PHYSICAL REVIEW D 108, 115007 (2023)

Comprehensive exploration of #-channel simplified models of dark matter
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We analyze six classes of t-channel dark matter simplified models in which the Standard Model field
content is extended by a colored mediator and a dark matter state. The two new states are enforced to be odd
under a new parity, while all Standard Model fields are taken even so that dark matter stability is
guaranteed. We study several possibilities for the spin of the new particles and the self-conjugate property
of the dark matter, and we focus on model configurations in which the dark matter couples to the right-
handed up quark for simplicity. We investigate how the parameter spaces of the six models can be
constrained by current and future cosmological, astrophysical and collider searches, and we highlight the
strong complementary between those probes. Our results demonstrate that scenarios featuring a complex
(non self-conjugate) dark matter field are excluded by cosmology and astrophysics alone, the only
possibility to avoid these bounds being to invoke very weak couplings and mechanisms such as conversion-
driven freeze-out. For models with self-conjugate dark matter, mediator and dark matter masses are pushed
deep into the TeV regime, with the lower limits on the mediator mass reaching 3 to 4 TeV and those on the
dark matter mass 1 to 2 TeV. In large parts of the parameter space these strong bounds are driven by same-
sign mediator pair production, a channel so far not considered in the experimental analyses embedding

t-channel dark matter model interpretations.

DOI: 10.1103/PhysRevD.108.115007

I. INTRODUCTION

Despite convincing indirect evidence for dark matter
(DM) in the Universe [1,2], its origin remains one of the
main puzzling issues in particle physics, astrophysics and
cosmology. A plethora of models have consequently been
proposed to address this problem, many of these models
assuming that DM interacts with the Standard Model (SM)
in one way or the other. They all predict the existence of
new particles and phenomena beyond the SM of particle
physics, and they offer various handles to search for DM
experimentally. However, direct searches in nuclear and
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electronic recoil experiments, indirect probes through the
analysis of cosmic- and gamma-ray spectra, and the hunt
for missing energy signals at particle colliders all returned
negative results so far. As a consequence, limits have been
set on many DM models, which all get more and more
severely constrained. These bounds are generally explored
either in a model-specific approach, or in a more general
phenomenological-driven approach based on simplified
models [3,4] representing large classes of theories beyond
the SM and covering a broad set of signatures.

In such simplified models, the SM is minimally extended
in terms of new particles and couplings, and the gauge
group structure is that of the SM. The most minimal
incarnation of these simplified models involves two new
particles, a particle X playing the role of DM, and a particle
Y connecting the DM state to the SM through some new
three-point interactions. The spin representations of the
new particles provide additional free parameters of the
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models that generally encompass an additional Z, sym-
metry ensuring DM stability. This is achieved by imposing
that all SM states are Z,-even, and that the DM state is
Z,-odd. In the so-called s-channel models [5-9], the
mediator is taken Z,-even whereas in the so-called #-channel
models considered here it is Z,-odd. Consequently,
s-channel mediators couple to both pairs of SM particles
and pairs of DM particles, whereas ¢-channel mediators
couple to one DM state and one SM state.

In the present work, we consider a class of t-channel
simplified models for DM in which the mediator couples
DM to a right-handed up quark field. Such a class of
models features a very simple parameter space with three
degrees of freedom once the DM and mediator spin
representations are fixed. These parameters consist of the
DM mass my, the mediator mass my and the new physics
coupling between them and the up quark. Those models are
interesting benchmark scenarios that started to be explored
in experimental searches for DM at the LHC [10,11], as
well as in the work done through the LHC Dark Matter
Working Group.1 This choice is nevertheless only one
among all possibilities for r-channel simplified models
relevant for the LHC, and is motivated by its simplicity and
the enhancement of associated collider and direct detection
processes due to a connection with valence quarks. Here,
the mediator is a state lying in the fundamental represen-
tation of SU(3), and carrying a hypercharge quantum
number of 2/3. We consider the cases in which the
mediator Y is a scalar, implying that DM is either a
Majorana or a Dirac fermion, and a spin-1/2 fermion,
implying that DM is either a scalar or vector state (both of
which could either be self-conjugate or not). The spectrum
of models covered therefore extends the one investigated in
our previous work [12], which was only dedicated to
models featuring self-conjugate DM.

Furthermore, with respect to our previous work, we
improve the relic density computation by taking into
account Sommerfeld effects relevant in the coannihilation
region, and we include additional direct and indirect
detection constraints in the analysis of the models. In
particular, we apply the latest direct detection limits from
LZ [13], CRESST-III [14] and DarkSide-50 [15], and
reinterpret the indirect detection limits from AMS-02 data
on cosmic-ray antiprotons derived in Ref. [16] within the
considered models. Besides, we now cover all scenarios
with both real and complex dark matter. In addition, we
update LHC constraints by reinterpreting the results of both
inclusive and exclusive searches for DM by the ATLAS and
CMS collaborations [11,17,18]. Particular attention is paid
to signal modeling. Our work highlights the relevance of
same-sign mediator production (see also [19]), which has
not been considered in any of the experimental analyses
including interpretations in f-channel DM models, and

'See the webpage https://indico.cern.ch/category/16540/.

which turns out to be the driving factor in the determination
of LHC constraints in significant parts of the parameter
space. Our results therefore point out an important gap in
the way the signals have been simulated within 7-channel
models. We provide detailed instructions on how to
improve this.

The rest of this work is organized as follows. In Sec. II
we briefly introduce the theoretical framework that we use
for our study of the six #-channel simplified models of DM
mentioned above. We refer to [20] for a more detailed
description. Moreover, we additionally provide technical
details about the tool chain that is used for both our
cosmology and collider investigations. Section III is
dedicated to our results and the derivation of the most
up-to-date bounds on the models considered, first using
only cosmological probes (Sec. III A) and then only
collider probes (Sec. III B). In Sec. IV, we combine these
bounds to highlight the strong complementarity between
collider physics and cosmology in the exploration of DM
models. We conclude and summarize our findings in
Sec. V. This manuscript additionally includes a collection
of analytical formulas relevant for DM annihilation in
the Appendix.

II. A UNIFIED FRAMEWORK FOR
SIMPLIFIED MODELS OF T-CHANNEL
DARK MATTER

In the present section, we briefly summarize the
DMSimpt framework that we use in our study of 7-channel
DM models. Extensive details can be found in [20], and the
model files can be obtained online from the FEYNRULES
model database [21]. Section II A is dedicated to a
description of the model itself, and Sec. II B introduces
our machinery and how our results have been computed.

A. Theoretical framework

In any minimal and generic realization of a #-channel
simplified model for DM, the field content of the SM is
supplemented with a DM candidate X, that is taken to be a
colorless electroweak singlet. In order to guarantee DM
stability, all SM fields are enforced to be even under some
ad hoc 7, parity, while the DM state is taken Z,-odd. In
addition, the interactions of the DM with the SM are
considered to be mediated by a new state Y, that lies in
the fundamental representation of SU(3), and thus couples
to quarks. The mediator Y is imposed to be Z,-odd, which
contrasts with s-channel simplified models for DM in which
itis Z,-even [5-8]. In order to maintain generality, we make
no assumptions about the spin of the DM and that of the
mediator, its representation under the electroweak group,
and the flavor structure of its interactions. Consequently, the
model gets equipped with a set of 12 mediator fields, one for
each flavor and chirality of the SM quarks. Several options
for the spins of the X and Y particles are considered. Specific
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versions of the generic model have been extensively
studied in the past (see, e.g., [19,22-43]), but less often
in a unified framework as done in [12,44-47] and in the
current work.

