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1 Introduction

Inclusive open heavy flavor production in proton-proton and heavy-ion collisions is consid-
ered to be one of the most important tests of our understanding of QCD and, in particular,
of quark mass effects both in the vacuum and in a QCD medium. Measurements of heavy
flavor meson cross sections have been performed at the Tevatron [1-3] and at the Rela-
tivistic Heavy Ion Collider (RHIC) [4-6]. More recently, the ATLAS, CMS and ALICE
experimental collaborations at the Large Hadron Collider (LHC) have provided high preci-
sion data [7—15] for several center of mass (CM) energies, and they will continue to extend
the currently existing suite of data sets with future measurements. For a recent review on
heavy flavor production, see ref. [16].

Theoretical and experimental advances in understanding the nuclear modification of
light hadrons, heavy mesons, as well as jets and jet substructure in nucleus-nucleus reactions
have been a highlight of the heavy ion programs at RHIC and the LHC [17]. Such highly
energetic particles and jets are powerful and valuable probes of the quark-gluon plasma
(QGP) produced in these collisions. In particular, open heavy flavor production plays a
crucial role in elucidating the properties of QGP and has received growing attention from
the experimental and theoretical communities in recent years. Earlier data from RHIC and
preliminary measurements from the CMS collaboration [13] at \/sxn = 5.02 TeV show that



the suppression rates for D° mesons are in fact the same as for light charged hadrons within
the experimental uncertainty, contrary to the early expectation from traditional parton en-
ergy loss framework [18]. This has stimulated a series of work addressing the interaction of
heavy quarks with the QCD medium in the literature, see e.g. [19-34] and references therein.
Different than light hadrons, the heavy quark mass introduces an additional perturbative
scale besides the large transverse momentum pr at which the heavy meson is produced.
This feature makes the description of heavy quark dynamics both challenging and also
particularly interesting, as it can reveal unique information about the QCD medium.

In the past few year, there has been a new development in the theoretical description
of observables in heavy-ion collisions. In [35, 36], the powerful techniques of Soft Collinear
Effective Theory (SCET) [37-39] were first applied to describe the interactions of hard
probes (highly energetic particles and jets) with the QCD medium. The underlying idea
is to include a Glauber mode that describes the interaction of highly energetic partons
with the QCD medium. The effective field theory describing the medium interactions is
commonly referred to as SCETq. In [36, 40-42] the in-medium splitting functions were
derived to first order in opacity. By taking the soft emission limit, the full in-medium
splitting functions reduce to the results obtained within traditional approaches to parton
energy loss [43, 44]. Using SCET¢ allows to systematically go beyond these traditional
approaches. In [45-48] several applications of the in-medium splitting functions were devel-
oped. In [45, 46] a medium-modified DGLAP evolution approach was successfully applied
to describe the suppression of light charged hadrons in the medium. In [47, 48] the SCETq
based splitting functions were used to describe both inclusive jet production and jet sub-
structure observables in heavy ion collisions.

In this paper, we perform the next logical step in this line of work by including finite
mass effects in the SCETg Lagrangian and, thus, enable the effective theory study the
of interactions of heavy quarks with the QCD medium. The SCET Lagrangian in the
vacuum with quark masses was first derived in [49, 50]. The corresponding theory in the
vacuum is commonly referred to as SCET)y;. Consequently, we label the new effective
field theory presented in this work SCETy\;,g. With this new theory at hand, we extend
the in-medium splitting functions to the massive case. The newly derived results can be
used to describe the suppression of open heavy flavor production in heavy-ion collisions.
We introduce a new way to implement the in-medium corrections consistently at next-to-
leading order (NLO) in perturbative QCD. This can be achieved by formally introducing
medium-modified fragmentation functions based on the SCET\; g splitting functions. We
present first numerical results in this work and compare to data taken at the LHC. As it
turns out, the description of the underlying proton-proton baseline plays an important role.
Several different approaches are available in the literature to deal with heavy quark masses
in the fragmentation process [51-58]. The suppression rates in heavy-ion collisions crucially
depend on whether the heavy meson is produced by a fragmenting heavy quark or a gluon.
Gluons lose more energy than heavy quarks when they undergo multiple scatterings and
splittings in the medium before they eventually fragment into the observed heavy meson.
In this work we analyze the different production mechanisms and study the associated
suppression rates in Pb+Pb collisions.



The remainder of this paper is organized as follows. In section 2, we derive the La-
grangian of the new effective field theory SCETy ¢ that includes both finite quark masses
and Glauber gluons that describe the interaction with the QCD medium. We derive the
massive vacuum and in-medium splitting functions and make the connection to previous
results in the literature in the soft emission limit. In addition, we study the numerical
impact of finite quark masses. In section 3, we start by introducing our new formalism
that treats both vacuum and in-medium corrections consistently to NLO in QCD. We
present numerical results for both proton-proton and heavy-ion collisions and compare to
currently available data from the LHC. In section 4, we conclude and give an outlook.

2 Effective field theory for massive quarks in the medium

In this section, we first introduce the basic SCET ingredients relevant to our calculation.
We then derive the Lagrangian for the effective theory SCETy ¢, which describes the inter-
actions of collinear heavy quarks with the QCD medium through Glauber gluon exchange.
We use this new version of SCET to derive the massive splitting kernels in the vacuum
and in nuclear matter for the splitting processes Q — Qg, Q@ — ¢gQ and g — QQ, where Q
represents a heavy quark. In order to establish the connection between our newly derived
in-medium splitting functions and the results derived previously within the traditional par-
ton energy loss approach, we further consider the limit of the splitting kernels where the
emitted parton becomes soft. Finally, we present numerical results for the splitting func-
tions and compare to the massless case [40], as well as the results from traditional parton
energy loss calculations.

2.1 Basic SCET ingredients

SCET [37-39] is an effective field theory describing the dynamics of soft and collinear quarks
and gluons in the presence of hard interactions. SCET has been applied successfully to
hard-scattering processes at the LHC, in particular to the production of highly energetic
hadrons and jets. We adopt the following convention for the light-cone notation. We define
two reference vectors n* = (1,0,0,1), a* = (1,0,0, —1) satisfying n?> = n? = 0 and n-n = 2.
Any four-vector p* can be written as p* = (p*,p~,p,) = (7 p,n-p,p, ). In other words,
Iz T
+% +p‘% + /). (2.1)
The hierarchy between the hard, collinear and the soft scale is determined by the SCET
power counting parameter A\. The SCET degrees of freedom have the following momentum

pt=p

scaling using light-cone coordinates p* = (p*,p~,p,) ~ pT(1,A2,\) for a collinear mode
and p* ~ pT(A2,A2,\?) for a soft mode. Note that in our notation, p* is a hard scale.
The Glauber modes that we consider in the next section scale as p* ~ p* (A%, A2, \). For a
collinear quark, one separates the momentum as p = p+ k, where p = n(n-p)/2+p, is the
large label momentum and k is the residual momentum. The label momentum component
is removed by defining a quark field 1, ,(x) through

V(@) =) e T ny(a), (2.2)

P



where () is the standard QCD quark field. The four component field ), p(z) has two
large components &, ,(z) and two small components &g (). One defines the following two

gn,p(x) = Vifiwn,p(l')v gﬁ,p(x) = éfi@bn,p(m)’ (2-3)

with ¢, () = & p(z) +&ap(z). Operators in SCET are defined in terms of gauge invariant

projections

quark and gluon fields which are given by

1 .
Xo = Wik, B, = ; [WJL@D;‘ LWn} , (2.4)
with ¢D!' | = P! + gA" and PH is the label momentum operator. Furthermore, W, is a
Wilson line of collinear gluons,

- An(x)} . (2.5)

with P =7 - P.

2.2 SCET with quark masses and Glauber gluons

When an energetic parton traverses a dense and/or hot QCD medium, as produced in
heavy-ion collisions, the formation of an in-medium parton shower can be described using
perturbative methods. Following [59], the medium can be thought of as color-screened
quasi-particles that generate a Coulomb-like potential that effectively leads to a back-
ground field for the partons traveling through the QCD medium. The energetic parton
that eventually produces a jet of particles undergoes multiple elastic interactions with
the quasi-particles. In the vacuum, the parton shower forms by standard soft and collinear
splittings. These processes are described by the original SCET Lagrangian. In the medium,
one needs to consider additional medium-induced splitting processes. The interaction of
collinear massless quarks and gluons with ¢-channel off-shell gluons is described by the
SCETq Lagrangian as derived in [35, 36]. So far, SCETq only contains the interaction
of collinear quarks and gluons, scaling as ~ p*(1,A%,\), with the medium through the
so-called Glauber gluon exchange, which has the momentum scaling p™(A?, A2, \). The
corresponding soft sector, scaling as p* (A, A\, \), has not been derived yet, nor the interac-
tions between the Glauber gluons and soft gluons and quarks. This means that so far we
can only address observables in heavy-ion collisions that allow a hard-collinear factoriza-
tion, i.e. their factorization theorem does not involve a soft function. In general, Glauber
modes play an essential role in various aspects of QCD, see for example [60-62] for more
details. We leave the complete formulation of SCET g with soft modes in the medium for
future work.

The purpose of this section is to derive an extension of the effective field theory SCET g,
as presented in [36] for massless quarks and gluons, by including the effects of heavy quark
masses. The resulting new version of the effective field theory, labeled SCETy\ g, will
enable us to study the interactions of energetic heavy quarks with a hot QCD medium
as a first example. We start by reviewing the previous work [36], in which several source



fields and gauges were considered and the scaling of the in-medium background field was
derived. The structure of the SCET g Lagrangian is

ESCETG (fn’ Ana AG) - LSCET (5717 An) + £G (5717 An7 AG) ’ (26)

where LscrT(&n, An) is the vacuum SCET Lagrangian, with &, and A, the collinear quark
and gluon fields, respectively. The second term Lg(&,, An, Ag) is given by

L6, An, Ag) = gy e 1 07P)® (fn,p/Taffmp — i f AN ALY g -p) n-Ag, (2.7)
P’
which contains the interactions between the Glauber gluons Ag and the collinear quarks
and gluons traversing the QCD medium. This result corresponds to the static source as
described in more detail in [36]. Moreover, the result presented here for LgcrT,, corresponds
to the so-called hybrid gauge, where a different gauge is chosen for the collinear gluons
(light-cone gauge) than for the Glauber gluons (covariant R gauge). This is a valid gauge
choice as it was shown in [36] since both sectors of the effective theory SCET g are separately
gauge invariant. This gauge choice simplifies the calculations of the in-medium splitting
functions considerably as presented in the next section. In the hybrid gauge both the
collinear Wilson line as well as the transverse gauge link which appear in the effective field
theory reduce to unity. The corresponding Feynman rules for the interaction of collinear
massless quarks and gluons with the Glauber modes can be obtained directly from eq. (2.7).
We now present the extension of the above effective field theory SCET g by including
finite quark masses. The vacuum SCET Lagrangian involving finite quark masses was first
derived in [49, 50]. As mentioned above, the corresponding effective field theory is typically
denoted by SCETy;. In this section, we recall its derivation and, in addition, we include
Glauber modes that describe the interaction with the QCD medium. The resulting new
effective field theory that involves both massive quarks and Glauber modes describing the
interaction with the medium is denoted by SCETy\; . We only focus on the collinear quark
sector of the Lagrangian density for which we now take into account finite quark masses.
We start from the standard QCD Lagrangian

Lqcp = (i) —m)p, (2.8)

where the covariant derivative is given by i D* = 9*+ gA*. Here the gauge field A* consists
of three contributions
Al = AF + AP + AL, (2.9)

where AZ s, are the collinear, the soft, and the Glauber gluon gauge fields, respectively.
The collinear and soft fields scale like the corresponding collinear and soft momenta as
described above. The Glauber gluon has the momentum scaling as p* ~ pt (A2, A2, \).
However, the scaling of the corresponding Glauber gluon field Aq is different and needs
to be derived by expressing the Glauber gluon field in terms of the QCD current of the
source and the gluon propagator. By working out the scaling of every term in the resulting
expression, the scaling for Ag can be obtained which eventually also depends on the gauge



choice, see [35, 36] for more details. In the hybrid gauge we use the covariant R, gauge for
the medium Glauber gluons. In this case the corresponding Glauber gluon field scales as
Ag ~ pt (A2, A2, \3) as it was derived in [36]. We start by substituting eqs. (2.2) and (2.3)
into the QCD Lagrangian in eq. (2.8), and we find

th (P +in- D)y

L= Z e—i(ﬁ—ﬁ’)~$ [gn,p’?in . Dfn,p + gﬁ,p/§

D,p’
—+ f_n,p' (PL+ il —m)&nyp+ f_ﬁ,p’ (PL+ iDL —m)npl| - (2.10)

We can now integrate out the small component of the collinear quark field &5, by making
use of the equation of motion

(P+in-D)énp= (P +ilD, + m)?gn,p . (2.11)

With this relation, we obtain from eq. (2.10) the following result for the leading-order (in
A) SCETw\ ¢ Lagrangian density

T 1
Lo = Z cwPE [m -D+ (7PL+gA,jq)Wn5W,§(7PL+gA,jq,) Zifmﬁ—ﬁm, (2.12)
B9

where we introduced the label momentum operator also in the exponential for notational
convenience and we have
A =" Al (2.13)
q
The mass-dependent terms L£,, of the leading-order Lagrangian Ly in eq. (2.12) are given by

7

5 fn P

(2.14)
Whether £,, contributes at leading-order in A still depends on the scaling of m as discussed

—iz- e 1 & 1
L, = Z o~ P [m En {(7& + gA;q), Wnpw,i} Zign,p _m2 gmp,WnEWﬂ:
P,p',q

further in the next section. Note that the factor in - D in eq. (2.12) contains the collinear,
the soft, and the Glauber gluon field

in-D=in-0+gn-A,+gn-As+gn-Ag. (2.15)

The last term here gives the interaction vertex of a collinear quark with the medium off-
shell Glauber gluons. It is exactly the same as in the massless case, see eq. (2.7) above.
As it turns out, there is no modification for this vertex due to the finite quark mass when
we work in the hybrid gauge. As mentioned above, the Glauber gluon field scales as
Ag ~ pT(A2,A2,A3). Following the usual power counting arguments, the only situation
where we obtain such an interaction term is from eq. (2.15). All other possible contribu-
tions are power corrections in A to the leading-order Lagrangian. In particular, there is
no Glauber gluon term in £, to leading-order in A. In other words, the massive part of
the vacuum SCET Lagrangian is not modified at leading-order when including medium
interactions.
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Figure 1. Feynman diagrams for the two splitting processes involving massive quarks @ — Qg
(left) and g — QQ (right). The off-diagonal splitting process @Q — g@Q can be obtained from the
result for Q — Qg via crossing. J and J"? represents the remaining amplitude that produces the
incident highly energetic parent quark or gluon respectively.

To summarize, we find that the Feynman rules that describe the interaction with the
medium remain the same as in the massless case [36]. This statement holds in the hybrid
gauge for a static source, which is the relevant case for all practical purposes considered
in this work. All Feynman rules derived from the massive SCET); Lagrangian in the
vacuum also remain the same. In the next sections, we are going to make use of them
when calculating the massive splitting functions in vacuum as well as in the QCD medium.
Since SCET\,¢ is a direct combination of SCET)y; in the vacuum and SCETq for the
medium interactions, we do not repeat the relevant Feynman rules here but instead refer
the reader to [36, 49, 50].

2.3 Massive splitting functions in the vacuum derived from SCETy

In this section, we derive the massive splitting functions in vacuum for the channels
Q — Qg, Q — gQ, and g — QQ, using SCETy;. The same results obtained in the standard
perturbative QCD can be found in [63], where the authors derived their results using the
so-called “quasi-collinear” limit. Such a limit is an extension of the “collinear limit” used
for deriving massless splitting functions, where the on-shell quark masses are kept of the
same order as the invariant mass of the two final state partons. See [63] for more details.
Using SCET})y, this limit has already been taken into account at the level of the SCET
Lagrangian when the mass is taken to scale as m ~ pTA. Therefore, the massive splitting
functions can be obtained directly without having to make any further approximations.

