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1 Introduction

Despite compelling evidence for its existence [1-4], dark
matter (DM) remains elusive in direct searches using nuclear
and electronic recoil experiments, indirect probes via cosmic-
ray and gamma-ray spectra analyses, and collider searches
for missing transverse energy signatures. Understanding the
nature of dark matter is therefore among the top priori-
ties in particle physics, astrophysics and cosmology. Cur-
rently, observational evidence confirms the existence of a
gravitationally-interacting form of matter that constitutes
approximately 25% of the Universe’s energy budget. How-
ever, the fundamental properties of DM such as its particle
nature, its interactions with Standard Model (SM) particles if
any, its mass and its spin, are still unknown despite decades of
intense efforts. From a theoretical perspective, a vast array of
models predicting the existence of DM has been developed
over the years. The null results from direct, indirect, and
collider DM search experiments have imposed increasingly
stringent constraints on these models, reducing the viable
regions in the associated parameter spaces.

These bounds are usually derived through two comple-
mentary approaches. First, a model-specific approach in
which dark matter is embedded within a comprehensive theo-

retical framework built from first principles could be consid-
ered. Here, despite current data and related constraints, viable
scenarios span orders of magnitude in terms of dark matter
masses and couplings. The goal of this report is not to pro-
vide an exhaustive overview of all theoretical aspects of these
DM models, for which excellent reviews are already available
(see for instance the recent work [4] and references therein).
Alternatively, experimental results could be interpreted fol-
lowing a phenomenological approach based on simplified
models which capture essential features of diverse classes
of SM extensions while remaining agnostic to the underly-
ing high-energy theory. Simplified models are particularly
useful as they allow for a systematic and model-independent
exploration of viable DM scenarios, facilitating the compar-
ison of theoretical predictions with experimental data from
varied experiments and guiding the design of future exper-
iments. In this report, we thus adopt the simplified model
paradigm [5,6], generically assuming the existence of a DM
particle that interacts minimally with the SM through a lim-
ited number of well-defined couplings and additional new
physics states.

In the most simplified models for dark matter, the dark sec-
tor is assumed to consist of a single massive DM particle that
interacts with the Standard Model via a single new ‘media-
tor’ particle. In addition, the stability of the DM candidate
is ensured by imposing a discrete or continuous symmetry
under which the DM state transforms differently from the
SM states. The interactions of the new physics sector are
then determined by the quantum numbers of the mediator
and its representations under both the new symmetry and the
SM gauge group. In simplified s-channel DM model config-
urations (with thus a single DM state and a single mediator
state), introduced about a decade ago [7-13], the mediator
transforms under the new symmetry like the states from the
SM sector. In contrast, in the #-channel models central to this
report, the mediator’s properties relative to the new symme-
try are similar to those of the DM particle. For instance, under
a discrete Z, symmetry, an s-channel setup might involve a
Zp-odd DM particle, with the SM and mediator states being
Zp-even. In this case, the mediator couples both to a pair of
SM particles and to a pair of DM particles.

In a t-channel scenario, however, the mediator would be
Z»-o0dd and thus couple to one DM particle and one SM
particle. Furthermore, in the simplest cases, #-channel medi-
ators must decay into DM and SM particles on timescales
shorter than cosmological ones, as otherwise, they would
appear stable and subsequently violate observational con-
straints as carrying colour or electric charge. While specific
incarnations of minimal #-channel models have been largely
explored in the past, the corresponding studies often focused
on particular representations and spin configurations for the
new states. For instance, this class of model was initially
introduced in the context of Majorana or Dirac dark matter
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coupling to quarks [14—19]. Complementarily, some studies
also embedded the minimal #-channel construction sketched
above within a UV-complete framework like supersymmetry.

One of the primary goals of this report is to provide guid-
ance for collider searches targeting final states with missing
transverse energy originating from 7-channel DM scenarios.
This includes not only the minimal framework described
above but also non-minimal setups that bring the models
closer to UV-complete theories, and that incorporate addi-
tional features not captured by the minimal models that
could be highly relevant for collider searches. We classify
the considered 7-channel models according to their degree of
minimality. We begin with the most simplified frameworks,
extending the SM by a single Z,-odd DM particle and a sin-
gle Z,-odd mediator. Within this setup, we allow for different
spin configurations and interactions with the SM, consider-
ing all possible mediator-SM couplings involving quarks and
leptons (but one at a time). This approach builds on previous
studies [20-25], where efforts were made to simultaneously
simplify the new physics parameter space and systematically
explore variations in the quantum numbers of the new fields.
Next, we extend our analysis to more complex models that
involve multiple mediators and DM candidates, while still
relying on 7-channel exchanges for DM annihilation. These
models include scenarios with dark sector flavour symme-
tries [26], constructions inspired by compositeness [27-29]
and frustrated DM frameworks [30]. Another approach to
non-minimality is to retain a minimal field content while
allowing the fields to transform under non-trivial represen-
tations of either the SM gauge group, or an extended gauge
group. Examples include the so-called Minimal DM model
of [31] or the Minimal Consistent DM scenarios of [32]. In
this report, we focus on the latter and explore a setup fea-
turing a non-minimal gauged dark sector [33]. Within all
these models, a wide range of DM coupling values leads to
cosmologically viable scenarios, which correspond to var-
ied possibilities for the mediator decay width. We analyse
cases where mediators decay promptly into DM and SM par-
ticles, as well as scenarios with small mediator decay widths,
resulting in long-lived particle (LLP) signatures at the LHC.
The latter case is particularly motivated by DM production
mechanisms in the early universe beyond the standard freeze-
out paradigm, such as conversion-driven freeze-out [34,35],
freeze-in [36,37], or superWIMP production [38,39].

In all these scenarios, we discuss the implications for col-
lider searches, cosmology and astrophysics. By leveraging
the complementarity of these observations, we aim to pro-
vide a comprehensive framework for probing the parameter
spaces of a wide range of #-channel models in the near future.
To this end, we additionally provide numerical tools, includ-
ing those necessary for high-precision Monte Carlo simula-
tions for LHC studies, along with detailed instructions on
how to use them. Furthermore, simulated Monte Carlo sam-

@ Springer

ples for simplified models can also be obtained upon request,
in the form of grids of mediator and dark matter masses, in
order to facilitate reinterpretation and signal modelling. We
hope that these efforts will subsequently enable a system-
atic reinterpretation of both existing and future experimental
results in terms of more complex DM models.

This report, that summarizes work achieved in the frame-
work of the LHC Dark Matter working Group, is structured
as follows. In the first part (Sect. 2), we provide a compre-
hensive overview of the #-channel dark matter models under
consideration. This includes simplified scenarios discussed
in Sect. 2.1, as well as more complex and non-minimal theo-
ries explored in Sect. 2.2 (flavoured dark matter), 2.3 (com-
posite dark matter), 2.4 (frustrated dark matter) and 2.5 (non-
Abelian gauged dark sectors). Subsequently, we address the
phenomenology of these models, focusing on collider stud-
ies in Sect. 3 and cosmological implications in Sect. 4. The
collider phenomenology is discussed separately for scenar-
ios involving promptly decaying mediators and those with
long-lived mediators, while similarly, the cosmological phe-
nomenology distinguishes between canonical dark matter
freeze-out and alternative DM production scenarios, such as
conversion-driven freeze-out, the superWIMP mechanism,
and freeze-in production. We conclude with a summary of
our findings and perspectives for future studies in Sect. 5.

2 Benchmark models for LHC phenomenology

In this section, we introduce various classes of models to
be explored in this whitepaper. We begin with minimal
setups featuring 7-channel dark matter (DM), that we dis-
cuss in Sect. 2.1. Additionally, we delve into non-minimal
models incorporating diverse phenomenological features not
addressed in the minimal case. These encompass flavoured
dark matter models, composite realisations, frustrated dark
matter scenarios and non-Abelian gauged dark sectors, which
are detailed in Sects. 2.2, 2.3, 2.4 and 2.5 respectively.

2.1 Minimal options and their implementation in
high-energy physics software

In a minimal realisation of a 7-channel simplified model for
dark matter, the field content of the Standard Model (SM)
is extended to include one DM candidate X, assumed to be
a colourless electroweak singlet, and one mediator state Y.
Additionally, to ensure DM stability, an ad hoc Z, symmetry
isimposed such that all SM fields are even while the dark mat-
ter and the mediator are odd. Following the pMSimpt frame-
work introduced in [40], no assumptions are made regarding
the spin of the DM and the mediator, the flavour structure of
their interactions, and the quantum numbers of the mediator
that depend on how it couples dark matter to the SM sector.
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Under these conditions, the model presents three possible
spin configurations for the X particle: it could be a scalar
(either the complex state S or the real state S’), a fermion
(either the Dirac fermion x or the Majorana fermion ), or
a vector (either the complex state V or the real state \7). For
bosonic dark matter, the mediator is then a fermionic object,
that we denote as v, whereas for fermionic dark matter, the
mediator is a scalar field ¢. We leave the case of vector medi-
ators to future work, as achieving next-to-leading order QCD
simulations in models with coloured vector states is far from
trivial, even with existing automated tools such as those dis-
cussed in this report.

Expanding upon the setup introduced in [40], the full
Lagrangian incorporating the interactions of these fields with
the SM can be expressed as follows:

L= Lsm + Liin + Lxvy. (D

Here, LM represents the SM Lagrangian and Ly, encom-
passes gauge-invariant kinetic and mass terms for all new
fields. The final term Lyxy incorporates the interactions
between the mediator and the DM with the SM. This term
involves a significant number of free coupling parameters,
particularly in the absence of assumptions regarding the
flavour structure of the couplings. Separating the six possibil-
ities for the properties of the dark matter state, the Lagrangian
Lxy takes the following form:

L35 =D 2V frS+ro ¥o0QL S+ He.,
f=u,d

LFlS bl )x[ &gﬁR S‘i_)\,L 1/_fLLL §+HC
L5 =D 2V frS+ro¥o0QL S+He.,

f=u,d
LR =X Ylg S+, ¥, L S+He., 2)
L= A xfre + o XQL 9+ He.,

f=u,d

LM = Xlr ol + 1 ALL ¢f +Hec.,

L3P =Y i Xfref+ro XOL @)+ He.,
f=u,d

LP =0 Ylr ol + 1, XLL @] +He.,

L3 =" ap Uy fr Vi + do Woy" Qr Vi + Hee.,
f=u,d

-EFlV = A KZZVMKR ‘7 + AL 1;LJ’MLL ‘7 +H.c.,

L= " ap Uy fr Vi + do Woy" Qr Vi + Hee.,
f=u,d

L8 =0 gy R Vi 4 AL Yy* L V4 Hee.

In these Lagrangians, the symbols F3s, s3M, F3V (F1s,
siM, F1v) refer to models with real scalar, fermionic and
vector dark matter through the symbol endings s, M and

v, while the beginning of the symbol names 3 and s3 (F1
and s1) refer to colour-triplet (colour-singlet) fermionic and
scalar mediators. Similarly, the designations F3c, s3D and
F3wW (F1c, s1D and r1w) are utilised for the complex dark
matter cases through the ending ¢, D and w. In our notation,
Q1 and L} represent the weak doublets of left-handed SM
quarks and leptons, respectively, while u g, dg and £ denote
the corresponding weak singlets. The fermionic mediators
Yo, Y, ¥, Y and v, interact exclusively with the Qr, Lz,
uR,dg and £ fields, respectively. Furthermore, we introduce
one fermionic mediator for each generation of SM fermions.
Consequently, they lie in the same representation as their
SM fermionic partners, and they are vector-like. Similarly,
the scalar mediators ¢, ¢, ¢, ¢, and ¢, only interact with
QOr, L, ug,dr and £g respectively.

The scalar and fermionic mediators all possess a flavour
index. Therefore, while in the Lagrangians of Eq. (2) all
flavour indices are omitted for clarity, it is important to note
that the coupling matrices Aq, A, Ay, Aq and A, are 3 x 3
matrices in the flavour space. Unless stated otherwise, these
matrices are considered real and flavour-diagonal to prevent
loop-induced mixing between the SM fermions. Each medi-
ator is hence associated with a given generation of SM part-
ners.

Most of the results presented in this whitepaper are
obtained through the joint usage of various standard high-
energy physics packages, following the tool chain outlined in
[40]. This process involved implementing a single model file
that incorporates simultaneously all Lagrangians described
above in FeynRules [41,42]', which we utilised along-
side MoGRe [43], NLoCT [44] and Feynarts [45] to gen-
erate a next-to-leading order (NLO) UFO [46,47] model
with five flavours of massless quarks. The resulting UFO
model, termed the pMSimpt 2.0 model, is an extension
of the implementation designed in [40], now incorporating
leptonic fields. This implementation is available from the
FeynRules model database (see https://feynrules.irmp.ucl.
ac.be/wiki/DMsimpt or the Gi tHub repository https://github.
com/BFuks/DMSimpt). Like the previous implementation,
the available NLO UFO model includes A couplings that are
flavour-diagonal and real. However, the FeynRules model
allows for a more general structure, which we relied on to
generate a leading-order (LO) UFO model which is used for
some searches currently conducted by the ATLAS and CMS
collaborations. While an NLO extension of this more general
model is feasible, it necessitates a more intricate renormali-
sation procedure to be implemented within MoGrRe. We leave
this task to future work.

! Specifically, we use the feynrules-dev-bsm branch of
FeynRules available from the GitHub repository (https://github.
com/FeynRules/FeynRules).
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Table 1 Model information for the F3S and F3C models. We provide
the name of the DM particle and the mediators used in the FeynRules

implementation, together with the associated PDG identifiers, spin
quantum number and representation under SU (3), x SU (2), x U(1)y.
We recall that three generations of mediators are included, which

requires sets of three PDG identifiers. We additionally provide the new
physics couplings linking the DM, the mediators and the SM sector.
Each coupling is given together with the associated FeynRules sym-
bol and the reference Les Houches block to be used in the parameter
card

DM Field FeynRules PDG Spin Repr.
S Xs 51 0 1,1,0)
S Xc 56 0 1,1,0)
Mediators Field FeynRules PDG Spin Repr.
(u)
_ (¥ _ (YF3Qu 5910002 5910004 5910006 1
Vo= (wéﬁ YF30=yr30a 5910001 5910003 5910005 172 3.2.5)
/8 YF3u 5920002 5920004 5920006 1/2 3.1, %)
Y YF3d 5920001 5920003 5920005 1/2 3.1, —%)
(v)
(v _ (YF1Lv 5910012 5910014 5910016 1
Vo= < © YFLL= \yrire 5910011 5910013 5910015 172 (1.2.~2)
Y YFle 5920011 5920013 5920015 1/2 1,1,-1)
Couplings Parameter FeynRules Les Houches Block
Ao lamF3Q DMF30Q
Au lamF3u DMF3U
Aa lamF3d DMF3D
AL lamFlL DMF1L
Ao lamFle DMF1E

We present information on the six simplified models in
Tables 1, 2 and 3 for models with scalar, fermionic and vec-
tor DM respectively. For each model, we list the new included
fields, their representation under the SM gauge group, their
spins, the particle names used in the FeynRules imple-
mentation, and the Particle Data Group (PDG) identifiers
[48]. Additionally, we detail the conventions for the cou-
pling parameters, including their implementation names and
the corresponding Les Houches blocks [49] where numerical
values are stored.

The generated UFO model can be used within the MG5amc
platform [50] for achieving computations relevant for to col-
lider phenomenology. Both LO and NLO simulations are
feasible for models with a flavour-diagonal structure. How-
ever, for models with off-diagonal couplings in the flavour
space, only LO simulations are achievable. Additionally, we
have produced LO model files in which all flavours of quarks
are massive. They are available both in UFO and calcHEP
[51] formats, enabling their use with microMeEGas [52,53]
and MadpM [54-56] for evaluating cosmological observables.
The implemented FeynRules model and the corresponding
generated UFO libraries encompass all possibilities for the
DM candidate, thus incorporating all Lagrangians of Eq. (2).
In order to reduce the number of free parameters compared
to the general case, we include specific restrictions tailored
for minimal ¢-channel DM simplified models. One particular
restriction involves the activation of either a single mediator
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or a set of mass-degenerate mediators. Consequently, all new
physics states are decoupled and non-interacting, except for
a single DM candidate and specific mediators.

We first consider ‘universal’ possibilities (referred to as
xyz_uni with xyz being one of the six symbols introduced
in Eq. (2) to represent the various DM scenarios), where
all mediators of the model are active but assumed to be
degenerate, with interaction strengths that are both flavour-
conserving and universal. The coupling parameters of such
a scenario therefore satisfy the condition:

A o)ij = Ap)ij = A)ij = (Aa)ij = Mo)ij = A dij, 3)

where A represents the sole, universal, free coupling param-
eters and i, j = 1, 2,3 are flavour indices. Alongside the
universal mediator mass (My) and the DM mass (M), the
model is defined by three new physics parameters. Further-
more, we can construct a second class of universal scenarios
in the context of leptophilic dark matter. These scenarios,
termed xyZ_1R models, exclusively involve DM couplings
to all three SM right-handed leptons, generalising the frame-
work studied in [57] to accommodate various spin config-
urations. In this case, the coupling parameters are defined
by

()"Q)ij = ()\-L)l] = ()‘vu)ij == ()\'d)lj = 0
and (X[)ij = X(Sij, “)
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Table 2 Same as in Table 1 but for the S3M and S3D models

DM Field FeynRules PDG Spin Repr.
X Xm 52 1/2 1,1,0)
X xd 57 1/2 1,1,0)
Mediators Field FeynRules PDG Spin Repr.
(u)
o _ (Y¥S3Qu 1000002 1000004 1000006 1
b0 = <¢<Qd>) ¥830= (YS3Qd 1000001 1000003 1000005 0 3.2.%)
oy YS3u 2000002 2000004 2000006 3.1, %)
oy Ys3d 2000001 2000003 2000005 3.1, —%)
()
e _ (¥siLv 1000012 1000014 1000016 1
oL = (@@) YSIL = (YSlLe) 1000011 1000013 1000015 0 1.2,-3)
@ YSle 2000011 2000013 2000015 0 1,1,-1
Couplings Parameter FeynRules Les Houches Block
Ao lamS3Q DMS30Q
Ay lamS3u DMS3U
Ay lamS3d DMS3D
AL lamS1L DMS1L
A lamSle DMS1E
Table 3 Same as in Table 1 but for the F3V and F3W models
DM Field FeynRules PDG Spin Repr.
1% Xv 53 1 1,1,0)
Vv Xw 58 1 1,1,0)
Mediators Field FeynRules PDG Spin Repr.
(u)
[y _ (YF3Qu 5910002 5910004 5910006 1
Vo= (1,,30 ¥F30= | yr304 5910001 5910003 5910005 172 3.2.%)
v, YF3u 5920002 5920004 5920006 1/2 3.1, %)
Yy YF3d 5920001 5920003 5920005 1/2 3.1, —%)
()
(v _ (YF1Lv 5910012 5910014 5910016 1
V= (wgﬁ Y= yrite 5910011 5910013 5910015 172 .2, ~3)
Wy YFle 5920011 5920013 5920015 1/2 1,1,-1)
Couplings Parameter FeynRules Les Houches Block
ro lamF30 DMF30Q
Ay lamF3u DMF3U
A lamF3d DMF3D
AL lamF1L DMF1L
Ao lamFle DMF1E

and the model is again defined by three free parameters, the
DM and (universal) mediator masses My and My, as well as
the coupling parameter A. Such a class of models are how-
ever not examined in this report. In all these universal setups,
the presence of several mediators associated with a specific
generation of SM fermion prevents strong constraints from
flavour-changing-neutral-current processes, both in the quark
and lepton sectors. This contrasts to models featuring medi-
ators coupling to several generations of fermions.