The model thus includes three possibilities for the spin of
the X particle, that could be a scalar (the complex state S or
real state S), a fermion (the Dirac fermion y or the Majorana
fermion %) or a vector (the complex state V, or the real state
Vﬂ), all those fields being singlet under the SM gauge group
SU(3).x SU(2), x U(1)y. In the case of bosonic DM, the
mediator is a fermionic object y, whereas for fermionic
DM, the mediator is a scalar field ¢. The full Lagrangian
including the interactions of these fields with the SM can be
written as

L = Lgum + Lyin + Lxy, (1)

where Lgy is the SM Lagrangian and L,;, contains
gauge-invariant kinetic and mass terms for all new fields.
The last term Lyy includes the interactions of the mediator
and the DM with the SM quarks, and could involve a large
number of free coupling-strength parameters in the fla-
vor space.

In order to allow for a tractable phenomenology, we
restrict the generic model class to specific cases in which
the mediator solely couples to the right-handed up quark,
which we collectively call the uR model class. This class
is representative of multiple theoretical scenarios. In
supersymmetric (SUSY) models, for example, the mixing
between squarks which are partners of SM quarks
of different chiralities is largely suppressed by the neg-
ligible quark masses, and therefore a “right-handed” up
squark is allowed to decay to the uy state and the lightest
neutralino. In many SUSY scenarios the latter is a
(Majorana fermion) DM candidate [48], mapping thus
the S3M_uR class of models. Furthermore, in models with
universal extra dimensions (UED) and conserved Kaluza-
Klein (KK) parity, each SM quark is associated with a
tower of KK fermionic partners, and the lightest KK-odd
of which can decay into SM quarks of definite chirality
and the lightest KK-odd state. The latter is usually a DM
candidate and can be bosonic (e.g., a KK-partner of the
photon), scalar or vector depending on the UED scenario
[49]. These models are therefore mapped to the F3S_ uR
or F3V_uR classes.

Gauge invariance then enforces that the single mediator
of the model is an SU(2), singlet, and has a hypercharge
quantum number of 2/3. If a left-handed SM quark was
chosen, the scenario would have been less minimal, as to
ensure gauge invariance with a SU(2), -singlet DM can-
didate, a doublet mediator would be needed, implying both
up- and down-type components.

The Lagrangian Lyy is thus given, in the six setups
considered for the DM, by

L5MR = 27upep’ + H.c.,

LHEPR = dyupp’ + H.c.,

LE3SR = 2gue§ + Hee.,

L35 = AjupST + He.,

LEV-9R = gV ug + H.c.,

LR = Qg Vup + H.c. (2)

Those expressions highlight our notation for the different
model possibilities. We denote by S3M_uR (S3D_uR) the
model configuration in which the mediator is a scalar state
@ of mass M ,, and the DM is a Majorana (Dirac) fermion
¥ (x) of mass My (M,). In addition, in F3S_uR (F3C_uR)
models the mediator is a fermion y of mass M,,, whereas
the DM is a real (complex) scalar state S (S) of mass M 3
(My). Finally, F3V_uR (F3W_uR) models are defined
such that the mediator is again a fermion y of mass M,
but the DM state is this time a real (complex) vector state
V (V) of mass M 7 (My). In all these expressions, the
coupling of the DM with the mediator and the right-
handed up quark is denoted by 4, regardless of the explicit
model configuration.

All the six versions of the model (three with real DM and
three with complex DM) depend on three free parameters,
namely the DM and mediator masses, and their coupling 4.
In the rest of this work, we will generally denote these three
parameters as

{My. My, 2}, (3)

which allows for a unique and model-independent notation
in which My is the mass of the DM state X and My is the
mass of the mediator state Y. In addition, we enforce that
My > My to prevent the DM state to decay into the
mediator and an up quark.

The aforementioned theoretical scenarios, and many
others, also predict in general interactions with all other
SM quark generations, notably with the third one. The
phenomenological implications of DM candidates inter-
acting with top or bottom quarks have been extensively
studied in the literature, and they are not the subject of
the present analysis. Associated predictions are indeed
different due to the significantly different quark masses
and decay channels, which requires dedicated analysis
strategies.

B. Technicalities

1. Tool chain

The results that are presented in the rest of this work have
been obtained with the joint usage of a variety of standard
high-energy physics packages, as detailed in [20]. All
associated model files have been obtained from the
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Lagrangians described in Sec. II A, that have been imple-
mented and processed by FEYNRULES [50,51], NLOCT [52],
and FeynArts [53]. This has allowed for the generation of a
general next-to-leading order (NLO) UFO [54,55] model
with five flavors of massless quarks, that we have used
within the MG5_aMC platform [56] for leading order (LO)
and NLO computations relevant for the collider phenom-
enology of the models. Additional LO model files in which
all flavors of quarks are massive have been generated both
in the UFO format and in the calcHEP [57] format so that
they could be used with mictOMEGAs [58—60] and MadDM
[61-63] to assess the cosmology of the six models
considered. Non-zero SM quark masses are indeed a
necessary ingredient for a reliable calculation of the DM
annihilation cross section and direct detection observables.”

2. Parameter scan

For each of the six models considered, we perform three-
dimensional scans to sample the associated parameter
space. We vary the DM and mediator masses and the
new physics coupling on logarithmically-spaced grids in
the range

My, My €[1,10%] GeV, A€ (1074, 4x]. (4)
Furthermore, we require the relative mass splitting
My/Myx —1>10"% as the particular case of a highly
compressed mass spectrum is not in the focus of this
work.” In addition to this sequential grid sampling, we
perform a dedicated scan for points matching the measured
relic density QA% =0.12 [64]. To this end, for each
configurations of given masses My and My we determine
the coupling A that allow this criterion to be realized.

In the next sections, our results are displayed in two-
dimensional planes (My, My), or alternatively in planes
(Myx,My/My —1). In these cases, the A value is fixed
according to three different choices. Either it is calculated
so that the amount of DM matches the observed relic
density, or it is fixed such that the width-over-mass ratio of
the mediator I'y /My is equal to a specific value, or it is

In its latest release, MadbM has been augmented with the
capability of performing automatic tree-induced NLO and
loop-induced LO computations from an NLO UFO model
[63]. The DMSimpt NLO UFO models provided on the
FEYNRULES model database can hence be used in MadDM to
compute DM annihilation in yy and gg final states. However
caution is in order as these UFO models are not compliant for the
calculation of electroweak corrections that are potentially relevant
for the model’s cosmology, and do not feature six flavors of
massive quarks.

For example, in this region of parameter space, collider
signatures would originate mostly from the production of
long-lived colored mediators. This would produce bound states,
displaced vertices or delayed jets, and thus require dedicated
phenomenological and experimental analyses.

arbitrarily fixed to a given value. Those choices highlight
different aspects of our results.

3. Relic density

To compute the DM relic density corresponding to a
given parameter space point, we assume a scenario in
which the DM freezes out. The thermally averaged DM
annihilation cross section (ov) (v being the relative velocity
between the two annihilating particles) is then d-wave-
suppressed for the real scalar case [23,45,65-67], p-wave-
suppressed for Majorana DM [45,68] and for complex
scalar DM, while it proceeds via an s-wave for (real and
complex) vector DM and for Dirac DM. In the case of a
velocity-suppressed annihilation cross section (ov), NLO
corrections might be relevant and should therefore be
included in the calculation [35,66]. In particular, we
calculate the loop-induced XX — gg and XX — yy anni-
hilation processes, as well as the three-body XX — upiirg
and XX — ugitgy channels that could be potentially
enhanced by virtual internal bremsstrahlung. In practice,
we use the analytic expressions provided in [23,45,69], that
we have further validated with MadDM.