2.3.1 Q— Qg

We adopt the notation introduced in [36, 40]. We first consider the splitting process
Q(po) — Q(p) + g(k), where we labeled the four momenta of the involved partons. The
splitting process is illustrated in figure 1 (left). Throughout this paper, we adopt the
convention to label a heavy quark of mass m by () whereas a massless quark is denoted by
q. As mentioned above, we work in the hybrid gauge for the in-medium splitting functions.
Therefore, we adopt the light-cone gauge also for the vacuum calculation. Using the on-
shell conditions p? = m? and k? = 0 for the two outgoing partons as well as momentum



conservation, we can parametrize the involved momenta as follows

[ k5 +am? }

Po = -po 9 .’E(]. _ x)p37
k2
k= l’p+, lakL:| 3
0 apg
[ k2 4+ m?
p=|(1-2)p], 7(1L_ 2 - J_] (2.16)
L 0

Here, we choose to work in the frame in which the parent parton has no transverse mo-
mentum, z = k*/ pa“ is the momentum fraction taken away by the emitted gluon, and k|
is the gluon momentum transverse to the parent parton momentum.

The amplitude AH*, 5, for the splitting process can be written as

. pap n-(p+k)

vac _ a P Al ot

QR—Qg gn,P ZgT R (pakvm) 2 9 (p+ k)g —m2 gu(k) J, (217)
where J stands for the remaining amplitude producing the massive parent quark @ that
undergoes the splitting process, see figure 1 (left). The factor R*(p, k, m) is associated with

the splitting vertex. Using the Feynman rules for SCETy, we find

TR S TGN N e T

R (p, k,m) = nf + — - - 2.18
M L kE _ B
et A = o B+ B =g, ).
The gluon polarization vector e#(k) in eq. (2.17) can be written as [44, 64]
2€i : kJ_ i
ef(k) = [Oj},sl} (2.19)

satisfying both k- (k) = 0 and 7 - e(k) = 0. Using the parametrization of the momenta as
defined in (2.16), we can express the factor resulting from the massive quark propagator as

n-(p+k) :c(l—:c)pg

= . 2.20
(p+k)2—m? k% +a2m? (220)
Furthermore, we can write the product R(p, k,m) - (k) as
et . R .
R ,k,m-skzziL[2Icz—|—ﬂnI Tk 4+ 4 ma?
(p, k,m) - (k) o= a)pt L2FL kL 4L
= ~ ~

=—IT"+17}). 2.21

Here, we separated the resulting three terms into two pieces where I'., contains only the
third term proportional to the mass m in the first line of eq. (2.21), since I'?, has an odd
number of v, matrices. In summary, we can write the amplitude for the splitting process as

C2(1 = 2)pt
67‘ wj

vac _ a ¢ 7 7
Q—Qg — 9T gnvp (F +Fm) s ki_‘i‘mez . (2.22)



To proceed we square the amplitude ‘éaiQ g and average over spin and color configu-

rations of the initial quark:

2’(1-2)*(pg)?

o (2.23
(K2 +22m?)? (2.23)

1 B o o
ATl = et [Sn a0 )|

where we used "
Z Eieﬁl_ = 5ii’ ) Z&n,p g_n,p = 57_1 ‘p. (2.24)

Note that the second relation is the same for massless and massive collinear quarks. We
can now write the expression in eq. (2.23) involving the I'" matrices inside the trace as

1
22(1 — z)*(pg)?

fyO(I‘i + I‘in)T'yO(Fi — I‘fn) = [4(1 —z+ x2/2)kﬁ_ + 2x4m2] IDirac Ieolors

(2.25)
which is a scalar in both Dirac and color space. Here we used
o . i3 3 a3 0
Yy, = —0Y —ieV°%’, where X° = 0 o) (2.26)

and (23)" = £3 and (£3)? = I. Hence, we may now write the splitting amplitude squared
in a factorized form

1 ae 12 1 " - o, dx(l—2) [1—2+22/2 22(1—2)m?
Yy = -Tv | L po g J| x g2C -
2N, 4G ql 2 [2n po 9 ka_ + 22m? x k2 + x2m?

= A5 x | A5, (2.27)

where the first factor is the leading-order amplitude squared, i.e. without any emission. In
order to obtain the correct normalization for the splitting function, we need to factor out
].A‘S‘CIQ. Thus the splitting function for the process Q@ — Qg will be given by the second
factor on the right-hand side of eq. (2.27).

We still need to take into account the phase space for the quark (momentum p) and
the gluon (momentum k) in the final state. Following for example [65], we write the

corresponding 2-particle phase space as

Bp k. dptdp, dktdk

d*po 6 (po —p — k)

200 2K0 T 2pt 2%t
+ 72 2
:dpodeLX dr d°k . (2.98)
2p¢ 22(1 — x)

Here, the first factor is the leading-order phase space (momentum pg) which needs to
be factored out together with the leading-order amplitude squared |A‘C’5‘C|2 in eq. (2.27),
in order to obtain the correct normalization for the splitting function. Eventually, the
@ — Qg massive splitting function in the vacuum is given by

< dNVae Qs 1 1—z+2%/2 Cz(l- x)m? (2.29)

ddekL)Q_)Qg: Fﬁki—i—xzmQ x k2 +a2m? |’



which reduces to the massless splitting function derived analogously in [36, 40] when taking
m — 0. Different to the massless case, the dependence on z and k; does not factorize
anymore.

Likewise, we can derive the splitting kernel for the process Q — ¢g@. Being a crossed
process of @ — Qg, the splitting function for Q@ — ¢g@Q can be obtained from eq. (2.29) by
substituting  — 1 — 2. We now turn to the process g — QQ.

2.3.2 g— QQ

Next, we consider the splitting process where a gluon splits into a massive quark anti-quark
pair: g(po) — Q(p) + Q(k), as shown in figure 1 (right). Analogous to eq. (2.16), we may
now write the momenta of the involved partons as

[ KL+ m? }

Po = (Po>

L 0 z(1 - x)po
[ k2 +m?

k= SUp+, Li? k:J_:| )
0 apg
[ kJ_ + m2

p=|0—-z)pg, ———— J_] (2.30)
_ O (1—-a)pf

The amplitude for the splitting process ¢ — QQ can be written as
vac a P/ % _15 Nuu v,b
A —-QQ — §angT R (p,k m) gnk ( —|—/€) JY7 (2.31)

The function J*? represents the remaining amplitude that produces the parent gluon, with
Lorentz and color indices v and b respectively. We assume again the physical polarization
for the parent gluon, and thus J** satisfies n-J = (p+k)-J = 0, cf. eq. (2.19). In addition,
we have

_ PRy +u(p+ k),
_ <gw Bl ) , (2.32)

’YT_%J_ _’_Ijj_f)ﬁ pJ_%J- =
= = ————n
-k n-p n-pn-k

[ epa k) (R~ +m)]. (2.33)

Note that the factor R'*(p,k,m) associated with the splitting vertex depends on the di-
rection of the momentum flow. Analogous to eq. (2.21), we can rewrite the combination
R’“(p,k,m)NWJ”’b as

J’ib . o A
20k + 7Ly K+ ma )
21— 2)p] ( Thy +y17 R Fmy)
Jz ,b
= L (ri4Ti). (2.34)
z(1— ﬂf)po

R/ﬂ(p> ka m)N,u,I/JMb =

~10 -



In the second line, we separated again the m-dependent part from the rest as it contains

only one v, matrix. Squaring the amplitude A;:C 00 in eq. (2.31) and averaging over gluon
polarizations and colors, we obtain the following result
1 ac 2 TR Vi— %%— % 0/ ; 0/ i x2(1—x)2
— A 2= Tr [ Lac kSl peAt (T T )T T )|
(2.35)

Here we used J 3’_bJ j/_’b/ — 6% %" which is the appropriate relation for the calculation of
the spin averaged splitting function, see e.g. [66]. We further evaluate the expressions
containing the I'”’s and find

AT 4 T, )10~ T, =
2
21— 27257 )2

[({Lz + (1 — x)2)<ki + m2) + 21‘(1 - $)m2] Ipirac Leolor - (2'36)

We continue by evaluating the remaining trace part in eq. (2.35) and by including the
appropriate phase space factors as before. After taking into account the normalization
to the leading-order amplitude squared, we obtain the following result for the ¢ — QQ
splitting function in the vacuum

22(1 — z)m?

< dNvae o 1
k2 +m?2

e s L 20 ()2
dxd%i)g—@@ Mom2 2 4 m? [ t-at

, (2.37)
which reduces to the massless splitting function derived analogously in [40]. Again, the
dependence on x and k| does not factorize as in the massless case.

2.4 Massive splitting functions in the medium derived from SCET\,g

The calculation of the massive in-medium splitting functions follows roughly the same
steps as in the massless case [36]. For completeness, we outline the basic steps of the
calculation. For every Glauber interaction of the energetic collinear parton with the i’th
scattering center, we need to integrate over the Glauber gluon momentum. We denote the
corresponding integral by d®;. Following [36], we introduce the following notation
4 2

i®; = (Zﬁlewﬁ%(%), i®;, = %e—wm%(qu), (2.38)
where ¢; is the momentum exchanged between the incident parton and the QCD medium
(through the Glauber gluon exchange) and q;, is its transverse component. Moreover, we
have dx; = x; — xg, where xg is the space-time position where the initial energetic parton
was created and x; is the position of the i’th interaction with the quasi-particles of the
medium. The transverse component of dz; is denoted by dx;. The functions v(¢;) and
9(q; ) are related to the elastic scattering cross section. We have v(g;) = 2m3(¢?)9(q;, )
and to lowest order for a Yukawa-screened potential

Co(R)Co(T) |5(q)]*  Ca(R)Co(T)  4a?
2m)? 8 (¢ +p?)?

(R’ T) = , (2.39)
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where Ca(R) and Cy(T') denote the quadratic Casimir invariants in the representation of
the incident highly energetic parton and the target (source) respectively. See [36] for more
details. The delta function in v(g;) makes the ¢* integral trivial. We can now write d®; as

d®; = d®; | i g7 o2, , (2.40)
27

where 0z; is the distance along the z-axis between the scattering center ¢ and the point
where initial energetic parton was created. Remaining integrals over q; will eventually be
performed numerically at the end using a realistic model for the medium. However, the ¢,
integrals still need to be performed analytically. The corresponding longitudinal integrals
can be evaluated in terms of contour integrals in the complex plane. The results including
non-vanishing mass terms can be obtained analogously to the techniques outlined in [36]
for the massless case. Formally, the amplitudes for the three in-medium splitting processes,
can be written as

AB, = (a(p)b(R)|Txn(zo)e T 75556 [Q(py)) (2.41)
Al = (Q)QR)TBY (xo)e |+ F50F s g o)) (2.42)

where we use the same labeling of the involved parton momenta as for the vacuum case in
the previous section. Here, () — ab corresponds to either the diagonal splitting () — Qg
or the off-diagonal case Q — g@). The gauge invariant quark and gluon fields ¥, and Bﬁ B
were defined in (2.4) and LscgT, ¢ Was derived in section 2.2 above. In order to obtain the
in-medium splitting functions to first order in opacity, we need to take into account both
single- and double-Born diagrams for every scattering center i, see [44]. We denote the
corresponding single- and double Born amplitudes by Arsn§d and A%‘]egd respectively. The
double-Born diagrams are evaluated in the “contact limit” where §z; = dzo. After squaring

the sum of all amplitudes, we have to calculate schematically
| AZd|2 1 2 93¢ {Aglgd X AvaC} , (2.43)

where AY?¢ is the vacuum splitting amplitude without any interaction with the QCD
medium. In figure 2, all the relevant diagrams are shown that correspond to eq. (2.43).
The topology is the same for all three massive splitting processes. On the left hand side of
figure 2, the square of the three single-Born diagrams is shown. On the right hand side, all
double-Born diagrams are shown that give a non-zero result in the contact limit. For all
double-Born diagrams, the interference with the vacuum leading-order splitting diagram
is shown. After adding and squaring the relevant amplitudes, we still need to perform the
sum over all scattering centers ¢ = 1,... N. Following [36], this sum can be turned into a
continuous integral that gives a delta function, which in turn can be used to perform one of
the remaining transverse momentum integrals. We would like to stress that to first order
in opacity, we take into account the single- and double-Born diagrams shown in figure 2
for every scattering center i. See [36] for more calculational details.

Since the intermediate steps of the calculations are very similar to the massless case [36],
we will skip them and present only the final results. On the other hand, for comparison and

- 12 —



‘@—'—<|'®—<+®—£ + 2Re 8 i Xu.—<
® :

o] i

I s

Figure 2. Single- and double-Born Feynman diagrams that contribute to the massive in-medium
splitting functions to first order in opacity. The topology is the same for all three splitting processes
Q — Qg, Q — gQ and g — QQ. Figure adapted from [40].

for later convenience, we also list the results for the massless in-medium splitting functions
as calculated in [36, 40]. We define the transverse momentum vectors

AJ_:kJ_, BJ_:ICJ_—‘-LU(]J_, CL:kL—(l—x)qJ_, DJ_:ICJ_—qJ_, (2.44)

where again x and k, are the longitudinal momentum fraction and the transverse momen-
tum of the emitted parton relative to the parent parton respectively. Furthermore, g is
the transverse momentum introduced by the Glauber gluon exchange. In addition, we have
the following phases

B2 2 2 *B2
VR R - N PR s S Y S S
Py (1l — ) Py (1l — x) Py x(1 — )
A2 A% — D?
Q=L Q5 = L (2.45)
Py (1l — ) Py (1l — )

We reproduce the light parton in-medium splitting functions for reference and subsequent
comparison. The result for ¢ — qg is given by

dNmed as , 1+(1—2)? [dAz [ , 1 domed
dod?k = 5,20F A L AR
TA"RL /g qg d €z 9(2) Oel d°q |

c, /. C, A BL)
1— - DA )+ —= [ 2—F—-—"F -] (1— Q1—03)A
><( cos[(Q1—Q2) z]) Ci < Ci Ai BQL ( cos[(Q1—3) z})

BL<BL_CL>
Bi \B] (1

B, C; A (D, A
+ —5 —5 (1 —cos[(22—Q3)Az] +-<—> 1—cos[Q24Az]
B Ci( ) A7 \D? A7 ( )
A, D 1 B, fA B,
— ——5 (1—cos[Q5Az] +-<—> 1—cos[(21—Q2)Az])|. (2.46)
A% Di( ) NZ2B? \AT B?% ( )

Here Ay 4(z) is the gluon (quark) mean free path in the medium. (1/0¢)do5°d/d?q, is the
normalized in-medium elastic scattering cross section, see (2.39) above. We are left with a
three dimensional integral over g, and Az that need to be evaluated using a realistic model
for the QCD medium as it is produced in heavy-ion collisions. The latter is an integral
over the interactions with the medium quasi-particles 0 < Az < L, where L is the size of
the medium. Note that the in-medium splitting function for ¢ — gq can be obtained via

crossing <+ 1 — z. The g integral will be evaluated numerically and is subject to phase
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space constraints. The results for the in-medium splitting processes g — gg and g — q@
are given by

1

anmet _ ] e (ﬁ'+“”D/MzW)ﬁ%
drd?k | {g—>gg} 25T (2 ) % L

g X (2)
g9 —qq

ldod| B, (B, A, C,. (CL Al

— —- 1—cos[(1 —Q2)A 2= = -5

ou ?q, | BY <32 az ) (el @)azl) +200{ Gr — 7

1
x (1= cos[(1 — Q3)Az]) + { i } (2% <% - i%) (1 — cos[(Q1 — Q) Az])
N1

CL BL AL> CL BL
+2 | == -=5](1- Q1 — W)A2]) -2 —5-—5(1 — Qs — Q3)A
c? (Bi a2 ) (1= eosllh = Q) A2]) =2 - (1 = cosl (€2 = 05) A4)
+2 ::; (::; - g;‘) (1 — COS[Q4AZ]) +2 3; -—DL ( — cos[Q5Az])> (2.47)

Note that for all four massless splitting functions, the x—dependent vacuum splitting func-
tion factors out.

