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ABSTRACT: The existence of Dark Matter (DM) in the form of Strongly Interacting Mas-
sive Particles (SIMPs) may be motivated by astrophysical observations that challenge the
classical Cold DM scenario. Other observations greatly constrain, but do not completely
exclude, the SIMP alternative. The signature of SIMPs at the LHC may consist of neutral,
hadron-like, trackless jets produced in pairs. We show that the absence of charged content
can provide a very efficient tool to suppress dijet backgrounds at the LHC, thus enhanc-
ing the sensitivity to a potential SIMP signal. We illustrate this using a simplified SIMP
model and present a detailed feasibility study based on simulations, including a dedicated
detector response parametrization. We evaluate the expected sensitivity to various signal
scenarios and tentatively consider the exclusion limits on the SIMP elastic cross section
with nucleons.
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1 Introduction

There is ample evidence of the existence of Dark Matter (DM) in the Universe. First
invoked to explain a puzzle in clusters of galaxies [1], the case for DM, based on observations
from galactic up to the largest scales, is now very strong (see for instance [2, 3]). In
particular, precision measurements of the cosmic microwave background anisotropies imply
that about 80% of the matter content of the Universe is made of DM [4, 5]. Despite
this, the precise nature of DM remains a mystery. The most-studied hypothesis assumes
that DM is made of weakly interacting massive particles or WIMPs. This rests on the
observation that a stable massive particle with annihilation cross section of order 1pb
— characteristic of weak interactions — could have a relic abundance that agrees with
cosmological measurements. A popular WIMP is the neutralino, the typical DM candidate
of supersymmetric extensions of the Standard Model (SM) of particle physics [6], but many
alternative WIMP candidates have been proposed [7], which are actively being searched
for by experiments, including those at the LHC. Yet, as appealing as the WIMP scenario
may be, it remains important to study other possibilities. Amazingly enough, a strongly
interacting massive particle (SIMP), i.e. a particle with strong interactions with ordinary
baryons, is not yet fully excluded [8] (see also [9] and specially [10] for a more recent
appraisal of existing constraints). While a SIMP scenario may seem exotic at first sight, it
may be motivated by the long lasting interest for DM particles with strong self-interactions,
going back to the seminal work of Spergel and Steinhardt [11]. Indeed, self-interacting
dark matter (SIDM) particles! with very large cross section, oy, /m, ~ 10724 cm?/GeV,

!Unfortunately, strongly interacting and self-interacting share the same acronym, SI, so that in the
literature SIDM may stand for strongly interacting dark matter or SIMP for self-interacting massive particles
(see e.g. [12]).



may help addressing astrophysical observations that present a challenge for the cold dark
matter (CDM) paradigm, like the missing satellites or core-cusp problems [13-16]. While
it is possible to build scenarios with a strongly interacting hidden sector weakly coupled
to the SM particles (see e.g. [17]), it is perhaps as natural to consider SIDM particles with
strong interactions with ordinary matter. The latter possibility is much more constrained
but, again, it is not fully excluded [8]. This will be our main motivation to take the SIMP
hypothesis seriously. In any event, the absence of a clear signal in recent WIMP searches
may be a further motivation to look away from the lamppost and to explore a bit more this
exotic possibility. Here we focus in particular on the possible search of a SIMP candidate
at the LHC.

In particular we consider the possibility of observing events with no (or little) signal
in the tracking systems and electromagnetic calorimeters and only (or essentially) energy
deposition in the hadron calorimeters of the detectors, akin to the signature of neutrons
or K%. As far as we know, this possibility has been first put forward in [18], albeit in
the framework of the Tevatron, and more recently in [19]. We will follow the simplified
model approach of the latter work but our feasibility study goes quite a few steps further. In
particular, we develop the charged contents as a discriminator to suppress dijet backgrounds
at LHC, thus enhancing the sensitivity to a potential SIMP signal. We present a feasibility
study based on simulations, including a DELPHES [20] description of a typical LHC detector,
and evaluate the expected sensitivity to various signal scenarios. We finally tentatively map
the expected sensitivity onto the elastic cross section for scattering of SIMPs on nucleons
and compare the resulting exclusion limit (i.e. assuming no signal is seen at the LHC) to
other constraints, mostly astrophysical but also from direct detection DM searches.

The plan of this article is as follows. Firstly, we briefly motivate the models we con-
sider in the light of the existing constraints (section 2). Next we describe the expected
signature at the LHC, and the dedicated simulation of the signal and background samples
(sections 3.1 and 3.2), and detail the strategy of our analysis (section 3.3), before giving the
resulting expected sensitivity on various signal scenarios (section 3.4). In the last section,
we tentatively re-express this in terms of an exclusion limit on the SIMP-nucleon cross
section (section 4) and finally draw our conclusions (section 5).

Before to go on, we mention that other scenarios with a strongly coupled hidden sector
that may lead to LHC signals somewhat analogous to trackless jets have been proposed
recently, see [21, 22]. If necessary, those may provide a further motivation for the kind of
experimental study we discuss in the following sections.

2 Simplified SIMP models

In this section we motivate the SIMP models that we consider. Taking into account the
existing constraints, the possibilities boil down to a few options [19], at least provided we
focus on simple models. By this we mean assuming that the SIMP, which may be composite,
can nevertheless be treated as an elementary particle on all energy scales we deal with. We
will furthermore suppose that the SIMP particles interact with SM particles (here quarks)
through a mediator elementary particle. In short, we apply the philosophy of simplified



models used for WIMP searches at colliders [23, 24] to SIMP phenomenology [19]. Given
the exploratory character of the search for DM it may be reasonable to begin with such
simple assumptions. Whether the conclusions that can be drawn using such a framework are
generic is another question. The dynamics of strong interactions of the ordinary hadrons
is very complex. The same is probably true of realistic SIMP scenarios, see e.g. [25].
Yet, the phenomenological approach we advocate allows to go significantly beyond the
approximation usually adopted to describe SIMP interactions. In particular, it allows to
confront SIMP properties advocated to solve astrophysical issues, with possible signatures
at high energies. In the rest of this section, we summarize the properties of our simplified
SIMP models, following essentially the arguments of [19].