The relic density computation can be further refined
by including nonperturbative effects such as Sommerfeld
enhancement [70] and bound state formation [40,41].
While the latter is beyond the scope of this study,
we include the former in the computation of the cross
section associated with mediator annihilations into gluons
(YY — gg) or quarks (YY — ¢g). This effect is relevant in
the co-annihilation regime (see, e.g., [66]).

For a Coulomb potential V(r) = a/r and for an s-wave
annihilation process (like for mediator annihilations), the
Sommerfeld correction factor S is defined by [71,72]

/s
e 6)

So(a) =
with = wv/2. This expression can be applied to the
case of the strong interaction by replacing o with the
appropriate factor of a,. For final states in a pure color
singlet (octet) representation, this gives the replacement
a— —4a,/3 (a,/6), the QCD potential being thus attrac-
tive (repulsive). As the gg final state can lie either in a color-
singlet or a color-octet state, the cross section must be
decomposed into [73]

So(YY = gg) = %SO(_4(ZS/3) + ;SO(%/@' (6)

In contrast, the s-wave annihilation of a pair of mediators in
two SM quarks yields

So(YY = qg) = So(a,/6). (7)
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4. Direct detection

To estimate cross sections relevant for dark matter
direct detection, we have made used of micrOMEGAs as
detailed in [12,20]. This package allows us to evaluate the
spin-dependent (SD) DM-nucleon elastic cross section at
LO, whereas higher-order QCD correction effects are
included for the spin-independent (SI) elastic cross section.
In particular, these corrections are crucial for the S3M_uR
model as the LO SI cross section vanishes. They are
however less significant for other models. Besides the
90% confidence level (CL) exclusion limits obtained by
the null results at the LZ experiment [13] for SI elastic
scattering and at the PICO-60 experiment [74] for SD
elastic scattering, we include in our analysis upper limits on
low-mass dark matter stemming from CRESST-III [14] and
DarkSide-50 [15]. The latter yields in particular competi-
tive exclusion limits on the SI cross section for My of
1 GeV or even lower.

5. Indirect detection

Next, we evaluate the limits that apply to the six models
considered from observations of gamma-ray lines, gamma-
ray continuum, and cosmic-ray antiproton signatures. We
impose that the predicted indirect detection signals are
compatible with current model-independent exclusion lim-
its at 95% CL, by combining appropriately the relevant
branching ratios into the different annihilation channels.

In the case of the F3S uR, S3M_uR and F3C uR
models, spectral features in the gamma-ray spectrum are
expected to provide the strongest bounds, as tree-level
XX — upup annihilations are velocity-suppressed. We
therefore derive constraints by considering a combination
of XX annihilation into photons and a ugiigy system, the
latter being potentially enhanced by virtual internal brems-
strahlung contributions. Using MadDM [63], the total anni-
hilation cross section (6v). = (6V),,z,, + 2(00),, is
confronted with the most recent Fermi-LAT [75] and
HESS [76] data from the Galactic Center. As bounds
obtained by investigating dark matter annihilations into
gluons are comparable with bounds arising from gamma-
ray line searches, they will not be included in the results
presented below. For the F3V_uR, S3D_uR and F3W_uR
models, XX — uyiip annihilations proceed via an s-wave
configuration. The most stringent indirect detection bounds
are thus given by the Fermi-LAT analysis of dwarf
spheroidal galaxies (dSph) data [77] in the uu final state,
which we include by using MadDM [61]. Analytic expres-
sions for the annihilation cross section (cv) in the various
models considered are reported in the Appendix.

Additionally, for all six models we study the constraining
power of measurements of cosmic-ray antiproton fluxes by
the AMS-02 experiment at the International Space Station,
as these are expected to provide relevant constraints on
dark-matter annihilations in our galaxy. In practice, we

employ the results of [16] and interpret them in the
considered models. This analysis derives 95% CL upper
limits on the annihilation cross section as a function of the
dark-matter mass for various individual annihilation chan-
nels. Moreover, it involves global fits of the cosmic-ray
propagation and DM parameters while treating the former
as nuisance parameters that are profiled over.

The models F3V_uR, S3D_uR, and F3W_uR all feature
a dominant s-wave annihilation into a pair of up quarks, so
that we can directly apply the limits derived in [16]. For the
F3S_uR, F3C_uR,and S3M_uR models, however, s-wave
annihilation into a pair of first-generation quarks is helicity
suppressed and hence virtually absent. Radiation of an
extra gluon (or photon) lifts this helicity suppression
[35,66,78], and loop-induced annihilations into a pair of
gluons become relevant. For these model we thus have to
consider an admixture of gg and uiig final states, which is
not addressed in [16]. We therefore design a procedure to
derive limits.

First, we compute the antiproton source spectra for the
channel XX — uitg with MadDM [61]. The relative contri-
bution from initial bremsstrahlung and final state radiation
has a strong dependence on the mass of the mediator, which
translates into different angular and momentum distribu-
tions at parton level. However, these differences are entirely
smeared out after parton showering and hadronization, such
that the antiproton spectrum per annihilation becomes
practically insensitive to the mediator mass or the exact
spin assignments within a generic z-channel DM model.
The spectrum is instead, to a good approximation, a
function of the sole DM mass. Combining our predictions
with the spectrum expected from annihilations into a pair of
gluons as provided by the PPPC4DMID package [79], we then
fit the resulting spectrum with that emerging from all
nonleptonic channels for which the analysis in [16] has
been done, after considering the associated DM mass and
the normalization of the combined spectrum as free fit
parameters. Choosing the channel (with its respective best-
fit mass m1_ . and normalization ¢S .. ) that provides the
best goodness of fit, we derive limits on the annihilation
cross section (6v)YL associated with the considered (test)
spectrum through

m 21
(o) = (o) (o) 5 — )
Miesrie/  Chesfit

where (ov)J-(mgh ) is the cross-section upper limit for
the best-fit channel (evaluated at the best-fit mass).

The above rescaling with the squared mass comes from
the fact that the antiproton source term for DM annihilation
contains the DM number density squared. Since the
analysis in [16] has been performed for real DM, for the
models F3C_ uR, F3W_uR, and S3D_uR an additional
factor 1/2 needs to be taken into account in the source term,
leading to a corresponding weakening of the limit by a
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factor of 2. The approximate limits derived as described
above hold to the extent that the test and best-fit spectra are
sufficiently similar.

To quantify the associated uncertainty, we have repeated
the analysis using the channels for which limits have
already been derived in [16]. For each of the channels
considered, we have followed the above fitting procedure
with the difference of removing the respective channel from
the set of reference spectra. Performing this exercise for
several channels and masses that yield a similar goodness
of fit, we find that the difference between the cross-section
limit from our procedure and that of [16] stays well below
10%, which provides an estimate of the uncertainty
inherent to our procedure.