Next, we present our final results for the massive in-medium splitting functions Q — Qg,
Q — gQ and g — QQ. All transverse momentum vectors defined in eq. (2.44) remain the
same, so are the phase factors Q9 — Q3 and Q5 in eq. (2.45). However, the remaining three
phases in eq. (2.45) are modified as follows

B? + 12 C? + 12 A% + 12
poz(l—z) Py (1l — ) piz(l—a)
where the variable v is given by
v=am Q= Q). (2.48)
v=(-a)m Q- 9Q), (2.49)
v=m (9 — QQ), (2.50)

for the three different massive splitting processes, respectively. The full in-medium splitting
function for @) — Qg is given by

deed Qs dAz 0 1 do.erlned 1+(1—.’L‘)2 BL

drdh, = [ Nm ) Tl @ s

TA"RL/ Q—Qg 0 q(2) Oel G°q x B% +v

B C C C A

X< QLQ_ 2L2>(1_COS[(91_92)AZ])+ 2L2'<2 2L2_ 2L2

B +v?2 Cf+v Ci+v C? +v2 A% +v
B, B, C,

) (1= cos[(Qu — Q)Az]) + . |~ cosl(Q — QA

B +1/2> (1 — cos[(£4 3)Az]) B2 412 C2 +I/2( cos[(2 3)Az])
AJ_ DJ_ AJ_ ) AJ_ DJ_

+ : — 1— QAz]) — . 1— O-A
A2 4,2 <D2¢+V2 A7 42 ( cos[y z]) A% 02 Di—kyz( cos[Qs z])
N2 : - 1-— 01— Q)A

+N3Bi+u2 <A3+y2 Bi+u2>( cos|( — 22)A2])

+ x>m?

1 1 1
: - 1 — cos[(h — Qp)A
B? +1? (Bi+u2 Ci+u2>( cosl(fh — Ba)dl) +

} (2.51)
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where the ellipses denote analogous terms as in the first square bracket following the pattern
as indicated. The variable v for the process @ — Qg was defined in eq. (2.48), i.e. v = zm.
The expressions in both square brackets have the same structure as the full massless in-
medium splitting functions. The result for Q — ¢g@Q can be obtained via crossing. The
splitting function ¢ — QQ is given by

dNmed > a 1 1 dog med
_— :STR/dAz /qu — 22+ (1 —z)?
(dl’koJ_ 9—Q0 272 )\q(z) Oel d2qL ( ( ) )

B B A )
X (2 : — 1— Q1 — Q)A
[ B + 12 <Bi+u2 A2+ 2 ) 7 eosl = 2)az])
C, C, A, ) | B,
+2 . - 1- Q1 — Q3)Az]) + 2
o <Ci+’/2 e (1 — cos[(Q1 — Q3)Az]) N2—1\“B? 1.2
A B A
X < QCL —— = )(1—COS[<Ql—QQ)AZ])+2 ZCL < 5 S 5 = )
Ci+v? A 42 Ci+v2 \B]+1v? A7+v?

C, B,
25 2 12 2
C| +v? B +v

x (1 — cos[(Q1 — Q3)Az]) — (1 = cos[(Q — Q3)Az])

A Al D )
2 . — 1-—- QA
AT (Ai+u2 D7 1) (1 coslhaz)
Ay D,
+2Ai+y2.Di+V2 (1005[Q5Az})>]
+ m?|2 ! < ! — ! ) (1 = cos[( — Q2)A2]) + (2.52)
B% +12 \B% +12 A% 42 ! 2 T '

Here, the ellipses denote again analogous terms as in the first square bracket following the
pattern as indicated, and v = m as given in eq. (2.50). Note that in all three cases, the
massive vacuum splitting functions given in egs. (2.29) and (2.37) do not factor out as it
was the case for the massless in-medium splitting functions.

2.5 Soft gluon approximation

In this section, we consider the soft gluon approximation (SGA) of the full massive split-
ting functions in egs. (2.51) and (2.52) by taking the limit z — 0. We then make the
connection with the results obtained in the traditional picture of parton energy loss [19].
For comparison, we first present the massless results in the SGA as derived in [36, 40] and
earlier in [44] using the traditional approach of parton energy loss:

Cr[l + O(x)] 2o (2)
dNSGA a Call + O(z)] 1
_ o daz{ %@ / 02
"““(dxd%) ¢—ag) 72| Tal0+2+ 0@ [ / ‘ ;1( : 1L
qlz
999 Crl0+ 2+ O(2?)] . 1(2)
9—4qq !
q— 9q

1d med 2) . _ 2
w U2el . ki-q; [1 _ cos MAZ} . (2.53)
oa d*qy ki (kL —q)? TP
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Note that we keep the O(z) expressions for the off-diagonal splitting functions even though
they actually vanish for strictly x — 0.

Next, we consider the massive splitting functions in the SGA. We would like to point
out that there is some ambiguity for defining the massive small-z result. This ambiguity
arises for the diagonal splitting process () — QQ¢, where the mass term is proportional to
2?m?. This means that any mass dependence vanishes for strictly  — 0. Therefore, in
order to keep a finite mass correction even for z — 0, one conventionally chooses to keep
the first order correction of the mass in the denominator. However, this convention leaves
some ambiguity at what stage of the derivation one should keep the first order correction
in the denominator. When deriving the SGA, one ends up with the following expression

ki—-q, < ki—-q, _ ki >
(k1 —q)?+a?m? \ (kL —q.)?+x?m? K2 +22m2)’

(2.54)

2m? in the denominators. This structure is eventually

where we kept the mass terms ~ x
multiplied by a factor involving a cosine similar to the massless case in eq. (2.53). Keeping
the masses at this stage would be consistent with the convention in [19], where the massive
small-z result was derived within the conventional approach to parton energy loss. In [19],

the final result is cast in the following form

ki-q (ki—q,)*+2°m?q, - (g, — k)
(k3 + 22m?][(ky — q, )2 + x2m?2)2

. (2.55)
Note that this result involves three factors in the denominator which is different than in
the massless case. However, this expression can also be written as

ki-q, _ a*m®q, - (2kL —qy)
(k1 +a?m?)[(k —q)? +a2?m?]  [k] +a?m?)[(k —q )% +2?m?]?

(2.56)

where now the first term has a similar structure as the massless result in eq. (2.53). The
second term is proportional ~ 2?m? and vanishes for strictly 2 — 0. Therefore, we choose
to keep only the first term in eq. (2.56) in the SGA. This version of the massive SGA for
Q) — Qg is more similar to the massless result and more importantly, it is consistent with
the results for the off-diagonal splitting functions in the SGA where there are no ambigui-
ties. Note that for ¢ — QQ), the first mass correction has no z-dependence, see eq. (2.52)
and also eq. (2.59) below. For Q — g@Q, the mass correction is proportional ~ (1 — x)?m?
which also becomes ~ m? for z — 0. Since there is no ambiguities for the off-diagonal
small-z results, we choose to define the massive diagonal SGA result for ) — Qg in analogy

to them. The complete result for Q — Qg in the SGA is

dNSGA s 1 1 dog med
x (dd?k;) = O‘ch/dAzA /d2q — L (2.57)
xz 1L/ Q-qq ™ g(z) oo d°q
o | - N2, 2.2
‘. ki-q. {1_(308 (k1 qﬂjwm As
R+ e[k —q, )+ ] g

Note that we also keep a finite mass correction in the phase of the cosine. We would like to
stress again that this convention is different than the one chosen in [19] where the structure
in eq. (2.54) was used instead.
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We now continue presenting the results for the off-diagonal splitting processes. In the
small-z limit, we have the following result for Q — g@Q

dNSGA o T 1 1 do med
— = —Cfp (= dA d?q, ——& 2.58
v (dxdzkzl>Q_>gQ n2 F (2)/ Z)\q(z)/ s d’q (2.58)
) A _ 2 2
X —5 5 kiq. 5 5 [1 — cos Uk qL_‘)_ m AZ] :
(kT +m?][(kL —q)* +m?] zpg

and for g = QQ

dNSGA> o x / 1 1 dojed
x| —s— = —=Tr (=) [ dAz /d2 — - 2.59
<dxd2k:l 900 T R <2> (%) d o d®q (2:59)
2k - ki—q,)*+m?
X — 5 S A 5 5 [1 —cos( = qi)_ +m Az] .
(k1 +m?][(kL —gq.)* +m?] zpq

Note that for the two off-diagonal splitting functions, the mass correction is directly ~ m?

without any dependence on x as discussed above.

2.6 Numerical results

In this section, we present numerical results for the massive in-medium splitting kernels.
We compare the full splitting kernels with the soft gluon approximated results and study
the finite mass effects. We perform the g, and Az integrations in egs. (2.51), (2.52)
and (2.57)—(2.59) numerically using a realistic model for the medium. For details of the
medium properties, see the appendix of [46]. Here, as an example, we present the results
for the QGP produced in central Pb+Pb collisions at ,/syn = 5.02TeV at the LHC. Let
us give a brief description of the simulation setup, the hard jet production points are
distributed according to the binary collision density in the plane transverse to the collision
axis. The medium density follows the number of participants density. These densities

are obtained with an optical Glauber model with an inelastic nucleon-nucleon scattering
NN
in

itself undergoes Bjorken expansion with initial formation time 79 = 0.3fm. We assume

cross section o = 70 mb for the specified LHC center-of-mass energy. The medium
a gluon dominated plasma and the gluon rapidity density is dN9/dy = 2760. The initial
temperature averaged over the collision geometry by weighting with the binary collision
density is 680 MeV. This average is heavily dominated by the central hottest part of the
fireball. This setup is consistent with earlier derivations of parton energy loss and now
the full splitting functions in the local rest frame of the plasma. It was shown that while
transverse expansion can affect the azimuthal asymmetry of the produced plasma it does
not affect, except for very high transverse expansion velocities, the average suppression of
particle production [67, 68]. We study the case for an incident bottom quark with mass
mp = 4.5GeV, and choose the coupling between the hard partons and the QGP medium
g = 2.0. The overall mass effects are smaller for a charm quark mass of m, = 1.3 GeV,
nevertheless we find qualitatively similar results.

In figures 3 and 4, we show the results for the intensity spectra x(dN/dx), which are
obtained by integrating over k| up to k| max = 2Ep+/z(1 — x). This choice is just for
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small-z, m = 4.5 GeV ——— small-z, m = 4.5 ———
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x(dN/dx)
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q—q9, Q — Qg, By =20 GeV q—q9, Q = Qg, Ey = 100 GeV
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0.1 1 0.1 1

r x

1072

Figure 3. Comparison of the intensity spectra (dN/dx) for the quark-to-quark splitting process.
The massive results for the full splitting function @ — Qg are shown in blue, whereas the corre-
sponding small-x results are shown in red. We choose the mass of the bottom quark as an example,
my = 4.5 GeV. For comparison, we also plot the massless results ¢ — qg for both the full splitting
function (dashed black) and the small-z limit (green). The q, and Az integrals are evaluated
numerically with a realistic model for the medium and physical phase space cuts, see text and [46].
As an example, we choose the incident parent parton energy as Ey = pg /2 = 20 GeV (left) and
Ey = 100 GeV (right).

10! 10t
small-z, massless ————— small-z, massless —————
massless - - - - massless - - - -
small-z, m = 4.5 ——— 100 L small-z, m = 4.5 ——— |
100 f 1
m=45 ——— m =45 ———

g —qq, g — QQ, Ey = 100 GeV

7 — 9q9. Q = gQ, Ey =100 GeV

0.1 1 0.1 1
T T

Figure 4. Similar to figure 3 but for the off-diagonal splitting processes Q — g@Q (left) and g — QQ
(right) for Fy = 100 GeV.

illustrational purposes. In section 3 below, we consider a different upper integration limit
for k that is required by how the in-medium splitting functions have to be treated when
they appear in an actual cross section. In figure 3, we consider two initial parton energies
Eo =pg§ /2 =20GeV (left) and Ey = 100 GeV (right). We show the full massive splitting
function for  — Qg in blue, whereas the corresponding soft gluon approximated result
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is shown in red. For comparison, we also plot the massless results ¢ — qg for both the
full splitting function (dashed black) and the small-z limit (green). Note that we take
into account finite thermal masses myy, in the medium, which appear for both the massless
and the massive collinear parton cases. These masses enter into the transverse momentum
propagators and the related interference phases via ki — kﬁ_ + mfh. Following earlier
work [44], we take the thermal masses in egs. (2.51) and (2.52) to be my, ~ mp. It can be
seen clearly that the mass effects are a large-x effect since all four curves for both choices
of FEy in figure 3 are very close together at small-z. This is to be expected as the mass
corrections are of the form ~ x?m? for Q — Qg. By comparing the two results for the
full splitting functions for massive quarks (blue) and massless quarks (dashed black), one
finds a significant difference in the large-x region for x > 0.4. Interestingly, the rise of the
massless result at large-x completely disappears when considering a finite bottom quark
mass. As expected, the finite mass results are more relevant for Ey = 20 GeV (left), where
the differences are clearly larger.

In figure 4, we present analogous numerical results for the off-diagonal splitting func-
tions Q@ — ¢gQ (left) and g — QQ (right) for Ey = 100 GeV. The finite mass effects are
even more pronounced here than for the diagonal splitting ) — Qg, and can be relevant
for both the large and the small-x region. The enhanced effect in the small-x region is
consistent with the fact that the mass corrections for the processes Q — g@Q and g — QQ
are proportional ~ (1 — z)?m? and ~ m? respectively, and thus remain finite when taking
x — 0. Although the mass corrections can be large in the small-x region, it is instructive
to keep in mind that both off-diagonal splitting functions vanish when x — 0, as can be
seen clearly from egs. (2.58) and (2.59). Therefore, the overall numerical impact of the
finite mass effects at the level of z(dN/dx) from these regions is not directly translated to
the cross section in heavy-ion collisions.

In summary, we find that finite mass effects are indeed very significant at the level of
the intensity spectra z(dN/dz). Eventually this can have a sizable numerical impact for
the suppression of heavy mesons in heavy ion collisions as discussed in the next section.

3 Application to PbPb — HX at NLO

In this section, we first introduce a new framework for including in-medium effects con-
sistent with next-to-leading order calculations in QCD for inclusive hadron production in
heavy ion collisions. This can be achieved by making use of the in-medium massive slitting
functions derived in last section and by effectively introducing in-medium fragmentation
functions. We then consider the cross section for open heavy flavor production in proton-
proton collisions, and provide numerical results in the so-called zero mass variable flavor
number scheme (ZM-VFENS). Finally, we present results for the suppression of heavy meson
production in Pb+Pb collisions for both /syy = 5.02TeV and 2.76 TeV and compare to
the experimental data at the LHC.

3.1 In-medium fragmentation functions

In this section we derive a framework to include in-medium interactions for PbPb — HX
which is consistent with NLO calculations in the vacuum for pp — HX. Initial state
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vacuumn medium

Figure 5. Real-emission corrections at next-to-leading order in QCD for inclusive hadron produc-
tion. The vacuum case (proton-proton) is shown on the left hand side and the medium induced
diagram (Pb+Pb) is shown on the right. The gray ellipses represent the standard vacuum frag-
mentation functions for the inclusive production of a hadron H. The dotted line represents the
interaction with the medium. See text for further discussions.

Cold Nuclear Matter (CNM) effects will be included only for numerical evaluations at the
very end, with the actual implementation explained in more details in [46]. An improved
treatment of CNM energy loss using SCET g-based initial-state splitting functions [42] will
be left for future work. The framework that we develop in this section is related to jet
calculations in [47, 48] and to some extend it corresponds to a first order expansion of the
DGLAP formalism developed in [45, 46]. For a discussion of a medium-modified DGLAP
in semi-inclusive DIS, see [69].

