], which must eventually be incorporated into relativis-
tic hydrodynamic calculations coupled to general relativity [24] (specifically bulk
viscosity).

81.2.1 Freeze-Out

While each event in heavy-ion collisions (or single neutron star merger1) passes
through the phase diagram in a unique manner depending on its initial conditions
(expanding and cooling over time), one can measure the point of chemical freeze-out
using identified particle yields [25, 26] and fluctuations [6, 27–29].

There is a tension between yields of light and strange particles in hadronic yield
comparisons with thermal fits [26]. Fluctuations of conserved charges [30, 31]
demonstrate a preference for a flavor hierarchy i.e. strange hadrons freezing out at a
higher temperature than light hadrons. Additionally, transport models reveal a sim-
ilar conclusion [32]. To explore this further, STAR has measured cross-correlations
between conserved charges using certain identified hadrons [33]. However, it may be
that there are alternative proxies for BSQ conserved charges that would be a better
for direct comparisons to Lattice QCD [34].

Following chemical freeze-out, one expects that kinetic freeze-out is achieved
(although at very low beam energies the two appear to converge to the same temper-
ature [35]). Recently, HADES used virtual photons to estimate temperatures reached
at very low beam energies [36] and found that the temperatures may be somewhat
higher than originally expected.

One challenge to the thermalization picture comes from the recently measured
light nuclei that appear to followyields calculated from thermal fits.Questions remain
in terms of interpreting these results and their implications [37, 38].

1I am currently unaware of an equivalent measurement to freeze-out in neutron star mergers but
hypothesize that nuclei abundances would be a potential candidate.
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81.2.2 Hadron Spectrum

Understanding both the total number of possible hadrons and their interactions are
fundamental to both the understanding of the hadron gas phase in heavy ion colli-
sions and the composition of the core of neutron stars. Recently, partial pressures
were used to constrain the particle spectrum [39] and it was found that even reso-
nances with the most experimental uncertainty are needed to reproduce Lattice QCD
results. However, the inclusion of in-medium effects of the HRG could also repro-
duce these partial pressures [40]. Additionally, significant progress has been made
in understanding hyperon interactions in Lattice QCD [41], which may have wide
reaching effects.

81.3 Heavy Flavor and Hard Probes

Because of the large mass of the heavy quarks, charm quarks should likely have
much longer thermalization times [42]. To understand the degree of thermalization
of the charm quarks, the effect of charm conservation was studied [43] and predicts
a very large differences in the Ds/D0 ratio, if charm is conserved.

Since the very first event-by-event heavy flavor [44] and hard probe calculations
[45]many new observables have been proposed that correlate the soft and hard/heavy
sectors [46, 47]. For instance, it was first suggested in [48] that the event plane angle
of higher order harmonics or hard probes would be less and less correlated with the
soft event plane angle. This was further confirmed in [46, 47, 49]. Then in [50] a new
correlation function was proposed in order to study the interplay with the soft and
heavy flavor sectors, which also found that the higher harmonics are less correlated
with the soft sector.

One important caveat in most heavy flavor studies is that the hydrodynamic back-
ground can play a significant role if not tuned properly to the soft sector. In [51] it was
found that multiple heavy flavor models may appear to all simultaneouslymatch both
RAA and v2, however, once identical backgrounds were taken for all models wide
variationswere seen comparing to the same observables. In [49] two different choices
in initial conditions were compared to experimental data and v2{4}/v2{2}(pT ) of D
mesons appeared to be the best choice to distinguish between the two initial condition
models.