6. Collider bounds

In order to explore the collider phenomenology of
the #-channel DM models under study, signal modeling
should include three different production channels, namely
the production of a pair of DM patrticles (pp — XX), the
production of a pair of mediator particles (pp —
YY+ YY"+ Y*Y"), and the associated production of a
DM and a mediator particle (pp — XY + XY™). Mediator
pair production should include contributions originating
from QCD-processes (labeled as Y'Y ocp and proportional to
a?2), t-channel DM exchange (labeled as YY, and propor-
tional to A*) and the corresponding interference (labeled as
YY; and proportional to a,A*). Whereas in previous
works, the pp — YY + Y*Y* channels, possible when the
DM state is a real boson or Majorana fermion, were
often ignored (see, however, [19,22,24,27] for notable
exceptions), signal modeling as achieved in this study
relies on the full set of diagrams associated with the
t-channel production of two mediators and antimediators.
It therefore includes the production of a mediator and an
antimediator (that interferes with the corresponding QCD
diagrams), as well as that of two mediators and two
antimediators. In the following, the three components of
the signal will be generically denoted by XX, YY, and XY.
Mediator particles are always enforced to promptly decay
into DM particles and quarks, and we always assume a
small mediator width so that the narrow-width approxima-
tion (NWA) is valid and mediator production and decay
factorize [80]. In our exploration of the models’ parameter
space and in the analysis presented in Sec. III B, we highlight
potential departures from this assumption in specific mass
and coupling configurations. In these cases, the results
presented may be too crude an approximation.

All our simulations are performed with MG5_amC [56],
using the various DMSimpt NLO UFO models available
online [21]. The modeling of additional jet emission is
essential for the collider phenomenology of the model, its
main signature being the production of jets with missing
transverse energy carried away by the produced DM
particles. It is therefore mandatory to describe it as

precisely as possible, i.e., by considering NLO corrections
at the matrix-element level. This is achieved for all models,
with the exception of those featuring vector DM that rely
instead on LO simulations. This originates from the fact
that NLO UFO models can only be automatically generated
in the Feynman gauge so that we would have issues with
the longitudinal degree of freedom of the DM state in the
new physics setups with vector DM considered.

We convolve fixed-order NLO matrix elements with the
NLO set of NNPDF 3.0 parton distribution functions [81],
driven through the LHAPDF 6 library [82]. All components
of the signal are generated according to the technical details
and syntax presented in [20]. We make use of the MadSTR
plugin [83] of MG5_aMC to appropriately treat the resonant
contributions that could emerge from the real corrections to
the various processes. We remove the resonant diagram
contributions squared for the Y'Y, and XY channels (corre-
sponding to the 1str=2 option in the MadSTR language),
and the resonant diagrams themselves for the XX channel to
improve the convergence of numerical integration (which
corresponds to the istr=1 option of MadSTR). We recall
that there is no resonant contribution in the real emission
corrections to the Y'Y ocp channel so that there is no need to
rely on MadSTR in this case. For the production of a pair of
mediators (pp — YY) and that of a pair of antimediators
(pp — YY), the two core files base _objects.py and
loop diagram generation.py of MG5_aMC need to
be modified in order to allow DM particles to run into virtual
diagrams. Moreover, a remaining bug in the method
check majorana and flip flow implemented in
the file helas object.py still needs to be fixed in the
most recent publicly available version of MG5_aMC (from the
2.9.x series). We refer to the procedure introduced in
appendix A of [84] for more details. Finally, the modeling
of the interference contribution YY; between the z-channel
and QCD mediated diagrams relevant to the process pp —
YY* cannot be achieved in an automated manner at NLO.
Consequently, we instead rely on LO simulations and
rescale the corresponding cross section with a K-factor
defined as the geometric mean of the QCD and #-channel
K-factors,

oNLO GS%OD
_ o 1
KYY,- =V KtKQCD - LO 1O ° (9)
o/ 660D
where 61° and oY© denote pp — YY* cross sections

evaluated at the LO and NLO accuracy in QCD, when
restricted to purely QCD diagrams (x = QCD) or purely
t-channel exchange diagrams (x = ¢). For LO calculations
(including any calculation in models with vector DM), the
LO set of NNPDF 3.0 parton densities is used.

Mediator decays are handled with MadSpin [85] and
MadWidth [86] so that off-shell and spin correlation effects
are retained. Hard-scattering parton-level events are even-
tually matched with parton showers, that are modeled by
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means of PYTHIAS [87] (which additionally handles hadro-
nization), following the MC@NLO procedure [88].

Constraints on the new physics signal emerging from the
models considered can be derived from experimental
searches for DM in final states comprising jets and missing
transverse energy. Such searches can be divided in two
categories, namely exclusive searches in which strong
constraints are imposed on a small number of jets (see
e.g., [11,18]), and inclusive searches in which loose
requirements are enforced instead but on a larger number
of jets (see e.g., [17,89]). We reinterpret the results of such
searches and determine the viable region of the models’
parameter spaces, focusing on the analyses of [11,17,18] for
which implementations in public tools exist [11,90-92].*
In practice, we make use of the MADANALYSIS 5 frame-
work [93-95], which relies on FASTIET (version 3.3.4) [96]
and its implementation of the anti-k; algorithm [97],
DELPHES 3 [98], and the SFS framework [90] for the
simulation of the LHC detectors. The more stringent con-
straints being those obtained through the recast of the
CMS-SUS-19-006 [17] search, only the corresponding
predictions will be displayed in the next section, together
with naive extrapolations at 300 fb~! and 3 ab~! relevant for
the current run (run 3) and the high-luminosity (HL-LHC)
run of the LHC in Sec. IV. The latter have been
derived following the methodology of [99]. As such an
inclusive analysis was omitted from our previous study [12],
this work updates all previous constraints, leading to
much stronger restrictions on the viable part of the
models’ parameter spaces. Results are further detailed in
the next section.

In addition, measurements of the Z-boson visible decay
width provides robust bounds on the models for scenarios
in which the mediator is lighter than half of the Z-boson
mass, as in this case it can be pair-produced through a Z
decay. We refer to [100] for extra details.

III. NUMERICAL RESULTS

A. Cosmological and astrophysical constraints

Cosmological and astrophysical constraints provide
important guidance on the potential relevance of the regions
of the parameter spaces of the models that we probe. We
present implications of those constraints in two classes
of t-channel DM scenarios in which either the X state
makes up all of the observed DM (i), or when it only
accounts for a fraction of it (ii). The first condition maps out
a two-dimensional hypersurface of the three-dimensional
parameter space defined by the parameters shown in (3)
(cf. Sec. II B 2), whereas the latter only provides, for a
given mass configuration, a lower bound on the coupling

“Codes available from https://doi.org/10.14428/DVN/ADEJQM,
https://doi.org/10.14428/DVN/IRF7ZL and https://doi.org/
10.14428/DVN/ATGIJAV.

arising from an overclosure constraint. While both choices
lead to relevant benchmark scenarios, the cosmological
constraints derived could nevertheless generally be soft-
ened further by considering, for instance, a nonstandard
cosmological history and/or an extended particle content.

In Fig. 1 we show the cosmologically viable parts of the
parameter space in the case (i) for all six models consid-
ered. The grayscale color maps reflect the value of the
coupling A that allows for an explanation of the measured
DM relic density Qh? ~0.12 [64], and our results are
displayed in the plane spanned by the dark matter mass M y
and the relative mass splitting, My /My — 1.