Interactions with the hot and dense QCD medium affect partons after the hard-
scattering event but before they eventually fragment into hadrons. To NLO in the strong
coupling constant, we have to consider one-loop real and virtual corrections for the out-
going final state parton. As an example, we consider the corrections to the leading-order
hard process q¢ — qq as shown in figure 5. In the vacuum, a splitting process such as that
shown in figure 5 (left) needs to be taken into account. Such a contribution will eventually
lead to the DGLAP evolution of the vacuum fragmentation function. On the other hand,
in the QCD medium, besides the vacuum splitting process, an medium-induced splitting
process as shown in figure 5 (right) will also happen, which leads to additional contribu-
tions to the cross section for the hadron production in heavy ion collisions. Of course, when
squaring the amplitude corresponding to the medium-induced diagram on the right hand
side of figure 5, we actually need take into account all relevant single- and double-Born
diagrams to first order in opacity as discussed in section 2. The gray ellipses denote the
standard vacuum fragmentation function for both situations. We start by rederiving the
vacuum case and we then continue by describing how this calculation can be extended to
the medium case. At one-loop order, the relevant part that describes the splitting of the
final state parton can be schematically written as

Y 5”@ PioDl. (3.1)
J

Here, &,L(O) is the leading-order hard-scattering cross section to produce a parton i, Pj;
is the leading-order Altarelli-Parisi splitting function for ¢+ — j and Df is the parton-to-

hadron fragmentation function. This generic structure in eq. (3.1) can be found in standard
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textbooks such as [70]. The symbols ® denote convolution products. This structure can
be obtained by calculating a parton-to-parton fragmentation function to one-loop order
or by considering the relevant splitting process to be part of the hard-scattering function,
see [71, 72]. Note that these two possibilities are fully equivalent to first order. We choose
to present the calculation for a parton-to-parton fragmentation function. Conceptually, we
want to treat the two splitting processes shown in figure 5 (vacuum and medium case) to
be part of the first order correction to the leading-order process qq — qq.

We start by calculating the massless partonic quark and gluon fragmentation functions
in the vacuum. Massive in-medium splitting functions can be implemented in a straight-
forward way as well. We will comment on the extension to massive quarks below. For
q — q and g — g, we need to take into account both real and virtual corrections. Using
the method of [73], one can express the contributions of the virtual graphs in terms of
splitting functions derived from real emission graphs. This is consistent with the so-called
flavor and momentum sum rules [74]. From here on, we switch to the more traditional
convention, where for any given splitting process, the radiated parton carries a momentum
fraction 1 — z instead of z as in the previous section. For ¢ — ¢, we have

“dkll—{—z odk 1+ZE2
p(1),vac _ % / — —2Cpd(1 - / /d
q (z,1) 7rCF Qo kL 1—=2 CF : S
s  dk 1
:&CF L( +Z> , (32)
T Qo kL 1=z ),

where we use the notation k; = |k, |, and k, is integrated between a lower scale Qo and
an upper cutoff u that is usually identified as the relevant hard scale of the process in
consideration. If one takes the derivative of eq. (3.2) with respect to the upper integration
limit p, one will derive the DGLAP evolution equations. Note that the integral over z in
the first line is divergent by itself but it is canceled between real and virtual contributions,
and we are left with a regularized plus distribution in the second line.

For the two off-diagonal fragmentation functions at one-loop order, we have

Podk 14 (1 — 2)?

pavaci, ) — % - 3.3

B0 = S |G 33
o M dk

Dg’(l)’vaC(Z,M) _ aTF/ TL(ZQ + (1 _ 2)2) . (34)
™ Qo "L

The process ¢ — ¢ is slightly more involved and also needs special attention in the
medium case

o —
Dg’(l)’vaC(Z,M) — %QCA/ dk < z I 1-2 I Z(l . Z)) (35)

1—2z z

1_Z /udl‘”/ [20A< fx+1;$+x(1—x)>

+ 2NfTF(£L‘2 + (1 — $)2):|
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where By = 11/3C4 — 4/3Tr N ¢- Note that the expressions in the second and third lines
correspond to virtual corrections for both gluon and quark loops. The last line is obtained
by utilizing the definition of the plus function. Again all the divergences cancel between
real and virtual corrections, and we are left with a regularized plus distribution. We have
now obtained the standard expressions, where the partonic fragmentation functions are
written in terms of the leading-order Altarelli-Parisi splitting functions.

For notational convenience and easy generalization to the medium case, let us introduce
the functions P;_, (2, ) for every splitting process i — jk, where k corresponds to the
emitted parton carrying away the momentum fraction 1 — z. The functions P;_, (2, 1) are
related to the splitting functions (dN/dz/d?k  );— ;i defined in section 2 as

» dN # dN
i—7 0 =]

0

We use this identification both for the vacuum and the medium case. To be specific, we
always include a superscript “vac” or “med” below. Note that we included the k; integral
in the definition of P;_,;i(2, ) as it is always the same. For example, for the splitting
process ¢ — qg in the vacuum, we have

,P;igqg(znu) = ?O

s Podk 14 22
a F/ Llte (3.7)

Qo kl 1*2"

Using this notation, we can now write the partonic vacuum fragmentation functions derived

above as
1
DF(z, 1) = Py (2, ) = 0(1 = 2) /0 d Py (x, 1) (3:8)
vac vac 5(1 -z ) ! vac vac
ng(l), (2, 1) = Pygq(2, 1) — 2 /0 da [Pggg(x, 1) + 2N5 Py gq(w, p)] . (3.8D)
ng(l)vvac(z7 M) — P;ifgq(z’ /_,L) , (380)
Dg,(l),vac(z’lu) —_ ;’icqq(z’ ’u) , (38(1)

which contain both real and virtual contributions.

With such notations, it is straightforward to extend these results to the medium case,
where one has to consider both the vacuum splitting function as well as a medium induced
part. Therefore, we can directly make the following substitutions in eq. (3.8) above

vac vac

Yk (2 1) = Pisji(z, 1) = PGk (z, ) + PSS (2, 1) - (3.9)

Here, the P, (2, pt) are the vacuum splitting functions as discussed above and Pfl_‘f?k(z, )
are the in-medium splitting functions as derived in section 2 and integrated over k| as de-
fined in eq. (3.6). Eventually, we need to “match” onto the standard vacuum fragmentation
functions. We now continue by evaluating this matching procedure and calculate the con-
volution with the standard fragmentation functions. Schematically, we have the following

structure for the medium case

36 @ pred @ DI =5 @ DfPm (3.10)
J
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Effectively, the functions DZH ’med(z, w) can be considered as medium-modified fragmen-
tation functions [75, 76]. Even though we consider the medium induced splittings as a
correction to the vacuum hard-scattering function, it is notationally more convenient to
think of it as a medium-modified fragmentation function. The medium-modified FF will
then be convolved with the leading-order hard-scattering cross section. As it is formally a
one-loop correction, we are then going to add it to the NLO calculation in the vacuum.

Following the definition of the medium-modified quark and gluon fragmentation func-
tions D™ in eq. (3.10), we find

1 /
dz
H,med _ H med /ymed l
DM (2, ) = i 7Dq (z )quqg( ) Hizp / dz' P, (25 1)
dz'
+/ SO (S o) Pt (o). (3.11a)
4
1 H
dz z Dy (z, p)
D) = [ D (o) Py - = /0 a2’ [Py, )

1 /
me dZ me:
+2NPIs z’,u)} +/ — E Dﬁ( )Pg;jjq( ‘'u).  (3.11b)
# i=q,§

At this point one can make a direct connection between the new treatment of the medium
effects as proposed here and the approach considered in [45, 46]. In these two papers, the
authors derived medium-modified DGLAP equations. The DGLAP equations including
medium effects can be obtained by taking the derivative of the above eq. (3.11) with re-
spect to the scale p. Using medium-modified DGLAP equations essentially leads to an
exponentiation of the in-medium branchings. In [45, 46], a close connection was estab-
lished between the medium-modified DGLAP equations and traditional parton energy loss
calculations. In our case, we only consider the first order correction in «; evaluated in
the opacity series expansion. The numerical results of the two approaches turn out to be
very similar but the approach proposed in this paper is easier to implement. In addition,
the new approach has a close connection to NLO calculations in the vacuum which we use
as proton-proton baseline as discussed in the next section. Differences between the two
approaches are expected only when the observed hadrons have a relatively small transverse
momentum pr. In terms of physical processes, previous work [45, 46] concentrated only on
light hadrons while here we consider branching processes that involve both light and heavy
quarks. The DGLAP evolution takes into account the possibility of multiple splittings
between relevant virtuality scales, while the fixer order approach achieves this through one
larger virtuality splitting.

Although schematically correct and overall finite, eq. (3.11) cannot be used as they are
since the individual terms can become numerically divergent at the phase space boundaries
z — 0, 1 due to the behavior of the splitting functions P;_,;x(z, 1), see eqgs. (2.46), (2.47),
and (2.51). To rewrite the expressions into separate “numerically stable” pieces, we intro-
duce plus distributions similar to [46]. For example, the quark in-medium fragmentation
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function can be directly written as

1 g1 1 3.1
dz z dz z
DHmd DH Pmd H Pmd

o) , 21 (z”u) [ qqu(zl’u)}+ /z z! Dy (z”u) RAC

1
1 z m
= [ @ |50t (Z) - DY ] Pty
z
_ DH § d /Pmed / ! %DH i szed / 3 12
q (Z,,LL) 0 z q—>qg(z 7”) + Z, g 2/7/'6 q—>gq(z ,,LL), ( : )
z

which can be evaluated numerically. Note that this procedure can be applied to both the
massless and the massive case. For ¢ — ¢, we have to separate off the vacuum splitting
function from the in-medium result. We define

me z 1—-=z me
,Pgﬁ(;g(za M) = ( + 7 + Z(l - Z)) hg%%;g(znuf) : (313)

1—=2

We can now write the sum of both real- and virtual gluon contributions to the ¢ — g¢
splitting function as

me o(l —z 1 me hmed (Zaﬂ)
Pg—gg(zvﬂ) - (2)/ dach_f;g(x“u) = 2 [9—;99_2
0
1-2 me (5 1—2z 1 e
+ <Z+Z(1—Z)> hg—iyg(z,,u) — (2)/0 dz(z(l —x) —2) hg_>dgg($,,u), (3.14)

where we used h’gfﬁ%g(l —x, ) = h;f‘j‘;g (x, ;). We choose a slightly different convention for

expressing the plus distribution as in [45, 46]. All conventions are equivalent as long as the

divergence in the x integral is canceled. The version here is the minimally required one,

med

93525 1) /(1 —2z) are written in terms of a plus distribution. Including the off-

where only h

diagonal contribution, we can now write the in-medium fragmentation function Df’med as
1 hmed ( P )
H,med H(? H P
Dg me (Z,,U,) :/ dz/{[Dg (;a#) _Dg (Zvu)i| !]_)199_72/ (315)
z

1 z 1-2
+;Df (;7N> |: o + Z/(l - Z/):| hgn—e;igg(z/’ﬂ)}

z h’med (217/’[/) 1 1 me
- DQ(Za /J“) [/0 dzlgﬁlgiiz/ + 2/0 dZ/(Z/(]' - Z/) - Q)hg%(_iqg(zlvu)

DH(z, ) 1 Lay z
- 2Nf/0 dZ’P;ni‘éq(Z’,u)+/z — 2. D! (;w) Pmed (2, ),
1=¢,q

which can be evaluated numerically like the quark in-medium fragmentation function in
eq. (3.12). Both quark and gluon in-medium FFs eventually need to be convolved with the
leading-order quark and gluon production cross sections as shown in eq. (3.10). The cross
section in Pb+Pb collisions is obtained by adding the one-loop medium correction to the
vacuum NLO result. In other words, we have

dofipy, = dofgN"O + dofiie, (3.16)
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NLO H,med

where dagj is the NLO cross section in the vacuum, and dopyp, - is the one-loop medium

correction, and schematically we have

dotimed — 5(0) g plHmed, (3.17)
Note that dagk’ggd is negative which leads to the quenching of the inclusive hadron cross
section in heavy-ion collisions. This is obtained because of the plus distributions found in
egs. (3.12) and (3.15).

3.2 Numerical results for pp — HX at NLO within the ZM-VFNS

In this section we present numerical calculations for open heavy meson production in
proton-proton collisions, pp — HX. We choose to work within the ZM-VFNS [77, 78],
in which one neglects all the heavy quark mass corrections in the partonic hard-scattering
functions [79, 80]. Thus, this approximation is justified for p > m.p, where 1 is the charac-
teristic scale of the process and m. are the charm and bottom quark masses respectively.
In the vacuum, the only characteristic scale of the process is the large transverse momen-
tum of the produced hadron p = pr. Therefore, the ZM-VFNS is expected to be applicable
in the high-pr range: pr > m,;. The exact range of validity of the ZM-VEFNS needs to be
checked by comparing theory and experimental data. For this reason, we perform several
exemplary numerical calculations for pp — HX below.

On the other hand, the medium contribution is also sensitive to the properties of the
QCD medium which introduces much lower energy scales than pr. The characteristic scale
for in-medium interactions is given by the typical momentum exchange between the incident
parton and the QCD medium, which can be even smaller than the heavy quark mass.
Therefore, while one can set the heavy quark masses to zero in the hard-scattering functions
because of pr > mcy, we do take into account the masses of both charm and bottom
quarks in the medium-modified FFs for studying the medium contribution as discussed in
the previous section 2. Such a set-up for the medium contribution is similar to [81].

We use the pp — HX NLO framework developed in [71, 72] and typically applied for
the production of light hadrons [79, 85-92]. The double differential cross section can be
written in the following way

do'll 2p U dx ' dx
_pp _ 4PT a a4
dprd =~ s > /a' fa(2a; 1) /%' —fole, 1)

b gmin Tgq min b
1 ~ A
dZC dUCb(S7pT7 7, :U‘) H
X — = D (z 3.18
/Zgnn 22 dvdz e (7 1), (3:.18)
where ) ab,c Stands for a sum over all the parton flavors including light and heavy quarks

and gluons, and s, pr and 7 correspond to the center of mass energy, the hadron trans-
verse momentum and hadron rapidity, respectively. Moreover, f, (24, ) are the parton
distribution functions for the two incoming protons. The hard functions dé&, (8, pr, 1, i)
are functions of the corresponding variables at the parton level: the partonic CM energy
§ = mqxps, the partonic transverse momentum pr = pr/z. and the partonic rapidity
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A

n = n — In(z,/xp)/2. The kinematical variables v,z can be written in terms of these

partonic variables
2pr _j 2pr R

e z=—=coshn. 3.19
V3 Vs K ( )

Up to one loop order, the hard functions take the form

v=1-—

doc, o o () doS)

dvdz  dv o1 =2)+ 2r  dvdz

(3.20)

The integration limits in (3.18) are customarily written in terms of the hadronic vari-
ables V, Z,

2 2
V=1- %e*”, Z = % coshn, (3.21)

and are given by

: 1-Z : 1-V . 1-V 1-V-Z
min _ § min _ min. _ — . 3.22
T, 7‘/_ s Ty 1+ (1 —V—Z)/[Ea’ Zc Tp Ta ( )

On the other hand, DX (2., 1) are the heavy meson fragmentation functions. For charmed
mesons, we use the fragmentation functions of [55, 82-84], whereas for B-mesons we use the
ones from [56, 93, 94]. For D-mesons, the FF's are provided within the ZM-VFNS as well as
in the General Mass Variable Flavor Number Scheme (GM-VFNS). For B-mesons, the FFs
are only extracted using the GM-VFNS scheme. In the GM-VFNS, power corrections of the
form mib / p% are kept in the hard-scattering coefficients. However, the numerical relevance
of these terms is small for sufficiently large pr. See for example [51-54, 57, 58, 95-99] for
other sets and possible approaches to heavy meson fragmentation functions.