Heavy flavor studies are sensitive to coalescence and fragmentation [52]. Addi-
tionally, understanding the origin of the heavy flavor transport coefficients in a
strongly coupled [53] versus weakly coupled approach is important to understanding
the properties of the QGP. While the soft gluon approximation is well motivated, it
was found that its effect on suppression is negligible [54]. Finally, taking the ratio
of the RAA in different collision sizes, may give insight into the path length depen-
dence [55].
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81.4 Small Systems

One of the newest frontiers of high-energy nuclear physics is the understanding on
the limits of the smallest droplet of the Quark Gluon Plasma. Relativistic hydro-
dynamic models reproduce collective flow observables reasonably well, however,
other signatures of the Quark Gluon Plasma are not as well understood. Even for
collective flow, significant questions remain about the nature of the initial conditions
[56] and the approach to hydrodynamics [57–60]. Alternative approaches are also
being explored using PYTHIA+URQMD [61] and fluctuations derived from QCD
interactions [62].

One fundamental question in small systems is if quarks of different flavors have
sufficient time to reach thermalization. Recently, the ALICE collaboration published
a paper [63] where they found an enhancement of strangeness in small systems that
could not be explained by existingmodels. Using effective kinetic theory, in [64] they
estimated that the minimum multiplicity to live long enough to reach thermalization
would be dN/dη � 100. However, if one considers a core-corona model, it appears
that there is still a significant contribution from the core down to dN/dη � 10 [65,
66].

It was originally thought that the chiral magnetic effect (CME) should only appear
in large systems, however, in [67] it was found to have a significant signal in pPb
collisions. Interestingly, enough it appears that when one fully incorporates electro-
magnetic fields in PHSD that one can obtain a splitting of charge in pPb [68]. Further
developments in magnetohydrodynamics have also been made [69] that will also be
relevant to future CME studies.

While collective flow and strangeness enhancement have been measured in small
systems, the suppression of hard probes and heavy flavor has not (i.e. RpPb ∼ 1). In
[70] an intermediate system size scan for D mesons was proposed to see the pro-
gression of RAA → 1 with shrinking system size and to make centrality comparisons
of v2, which has a non-trivial relationship with system size due to the increase in
eccentricity with decreasing system size. This is an especially interest proposal con-
sidering that D mesons appear to be sensitive to out-of-equilibrium dynamics [71].
For the effect of quarkonium in small systems see [72].

81.5 Outlook

The study of strange and charm quarks has branched off into many new and unex-
pected directions that probe the fundamental theory of strongly interactions. For
instance, D mesons may be used to further study far-from-equilibrium hydrody-
namic behavior in small systems because of the unique information they can provide
in contrast to light flow observables. For the QCD equation of state, one expects that
new collaborations will spring up between heavy-ion physicists and nuclear astro-
physicists who are willing to work together to better map out the QCD phase diagram
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at finite baryon densities. This could lead to full BSQ hydrodynamic calculations in
heavy-ion collisions and the possibility of viscous fluid calculations coupled to GR
in neutron star mergers. Further developments into magnetohydrodynamics and vor-
ticity are also needed to better understand effects especially important at low beam
energies. Of course, much needed context for these theoretical calculations will be
provided by the Beam Energy Scan II and NICER data that are expected to appear
soon.
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Chapter 82
Strangeness in Quark Matter 2019:
Experimental Highlights

David Dobrigkeit Chinellato

Abstract This document summarizes selected experimental highlights of the
Strangeness in Quark Matter 2019 conference grouped into a few broad categories.

82.1 Precision Studies of Light-Flavour Particle Production
Mechanisms

A significant number of measurements of identified particle yields has already been
performed over the past several years at the LHC, which has led to unprecedented
understanding of the statistical properties of hadronization. Still, some details, such
as the anomalous proton-to-pion ratio, remain illusive and have prompted further
studies. One recent approach in which a statistical hadronization model is employed
considering also resonant and non-resonant πN and ππN interactions succeeded in
describing identified particle yields within uncertainties [1], while other phenomeno-
logical efforts incorporating a sequential freezeout also have been shown to succeed
[2]. It is clear that further input must also come from experiment in order to shed
further light on particle production mechanisms.