Toward large DM masses and mass splittings, the
coupling value required to predict a DM relic density in
agreement with Planck data increases. The white area
visible in the upper right corner of the different panels
consequently does not correspond to scenarios leading to a
sufficiently large annihilation cross section within the
perturbative regime of the coupling. We notice that for
these observables the mediator width does not play a role,
as the mediator always propagates nonresonantly either due
to the #-channel topologies or to the energy scales involved.
Toward small mass splittings, coannihilation effects of the
mediator particle become increasingly important. In the
white area shown in the lower left corner of the panels,
mediator pair annihilation yields an annihilation cross
section that is so large that it alone leads to under-
abundant DM provided that the DM and mediator states
are in chemical equilibrium. While this condition is met
for the considered values of the coupling 1> 1074,
cosmological viable solutions can also be found for
couplings of the order of 107%. In this case, the relic
density is set by conversion-driven freeze-out [33], in
which the above chemical equilibrium breaks down due to
semiefficient conversion processes between the DM par-
ticle and the mediator. The computation of the precise
coupling value matching Qh? ~0.12 in such a scenario
requires to solve a coupled set of Boltzmann equations,
which is beyond the scope of this work. We nevertheless
emphasize that as 1 < 1074, all astrophysical and collider
constraints discussed below are evaded.

Direct detection bounds originating from SI DM inter-
actions with nuclei are among the strongest bounds that
could be imposed on all six models. For the considered case
(i), the interplay of predicting a relic density in agreement
with data and considering scenarios viable relatively to
direct detection constraints already excludes the entire
sampled parameter space for all three complex DM
scenarios, as shown in the right panels of Fig. 1. This
leaves the conversion-driven freeze-out region as the only
allowed region within those models (within the framework
of frozen-out DM considered here). For self-conjugate DM
models, parts of the parameter space are not challenged by
direct detection constraints. However, the combination of
direct detection bounds via SI and SD interactions, indirect
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FIG. 1. Constraints on the -channel DM models investigated that emerge from cosmological and astrophysical observables, as well as
from the measured Z-boson visible decay width. The colored hypersurfaces displayed in the different (My, My/Myx — 1) planes
correspond to scenarios that satisfy Qh? ~ 0.12 for a value of the coupling A reflected by the grayscale color map. The left (right) panels
correspond to models with self-conjugate (complex) DM, and we consider a scalar (top row), fermion (central row), and vector (bottom
row) DM candidate. The hatched regions denote exclusions from gamma-ray searches (ID gamma rays), searches in cosmic-ray
antiprotons (ID antiprotons), DM direct detection via spin-independent and spin-dependent interactions (DD SI and DD SD, respectively),
and Z-boson visible decays (Z decay). For details we refer to Secs. [IB 5, II B 4 and to the end of Sec. II B 6.
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detection via gamma-ray and cosmic-ray antiproton probes,
as well as the robust constraints emerging from Z-boson
visible decay measurements, excludes large parts of the
considered parameter spaces, as depicted in the left panels
of Fig. 1. For real scalar DM, it hence excludes the entire
region with DM masses below 800 GeV or mediator
masses below 2 TeV. For Majorana fermion and real
vector DM the situation is similar, with the exception of
additional allowed islands of scenarios when My <
4 GeV and 100 GeV < My <200 GeV respectively. For
the latter class of scenarios, we can note that cosmic-ray
antiproton data provide important limits in the range
200 GeV < My <800 GeV, as for scalar DM. This is
due to the fact that indirect detection bounds are particu-
larly strong for (real and complex) vector and Dirac
fermion DM, since the annihilation into quark pairs is
mediated by an s-wave process.

We now move on to the second class of scenarios
considered, namely case (ii), in which the DM is made
of several components. The measured relic density there-
fore only consists of an upper limit on the theoretical
predictions made in the context of the #r-channel DM
models studied. As a consequence, additional regions of
the parameter space open up. In order to assess the
constraints that could be imposed on such scenarios, we
assume that X only accounts for a fraction of the DM, and
we subsequently rescale the predicted direct (indirect)
detection signals by that fraction (squared). By doing so,
we implicitly assume that the local and global DM
composition is equal, i.e., that the clustering properties
of the different DM components do not differ significantly.
In the following, we show the corresponding results in the
(My, My) plane, for either a fixed value of the mediator
width-over-mass ratio I'y /My, or for a fixed A value. Such a
way to present our results will allow for a direct comparison
with the collider constraints derived in section III B. For the
same reason, we furthermore restrict our analysis to the
case of self-conjugate DM, which is the only option to get
viable (i.e., non excluded) regions of the parameter space
that are testable at the LHC under the assumption of prompt
mediator decays.

In the left and middle panels of Fig. 2, we show the
interplay of cosmological and astrophysical constraints on
scenarios in which the mediator width-to-mass ratio is
fixed to a specific value. We adopt I'y/My = 0.01 (left
column) and 0.05 (central column). The purple area
shown in the nine subfigures consists of the regions of
the F3S uR (top row), S3M uR (central row) and
F3V_uR (bottom row) parameter spaces in which DM
is over-abundant. Scenarios in which the relic density
match the measured value therefore lie at the boundary of
the Planck exclusion regions, and they are thus repre-
sented by dark purple lines. Conversely, parameter space
regions displayed through the various white areas corre-
spond to regions in which DM is under-abundant, and that

are additionally allowed by all astrophysical constraints
considered. The associated exclusion are shown through
yellow, teal, and green exclusion contours for SI direct
detection constraints, SD direct detection constraints, and
indirect detection constraints, respectively. Generally, it
turns out that for all models the under-abundant regions
become larger with increasing values of I'y/My, due to
the larger couplings involved.

The importance of the individual astrophysical bounds
varies strongly with the spin of the mediator and that of the
DM state, as already discussed in the context of Fig. 1. In
addition to current constraints, we further display in Fig. 2
the projected direct and indirect detection sensitivity of the
PICO-500 [101,102] and CTA [103,104] experiments,
respectively, as well as the sensitivity corresponding to
the so-called “neutrino floor” [105] limiting the direct
detection reach in the foreseeable future. This allows
for an assessment of the improvement, in terms of coverage
of the parameter space of the models, that could be
expected from future astrophysical probes. Whereas such
an improvement is mild for models with I'y/My, = 0.01,
the larger A coupling values inherent to scenarios with
I'y/My = 0.05 makes it more significant.

In the right column of Fig. 2, we show the corresponding
results for scenarios in which the new physics coupling is
fixed to the specific value A = 1. Both in the real scalar and
Majorana DM case, the entire set of mass configurations
probed is excluded by relic density constraints. In such
setups in which 4 is fixed, the parameter space only opens
up for very large coupling values like 4 = 4.8 and 3.5 in the
F3S_uR and S3M_uR cases respectively, the size of the
excluded areas shrinking drastically with increasing A
values larger than these thresholds.

B. Collider phenomenology

In this section, we follow the simulation strategy
described in Sec. IIB 6 and present predictions for two
classes of scenarios defined in II B 2. Both of these consist
of scenarios in which the two new physics masses, My and
My, are free. In the first set of scenarios, the coupling 4 is
chosen such that the mediator width-over-mass ratio
I'y/My is fixed to a given value (Sec. IIIB 1). For the
second class of scenarios, the coupling 4 is instead fixed to
an arbitrary value (Sec. III B 2).