We start by presenting a comparison of NLO results in the ZM-VFNS with D-meson
data taken by the ATLAS and CMS collaborations in figure 6. In figure 6 (left), we show
the ZM-VFNS results for D** mesons at a CM energy of /s = 7TeV as a function
of the transverse momentum. The rapidity is integrated over an interval of |n| < 2.1.
Note that here D** does not correspond to the average but to the sum D**t = D*+ +
D*~. Following [55, 82-84], we choose pupp = mp = y/p%+m? as the central values
for the renormalization and factorization scales. The band is obtained by varying ug,r
independently around their central values by a factor of 2 and by taking the envelope.
Along with the theoretical calculation, we show the ATLAS data of [11]. Throughout this
section, we always show the combined statistical and systematic errors added in quadrature.
Analogously, in figure 6 (right), we show the results for D° production at /s = 5.02 TeV
with || < 1 comparing to preliminary data from CMS [13]. Keeping in mind that the
D-meson fragmentation functions of [55, 82-84] are fitted to eTe™ data only, we find that
the agreement between theory and data is indeed remarkably good. In addition, we would
like to emphasize that the agreement between the NLO calculation within the ZM-VFNS
and the data is still good even at relatively low values of pp of a few GeV.

Similarly, in figure 7, we show analogous comparisons for B-mesons. We choose to only
show two exemplary comparisons of the NLO calculation in the ZM-VFNS and inclusive
pp — B1X data from ATLAS [10] (left) and CMS [7] (right). For both data sets, BT
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Figure 6. The production cross sections for pp — D**X at /s = 7TeV (left) and for pp — D°X
at /s = 5.02 TeV (right). The data was taken by the ATLAS collaboration [11] for D** and by the
CMS collaboration [13] for D°. Statistical and systematic errors are added in quadrature. The red
curve is calculated within the ZM-VFNS scheme using the fragmentation functions of [55, 82-84].
The band is obtained by varying pr ¢ by a factor of 2 around their central values of pp p = mp =

\/p% +m2 and by taking the envelope.
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Figure 7. The pp — BT X production cross section for /s = 7 TeV within the ZM-VFNS [56, 93,
94] in comparison to data from ATLAS [10] (left) and CMS [7] (right). The ATLAS data is presented
for four different rapidity intervals in the range of n = 0-2.25 whereas the CMS results is for
|n| < 2.4. Statistical and systematic errors are added in quadrature. The NLO calculation is shown
in red where the factorization and renormalization scales are chosen as g p = mpy = / p2T + mg.
The band is obtained by varying pr r independently by a factor of 2 around their central values
and by taking the envelope.
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Figure 8. The percentage contribution of the heavy quark and gluon fragmentation processes
to inclusive D-meson (left) and B-meson (right) production at NLO for /s = 7TeV. The heavy
quark contribution (charm, bottom) is shown in red and the gluon is shown in blue. We use the
fragmentation functions of [55, 82-84] (left) and [56, 93, 94] (right) within the ZM-VFNS and we

have as usual g p = mp = ,/p5 +m?,.

mesons are identified via the exclusive decay channel BT — J/Y K+t — ptu~K*. The
corresponding multiplicative branching fractions are taken into account in our calculations.
The CMS data is integrated over |n| < 2.4, whereas the ATLAS data is presented for four
different rapidity intervals in the range of n = 0 — 2.25. Both data sets were taken at
a CM energy of /s = 7TeV. The default scale for the NLO calculation is now pupp =
mp = \/p%+m? following [56, 93, 94]. Again, the band is obtained by varying ug r
independently around their default choice by a factor of 2 and by taking the envelope.
Similar to the inclusive D-meson production, the agreement between theory and data is
remarkably good even down to relatively low pr.

We would like to point out an important difference to several earlier calculations in the
literature. Often the heavy meson production is calculated differently and only the modi-
fication of the heavy-quark-to-heavy-meson fragmentation process is taken into account in
Pb+Pb collisions. However, in the ZM-VFNS, there is a large gluon-to-heavy-meson contri-
bution, even though the gluon-to-heavy-meson fragmentation function itself is much smaller
than the corresponding heavy-quark-to-heavy-meson FF. The smallness of the gluon FF
itself is compensated by the large gluon production cross section in proton-proton colli-
sions at high CM energies. In fact, as illustrated in figure 8, the gluon-to-heavy-meson
contribution (shown in blue) is of the order of 50% for both D- (left) and B-meson (right)
production in pp collisions at /s = 7TeV. This is reminiscent of the fact that ~ 50%
of the jets tagged by B-mesons (b—jets) are initiated by prompt gluons in Pythia simula-
tions [25]. The percentage contribution of the heavy-quark-to-heavy-meson fragmentation
process is shown in red for both D- and B-meson production. We note that the light-
quark-to-heavy-meson fragmentation contribution turns out to have a marginal effect only.
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We would like to stress again that heavy meson FFs are generally extracted from eTe™
data only. In this case, the gluon-to-heavy-meson FF only enters at the one-loop level and
through evolution effects. This leads to the fact that the gluon fragmentation function is
relatively poorly constrained from eTe™ alone. In the future, it will be very helpful to ob-
tain heavy meson fragmentation functions within a global analysis including in particular
pp — HX data as it is customarily done for light hadrons [86, 87, 89]. In addition, includ-
ing in-jet fragmentation data pp — (jetH)X [100], an observable for which a new theory
framework was recently developed [101-109], is expected to lead to great improvements of
the corresponding global fits.

Whether a gluon-to-heavy-meson fragmentation function is included in the calculation
or not is especially relevant for the in-medium calculation. The energy loss of heavy quarks
and gluons in the medium is very different. Therefore, it is absolutely crucial to understand
how heavy mesons are formed in order to obtain a reliable quantitative understanding of
their suppression in heavy-ion collisions. In fact, not only the relative percentage of gluon
and heavy quark fragmentation as shown in figure 8 is important but also the exact shape
of the fragmentation functions is relevant. The inclusive hadron spectra pp — HX are
relatively well described by currently available sets of fragmentation functions as shown
above. However, for example, the disagreement between theory and data for heavy mesons
measured inside jets clearly shows that the currently available fragmentation functions are
still not well enough understood so far, see [105]. Performing new global fits is beyond the
scope of this work but we are planning to addressed this issue in future publications.

3.3 Suppression of D- and B-mesons in Pb+Pb collisions at the LHC
In this section, we present the results for the nuclear modification factor R4 defined as

do gbpb/ dndpr
Niin) doff /dndpr

Raa = < (3.23)
Here, (Ny;y) is the average number of binary nucleon-nucleon collisions for a given centrality
and dagg /dndpr, dagbpb /dndpr are the double differential cross sections for inclusive heavy
meson H production in proton-proton and Pb+Pb collisions respectively. The cross section
for proton-proton collision was given in eq. (3.18) and its modification for Pb+PDb collisions
was discussed in the previous section, cf. eq. (3.16). Our calculations depend on one
parameter and the result of initial-state effects. Firstly, there is the coupling constant g
that describes how strongly the hard partons couple to the QCD medium. As in several
earlier publications [45, 46], we choose this parameter around g ~ 2. When presenting
numerical results for the nuclear modification factor R 44, we typically vary this parameter
around its central value by 40.1 and plot the obtained band. Eventually, the coupling
strength g will have to be constrained by comparing to data. The second set of effects
are Cold Nuclear Matter (CNM) effects, which happen before the formation of the QGP.
These include isospin effects, coherent power corrections for heavy quarks [23, 110], the
Cronin effect [111] and cold nuclear matter energy loss [42, 112, 113]. By implementing
isospin effects we take into account that the Pb nucleus is made up of both protons and
neutrons. As discussed above and illustrated in figure 8, we find that for heavy meson
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Figure 9. The nuclear modification factor R4, for D meson production as a function of the
transverse momentum pr. We show the result obtained within the traditional approach to energy
loss (green band) as well as the new results based on SCET); ¢ (hatched red band). We choose a
CM energy of \/snn = 5.02TeV, a rapidity interval of 0 < || < 1 and the results are for central
collisions with centrality 0 — 10%. In addition, we choose the coupling strength as g = 1.9 +0.1.
The results for Ra4 are presented without CNM effects (left) and with CNM effects (right). See
text for more details.

production only heavy quark and gluon fragmentation functions turn out to be relevant.
These processes are isospin symmetric. Therefore, for all our results presented here, the
isospin effects are very small. The effect of power corrections is limited to small pr and
does not affect the ZM-VFNS region of applicability. The Cronin effect and CNM energy
loss effects can partly be constrained by p+PDb collisions for example. It is clear that there
is always a non-trivial interplay between the value of the coupling strength g and possible
CNM effects. To some extent a variation of, say, g can be absorbed by changing the
strength of CNM effects. That being said, we would like to point out that the two effects
are not completely interchangeable and it is indeed possible to constrain both effects from
precision data in Pb+Pb collisions when observables are carefully selected, see also [46].
We start by presenting results for the R4 of D°-mesons using the new framework of
SCETwm,q (hatched red band) in figure 9. In addition, we present results obtained within
the traditional approach to parton energy loss (green band) [19, 44]. We choose a CM
energy of \/sxy = 5.02TeV and integrate over the rapidity interval |n| < 1. The charm
mass is chosen as m. = 1.3GeV. The results are presented for central collisions with
centrality 0 — 10%. The bands are obtained by varying the coupling strength around its
central value g = 1.9 £ 0.1. On the left (right) hand side of figure 9, we show the results
without (with) CNM effects. It can be seen that the CNM effects can affect the R4 both
at low and high-py. As it turns out, they lead to a rise at relatively low-pr, whereas a
suppression in the high-pr region is observed. We find that both the SCETy g results
and the results based on traditional parton energy loss are quite similar in the large-pr
region. However, at low-pp, the two results differ significantly. We would like to point out
that the difference between the two results is not entirely due to the different theoretical
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Figure 10. Same as figure 9 but for BT mesons.

approaches to the in-medium interaction SCET\ ¢ vs. traditional parton energy loss. For
both D- and B-meson (see figure 10) production within SCET); g, we use modern fits of
fragmentation functions that include both heavy quark and gluon fragmentation. Instead,
the results presented here using the traditional picture of parton energy loss are calculated
using only heavy quark fragmentation functions based on a model calculation [98], as it is
conventionally done in the literature. The different choice of fragmentation functions can
lead to a very different result for the R44 in particular at low pyr. We discuss this point in
more detail below.

In figure 10, we present analogous results for the nuclear modification factor for B
meson production. The bottom mass is chosen as m, = 4.5 GeV. By comparing figures 9
and 10 one notices that there is indeed a difference of the R4 between D°- and BT-
meson suppression independent of the approach (medium-induced splitting only). Firstly,
this is in part due to the different fragmentation functions. Secondly, the different masses
for charm and bottom quarks can affect the R44 even at relatively large pr. As can be
seen from figure 10, the difference between SCET\ g based results and the results from
traditional parton energy loss differ more significantly at low-pr than it is the case for
D%-mesons. The large difference between the two approaches at low pr is mainly due to
the fact that for the traditional parton energy loss calculation we only take into account
heavy quark fragmentation functions.

As already pointed out in the previous section, it is of great relevance to understand
the relative contributions of heavy quark and gluon fragmentation to the heavy meson
production cross sections [25, 30]. Figure 11 illustrates the implications for the obtained
nuclear modification factor R44. In black, we show the combined calculation for the
suppression of DY (left) and B* mesons (right) in heavy-ion collisions as before in figures 9
and 10. In blue, the suppression is shown for the “heavy quark only” case. These results are
obtained by calculating both the proton-proton baseline as well as the in-medium effects
with only charm quark (left) and bottom quark (right) fragmentation functions. In red,
we show the analogous result for the “gluon only” case. While the suppression for heavy
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Figure 11. Nuclear modification factor Raa for D° mesons (left) and B-mesons (right). As an
example, we choose (/syn = 5.02TeV, || < 1 and 0 — 10% centrality. In black the standard R4
is shown as in figures 9 and 10. In blue, we show the suppression for the “heavy quark only” case.
This result is obtained by calculating both the proton-proton baseline as well as the medium effects
with only charm (left) and bottom quark fragmentation functions (right). In red, the analogous
result is shown for the “gluon only” case.

quarks and gluons is similar in the high pr region, it turns out that their suppression is
very different in the low pr region. The difference between fragmenting gluons and heavy
quarks is more pronounced for the heavier BT-mesons. The very different suppression
rates for heavy quarks and gluons can lead to a significantly different picture of how the
QCD medium affects open heavy flavor. Besides these important differences, there are two
main sources of uncertainties at low pr. Firstly, the gluon-to-heavy-meson fragmentation
function is still relatively poorly constrained. This concerns both the exact functional form
as well as the total contribution to the cross section of gluons as discussed above and
illustrated in figure 8. Therefore, we would like to stress that a more reliable picture of the
in-medium interactions requires further improvements already at the level of the proton-
proton baseline calculation. Secondly, in the low pr region higher order terms in the
opacity series expansion are expected to play a more important role. In the future we plan
to address these issues in order to systematically improve the current framework allowing
an extension to lower values of pp. In addition, other effects like collisional energy loss
and dissociation are expected to play a role at low pr as well [21, 22]. However, given the
currently remaining uncertainties at low pr, it is clear that further improvements are needed
before making any definitive statements about where exactly other effects are relevant or
even dominate. We note that our conclusions here are different than in [33], where the
authors concluded that the energy loss for gluons that fragment into heavy mesons is small
because gluons quickly split into heavy quark anti-quark pairs which then fragment into the
observed heavy mesons. Instead, here we are motivated by QCD factorization saying that
the actual hadronization is a long-distance effect which happens at much later time scales
than the hard-scattering event. At least within the ZM-VFNS, gluon fragmentation has
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Figure 12. Nuclear modification factor Ra4 for D° mesons without (left) and with (right) CNM
effects in comparison to preliminary the CMS data of [13]. We have \/syy = 5.02TeV, |n| < 1
and 0 — 10% centrality. When CNM effects are (not) included, we choose the coupling strength as
g=19+0.1 (g=20+0.1).

been put on an equal footing as the heavy-quark fragmentation function within the QCD
factorization formalism, as can be seen clearly in egs. (3.16) and (3.18). In this sense,
our approach is in direct analogy to light charged hadron production. To summarize,
the detailed suppression pattern seen in figure 11 arises from the interplay between the
strength of the medium-induced splitting functions and the shape of the long-distance
non-perturbative fragmentation into open heavy flavor mesons. Since the latter also encode
non-perturbative flavor creation and the ZM-VFNS cannot be extended to low pr there is
not a one-to-one correspondence between the heavy quarks produced in the short distance
processes and the final-state heavy mesons.

We would like to add that a unique opportunity to test and improve the current
theoretical framework would be to measure and calculate the in-jet fragmentation of heavy
mesons both in proton-proton and heavy-ion collisions [100, 105]. Firstly, the poorly known
gluon-to-heavy-meson fragmentation functions can be studied at a more differential level.
Secondly, the in-jet fragmentation will allow to disentangle better the modification of the
two main fragmentation contributions to heavy meson production.

Despite the remaining uncertainties at low pr, we expect to have a reliable descrip-
tion of the in-medium effects as long as the transverse momentum of the observed heavy

meson is sufficiently large pr 2

~

10 GeV. We proceed by comparing our new SCET\ g
based calculations with currently available experimental data from CMS and ALICE as an
example. In figure 12, we present a comparison to the preliminary CMS data of [13] for the
nuclear modification factor R44 for DP-mesons. The data was taken for V5NN = 5.02TeV,
In| < 1 and 0—10% centrality. Note that for all the data presented in this section, we show
the statistical errors as standard error bars and the systematic ones as yellow boxes. On
the left hand side, we compare the data to our calculation without CNM effects and we
choose the coupling strength as g = 2.0 & 0.1. Instead, on the right hand side, we include
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Figure 13. Nuclear modification factor Ra4 for D-mesons (DY, DT and D** average) without
(left) and with (right) CNM effects in comparison to ALICE data of [9, 15]. We have /sy =
2.76 TeV, |n| < 0.5 and 0 — 7.5% centrality. When CNM effects are (not) included, we choose the
coupling strength as ¢ =1.94+0.1 (¢ =2.0£0.1).