Many innovative techniques are being explored to provide further information,
with specific emphasis on the transition from the low-multiplicity regime of pp col-
lisions to the high-multiplicity environment of nucleus–nucleus collisions, where
hadrochemistry still exhibits significant dynamics, as seen in Fig. 82.1. Charged-
particle spectra measurements by ALICE in pp collisions selected according to a
transverse activity classifier RT show that this technique allows for jet-like struc-
tures to be disentangled from the underlying event (UE) [4]. Similarly, two-particle
correlation techniques applied to φ-meson yield measurements enabled the ALICE
collaboration tomeasure φ yields in associationwith jets and theUE, proving that the
increase of the relative φ meson production is predominantly associated to a change
in the UE [5], where most φ are produced. In all studies shown at the conference,
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Fig. 82.1 Identified particle ratios as a function of charged-particlemultiplicity density in pp, p–Pb,
Xe–Xe and Pb–Pb collisions measured by the ALICE collaboration. Figure from [3]. Copyright
CERN, reused with permission

it is clear that the focus now lies in pinpointing the phase space in which certain
hadrochemistry dynamics occurs, with even more results to be expected in the near
future.

Further measurements from the RHIC Beam Energy Scan (BES) as well as the
NA61/SHINEexperiment indicate substantial changes in strangeness-related observ-
ables at a beam energy of around 8–10 GeV/c [6, 7]. While these are not fully con-
clusive regarding the nature of a potential phase transition at those energies, they
certainly add to the experimental information available now to theorists. Among
other observables, the study of fluctuations of conserved charges may also provide
further constraints andwere discussed aswell [8, 9],with indications that effects from
strangeness and baryon number conservation are now within experimental reach.

82.2 Bulk Matter, Soft Physics and Collectivity

The study of the onset of collective behaviour when transitioning from elementary
collisions, such as e+e− collisions, to nucleus–nucleus collisions continues to be an
intensely debated topic. The CMS collaboration reports that the ratio of elliptic flow
coefficients of charged particles v2{4}/v2{2} is approximately equal to v3{4}/v3{2}
in p–Pb collisions at

√
sNN = 5.02 TeV, contrary to what is observed in Pb–Pb
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Fig. 82.2 Elliptic flow coefficients v2 and v3 in p–Au, d–Au and 3He–Aumeasured by the PHENIX
collaboration compared with hydrodynamics-based models. Figure from [12]

collisions, indicating that these flowcoefficientsmay have their origins in fluctuations
in small systems [10]. A similar observation of different fluctuation patterns for low
multiplicity events with N |η|<0.8

ch below∼100 is also seen by theALICE collaboration
in a symmetric cumulants analysis performed systematically in pp, p–Pb, Xe–Xe and
Pb–Pb [11].

In a complementary study of significant impact, the PHENIX collaboration sys-
tematically studied elliptic and triangular flow coefficients in p–Au, d–Au and 3He–
Au collisions [12], finding that elliptic and triangular flow follow the same ordering
as the initial state eccentricities ε2 and ε3, as seen in Fig. 82.2. This observation sup-
ports the hypothesis that the observed flow is related to the initial condition geometry.
Further studies will be needed to disentangle precisely the role of geometry and the
aforementioned fluctuation-like behaviour measured by the CMS and ALICE col-
laborations.

82.3 Constraining Nuclei Production Mechanisms

New measurements on nuclei production in Pb–Pb collisions at
√
sNN = 5.02 TeV

reported by the ALICE Collaboration include the elliptic and triangular flow coeffi-
cients of deuterons and 3He [13]. Coupled with spectra measurements, these provide
further constraints on production models, with a coalescence approach describing
the data well provided phase space distributions from a hybrid model are used.
The HADES collaboration also made systematic measurements of v2 of protons,
deuterons and tritons, where a particularly interesting result is that the v2 of protons
as a function of beam energy is observed to be negative (see Fig. 82.3), i.e. ellip-
tic flow is out-of-plane, for 0.1 < Ebeam/A(GeV) < 5.0 [14]. It is clear that further
theoretical work is needed to fully account for this observation.
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Fig. 82.3 Elliptic flow
coefficient v2 of protons and
inclusive charged hadrons as
a function of beam energy.
Figure from [14]