One of the strongest constraints on a SIMP as DM is set by searches for heavy isotopes,
in particular heavy water, which put limits on the formation of bound states between
SIMPs and nucleons. Assuming that the SIMP is the dominant form of DM, a particle
lighter than ~ 10TeV that can form a bound state is excluded [8] (see also [26]). This
constraint is avoided if the SIMP has purely repulsive SIMP-nucleon interactions, which
may be achieved if it interacts with SM particles through a scalar or vector mediator with
opposite sign couplings. In the case of a vector mediator we should be concerned with
the fact that vector mediators couple to DM antiparticles with an opposite charge [19].
This is avoided if there are no DM antiparticles around, that is if the abundance of DM
is asymmetric. This could actually be the case for two reasons. First, a symmetric SIMP
candidate can only be a sub-dominant component of DM if its abundance is set by thermal
freeze-out. Conversely, if most of DM is made of SIMPs, then its abundance is determined
either by an asymmetry or through a non-thermal mechanism. Second, measurements of
the Earth heat flow set strong constraints on SIMP properties. For cross sections that
are characteristic of a SIMP, DM could be efficiently captured and accreted in the core of
the Earth. Annihilating SIMPs would provide a substantial source of heat, a constraint
that does not apply to asymmetric candidates [10].> In the sequel we will take seriously
the possibility that DM is made dominantly of a SIMP, if anything because it may be of
interest to compare the LHC reach with the expectations from other DM searches, like
direct detection ones for example, which implicitly rely on this assumption.

The interaction Lagrangian of the models we will consider is then simply (see also [19])
—9xP XX — 94999 (scalar mediator)
Ling =4 70 7T ‘ (2.1)

—xPu XV*“X — §q®u GY"q  (vector mediator)

with g,9¢, GG < 0 to avoid the formation of bound states. Further parameters of the model
are the mass of the messenger, my, and of the SIMP, m,. The model has thus at least 4
free parameters. For LHC phenomenology, only the product of the two couplings appears,
but astrophysics constrains both DM self-interaction and interactions with ordinary matter.

2Notice however that, in an asymmetric scenario, light scalar DM particles can lead to black hole
formation if they are trapped inside neutron stars [27, 28]. This is valid for light asymmetric bosonic DM
candidates. For this reason, we only consider fermionic DM candidates.



Furthermore, although we have in mind the fact that SIMPs should?® have flavour dependent
couplings, for simplicity we assume in this study that they have a universal coupling to
quarks.

Introducing new strong interactions between quarks, and thus nucleons, is not harm-
less. In the sequel we will consider a rather light mediator, mg ~ 1 GeV, as in [19]. While
the precise value of this mass may seem a priori of little importance for SIMP production
at the LHC, we will argue that it is crucial to assess their detection in the hadron calorime-
ters as well as for the comparison with other DM searches. In order to keep small the
impact of the new interaction on the nuclear potential, we will furthermore assume, again
as in [19], that the mediators do not modify nuclear potentials by more than O(10%), so
that gyn S 0.3gznn ~ 3 for myg ~ mg, where gryn ~ 13 is the effective pseudoscalar
pion-nucleon coupling [29], or, for my ~ 1 GeV, gyn < 0.3gunN ~ 6, where g,ny ~ 18 [30]
is the vector (isospin singlet) w meson effective coupling to the nucleon. We quote these
values for reference but notice that a large spread of values (which differ by a factor of 2
or even more) are given in the literature on meson-nucleon effective couplings (see e.g. [31]
for a comparison). This is perhaps representative of the difficulty of dealing with strong
interactions in the framework of effective field theories (i.e. in absence of a small parame-
ter). Whether the rule of thumb we adopt here is enough to hide the effect of the mediator
particle in the background of low energy strong interactions is difficult to assess and beyond
the scope of our work.? At any rate, these couplings will be relevant in section 4 when we
will discuss the comparison between high energy and low energy constraints.

There are further constraints on the interaction between DM and ordinary matter, and
between DM particles themselves that we should take into account. First, one may look
for elastic scattering of SIMPs with nuclei in direct detection experiments. However, as a
SIMP interacts strongly in the Earth (or even in the atmosphere), it cannot reach the un-
derground direct detection detectors [32].° Instead, such high interaction cross sections are
constrained by space or airborne experiments like RSS, a balloon-based detector [34] and
XQC, a sounding rocket X-ray experiment [35]. There are also constraints from primor-
dial nucleosynthesis and cosmic rays [36, 37]. All these constraints have been extensively
reviewed in [10], to which we refer for more details since we have nothing specifically
new to say about them. Finally, there are strong constraints on interactions between
DM and baryons from observations of Cosmic Microwave Background Radiation (CMBR)
anisotropies and large structure, including from Lyman-a data [38, 39]. In particular
the constraints reported in [39] are relatively new and somewhat stronger than previously
thought. We will discuss them further in section 4 where we also discuss the cosmological
constraints on DM (self-)interactions.

3Light SIMPs significantly coupled to b or ¢ quarks is probably constrained by B and D meson phe-
nonomenology.

4We searched — but did not find in the literature — for constraints on modified strong interactions at
low energies. More to the point (and easier to address) are constraints from the hypothetical existence of
strongly interacting stable neutral particles, for which there has been a search with fixed-target experiments,
see text.