Next, we focus on models in which a single class of
mediator is considered. One such scenario is exemplified by
the xvz_uR possibilities investigated in [24,25], wherein the
mediator couples exclusively to the right-handed up quark.
In this setup, the coupling parameters are constrained to

()11 =X and (A;);; = O for all other couplings
(with f = Q,L,u,d,?). 5)

In contrast to the universal case, A represents the coupling
strength between the mediator and the right-handed up quark,
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and this restricted scenario is characterised by three free
parameters: the masses of the dark matter and the media-
tor Mx and My, and the coupling X. In the present work,
we will examine scenarios in which the new particles couple
to any flavour of right-handed quark (referred to as xyz_dR,
XYZ_cR, XYZ_sR, XYZ_bR and Xvyz_tR models) and the right-
handed muon (referred to as xyz_muR models), motivated by
the specificities inherent to each generation. In particular, we
keep in mind the special role that the second generation could
play with respect to new physics (to solve, for instance, the
anomalous magnetic moment of the muon puzzle or some of
the remaining flavour anomalies), as well as that of the third
generation due the heavier corresponding fermion masses
and their possible connection to the electroweak symme-
try breaking mechanism. In contrast, we only outline in our
cosmological analysis the complementarity of astroparticle
searches to LHC-based ones, relying on previous studies of
models related to the first and third generations of quarks.
The reasons is that in this case, the flavour of the quark is
not relevant for the constraints that can be imposed on the
model so that a smooth extrapolation of the results for models
relevant to first-generation quarks can be applied to models
relevant to second-generation and bottom quarks.

2.2 Flavoured dark matter: dark minimal flavour violation

While minimal models serve as a valuable parametrisation
for a broad range of #-channel DM scenarios, they often fail
to provide a comprehensive description of non-minimal fea-
tures. Therefore, it is crucial to explore models beyond the
minimal setups, to ensure thorough theoretical and exper-
imental investigations without overlooking potential loop-
holes.

One way to expand upon the minimal framework outlined
in Sect. 2.1 involves introducing multiple flavours of DM
(i.e. afield X; carrying a flavour index i) and assuming that
they transform under a certain flavour symmetry. Early stud-
ies of such flavoured DM models [58—65] have applied the
concept of minimal flavour violation (MFV) [66-71] to the
dark sector. In MFV models, an approximate flavour sym-
metry U (3)° = UBoxUB)uxUB)axUB)L xUB),
is imposed, treating the five SM fundamental fermion fields
Qr, ug, dr, L1, and £g as flavour triplets whose compo-
nents rotate into each other via five separate U (3) groups.
This flavour symmetry is then broken by Yukawa interac-
tions. In minimally flavour-violating dark matter models, the
DM field X = (X1, X», X3) is assumed to transform as a
triplet under one of these U (3) symmetries. The coupling
matrix A is then determined following the MFV assump-
tion, and its structure follows from an expansion in terms
of the SM Yukawa couplings. Additionally, X is required to
be a complex field. Unlike the simplified model discussed in
Sect. 2.1, the mediator field in flavoured DM models does
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not carry a flavour index. However, in less minimal ‘skew-
flavoured’ constructions [72], both the DM and the mediator
carry flavour indices.

Models featuring dark minimal flavour violation (DMFV)
[26] extend this concept further. The flavour symmetry group
is promoted to U (3)® (or U(3)> x O(3) for real DM fields),
with additional symmetry transformations acting on the DM
field X (x in the notation of [26]), rendering it a flavour triplet.
For models with a single mediator, we introduce a ¢-channel
mediator Y (¢ in the notation of [26]) that couples the dark
flavour triplet X to one of the representations of SM fermions
f. The Lagrangian governing the interaction between the
dark matter and the mediator is generically expressed as

Lxy = hij fi XY, (6)

where i and j represent flavour indices. Adhering to the
DMFV principle, the complex 3 x 3 coupling matrix A serves
as the sole source of flavour symmetry breaking apart from
the Standard Model Yukawa couplings. In contrast to the
Lagrangians introduced in Eq. (2), the second flavour index
of the coupling A;; is here associated with the dark matter,
rather than the mediator for which only a single state is con-
sidered. In accordance with the DMFV principle, the mass
matrix My of the DM states is not an arbitrary parameter in
the theory, but is instead determined by a spurion expansion
based on the flavour-violating coupling . For example, for
X being a Dirac fermion it reads

My = mx[]l +oata + O(A“)], )

where 7 is a real expansion parameter. This relationship ties
the dark mass spectrum directly to the flavour structure of
the coupling A that connects the visible and dark sectors.
Moreover, the approximate U (3) flavour symmetry in the
dark sector reduces the complexity of the coupling matrix A
that can, for complex DM, be characterised by three diago-
nal coupling strengths, three mixing angles, and three com-
plex phases. It is worth noting that in quark-flavoured DMFV
models (i.e. models in which X and Y couple to quarks) fea-
turing Dirac DM, the stability of the lightest DM flavour is
ensured by a residual Z3; symmetry, which persists after the
flavour symmetry is broken.

This has motivated previous studies that have investigated
the phenomenology of DMFV models with Dirac dark matter
coupling to a specific quark flavour [26,73-75]. Scenarios
with right-handed up, down, charm and bottom quarks have
hence been explored, as well as setups in which the DM state
predominantly couples to the doublet of left-handed top and
bottom quarks. This corresponds to f; = ug, dg, cg, bg and
(tz, br)T inEq. (6). Furthermore, the possibility of Majorana
DM has been examined for the case of f = upg [76,77].
Here, the presence of a smaller dark flavour symmetry group
O (3) results in a coupling matrix A containing more free
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parameters. Additionally, the absence of the DM-stabilising
Z3 symmetry necessitates the introduction of an ad hoc Z;
symmetry to ensure DM stability.

The correspondence between the general DMFV
parametrisation discussed above and the simplified model
parametrisation outline in Sect. 2.1 can be established in two
cases: either when all physical dark matter states are nearly
mass-degenerate, or when one DM state is much lighter than
the others. In such scenarios, the DMFV model effectively
comprises one dark matter state X and one mediator state
Y featuring couplings to all generation of SM fermions.
Consequently, the coupling matrices A appearing in Eq. (2)
reduce to vectors in the flavour space and only one media-
tor state is active. Various DMF V-inspired simplified mod-
els can then be constructed, depending on the SM fermion
representation f to which the DM state couples, and the
particle nature of the new physics fields X and Y. While
the pMsimpt 2.0 UFO model incorporates such a flexibil-
ity, we employ dedicated LO UFO libraries available from
the pMSimpt GitHub repository https://github.com/lena-ra/
Flavored-Dark-Matter.

Non-minimally flavoured dark matter can also be intro-
duced to couple to the lepton sector [78—80], as studied in the
context of Dirac and complex scalar DM coupling to right-
handed charged leptons. In these constructions, a discrete Z,
symmetry is always necessary to stabilise dark matter. Addi-
tionally, less minimal models [81] featuring two mediators
have been studied. Such a setup can provide an explanation to
the longstanding deviations between theoretical predictions
and experimental measurements relevant to the anomalous
magnetic moment of the muon. While the matrices of cou-
plings A1 and A; associated with the two mediators are related
by DMFV, the DM spectrum becomes instead free. Finally,
flavoured DM models beyond DMFV have also been found
to offer a promising avenue for achieving successful baryo-
genesis [82].

2.3 Dark matter simplified models inspired by
compositeness

Another compelling possibility for exploring #-channel dark
matter models beyond minimal frameworks emerges from
composite scenarios of new physics [83—85]. These models
typically postulate the existence of additional coloured and
non-coloured resonances, arising as bound states from an
underlying fermionic construction beyond the SM featuring
a new strong dynamics. While some of these resonances are
closely tied to the top quark, elucidating the question of its
large mass via mechanisms like partial compositeness [86],
others could be stable, electrically neutral, and colourless,
thereby potentially serving as candidates for dark matter [27—
29]. In such frameworks, DM stability is ensured by aresidual
discrete Z, symmetry stemming from the breaking of the

new strong dynamics. The DM state is assigned an odd parity
under this new Z, symmetry, while all SM fields are assigned
an even parity. Meanwhile, the particle spectrum comprises
both even and odd new states.

An example of next-to-minimal setup, just slightly more
complex than the simplified models introduced in Sect. 2.1,
involves the inclusion of one real scalar DM state together
with two fermionic top partners, or mediators as per the ter-
minology used in this manuscript. Specifically, this setup
encompasses one Zy-even state denoted as ¥, (or T’ in the
notation of [28]), and one Z,-odd state labelled as Y, (or
T in the notation of [28]). Both these states share the same
quantum numbers as the SM right-handed top quark field zg,
and their interactions with the real scalar DM state X (or
S in the notation of [28]) can be captured within an effec-
tive Lagrangian resembling those introduced in Eq. (2). This
Lagrangian can be expressed as

Lxy =X Yt X + 1 Y,Y/ X + H.c. 8)

Here, the parameters A, and A/ represent two new physics
couplings, that were noted y; and y7- in the notation of [28].
The list of free parameters additionally includes the dark mat-
ter mass My and the two mediator masses My and My:. The
FeynRules model and associated UFO libraries are avail-
able from a dedicated GitHub repository, located at https://
github.com/BFuks/CompositeDM.

A less minimal effective DM model, still inspired by com-
posite constructions but closer to UV completions compared
the simplified setup of Sect. 2.1, could entail a sufficient
number of mediator fields to generate the top quark mass via
partial compositeness. In such a scenario, both weak singlet
and doublet mediators are necessary [87]. Assuming all these
mediators to be Z;-odd for simplicity, an effective interac-
tion Lagrangian incorporating their coupling to dark matter
would be given by

Lxy =X, );;tRX—}-)uQ )_’QQLX—FH.C. with
Y, 1L
Yo=1(.%"] and = . 9
¢ <Yth) QL (bL) ( )

This model introduces a certain number of free parameters,
including two new physics couplings A, and A,, one dark
matter mass My, and three mediator masses My,, M Yo and
My, ,. Although these masses are predictable in effective
setups incorporating partial compositeness, for simplicity we
treat them as free parameters. Consequently, such a configu-
ration can be mapped to the DMSimpt 2.0 simplified model,
which is provided with an associated restriction termed F3s
-vLQ, recalling that the choice of scalar DM and fermionic
mediators is the relevant one for composite constructions.
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2.4 Towards UV completions — frustrated dark matter

Simple UV-complete dark matter models, which avoid the
theoretical shortcomings or arbitrary motivations of certain
simplified models, can often be integrated into larger and
well-motivated theoretical frameworks [32]. Consequently,
they could serve as non-minimal simplified models for dark
matter that offer the advantage of a more complex phe-
nomenology including a variety of astrophysical and col-
lider signatures. Frustrated dark matter (fDM) models [30]
exemplify these simple UV-complete setups. They consist of
models where interactions between dark matter and the vis-
ible sector arise at one-loop order, rather than at tree level.
Such loop-level couplings can emerge in many UV-complete
theories, and they yield signatures that are highly sensitive to
the details of the mediator-SM interactions. The fDM frame-
work encompasses a broad class of models where the medi-
ators carry SM charges, but the interactions of dark matter
are ‘frustrated’ in the sense that the specific mediator assign-
ments preclude tree-level interactions with the SM.

In this framework, as is customary, the dark matter field X
is assumed to transform as a singlet under the SM gauge sym-
metry. However, the SM gauge charges of all mediator fields
coupling both to X and to the Standard Model are chosen
to forbid renormalisable gauge-invariant contact interactions
between X and any SM fermion. For fermionic dark matter,
these models necessitate a pair of mediators to couple the
dark state X to the SM. A schematic representation of this
family of models, featuring SM-singlet Dirac dark matter
coupled to a pair of mediators, takes the form:

SM <«— mediators [¢, Y] «<— DM [X], (10)

where, as in Sect. 2.1, ¢ denotes a scalar mediator and ¥ a
fermionic one. Since the mediators carry SM charges, they
can generally decay into SM particles which has the extra
benefit to circumvent cosmological and phenomenological
issues associated with new stable particles. Therefore, one
or both mediators should have renormalisable interactions
with the SM, hence allowing for mediator decays.

Within the scope of this whitepaper, we focus on fDM
models where mediators carry SU (3)¢c quantum numbers,
as particles with non-trivial colour charges are anticipated
to exhibit the highest production cross sections at the LHC.
Depending on the details of the mediator sector, these medi-
ators may also carry non-trivial SU (2) charges and U (1)y
hypercharges. Among the numerous possible SU (3) ¢ charge
assignments for the mediating sector, only certain choices
permit direct renormalisable interaction between the medi-
ators and the SM. For instance, only the colour triplet, sex-
tet, and octet options allow for renormalisable interactions
between mediators and pairs of quarks. Notably, colour-octet

@ Springer

mediators can enjoy such couplings without the necessity of
non-trivial electroweak charges.

We consider a particular fDM realisation where the medi-
ators are SU(3)c sextets and weak singlets, this last con-
dition being imposed for simplicity, and where the DM is
a Dirac fermion. In this scenario, only the scalar mediator
directly couples to the SM at tree level, specifically to a pair
of quarks of possibly the same electric charge. The hyper-
charge Y of the mediators depends on the structure of these
quark-messenger couplings. While a comprehensive exami-
nation of all possible low-dimensional couplings is provided
in [88], only one of them is renormalisable. This interaction
couples the scalar sextetto auu, ud, or dd quark pair pursuant
to its hypercharge, and its phenomenological consequences
have been explored in [§9-91]. For simplicity, we only con-
sider a sextet scalar with Y = 4/3 so that the corresponding
Lagrangian Lxy? is given by

Lxy = rx¢ Xy + dggKep iiqur + He., (11)

where all indices have been omitted for clarity. Here, A x rep-
resents the mediator-DM coupling, and A4, is the mediator-
SM coupling matrix in the flavour space. Additionally, K¢
denotes the sextet Clebsch—Gordan coefficient tensor, i.e. an
elementary colour tensor with one antisextet colour index and
two fundamental colour indices. Furthermore, we impose a
Z, symmetry on the DM and messenger sector to ensure
DM stability. The dark matter state X and one mediator (in
this case, i) are odd, while all other fields, including the
SM ones and the other mediator (¢), are even. Consequently,
only one of the mediators needs be heavier than the DM state
as its decay involves the DM particle. In contrast, the other
mediator decays directly into SM fields so that its mass is
unconstrained by DM stability requirements.

The free parameters of this model include the three par-
ticle masses My, My, and M,, the DM-mediator Yukawa
coupling Ay, and the mediator-quark coupling matrix A4 .
In our analysis, we restrict the entries of A4, to be real,
while allowing flexibility in choosing the flavour structure.
This flexibility is constrained by stringent limits on flavour-
changing neutral currents (FCNCs), which can be enhanced
by the presence of a colour-sextet scalar field coupling to up-
type quarks [92]. Additionally, certain couplings to charm
quarks are tightly constrained [93], leading to the following
bounds:

1 TeV

3
ZO\ )12(hgq)rn < 2.5 My ) o 1073
q9 99 - = 1 TeV ‘

=1

M 2
(Agg)11(Agg)22 <9.3 ( ¢ ) X 10_7,
(12)

2 We use the notation Lyy for any Lagrangian including DM-mediator
interactions, regardless of the model, for the purpose of uniformity.
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A straightforward way to comply with these constraints, as
explored in [30], is to assume a flavour-diagonal coupling
scheme with (A,4)20 = 0, effectively yielding a charm-
phobic scenario. However, completely excluding charm cou-
plings, while convenient, is neither necessary nor symmetry-
driven. On the other hand, as discussed in Sect. 3.2.3, large
couplings involving third-generation quarks lead to intrigu-
ing heavy-flavour phenomenology. To balance these consid-
erations, we adopt a coupling scheme that reflects the Stan-
dard Model quark mass hierarchy while respecting the FCNC
constraints in (12).

In the investigations carried out in this white paper, we
generate a UFO version of the above model with FeynRrules,
to be used with MG5amMc and MadpM for collider and cosmology
phenomenology, respectively. This model is available upon
request.

2.5 New gauge interactions to connect the dark sector to
the Standard Model

Models with a vector DM field, particularly those involving a
non-Abelian gauge sector, remain among the least explored
extensions of the SM, despite being well-motivated. Here,
gauge principles provide natural constraints and guidance
limiting possible theoretical constructions (see, e.g., [94—
119] for discussions of non-Abelian DM in different setups,
including scenarios with non-renormalisable kinetic mixing
terms or Higgs portal couplings). In this section, we high-
light a recently proposed minimal framework that extends the
SM gauge sector by introducing a non-Abelian gauge group
under which all SM particles are singlets and for which no
renormalisable kinetic mixing terms are allowed.? For further
details, we refer the reader to [33], while here we summarise
the construction and key properties of this framework.

We consider the simplest non-Abelian group, denoted as
SU (2) p, to connect the SM to the dark sector, and we label
the associated gauge bosons as

0
D Vl())JrM
VM = V{))OM s (13)
VD—}L

where the superscripts refer to the field electric charges
and the subscripts denote their isospin under SU(2)p (D-
isospin). The spontaneous breaking of the SU(2);, x U(1)y
and SU(2)p gauge symmetries is achieved through two

scalar doublets,

0
+ (2 1

b = <¢o> op={ 0" (14)
¢ Yp_1

3 Gauge kinetic mixing terms may arise at loop level, depending on
the Higgs sector structure, but these correspond to suppressed higher-
dimensional operator contributions.

whose lower components get the vacuum expectation values
(vevs) v and vp. The scalar potential, that was introduced in
[95], is given by

V(®p, ®p) = —p? @Y by — uj @)@ p + M@}, )’
+Ap (@, ®p)* + K¢H¢D¢L¢H¢5@D, (15)

and involves various bilinear (,ul.z) and quartic (A;) cou-
plings. This potential ensures the degeneracy and stability
of the SU (2) p gauge bosons due to the custodial symmetry
inherent to the scalar Lagrangian. Moreover, the interaction
between the scalar fields via the portal term Ao, ¢, induces
scalar mixing and modifies the couplings of the Higgs boson
to the SM states, which therefore provides strong constraints
on the model [120].

A new mechanism for communication between the dark
and visible sectors is introduced through a vector-like
fermion doublet,

(¥
w_(w), (16)

which is charged under SU (2) p but singlet under SU (2)y,
and where both components of W share the same hypercharge
quantum numbers as an SM right-handed fermion.* The mass
and interaction terms for the fermion W are given by

L= —Mybw— (y’\ichbngM + H.c.) , (17)

where f I§M denotes a generic SM right-handed fermion, and
y’ is a new Yukawa coupling connecting the SM fermion to
the dark fermion W via the scalar dark doublet ® p. The sta-
bility of the DM is ensured by the absence of an additional
Yukawa term y”W; @9 f2M, and is protected by an unbro-
ken global U(1)p = ¢'A¥YP symmetry. Without this symme-
try, the term involving the y” coupling would be unavoid-
able since the scalar doublet ®p lies in a pseudo-real rep-
resentation. The symmetry-breaking pattern in this frame-
work is SUQ)p x U(l)p — U(l)‘li). Assigning U(1)p
charges as Yp = 1/2 for the dark scalar and fermion dou-
blets and Yp = 0 for the vector triplet, there remains an
invariance under the discrete subgroup Z, = (—1) 90 where
Op =T} +Yp.