CNM effects as discussed above. As illustrated in figure 12, it turns out that CNM effects
lead to a larger suppression at high-py. Therefore, we choose a lower coupling strength
g =1.940.1 for the comparison to data. Again, we would like to point out that one effect
can not be compensate entirely by the other one. Both calculations based on the newly
derived SCET\; g agree very well with the data in the expected pr region. While the result
without CNM effects seems to agree slightly better with the data, one can not make any
definitive statement given the experimental uncertainties.

Next, we compare to ALICE data [9, 15] at \/syn = 2.76 TeV in figure 13. The nuclear
modification factor R4 is shown for D-mesons (D°, Dt and D*T average) with |n| < 0.5
and 0 — 7.5% centrality. Again we present our numerical results including CNM effects for
g =2.0=£0.1 (left) and the results without CNM effects for ¢ = 1.9 £ 0.1 (right). We find
that the data is well described by our calculations for pr 2 10 GeV. Our result without
CNM effects seems to agree slightly better with the data.

Finally, in figure 14 we compare to the R44 data from CMS [8] for non-promt J/1)
production which originate from the decay of B-mesons. The data was taken at |/syn =
2.76 TeV for |n| < 2.4 and is available only for minimum bias collisions (0—100% centrality).
For comparison, we show our results for 0-10% centrality and for mid-peripheral collisions
with 30-50% centrality. Again, we present our theoretical B-meson results without CNM
effects (left, g = 2.0 £0.1) and with CNM effects (right, ¢ = 1.9 £0.1). We implement the
kinematic downshift in pp from B — J/4 based on the CMS collaboration simulation [114].
We find that our central results (0 — 10% centrality) agrees very well with the data. The
minimum bias results are dominated by central collisions as they are weighted with the
number of collisions. It will be instructive if the experiments can provide these data sets for
fixed centrality bins, and thus to further test our theoretical framework. We look forward
to more experimental data at the LHC in the near future.
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Figure 14. Nuclear modification factor R4 4 for non-prompt J/1 production which originate from
B-meson decays. The CMS data [8] was taken at /syny = 2.76 TeV for |n| < 2.4 and 0 — 100%
centrality. For comparison, we present our B-meson results for central (0 — 10% centrality, hatched
red band) and mid-peripheral (30 — 50% centrality, green band) collisions with the B — J/¢
kinematic pr downshift. Again, we present our theoretical results without CNM effects (left, g =
2.0 £0.1) and with CNM effects (right, g = 1.9+ 0.1).

4 Conclusions and outlook

We have derived a version of Soft Collinear Effective Theory that includes both the inter-
actions with the medium that are mediated by Glauber gluon exchange and heavy quark
masses. Using the new effective field theory, we obtained vacuum and in-medium mas-
sive splitting functions for the Q@ — Qg, @ — ¢@Q and g — QQ processes. Despite some
ambiguities, we found agreement in the soft emission limit with earlier results in the litera-
ture where traditional approaches to parton energy loss in the QCD medium were used. In
addition, we proposed a new formalism to include in-medium effects consistently at next-to-
leading order in QCD. We presented numerical open heavy flavor results for proton-proton
collisions in the ZM-VFNS. Comparing with currently available data, we found good agree-
ment even for relatively low ppr. Our numerical results for the suppression of open heavy
flavor production in Pb+Pb collisions are applicable for pr = 10 GeV. We observed good
agreement between theory and currently existing data sets for both D- and B-meson pro-
duction at /syny = 5.02TeV and 2.76 TeV. As it turns out, the low-pp suppression rates
for open heavy flavor production are very sensitive to the relative contributions of heavy
quark and gluon fragmentation. The currently available sets of fragmentation functions
may not be sufficiently well constrained to make quantitative predictions in the very low
pr region. In the future, there are several possible ways to improve the current framework.
Firstly, our study clearly motivates global fits of heavy meson fragmentation functions
which are currently only constrained from ete™ data alone. Including both pp — HX
and hadron-in-jet pp — (jetH)X data will greatly improve the sensitivity in particular
to the gluon-to-heavy-meson fragmentation functions. Secondly, it would be interesting
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to calculate the full in-medium splitting functions to second order in opacity. This way,
it may be possible to extend the current framework down to lower pp, where correlated
multiple interactions with the medium become more relevant. This way, the full range of
applicability of the current framework can be assessed and additional effects in the medium
can also be taken into account.

Acknowledgments

We would like to thank Grigory Ovanesyan for his collaboration at the early stages of this
work. In addition, we would like to thank Daniele Anderle, Yang-Ting Chien, Yen-Jie
Lee, Emanuele Mereghetti, Rishi Sharma, Marco Stratmann, Hongxi Xing and Zhiqing
Zhang for helpful discussions. This work is supported by the U.S. Department of Energy
under Contract No. DE-AC52-06NA25396, in part by the LDRD program at Los Alamos
National Laboratory.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] CDF collaboration, D. Acosta et al., Measurement of prompt charm meson production
cross sections in pp collisions at /s = 1.96 TeV, Phys. Rev. Lett. 91 (2003) 241804
[hep-ex/0307080] [INSPIRE].

[2] CDF collaboration, D. Acosta et al., Measurement of the BT total cross section and B
differential cross section do/dpr in pp collisions at /s = 1.8-TeV, Phys. Rev. D 65 (2002)
052005 [hep-ph/0111359] [INSPIRE].

[3] CDF collaboration, D. Acosta et al., Measurement of the J/1 meson and b—hadron
production cross sections in pp collisions at \/s = 1960 GeV, Phys. Rev. D 71 (2005)
032001 [hep-ex/0412071] [INSPIRE].

[4] PHENIX collaboration, A. Adare et al., Heavy Quark Production in p + p and Energy Loss
and Flow of Heavy Quarks in Au+Au Collisions at \/syn = 200 GeV, Phys. Rev. C 84
(2011) 044905 [arXiv:1005.1627] [INSPIRE].

[5] STAR collaboration, L. Adamczyk et al., Observation of D° Meson Nuclear Modifications
in Au+Au Collisions at \/syn = 200 GeV, Phys. Rev. Lett. 113 (2014) 142301
[arXiv:1404.6185] [INSPIRE].

[6) PHENIX collaboration, A. Adare et al., Heavy-quark production and elliptic flow in
AutAu collisions at /5y = 62.4 GeV, Phys. Rev. C 91 (2015) 044907 [arXiv:1405.3301]
[INSPIRE].

[7] CMS collaboration, Measurement of the BT Production Cross section in pp Collisions at
Vs =7 TeV, Phys. Rev. Lett. 106 (2011) 112001 [arXiv:1101.0131] [INSPIRE].

[8] CMS collaboration, Suppression and azimuthal anisotropy of prompt and nonprompt J/
production in PbPb collisions at \/syny = 2.76 TeV, submitted to Eur. Phys. J. C' (2016)
[arXiv:1610.00613] [INSPIRE].

— 36 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1103/PhysRevLett.91.241804
https://arxiv.org/abs/hep-ex/0307080
http://inspirehep.net/search?p=find+EPRINT+hep-ex/0307080
http://dx.doi.org/10.1103/PhysRevD.65.052005
http://dx.doi.org/10.1103/PhysRevD.65.052005
https://arxiv.org/abs/hep-ph/0111359
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0111359
http://dx.doi.org/10.1103/PhysRevD.71.032001
http://dx.doi.org/10.1103/PhysRevD.71.032001
https://arxiv.org/abs/hep-ex/0412071
http://inspirehep.net/search?p=find+EPRINT+hep-ex/0412071
http://dx.doi.org/10.1103/PhysRevC.84.044905
http://dx.doi.org/10.1103/PhysRevC.84.044905
https://arxiv.org/abs/1005.1627
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.1627
http://dx.doi.org/10.1103/PhysRevLett.113.142301
https://arxiv.org/abs/1404.6185
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.6185
http://dx.doi.org/10.1103/PhysRevC.91.044907
https://arxiv.org/abs/1405.3301
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.3301
http://dx.doi.org/10.1103/PhysRevLett.106.112001
https://arxiv.org/abs/1101.0131
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0131
https://arxiv.org/abs/1610.00613
http://inspirehep.net/search?p=find+EPRINT+arXiv:1610.00613

[9]

[10]

[11]

[13]

[14]

[15]

[21]

[22]

[23]

[24]

[25]

[26]

A. Grelli, D meson nuclear modification factors in Pb-Pb collisions at \/syny = 2.76 TeV
with the ALICE detector, Nucl. Phys. A904-905 (2013) 635c—638c [arXiv:1210.7332]
[INSPIRE].

ATLAS collaboration, Measurement of the differential cross-section of BT meson
production in pp collisions at \/s =T TeV at ATLAS, JHEP 10 (2013) 042
[arXiv:1307.0126] [INSPIRE].

ATLAS collaboration, Measurement of D**, D* and D meson production cross sections
in pp collisions at /s = 7 TeV with the ATLAS detector, Nucl. Phys. B 907 (2016) 717
[arXiv:1512.02913] [INSPIRE].

CMS collaboration, Measurement of the BT hadron production cross section in pp collisions
at 18 TeV, CMS-PAS-BPH-15-004.

CMS collaboration, D® meson nuclear modification factor in PbPb collisions at
VSNN = 5.02 TeV, CMS-PAS-HIN-16-001.

ALICE collaboration, D-meson production in p-Pb collisions at \/sxn = 5.02 TeV and in
pp collisions at \/s =7 TeV, Phys. Rev. C 94 (2016) 054908 [arXiv:1605.07569] [INSPIRE].

ALICE collaboration, Transverse momentum dependence of D-meson production in Pb-Pb
collisions at \/snx = 2.76 TeV, JHEP 03 (2016) 081 [arXiv:1509.06888] InSPIRE].

A. Andronic et al., Heavy-flavour and quarkonium production in the LHC era: from
proton-proton to heavy-ion collisions, Eur. Phys. J. C 76 (2016) 107 [arXiv:1506.03981]
[INSPIRE].

Y. Akiba et al., The Hot QCD White Paper: Ezxploring the Phases of QCD at RHIC and
the LHC, arXiv:1502.02730 [INSPIRE].

Y.L. Dokshitzer and D.E. Kharzeev, Heavy quark colorimetry of QCD matter, Phys. Lett. B
519 (2001) 199 [hep-ph/0106202] [INSPIRE].

M. Djordjevic and M. Gyulassy, Heavy quark radiative energy loss in QCD matter, Nucl.
Phys. A 733 (2004) 265 [nucl-th/0310076] [INSPIRE].

N. Armesto, M. Cacciari, A. Dainese, C.A. Salgado and U.A. Wiedemann, How sensitive
are high-pr electron spectra at RHIC to heavy quark energy loss?, Phys. Lett. B 637 (2006)
362 [hep-ph/0511257] [INSPIRE].

S. Wicks, W. Horowitz, M. Djordjevic and M. Gyulassy, Flastic, inelastic and path length
fluctuations in jet tomography, Nucl. Phys. A 784 (2007) 426 [nucl-th/0512076] [INSPIRE].

A. Adil and 1. Vitev, Collisional dissociation of heavy mesons in dense QCD matter, Phys.
Lett. B 649 (2007) 139 [hep-ph/0611109] [INSPIRE].

I. Vitev, J.T. Goldman, M.B. Johnson and J.W. Qiu, Open charm tomography of cold
nuclear matter, Phys. Rev. D 74 (2006) 054010 [hep-ph/0605200] [INSPIRE].

Z.-B. Kang and 1. Vitev, Photon-tagged heavy meson production in high energy nuclear
collisions, Phys. Rev. D 84 (2011) 014034 [arXiv:1106.1493] [INSPIRE].

J. Huang, Z.-B. Kang and 1. Vitev, Inclusive b-jet production in heavy ion collisions at the
LHC, Phys. Lett. B 726 (2013) 251 [arXiv:1306.0909] [INSPIRE].

M. He, R.J. Fries and R. Rapp, Heavy Flavor at the Large Hadron Collider in a Strong
Coupling Approach, Phys. Lett. B 735 (2014) 445 [arXiv:1401.3817] [INSPIRE].

37—


http://dx.doi.org/10.1016/j.nuclphysa.2013.02.096
https://arxiv.org/abs/1210.7332
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.7332
http://dx.doi.org/10.1007/JHEP10(2013)042
https://arxiv.org/abs/1307.0126
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.0126
http://dx.doi.org/10.1016/j.nuclphysb.2016.04.032
https://arxiv.org/abs/1512.02913
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.02913
http://cds.cern.ch/record/2114806
http://cds.cern.ch/record/2157844
http://dx.doi.org/10.1103/PhysRevC.94.054908
https://arxiv.org/abs/1605.07569
http://inspirehep.net/search?p=find+EPRINT+arXiv:1605.07569
http://dx.doi.org/10.1007/JHEP03(2016)081
https://arxiv.org/abs/1509.06888
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.06888
http://dx.doi.org/10.1140/epjc/s10052-015-3819-5
https://arxiv.org/abs/1506.03981
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.03981
https://arxiv.org/abs/1502.02730
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.02730
http://dx.doi.org/10.1016/S0370-2693(01)01130-3
http://dx.doi.org/10.1016/S0370-2693(01)01130-3
https://arxiv.org/abs/hep-ph/0106202
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0106202
http://dx.doi.org/10.1016/j.nuclphysa.2003.12.020
http://dx.doi.org/10.1016/j.nuclphysa.2003.12.020
https://arxiv.org/abs/nucl-th/0310076
http://inspirehep.net/search?p=find+EPRINT+nucl-th/0310076
http://dx.doi.org/10.1016/j.physletb.2005.12.073
http://dx.doi.org/10.1016/j.physletb.2005.12.073
https://arxiv.org/abs/hep-ph/0511257
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0511257
http://dx.doi.org/10.1016/j.nuclphysa.2006.12.048
https://arxiv.org/abs/nucl-th/0512076
http://inspirehep.net/search?p=find+EPRINT+nucl-th/0512076
http://dx.doi.org/10.1016/j.physletb.2007.03.050
http://dx.doi.org/10.1016/j.physletb.2007.03.050
https://arxiv.org/abs/hep-ph/0611109
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0611109
http://dx.doi.org/10.1103/PhysRevD.74.054010
https://arxiv.org/abs/hep-ph/0605200
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0605200
http://dx.doi.org/10.1103/PhysRevD.84.014034
https://arxiv.org/abs/1106.1493
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.1493
http://dx.doi.org/10.1016/j.physletb.2013.08.009
https://arxiv.org/abs/1306.0909
http://inspirehep.net/search?p=find+EPRINT+arXiv:1306.0909
http://dx.doi.org/10.1016/j.physletb.2014.05.050
https://arxiv.org/abs/1401.3817
http://inspirehep.net/search?p=find+EPRINT+arXiv:1401.3817

[27] V. Ozvenchuk, J.M. Torres-Rincon, P.B. Gossiaux, L. Tolos and J. Aichelin, D-meson
propagation in hadronic matter and consequences for heavy-flavor observables in
ultrarelativistic heavy-ion collisions, Phys. Rev. C 90 (2014) 054909 [arXiv:1408.4938]
[INSPIRE].

[28] S.K. Das, F. Scardina, S. Plumari and V. Greco, Toward a solution to the Ry and vy
puzzle for heavy quarks, Phys. Lett. B 747 (2015) 260 [arXiv:1502.03757] InSPIRE].

[29] J. Xu, J. Liao and M. Gyulassy, Bridging Soft-Hard Transport Properties of quark-gluon
Plasmas with CUJET3.0, JHEP 02 (2016) 169 [arXiv:1508.00552] [INSPIRE].

[30] J. Huang, Z.-B. Kang, I. Vitev and H. Xing, Photon-tagged and B-meson-tagged b-jet
production at the LHC, Phys. Lett. B 750 (2015) 287 [arXiv:1505.03517] [INSPIRE].

[31] T. Song et al., Tomography of the quark-gluon-Plasma by Charm Quarks, Phys. Rev. C 92
(2015) 014910 [arXiv:1503.03039] [InSPIRE].