5Some interesting implications for direct detection experiments of significant energy loss of DM in the
Earth are discussed in [33].



Before to go on, we discuss a quite old (and obviously not well-known, so we discuss
it with some details) fixed-target search for massive, strongly interacting, neutral parti-
cles [40]. The experiment was led in 1976 at FNAL with a beam of neutral particles
produced by protons at 300 GeV impinging on a Be target. The particle masses were de-
termined by their flight time (the flight path was 0.59km) and their kinetic energy, as
released in a calorimeter. This search is thus sensitive to new neutral particles with strong
interaction with nucleons (the maximal sensitivity claimed is for an interaction cross sec-
tion of about 1mb). This search was for neutral particles with a mass larger than 2 GeV,
so as to discriminate possible candidate events from the large background of neutrons and
lighter hadronic states. The collaboration considers single particle production, but it ob-
viously applies to pair production of SIMPs. Kinematics limits the range of this search to
my S m ~ 12GeV, with E = 300 GeV the beam energy, considering the production
of a pair of x at rest in the CM frame. No significant excess was observed above the
expected background and limits where set on the invariant production cross section per
nucleon Ed3c/d3p vs. the neutral particle interaction cross section. Modulo some further
assumptions, which sound reasonable and may be found in the original publication, a limit
on the total production cross section of ~ 2.5 x 1073% cm? = 25pb is quoted for a particle
with 1mb interaction cross section; this is also the limit reported by the Particle Data
Group [41], to which we refer for completeness. To (tentatively) confront our model, we
have simulated the total production of SIMPs at /s = 25GeV using MADGRAPH [42].
Provided the simulations may be trusted at such low energies, we found that, for a bench-
mark model with my = 1GeV and g, = 1, a total production cross section of ~ 103 pb
for my = 2GeV, ~ 10pb for m, = 4GeV, ~ 0.1pb for m, = 6 GeV and negligibly small
for larger masses, a suppression probably due to the behaviour of the PDFs. More work
would be required to set precise limits but, from these numbers, we tentatively conclude
that SIMPs between 2 and about 6 GeV appear excluded on the basis of this experiment.

While colliders have the potential to produce much heavier particles, the possible signa-
tures of SIMPs have been so far little studied [18, 19]. The production at LHC of WIMPs
is currently studied through missing transverse energy signals, typically jets or photons
with large missing momentum [43-47]. Such constraints also apply to SIMPs, provided
their interaction with baryons is less than that characteristic of hadrons, so that the DM
particles produced do not deposit substantial energy in the calorimeters of the detectors.
In the present work, we discuss further the complementary possibility of observing trackless
jets from DM interactions.

3 SIMP observability at the LHC

The potentially high interaction cross section of the SIMPs with nuclear matter leads to a
particular signature at the LHC. Indeed, the neutral SIMP leaves no track in a tracking
detector, but will give rise to a highly-energetic hadronic shower. Since a pair of SIMPs
will be dominantly produced back-to-back in the transverse plane, this leads to the peculiar
observable signature of a dijet pair without any tracks. Here, we study the feasibility of
detecting this signature at the LHC, extending on the previous work in [19].



Scalar Vector

my [GeV] | oxy [pb] | Events/20fb™! | oy, [pb] | Events/20fb~!
1 2.80 56040 | 3.18 63645

10 2.79 55800 | 3.17 63400
100 1.88 37620 | 2.49 49826
200 0.728 14558 | 1.31 26196
400 0.0769 1539 | 0.229 4583
700 0.00363 73 | 0.0167 336
1000 0.000239 5 | 0.00147 31

Table 1. Production cross section for each SIMP mass, and number of events corresponding to an
integrated luminosity of 20 fb~1, after |n(x)| < 2.5 and pr(x) > 250 GeV preselection requirements.

3.1 Event generation

The interaction Lagrangian (2.1) was implemented in FEYNRULES 2.0 [48] for the scalar
mediator case and subsequently interfaced to MADGRAPH 5 [42] to generate the pair pro-
duction of SIMPs in proton-proton collisions. The center-of-mass energy was chosen to be
/s = 8TeV, corresponding to the energy at which the LHC delivered collisions in 2012.
The benchmark for our simulation is defined by the couplings g, = —1, g, = 1 and the
mediator mass to mg = 1GeV (the precise value of mgy plays no role at this level of the
discussion). We consider a stable dark-matter particle y, and generated events for various
masses m, = 1, 10, 100, 200, 400, 700, and 1000 GeV.

In table 1, the SIMP production cross section is shown for each considered SIMP mass
my, along with the number of events expected for an integrated luminosity of 20 fb—!, which
more or less corresponds to the dataset recorded by the LHC experiments in 2012. These
values were obtained using |n(x)| < 2.5 and pr(x) > 250 GeV preselection requirements.
Along with the case of a scalar mediator, the consistently larger values for a vector mediator
are reported as well. For this LHC feasibility study, we have focused our simulations
on the scalar case, but the results can be directly translated to a vector mediator by
straightforward scaling of the reported cross sections.

At these high cross sections of dijet-like signal events, we consider QCD jet production
as the main background process to take into account. Also this background was generated
with the MADGRAPH program, where we produced two samples in the 500, 1000] and
J1000,inf[ GeV bins of Hr = }_ . tons [PT,i|; the scalar sum of the transverse momenta of
the outgoing partons. The corresponding cross sections are respectively 8426 and 204 pb.
With the above settings, the possible additional production of dijet events through the
mediator ¢ was verified to be at the percent level with respect to the QCD dijet production,
and is further ignored.