Among all new particles, the lightest Z-odd particle is
stable. Our construction features two potential candidates,
namely the Vg . or Yrp states, with different implications for
cosmology [33]. In the present work, we focus on the sce-
nario where the lightest Z,-odd particle is the Vg . boson,
which we designate as the Fermion Portal Vector Dark Mat-
ter (FPVDM) framework. The theory predicts six massive

4 Vector-like portals have been studied for scalar DM candidates in
[27,121], and for vector DM states in [119,122]. In these contexts, sim-
plifying assumptions include neglecting new Yukawa couplings [122]
or introducing an extended particle content [119].
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gauge bosons (the Z, W=, Vgo, and Vg 4 vector bosons),
whose longitudinal components correspond to six Goldstone
bosons. The remaining two scalar degrees of freedom include
the Standard Model Higgs boson and an additional CP-even
scalar. In the unitary gauge, the scalar mass terms in the
Lagrangian take the form

Aoy o
a2 —HB=D yyp\ [
L8 = h1 @1 2 ( >, (18)
m ( (p) A¢%¢D YD )LDUZD @1

where h and ¢; are defined from ¢° = (v + h1)/+/2 and
(pOD_1/2 = (vp + @1)/V2. Diagonalising the above mass
matrix yields the scalar mass eigenvalues:

2 2 2
my g = A"+ Apvp

:F\/ Opvd = AD2 +23 o vl (19)

with a mixing angle given by

2 2 2.2
ML VA — m;vnA
sin@sz\/Z H_ = Th DD (20)
My —my,

In the dark sector, the ¥ component with T3p = +1/2
(Op = +1) does not mix with any other fermion, and
its mass, my,, = My, is determined solely by the vector-
like mass term in (17). In contrast, the masses of the other
fermions depend on the vevs of both scalars, as well as on
the SM Yukawa interactions and the one introduced in (17).
The corresponding fermionic mass Lagrangian is given by

2 SM
y,vfi ( R ) 1)
Y7 My YR

The corresponding mass eigenvalues are easily obtained, and
read

1
wie =g [aw a2 -wre | 2)

with A = y2v? + y’2v% + 2M§,. Here, f represents the
SM fermion connected to the dark sector, while F' denotes
its heavier partner, and they always satisfy the hierarchy
my < my, < mpg.Letusnote thatin principle, a vector-like
fermion may interact with one or more SM flavours, and mul-
tiple vector-like fermions may be included in the theory. In
addition, the SU (2) p gauge bosons are degenerate in mass
at tree level, with my, = myo, = myo = gpvp/2 (and

Lo = (784 )

gp being the SU (2) p gauge coupling). However, this degen-
eracy is lifted by fermionic loop corrections, which account
for the differing Z, parities of the SU(2)p gauge bosons.
For simplicity, we label from now on the states Vp = Vg +
of mass my,,, and V' = Vgo of mass my-. The leading con-
tribution to the radiative mass splitting Amy = my, —my-
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is driven by F and ¥ p loops,

2,22 2 _ 2

gcgnm mF m
Amy = # +O(¢?), where e = 5 ¥

32memy,, my,

(23)

Notably, Amy vanishes in the limit y’ — 0.

To analyse the simplest realisation of the FPVDM frame-
work, we assume that the new vector-like fermions interact
exclusively with one SM flavour, that we take to be the top
quark. The new physics sector is thus described by six inde-
pendent input parameters,

mpg, sin95, mr =mg,

8D, Myp, mep = My -

(24)

We further simplify the parameter space by enforcing no
mixing between the two scalars 7 and H (i.e. 5 = 0), so
that the SM Higgs sector remains unaffected by new physics
at tree level and the dark side of the potential mirrors the
structure of the SM potential. It is important to note that for
y' — 0, the quartic coupling A, ¢, cannot be generated
radiatively. This implies that the scalar mixing is induced
solely by y’ effects through fermionic loops, and can thus
be safely neglected. In this configuration, the fermion sector
satisfies the mass hierarchy m; < m;, < mr, while the mass
of the heavy Higgs boson H can take any value consistent
with experimental bounds, including values below that of
the SM Higgs boson. In this study we test this realisation of
the model against multiple observables from cosmology, DM
direct and indirect detection and LHC searches. For this pur-
pose the Lagrangian has been implemented in LanHEP [123]
and FeynRules [42] to generate model files for calcHEP
[51], in the uro [46,47] format, as well as for FeynaArts
[45]. They are available from the HEPMDE database [124].

3 t-channel dark matter at the LHC

Contributions from D. Agin, C. Arina, E. Bagnaschi, K. Bai,
M.J. Baker, M. Becker, A. Belyaev, F. Benoit, M. Blanke,
J. Burzynski, J.M. Butterworth, A. Cagnotta, L. Calibbi, L.M.
Carpenter; A.S. Cornell, L. Corpe, F. D’Eramo, A. Deandrea,
A. Desai, B. Fuks, M.D. Goodsell, J. Harz, J. Heisig, A.O.M.
lorio, D. Kar, S. Kraml, A. Lessa, L. Lopez-Honorez, A.
Mariotti, A. Moreno Bricefio, L. Munoz-Aillaud, T. Murphy,
A.M. Ncube, W. Nzuza, L. Panizzi, R. Pedro, C. Prat, L. Rath-
mann, T. Sangweni, D. Sengupta, W. Shepherd, A. Thamm,
D. Trischuk

This section explores the phenomenology of a wide class
of r-channel DM models at colliders. We begin, in Sect. 3.1,
by examining the set of simplified models introduced in
Sect. 2.1. In Sect. 3.1.1 we describe the general features of
collider signals typical of these 7-channel simplified mod-
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els, and explain why a straightforward naive approach is
generally insufficient. Additionally, we provide details on
leveraging standard Monte Carlo event generators, such as
MadGraph5_aMC@NLO, to simulate these signals by match-
ing fixed-order matrix elements at NLO accuracy in QCD
with parton showers. We also discuss the use of public tools
to extract current experimental constraints on these models.
Next, we consider in Sect. 3.1.2 simplified models where the
DM candidate couples to right-handed quarks of the first gen-
eration (i.e. up and dg) and present updated results for the
existing LHC constraints obtained using state-of-the-art sim-
ulations. This analysis is extended in Sects. 3.1.3 and 3.1.4,
where we investigate scenarios involving couplings to quarks
of the second generation (i.e. cg and sg) and third generation
(i.e. tg and bp), respectively. The unique features of the sig-
nals are examined in Sect. 3.1.5, where we demonstrate again
the importance of considering all signal components across
different mass spectra. Finally, we briefly discuss leptophilic
models in Sect. 3.1.6.

In Sect. 3.2, we leave the minimal assumption and inves-
tigate a few non-minimal setups. In particular, Sects. 3.2.1,
3.2.2,3.2.3, and 3.2.4 delve into flavoured dark matter con-
structions, composite t-channel DM models, frustrated ¢-
channel DM models, and models where the dark sector is
linked through a new non-Abelian gauge interaction, respec-
tively.

We close the discussion on f-channel collider phe-
nomenology by considering, in Sect. 3.3, scenarios where
the mediator is long-lived, highlighting their distinctive sig-
natures.

3.1 Minimal simplified models — prompt decays

3.1.1 Generalities about the signal of quark-philic dark
matter

The phenomenology of the simplified 7-channel DM mod-
els under study must account for a description of the signal
kinematics that is as accurate as possible. It should there-
fore include all contributions. At tree level and for models
in which DM couples to quarks, this involves all diagrams
leading to the production of any pair of new physics states.
Specifically, this includes the production of a pair of dark
matter states (pp — XX, with a squared matrix element
proportional to A*), the associated production of a DM parti-
cle and a mediator (pp — XY + XY, with a squared matrix
element proportional to A%« ), and the production of a pair of
mediator particles or antiparticles (pp — YY +YY +YY).

In the following, we label the contributions from the first
two processes by XX and XY respectively, while for the
last process we must distinguish the different contributing
components. The pair production of a mediator and an anti-
mediator can originate from QCD diagrams (labelled by

Y ?QCD, with a squared matrix element proportional to asz),
t-channel DM exchange diagrams (labelled by YY; with a
squared matrix element proportional to A*), and the corre-
sponding interference (labelled by YY;, with a matrix ele-
ment proportional to azA2). Conversely, the production of
two mediators or two anti-mediators can only be induced by
t-channel dark matter exchanges in models where the DM
state is real, with the corresponding matrix elements being
proportional to A*. The total new physics cross section ogsm
is thus given, with the dependence on the new physics cou-
pling X factorised and as a function of the new physics masses
My and My, by:

opsm = A% oxy (Mx, My) + 2* oxx(Mx, My)
+ Oy i (My) + At oy 5, (Mx, My)
+ 22 oy5 (Mx, My)
+ 1t oyy,(Mx, My) + 1 o35 (Mx, My).

(25)

Considering a signal region of an analysis sensitive to the
signal, the total efficiency ¢ depends not only on the mass
spectrum but also on the coupling, as the latter can alter the
relative contributions of the various signal components. The
fiducial new physics cross section dgsm corresponding to
that region is thus given, once again with the dependence on
the new physics masses My and My introduced explicitly,
by:

6esm = A2 oxy (Mx, My) exy(Mx, My)
+ 2t oxx(Mx, My) exx(Mx, My)
+ 0y e (MY) €y g (Mx. My)
+)»40Y)7I(MX,My) eyy,(Mx, My) (26)
+ 120y (Mx, My) eyy (Mx, My)
+ 1% oyy,(Mx, My) eyy,(Mx, My)
+ 1 oy, (Mx, My) ey, (Mx, My).

In this expression, fiducial cross sections include mediator
decays, Y — Xgq, where g represents the relevant SM quark
species for the model considered. In the simulation frame-
work used throughout this work, we always assume a small
mediator width, ensuring that the narrow-width approxima-
tion (NWA) is valid, allowing mediator production and decay
to be considered in a factorised way [125]. Consequently, as
shown by the above equation, the kinematics originating from
each component to the signal depend solely on the masses
My and My, with the coupling A serving only to globally
rescale each contribution.

Specifically, the X X component has a strong dependence
on the new physics coupling A, to the fourth power, but its
modelling requires considering an additional hard visible
object in the final state to be detectable. On the other hand,
the various contributions involving two mediators or anti-
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mediators in the final state (YY, YY and YY) exhibit differ-
ent dependencies on A. Moreover, these are generally phase-
space disfavoured due to the large mediator mass required
to satisfy LHC constraints on coloured particles and the
fact that we deal with pair production. Equation (26) also
shows that, even in feebly-coupled scenarios, the QCD con-
tribution serves as a baseline component independent of the
DM mass. Conversely, other (anti-)mediator pair channels
become increasingly relevant with higher X values, and some
of them can benefit from parton density enhancements. This
is specially relevant for scenarios where DM couples to up
or down quarks. In such cases, processes like uu — YY
and dd — Y'Y can involve a pair of initial valence quarks.
Finally, XY production has a weaker A dependence, only
to the second power, but is phase-space favoured owing to
the production of a lighter DM state. Consequently, there is
no clear model-independent hierarchy between the different
contributions, necessitating their inclusion in signal simula-
tions.

In this work, hard-scattering simulations are performed
with MadGraph5_aMceNLO [50] (version 2.9.18) using the
MadsTR plugin [43] to handle resonant contributions appear-
ing at NLO, where an intermediate mediator is produced
on-shell and subsequently decays into a DM state and a
SM quark. This approach ensures that such contributions
are not double-counted across the three new physics pro-
cesses XX, XY, and YY. For instance, at NLO, the process
pp — XY — X(Xj) includes configurations where the
intermediate mediator is on-shell (to be included in XY sim-
ulations) as well as off-shell contributions (to be included
in the real-emission corrections to XX production). Fur-
thermore, LO and NLO matrix elements are determined
(with MadGraph5_amMceNLO) using the tree-level Feynman
rules, R, contributions, and counterterms relevant to the
models introduced in Sect. 2 and encoded in the UFO for-
mat [46,47] as detailed above. These matrix elements are
convolved with the LO and NLO sets of NNPDF4.0 par-
ton densities [126,127], respectively. Additionally, decays
of heavy unstable particles are handled with Madspin [128]
and Madwidth [129] to retain off-shell propagation and spin
correlation effects. Finally, parton showering (PS) and hadro-
nisation effects are simulated with pythia (version 8.306)
[130] and matched with fixed-order calculations according
to the MC@NLO procedure [131].

In practice, the event generation procedure is divided into
dedicated simulation runs, each associated with a specific
component of the new physics signal. Except for the QCD
production of a pair of mediator particles and antiparticles
Y ?QCD) and its interference with the 7-channel diagrams
(Y'Y;), all simulations rely on the MadsTR plugin. To start the

3> The MadSTR plugin can be downloaded from https://code.launchpad.
net/~maddevelopers/mg5amcnlo/MadSTRPlugin.
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MadGraph5_aMC@NLO package with MadSTR, we need to type
the following command in a shell:

<MG folder>/bin/mg5_aMC --mode=MadSTR

Here, <MG folder> represents the directory where
MadGraph5_aMCc@NLO is installed. We then define the new
physics process in the command line interface of
MadGraph5_aMC@NLO by typing:

import model DMSimpt_v2_0-<restriction>--modelname

define xx = <X state>
define yy = <Y state>
define yy~ = <Ybar state>
define yyy = vy vy~

<generate command >

In this snippet of script, <restriction> specifies the
model restriction considered (see Sect. 2), and generic labels
are introduced for the dark matter (xx) and mediator states
(vy, vy~, and yyy). The placeholders <x state>, <Y state
>, and <Ybar state> refer to the FeynRules names of the
relevant dark matter state and mediator particles and antipar-
ticles, as listed in Tables 1, 2, and 3.

The event generation commands for the XX, XY, YV,
YY;, and Y'Y, processes are as follows:

generate p p > xx xx / <excluded states> [QCD]

generate p p > xx yyy / <excluded states> [QCD]

generate p p > yy yy~ DMT=2 QCD=0 QED=0 / <excluded
states> [QCD]

generate p p > yy yy DMT=2 QCD=0 QED=0 / <excluded
states> [QCD]

generate p p > yy~ yy~ DMT=2 QCD=0 QED=0 / <excluded
states> [QCD]

Here, <excluded states> is a sequence listing all par-
ticles irrelevant to the chosen model restriction. We empha-
sise once again that it is important to address these produc-
tion modes individually, as their relative importance depends
on the model (particularly, the YY and Y'Y modes are rele-
vant only for setups with self-conjugate dark matter) and
the benchmark scenario chosen (i.e. the values of the mass
and coupling parameters). Event generation is further per-
formed normally, as stated in the MadSTR documentation [43].
Technically, we remove all resonant diagram contributions
squared potentially arising at NLO, which corresponds to the
istr=2 option of the MadSTR configuration that we set in the
run_card.dat conﬁguration file of MadGraph5_aMC@NLO.

Additionally, event generation for QCD-induced medi-
ator pair production (Y YQCD) is performed by starting
MadGraph5_aMCeNLO normally, without using the MadSTR
plugin as there is no resonant diagrams appearing at NLO.
This is achieved by typing the following command:

generate p p > yy yy~ / <excluded states> [QCD]

Furthermore, the interference between the QCD diagrams
and the ¢-channel ones for pp — Y'Y is performed at LO
with the command:

generate p p > yy yy~ DMT"2==2 / <excluded states>


https://code.launchpad.net/~maddevelopers/mg5amcnlo/MadSTRPlugin
https://code.launchpad.net/~maddevelopers/mg5amcnlo/MadSTRPlugin
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As itis technically not possible to handle event generation
for this contribution at NLO, the corresponding predictions
are rescaled with a constant K -factor K YT, - This K-factor

is defined as the geometric mean of the YYQCD and YY, K-
factors,

KY);I' = \ KYY, KY?QCD =

L

27

where 610 and 6NMO respectively refer to cross sections

evaluated at the LO and NLO accuracy in QCD.

For correct pole cancellation between the virtual and real
emission contributions appearing at NLO in the above pro-
cesses, it is crucial to allow non-coloured DM states to run in
virtual diagrams. By default, this is forbidden in the default
settings and internal mechanisms of MadGraph5_aMC@NLO.
To fix this, a few core files of the code need to be modified, as
detailed in appendix A of [132]. First, we add the following
lines in the function is_perturbating implemented in the
file base_objects.py®

is_dm = abs(self.get(’'pdg_code’)) in
[51,52,53,56,57,58]

if order in int.get (’orders’) .keys () and is_dm:

return True

Next, we modify the function user_filter in the file
loop_diagram_generation.py as follows,

dm_ids = [51,52,53,56,57,58]

loop_pdgs = [abs(x) for x in diag.get_loop_lines_pdgs
)1

is_loop_dm = (len([x for x in loop_pdgs if x in
dm_ids]) >0)

is_loop_gluon = (21 in loop_pdgs)

if is_loop_dm and not is_loop_gluon:

valid_diag=False

connected = diag.get_pdgs_attached_to_loop(structs)

isnot_dmcorrection = [x for x in connected if not abs
(x) in dm_ids]

if not len(isnot_dmcorrection) >0:

valid_diag=False
As mentioned above, mediator decays into a dark matter
and a quark are handled using Madspin and Madwidth. This
is achieved by updating the Madspin card at runtime, spec-
ifying explicitly that the mediator must decay through the
only open channel,

set max_weight_ps_point 400
decay <Y state> > <X state> <g state>
decay <Ybar state> > <X state> <gbar state>

launch

6 The exact location of this function in the files generated by
MadGraph5_aMC@NLO: depends on the version of the program.

As before, the placeholders <y state>, <Ybar state>, <X
state> and <g state> refer to the model’s labels for the

mediator, anti-mediator, DM particle and the relevant SM
quark for the considered model restriction (see Tables 1, 2
and 3). In the case of the interference contribution between
the t-channel and the QCD diagrams, the command set
spinmode none mustbe additionally included. Parton show-
ering and hadronisation are then performed using the default
Pythia cards generated by MadGraph5_aMC@NLO.