1. Scenarios with fixed I'y /My ratio

As written above, for each mass configuration (My, My)
considered we derive the value of the A parameter that leads
to a given mediator width-over-mass ratio I'y /M. We then
simulate events with the machinery of Sec. II B 6, and next
recast the results of the CMS-SUS-19-006 analysis [17] of
the full LHC run 2 dataset to determine bounds on the
model. The exclusion limits that we obtain for I'y/My =
5% are shown in Fig. 3 for the three real DM scenarios
considered, namely the S3M uR (left panel), F3S uR
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FIG. 2. Cosmological and astrophysical bounds on the real DM #-channel model considered, as obtained from different observables
for the F3S_uR (top row), S3M_uR (middle row) and F3V_uR (bottom row) class of scenarios. The results are shown in the (My, My)
plane for I'y /My = 0.01 (left column) and 0.05 (middle column), as well as for A = 1 (right column). Shaded areas are excluded by SI
(yellow) and SD (teal) direct detection probes, as well as by indirect (green) detection searches. Scenarios featuring a relic density
Qh? = 0.120 are reflected by the border of the exclusion originating from Planck data (shown in purple). Finally, gray dotted lines are
isolines of constant A values (left and middle columns) or of constant I'y /My value (right column).

(central panel) and F3V_uR (right panel) models. As the  collider approach adopted in this work indeed relies on a
coupling between the mediator, the DM, and the up-type = perturbative treatment of the amplitudes of the different
quark is a function of the two new masses My and My, we  involved processes that is only valid for moderate coupling
additionally display in all figures isolines of constant A  values A well below 4z. Moreover, we recall that scenarios
values (gray dotted lines). Scenarios for which the obtained =~ with nonself-conjugate DM are excluded by cosmological
value of 4 is larger than 10 are highlighted through a yellow  constraints, as detailed in Sec. III A, and are thus not
gradient. For such model configurations, any prediction  relevant in light of searches at colliders. They are therefore
should however be interpreted very carefully. The whole  ignored in the present discussion.
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search [17]. We consider the three real DM scenarios described in Sec. Il A, namely S3M_uR (left), F3S_uR (centre) and F3V_uR
(right), and a fixed ratio I'y/My = 0.05. The dotted gray lines are isolines of constant A coupling value, and the excluded regions of
the parameter space lie at the left of the orange lines. The bounds from individual processes XX (red), XY (green) and Y'Y (dark blue)
are also shown to illustrate their relative role, the Y'Y process being further split into its purely QCD part (YYcp, teal), and its purely
t-channel part (YY,, turquoise). The area highlighted through the yellow gradient indicates when the coupling becomes so large that a

perturbative approach becomes less and less valid.

In order to assess whether a given benchmark is
phenomenologically allowed, we rely on the CL; method
[106], and make use of the number of events expected from
the SM background (as publicly provided by the CMS
collaboration), the number of observed events (also pro-
vided by the CMS collaboration), as well as of the number
of signal events that we predict. Our recast considers all 174
signal regions of the CMS-SUS-19-006 analysis, together
with the 12 aggregate search regions targeting specific
signal topologies. However, limit extraction does not only
conservatively rely on the most sensitive of all search
regions, but also exploits the fact that the CMS public
results include correlation information in the form of an
approximate covariance matrix. Signal regions can con-
sequently be combined under the assumptions that sys-
tematic uncertainties in signal modeling can be neglected,
and that uncertainties on the background contributions are
Gaussian [107]. The corresponding combination procedure
is available in an automated fashion within MADANALYSIS 5
for about a year [108].

The exclusion bounds at 95% CL derived when the full
new physics signal (including the channels XX, YY and
XY) is accounted for, namely the processes

pp—>XX, XY+XY*, YY+YY*4+Y'vY, (10)
are shown through solid orange lines, the corresponding
exclusions at 68% CL being represented by dashed orange
lines. Scenarios lying on the left of the lines are excluded.
The most striking feature of the exclusion bounds presented
in Fig. 3 is that they are much higher than those found in
our previous study [12]. In the latter earlier work, we
reinterpreted the results of an analogous inclusive multijet
plus missing transverse energy search [109] (whose results

have been in the meantime peer-reviewed in [89]),
and obtained bounds of 1.5-2 TeV in the S3M_uR model
and of 2-2.5 TeV in the F3S_ uR and F3V_uR models,
regardless of the DM mass. In Fig. 3, those bounds are
more stringent. They reach 2.2-3.7 TeV in the S3M_uR
model and 3.3-3.8 TeV in the F3S uR and F3V_uR
models, as depicted by the solid orange lines in the left,
central, and right panel of the figure.

In order to understand the origin of this improvement, we
break down the signal into its different contributions, also
shown in Fig. 3. The bounds given by red lines are those
determined when only the pp — XX channel contributes to
the signal, whereas those represented by green lines refer to
a signal only emerging from the pp — XY + XY* process.
Limits obtained by solely considering (anti)mediator pair
production are given by the various blue lines. The darkest
shade of blue corresponds to a signal including all (QCD
and 7-channel exchange) diagrams (YY), whereas the teal
lines are dedicated to a signal in which only QCD diagrams
are included (YYcp). Finally, the turquoise lines (always
almost completely coinciding with the Y'Y, lines) refer to a
signal only including t-channel DM exchanges. For all
individual processes solid lines are again used for exclu-
sions at 95% CL, and dashed lines refer instead to
exclusions at 68% CL. We observe that the YY, bounds
are superimposed with the full bounds in most parts of the
parameter space, the only exception being for the S3M_uR
model in the low-mass DM region where the channel XY
becomes dominant. This YY, dominance is due to the
contribution of the uu-initiated partonic process, uu — YY,
that proceeds via t-channel DM exchange and whose cross
section is enhanced by the potential presence of two
valence quarks in the initial state (see e.g., [19]). This
contribution is peculiar to real DM scenarios as in complex
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FIG. 4. Contours of constant cross section for the three real DM scenarios introduced in Sec. II A, namely S3M_uR (left), F3S uR
(centre) and F3V_uR (right), and a fixed ratio I'y /My = 0.05. The dotted gray lines are isolines of constant A coupling value, and the
orange lines show the total cross section combining the contributions of the three individual processes XX, XY, and YY. The
corresponding individual cross sections are given through red, green, and dark blue lines respectively, the Y'Y contribution being split
according to its pure QCD (teal) and 7-channel component (turquoise).

DM scenarios, it is impossible to produce a pair of
mediators or of antimediators (the only contributing
process being uit — YY*). However, such a uu-initiated
process has not been included in the experimental
analyses of f-channel DM models (as well as in our
previous study [12]). Remarkably, its relevance is way
larger than that of the QCD contribution to the YY
channel, that is also initiated by uiz. Focusing on a signal
driven by QCD-induced mediator-antimediator pair produc-
tion (pp — YY), mediators are enforced to be heavier than
about 800 GeV in the S3M_uR model and 1.5 TeV in the
F3S uR and F3V_uR models, the bounds first decreasing
with DM masses increasing up to 500700 GeV before
vanishing entirely. It is worth noting that an analogous
enhancement would be achieved by considering scenarios
where the DM interacts with down quarks. However, due to
the smaller contribution of down parton densities, the numeri-
cal relevance of same-sign mediator production would be
smaller than in the up-quark case.

A further noticeable feature of the bounds obtained in
the three models is that they (relatively) weakly depend on
My, especially in scenarios with a fermionic mediator.
This is rather counterintuitive, as in a class of scenarios
with a fixed I'y /My value, for constant My the coupling
should decrease with My. This behavior is illustrated by
the gray isolines in Fig. 3 that represent sets of scenarios
sharing a common 4 coupling value. To understand this
point, it is instructive to factorize out any effect stemming
from the recasting procedure (experimental efficiencies,
detector effects, etc.) and investigate analytically the
partonic cross sections associated with each of the
processes considered. In Fig. 4 contours of constant cross
sections are plotted in the (My, My) plane. For fermionic
mediator scenarios (F3S_uR and F3V_uR in the central
and right panel of the figure) the cross section is always
dominated by the uu-initiated YY, process. In contrast,

in the scalar mediator scenario (S3M_uR, left panel of the
figure) the XX channel contributes more significantly
and is even dominant for small DM masses. Nevertheless,
the corresponding experimental efficiencies make it neg-
ligible in the determination of bounds. The selection in
the CMS search that we recast [17] indeed enforces the
presence of multiple hard jets in the final state, the signal
regions driving the exclusion generally requiring two or
three jets, a large hadronic activity H; and a large amount
of missing transverse energy. Consequently, the XX
channel, that mostly leads to the production of a small
number of hard jets, is not so relevant in terms of potential
constraints on the model.