82.4 Heavy-Flavour Production and Its Relation to the Bulk

In the heavy-flavour (HF) sector, a significant amount of measurements across sys-
tems exists for open HF, such as D and B mesons. New results from both the ALICE
[15] and CMS [16] collaborations quantify the nuclear modification factor with
unprecedented precision not only for D mesons but also for non-prompt D ← b,
with data suggesting a hierarchy at high pT in which RAA(π) < RAA(D) < RAA(B),
as expected from transport models. New data collected in 2018 also allowed for
improved measurements of the open HF v2, so that the combined information from
RAA and flow can now be used for characterising the interaction of heavy flavour
quarks with the medium.

Further light can be shed on HF jet fragmentation by comparing D-tagged jets
and their structure in various collision systems. TheALICE collaboration reports
on such measurements in pp [17], while the CMS collaboration compares a similar
measurement in pp with a Pb–Pb analysis and noted that the radial distributions of
D0 mesons seems broader in Pb–Pb than the one observed in pp [18]. In a related
study, the ALICE collaboration reports that, by selecting 30–50% central Pb–Pb
events with a small (larg) flow vector q2 for charged particles, the v2 observed for D
mesons also decreases (increases), providing crucial information on the correlation
between heavy and light-flavour hadron flow [19].

Another subject of noted interest is the pT-differential baryon-to-meson ratio
�c/D0. With new Pb-Pb data samples collected in 2018, measurements by the
ALICE [20] and CMS [21] collaborations now suggest dynamics that is reminis-
cent of the baryon anomaly observed in the p/π and �/K0

S ratios when going from
pp to central Pb-Pb collisions, as seen in Fig. 82.4. While these observations are
already exceptionally precise, even further improvements are needed to constrain
model predictions well enough for a conclusion to be drawn. It is noteworthy that a
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multiplicity-differential �c/D0 analysis is yet to be done in pp and p–Pb collisions
and would provide crucial information.

Finally, the CMS collaboration also reports on the RAA of the more exoticϒ(1S),
ϒ(2S) and ϒ(3S) quarkonia in Pb-Pb collisions at

√
sNN = 5.02 TeV [22], with

the strongest suppression being observed for the higher mass states, consistent with
model calculations that include suppression and regeneration. Such findings are com-
plementary to the ϒ(1S) elliptic flow measurement from the ALICE collaboration
[23], which show flow consistent with zero for this quarkonium species, albeit with
large uncertainties. It is clear that future measurements with increased precision and
increased pT coverage will be needed to fully characterise the energy loss and elliptic
flow of ϒ quarkonia in nucleus-nucleus collisions.

82.5 Hadronic Interactions, Astrophysics and More

The unprecedented amount of data collected at the LHC coupled to the tracking and
particle identification capabilities of the ALICE experiment also allow for hadronic
interactions between the outgoing particles to be studied in great detail, opening
up an entirely new field of study that is not strictly related to high-energy heavy-ion
physics. TheALICE collaboration has studiedmomentum correlation functionsC(k)
that provide direct information about the interaction potential for a variety of particle
species pairs [24]. The latest result in such efforts provides further insight on p-�
and even p-	 interactions, reproduced in Fig. 82.5, with indications for an attractive
potential for both of these pairs once comparisons with models are considered. These
measurements are relevant not only to QCD studies but even to cosmology, since the



532 D. Dobrigkeit Chinellato

Fig. 82.5 Momentum correlation functions C(k) for p-� and p-	 pairs measured by the ALICE
collaboration comparedwith expectations fromvariousmodels. Figure from [24].CopyrightCERN,
reused with permission

nature of the interaction between protons and hyperons has a significant impact on
the equation of state of matter contained in neutron stars. Future studies including
the LHC Run 3 data will lead to even more precise information about hadronic
interactions.