Constraints on the new physics signal emerging from the
considered models can be obtained by reinterpreting the
results of various experimental searches for new physics sig-
natures comprising missing transverse energy (E ?iss) and
jets. This procedure, in which constraints from existing LHC
analyses are derived for new models not originally con-
sidered in experimental publications by implementing the
analysis logic in some ad-hoc code, is commonly referred
to as recasting.” Specifically, we focus on recent exclusive
LHC Run 2 searches that impose stringent requirements on a
small number of jets and more inclusive searches with looser
requirements enforcing the presence of a larger number of
jets: ATLAS-EXOT-2018-06 [133], ATLAS-SUSY-2018-17
[134], ATLAS-CONF-2019-040 [135], CMS-SUS-19-006
[136] and CMS-EX0O-20-004 [137]. The selection criteria
defining these analyses have been designed to observe a sig-
nal of new physics characterised by a substantial amount
of missing transverse energy, energetic jets, and no leptons.
While the cuts across the different analyses are largely sim-
ilar, their differences define signal regions yielding varying
sensitivities depending on the signal details. In other words,
for a given new physics theoretical framework, the various
searches are expected to be sensitive in different parts of the
model’s parameter space. For instance, the requirements on
the number of jet candidates in the final state (N;) along
with the definition of such jet candidates in terms of pseudo-
rapidity (1(j)) and transverse momentum (p7(j)) slightly
differ, as illustrated by Table 4 where we summarise the main
requirements included in the different analyses.®

The CMS-EXO-20-004 analysis is hence sensitive to
a softer monojet-like signature compared to the ATLAS-
EXOT-2018-06 or ATLAS-CONF-2019-040 analyses by
virtue of a milder cut on the pr of the leading jet, thus offer-
ing complementary sensitivity to signals with less hadronic
activity. Additionally, all analyses involve different cuts on
the missing transverse momentum (or the missing hadronic
activity H;“iss, which is the norm of the vector sum of the
transverse momenta pr of all jets in the event, in the case

7 This term will be used throughout this report.

8 We refer to the relevant publications for the exact definition of all
signal regions of the considered analyses. In particular, different regions
of a given analysis may involve different cut thresholds on a given
observable, Table 4 indicating in this case the typical softest threshold.
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Table 4 Summary of the typical event selection cuts included in the five jets+E ?i“ analyses considered. Detailed information can be found in the

experimental publications [133-137]

Cuts ATLAS ATLAS ATLAS CMS CMS
EXOT-2018-06 SUSY-2018-17 CONF-2019-040 SUS-19-006 EX0-20-004

N; € [1,4] €[8,12] >2 >2 >1

1ol < 2.8 < 2.0 < 2.8 <24 <24

pr(j) > 150 GeV > 50 GeV > 200 GeV > 30 GeV > 100 GeV

pr(j2, s JN;) > 30 GeV > 50 GeV > 20 GeV

E;‘iss > 200 GeV — > 300 GeV — > 250 GeV

H}"i“ — — — > 300 GeV —

ENSS/ /Hy - > 5/GeV > 10 v/GeV - -

AD(j;, pF) > 04 - >0.2 >0.3 >0.5

Meff — — > 800 GeV — —

Hr — — — > 300 GeV —

of CMS-SUS-19-006) and its properties, such as its sep-
aration from the jets or its significance EFS//Hr (with
Hr being defined below). For instance, the ATLAS-EXOT-
2018-06 analysis features the smallest threshold on the E %‘iss
requirement, albeit with a rather hard selection on the lead-
ing jet transverse momentum. In addition, the more inclusive
searches include cuts on global observables like the effective
mass mefr or the hadronic activity Hr defined by

met = EP™ + Y pr(j)and Hr =Y pr(j).  (28)
J J

We derive constraints on the quark-philic #-channel mod-
els introduced in Sect. 2 by relying on the implementation
of the above analyses in the Madanalysis 5 framework
[138-140] (version 1.10.12), which uses FastJet [141] (ver-
sion 3.3.4) and its implementation of the anti-k7 algorithm
[142], as well as Delphes 3 [143] (version 3.5.0) and the
sFs framework [144] for the simulation of the LHC detec-
tors. Details regarding the integration of these implementa-
tion into Madanalysis 5, along with corresponding valida-
tion notes”, can be found on the public analysis database of
MadaAnalysis 5 [145], as well as in [137,146-150].1°

Bounds on new physics can also be obtained by means of
detector-corrected particle-level measurements at the LHC
instead of detector-level searches, which thus does not
require an approximation of the detector response. Contur
[156,157] is currently the only tool which uses this, exploit-
ing that measurement publications from the collaborations
systematically provide associated Rivet [158] routines. The

9 The implementation of the ATLAS-EXOT-2018-06 search in
MadAnalysis 5 hasbeen carried out in the context of the work done
for the present whitepaper, and has therefore not been documented in
any peer-reviewed publication. Validation details are consequently pro-
vided in appendix A.

10 The different codes can be obtained from the MadAnalysis 5
dataverse [151-155].
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library of reusable measurements is thus always growing
organically, without the need for further work from the phe-
nomenological community to exploit the results. The work-
flow for contur starts with a UFO file [46,47] which encodes
a chosen new physics model, that is then passed to an event
generator to produce HEpMC [159] files. These events are next
analysed with rRivet, which outputs a set of histograms dis-
playing where the signal events would have shown up in the
bank of LHC measurements having Rivet routines avail-
able. Finally, one can stack the predicted signal (properly
scaled relative to cross sections) on top of the predictions
from the SM, and compare to the observed data in each mea-
surement to derive exclusions, without the need for smearing
since everything is done at particle-level. In practice, mea-
surements are grouped into orthogonal pools (defined by final
state, experiment and centre-of-mass energy) to avoid double
counting: only the best exclusion from a given pool is con-
served. In the context of the #-channel DM models discussed
in this work, the relevant pools of measurements focus on the
€2~y final state [160], the EI'SS + jet final state [161,162],
the hadronic ¢7 final state [163] and the £ + E%‘iss + jet final
state [164,165].

3.1.2 First generation simplified models

We begin our phenomenological analysis of DM z-channel
models at colliders by exploring the LHC constraints that can
be imposed on models belonging to the xyz_ur and xyz_dr
classes. We hence extend the studies of [24,25] to scenar-
ios where DM couples to any first-generation right-handed
quark, and we additionally incorporate reinterpretations of a
broader set of LHC analyses. Given that complex dark mat-
ter models are disfavoured by cosmological observations, at
least when DM couplings to light generations of SM fermions
are considered (see [25] and Sect. 4.4.1.1), we focus exclu-
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sively on scenarios involving a real, self-conjugate DM parti-
cle (i.e. models of type F3s, F3v, and s3M). The collider anal-
yses that we recast are discussed in Sect. 3.1.1, and include
ATLAS-EXOT-2018-06, ATLAS-SUSY-2018-17, ATLAS-
CONF-2019-040, CMS-SUS-19-006, and CMS-EXO-20-
004.

We first present the bounds obtained for various choices
of the s3M_uRr and s3M_dR model’s free parameters in Fig. 1.
These scenarios are supersymmetry-inspired, featuring a
scalar mediator in the fundamental representation of SU (3)¢
(analogous to a right-handed up or down squark) and a
fermionic Majorana DM particle (resembling a neutralino).
The results are shown in the mediator and DM mass plane,
(My, My), for several different setups. The top row of the
figure corresponds to a fixed coupling value of A = 3.5, such
a large value being motivated by cosmological considera-
tions (see Sect. 4), while the bottom row assumes a mediator
width-to-mass ratio of 'y /My = 0.05, which guarantees
that the narrow-width-approximation is valid (a necessary
condition for using Madspin for mediator decays). Exclu-
sion limits at the 95% confidence level are displayed as solid
and dashed orange lines for NLO and LO simulations respec-
tively. The left panel of the figure shows results for scenarios
where DM couples to the first-generation right-handed up
quark u g, while its right panel displays exclusions for DM
couplings to the first-generation right-handed down quark
dg. Additionally, grey dotted isolines are included to repre-
sent constant A values (in the case where I'y /My = 0.05) or
constant I'y /My values (for fixed A = 3.5). Regions of the
parameter space where A becomes too large for a perturbative
treatment (although our calculations are only at first-order in
A) or where the size of 'y / My challenges the validity of the
narrow-width approximation are shaded to indicate theoret-
ical and/or technical limitations.

In all the figures, mass configurations to the left of the
solid (dashed) orange exclusion line are ruled out at the
95% confidence level, based on state-of-the-art simulations
at NLO+PS (LO+PS). For scenarios with A = 3.5 (top row),
the mediator mass is constrained to be larger than approxi-
mately 3.2 — 3.5 TeV for up-like setups and 2.5 — 2.7 TeV
for down-like setups, provided that the spectrum compres-
sion, defined as r = My /My — 1, is greater than 0.6 — 0.7.
This corresponds to an LHC sensitivity to DM masses My
smaller than approximately 2 TeV and 1.5 TeV for the up-
like and down-like cases, respectively. The loss in sensitivity
for decreasing r values (i.e. scenarios closer to the diagonal
in the figures) has a twofold origin. First, the XX contri-
bution (red contours), despite being enhanced by the large
A* factor as shown in (26), is only significant for very light
new physics spectra. Consequently, for heavier mass spectra,
such as those close to the current bounds, mediator produc-
tion (both pair and associated) and subsequent decay drives
the constraints. The final-state jets originating from mediator

decays thus become softer for increasingly compressed spec-
tra, leading to a reduction in signal selection efficiencies and
consequently weaker bounds. Specifically, our predictions
show that the LHC currently has no sensitivity to models
where the DM mass My 2 2.2 TeV for up-like setups, and
Myx = 1.5 TeV for down-like setups.

A key feature emerging from our results is that, in gen-
eral, the LHC sensitivity is primarily driven by mediator pair
production (YY), as indicated by the near-overlap of the blue
and orange exclusion lines. Only in scenarios with lighter
DM masses (and heavy mediator mass typical in the vicinity
of the current bounds) does the associated production chan-
nel (XY) begin to contribute significantly, as shown by the
green contours. This contribution arises from phase-space
enhancements relevant for light dark matter, combined with
the large imposed value of the new physics coupling. This
large coupling value A = 3.5 also induces a hierarchy among
the different components of the Y'Y channel. Contributions
from QCD diagrams are negligible, as evidenced by the teal
contours, which exclude only a small portion of the parameter
space. In contrast, -channel diagrams, with their A* depen-
dence and the existence of a g, g, — Y'Y sub-process driven
by two valence quarks, dominate and yield exclusions equiv-
alent to those of the full YY channel. However, caution is
required for scenarios with a split spectrum, or equivalently
featuring large r values such as r > 2, where the mediator
width-to-mass ratio I'y / My generally exceeds 20%. Such a
high ratio signals an ill-defined new physics setup, and chal-
lenges the validity of calculations within the narrow-width
approximation.

In the bottom row of the figure, we address this last issue
by considering a second class of scenarios. Here, the two
new physics masses My and My remain free parameters,
but the coupling A is dynamically computed to enforce a
fixed mediator width-to-mass ratio of 'y /My = 0.05. Con-
sequently, this approach eliminates any issues related to the
use of Madspin for modelling mediator decays. The resulting
exclusion contours exhibit a distinct shape compared to the
case where A was fixed to 3.5. For scenarios where the media-
tor width-to-mass ratio is fixed, the exclusion bounds (orange
line) are nearly independent of the dark matter mass, reach-
ing 2.5—3 TeV and 1.8—2.1 TeV in the s3M_uRr and $3M_dR

cases, respectively. As before, the exclusion is primarily
driven by the Y'Y channel, except for scenarios involving
lighter dark matter masses and a heavy mediator, where asso-
ciated XY production begins to contribute. This behaviour
is consistent with the dependence of the mediator pair pro-
duction rates on the DM mass, as detailed in the analysis
of related matrix elements and cross sections in [25]. Inter-
estingly, the bounds become stronger for increasingly com-
pressed spectra, but this trend arises from the progressively
larger values of A required to maintain 'y /My = 0.05.
In such regions of the parameter space, the perturbativity
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Fig. 1 Exclusion limits at 95% confidence level from the reinterpreta-
tion of several Run 2 ATLAS and CMS searches [133—137]. The results
are shown for the S3M_uR (left) and S3M_dR (right) real dark mat-
ter scenarios described in Sect. 2.1, considering two configurations:
A = 3.5 (top row) and I'y /My = 0.05 (bottom row). For scenarios
with A = 3.5, dotted grey lines represent isolines of constant I'y /My
value. Conversely, for scenarios with I'y /My = 0.05, these lines cor-
respond to isolines of fixed A value. Individual contributions to the

assumption underlying the entire calculation no longer holds
so that the exclusion bounds should be interpreted with cau-
tion.

Another notable feature of our results is the impact of
higher-order QCD corrections on the exclusion bounds. As
outlined in [40], NLO QCD corrections influence not only
the overall rate of the new physics signal (i.e. the com-
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bounds are displayed for processes X X (red), XY (green), and Y'Y (dark
blue), with the Y'Y process further decomposed into its purely QCD part
(YYqcp, teal) and its £-channel part (Y'Y;, turquoise). The yellow gradi-
ent highlights regimes where either the perturbative approach becomes
increasingly invalid due to large coupling values or the narrow-width
approximation loses validity due to a large mediator width-to-mass ratio

bined contributions from the XX, XY, and YY channels)
but also significantly alter the shapes of key observables,
such as the missing transverse momentum p‘}ﬁss and the miss-
ing energy E?iss used in all LHC analyses considered (see
also Sect. 3.1.5). As a result, the exclusion contours at LO
and NLO are not merely related by a simple translation of
each other, but exhibit more complex differences. This is
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evident in Fig. 1 for all scenarios considered, where the LO
bounds (dashed lines) and NLO bounds (solid lines) can be
compared. For s3M_ur models, global NLO effects are gen-
erally mild, except for scenarios involving a heavy medi-
ator (My € [2.5,3.5] TeV) and a light dark matter parti-
cle (Mx < 1 TeV). In this region of parameter space and
for decreasing My values, the XY channel begins to con-
tribute significantly, and it turns out that it exhibits a strong
sensitivity to NLO corrections due to the strong coupling
already entering in the LO matrix elements. Moreover, while
NLO contributions are highly relevant for the Y Yocp and X X
channels, these channels contribute negligibly given the mass
ranges probed by current LHC analyses. Conversely, QCD
corrections to the dominant Y'Y; channel are mild, except for
setups with light DM masses, where the dependence of the
matrix elements on the DM mass becomes non-trivial [25].
Consequently, NLO contributions influence only a specific
portion of the parameter space for s3M_ur models. The sit-
uation is markedly different for s3mM_dr models. Here, the
distinct parton distribution functions (PDFs) involved in the
YY, and XY matrix elements lead to much stronger NLO
effects for these channels, resulting in exclusion bounds that
are significantly more sensitive to higher-order corrections
than in the s3M_ur case. This is clearly illustrated in the
figures, where shifts in the mediator mass limits approach
500 GeV for a fixed DM mass below approximately 1 TeV.

As previously outlined, significant differences are observed
between the bounds applicable on s3M_ur and s3M_drR mod-
els, despite the overall similarity in the shapes of their exclu-
sion contours. The primary distinction lies in the mass range
covered. In the region of parameter space where the cur-
rent bounds reside, the signal is in both cases predominantly
driven by contributions from the Y'Y; and XY channels. These
two channels are directly influenced by the flavour of the
initial-state quark, with the subprocesses uu — YY and
ug — XY dominating in the s3M_ur case, and dd — YY
and dg — XY dominating in the s3M_dRr case. These sub-
processes are strongly affected by partonic luminosities and
potential enhancements from valence quarks. Since the up-
quark content in the proton is substantially higher than the
down-quark content, the bounds on s3M_dr models are con-
sequently weaker by approximately 500—700 GeV for a
given dark matter mass.

In Fig. 2, we explore the dependence of the total exclusion
for each mass point, accounting for all signal contributions
evaluated at NLO, on the analysis driving it. Two illustrative
setups are considered: s3M_uR benchmark scenarios featur-
ing a fixed mediator width-to-mass ratio I'y/My = 0.05
(left panel), and s3M_dr scenarios characterised by a fixed
new physics coupling value A = 3.5 (right panel). Scenar-
ios excluded by signal regions from more than one analysis,
with exclusion levels equivalent to 4.5 standard deviations
or greater, are displayed in grey. These scenarios typically

exhibit a much lighter new particle spectrum compared to the
current exclusion limits, represented by the solid red line. For
scenarios near or beyond these limits, we use a colour code
to indicate the most sensitive analysis among those consid-
ered. The figure highlights the strengths of leveraging mul-
tiple LHC analyses, each providing an optimal sensitivity to
different mass configurations.

The CMS monojet analysis (CMS-EX0-20-004) is partic-
ularly sensitive to split spectra, where the dark matter state is
at least a few hundred GeV lighter than the mediator. These
configurations are shown in yellow in the figure. Addition-
ally, the ATLAS-EXOT-2018-06 analysis, which has a sim-
ilar selection (as depicted in Table 4), is equally sensitive to
such configurations and is, in some cases, even more con-
straining (the relevant spectrum configuration being shown
in green). Notably, these two analyses together provide the
best sensitivity to heavier first-generation S3M scenarios com-
pare to existing bounds, making them strong candidates for
follow-up investigations during the LHC Run 3 and its high-
luminosity phase. Moreover, the more inclusive ATLAS-
CONF-2019-040 analysis proves to be the most sensitive for
scenarios where both the mediator and the dark matter are rel-
atively heavy, but with a significant mass gap, as indicated by
the blue regions in the figure. Conversely, the highly inclusive
CMS-SUS-19-006 analysis demonstrates strong sensitivity
to compressed spectra, as highlighted by the orange regions
displayed in the figure. The combined sensitivity of these
four analyses helps to clarify the shape and sharp features of
the exclusion contour that had been found in Fig. 1. Impor-
tantly, it is known that some signal regions across these anal-
yses are uncorrelated in light of the targeted signal, despite
all these analyses targeting a final state comprising jets and
missing transverse momentum [166,167]. There thus exists
some potential for their combination, as demonstrated by the
TACO approach introduced in [166] and applied to a super-
symmetric scenario resembling the s3M model in [167], or
the approach of [ 168, 169]. A comprehensive reassessment of
the current exclusion via analysis combination is, however,
left for future work.

In Fig. 3, we turn our attention to the r3s class of mod-
els, in which the dark matter particle is a real scalar state and
the mediator is a vector-like fermion lying in the fundamental
representation of SU (3) ¢. We remind that such a setup is typ-
ical of composite constructions in theories beyond the Stan-
dard Model. Similar to our study of the s3M models above, the
dark matter and mediator masses are treated as free parame-
ters, while two complementary approaches are used to define
the coupling A of dark matter to quarks. In the first approach,
A is fixed to a value of 4.8, motivated by cosmological con-
siderations (see again Sect. 4). In the second approach, the
mediator width-to-mass ratio is set to I'y /My = 0.05, and
the corresponding A value is then dynamically determined.
The obtained exclusion contours exhibit a similar shape to
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Fig. 2 Search including the most sensitive signal region for the new physics signal originating from the combination of all processes at NLO for
S3M_uR models with a fixed width/mass ratio (left), and S3M_dR models with a fixed coupling (right)

those of the s3M models, although they are shifted toward
significantly higher mediator mass values. This shift origi-
nates from the larger cross sections associated with vector-
like quark pair production compared to coloured scalar pair
production for a given mediator mass and coupling value
[43,170]. Additionally, scenarios with a fixed coupling value
naturally result in higher exclusion limits than in the s3M case
due to the increased chosen value for A. Consequently, medi-
ator masses as high as 3.5—4 TeV are excluded for F35_ur
models, and 2.7—3.5 TeV for F3s_dr models. These bounds
are almost insensitive to the dark matter mass, as the relevant
matrix elements only depend on My for much larger dark
matter masses. As a result, the gg — Y'Y subprocess (with
q representing either an up- or down-type quark) plays an
even more dominant role compared to the s3¥ models when
consider the parameter space as a whole. Enhanced by the
high partonic luminosity associated with valence quarks, this
subprocess alone is indeed sufficient to drive the exclusion
bounds across the entire parameter space, with the only mild
exception occurs for dark matter masses My < 500 GeV.
Finally, in Fig. 4, we examine the F3v class of models.
The mediator is, as in the F3s models, a vector-like quark,
but the dark matter particle is this time a vector resonance.
Such a setup is again characteristic of composite construc-
tions beyond the Standard Model. Unlike the other exclusion
bounds computed in this subsection, the results are based
solely on simulations at LO+PS, this limitation arising from
practical constraints in treating massive vector states at NLO
in our computational toolchain. As in previous analyses, we
consider two options for the choice of the new physics cou-
pling A. In the first, A is fixed to 1, consistent with cosmolog-
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ical constraints, while in the second, A is dynamically deter-
mined by requiring I'y /My = 0.05. Overall, the findings
align with those obtained for the other two model classes.
In particular, the exclusion is dominated by the YY; chan-
nel across the entire relevant parameter space. Consequently,
bounds are stronger for up-type scenarios compared to down-
type scenarios due to the higher partonic luminosity associ-
ated with up quarks. In addition, the XY channel contributes
marginally in scenarios with a heavy mediator and light dark
matter. This is evident in the results shown for F3v_dRr sce-
narios with I'y /My = 0.05 in the parameter space region
defined by Mx < 500 GeV. However, for fixed A scenarios,
only the Y'Y, channel contributes for all represented contours.
This is due to an artifact of the plots, where exclusion limits
have been removed from regions where the particle width
becomes extremely large, and thus unphysical (that we have
arbitrarily chosen to correspond to I'y /My 2 0.30). Such
large widths challenge not only the validity of the narrow-
width approximation, but also the very definition of a parti-
cle. Consequently to all these considerations, for scenarios
with A = 1 we obtain exclusion bounds for mediator masses
up to 4 TeV and 3 TeV in the F3v_ur and F3v_dR cases,
respectively, and for dark matter masses below 2 TeV and
1 TeV. Conversely, in scenarios enforcing a narrow media-
tor resonance (with I'y /My = 0.05), the bounds are nearly
independent of My, this independence being related to the
functional dependence of the associated matrix elements on
the new physics masses [25].