We therefore focus on the Y'Y, channel only in the rest
of this section. Both exclusion levels and associated cross
sections (blue curves on Figs. 3 and 4) get constant for
smaller and smaller values of the DM mass, once the
mediator mass is fixed (also in S3M_uR scenarios when
the DM mass is smaller than 100 GeV). This behavior
originates from the interplay between the functional
dependence of the 1 coupling on My and My in the
different models,

M3

My - M3’
My
M§ - M3
MyM?3
V2MS = 3MEME + MS

S3M_uR: 1 x

F3S_uR: A

F3V_uR: 1 x

(11)

and that of the associated YY, matrix elements squared.
After ignoring constant numerical factors (including the
fixed value of 'y /MYy), the latter are given, for uu-initiated
and uii-initiated processes, by
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2M% (M2 —t)+M> (s—u-+M3)]?
M2, o 14 IO v v
uit M (1-M2)?

where M2, and M2. refer to the amplitude squared
relevant for the uu — YY and uu — YY* processes
respectively. Whereas M2, = M2, i ii-initiated proc-
esses are less relevant as relatively suppressed by parton
densities. They are thus ignored in the current discussion.
In scenarios with a fermionic mediator (F3S_uR and
F3V_uR), none of the two YY, processes uu — YY and
uit — YY* depends on My in the limit of small My. On the
contrary, in the scalar mediator scenario only the ampli-
tude associated with the uu-initiated process is indepen-
dent of My in the same limit, the other amplitude
decreasing with smaller and smaller My values. This then
explains why in S3M_uR models the limits become
independent of My only when the DM mass is not too
large, in contrast to other scenarios.

2. Scenarios with fixed A coupling

In this section we present our results in an alternative
fashion. Instead of fixing the mediator’s width-over-mass
ratio, we fix the coupling 4 for all points in the (My, My)
plane to a common value. It is important to keep in mind
that results obtained under this assumption have to be
interpreted carefully: a nonconstant I'y /My ratio means
that the narrow-width approximation might not be valid
in some regions of the parameter space. However, in
our simulations mediator production and decay are

factorized, which can only be achieved when the media-
tor width is small enough relative to the mediator mass.
For this reason, we have considered different coupling
values for the different scenarios such that in large part
of the mass-mass planes shown the NWA is ensured. We
(arbitrarily) adopt 4 = 3.5 for S3M_uR models, 4 = 4.8
for F3S_uR models, and A =1 for F3V_uR models,
those large values being nevertheless motivated by the
astrophysical and cosmological bounds discussed in
Sec. III A. The bounds obtained through the reinter-
pretation of the results of the CMS-SUS-19-006
analysis [17] are displayed in Fig. 5 for the S3M uR
(left), F3S_uR (center), and F3V_uR (right) scenarios.
We additionally indicate through a yellow gradient the
regions of the parameter space in which the mediator
width-to-mass ratio is larger than 10%.

As in Sec. III B 1, in the NWA region the bounds are
entirely driven by the YY, channel for all scenarios. An
interplay between the YY, and XY modes seems to emerge
for S3M_uR, but as the width of the mediator is above 20%
of its mass, results in this area may be inaccurate. In the latter
case and for the adopted coupling value of 4 = 3.5 (left panel
of the figure), mediator masses ranging up to My ~3 TeV
are excluded at 95% CL for DM masses below My ~2 TeV,
the bounds vanishing otherwise. Similar exclusions are
found for F3S uR models and 1 = 4.8, the exclusion
contour boundaries being this time given by My ~4 TeV
and My ~2.5 TeV. For F3V_uR scenarios and 1 =1,
mediator masses higher than 4 TeV could in principle be
reached. However, each of these setups is ill-defined as they
would correspond to I'y /my > 20%. Conversely, for My <
4 TeV DM masses smaller than 1-1.5 TeV are found
excluded at 95% CL.

The above findings exhibit a remarkable difference
between the F3V_uR models and the other scenarios. In
the F3V_uR case, scenarios featuring a small My value
are excluded even for extremely large values of My. This
difference can be explained by the dependence on My of
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the squared matrix elements associated with the YY,
processes shown in (12). Only for F3V_uR the amplitude
squared increases for decreasing My values. All others
processes include a component independent of My that
becomes at some point dominant for decreasing DM

|

(M5 —1)?
(t—=M3)*
tu— My

(=)

S3MuUR: M%y ox A4

F3S_uR: M}y o 2*

o M3 AMS — AM (s + 2t) + 4M51(s + 1) — 57

masses. Moreover, for scenarios in which My is small,
the XX process could also be relevant. On the one hand, we
get a phase-space enhancement for small My, and on the
other hand the amplitude squared satisfies, in the different
models,

F3V_uR: M%y x4
MY

The enhancement of the XX production cross section in
F3V_uR scenarios when 1 is constant, despite the low
sensitivity of the CMS-SUS-19-006 analysis [17] for this
channel, is sufficient to lead to an exclusion bound when DM
is light. While the contribution is still subdominant relative to
that of YY,, the XX channel is not affected by the adopted
NWA assumption. Therefore, signal regions targeting spe-
cifically DM pair production (together with a reduced
hadronic activity) and sensitive to it could become a dis-
criminating handle to characterize different DM scenarios.

IV. COMPLEMENTARITY BETWEEN
ASTROPHYSICS, COSMOLOGY,
AND LHC CONSTRAINTS

In Fig. 6 we highlight the complementarity exhibited by
all cosmological, astrophysical, and collider constraints
explored, both for 7-channel DM scenarios in which the
mediator width-over-mass ratio is fixed and for scenarios
in which the new physics coupling is instead set to a specific
value. We consider S3M_uR (left), F3S_uR (centre) and
F3V_uR (right) models with a self-conjugate DM state
(complex DM options being excluded by cosmology and
astrophysics, as discussed in Sec. III A). Scenarios excluded
by cosmological and astrophysics constraints are shown
in blue, whereas scenarios excluded by DM searches at
colliders are shown in orange. We recall that for all the
results presented in this section, we focus on scenarios of
class (ii) in which DM is allowed to be under-abundant. The
lower boundary of the regions excluded by cosmology and
astrophysics (blue areas) therefore corresponds to scenarios
featuring a relic density in agreement with Planck data,
whereas the nonblue areas (and the allowed white areas in
particular) always correspond to scenarios with under-
abundant DM, when it is assumed to only consist of the
X state. Multi-component DM must therefore be invoked to
restore agreement with data in such new physics setups.