82.6 In Conclusion: The Future

Among the common themes discussed in the conference, a few highlights clearly
emerge, and it is clear that, in general, evermore precise information on hadronization
and production mechanisms is being attained. In light flavour studies, the interplay
between soft and hard physics is being progressively disentangled, with the promise
that in the near future the exact role of jets and the underlying event will be better
quantified in future measurements. A similar discussion is evolving in heavy-flavour
production studies, where the exact role of recombination as well as fragmentation
in the formation of hadrons such as the Lambdac remains to be ascertained in more
detail. Likewise, nuclei productionmechanisms are also not amatter of consensus and
a complete picture involving coalescence or thermal production is still not fully estab-
lished. In addition, future, even higher-precision studies on fluctuations of conserved
charges may provide more details on the phase transition and, at sub-LHC energies,
the critical point. Finally, though a substantial amount of measurements regarding
the onset of elliptic flow-like phenomena in small collision systems already exists,
a precise, quantitative interpretation of these phenomena and their potential relation
with initial geometry still remains a field of intense debate. All of these topics are
expected to be explored in the coming years by the community at large, including
new facilities such as BM@N and the upgraded HADES experiment.
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J. Bielčík36, J. Bielčíková94, A. Bilandzic104,117, G. Biro145, R. Biswas3,
S. Biswas3, J.T. Blair119, D. Blau87, C. Blume67, G. Boca139, F. Bock33,95,
A. Bogdanov92, L. Boldizsár145, A. Bolozdynya92, M. Bombara37, G. Bonomi140,
H. Borel137, A. Borissov144,92, M. Borri127, H. Bossi146, E. Botta25, L. Bratrud67,
P. Braun-Munzinger106, M. Bregant121, T.A. Broker67, M. Broz36, E.J. Brucken43,
E. Bruna58, G.E. Bruno32,105, M.D. Buckland127, D. Budnikov108, H. Buesching67,
S. Bufalino30, O. Bugnon114, P. Buhler113, P. Buncic33, Z. Buthelezi71, J.B. Butt14,

© Springer Nature Switzerland AG 2020
D. Elia et al. (eds.), The XVIII International Conference on Strangeness
in Quark Matter (SQM 2019), Springer Proceedings in Physics 250,
https://doi.org/10.1007/978-3-030-53448-6