Events from both signal and background samples are subsequently processed with
PyTHIAS [49], using the CTEQ6L1 [50] parton distribution functions, in order to embed the
hard interactions in full proton collisions, including the description of the parton shower,
hadronization, and underlying event.



3.2 Detector simulation

In order to study the observability of a SIMP signal at the LHC, we use the parametrized
detector simulation package DELPHES [20]. Using this program, we simulate the response of
a typical LHC detector to the generated signal and background collisions. We use DELPHES
in the standard CMS [51] configuration, which implements spatial and energy resolution
functions for each sub-detector — inner tracker, electromagnetic and hadronic calorimeter,
and muon spectrometer — and adds high-level event reconstruction, like jet clustering
using FASTJET [52]. Some parts of this event reconstruction have particular relevance for
this analysis.

First, the track reconstruction plays an important role in establishing jets to arise from
only neutral particles. In DELPHES, tracks are built from generated particles, to which a
realistic inefficiency function is applied. Hence, only genuine tracks are being simulated.
This is adequate for our purpose, since we expect our QCD dijet background to arise from
a combination of tracking inefficiency and of fluctuations in the jet fragmentation, leading
to a genuinely small charged jet content.

Further, an adequate simulation of the jet response is needed. This is obtained in
DELPHES through the smearing of jet energy measurements with realistic jet resolution
functions, rather than using a detailed simulation of the calorimeter response. For the
SIMPs, though, we implemented a more elaborate approach. The interaction of the SIMP
x with the detector’s calorimeters can be described as an interaction of a hadron with the
nuclei of the detector material, but comes with a potentially different nucleon interaction
cross section oy. We model this interaction in a way that allows to easily simulate a
change of o, y, for instance leading to incomplete containment of the deposited energy in
the calorimeters.

The position of the first x NV collision serves as the starting point of an ensuing hadronic
) 7qen A1 where z is the

calorimeter depth in interaction lengths A; and oqcp is the standard hadronic interaction

-1
shower. This initial position is distributed exponentially as e !

cross section of ~ 40mb, which is taken constant in the energy range of the collisions
of interest. We study the dependence of the search sensitivity on o,y by considering
oyN/oqcp = 1, where full shower containment is expected, and oy n/oqcp = 0.1, where
late shower development will lead to calorimeter energy leakage. As will be detailed later,
this lower value allows to gauge the dependence of the analysis on o, . A larger value of
oyN Was not explicitly studied, but can up to some level still be assumed to lead to full
registration of the energy of the induced early showers.

After the first collision, the shower will develop as a mixture of subsequent collisions
of the SIMP with standard hadronic collisions of particles created in the shower. For sim-
plicity, we assume standard longitudinal hadronic shower development.® This is expected
to be a good approximation, since the energy loss of the SIMP is largest in the beginning

5In our study, we have assumed that the hadronic showers proceed dominantly through standard hadrons,
i.e. essentially charged and neutral pions [53]. In principle we should consider production of mediator
particles, which may change the development of the showers. Taking this effect into account would require
a detailed GEANT simulation of the shower development beyond the scope of this study. As a preliminary
step, we have estimated with MADGRAPH the total cross section of mediator strahlung in nucleon-nucleon



of the shower. We model the longitudinal energy profile of the shower according to [54],
with parameters estimated for iron absorber [55, 56]. The total deposit of energy in the
calorimeters is then calculated as an integration of the longitudinal energy profile, from the
starting position of the shower up to the rear face of the calorimeter. For this, we assume
a calorimeter depth of 1.7A; and 9A; for our electromagnetic and hadronic calorimeters
respectively, uniform as a function of polar angle of the incident particle.

Finally, due to the high instantaneous luminosities reached by the LHC, additional
proton-proton interactions, called pile-up, may occur simultaneously in each LHC bunch
crossing. These pile-up collisions are also simulated by DELPHES, where we set the average
number of pile-up interactions to 21, Poisson distributed, and with a resolution on the
z coordinate of the interaction vertices o, = 0.1 mm. This configuration approximates
sufficiently the reality of the data-taking in the 2012 LHC run.

For events containing pile-up interactions, we apply the DELPHES pile-up subtraction
algorithm in order to remove the additional particles and their energy deposits from the
reconstruction. This is, on the one hand, important to avoid charged particles from the
pileup interactions that overlap with SIMP jets to induce inefficiencies in the signal recon-
struction. It was checked that this does not happen at an appreciable level. On the other
hand, the energy deposits from pile-up collisions may bias jet energy estimates, affecting
the analysis selection. Also this effect was checked, and the pile-up subtraction was found
to remove any such significant pile-up dependence.

3.3 Analysis

The SIMP signal considered in this paper would manifest itself in the detector as a pair
of trackless jets, back-to-back in the plane transverse to the beamline. In order to capture
signal events with reduced jet energy measurements due to calorimeter energy leakage, also
the missing transverse momentum prT“iSS, defined as the negative vectorial sum of the pr
of all particles in the event, is used as an observable. The background to such a signal is
expected to be dominated by standard QCD dijet production, where an interplay of rare
jet fragmentation and tracking inefficiency leads to a very low number of tracks in the jet,
and a very low fraction of jet energy emitted in charged particles. To quantify the latter,
we use as an observable the so-called charged energy fraction (CHEF), defined as the ratio
> i PT,i/PT jet, Where the sum runs over all tracks with transverse momenta pr ;, associated
to the jet with transverse momentum pr jet.