Eur. Phys. J. C (2025) 85:975 Page 21 of 96 975
4000?""!""!""I""!""T""I""I""._i 3500jv"'\""!"vV|'vvvwvvv'|'vv'|vvv'>_7
F3S ug observed 20 limits 11 7 F3S dg observed 20 limits 1
F MA5 recast of A7 [ MAS recast of _.;.-'1 ]
3500  ATLAS and CMS searches VRt 30000  ATLAS and CMS searches o
XX XY YYir (YYacp YY0) A ] I XX XY YY (YWYaco YY) £ ]
3000 - A [ A ]
. ----L0 ——NLO 5 2500+ ----L0 ——NLO 5]
2500 A=4.8 J ] 7 A=4.8 ]
> : 10" < 20007 10"]
s i Ao e 1 < 1500 - !
1500 - Lo T 1 ;
i P ] 1000 - 1
1000 - .20'H [ 201
500 - I 500 - ]
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500
My (GeV) My (GeV)
4000 v g 3000
F3S ug observed 2a limits & [|  F3s dg observed 20 limits [ i
r MADS recast of 1 r MAS5 recast of
3500  ATLAS and CMS searches o - ATLAS and CMS searches
XX XY YY, e - 2500 - §/ 10 ]
ot (YYaco YY) &/ ] Il XX XY YYier (YYaco YY) @/ 0
3OOOf ---- L0 ——NLO 57 I ----L0 ——NLO 5]
: € N\ ] 2000 - € SN T
2500 rv/My=5% 1 | ryiMy=5% 1
s 1 s RS
)] [ N ] ] L
QO 2000- ] . Q 1500 o |
x r 1 x [ y )
s [ ] s I v
1500 - [ :
[ ¥ ] 1000 - ; .
1000 ? ] i :
i 5 ] 500 - : ]
500 - , ] i :

“500 1000 1500 2000 2500 3000 3500 4000
My (GeV)

1000 1500 2000 2500 3000
My (GeV)

500

Fig. 3 Same as in Fig. 1, but for the F3S_uR (left) and F3S_dR (right) real dark matter scenarios. For scenarios with fixed A values, we adopt

A=438

3.1.3 Second generation simplified models

In this section, we present the results obtained when the DM
and mediator particles interact with SM quarks of the sec-
ond generation, namely charm and strange quarks. Following
the approach used for the first-generation case, Fig. 5 shows
the bounds that are applicable to the s3M_cR and S3M_sR
models where the dark matter is a Majorana fermion and the
mediator a coloured scalar state. In fixed-coupling scenar-
ios, the interplay between astrophysical and cosmological
constraints favours a different range of A values compared
to the first-generation case, by virtue of the existence of a

large valence up and down quark content in nuclei compared
to other quarks: we consequently here focus on benchmarks
with A = 2.2, for which the mediator remains narrow across
the entire allowed parameter space.

For both the s3M_cR and s3M_sR classes of models, the
bounds are weaker than those obtained for the correspond-
ing first-generation models. For light DM, the mediator mass
must exceed approximately 1 TeV for s3M_cR scenarios and
1.2 TeV for s3M_sR scenarios. On the other hand, in the
small mass-splitting region, the bounds on the mediator mass
reduce to around 500 GeV in both scenarios, while the DM
mass is constrained to be larger than 300-400 GeV for lower
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Fig. 4 Same as in Fig. 1, but for the F3V_uR (left) and F3V_dR (right) real dark matter scenarios. For scenarios with fixed A values, we adopt

A = 1. Moreover, results are given at LO only

values of My, and My/Mx — 1 2 0.2. Unlike in the first-
generation case, the bounds result from a more intricate inter-
play between the different production channels due to the
absence of a dominant same-charge Y'Y contribution driven
by valence-quark PDFs. In second-generation scenarios, the
total Y'Y channel receives comparable contributions from the
t-channel diagrams (YY) and from the QCD ones (¥ YocDp),
while the XY channel is additionally sensitive to the signal
in a similar way as the Y'Y contributions. Consequently, no
single contribution entirely dominates, and the location of the
overall bounds in the parameter space originates truly from
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the combination of the various subprocesses contributing to
the signal.

A key distinction between scenarios where the DM cou-
ples to charm and strange quarks is the strength of the bounds.
Charm scenarios are found to exhibit bounds that are typ-
ically weaker by 100-200 GeV, particularly in the light
DM parameter space region although this holds for most of
the parameter space. Moreover, this feature applies both to
results obtained on the basis of LO and NLO simulations. In
order to understand the origin of this difference, we exam-
ine as a representative example the Y Yocp channel, which is
independent of A and dominated by gluon-initiated topolo-
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Fig. 5 Same as in Fig. 1, but for the S3M_cR (left) and S3M_sR (right) classes of models. For scenarios with a fixed coupling value, we adopt

rA=22

gies. Associated cross sections are therefore approximately
independent of the nature of the quark to which the DM
couples (which also holds for scenarios with couplings to up
and down quarks). For benchmark scenarios relevant with the
position of the bounds in the framework of light DM, the most
sensitive signal region (to a new physics signal only compris-
ing the Y Ygcp contribution) is the sR2j_1600 region of the
ATLAS-CONF-2019-040 analysis [135], as shown in Fig. 6
where we display information on the most sensitive analysis
for all considered mass configurations. A deep investigation
of the associated cut-flow reveals that the preselection cri-
teria disproportionately impact charm scenarios. The corre-
sponding requirements include zero leptons, a leading and

sub-leading jet with a transverse momentum imposed to be
above 200 GeV and 50 GeV respectively, missing transverse
energy larger than 300 GeV, and an effective mass (defined as
the scalar sum of the transverse momenta of all visible objects
and the missing transverse momentum) greater than 800 GeV.
However, charm quarks tend to produce more leptons and
softer jets during hadronisation than strange quarks, subse-
quently leading to a stronger signal event rejection by the
preselection. This is illustrated in Fig. 7 where we show the
pr spectrum of the leading jet (left) and the distribution in the
number of leptons (right), both at LO and NLO. These predic-
tions are obtained with the standard tool chain described in
Sect. 3.1.1, with a detector parametrisation set to the default
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Fig. 7 LO and NLO distributions of the transverse momentum of the
leading jet (left) and of the number of leptons (right) for the ¥ Yqocp
channel. We show the number of events obtained at reconstruction level,
after hadronisation, detector simulation and before any selection, and for
an integrated luminosity of 300 fb~!. The distributions correspond to the

ATLAS-SFS configuration included inMadanalysis 5.The
charm signal is therefore correspondingly associated with
a smaller selection efficiency then the strange signal, thus
explaining the weaker exclusion bounds. Additionally, we
emphasise that the contribution related to the quark-initiated
processes leads to stronger bounds for S3M_sR scenarios than
for s3M_cR scenarios across the entire parameter space, pri-
marily due to the larger PDF contributions for strange quarks
relative to charm quarks.
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the legend are effective to reflect the reduction due to selecting specific
final state particles

A second key difference between charm and strange sce-
narios lies in the relationship between NLO and LO bounds
for the XY and Y'Y; contributions. For scenarios where the
DM couples to charm quarks, NLO bounds are stronger than
LO bounds, while the opposite holds for strange quarks. This
behaviour is again attributed to PDF effects: as shown in
Fig. 8, strange-initiated partonic luminosities are higher at
LO than NLO across the entire range of partonic centre-of-
mass energies x/§, whereas for charm-initiated processes,
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Fig. 8 NLO/LO ratios of parton luminosities for the NNPDF40 set
of parton densities. We consider first the charm-gluon (top left) and
strange-gluon (top right) initial states relevant for the XY process, and

the NLO/LO ratio exceeds 1 only for NG < 1 TeV. Despite
larger PDF uncertainties for charm quarks, this effect sig-
nificantly impacts the interpretation of results, particularly
when combined with the different distributions in the final-
state jet multiplicity at NLO. Consequently, it is clear that
understanding the impact of the PDFs on the bounds is of
utmost importance for the interpretation of the results.

We now move on with the F3s_cR and F3S_sR classes
of scenarios in which the mediator is a coloured fermion
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next the charm-anticharm (bottom left) and strange-antistrange (bottom
right) initial states relevant for the Y'Y; process. Band thickness refers
to PDF uncertainties

and the dark matter a scalar state. The bounds on the sim-
plified models are shown in Fig. 9. As expected, the overall
bounds are stronger compared to s3u setups due to the higher
number of spin degrees of freedom of the mediator. The lat-
ter impacts the rates of the Y'Y; and XY processes, that get
larger than for the production of a scalar mediator, and then
contribute dominantly to the combined signal. For light DM,
the bounds on the mediator reach 2-2.5 TeV, depending on
the scenario. For benchmarks with a fixed coupling value,
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Fig. 9 Same as Fig. 5, but for the F3S_cR (left) and F3S_sR (right) classes of scenarios

caution is nevertheless necessary because of the total medi-
ator width, which easily exceeds 10% of the mediator mass
and thus makes the narrow-width approximation less reliable.
Moreover, in both the charm and strange cases, the DM mass
is constrained to be above approximately 800 GeV as long as
the mediator is light enough to get significant bounds from its
production at the LHC. In scenarios featuring a fixed width-
over-mass ratio (and for DM couplings to either the strange
or the charm quark), the bounds are almost entirely driven by
the YYqcp channel, at least until the A-dependent Y'Y; con-
tributions become dominant for setups where the spectrum
approaches the kinematic limit where the DM and mediator
masses are equal. Finally, we also note that the LO bounds
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are stronger than the NLO ones for all considered scenarios,
which is compatible with the PDF behaviour shown in Fig. 8.

Finally, we examine in Fig. 10 the LHC bounds imposed
on the two F3v classes of models where the dark matter is
a vector state, and the mediator a coloured fermion. Here,
the Y'Y; channel dominates almost everywhere in the param-
eter space, except in regions where its width-to-mass ratios
is around or below 1%, for scenarios with a fixed coupling
value. There, the Y Yocp contribution takes over. For the two
classes of models featuring a coupling to charm and strange
quarks, the combined bounds exclude DM masses below
500-800 GeV, depending on the mediator mass. Moreover, in
scenarios with a fixed width-over-mass ratio, a visible posi-
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Fig. 10 Same as Fig. 5, but for the F3V_cR (left) and F3V_sR (right) scenarios

tive interference effect between the Y'Y and Y Ygcp channels
emerges when the DM is light. Numerically, mediator masses
are then constrained to exceed 2 TeV almost independently
of DM mass until My/Mx — 1 2 0.3, where the bounds
asymptotically approach the kinematic limit for increasing
mediator and DM masses.

3.1.4 Third generation simplified models

Third-generation scenarios differ significantly from those in
which the mediator couples to first- or second-generation
quarks. The relevant quark parton densities are either entirely
absent (for top quarks) or highly suppressed (for bottom
quarks). As a result, mediator pair production through QCD

interactions (Y Yocp) becomes the dominant contribution to
the entire new physics signal. At leading order and in scenar-
ios where dark matter couples to top quarks, ¥ Yocp hence
constitutes the sole contribution to the signal, and dark matter
pair production (X X) becomes accessible at NLO. For setups
where the dark matter couples to bottom quarks, the situation
is largely similar, with two notable exceptions. First, associ-
ated XY production plays a sub-leading role, particularly for
light dark matter masses. Second, mediator pair production
via ¢-channel exchange of a dark matter particle (YY;) can
contribute in regions with a very compressed mass spectrum.

These features are illustrated in Fig. 11, which presents
exclusion contours for three classes of third-generation sim-
plified models with fermionic dark matter in the (My, Mx)
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Fig. 11 Same as in Fig. 1, but for the S3M_ tR real dark matter scenarios with I'y /My = 0.05 (left), and for the S3M_DbR scenarios with either

A = 2.2 (central) or I'y /My = 0.05 (right)

plane. First, the left panel of the figure focuses on
supersymmetry-like top-philic S3M_tR scenarios, where the
mediator is a coloured scalar similar to a top squark, the
dark matter is a Majorana fermion, and the new physics cou-
pling is dynamically set to ensure I'y / My = 0.05. Since the
dependence on the coupling is mild due to the fact that the
signal is dominated by its A-independent QCD component,
using a fixed coupling value of A = 2.2 as motivated by
cosmology would not significantly alter the results. The cor-
responding figure is therefore omitted from this report. The
constraints obtained are relatively weak. The LHC Run 2
is indeed sensitive only to scenarios with mediator masses
below 800 GeV and dark matter masses lighter than about
200 GeV. These weaker bounds, compared to those for other
scenarios with Majorana DM, stem from the distinct decay
patterns of the top quarks produced in mediator decays. The
latter hence lead to a variety of final states differing from
the simpler (hard-scattering-level) one-jet +E¥iSS or two-
jet —}—ErT“iSS signatures. In principle, the limits could be sig-
nificantly improved by incorporating dedicated t7 + E ?iss
searches in the analysis, as suggested in past studies of com-
posite constructions [27,28]. However, the absence of vali-
dated implementations of such full Run 2 searches in public
recasting tools limits this possibility. While we could extrap-
olate predictions from partial Run 2 results available for some
time [171], it is unclear whether such a naive extrapolation
would provide meaningful new insights beyond the jet+E 7‘?“5
searches already considered, as pointed out in [28]. We there-
fore refrain from doing so in this report. Finally, as antici-
pated, the exclusion limits are entirely driven by the Y Yocp
channel. While XX contributions could in principle play a
role, they are found being negligible and only relevant for
scenarios with a mass only slightly larger than that of the top
quark.

The central and right panels of Fig. 11 explore bottom-
philic s3M_bR scenarios. In the central panel, the new physics
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coupling is fixed to A = 2.2, while in the right panel, A
is dynamically determined to satisfy I'y /My = 0.05. The
Y — Xb decay, which produces this time always one jet
and missing energy (unlike for top-philic DM), impacts the
sensitivity of the recast analyses compared to the s3M_tR
case and strengthen the bounds, owing to a larger media-
tor branching ratio into the relevant final states. Addition-
ally, the non-zero bottom-quark parton PDF introduces non-
negligible (albeit suppressed) contributions from processes
beyond Y Yqcp. Specifically, in scenarios with a fixed cou-
pling and light dark matter, XY production slightly tightens
the bounds, while in cases with a fixed mediator width-to-
mass ratio and a compressed spectrum, the larger new physics
coupling leads to an increasing contribution from the YY;
channel. However, caution is in order when interpreting pre-
dictions in this regime, as it approaches the limits of validity
for perturbative treatments. For both s3M_br scenarios, medi-
ator masses up to 1 TeV are found excluded for dark matter
masses up to approximately 400 GeV. Similar to the s3M_tR
case, these bounds are conservative, as dedicated bb + E ?iss
searches have not been included in the analysis due to the
lack of validated implementations in public tools.

In Fig. 12, we present exclusion contours for scenarios
with a fermionic mediator, specifically for the ¥3s (top row)
and F3v (bottom row) classes of models. For the top-philic
cases (leftmost figures), we focus on scenarios where the cou-
pling is dynamically set to satisfy I'y /My = 0.05. As in the
S3M_tR case, the exclusion contours in the (My, M) plane
are nearly identical to those obtained using a fixed coupling
value motivated by cosmology, so the latter are omitted for
brevity. No new features emerge compared to models with
scalar mediators, except for an increase in the exclusion limits
driven by the larger mediator pair production cross section,
a direct consequence of the fermionic nature of the media-
tor. As a result, mediator masses up to 1.3 TeV and 1.2 TeV
are excluded for the F3s_tRrR and F3v_tR models, respec-
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Fig. 12 Same as in Fig. 1, but for the F3S_tR (top left), F3V_tR
(bottom left) scenarios with a fixed mediator width-to-mass ratio
I'y /My = 0.05, and for the F3S_bR (top row, central and right panels)

tively, with corresponding dark matter masses constrained
to be larger than approximately 800 GeV and 500 GeV. It
is worth noting that the weaker exclusions for the F3v_tR
model arise from the reliance on LO+PS simulations, lack-
ing thus of important K-factor enhancement in the signal
rates that cannot be computed due to technical limitations in
our toolchain.

The remaining panels in Fig. 12 explore bottom-philic
setups. As with the s3M_bR scenarios, we distinguish between
cases where the coupling A is fixed based on cosmological
considerations (central figures) and those where I'y /My =
0.05 (rightmost figures). For the fixed coupling case, we use
A = 3.8 for F35_bR scenarios and A = 0.9 for F3V_br sce-
narios. Again, no new features emerge compared to scalar
mediator cases. The limits remain dominated by the Y Yocp
channel, with sub-leading contributions from X Y production
for spectrum featuring light dark matter, and from Y'Y; pro-
duction for more compressed spectra. Subsequently, media-
tor masses are excluded up to 1.5-1.6 TeV in F3S_bR sce-
narios with dark matter masses below approximately 600—
700 GeV. Strong constraints are also obtained for compressed
spectra in cases where A is derived from I'y /My = 0.05, but

My (GeV)
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and F3V_DbR (bottom row, central and right panels) setups. We either
fix the new physics coupling to A = 3.8 (top central) or 0.9 (bottom
central), or derive it from I'y /My = 0.05

these correspond to baroque setups where perturbative meth-
ods are unreliable, so that predictions could not be trusted.
For the F3v_br model, the bounds are similar but slightly
weaker, reflecting the use of LO predictions without (differ-
ential) K-factors.