535

https://doi.org/10.1007/978-3-030-53448-6


536 Collaboration Membership Lists

J.T. Buxton96, S.A. Bysiak118, D. Caffarri89, A. Caliva106, E. Calvo Villar111,
R.S. Camacho44, P. Camerini24, A.A. Capon113, F. Carnesecchi26, R. Caron137,
J. Castillo Castellanos137, A.J. Castro130, E.A.R. Casula54, F. Catalano30,
C. Ceballos Sanchez52, P. Chakraborty48, S. Chandra141,W. Chang6, S. Chapeland33,
M. Chartier127, S. Chattopadhyay141, S. Chattopadhyay109, A. Chauvin23,
C. Cheshkov135, B. Cheynis135, V. Chibante Barroso33, D.D. Chinellato122,
S. Cho60, P. Chochula33, T. Chowdhury134, P. Christakoglou89, C.H. Christensen88,
P. Christiansen80, T. Chujo133, C. Cicalo54, L. Cifarelli10,26, F. Cindolo53,
J. Cleymans124, F. Colamaria52, D. Colella52, A. Collu79, M. Colocci26, M. ConcasII,
58, G. Conesa Balbastre78, Z. Conesa del Valle77, G. Contin127,59, J.G. Contreras36,
T.M. Cormier95, Y. Corrales Morales58,25, P. Cortese31, M.R. Cosentino123,
F. Costa33, S. Costanza139, J. Crkovská77, P. Crochet134, E. Cuautle68, P. Cui6,
L.Cunqueiro95,D.Dabrowski142, T.Dahms104,117,A.Dainese56, F.P.A.Damas137,114,
S. Dani64, M.C. Danisch103, A. Danu66, D. Das109, I. Das109, P. Das3,
S. Das3, A. Dash85, S. Dash48, A. Dashi104, S. De49,85, A. De Caro29,
G. de Cataldo52, C. de Conti121, J. de Cuveland38, A. De Falco23, D. De
Gruttola10, N. De Marco58, S. De Pasquale29, R.D. De Souza122, S. Deb49,
H.F. Degenhardt121, K.R. Deja142, A. Deloff84, S. Delsanto25,131, D. Devetak106,
P. Dhankher48, D. Di Bari32, A. Di Mauro33, R.A. Diaz8, T. Dietel124,
P. Dillenseger67, Y. Ding6, R. Divià33, D.U. Dixit19, Ø. Djuvsland21, U. Dmitrieva61,
A. Dobrin33,66, B. Dönigus67, O. Dordic20, A.K. Dubey141, A. Dubla106, S. Dudi99,
M. Dukhishyam85, P. Dupieux134, R.J. Ehlers146, D. Elia52, H. Engel73, E. Epple146,
B. Erazmus114, F. Erhardt98, A. Erokhin112, M.R. Ersdal21, B. Espagnon77,
G. Eulisse33, J. Eum17, D. Evans110, S. Evdokimov90, L. Fabbietti104,117,
M. Faggin28, J. Faivre78, F. Fan6, A. Fantoni51, M. Fasel95, P. Fecchio30,
A. Feliciello58, G. Feofilov112, A. Fernández Téllez44, A. Ferrero137, A. Ferretti25,
A. Festanti33, V.J.G. Feuillard103, J. Figiel118, S. Filchagin108, D. Finogeev61,
F.M. Fionda21, G. Fiorenza52, F. Flor125, S. Foertsch71, P. Foka106, S. Fokin87,
E. Fragiacomo59, U. Frankenfeld106, G.G. Fronze25, U. Fuchs33, C. Furget78,
A. Furs61, M. Fusco Girard29, J.J. Gaardhøje88, M. Gagliardi25, A.M. Gago111,
A. Gal136, C.D. Galvan120, P. Ganoti83, C. Garabatos106, E. Garcia-Solis11,
K. Garg27, C. Gargiulo33, A. Garibli86, K. Garner144, P. Gasik104,117, E.F. Gauger119,
M.B. Gay Ducati69, M. Germain114, J. Ghosh109, P. Ghosh141, S.K. Ghosh3,
P. Gianotti51, P. Giubellino106,58, P. Giubilato28, P. Glässel103, D.M. Goméz Coral70,
A. Gomez Ramirez73, V. Gonzalez106, P. González-Zamora44, S. Gorbunov38,
L. Görlich118, S. Gotovac34, V. Grabski70, L.K. Graczykowski142, K.L. Graham110,
L. Greiner79, A. Grelli62, C. Grigoras33, V. Grigoriev92, A. Grigoryan1,
S. Grigoryan74, O.S. Groettvik21, J.M. Gronefeld106, F. Grosa30, J.F. Grosse-
Oetringhaus33, R. Grosso106, R. Guernane78, B. Guerzoni26, M. Guittiere114,
K. Gulbrandsen88, T. Gunji132, A. Gupta100, R. Gupta100, I.B. Guzman44,
R. Haake146, M.K. Habib106, C. Hadjidakis77, H. Hamagaki81, G. Hamar145,
M. Hamid6, R. Hannigan119, M.R. Haque62, A. Harlenderova106, J.W. Harris146,
A. Harton11, J.A. Hasenbichler33, H. Hassan78, D. Hatzifotiadou53,10, P. Hauer42,
S. Hayashi132, S.T. Heckel67, E. Hellbär67, H. Helstrup35, A. Herghelegiu47,
E.G.Hernandez44,G.HerreraCorral9, F.Herrmann144,K.F.Hetland35, T.E.Hilden43,