The selection of the signal events with high-pt back-to-back jets proceeds as follows.
At least two jets are required with |njet| < 2.0 and with an azimuthal separation |Ag;j| >
2.0 of the two leading jets. The leading jet is required to have pt > 350 GeV, while
PT —i—p?iss cos(Pjet —qﬁprmss) > 350 GeV is required for the subleading jet. The pt requirement
on the jets is driven by a typical dijet trigger requirement for 2012 LHC conditions, while
the n restriction ensures the tracks of the jets to be well contained within the tracking

detector. The addition of the p%iss in the subleading jet direction to that jet’s momentum

collisions at /s &~ /2pr - GeV > /350 GeV and for mgy = 1 GeV and found that it is much smaller than
the cross section for pion production, o ~ 10mb. We thus tentatively conclude that it is safe to assume
that the showers develop essentially as in standard hadron collisions.
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Figure 1. The jet pr of the two leading jets after the selection cuts described in the text, excluding
the jet pr cut, for oy n/oqep =1 (left) and oy n/oqep = 0.1 (right). In all cases, a generator-level
pr preselection at 250 GeV is already applied.
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Figure 2. Left: charged energy fraction of the highest-pr jet, after kinematic selection requirements
as described in the text. Right: background suppression factor versus signal selection efficiency for
various cuts on the CHEF, labeled on the graph.

was found to significantly improve the search in case of a reduced SIMP production cross
section. In figure 1, the pt of both leading jets is shown after the above cuts, excluding the
pr cuts, for all considered signals and for the background, for both cases oyn/oqcp = 1
and oyn/oqcp = 0.1. The similarity of the shape of signal and background distributions
at high pr is a manifestation of the lack of possible discrimination of signal and background
on a purely kinematic basis.

The number of tracks or the CHEF of a jet provide strong handles to suppress the
background to the SIMP signal. In the remainder, the CHEF is used, as it was found
to have a better performance than the number of tracks. The distribution of the CHEF
observable is shown in figure 2 (left) for the leading jet, comparing signal to background,
after the kinematic cuts above. In figure 2 (right), the background suppression is compared
to the signal selection efficiency, for various cuts on the CHEF of both the two highest-pr
jets. A background rejection with a factor of 10000 can be achieved with a signal selection
efficiency above 95%.



While the CHEF is the main handle to separate a SIMP signature from QCD jets,
other differences between signal and background exist. These arise due to the nature of
SIMP showers being different than the QCD background jets, the latter arising from quark
or gluon fragmentation. The SIMP, being a single particle, is expected to induce a narrower
hadronic shower, potentially with a different longitudinal shower development, leading to
differences in the shower shape, the jets’ electromagnetic fraction, or giving rise to increased
punch through of particles from the hadronic showers in the muon system. Although
exploiting such effects can significantly enhance further the analysis sensitivity [57], it
requires more detailed simulations, beyond the scope of this study.

The cut on the CHEF of the two leading jets is chosen to ensure a large signal-to-
background ratio over a wide range of SIMP masses. Contrary to many searches at the
LHC, not much analysis optimisation is possible, nor needed. On the kinematic side,
the cuts are fully defined by trigger and detector acceptance, as described above. What
concerns the CHEF cut, it is mostly defined by the available integrated luminosity, since
the production cross section of the SIMPs cannot vary much without losing the signal,
despite a large signal-to-background cross section ratio. Indeed, as the SIMP inelastic
interaction and related production cross sections decrease, the signal will quickly transition
from a visible pair of trackless jets into missing energy, and the analysis presented in this
paper unavoidably loses its sensitivity. In order to provide a way to gauge this effect,

we assessed the search sensitivity on the samples simulated with a factor 10 reduction in

2
X

same proportionality, this leads to an equal reduction by a factor of ten of the production

the inelastic interaction cross section oy, which is proportional to g gg. Because of the
cross sections mentioned in table 1. This latter reduction is further always implied when
considering oy n/oqcp = 0.1.

3.4 Results

In table 2, we summarize the number of events after the various analysis cuts, for all
signal and background samples, assuming o,n/ocqcp = 1. Table 3 contains the results
for oyn/oqcp = 0.1. To overcome the statistical limitation from the finite simulated
background samples, we calculated the number of QCD multijet background events passing
all cuts by assuming uncorrelated efficiencies of the CHEF requirements on the two leading
jets. We checked this assumption to be conservative, in the sense that for loose cuts on the
jets” CHEF, the assumption of uncorrelated cuts leads to a similar or smaller background
reduction compared to a direct estimation from applying the CHEF requirement on both
jets in the simulated events.

The results show readily that the considered SIMP signal can be discovered at the
LHC for low SIMP mass. At high mass, the sensitivity fades out as the signal production
cross section drops. We calculate the signal significance as a function of SIMP mass using
the Z-value given by [58]

Z =2erf71(1 — 2p) (3.1)

with p-value

1
p:B(1+ ,s+b,rb+1> (3.2)
T
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Sample Total Selection Charged Encrgy Fraction
0.1 0.05 0.04 0.03
QCD HT-500To1000 | 168520000 | 7607100 579 65 26 16
QCD HT-1000ToInf | 4080000 2851750 159 17 8 4
SIMP (1 GeV) 56040 12577 12123 | 11930 | 11863 | 11772
SIMP (10 GeV) 55800 12526 12073 | 11881 | 11811 | 11724
SIMP (100 GeV) 37620 9793 9438 | 9295 | 9243 | 9172
SIMP (200 GeV) 14558 5167 5009 | 4937 | 4910 | 4875
SIMP (400 GeV) 1539 880 857 846 842 836
SIMP (700 GeV) 73 55 54 53 53 53
SIMP (1000 GeV) 5 4 4 4 4 4

Table 2. The number of events after the selection cuts and several cuts on the charged energy
fraction, for the 2 background samples and the 7 different signal samples with o, n/oqcp = 1.