3.1.5 Simplified models: considerations on signal
modelling

Designing searches optimised to probe -channel DM scenar-
ios requires a detailed understanding of the distinct kinematic
features of the signal final state. This involves weighing the
relative importance of individual contributions and examin-
ing the effects of NLO corrections at the differential level.
Such an approach enables the targeting of dominant contri-
butions in specific signal regions, and determines whether
NLO corrections are impactful enough to be experimentally
observable. In the following, we present representative kine-
matic distributions for the different scenarios discussed in
the previous sections. The aim is to highlight differences
and similarities that can aid in designing new searches. All
distributions are computed using the simplified fast detector
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simulation (sFs) built within Madanalysis 5[144,172].For
these illustrative case studies, we utilised the ATLAS default
settings shipped with the code.

In Fig. 13, we consider the s3M_uR and F3S_uR scenarios,
and we show the relative contributions of the various produc-
tion channels to the E ?iss distribution for two different mass
configurations close to the recast bounds at NLO: My = 3
TeV and Mx = 10 or 1500 GeV. In both cases, the total
width of the mediator is set to 5% of its mass (see Fig. 1),
with the A coupling determined accordingly. The differing
mass gaps between the mediator and the DM result in sig-
nificantly distinct shapes for the combined distributions. As
already pointed out in [40], at both LO and NLO the X X con-
tribution dominates in the low E 7"3iss region, but the size of
its contribution decreases rapidly with increasing E %‘iss val-
ues, making other contributions relatively more relevant. In
the s3M_uR setup with a large mass gap, the XY contribution
becomes dominant around E?iss ~ 1 TeV, peaks between
1.3—1.4 TeV, and then decreases with less than one event per
25 GeV bin above approximately 1.5 TeV for an integrated
luminosity of 300 fb~L. In contrast, for the F3s_uR scenario,
the PDF-enhanced Y'Y; contribution (in which same-charge
mediators are produced via t-channel DM exchange) domi-
nates above 600 GeV and strongly contributes to shape the
E?iss distribution in the high E?iss range, as described in
[25] (see also, e.g. , [15]). When the DM state is half the
mediator mass, the Y'Y; contribution for s3M_uRr again domi-
nates, but this time already for E %‘i“ ~ 200 GeV, with a peak
around 1 TeV, and a fall below one event per bin above 1.7
TeV for an integrated luminosity of 300 fb~!. In contrast, for
the F3s_uR setup, YY; is always, and by far, the dominant
contribution.

The total signal cross section in the considered S3M_ur
cases varies significantly between the two mass configura-
tions. Including all contributions to the signal, it is approxi-
mately 40 (50) times larger at NLO (LO) for Mx = 10 GeV
compared to My = 1500 GeV. However, we must keep
in mind that experimental selections for DM searches often
impose strong cuts on the missing transverse energy. In con-
trast, for the considered F3s_uR scenarios the Y'Y, contri-
bution scales with a weak dependence on the DM mass
(for a fixed width-to-mass ratio of the mediator), while the
X X cross section significantly depends on the benchmark
point. The latter however peaks in a kinematic regime fea-
turing low E ?iss and low- p7 jets, and the bulk of the related
events are thus usually cut away by experimental searches.
The impact of the XX channel on the overall number of
selected signal events is therefore mild. The markedly dif-
ferent shapes depicted in Fig. 13 motivate a deeper investi-
gation into whether scenarios can be distinguished with suf-
ficient accuracy once appropriate selection criteria and cuts
are imposed, particularly for benchmarks with similar effec-
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tive cross sections. We explore this aspect in detail in the rest
of this section.

Figure 14 presents the missing transverse energy distribu-
tions obtained in a scenario where {My, Mx} = {1600, 800}
GeV, but this time for the second-generation models F35_cR
(left panel) and F3s_sR (right panel). As discussed in Sect.
3.1.3, PDFs play a critical role in determining the differential
K -factors and the bounds on the mediator and the DM states.
At the differential level, the impact arises from the varying
weights of the different contributions to the signal. While the
total cross sections and the NLO distributions are similar in
the two scenarios, the F3s_sr LO cross section is about 1.7
times larger than that obtained in the F3S_cRr case, primarily
due to the same-charge YY; contribution. Additionally, we
can note that the interference between Y Yocp and Y Y, has
a minimal effect of the order of a few percent, reducing for
example the total event count by a few units per bin at the
peak.

Figure 15 explores the impact of a simple kinematic cut
of E?iss > 200 GeV. We consider various ¢-channel DM
scenarios in which the A coupling value is tuned to yield an
effective cross section including all signal contributions of
o°fl = o x e = 51b, with £ representing the imposed missing
energy cut efficiency. In the left panel, we focus on split spec-
tra in which we fix the mediator mass to My = 1600 GeV
and the dark matter mass to Mx = 800 GeV, scanning across
a variety of s3m and ¥3s models featuring couplings to first-
generation and second-generation quarks. Other scenarios,
for such a choice of masses, would require large couplings
leading to mediator widths incompatible with the NWA, and
these are thus not represented in the figure. The resulting
NLO distributions show identical shapes in the E ?iss region
above the cut, within statistical fluctuations, making them
indistinguishable. Conversely, the LO distributions differ sig-
nificantly, underscoring the importance of including NLO
modelling for accurately describing final-state kinematics
and total cross sections.

Theright panel of the figure focuses on interactions involv-
ing the up quark, with a scenario in which we have fixed
My to 1600 GeV and varied My across the light regime
(1 GeV), intermediate regime (800 GeV), and compressed
regime (1595 GeV). For NLO results (with LO cross sections
provided in the legend for information), scenarios yielding
an identical total number of signal events exhibit visibly dis-
tinct kinematic features, already in regions with substantial
event counts. This clearly reflects the different weights of the
various signal contributions, which depend on the size of the
A coupling (with the exception of Y Ygcp) and its impact on
the determination of the final-state properties. For instance,
in the Mx = 1595 GeV case, the XX contribution domi-
nates, irrespective of the mediator and DM spins. Similarly,
the My = 800 GeV distributions show consistent shapes
across models. In the light DM case, the scalar mediator
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tributions represent the number of signal events expected for an inte-
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have been obtained using the SF'S detector simulation module included
inMadAnalysis 5 with the default ATLAS configuration. The con-
tributions of each channel with a cross section larger than 1 ab at both
NLO and LO are shown, together with the resulting combined distribu-
tion
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Fig. 14 Same as in Fig. 13 but for the F3S_cR (left panel) and
{1600, 800} GeV

(s3Mm) exhibits a significantly larger YY; contribution com-
pared to fermion mediators (£3s and F3v), reflecting the dif-
ferent cross section scaling with the DM mass, as also seen
in Fig. 13.

3.1.6 Leptophilic models

Before discussing non-minimal models, we briefly consider
signals originating from prompt mediator decays in lep-
tophilic scenarios, focusing on a model where Majorana dark
matter couples exclusively to right-handed muons (as dis-
cussed in Sect. 2.1). In the region of the parameter space
where the observed relic abundance is achieved via ther-
mal freeze-out (including potential co-annihilation effects),
mediators produced via Drell-Yan processes at the LHC
always decay promptly. Consequently, the Yukawa coupling
A does not directly influence the LHC phenomenology.

The main collider signature in this scenario consists of
two opposite-sign leptons accompanied by missing trans-
verse energy. If the mass splitting between the X and Y states
is small, the resulting leptons tend to be soft, making their
reconstruction and identification challenging. This parame-
ter space is best probed using dedicated strategies directly
targeting these soft leptons, or through searches exploiting
initial-state radiation (ISR) which boosts the system and pro-
duces harder leptons. In Fig. 16, we present the most stringent
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F3S_sR (right panel) scenarios, and the mass spectrum {My, Mx} =

ATLAS and CMS constraints on promptly decaying medi-
ators within this benchmark scenario. The ATLAS search
for slepton pair production in the decoupled region [173]
constrains dark matter masses up to approximately 200 GeV
(corresponding to mediator masses around 450 GeV) in the
regime where the mediator mass is roughly twice that of
the dark matter. Additionally, the ATLAS ISR-based search
for soft leptons [174] can probe dark matter masses up
to about 150GeV when the mass splitting is around 10%.
These constraints significantly improve upon LEP limits;
however, viable regions of the parameter space remain, par-
ticularly at higher masses and for intermediate mass splittings
(My/Mx —1 ~ 0.1-2), which remain challenging to probe.

3.2 Non-minimal models — prompt decays
3.2.1 Flavoured dark matter at the LHC

Compared to the minimal models discussed previously, DM
models incorporating DM flavour violation (see Sect. 2.2)
feature a significantly richer phenomenology at the LHC
due to their more complex flavour structure. Similar to
non-flavoured models, mediator pair-production remains the
dominant production channel across much of the parame-
ter space. However, both the production cross section and
the mediator decay depend on the model’s flavour structure.
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Fig. 15 Differential distributions for the missing transverse energy
E ;’iss for different z-channel DM scenarios in which the mediator width
is less than 10% of its mass. The coupling A is determined to obtain an
NLO total signal cross section of 5 fb after the selection cut E ?iss > 200
GeV. We either consider NLO and LO predictions for mediator and DM
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Fig. 16 Current LHC exclusions on the muon-philic benchmark mod-
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of the results of the Run 2 ATLAS searches from [173] (blue) and [174]
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masses fixed to 1600 GeV and 800 GeV respectively (left panel), or we
compute NLO predictions for a scenario in which we assume a mediator
mass of 1600 GeV, interactions with the up quark only, and DM masses
of 10, 800 and 1595 GeV (right panel). In this case, the LO rates are
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In this section, we focus on quark-flavoured DM within the
DMFV framework, while for LHC constraints on lepton-
flavoured DM models we refer to [78-81]. Moreover, for
simplicity, we assume that the DM flavours X; are approxi-
mately mass-degenerate. In contrast, non-degenerate scenar-
ios lead to cascade decays of new particles, which opens the
possibility for LLP signatures as those discussed in Sect. 3.3.

Mediator pair-production at the LHC proceeds both via
QCD interactions and through ¢-channel exchange of the
DM flavour triplet X = (X1, X2, X3). The latter process
becomes particularly relevant when the coupling of X to the
first-generation quarks is sizeable. In models with real DM
representations, this #-channel exchange also enables same-
sign mediator pair production [76] that could be enhanced by
valence quark-pair contributions as discussed in Sect. 3.1.2.
On the other hand, the mediator Y decays into an SM quark
and a dark flavour state X; via the coupling matrix A, the
different branching ratios depending on the relative sizes of
the elements of A. This typically leads to several relevant
signatures of mediator pair production. Consequently, LHC
constraints on mediator and DM masses are generally weaker
than in the single-generation scenarios discussed previously,
where only a single decay model prevails.

The case of Dirac flavoured DM coupling to right-handed
down-type quarks has been explored in [26]. The strongest
LHC constraints arise from searches for supersymmetric
squarks in final states with either two light jets or two b-
tagged jets, both accompanied by missing transverse energy.
Additionally, the compressed region is constrained by mono-
jet searches. On the other hand, [73,74,176] examined sce-
narios with couplings to right-handed up-type quarks. Here,
the most stringent bounds stem from recasts of supersymmet-
ric squark searches inthe jj+FE ?iss andti+E ?iss final states,
with the precise exclusion limits depending on the flavour
structure of the matrix L. The blue shaded regions in Fig. 17
show the resulting constraints, derived from the experimental
search [136], on the mediator mass My as a function of the
first-generation coupling strength D1. The limits are shown
for two benchmark DM freeze-out scenarios, a first one fea-
turing quasi-degenerate freeze-out (QDF) and a second one
predicting single-flavour freeze-out (SFF), their cosmology
being discussed in Sect. 4.4.2.1. QDF setups consist in sce-
narios in which all three dark flavours are quasi-degenerate,
hence participating all together in the thermal freeze-out
process through their combined (co-)annihilations. On the
other hand, SFF configurations refer to scenarios where only
one particle flavour remains thermally active and undergoes
freeze-out, while other flavour states are too heavy to con-
tribute. In addition to these flavour-conserving final states,
flavoured DM models also give rise to flavour-violating sig-
natures. For instance, [176] proposed search strategies dedi-
cated to single-top final states, which arise in flavoured DM
models coupling to up-type quarks and where mediator pair-
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production can lead to final states such as #j + E'S. Simi-
larly, the monotop signature [177], t + E%ﬁss, can also arise,
as illustrated in the Feynman diagrams in Fig. 18. The green
and magenta lines in Fig. 17 show that these search strate-
gies significantly extend the LHC reach beyond the limits
obtained from the flavour-conserving channels. Notably, in
the case of the SFF benchmark, the monotop search could
probe the thermal freeze-out hypothesis, as indicated by the
orange dash-dotted line. Finally, Dirac flavoured DM cou-
pling to left-handed quarks has been investigated in [75,176].
Here, constraints from jj + E?iss are significantly stronger
due to the larger multiplicity of possible partonic final states.
Nevertheless, the LHC reach can be further extended through
dedicated searches for single-top final states [176]. Interest-
ingly, this model predicts a unique th + E ?iss signature for
which the dedicated search strategy developed in [176] was
found to only have limited sensitivity.

Turning to scenarios with Majorana flavoured DM, mod-
els with coupling to right-handed up-type quarks have been
studied in [76,77]. The key difference between a Majorana
scenario and the Dirac case is the possibility of same-sign
mediator pair production via #-channel exchange of X states
with a mass insertion. If X has significant coupling to first-
generation quarks, this process is strongly enhanced due to
the large up-quark PDF in the proton. As a result, constraints
from charge-insensitive searches, such as those exploiting the
Jjijt+E '}“i“ and 17 + E ?iss signatures with zero or one lepton
in the final state, are considerably stronger (at least for non-
zero DM masses M ). Additionally, in final states contain-
ing top quarks where the charge can be reconstructed, same-
sign mediator pair production leads to unexplored smoking-
gun signatures. One such process is the production of two
positively charged top quarks in association with missing
transverse energy, 1t + E ?iss, that could be probed through
dileptonic decays of the 7 system [76]. However, due to the
small leptonic branching fraction of the top quark, a naive
estimate suggested that this channel is not competitive with
standard searches, necessitating a more refined analysis [77].
A promising alternative could rely on the charge asymmetry
a;j of single-top final states [77], defined as

Lo+ EPS) — o (ij + EP)
1y O'(tj 4 E?iSS) +O‘(l7‘] + E?iSS)'

(29)

The single-top search strategy developed in [176] can be
directly applied here, as it relies on leptonic top decays. In
Dirac models, a,; is then expected to be close to zero, making
this asymmetry a powerful discriminator between Majorana
and Dirac flavoured DM. As shown in Fig. 19, large positive
values, a;; ~ 1, are possible in regions of parameter space
where the total single-top cross section reaches up to 100 fb.
These regions are not excluded by standard LHC searches, as
well as by the cosmological probes discussed in Sect. 4.4.2.1.
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Fig. 17 Expected limits from single-top final states on a model with
Dirac flavoured DM coupling to right-handed up-type quarks, shown
for the QDF (left) and FFS (right) benchmark scenarios of DM freeze-
out. Solid lines indicate the expected reach in the (My, D;) plane for
tj+ E?i“ and 7 + E;’i“ analyses, assuming an integrated luminosity of

Fig. 18 Representative
Feynman diagrams illustrating
the production of two dark
matter particles in association
with a single top quark. Adapted
from [176]

In addition, they can still accommodate the observed DM
relic density through canonical freeze-out. Conversely, in
conversion-driven freeze-out scenarios, a,; is found to be
close to zero due to the specific coupling structure of this
mechanism. Such cases should instead be probed through
LLP signatures, as discussed in Sect. 3.3.

3.2.2 Composite dark matter at the LHC

The analysis presented so far has focused on the minimal
t-channel dark matter scenarios described in Sect. 2.1. In the
current section, we explore the impact of non-minimality by
considering the composite constructions detailed in Sect. 2.3.
We begin this exploration with the class of models described
by the Lagrangian (8), which introduces two mediators: a
Z»-odd t-channel mediator Y = Y, and a Z,-even vector-like
quark Y’ = Y/. This setup hence corresponds to an F3S_tR
scenario extended by the addition of the Y’ mediator, whose
presence is subsequently expected to modify the bounds
derivedin Sect. 3.1.4. As previously determined, Y'Y pair pro-
duction, followed by the decay ¥ — X¢, dominates the total
new physics signal relevant for DM production at the LHC,
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with sub-leading contributions from X X dark matter pair pro-
duction and XY associated production. As a result, scenarios
with light dark matter (Mx < 400 GeV) are excluded if the
mediator mass is smaller than approximately 1.3 TeV. For
intermediate dark matter masses (My € [500, 600] GeV),
the constraints that could be imposed on the mediator are
significantly weakened. Finally, heavier dark matter scenar-
ios are in principle reachable; for instance, it was shown in
[29] that for Mx ~ 700 GeV, top partners with masses up
to 1 TeV could be excluded, provided that the spectrum is
not too compressed (i.e. My > My + M;, where M; is the
mass of the top quark). The analysis of the impact of searches
for dark matter in the t7 + E ?i“ channel is however left for
future work, due to the absence of validated implementations
of corresponding full Run 2 ATLAS and CMS searches in
public recasting tools.

The introduction of Y’ mediators must comply with
ATLAS and CMS searches for vector-like top partners decay-
ing into a SM top quark and an electroweak boson. These
searches generally target signatures of the process pp —
Y'Y — ttVV, where V denotes a Z boson, a W boson,
or a Higgs boson £, and where the two produced vector-like
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Fig. 19 Predictions for the single-top charge asymmetry a,; in a model
of Majorana flavoured DM coupling to the three flavours of right-
handed up-type quarks. We present predictions for a;; (colour-coded) at
the 14 TeV LHC, compared with current constraints from tops+E}"*
(light grey) and jets—i—E?iSS (dark grey) searches, for Dy = 0, My =

quarks decay similarly. Consequently, we enforce My >
1.3 TeV. The presence of the ¥’ mediator can, in principle,
affect dark matter production in association with ajet (i.e. the
X X channel) through additional box diagrams involving both
Y and Y’ mediators in the loops. However, within the param-
eter space favoured by cosmological considerations, these
diagrams contribute negligibly, ensuring that new contribu-
tions to monojet or multijet + missing energy signals remain
minimal. For scenarios in which My, > My + My, the decay
channel Y/ — Y X becomes kinematically open, leading to
new contributions to the 17 + E IT“iSS signal through the process
pp — Y'Y — YXYX — tXX:XX. This can potentially
modify the constraints existing on both the Y and Y’ states.
However, for light dark matter, the mass of the ¥ mediator
is already independently constrained to be at least 1.3 TeV,
leaving no room for constraint weakening. For heavier dark
matter, the condition My +Myx < M {}‘,i“ = 1.3 TeV (the min-
imum allowed mass for a vector-like quark) is never satisfied
for scenarios reachable at the LHC Run 2. As aresult, collider
bounds on composite dark matter models remain unaffected
by this first exploration of non-minimality.

We extend our exploration of non-minimality by consid-
ering the Lagrangian (9), which incorporates top partial com-
positeness into the F3s_tr class of models. This results in
a scenario featuring three vector-like quark mediators (Y;,
Yo.1,and Y p), one dark matter state (X), and two new cou-
plings (A, and 1,). To simplify the resulting six-dimensional
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1200GeV, and My = 400GeV (left); we also show the correlations
between predictions for a,; and the total single-top cross section oy as
defined in the denominator of (29), for viable scenarios featuring canon-
ical DM freeze-out (green) and conversion-driven freeze-out (blue).
Here, D; represent the DM coupling strengths to the i generation, and
the figures have been adapted from [77]

parameter space, we assume equal masses for all media-
tors (My = My, = My,, = My,,) and equal couplings
A=xrg=2A).