[32] M. Djordjevic and M. Djordjevic, Predictions of heavy-flavor suppression at 5.1 TeV
Pb + Pb collisions at the CERN Large Hadron Collider, Phys. Rev. C 92 (2015) 024918
[arXiv:1505.04316] [INSPIRE].

[33] S. Cao, G.-Y. Qin and X.-N. Wang, Gluon contribution to open heavy-meson production in
heavy-ion collisions, Phys. Rev. C 93 (2016) 024912 [arXiv:1511.04009] [INSPIRE].

[34] S. Cao, T. Luo, G.-Y. Qin and X.-N. Wang, Linearized Boltzmann transport model for jet
propagation in the quark-gluon plasma: Heavy quark evolution, Phys. Rev. C 94 (2016)
014909 [arXiv:1605.06447) INSPIRE].

[35] A. Idilbi and A. Majumder, Fxtending Soft-Collinear-Effective- Theory to describe hard jets
in dense QCD media, Phys. Rev. D 80 (2009) 054022 [arXiv:0808.1087] [INSPIRE].

[36] G. Ovanesyan and 1. Vitev, An effective theory for jet propagation in dense QCD matter:
jet broadening and medium-induced bremsstrahlung, JHEP 06 (2011) 080
[arXiv:1103.1074] [NSPIRE].

[37] C.W. Bauer, S. Fleming, D. Pirjol and I.W. Stewart, An effective field theory for collinear
and soft gluons: Heavy to light decays, Phys. Rev. D 63 (2001) 114020 [hep-ph/0011336]
[INSPIRE].

[38] C.W. Bauer, D. Pirjol and I.W. Stewart, Soft collinear factorization in effective field theory,
Phys. Rev. D 65 (2002) 054022 [hep-ph/0109045] [INSPIRE].

[39] M. Beneke, A.P. Chapovsky, M. Diehl and T. Feldmann, Soft collinear effective theory and
heavy to light currents beyond leading power, Nucl. Phys. B 643 (2002) 431
[hep-ph/0206152] [INSPIRE].

[40] G. Ovanesyan and 1. Vitev, Medium-induced parton splitting kernels from Soft Collinear
Effective Theory with Glauber gluons, Phys. Lett. B 706 (2012) 371 [arXiv:1109.5619]
[INSPIRE].

[41] M. Fickinger, G. Ovanesyan and I. Vitev, Angular distributions of higher order splitting
functions in the vacuum and in dense QCD matter, JHEP 07 (2013) 059
[arXiv:1304.3497] [INSPIRE].

[42] G. Ovanesyan, F. Ringer and 1. Vitev, Initial-state splitting kernels in cold nuclear matter,
Phys. Lett. B 760 (2016) 706 [arXiv:1512.00006] [INSPIRE].

— 38 —


http://dx.doi.org/10.1103/PhysRevC.90.054909
https://arxiv.org/abs/1408.4938
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.4938
http://dx.doi.org/10.1016/j.physletb.2015.06.003
https://arxiv.org/abs/1502.03757
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.03757
http://dx.doi.org/10.1007/JHEP02(2016)169
https://arxiv.org/abs/1508.00552
http://inspirehep.net/search?p=find+EPRINT+arXiv:1508.00552
http://dx.doi.org/10.1016/j.physletb.2015.09.029
https://arxiv.org/abs/1505.03517
http://inspirehep.net/search?p=find+EPRINT+arXiv:1505.03517
http://dx.doi.org/10.1103/PhysRevC.92.014910
http://dx.doi.org/10.1103/PhysRevC.92.014910
https://arxiv.org/abs/1503.03039
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.03039
http://dx.doi.org/10.1103/PhysRevC.92.024918
https://arxiv.org/abs/1505.04316
http://inspirehep.net/search?p=find+EPRINT+arXiv:1505.04316
http://dx.doi.org/10.1103/PhysRevC.93.024912
https://arxiv.org/abs/1511.04009
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.04009
http://dx.doi.org/10.1103/PhysRevC.94.014909
http://dx.doi.org/10.1103/PhysRevC.94.014909
https://arxiv.org/abs/1605.06447
http://inspirehep.net/search?p=find+EPRINT+arXiv:1605.06447
http://dx.doi.org/10.1103/PhysRevD.80.054022
https://arxiv.org/abs/0808.1087
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.1087
http://dx.doi.org/10.1007/JHEP06(2011)080
https://arxiv.org/abs/1103.1074
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.1074
http://dx.doi.org/10.1103/PhysRevD.63.114020
https://arxiv.org/abs/hep-ph/0011336
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0011336
http://dx.doi.org/10.1103/PhysRevD.65.054022
https://arxiv.org/abs/hep-ph/0109045
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0109045
http://dx.doi.org/10.1016/S0550-3213(02)00687-9
https://arxiv.org/abs/hep-ph/0206152
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0206152
http://dx.doi.org/10.1016/j.physletb.2011.11.040
https://arxiv.org/abs/1109.5619
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.5619
http://dx.doi.org/10.1007/JHEP07(2013)059
https://arxiv.org/abs/1304.3497
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.3497
http://dx.doi.org/10.1016/j.physletb.2016.07.054
https://arxiv.org/abs/1512.00006
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.00006

[43]

[44]

[45]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

M. Gyulassy, P. Levai and 1. Vitev, NonAbelian energy loss at finite opacity, Phys. Reuv.
Lett. 85 (2000) 5535 [nucl-th/0005032] [INSPIRE].

M. Gyulassy, P. Levai and 1. Vitev, Reaction operator approach to nonAbelian energy loss,
Nucl. Phys. B 594 (2001) 371 [nucl-th/0006010] InSPIRE].

Z.-B. Kang, R. Lashof-Regas, G. Ovanesyan, P. Saad and 1. Vitev, Jet quenching
phenomenology from soft-collinear effective theory with Glauber gluons, Phys. Rev. Lett.
114 (2015) 092002 [arXiv:1405.2612] [INSPIRE].

Y.-T. Chien, A. Emerman, Z.-B. Kang, G. Ovanesyan and I. Vitev, Jet Quenching from
QCD Ewvolution, Phys. Rev. D 93 (2016) 074030 [arXiv:1509.02936] InSPIRE].

Y .-T. Chien and I. Vitev, Towards the understanding of jet shapes and cross sections in
heavy ion collisions using soft-collinear effective theory, JHEP 05 (2016) 023
[arXiv:1509.07257] [INSPIRE].

Y.-T. Chien, Z.-B. Kang, F. Ringer, 1. Vitev and H. Xing, Jet fragmentation function in
heavy ion collisions, in preparation.

[.Z. Rothstein, Factorization, power corrections and the pion form-factor, Phys. Rev. D 70
(2004) 054024 [hep-ph/0301240] [1NSPIRE].

A K. Leibovich, Z. Ligeti and M.B. Wise, Comment on quark masses in SCET, Phys. Lett.
B 564 (2003) 231 [hep-ph/0303099] [INSPIRE].

P. Nason, S. Dawson and R.K. Ellis, The One Particle Inclusive Differential Cross-Section
for Heavy Quark Production in Hadronic Collisions, Nucl. Phys. B 327 (1989) 49 [Erratum
ibid. B 335 (1990) 260] [INSPIRE].

P. Nason and B.R. Webber, Scaling violation in ete™ fragmentation functions: QCD
evolution, hadronization and heavy quark mass effects, Nucl. Phys. B 421 (1994) 473
[Erratum ibid. B 480 (1996) 755] [InSPIRE].

M. Cacciari, M. Greco and P. Nason, The py spectrum in heavy flavor hadroproduction,
JHEP 05 (1998) 007 [hep-ph/9803400] [INSPIRE].

M. Cacciari, S. Frixione and P. Nason, The pp spectrum in heavy flavor photoproduction,
JHEP 03 (2001) 006 [hep-ph/0102134] [INSPIRE].

T. Kneesch, B.A. Kniehl, G. Kramer and I. Schienbein, Charmed-meson fragmentation
functions with finite-mass corrections, Nucl. Phys. B 799 (2008) 34 [arXiv:0712.0481]
[INSPIRE].

B.A. Kniehl, G. Kramer, I. Schienbein and H. Spiesberger, Finite-mass effects on inclusive
B meson hadroproduction, Phys. Rev. D 77 (2008) 014011 [arXiv:0705.4392] [INSPIRE].

C.W. Bauer and E. Mereghetti, Heavy Quark Fragmenting Jet Functions, JHEP 04 (2014)
051 [arXiv:1312.5605] [INSPIRE].

M. Fickinger, S. Fleming, C. Kim and E. Mereghetti, Effective field theory approach to
heavy quark fragmentation, JHEP 11 (2016) 095 [arXiv:1606.07737] [INSPIRE].

M. Gyulassy and X.-n. Wang, Multiple collisions and induced gluon Bremsstrahlung in
QCD, Nucl. Phys. B 420 (1994) 583 [nucl-th/9306003] [INSPIRE].

C.W. Bauer, B.O. Lange and G. Ovanesyan, On Glauber modes in Soft-Collinear Effective
Theory, JHEP 07 (2011) 077 [arXiv:1010.1027] INSPIRE].

-39 —


http://dx.doi.org/10.1103/PhysRevLett.85.5535
http://dx.doi.org/10.1103/PhysRevLett.85.5535
https://arxiv.org/abs/nucl-th/0005032
http://inspirehep.net/search?p=find+EPRINT+nucl-th/0005032
http://dx.doi.org/10.1016/S0550-3213(00)00652-0
https://arxiv.org/abs/nucl-th/0006010
http://inspirehep.net/search?p=find+EPRINT+nucl-th/0006010
http://dx.doi.org/10.1103/PhysRevLett.114.092002
http://dx.doi.org/10.1103/PhysRevLett.114.092002
https://arxiv.org/abs/1405.2612
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.2612
http://dx.doi.org/10.1103/PhysRevD.93.074030
https://arxiv.org/abs/1509.02936
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.02936
http://dx.doi.org/10.1007/JHEP05(2016)023
https://arxiv.org/abs/1509.07257
http://inspirehep.net/search?p=find+EPRINT+arXiv:1509.07257
http://dx.doi.org/10.1103/PhysRevD.70.054024
http://dx.doi.org/10.1103/PhysRevD.70.054024
https://arxiv.org/abs/hep-ph/0301240
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0301240
http://dx.doi.org/10.1016/S0370-2693(03)00565-3
http://dx.doi.org/10.1016/S0370-2693(03)00565-3
https://arxiv.org/abs/hep-ph/0303099
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0303099
http://dx.doi.org/10.1016/0550-3213(90)90180-L
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B327,49%22
http://dx.doi.org/10.1016/S0550-3213(96)00498-1
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B421,473%22
http://dx.doi.org/10.1088/1126-6708/1998/05/007
https://arxiv.org/abs/hep-ph/9803400
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9803400
http://dx.doi.org/10.1088/1126-6708/2001/03/006
https://arxiv.org/abs/hep-ph/0102134
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0102134
http://dx.doi.org/10.1016/j.nuclphysb.2008.02.015
https://arxiv.org/abs/0712.0481
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.0481
http://dx.doi.org/10.1103/PhysRevD.77.014011
https://arxiv.org/abs/0705.4392
http://inspirehep.net/search?p=find+EPRINT+arXiv:0705.4392
http://dx.doi.org/10.1007/JHEP04(2014)051
http://dx.doi.org/10.1007/JHEP04(2014)051
https://arxiv.org/abs/1312.5605
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.5605
http://dx.doi.org/10.1007/JHEP11(2016)095
https://arxiv.org/abs/1606.07737
http://inspirehep.net/search?p=find+EPRINT+arXiv:1606.07737
http://dx.doi.org/10.1016/0550-3213(94)90079-5
https://arxiv.org/abs/nucl-th/9306003
http://inspirehep.net/search?p=find+EPRINT+nucl-th/9306003
http://dx.doi.org/10.1007/JHEP07(2011)077
https://arxiv.org/abs/1010.1027
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.1027

[61]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

S. Fleming, The role of Glauber exchange in soft collinear effective theory and the
Balitsky-Fadin-Kuraev-Lipatov Equation, Phys. Lett. B 735 (2014) 266 [arXiv:1404.5672]
[INSPIRE].

I.Z. Rothstein and I.W. Stewart, An Effective Field Theory for Forward Scattering and
Factorization Violation, JHEP 08 (2016) 025 [arXiv:1601.04695] [INSPIRE].

S. Catani, S. Dittmaier and Z. Trécséanyi, One loop singular behavior of QCD and SUSY
QCD amplitudes with massive partons, Phys. Lett. B 500 (2001) 149 [hep-ph/0011222]
[INSPIRE].

Z.-B. Kang and B.-W. Xiao, Siers asymmetry of Drell-Yan production in small-x regime,
Phys. Rev. D 87 (2013) 034038 [arXiv:1212.4809] [NSPIRE].

M. Baumgart, C. Marcantonini and I.W. Stewart, Systematic Improvement of Parton
Showers with Effective Theory, Phys. Rev. D 83 (2011) 034011 [arXiv:1007.0758]
[INSPIRE].

S. Catani and M. Grazzini, Collinear factorization and splitting functions for
next-to-next-to-leading order QCD calculations, Phys. Lett. B 446 (1999) 143
[hep-ph/9810389] [INSPIRE].

M. Gyulassy, I. Vitev, X.-N. Wang and P. Huovinen, Transverse expansion and high pr
azimuthal asymmetry at RHIC, Phys. Lett. B 526 (2002) 301 [nucl-th/0109063] [INSPIRE].

D. Molnar and D. Sun, High-pT suppression and elliptic flow from radiative energy loss
with realistic bulk medium expansion, arXiv:1305.1046 [INSPIRE].

N.-B. Chang, W.-T. Deng and X.-N. Wang, Initial conditions for the modified evolution of
fragmentation functions in the nuclear medium, Phys. Rev. C 89 (2014) 034911
[arXiv:1401.5109] [INSPIRE].

F. Halzen and A.D. Martin, Quarks and leptons: An introductory course in modern particle
physics, Wiley (1984).

F. Aversa, P. Chiappetta, M. Greco and J.P. Guillet, QCD Corrections to Parton-Parton
Scattering Processes, Nucl. Phys. B 327 (1989) 105 nSPIRE].

B. Jager, A. Schafer, M. Stratmann and W. Vogelsang, Nezt-to-leading order QCD
corrections to high pr pion production in longitudinally polarized pp collisions, Phys. Rev.
D 67 (2003) 054005 [hep-ph/0211007] [INSPIRE].

J.C. Collins and J.-w. Qiu, A New Derivation of the Altarelli-Parisi Equations, Phys. Rev.
D 39 (1989) 1398 [INSPIRE].

G. Altarelli and G. Parisi, Asymptotic Freedom in Parton Language, Nucl. Phys. B 126
(1977) 298 [INSPIRE].

I. Vitev and M. Gyulassy, High pp tomography of d + Au and Au+Au at SPS, RHIC and
LHC, Phys. Rev. Lett. 89 (2002) 252301 [hep-ph/0209161] [INSPIRE].

X.-f. Guo and X.-N. Wang, Multiple scattering, parton energy loss and modified
fragmentation functions in deeply inelastic e A scattering, Phys. Rev. Lett. 85 (2000) 3591
[hep-ph/0005044] [INSPIRE].

J.C. Collins and W.-K. Tung, Calculating Heavy Quark Distributions, Nucl. Phys. B 278
(1986) 934 [INSPIRE].