Sample Total Selection Charged Encrgy Fraction
0.1 | 0.05 | 0.04 | 0.03
QCD HT-500T01000 | 168520000 | 7607100 | 579 | 65 26 16
QCD HT-1000ToInf | 4080000 2851750 | 159 | 17 8 4
SIMP (1GeV) 5604 372 312 | 307 | 305 | 302
SIMP (10 GeV) 5580 375 314 | 308 | 306 | 303
SIMP (100 GeV) 3762 294 246 | 241 | 240 | 237
SIMP (200 GeV) 1456 159 133 | 131 | 130 | 129
SIMP (400 GeV) 154 29 24 | 24 24 24
SIMP (700 GeV) 7 2 2 2 2 2
SIMP (1000 GeV) 1

Table 3. The number of events after the selection cuts and several cuts on the charged energy
fraction, for the 2 background samples and the 7 different signal samples with o, n/oqcp = 0.1.

where B is the incomplete beta function defined in [59], s is the number of signal events,
b is the number of background events, and 7 is the number of background events divided
by the background uncertainty squared. For this study, we do not provide estimates of
the expected precision on the background prediction, but rather consider three levels of
uncertainty, 20%, 50%, and 100%, as such providing a range in which the impact of the
background uncertainties is demonstrated. In tables 4 and 5, the Z-value is given for the
considered background uncertainties and several CHEF cuts, respectively for the SIMP
samples with o, n/oqcp = 1 and oyn/oqep = 0.1.

We can conclude from table 4 that a discovery can be made through the observation
of a 50 excess for SIMP masses up to 400 GeV, for a CHEF cut of 4% or tighter, for all
considered background uncertainties, and for QCD-level SIMP interaction cross section
oyn. This result for a scalar mediator holds as well in the case of a vector mediator, for
which a small cross section increase needs to be accounted for, as reported in table 1.
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20% 50% 100%
0.1 [ 0.05 [0.04]0.03]0.1]0.05[0.04] 0.03 | 0.1 [0.05]0.04]0.03
SIMP (1GeV) | 26 | > | > [ > [10]33 | > | > |49] 17| 26 | 34
SIMP (10GeV) | 26 | > | > | > [10] 33 | > | > | 49| 17 | 26 | 34

Sample

SIMP (100 GeV) | 22 > > | > |88 29 | > > 42 | 15 | 23 | 30
SIMP (200 GeV) | 15 > > | > |59 21 32 > 2.7 | 10 16 | 21
SIMP (400 GeV) | 4.2 18 28 | 34 |15] 76 | 13 16 [035| 3.6 | 6.2 | 84
SIMP (700GeV) | 022 | 23 | 43 | 59 | < |0.77| 1.9 | 2.8 < | < 058 1.1

SIMP (1000GeV) | <« |0.078 [0.30 | 0.50 | <« | < < 10.026 | < < < <

Table 4. The Z-values of the signal samples with o, n/0qcp = 1 for a background uncertainty of
20%, 50% or 100% and CHEF cuts of 10%, 5%, 4% or 3%. The algorithm used to calculate these
significances breaks down at very high or very low values, due to numerical imprecisions. This is
represented by > and < respectively.

20% 50% 100%
0.1 |0.05| 0.04 |0.03| 0.1 |0.05|0.04|0.03]0.1]|0.05| 0.04 |0.03
SIMP (1 GeV) 1.7 | 94 15 19 |1 044 | 39 | 69 | 92 | < | 16| 33 | 46
SIMP (10 GeV) 1.7 ] 95 15 19 1 045 | 39 |69 |93 | < | 16| 33 | 46
SIMP (100 GeV) 14 | 79 13 17 1 029 | 32 | 59 | 80 | < | 13| 2.7 | 39
SIMP (200GeV) | 0.71 | 5.0 | 8.6 11 10.022| 20 | 39 | 54 | < |0.61| 1.7 | 2.5
SIMP (400GeV) | 0.026 | 1.1 | 2.2 | 3.1 < 1021(082| 14 | | < |0.014]0.35
( )

Sample

SIMP (700GeV) | <« | < [0083]|018| < | < | < | < |<x| < | < | <
SIMP (1000GeV) | < | < | € | < | ¥ | | x| x || x| ¥ |

Table 5. The Z-values of the signal samples with o, n/ocqcp = 0.1 for a background uncertainty
of 20%, 50% or 100% and CHEF cuts of 10%, 5%, 4% or 3%. The algorithm used to calculate these
significances breaks down at very high or very low values, due to numerical imprecisions. This is
represented by > and < respectively.

For the oy n/oqcp = 0.1 case, with a background uncertainty of 20% or 50%, a CHEF
cut of 3% is needed in order to reach discovery up to m, = 200GeV. If the background
uncertainty amounts to 100%, however, discovery may only be possible with an even tighter
CHEF requirement. This observed impact of a large background uncertainty serves as an
accuracy benchmark for background prediction methods in eventual data analysis.

4 On comparison with other constraints

Given the possibility of observing trackless jets at the LHC, it is tempting to try and set
limits on the interactions of SIMPs and, possibly, to compare with other constraints. For
this, we need to know 1) the high energy production cross section of SIMP pairs, as studied
here, 2) the high energy inelastic cross of a SIMP with nucleus, 0’>I<]EV, which is relevant for
the response of the calorimeters (and some astrophysical constraints, like that from cosmic
rays), and 3) the corresponding low energy elastic cross section, as reported in direct

detection searches of dark matter, afN (and most of the astrophysical constraints). Given
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a simplified SIMP model (2.1), we may in principle consider calculating these cross sections.
This is provided the simplified model holds over a very broad range of energies. Even if this
is satisfied, we have to face the fact that the SIMP interactions involve large couplings, so
that the validity of perturbative calculations is questionable. For those reasons, we consider
the results of the present section as tentative. Keeping this in mind, the main point we
would like to explore is the following. Given that the SIMP is required to produce showers
in the hadronic calorimeters, what is the low energy elastic cross section on nucleons? In
absence of signal, this requirement sets a constraint on the SIMP cross section that may
be compared with other searches.