Collaboration Membership Lists 537

H. Hillemanns33, C. Hills127, B. Hippolyte136, B. Hohlweger104, D. Horak36,
S. Hornung106, R. Hosokawa133, P. Hristov33, C. Huang77, C. Hughes130, P. Huhn67,
T.J. Humanic96, H. Hushnud109, L.A. Husova144, N. Hussain41, S.A. Hussain14,
T. Hussain16, D. Hutter38, D.S. Hwang18, J.P. Iddon127,33, R. Ilkaev108, M. Inaba133,
M. Ippolitov87, M.S. Islam109, M. Ivanov106, V. Ivanov97, V. Izucheev90, B. Jacak79,
N. Jacazio53,26, P.M. Jacobs79, M.B. Jadhav48, S. Jadlovska116, J. Jadlovsky116,
S. Jaelani62, C. Jahnke121, M.J. Jakubowska142, M.A. Janik142, M. Jercic98,
O. Jevons110, R.T. Jimenez Bustamante106, M. Jin125, F. Jonas144,95, P.G. Jones110,
A. Jusko110, P. Kalinak63, A. Kalweit33, J.H. Kang147, V. Kaplin92, S. Kar6,
A. Karasu Uysal76, O. Karavichev61, T. Karavicheva61, P. Karczmarczyk33,
E. Karpechev61, U.Kebschull73, R.Keidel46,M.Keil33, B.Ketzer42, Z. Khabanova89,
A.M. Khan6, S. Khan16, S.A. Khan141, A. Khanzadeev97, Y. Kharlov90, A. Khatun16,
A. Khuntia118,49, B. Kileng35, B. Kim60, B. Kim133, D. Kim147, D.J. Kim126,
E.J. Kim72, H. Kim147, J. Kim147, J.S. Kim40, J. Kim103, J. Kim147, J. Kim72,
M. Kim103, S. Kim18, T. Kim147, T. Kim147, S. Kirsch38, I. Kisel38, S. Kiselev91,
A. Kisiel142, J.L. Klay5, C. Klein67, J. Klein58, S. Klein79, C. Klein-Bösing144,
M. Kleiner67, S. Klewin103, A. Kluge33, M.L. Knichel33, A.G. Knospe125,
C. Kobdaj115, M.K. Köhler103, T. Kollegger106, A. Kondratyev74, N. Kondratyeva92,
E. Kondratyuk90, P.J. Konopka33, L. Koska116, O. Kovalenko84, V. Kovalenko112,
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L. Manhaes de Andrade Filho81a, I.M. Maniatis162, J. Manjarres Ramos48,
K.H. Mankinen97, A. Mann114, A. Manousos77, B. Mansoulie145, I. Manthos162,
S. Manzoni120, A. Marantis162, G. Marceca30, L. Marchese135, G. Marchiori136,
M. Marcisovsky141, L. Marcoccia74a,74b, C. Marcon97, C.A. Marin Tobon36,
M. Marjanovic129, Z. Marshall18, M.U.F. Martensson172, S. Marti-Garcia174,
C.B. Martin127, T.A. Martin178, V.J. Martin50, B. Martin dit Latour17,
L. Martinelli75a,75b, M. Martinez14,aa, V.I. Martinez Outschoorn103,
S. Martin-Haugh144, V.S. Martoiu27b, A.C. Martyniuk95, A. Marzin36,
S.R. Maschek115, L. Masetti100, T. Mashimo163, R. Mashinistov111, J. Masik101,
A.L. Maslennikov122b,122a, L. Massa74a,74b, P. Massarotti70a,70b, P. Mastrandrea72a,72b,
A. Mastroberardino41b,41a, T. Masubuchi163, D. Matakias10, A. Matic114, P. Mättig24,
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