When I'y /My = 0.05 (top row of Fig. 6) the regions of
the parameter spaces allowed by all constraints always

(1= M) (13)

|

correspond to configurations featuring mediator masses My
larger than 3-3.5 TeV, while the lower allowed values for
the DM mass My differ from case to case. They range from
1.5 TeV for F3V_uR models to 2.5 TeV for S3M uR
models. On the other hand, as in Sec. IIIB?2 we study
S3M_uR, F3S_uR and F3V_uR scenarios with a specific
coupling value 1 = 3.5, 4.8 and 1 respectively (bottom
row of Fig. 6), those values being the lowest ones leading
to parameter configurations not excluded by cosmological
and astrophysical bounds (see Sec. III A). The combination
with collider constraints further imposes a lower limit on
the mediator mass ranging from 1.5 TeV for F3V_uR
models to 2 TeV in S3M_uR and F3S_ uR scenarios.
The lower bound on the DM mass is instead still mostly
driven by cosmology and astrophysics, and it lies in the
1.5-2 TeV regime.

Figure 6 also includes projections for the current
astrophysical and LHC bounds in light of future data.
The impact of future astrophysical experiments is
found to differ from one scenario to another. In the
S3M_uR class of models (first column of the figure),
the expected reach of the PICO-500 experiment is fully
complementary to the constraints originating from the
relic density so that the whole parameter space (both for
scenarios with a fixed width-over-mass ratio and those
with a fixed new physics coupling) could be potentially
excluded. F3V_uR models (right column of the figure)
exhibit a similar behavior so that the results expected
from the PICO-500 experiment will significantly improve
the astrophysical coverage of the model’s parameter
space. However, a large amount of configurations will
this time be left unexplored. On the contrary, in the
F3S_uR class of models (central column of the figure)
will mostly resist to future DD and ID searches for DM.
Future experiments are indeed only expected to be
sensitive to scenarios located in a small additional part
of the currently allowed parameter space, leaving many
options uncovered and open for further exploration, e.g.,
at colliders.
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FIG. 6. Combination of the cosmological, astrophysical and collider constraints discussed in this study for the three real DM scenarios
described in Sec. I A. We consider tle S3M_uR (left), F3S_uR (center), and F3V_uR (right) classes of models in which either the new
physics couplings value is determined by fixing the mediator width-over-mass ratio I'y /My to 0.05 (top row), or it is fixed to a specific
value (bottom row). Projections for future astrophysical and collider bounds are also provided, the LHC projections being achieved

under the assumption that systematics errors Ay, scale with the luminosity £ as A,/ V/L = constant.

To assess the future sensitivity of the LHC to the models
studied, we determine projections for the two nominal
luminosities £ = 300 fb~! and 3000 fb~!, corresponding
to the end of the third operation run of the LHC and to its
high-luminosity (HL-LHC) phase, respectively. Bounds
are computed under the optimistic assumption that the
systematic uncertainties on the background Ay, will be

reduced and scale as A,/ V'L = constant. Projected dis-
covery reaches (for a significance of 5¢) are also included,
demonstrating that the expected improvement is sizeable,
especially for what concerns the HL-LHC phase. The gain
in parameter space coverage hence virtuously complements
the expected reach of future astrophysical experiments for
all scenarios explored, and only benchmark setups with
mediator and dark matter masses lying deep in the TeV
regime are expected to survive.

V. CONCLUSIONS

In this work, we explore #-channel simplified models
of dark matter in which the Standard Model is extended
by one DM state X and one colored mediator state Y.
Both new fields are taken to be odd under a new Z, parity,

the SM fields being instead enforced to be even, so
that the theory only features a single new physics coupling
vector in the flavor space. For simplicity, we consider
models in which the dark matter solely couples to the
right-handed up quark, and we additionally focus on
different possibilities for the spin of the new particles
and the self-conjugate properties of the dark matter.
We hence study six cases with a tridimensional parameter
space defined by the mass of the dark matter My, the
mass of the mediator My, and the new physics coupling 4.
The dark matter is taken to be either a scalar field, a
fermion field or a vector field, and it could be self-
conjugate or not. The mediator is consequently either a
scalar particle (for fermionic DM cases) or a fermion (for
bosonic DM cases).

In our study, we investigate which configurations of the
free parameters of the six models are compliant with
constraints originating from the relic density, astrophysical
probes of dark matter, and searches for DM at colliders.
Our results reveal a virtuous complementarity between the
different probes, leading to an excellent coverage of the six
parameter spaces that has the potential to be further
improved in the near future.
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Notably, requiring that dark matter is not overabundant
and imposing constraints from direct and indirect DM
searches suffice to exclude the entire parameter space of all
models featuring complex DM, except for a region of small
mass splitting between the dark matter particle and the
mediator. In this region, the measured relic density can be
explained for very weak couplings A for which dark matter
genesis proceeds via conversion-driven freeze-out, predict-
ing a long-lived mediator. In the self-conjugate DM cases
studied, several scenarios with heavy new physics particles
are still allowed, together with a few exceptions at lower
masses. Collider constraints, however, push the bounds
deep into the TeV regime. This improves our previous
results [12] by several hundreds of GeV in the parameter
region allowed also by astrophysical observations, and
originates in particular from a proper modeling of the
associated signals including the highly relevant contribu-
tion from same-sign mediator pair production (that has
still not been considered experimentally so far). Mediator
lower mass limits are found to be of 3—4 TeV for various
hypersurfaces in the tridimensional model parameter
spaces. These hypersurfaces are defined by either setting
the mediator width-over-mass ratio to some value (5% in
the cases studied), or by fixing the coupling A itself directly
to a specific value (that we choose to be 3.5, 4.8 and 1 in the
S3M_uR, F3S uR and F3V_uR classes of models, in
agreement with cosmological and astrophysical exclusions
and leading to a narrow-width mediator for most of the
mass values which can be explored at the LHC).

Our findings further show that future direct detection
experiments and LHC searches with a luminosity of
3000 fb~! have the power to entirely exclude the possibility
of Majorana dark matter in the prompt regime, and to
very strongly restrict bosonic dark matter options. While
t-channel simplified models of dark matter are still inter-
esting benchmarks in the context of DM searches today,
future data is thus guaranteed to provide further insights
into the models and to maximize their potential as repre-
sentative scenarios for large classes of UV-complete setups.
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APPENDIX: ANNIHILATION CROSS SECTIONS

In this appendix we provide analytical formulas for the
DM annihilation cross sections in the various models
studied in this work. The class of models S3D uR,
F3V_uR, and F3W_uR are all characterized by a cross
section dominated by s-wave annihilations in the u# final
state. The associated expressions can be written in a
compact manner in terms of the DM mass My, the new
physics coupling 4 and the mass ratio between the dark
matter and the mediator r = My /My,

B 3¢
(60)s3p_ur = a2 (1 4 P2
o
(00) g3y ur = (14 2)
14
<‘7”>F3w_uR = (Al)

1272M%(1+ 2)2

For the rest of the models explored (S3M_uR, F3S_ uR,
and F3C_uR), DM annihilation into quarks is character-
ized by a helicity suppression which induces a velocity
dependence of the cross section. This suppression can
however be lifted by considering additional gluon or
photon emissions (XX — uity or uiig). In addition, loop-
induced annihilations into pairs of photons or gluons could
now play a role too. The s-wave leading contributions to
the annihilation cross sections are therefore given by

T S )
1447 M2,
(00 = Ky AP
(o) 248k = K 1),
OB = K0 ()

for X=S or C, and Fy =1 or 8 respectively. In those
expressions the index i refers to a final state comprising
photons (y) or gluons (g) such that K, =1, K, =9/8,
K, =1, K}, = 3, and a, and a, respectively referring to the
electromagnetic and strong coupling constants @ and a.
The functions depending on r are given by
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