In the left panel of Fig. 20, we present exclusion bounds
derived from the reinterpretation of the full new physics sig-
nal in this model, which includes contributions from media-
tor pair production, mediator-DM associated production, and
DM pair production. Each component of the signal implicitly
include a sum over all possible mediator combinations, and
corresponding simulations are achieved at LO for simplic-
ity. To highlight the regions of parameter space favoured by
cosmology, we additionally overlay the region in which the
DM relic density predictions agree within 20% with Planck
data [178]. The constraints, based on the searches detailed in
Sect. 3.1.1 (blue contour), demonstrate that scenarios with
light DM (Mxy < 500 GeV) and mediators lighter than
1.8 TeV are excluded. These bounds, primarily driven by
the ATLAS-CONF-2019-040 search results, are significantly
stronger than those reported for the ¥3s models in Fig. 12.
This enhanced sensitivity arises from the combined contribu-
tions of the three QCD production channels corresponding to
Y:,Yp +,and Y j, pair production. Notably, while the results
are obtained for a coupling value of 1, the dominance of QCD
contributions ensures that this choice has little impact on the
exclusion bounds.

For comparison, we also consider constraints derived from
recent detector-corrected SM measurements provided by the
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Fig. 20 Exclusion limits at 95% confidence level (CL) for the com-
posite DM model with partial compositeness considered. Results are
shown in the (My, Mx) plane, where My is the common mediator
mass, My the DM mass, and with fixed new physics couplings of 1.
The left panel displays the region yielding the correct DM relic abun-
dance (green), and exclusions from LHC new physics searches (blue,

LHC collaborations (red exclusion). These constraints are
somewhat less stringent than those resulting from searches
for new physics, as the latter utilise additional kinematic vari-
ables to enhance sensitivity. In the right panel of Fig. 20,
we identify the most sensitive ‘pool’ of analyses used by
Contur at each point in the parameter space. The majority
of the excluded region is dominated by the ‘missing energy
plus jets’ pool, which aggregates several analyses relying on
this final-state signature in 13 TeV LHC data. In particular,
a 13 TeV ATLAS measurement of the differential cross sec-
tion for missing energy production [161] is responsible for
most of the exclusion. The discrepancy between the expected
and observed exclusions in this figure arises from a small
excess in the unfolded E ?iss spectrum around 1200 GeV.
Consequently, any signal favouring this kinematic regime
slightly improves the data/prediction agreement, leading to
a marginally weaker exclusion limit.

3.2.3 Frustrated dark matter at the LHC

In this section, we continue with our study of non-minimal
models of 7-channel dark matter. In the fDM model intro-
duced in Sect. 2.4, the only efficient mechanism for DM
annihilation involves the #-channel exchange of the fermionic
mediator i, where DM particles annihilate into a pair of
scalar mediators, XX — ¢'¢ — ¢gqgq. However, this

500

450

400

350

300

250

M, [GeV]

200

150

100

50
600 800 1000 1200 1400 1600 1800 2000

My, [GeV]

solid) and SM measurements (red, dashed). The right panel shows the
most sensitive analysis pool at each grid point, to which we super-
impose 95% observed (solid), 68% CL observed (dashed), and 95%
CL expected (dotted) exclusions. Analysis pools include £t £~y (light
brown), E %‘iss +jets (green), hadronic 77 (dark brown), and £+ E ?‘iss—l—jet
measurements, with the black area denoting the unconstrained region

t

Fig. 21 Representative Feynman diagram for scalar sextet mediator
production in association with a W boson in the fDM model, followed
by a leptonic W decay and a ¢ decay to same-sign top quarks

2 — 4 process, while relevant for the DM relic abundance,
is not directly relevant for the LHC. Instead, the model
can be probed at colliders in a number of ways, ranging
from jets +E %‘iss analyses to direct searches for the colour-
charged mediators. The latter category is particularly versa-
tile because colour-charged particles appear in a wide variety
of constructions beyond the SM, so many existing searches
could be used to constrain this fDM model through rein-
terpretations. One promising channel is the #-channel single
production of the scalar mediator ¢ in association with a W
boson, as illustrated by the representative Feynman diagram
of Fig. 21 (that includes specific W and ¢ decays). Whereas
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t-channel ¢ associated production cross section
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Fig. 22 Cross section for scalar mediator production in association
with a W boson at the LHC, for the fDM scenario considered. Results
are inclusive with respect to the W-boson decay, but the mediator ¢ is
enforced to decay into a same-sign top pair. Calculation applies to the
benchmark scenario defined in (31), and for a hadronic centre-of-mass
energy of /S = 14 TeV. A flat K factor of 1.3 is included to estimate
the NLO yields [90]

this ¢-channel process leads to diverse final states depending
on the decays of the ¢ mediator and the W boson, the figure
illustrates a scenario where the W boson decays hadroni-
cally, and the scalar sextet mediator decays into like-sign top
quarks (¢ — t1).

The production of same-sign top pairs is quite distinc-
tive compared to conventional SM ¢ production, and it has
therefore been previously searched for at the LHC [179].
This channel is particularly relevant to the considered f{DM
model, since top-philic sextet scalars yield very large associ-
ated rates. This enhancement arises from a chirality flip due to
the quark exchanged in the #-channel (see the Feynman dia-
gram in Fig. 21): the W boson couples to left-handed quarks,
while the scalar ¢ couples exclusively to right-handed quarks,
as shown in the Lagrangian (11). Consequently, the resulting
cross section is proportional to the mass of the exchanged
up-type quark, which leads to a strong enhancement for the
third generation. Specifically, the parton-level cross section
dé for We production via udy fusion is given, for a spe-
cific up-type quark flavour u ;s in the #-channel (assuming a
diagonal CKM matrix), by

do _ (6%) 2 Muf 2
U (ud - W) = 3 (Xgq)1f (M_W
(M (M} — 25 —1) —t(M; —s —1)],
(30)
where ay = g% /4m with g, being the SU(2); gauge cou-
pling, and where My denote the mass of the W boson. The

presence of the M> ; factor limits the sensitivity of the LHC
to this process, unless the exchanged quark is a top quark
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(f = 3, Muf = M,;). Therefore, as alluded in Sect. 2.4,
we consider a benchmark sextet-quark coupling matrix Ag4q
that prioritises sextet couplings to top quarks. Non-flavour-
diagonal couplings are however also essential, due to the par-
ton distribution functions involved in the production process.
For this purpose, we fix the scalar sextet coupling matrix A4,
as

-5 —4 M
L [2x10 10 0.25
Agg = 3 1074 2x1073 1072 , (31)
0.25 4% 1072 2

which maximises the production cross section for same-sign
top pairs while satisfying the FCNC constraints (12) for any
sextet mass. A less aggressive benchmark with a constant
value for (Agq)13 = A3 = 0.325 is also valid, provided
that M, > 1.3 TeV. This last bound is anyway almost cer-
tainly required in view of the results of LHC searches for
the production of four top quarks [30]. The dependence of
the hadron-level cross section o (pp — W¢) with ¢ — ¢t
on the sextet mass M, in which the sum with the charge-
conjugate process is implicit, is shown for this benchmark in
Fig. 22, highlighting a high signal rate that is in principle not
impossible to observe at the LHC. Predictions are obtained
for a hadronic centre-of-mass energy of 14 TeV, and the LO
set of NNPDF2.3 parton densities [180].

The size of the signal cross section, of at most O(1) fb,
nevertheless poses a significant challenge for its discovery
at the LHC, even with the full high-luminosity dataset of
£ =3ab L Nonetheless, the distinctive kinematics of the
process shown in Fig. 21 could allow the exclusion of a
colour-sextet mediator in the mid-TeV mass range, improv-
ing upon current limits from searches for pair-produced
colour-charged resonances [181]. This #-channel signal pro-
duces a pair of boosted top quarks which, if they decay
hadronically, can potentially be reconstructed. The invari-
ant mass of the di-top system should then be localised within
a narrow window around the mediator mass. Additionally,
we enforce the recoiling W boson to decay leptonically. This
provides exactly one lepton and missing transverse momen-
tum that could be used to suppress backgrounds such as 77
events. A 17 and ¢¢ pair cannot indeed be distinguished in the
fully hadronic channel, so that other means are in order to
control the associated background.

The final state of interest thus consists of multiple jets,
including two b-tagged jets, a single lepton, and missing
transverse momentum. The dominant SM backgrounds for
this signature are opposite-sign top-quark pair production
in association with a W boson, and opposite-sign bottom-
quark pair production in association with three electroweak
bosons including at least one W boson. We produce sam-
ples of 10° events for each of the two background processes
with MadGraph5_aMC@NLO, that we normalise according to
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cross sections of 769 fb [50,182] and 1211.9 fb [50]. In addi-
tion, for the 1t W sample, we combine matrix elements fea-
turing up to two additional partons following the MLM pro-
cedure [183,184]. Finally, for the signal, we produce sam-
ples of 10° events for an array of colour-sextet scalar masses
M, € [1300, 2100] GeV.

To motivate the selection criteria for our search, we present
two distributions of observables with good discriminating
power. These distributions are generated using MadAnalysis

5 [138-140], after performing object reconstruction with its
built-in simplified fast detector simulator (s¥s) [144]. The
latest version of Madanalysis 5 [185] supports jet reclus-
tering and includes an implementation of HepTopTagger
[186,187]. These features enable the creation of two collec-
tions, one of narrow jes and one of fat jets. In our analysis,
narrow jets are reconstructed using FastJet [141] with the
anti-k; algorithm [142] and a radius parameter of R = 0.4.
Fat jets are instead clustered using the Cambridge-Aachen
algorithm [188-190] with R = 1.0.

The left panel in Fig. 23 shows the distribution in the
transverse momentum pr(Jp) of the leading fat jet J; for
the background processes and a representative signal sam-
ple with M, = 1.3 TeV. In addition, the right panel in this
figure presents the invariant mass m j, j, of the system made
of the two highest-momentum fat jets J; and J>. These dis-
tributions are computed for events passing basic selection
criteria, including the presence of at least two fat jets with
pr > 200 GeV. As expected (and as a consistent validation
of our analysis framework), the m , ;, spectrum exhibits a
pronounced peak at the mass of the colour-sextet resonance
for the M, = 1.3 TeV signal, with no analogous structure
in the background samples. This finding suggests that m j, s,
could be a powerful variable not only for suppressing the
SM backgrounds, but also for distinguishing between differ-
ent new-physics scenarios with varying M,. The complete
selection criteria are collected in Table 5.

We now present the results of our mock search. For this
analysis, we estimate the expected 95% CL limit under
the assumption of no signal observation, using the Asimov
approximation for the median signal significance [191],

fl (1+5%) -]
S= /2| (Ns+Np)In | 1+ — ) — N |, (32)
Np

where Ng and Ny represent the signal and background yields
after selection. In the limit where Ny < Ny, this expression
simplifies to the well-known formula

N
S —

vV Np
However, this approximation does not hold uniformly across
our parameter space following the applied selection criteria.
For simplicity, we take S = 2 as an approximate threshold

+ O(N2/ND). (33)

for 95% CL exclusion (the correct value being S = 1.64
[191]). It should be noted that our calculation assumes no
uncertainties in the signal and background yields, leading to
an optimistic estimate of sensitivity. We show in Table 6 the
yields and cut-by-cut efficiencies for the background pro-
cesses and the M, = 1.3 TeV signal. The most effective
selection cuts are those on the number of fat jets (N;), the
transverse momentum of the leading fat jet, and the final
binned cut on the invariant mass of the pair of leading fat
jets.

Using analogous results for all signal samples, the left
panel of Fig. 24 presents the sensitivity S as a function of
the LHC integrated luminosity, £ € [139, 3000] fb— L. Ulti-
mately, our simple cut-and-count strategy can probe colour-
sextet scalars withmasses up tom, ~ 1.95 TeV using the full
planned HL-LHC dataset. This represents a best-case sce-
nario for the method that we introduced, as our significance
estimate does not account for background uncertainties or
the presence of reducible backgrounds. Nevertheless, under
these idealised assumptions, as shown in the right panel of
Fig. 24, our proposed strategy can exclude mediator masses
up to 700 GeV beyond the Run 2 limits imposed on the pair
production of colour-sextet scalars in a similar benchmark
scenario [30], provided no excess is observed. It should be
noted that the cross section in Fig. 24 is not the inclusive cross
section shown in Fig. 22, and instead incorporates appro-
priate branching ratios reflecting the final states targeted by
our search. Moreover, the projections exceed the luminosity-
scaled improvements in new-physics bounds from measure-
ments of the #7717 production cross section and associated
searches for new resonances, which extend to 2 TeV for
colour-octet scalars and are expected to be slightly weaker
for colour-sextet scalars [192,193]. Nevertheless, a 5o dis-
covery in the same-sign top channel at the HL-LHC appears
unlikely, although as discussed elsewhere in this report,
multiple experimental approaches could be used to further
explore frustrated dark matter. While direct LHC searches
and astrophysical constraints may offer greater sensitivity,
our strategy could serve as a complementary avenue for such
studies.

3.2.4 A fermionic portal to a non-Abelian dark sector

Moving further along non-minimality, we discuss now the
collider phenomenology arising from the FPVDM con-
struction featuring a non-Abelian dark sector described in
Sect. 2.5. Our model implementation in the uro format has
been used in MadGraph5_aMceNLO [50] for the determi-
nation of the LHC constraints, relying on collider simula-
tions at LO using the NNPDF3.0 LO set of parton densities
[127,194]. Moreover, a simplified version of the model has
been implemented to calculate cross sections at one loop in
MadGraph5_aMC@NLO and FormCalc [195].
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production in association with a W* boson, followed by a leptonic W-
boson decay and hadronic top decays), and the two components of the
irreducible SM background

Table 5 Selection criteria in our proposed search for TeV-scale colour-sextet scalar mediator produced in association with a leptonically decaying
W boson, and decaying to like-sign top quarks (¢ — ) which themselves decay hadronically

Selection criterion

Selection ranges

Narrow jets, anti-kT with R = 0.4

b-tagged narrow jets
Fat jets, Cambridge-Aachen with R = 1.0

Leading fat-jet transverse momentum

Lepton from decaying W boson

Overlap removal

Missing transverse momentum

Binned cut: reconstructed top pair invariant mass

N.,‘ >2
pr(j) > 20GeV, [n(j)] < 2.5
Veto any pair with invariant
mass mj; € [81,101] GeV
Np >2
Ny>2
pr(J) > 200 GeV, |n(J)| < 2.5
pr(J1) > 475 GeV
Ne=1
pr(€) > 25GeV, [n(0)| <2.5
Veto any narrow jet with AR(j, £) < 0.1
Veto any lepton with AR(¢, j) < 0.4
EMiss > 15 GeV
my —mh* < 250 Gev

For the present analysis, we consider a scenario where the
new fermions are partners of the top quark. LHC bounds have
been derived by confronting the signal originating from #p
pair production, followed by decay into the DM state Vp and
top quarks, against the results of CMS searches for top squark
pair production decaying into DM and tops with partial Run
2 data [196]. Moreover, we have imposed limits on T T pro-
duction, which are approximately given by mr > 1.5 TeV
[197,198], keeping in mind that single 7 production is less
constrained due to rate suppression by the small 7 — ¢ mix-
ing. Additionally, we have estimated the relevance of V' pair
production as well as that of the associated production of a V’
boson with the Higgs boson, which occur at LO via fermion
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loops. Representative Feynman diagrams for all these pro-
cesses are displayed in the left panel of Fig. 25.

We present in the right panel of Fig. 25 the regions of the
parameter space allowed by LHC constraints. The bounds
are projected onto the (m;,,my,) plane for a representa-
tive benchmark point with gp = 0.3, mr = 1600 GeV, and
mpy = 1000 GeV. In the small gp limit, where the width of
tp is narrow, the ¢p pair production cross section depends
solely on my;,, as it is governed by the strong interaction.
Consequently, as long as the mass difference between the 7p
and Vp states remains well above the top-quark threshold,
the exclusion limits are largely independent of my,, and rule
out values of m;, < 850 GeV. However, as this threshold is

~

approached, the amount of missing transverse energy orig-
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Table 6 Illustrative cut-flow for the selection strategy given in Table 5
and a signal benchmark featuring M, = 1.3 TeV, shown together with
the cut-flows related to the irreducible backgrounds. We present the

results as yields N; normalised from an initial number of events set to
105, as well as consecutive selection efficiencies &

Selection M, =13TeV bb + triboson tr+w

N; &i N; &i N; &

Initial 1.00 x 103 - 1.00 x 103 - 1.00 x 103 -
N;>2 9.95 x 10* 0.995 9.74 x 10% 0.974 9.67 x 10* 0.967
No jets in Z window 9.24 x 10* 0.929 1.63 x 10* 0.167 8.02 x 10* 0.830
Np > 2 4.29 x 10* 0.465 1.11 x 10* 0.685 2.92 x 104 0.363
Ny >2 3.78 x 10* 0.881 2.51 x 103 0.226 6.01 x 103 0.206
pr(J1) > 475GeV 3.02 x 10* 0.797 1.98 x 102 0.079 1.14 x 103 0.190
Ny =1 2.41 x 10* 0.799 3.47 x 10! 0.175 2.68 x 10? 0.234
puiss > 15GeV 2.35 x 10% 0.973 3.26 x 10! 0.938 2.66 x 102 0.993
mhad > 1050 GeV 2.06 x 10* 0.878 1.55 x 10! 0.475 1.20 x 10? 0.451
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Fig. 24 Projected LHC sensitivity S (left) to the considered DM
colour-sextet scalar signal and associated exclusion (right), following
the search strategy proposed. Our sensitivity predictions are given as a

inating from the signal decreases, reducing the sensitivity
of the searches considered. This results in scenarios with a
small mass gap between tp and Vp remaining allowed by
current data. Subsequently, throughout the entire parameter
space, dark matter masses above approximately 500 GeV
are hence never excluded by the considered CMS search.
In the degenerate region where m,;, >~ my,, the tp state
becomes increasingly long-lived, particularly for lower val-
ues of gp, since its width is proportional to gp. The only
available decay mode allowed by the Z;-odd nature of the top
partner, 1p — Vpt ™, implies that the model is testable only
through searches dedicated to long-lived particles. Notably,
variations in the masses of the 7 and H states do not signif-
icantly affect this qualitative picture.

On the other hand, we find that V' pair production and
V'h associated production are only accessible in parame-
ter regions already excluded by cosmological constraints
(see Sect. 4.4.2.4), rendering these channels irrelevant for
our analysis. For completeness, Fig. 25 also includes cross-

function of the HL-LHC integrated luminosity, the exclusion ones for
£ =3ab~!, and we take S = 2 as an estimate of the 95% CL exclusion
threshold

section isolines for 27V’ and V'V’ production, along with
the region corresponding to large kinetic mixing, and the
non-perturbative region where the corrections to gauge boson
masses become larger than 50%.

Finally, an outstanding distinctive feature of the FPVDM
scenario, especially when the new fermions are the partners
of light quarks or leptons, is the possibility of multiple SM
fermion production induced by the pair production of the new
fermions, as illustrated in Fig. 26, where they cascade decay
into H and V’ bosons. This ultimately results in a striking
final state featuring ten hard fermions that is worth analysing.
This task is however left for future work.