We begin with the problem of detection of the SIMP. The hadronic showers in the
calorimeters will develop through inelastic scattering of the SIMPs with hadrons. As dis-
cussed in the previous section, our target value is a few mb, characteristic of standard
hadronic cross sections. For instance the proton-proton total cross section at high energies
(target frame) is about 40 mb, and roughly constant for proton momenta prap 2 a few
GeV [41], while other hadrons have similar cross sections, in the range 10-40mb (corre-
sponding to a geometrical cross section with a radius of about 1 fermi), and similar energy
dependence, exhibiting a plateau at high energies, prap > GeV, which is the regime of
deep inelastic scattering (DIS). A common feature is that, at these energies, the DIS cross
section is always larger than the elastic one, which decreases with energy. At lower en-
ergies, the presence of resonances makes the situation much more complex and moreover
dependent on the nature of the projectiles involved in the collisions, including neutrinos [60]
or, as a matter of fact, a SIMP. We will simply assume that the overall scale of inelas-
tic scattering may be estimated from DIS; this should be conservative as the existence of
resonances would increase the total cross section. In the case of a scalar mediator, we get
from (2.1) that the differential DIS cross section is given by

dO’XN . gigg mNE |:

dody — on (Q2+m§>)2 Z vaefi(z, Q%) + y?xfi(z,Q*)| (scalar mediator) (4.1)

i=u,d...

where the functions f; (f;) are the parton distribution functions (PDFs) of the quarks
(resp. antiquarks) inside the proton and z = Q?/2myv, with v = E— E', and y = v/E
the usual Bjorken variables, where E and E’ are the energies of the incoming and scattered
SIMPs in the lab frame. Similarly, for the vector mediator we have

> afi(z, Q%) + afi(x,Q*)(1—y)?|  (vector mediator)

doyn Qigg myE [
i=u,d...

dedy — 4n (Q2+m%¢)2
(4.2)

The behaviour of the total inelastic cross sections as a function of incoming energy F
is similar for both mediators. They increase linearly with E for E < mi/ 2my, and
have a mild dependence on F for higher energies, being almost constant for the range of
interest. This may be understood as follows. For high energies, large energy transfer is
suppressed by the propagator, so that Q% = 2myzv ~ mi, at which point the dominant
contribution to the cross section comes from small z, = ~ mi [2myE, with v ~ E. A

similar behaviour is predicted for ultra high energy neutrino DIS, in which case UIJ?J{,S ~ E04
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for E > m%/2my [61]. A major difference with neutrino DIS, is that for SIMPs the
characteristic Q% ~ mi may enter the non-perturbative regime if the mediator is very
light, mg S GeV: this is the main reason why we consider mg = 1 GeV. To the extent that
the PDF may be trusted at small z and Q2,7 from the expressions of the DIS cross sections,
we extract the couplings required for a given inelastic cross section. Taking for simplicity
the couplings of the mediator to the light quarks and the DM to be equal, g, = g, = g and
requiring that 0'5}\,8 = 10mb for reference, we need g = 3 for my = 1GeV for the vector
mediator and g = 5.5 for mg = 1GeV for the scalar mediator. We notice that, in the
case of the scalar mediator, g?/4r > 1, while they are still perturbative §2/4n7 < 1 for the
vector mediator. The difference between the two cases stems from the different couplings
to the PDFs.

From this choice of parameters, we may now estimate the corresponding low energy
elastic cross sections. From (2.1), the SIMP-nucleon elastic cross section through either
the vector or the scalar mediator is given (in the Born approximation — see below) by

9292

x99 2 2

OyN = 4.3
XN 7rm§5 N TN (4.3)
where p,y is the SIMP-nucleon reduced mass and fy is the effective coupling to the
nucleons. For the scalar mediator, we have

g 2 . 1 }
IN mN{ q:zu,:d,s g + 27fTG q:cz,b,t g (4.4)
where f%, defined as my f% = (N|mgyqq|N), represents the contributions of the light
quarks to the nucleon, and f&, = 1 — > uds f:}\g [63]. Using the values given in [64],
we get fy ~ 11 (this is summing over all the quarks; taking only the first generation of
quarks gives instead fx =~ 9.8). From the coupling required for inelastic scattering we get
gxN ~ 55, which is much larger than the acceptable value, g,y < 6, see section 2. Hence
the scalar mediator scenario is not viable, at least in the simplified framework we consider.
In the case of the vector mediator we have instead fy = 3, which corresponds to g, n ~ 9.
This is about 50% larger than what we required, but the difference can be absorbed by
adjusting the relative value of the DM and quarks couplings.