40 —


http://dx.doi.org/10.1016/j.physletb.2014.06.045
https://arxiv.org/abs/1404.5672
http://inspirehep.net/search?p=find+EPRINT+arXiv:1404.5672
http://dx.doi.org/10.1007/JHEP08(2016)025
https://arxiv.org/abs/1601.04695
http://inspirehep.net/search?p=find+EPRINT+arXiv:1601.04695
http://dx.doi.org/10.1016/S0370-2693(01)00065-X
https://arxiv.org/abs/hep-ph/0011222
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0011222
http://dx.doi.org/10.1103/PhysRevD.87.034038
https://arxiv.org/abs/1212.4809
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.4809
http://dx.doi.org/10.1103/PhysRevD.83.034011
https://arxiv.org/abs/1007.0758
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.0758
http://dx.doi.org/10.1016/S0370-2693(98)01513-5
https://arxiv.org/abs/hep-ph/9810389
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9810389
http://dx.doi.org/10.1016/S0370-2693(02)01157-7
https://arxiv.org/abs/nucl-th/0109063
http://inspirehep.net/search?p=find+EPRINT+nucl-th/0109063
https://arxiv.org/abs/1305.1046
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.1046
http://dx.doi.org/10.1103/PhysRevC.89.034911
https://arxiv.org/abs/1401.5109
http://inspirehep.net/search?p=find+EPRINT+arXiv:1401.5109
http://dx.doi.org/10.1016/0550-3213(89)90288-5
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B327,105%22
http://dx.doi.org/10.1103/PhysRevD.67.054005
http://dx.doi.org/10.1103/PhysRevD.67.054005
https://arxiv.org/abs/hep-ph/0211007
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0211007
http://dx.doi.org/10.1103/PhysRevD.39.1398
http://dx.doi.org/10.1103/PhysRevD.39.1398
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D39,1398%22
http://dx.doi.org/10.1016/0550-3213(77)90384-4
http://dx.doi.org/10.1016/0550-3213(77)90384-4
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B126,298%22
http://dx.doi.org/10.1103/PhysRevLett.89.252301
https://arxiv.org/abs/hep-ph/0209161
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0209161
http://dx.doi.org/10.1103/PhysRevLett.85.3591
https://arxiv.org/abs/hep-ph/0005044
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0005044
http://dx.doi.org/10.1016/0550-3213(86)90425-6
http://dx.doi.org/10.1016/0550-3213(86)90425-6
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B278,934%22

(78]

[79]

[80]

[81]

[82]

[90]

[91]

[92]

[93]

T.P. Stavreva and J.F. Owens, Direct Photon Production in Association With A Heavy
Quark At Hadron Colliders, Phys. Rev. D 79 (2009) 054017 [arXiv:0901.3791] [INSPIRE].

S. Albino, B.A. Kniehl and G. Kramer, AKK Update: Improvements from New Theoretical
Input and Ezperimental Data, Nucl. Phys. B 803 (2008) 42 [arXiv:0803.2768] [INSPIRE].

A. Accardi, D.P. Anderle and F. Ringer, Interplay of Threshold Resummation and Hadron
Mass Corrections in Deep Inelastic Processes, Phys. Rev. D 91 (2015) 034008
[arXiv:1411.3649] [INSPIRE].

T. Stavreva, F. Arleo and 1. Schienbein, Prompt photon in association with a heavy-quark
jet in Pb-Pb collisions at the LHC, JHEP 02 (2013) 072 [arXiv:1211.6744] [InSPIRE].

B.A. Kniehl, G. Kramer, I. Schienbein and H. Spiesberger, Open charm hadroproduction
and the charm content of the proton, Phys. Rev. D 79 (2009) 094009 [arXiv:0901.4130]
[INSPIRE].

B.A. Kniehl, G. Kramer, I. Schienbein and H. Spiesberger, Inclusive photoproduction of
D** mesons at next-to-leading order in the General-Mass Variable-Flavor-Number Scheme,
Eur. Phys. J. C 62 (2009) 365 [arXiv:0902.3166] [INSPIRE].

B.A. Kniehl, G. Kramer, I. Schienbein and H. Spiesberger, Inclusive Charmed-Meson
Production at the CERN LHC, Eur. Phys. J. C 72 (2012) 2082 [arXiv:1202.0439]
[INSPIRE].

S. Kretzer, Fragmentation functions from flavor inclusive and flavor tagged ete™
annihilations, Phys. Rev. D 62 (2000) 054001 [hep-ph/0003177] [INSPIRE].

D. de Florian, R. Sassot and M. Stratmann, Global analysis of fragmentation functions for
pions and kaons and their uncertainties, Phys. Rev. D 75 (2007) 114010 [hep-ph/0703242]
[INSPIRE].

D. de Florian, R. Sassot and M. Stratmann, Global analysis of fragmentation functions for
protons and charged hadrons, Phys. Rev. D 76 (2007) 074033 [arXiv:0707.1506] [INSPIRE].

M. Hirai, S. Kumano, T.H. Nagai and K. Sudoh, Determination of fragmentation functions
and their uncertainties, Phys. Rev. D 75 (2007) 094009 [hep-ph/0702250] [INSPIRE].

D. de Florian, R. Sassot, M. Epele, R.J. Herndndez-Pinto and M. Stratmann,
Parton-to-Pion Fragmentation Reloaded, Phys. Rev. D 91 (2015) 014035
[arXiv:1410.6027] [INSPIRE].

D.P. Anderle, F. Ringer and M. Stratmann, Fragmentation Functions at
Next-to-Next-to-Leading Order Accuracy, Phys. Rev. D 92 (2015) 114017
[arXiv:1510.05845] [INSPIRE].

M. Epele, C.A. Garcia Canal and R. Sassot, Role of heavy quarks in light hadron
fragmentation, Phys. Rev. D 94 (2016) 034037 [arXiv:1604.08427] [INSPIRE].

N. Sato, J.J. Ethier, W. Melnitchouk, M. Hirai, S. Kumano and A. Accardi, First Monte
Carlo analysis of fragmentation functions from single-inclusive ete™ annihilation, Phys.
Rev. D 94 (2016) 114004 [arXiv:1609.00899] [INSPIRE].

B.A. Kniehl, G. Kramer, I. Schienbein and H. Spiesberger, Inclusive B-Meson Production at
the LHC in the GM-VFN Scheme, Phys. Rev. D 84 (2011) 094026 [arXiv:1109.2472]
[INSPIRE].

— 41 —


http://dx.doi.org/10.1103/PhysRevD.79.054017
https://arxiv.org/abs/0901.3791
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.3791
http://dx.doi.org/10.1016/j.nuclphysb.2008.05.017
https://arxiv.org/abs/0803.2768
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.2768
http://dx.doi.org/10.1103/PhysRevD.91.034008
https://arxiv.org/abs/1411.3649
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.3649
http://dx.doi.org/10.1007/JHEP02(2013)072
https://arxiv.org/abs/1211.6744
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.6744
http://dx.doi.org/10.1103/PhysRevD.79.094009
https://arxiv.org/abs/0901.4130
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.4130
http://dx.doi.org/10.1140/epjc/s10052-009-1027-x
https://arxiv.org/abs/0902.3166
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.3166
http://dx.doi.org/10.1140/epjc/s10052-012-2082-2
https://arxiv.org/abs/1202.0439
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.0439
http://dx.doi.org/10.1103/PhysRevD.62.054001
https://arxiv.org/abs/hep-ph/0003177
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0003177
http://dx.doi.org/10.1103/PhysRevD.75.114010
https://arxiv.org/abs/hep-ph/0703242
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0703242
http://dx.doi.org/10.1103/PhysRevD.76.074033
https://arxiv.org/abs/0707.1506
http://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1506
http://dx.doi.org/10.1103/PhysRevD.75.094009
https://arxiv.org/abs/hep-ph/0702250
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0702250
http://dx.doi.org/10.1103/PhysRevD.91.014035
https://arxiv.org/abs/1410.6027
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.6027
http://dx.doi.org/10.1103/PhysRevD.92.114017
https://arxiv.org/abs/1510.05845
http://inspirehep.net/search?p=find+EPRINT+arXiv:1510.05845
http://dx.doi.org/10.1103/PhysRevD.94.034037
https://arxiv.org/abs/1604.08427
http://inspirehep.net/search?p=find+EPRINT+arXiv:1604.08427
http://dx.doi.org/10.1103/PhysRevD.94.114004
http://dx.doi.org/10.1103/PhysRevD.94.114004
https://arxiv.org/abs/1609.00899
http://inspirehep.net/search?p=find+EPRINT+arXiv:1609.00899
http://dx.doi.org/10.1103/PhysRevD.84.094026
https://arxiv.org/abs/1109.2472
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.2472

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

B.A. Kniehl, G. Kramer, I. Schienbein and H. Spiesberger, Inclusive B-meson production at
small pr in the general-mass variable-flavor-number scheme, Eur. Phys. J. C 75 (2015) 140
[arXiv:1502.01001] [INSPIRE].

M. Suzuki, Fragmentation of Hadrons from Heavy Quark Partons, Phys. Lett. 71B (1977)
139 [INSPIRE].

M.G. Bowler, ete™ Production of Heavy Quarks in the String Model, Z. Phys. C 11 (1981)
169 [INSPIRE].

C. Peterson, D. Schlatter, I. Schmitt and P.M. Zerwas, Scaling Violations in Inclusive ete™
Annihilation Spectra, Phys. Rev. D 27 (1983) 105 [INSPIRE].

E. Braaten, K.-m. Cheung, S. Fleming and T.C. Yuan, Perturbative QCD fragmentation
functions as a model for heavy quark fragmentation, Phys. Rev. D 51 (1995) 4819
[hep-ph/9409316] [INSPIRE].

S.M. Moosavi Nejad and A. Armat, Heavy quark perturbative QCD fragmentation functions
in the presence of hadron mass, Eur. Phys. J. Plus 128 (2013) 121 [arXiv:1307.6351]
[INSPIRE].

ATLAS collaboration, Measurement of D** meson production in jets from pp collisions at
Vs =T TeV with the ATLAS detector, Phys. Rev. D 85 (2012) 052005 [arXiv:1112.4432]
[INSPIRE].

M. Procura and I.W. Stewart, Quark Fragmentation within an Identified Jet, Phys. Rev. D
81 (2010) 074009 [Erratum ibid. D 83 (2011) 039902] [arXiv:0911.4980] [INSPIRE].

A. Jain, M. Procura and W.J. Waalewijn, Parton Fragmentation within an Identified Jet at
NNLL, JHEP 05 (2011) 035 [arXiv:1101.4953] [INSPIRE].

F. Arleo, M. Fontannaz, J.-P. Guillet and C.L. Nguyen, Probing fragmentation functions
from same-side hadron-jet momentum correlations in p-p collisions, JHEP 04 (2014) 147
[arXiv:1311.7356] [INSPIRE].

T. Kaufmann, A. Mukherjee and W. Vogelsang, Hadron Fragmentation Inside Jets in
Hadronic Collisions, Phys. Rev. D 92 (2015) 054015 [arXiv:1506.01415] InSPIRE].

Y .-T. Chien, Z.-B. Kang, F. Ringer, 1. Vitev and H. Xing, Jet fragmentation functions in
proton-proton collisions using soft-collinear effective theory, JHEP 05 (2016) 125
[arXiv:1512.06851] [INSPIRE].

T. Kaufmann, A. Mukherjee and W. Vogelsang, Access to Photon Fragmentation Functions
in Hadronic Jet Production, Phys. Rev. D 93 (2016) 114021 [arXiv:1604.07175] [INSPIRE].

Z.-B. Kang, F. Ringer and 1. Vitev, The semi-inclusive jet function in SCET and small
radius resummation for inclusive jet production, JHEP 10 (2016) 125 [arXiv:1606.06732]
[INSPIRE].

Z.-B. Kang, F. Ringer and 1. Vitev, Jet substructure using semi-inclusive jet functions in
SCET, JHEP 11 (2016) 155 [arXiv:1606.07063] [INSPIRE].

R. Bain, L. Dai, A. Hornig, A.K. Leibovich, Y. Makris and T. Mehen, Analytic and Monte
Carlo Studies of Jets with Heavy Mesons and Quarkonia, JHEP 06 (2016) 121
[arXiv:1603.06981] INSPIRE].

J.-W. Qiu and 1. Vitev, Nuclear shadowing in neutrino nucleus deeply inelastic scattering,
Phys. Lett. B 587 (2004) 52 [hep-ph/0401062] [iNSPIRE].

— 492 —


http://dx.doi.org/10.1140/epjc/s10052-015-3360-6
https://arxiv.org/abs/1502.01001
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01001
http://dx.doi.org/10.1016/0370-2693(77)90761-4
http://dx.doi.org/10.1016/0370-2693(77)90761-4
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B71,139%22
http://dx.doi.org/10.1007/BF01574001
http://dx.doi.org/10.1007/BF01574001
http://inspirehep.net/search?p=find+J+%22Z.Physik,C11,169%22
http://dx.doi.org/10.1103/PhysRevD.27.105
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D27,105%22
http://dx.doi.org/10.1103/PhysRevD.51.4819
https://arxiv.org/abs/hep-ph/9409316
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9409316
http://dx.doi.org/10.1140/epjp/i2013-13121-2
https://arxiv.org/abs/1307.6351
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.6351
http://dx.doi.org/10.1103/PhysRevD.85.052005
https://arxiv.org/abs/1112.4432
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.4432
http://dx.doi.org/10.1103/PhysRevD.81.074009
http://dx.doi.org/10.1103/PhysRevD.81.074009
https://arxiv.org/abs/0911.4980
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.4980
http://dx.doi.org/10.1007/JHEP05(2011)035
https://arxiv.org/abs/1101.4953
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.4953
http://dx.doi.org/10.1007/JHEP04(2014)147
https://arxiv.org/abs/1311.7356
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.7356
http://dx.doi.org/10.1103/PhysRevD.92.054015
https://arxiv.org/abs/1506.01415
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.01415
http://dx.doi.org/10.1007/JHEP05(2016)125
https://arxiv.org/abs/1512.06851
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06851
http://dx.doi.org/10.1103/PhysRevD.93.114021
https://arxiv.org/abs/1604.07175
http://inspirehep.net/search?p=find+EPRINT+arXiv:1604.07175
http://dx.doi.org/10.1007/JHEP10(2016)125
https://arxiv.org/abs/1606.06732
http://inspirehep.net/search?p=find+EPRINT+arXiv:1606.06732
http://dx.doi.org/10.1007/JHEP11(2016)155
https://arxiv.org/abs/1606.07063
http://inspirehep.net/search?p=find+EPRINT+arXiv:1606.07063
http://dx.doi.org/10.1007/JHEP06(2016)121
https://arxiv.org/abs/1603.06981
http://inspirehep.net/search?p=find+EPRINT+arXiv:1603.06981
http://dx.doi.org/10.1016/j.physletb.2004.02.065
https://arxiv.org/abs/hep-ph/0401062
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0401062

[111] A. Accardi, Cronin effect in proton nucleus collisions: A survey of theoretical models,
hep-ph/0212148 [INSPIRE].

[112] 1. Vitev, Non-Abelian energy loss in cold nuclear matter, Phys. Rev. C 75 (2007) 064906
[hep-ph/0703002] [INSPIRE].

[113] Z.-B. Kang, I. Vitev and H. Xing, Effects of cold nuclear matter energy loss on inclusive jet
production in p+A collisions at energies available at the BNL Relativistic Heavy Ion
Collider and the CERN Large Hadron Collider, Phys. Rev. C 92 (2015) 054911
[arXiv:1507.05987] INSPIRE].

[114] Y.-J. Lee and C. Mironov, private communication (2016).

43 —


https://arxiv.org/abs/hep-ph/0212148
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0212148
http://dx.doi.org/10.1103/PhysRevC.75.064906
https://arxiv.org/abs/hep-ph/0703002
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0703002
http://dx.doi.org/10.1103/PhysRevC.92.054911
https://arxiv.org/abs/1507.05987
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.05987

	Introduction
	Effective field theory for massive quarks in the medium 
	Basic SCET ingredients
	SCET with quark masses and Glauber gluons
	Massive splitting functions in the vacuum derived from SCET(M)
	Q –> Qg
	g –> Q bar Q

	Massive splitting functions in the medium derived from SCET(M,G)
	Soft gluon approximation
	Numerical results

	Application to PbPb –> HX at NLO 
	In-medium fragmentation functions
	Numerical results for pp –> HX at NLO within the ZM-VFNS
	Suppression of D- and B-mesons in Pb+Pb collisions at the LHC

	Conclusions and outlook 