This being said, we may question whether the Born approximation we used to calculate
the low energy elastic cross section is valid for such large couplings. To check this, we have
solved the Schrodinger equation for xN and x)x scattering in the non-relativistic limit.
This is akin to calculations of the so-called Sommerfeld effect, but here applied to repulsive
interactions, see e.g. [28]. Interestingly, the Sommerfeld effect is not only non-negligible
but also helps in bringing the candidate in agreement with the astrophysical constraints on
SIMP interaction with ordinary matter. The strongest limits have been reported in [39],
based on the impact of DM-baryon interactions on the matter power spectrum, which may
be constrained using CMB anisotropies and Lyman-« measurements (see also [38]). Our
results for the elastic cross sections, oy N and o,,, are shown in figure 3. The figure on

"We have used the MSTW 2008 PDFs in this section [62).
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Figure 3. (Left) Elastic NV scattering for the vector mediator case with m, = 1 GeV with cou-
plings ¢ = 3. The perturbative (Born) approximation (blue line) is compared to non-perturbative
result (green line). The short dashed line is the constraint from CMB+Lyman-« of ref. [39]. (Right)
SIMP self-interaction for the same benchmark model of the left panel, comparing as well Born with
the non-perturbative result. Colour code is identical to the left panel. The short-dashed line cor-
responds to an astrophysical reference limit on DM self-interactions oy, /m, = 1cm?/g [66, 67).
Notice that the astrophysical constraint on interaction with baryons is more stringent than that on
the self-interaction, as one would expect.

the left shows the upper limit on o, from [39] together with the low energy cross section
we have obtained solving the Schrédinger equation (the Born-approximation solution is
shown for reference). The figure on the right gives the corresponding o, self-interaction
cross section,® together with the typical constraint from astrophysical observations, here
from the Bullet cluster [66]. It is important to appreciate that the cross sections are
systematically smaller than their Born approximation value because our SIMP candidate
has repulsive interactions.? Notice that in both figures we implicitly assume that the SIMP
is the dominant form of DM.

We now proceed to bring everything together. In figure 4, we show the relevant existing
constraints in the o, y-m, plane. In brief, the figure shows the exclusion limits from direct
detection searches, which are inoperant for large cross sections [32], those from various
astrophysical observations that we just discussed and from rocket or balloon experiments
(see section 2), and finally those from DM searches at colliders. Most relevant for the
present discussion is the line that corresponds to missing energy searches. The constraints
are very strong for low mass DM candidates, complementary to those from direct searches.
As the cross section of DM with nucleons increases however, at some point the signature
is no longer missing energy, but trackless jets. This corresponds to the thick solid (red)
line around o,y &~ 10728 cm? for m,, > 1 GeV. If no excess above the QCD background is
measured at the LHC, then the parameter space above this line would be excluded. The

8More rigorously, the so-called “transverse” cross section, as defined in [65].

9For self-interactions, the Born approximation breaks down if the particles are non-relativistic and
§*/4m x my/my > 1 [28]. TFor scattering with nucleons, the dependence on m, is replaced by the
SIMP /nucleon reduced mass, m, — puyn, which explains why the non-perturbative result becomes in-

dependent of the SIMP mass for m, > 1GeV.
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Figure 4. Summary plot showing all the most important applicable constraints. Our results are
shown in the upper red line (“this work”), which corresponds to the green line of figure 3 (left).
The dotted segment of the red line, in the range of 2GeV < m, < 6GeV, corresponds to the
region excluded by fixed target experiments (see section 2). In black — lower — lines the monojet
constraints from the LHC are illustrated: in solid/dashed we show the limits extracted from the EFT
analysis, whereas in dot-dashed, the results in the framework of Simplified Models of Dark Matter
(SMDM) are quoted. The other constraints are: atmospheric XQC and RRS experiments (blue and
cyan, respectively), underground experiments (brown dashed), and CMB+Lyman-« (upper, black
dashed lines).

limit is conservative but robust, as a larger coupling implies a larger number of events (we
took g = 1 in section 3.4), while the response of the detector would drop rapidly for a
smaller coupling. We have tentatively extended the limit all the way up to m, = 400 GeV,
consistent with the analysis reported in table 4 and 5, while we are aware that our discus-
sion of deep inelastic scattering is probably not completely reliable for such heavy SIMP
candidates. As for the collider searches for WIMPs, the search of SIMPs is complementary
with other constraints (essentially astrophysical in nature) for light candidates, below say
1GeV. As is usual for such considerations, we emphasize again that the SIMP particles
produced may not be the dominant form of DM, in which case the astrophysical constraints
are essentially irrelevant.

5 Conclusion

In this work we have considered further the possibility that DM may be made (partially or
totally) of particles with strong interactions with ordinary matter. These so-called SIMPs,
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for strongly interacting massive particles, are much less considered than their more popular
siblings, the WIMPs, but they are regularly considered in the literature in order to address
some astrophysical issues. While they are challenged by many observations, again mostly
astrophysical, they are not completely excluded. Furthermore, little work has been done
on possible constraints from colliders. Extending on previous works, in particular [19], we
have studied in more details the possibility of observing trackless jets at the LHC, taking
into account realistic simulations of the QCD background and the response of the detec-
tors. Most notably, we show that the charged content of jets is a powerful discriminator
to suppress dijet backgrounds at LHC, thus enhancing the sensitivity to a potential SIMP
signal. Our analysis shows that SIMPs with mass up to m, ~ 400 GeV could lead to an
observable signal, provided its interaction cross section with ordinary matter is about 10%
of that of ordinary nucleons. Most of our work is dedicated to the forecast for the experi-
mental search of SIMPs at the LHC. To do so, we have adopted a simplified SIMP model.
In this framework the SIMP interacts with quarks through a light mediator particle. This
framework also allows, at least in principle, to compare the sensitivity reach of the LHC
search with other constraints, most of which are at much lower energies. We show this
in figure 4, assuming that our SIMP simplified candidate constitutes the dominant form
of dark matter. Where relevant, we pointed out the limitations due to the difficulty of
doing reliable calculations with strongly interacting particles, be them within a simplified
framework. The signature and the proposed analysis are however essentially independent
of these potential complications, i.e. they stand by themselves. While much improvement
could also be envisioned for the experimental analysis, most notably a more realistic anal-
ysis of the detector response, our feasibility study shows that SIMP candidates over a wide
mass range may be efficiently searched at the LHC.
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