3.3 Long-lived f-channel mediators
3.3.1 Generalities

In theories beyond the Standard Model, particles with macro-
scopic decay lengths, known as long-lived particles (LLPs),

@ Springer
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Fig. 25 Feynman diagram representative of LHC processes relevant
for an FPVDM scenario with top-partners (left), and regions of the
parameter space excluded by the results of the LHC at the 95% con-
fidence level (right). We consider exclusion limits projected onto the
(my,,, my,) plane for mr 1600 GeV, myg = 1000 GeV, and

f

Fig. 26 Representative Feynman diagram of a multi-fermion final state
achievable with the FPVDM scenario

can arise due to phase-space suppression or small (effec-
tive) couplings that govern their decay. For a comprehensive
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gp = 0.3. Cross section isolines for 2V’ and V'V’ production pro-
cesses are also displayed, together with the regions related to non-
perturbativity and large kinetic mixing (hatched areas). The blue regions
correspond to non-physical scenarios where ¢p is heavier than T or
lighter than the top quark

review, see for example [199]. In the simplified ¢#-channel
DM models considered in this work, LLPs may emerge
from either or both of these mechanisms. In this section,
our focus is thus on the cosmologically motivated scenar-
ios discussed below in Sect. 4, where small couplings and/or
small mass gaps in the new physics spectrum are required to
explain the observed relic density. These include, in decreas-
ing order of DM interaction strength, the conversion-driven
freeze-out (CDFO) [34,35], freeze-in (FI) [36,37,200], and
superWIMP (SW) [38,39] production mechanisms. Addi-
tionally, phase-space suppression may further extend life-
times in these scenarios, and also lead to LLPs in specific
regions of the WIMP parameter space. For instance, in a
top-philic model with small mass splittings between the X
and Y states, tree-level two-body and three-body decays can
be kinematically forbidden, resulting in LLPs [201] despite
sizeable couplings. However, such cases only affect small
regions of the WIMP parameter space and are not a primary
focus of this discussion.

It turns out that the mass splitting Am = My — Mx not
only impacts the lifetime of the LLP mediator but also affects
the kinematics of the visible objects produced at the LHC
from its decay. To address this, we categorise LLP scenarios
into two main classes: those with relatively small mass split-
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tings (Am < My, My) and those without particularly small
mass splittings. This distinction reflects not only the need for
different LLP search strategies, but also corresponds to differ-
ent DM genesis scenarios. In the CDFO regime, Am is typi-
cally less than 10% of the DM mass, resulting in the emission
of soft SM particles during the decay ¥ — X + SM. These
particles thus have relatively low momentum compared to the
centre-of-mass energy of the process or the missing energy
carried away by the DM particle. Consequently, such kine-
matics pose challenges for search strategies, as discussed
below. Notably, the cosmologically viable parameter space
for CDFO scenarios is constrained to mediator masses below
a few TeV, exposing this entire parameter space to collider
searches in the near future.

In contrast, the superWIMP and freeze-in production
mechanisms, which belong to the class of non-thermalised
DM scenarios, do not require small mass splittings. Instead,
they often exhibit extremely large mass hierarchies between
the Y and X states in the bulk of the cosmologically viable
parameter space [202-204]. The DM particle in these sce-
narios can be as light as O(10) keV [204-206], effectively
rendering it effectively massless with respect to a typical
collider scale in large regions of the parameter space. On the
other hand, testable mediator masses at the LHC are typically
around the TeV scale. Nevertheless, the full cosmologically
viable range of mediator masses extends far beyond the LHC
reach, leaving only a small fraction of the parameter space
accessible to collider searches.

In general, both the CDFO and freeze-in/superWIMP
scenarios are largely unchallenged by conventional WIMP
searches via indirect or direct detection (see Sect. 4) due to
the highly suppressed interaction rates resulting from their
very weak couplings. Consequently, these parameter space
regions often represent the only regions in certain #-channel
models that have not yet been excluded. This highlights the
critical role of collider searches in probing these scenarios
and underscores the strong motivation for performing LLP
searches.

Experimental signatures featuring displaced objects, often
accompanied by significant missing trasnverse energy, are
key to detecting LLPs predicted by #-channel mediator DM
models. Experimental results from collider experiments,
such as ATLAS and CMS, impose valuable constraints on the
mediator parameter space. Although no dedicated searches
targeting r-channel mediator DM models have been per-
formed to date, existing results can be recast to establish
bounds. The current experimental constraints are detailed in
the following sections. First, in Sect. 3.3.2, we review exist-
ing search strategies for LLPs. Next, in Sect. 3.3.3, we anal-
yse the constraints originating from these searches within
the freeze-in/superWIMP scenarios (Sect. 3.3.3.1) and the
CDFO scenario (Sect. 3.3.3.2). In Sect. 3.3.4, we identify
gaps in the current coverage of LLP searches, emphasising

the need to explore new signatures. Finally, in Sect. 3.3.5, we
provide concluding remarks on the reinterpretability of the
searches.

3.3.2 Current LLP searches

The LHC has now established a comprehensive programme
dedicated to searches for LLPs. Many of these searches
directly target DM production alongside objects originat-
ing from positions significantly displaced from the collision
point. Moreover, other searches, particularly those selecting
events with large missing transverse momentum (E %ﬂss), may
alsoindirectly probe the DM models considered in this report.
In this section, we provide an overview of the signatures
examined in these searches. We focus both on searches that
explicitly involve missing transverse momentum for trigger-
ing and/or event selection, and on searches without explicit
E ?iss requirements that are inclusive enough to capture sig-
nals from the considered set of models. Table 7 lists a selec-
tion of recent LHC Run 2 searches representing these types,
and we refer to [199] for a broader overview of LLP searches
at the LHC.

Searches for heavy stable charged particles (HSCPs) are
sensitive to DM models where the mediator carries elec-
tric charge and/or hadronises into charged hadrons, and then
decays outside the tracker. These searches [207,208] rely on
high ionisation losses (dE/dx) of heavy charged particles,
and/or anomalous time-of-flight measurements between their
production at the collision point and their arrival in the muon
system. Furthermore, triggering often relies on calorimet-
ric missing transverse energy, originating from either new
physics particles produced in association with the charged
LLP or the LLP itself if it decays outside the calorime-
ter. The reconstructed HSCP mass is then used to suppress
backgrounds. HSCP searches are usually sensitive to mod-
els in which the electrically charged and/or coloured medi-
ators have proper decay lengths larger than approximately
0.1 m [207]. Since they typically employ model-independent
selection criteria, they are easily recastable using tabulated
efficiencies like those provided in [219], and HSCP results
have thus been reinterpreted not only within supersymmetric
models [220,221], but also in frameworks featuring heavy
resonances decaying into doubly charged LLPs [222].

In scenarios where charged LLPs decay within the tracker
to mostly soft and/or invisible final states, disappearing
track (DT) signatures arise. Disappearing track searches
[209,210,223] identify short tracks with a few hits in the
innermost tracking layers caused by charged particles that
decay invisibly or to low-momentum states not reconstructed
as tracks. Events are triggered by the large amount of E ?iss
generated by the invisible LLP decay, and the searches are
usually sensitive to models with small mass splittings Am
and LLP decay lengths between 10 mm and 100 mm. ATLAS
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Table 7 Summary of recent LLP searches at the LHC Run 2 relevant
for the signatures discussed in the text, and involving missing transverse
energy together with heavy stable charged particles (HSCP), displaced

tracks (DT), dispalced vertices (DV), displaced leptons (DL) and dis-
placed jets (DJ)

Signature Analysis and reference L[fb 1 Decay length [mm]
HSCP ATLAS-SUSY-2018-42 [207] 139 =300
CMS-EXO-18-002 [208] 101 = 1000
DT CMS-SUS-21-006 [209] 137 100-1000
ATLAS-SUSY-2018-19 [210] 136 100-300
DV plus E?iss CMS-EX0-22-020 [211] 137 0.1-20
ATLAS-SUSY-2016-08 [212] 32.8 4-300
Displaced soft tracks ATLAS-SUSY-2020-04 [213] 140 0.1-10
DL ATLAS-SUSY-2018-14 [214] 139 3-300
CMS-EXO-18-003 [215] 113-118 0.1-100
DJ (calorimeter) ATLAS-EXO0OT-2019-23 [216] 139 2000-4000
DJ (muon system) CMS-EXO-21-008 [217] 138 3000-7000
ATLAS-EXOT-2019-24 [218] 139 4000-8000

and CMS disappearing track searches therefore commonly
target simplified supersymmetric scenarios where a long-
lived charged wino or higgsino decays into a neutral particle
and a low-momentum pion.

In contrast to HSCP and disappearing track analyses,
searches for displaced vertices (DVs) focus on visible LLP
decays within the tracker [211,212], and they can be very
inclusive as long as the LLP decays to SM particles and invis-
ible states. While displaced vertex searches often include
stringent E %ﬂss requirements for triggering reasons, their
sensitivity further diminishes in scenarios with small Am
due to the additional requirement for high-momentum dis-
placed objects. Moreover, some displaced vertex searches
specifically target resonant displaced hadronic decays with-
out missing energy, although these are less relevant for the
(non-resonant) mediator models considered here. Since it is
not always possible to determine the sensitivity of this last
set of searches to those non-resonant mediator decays, they
will not be considered in this report.

In addition, ATLAS has recently performed a search for
mildly displaced soft tracks [213]. It relies on a trigger on the
missing transverse energy and focuses on events with soft
tracks (2 GeV < pr < 5 GeV) exhibiting small displace-
ments (|dg| < 10 mm). This search specifically targets super-
symmetric scenarios with compressed mass spectra, such as
setups in which charginos decay to neutralinos and soft pions
with small displacements. Despite being a challenging signal
due to the presence of the soft objects, the search exploits the
relatively small associated SM background rates (i.e. related
to the production of soft and displaced pions). It thus allows
to look for an LLP signal and hence cover previously existing
gaps in typical LLP parameter spaces where Am < 1 GeV
and ct ~ 0.1 mm — 1 cm.
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Beyond E rT“iSS-triggered searches, displaced leptons (DL)
searches without any specific requirement on the missing
energy are sufficiently inclusive to apply to long-lived medi-
ators decaying to charged leptons and DM [214,215,224—
229]. Such searches are typically triggered by either standard
lepton triggers, or more specialised ones such as ATLAS’s
Run 3 displaced lepton triggers [230] (that focuses on the
reconstruction of tracks with a large impact parameter) or
CMS’s data scouting dimuon stream with low pr thresh-
olds [231]. They are sensitive to a broad range of LLP decay
lengths (0.1 mm to 10m), and to spectra featuring large mass
splittings, so that they can then be used to probe both super-
symmetric models and scenarios featuring a more generic
dark sector.

Finally, displaced jets (DJ) searches target LLPs decay-
ing hadronically within different detector regions, such as
the inner detector, the calorimeter, or the muon spectrome-
ter [216-218,232-239]. These searches often rely on multi-
jet triggers or lepton triggers (when jets and/or leptons are
produced in association with the LLP), and in some cases,
specialised triggers designed for the unique related calorime-
ter and muon spectrometer signatures. Displaced jet searches
primarily probe dark sector scenarios involving LLPs decay-
ing to SM fermions, although supersymmetric models are
also considered, commonly in the R-parity-violating case.

3.3.3 Coverage of current searches

Figure 27 schematically illustrates the parameter space cov-
erage of the LLP searches discussed in Sect. 3.3.2, along-
side cosmological DM production scenarios. This coverage
is presented in the plane defined by the LLP proper lifetime
ct and the associated mass splitting. The parameter space


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-21-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-19/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-020/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2020-04/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-23
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-24/
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Fig. 27 Schematic representation of the coverage of LLP searches in
the parameter space defined by the LLP proper lifetime and the asso-
ciated spectrum mass splitting. Regions corresponding to various cos-
mological DM production scenarios are also indicated

of canonical freeze-out, which typically results in short life-
times (ct < 1 mm), is associated with prompt signatures.
In contrast, the parameter space relevant for CDFO scenar-
ios, predominantly characterised by 1 mm < ¢t < 1 m and
relatively small mass splittings, remains only partially cov-
ered by current searches. However, these regions can still
be probed from multiple angles using various LLP and even
prompt search strategies. Freeze-in/superWIMP scenarios,
on the other hand, allow for larger mass splittings, while the
mediator lifetime spans values similar to those in the CDFO
scenario and extends well into the detector-stable regime. As
a result, their parameter space is also exposed to searches for
displaced leptons and jets, as well as for HSCP signatures.

One of the significant challenges from a theoretical per-
spective is the limited availability of recast analyses. In many
instances, the absence of reinterpretation material or pub-
licly available recasting codes makes it difficult to rigor-
ously evaluate the coverage of specific searches for the mod-
els discussed in this report. We refer to Sect. 3.3.5 for a
more detailed discussion on advancing reinterpretation meth-
ods. Consequently, the results presented here do not always
reflect searches using the full integrated luminosity avail-
able. Currently, publicly available recasting and reinterpre-
tation tools include ten LLP searches available from the
llprecastingrepository [245], three analyses implemented
in the Madanalysis 5 public analysis database [172], six
analyses implemented in CheckMATE [246], and twelve anal-
yses included in sModels [247-250]. It should be noted that
the numbers above include some overlap between tools and
represent only a subset of the LLP analyses conducted by the
LHC collaborations. A summary of all the searches consid-
ered in this section is provided in Table 8.

3.3.3.1 Freeze-in/superWIMP regime
If the DM-mediator coupling A is too small to ther-
malise dark matter in the early universe, the relic density as

observed in data can still be achieved through freeze-in and
superWIMP production. In general, both production mecha-
nisms coexist, with their relative contributions being model-
dependent. For this reason, we consider them together. As
the related cosmologically viable parameter space extends
to very large mediator masses, up to around 10° GeV, the
LHC can only probe a small fraction of it. Nonetheless, as
we discuss below, current LLP search strategies offer good
sensitivity.

We begin our study with an exploration of quark-philic
models. The left panel of Fig. 28 shows the cosmologically
viable parameter space for a class of scenarios where a top-
philic scalar mediator couples to a Majorana DM particle (i.e.
which corresponds to the s3M_tR class of simplified models
discussed in Sect. 2.1). At large mediator and DM masses,
superWIMP production dominates, with the solid black line
marking where this mode alone saturates the observed relic
density, Qh% = 0.12. To the right of this line, it would thus
overclose the universe, which subsequently excludes that part
of the parameter space. To its left, both freeze-in and super-
WIMP production contribute to the relic density, with the
black dashed contours indicating the relative superWIMP
contribution. In addition, the figure includes two isolines in
the mediator proper decay length, shown as grey dotted lines.
They respectively span the prompt decay and detector-stable
cases, covering decay lengths of 1 mm and 10 m respectively.
For mediator masses around the TeV scale (i.e. within the
reach of the LHC) and DM masses allowed by structure for-
mation (Mx 2 10 keV), mediator decay lengths typically
exceed a few centimetres. For DM masses close to the exclu-
sion limit, displaced vertex searches are the most relevant,
and they exclude the violet-shaded region of the parame-
ter space. For larger DM masses (Mx =2 10 MeV), the
mediator decays predominantly outside the tracker, making
HSCP searches most effective. The corresponding excluded
regions of the parameter space are indicated by the blue-
shaded excluded region of the parameter space. Both the DV
and HSCP search strategies therefore restrict the mediator to
be quite heavy.

Similar results are expected for other models of the s3M

type where quarks of the first and second generation are
involved, provided that Am > M;. Differences would only
be due to the uniqueness of the decay modes of the displaced
top quark. For instance, in top-philic models, an additional
displacement arises from B-hadron decays, potentially com-
plicating vertex reconstruction due to the extra associated
tracks, and leptonic top decays could provide an alterna-
tive search avenue that is not available for models featuring
quarks of the two lighter generations.

In the right panel of Fig. 28, we perform a similar analy-
sis, but this time for a scenario with a scalar DM state and a
fermionic mediator coupling to first-generation quarks. Here,
the entire displayed region of the parameter space is consis-
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Table 8 Summary of the LHC searches reinterpreted to constrain LLP scenarios in this report. Those that are accessible through the publicly
available 11precasting repository and the MadAnalysis 5, CheckMATE and SModels programs are indicated with a check mark

Signature Analysis & reference L[fb~ 1 Reinterpretation code
HSCP CMS-EXO0-13-006 [219] 18.8 v
CMS-PAS-EX0-16-036 [240] 12.9 v
ATLAS-SUSY-2016-32 [241] 36.1 v
ATLAS-SUSY-2018-42 [207] 139 v
DT ATLAS-SUSY-2016-06 [242] 36.1 v
CMS-EXO0-16-044 [243] 38 v
CMS-EXO0-19-010 [223] 101 v
DV plus E?iss ATLAS-SUSY-2016-08 [212] 32.8 v
DV plus u ATLAS-SUSY-2018-33 [244] 136 v
DJ plus E?iss CMS-EXO0-19-001 [237] 137 v
DL CMS-EXO0-18-003 [215] 113-118
ATLAS-SUSY-2018-14 [214] 139 v
Monojet CMS-EX0-20-004 [137] 137 v
10t
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Fig. 28 Constraints on 7-channel DM models featuring quark-philic
mediators in the freeze-in/superWIMP (non-thermalised) DM produc-
tion regime, adapted from [204,251]. In the left panel, we display the
viable region of the parameter space (i.e. with Qh? = 0.12) of a sce-
nario with a top-philic scalar mediator and a Majorana DM state. Shaded
regions indicate exclusions from DV (violet, [212]) and HSCP (blue,

tent with A2 = 0.12, which is achieved through freeze-in
production. In this case, as the mediator lifetime decreases,
the rate for DM production increases, thus requiring smaller
DM masses in order to reproduce the observed relic abun-
dance. For ¢t < 0.1 m, the required DM mass even drops
below 10 keV, which is excluded by structure formation con-
straints. Once again, displaced vertex and HSCP searches
remain the most sensitive searches to this setup, constraining
scenarios with mediator masses rangingup to My ~ 1.8 TeV.
Compared with the case of a scalar mediator and a fermionic
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[241]) searches, as well as from structure formation (purple) and BBN
(red) (see details in Sect. 4). In the right panel, we consider instead a
model where a fermionic mediator couples to first-generation quarks
and scalar DM, and display again the constraints originating from DV
(blue, [212]) and HSCP (purple, [240]) searches. In addition, the grey
region represents setups with a hot DM candidate

DM state, the bounds are slightly weaker because of the dif-
ferent production cross section for coloured fermions and
scalars [251,252]. Moreover, as for Majorana DM, we expect
our results to be qualitatively similar for the other quark-
philic models of this class.

‘We now move on with leptophilic scenarios that we illus-
trate by considering a setup in which a scalar mediator
couples to Majorana DM and the right-handed muon, with
an interaction strength relevant for freezing-in DM. Fig-
ure29 shows contours of correct relic abundance for dif-


http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-13-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-036/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-06/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-044/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-33/
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/
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Fig. 29 Isolines of constant relic density QA% = 0.12 for different
choices of the DM mass in a leptophilic Majorana DM model with a
scalar mediator coupling to right-handed muons. We show constraints
stemming from HSCP searches (red, [241]), ATLAS and CMS displaced
lepton searches (green, [214,215]) and disappearing track searches (yel-
low, [223]). The plot is adapted from [252,253]

ferent choices of the DM mass, assuming a reheating tem-
perature higher than the freeze-in scale. It turns out that
low DM masses are excluded by structure formation con-
straints from Lyman-o measurements [204-206], and HSCP
searches constrain large mediator lifetimes. For intermedi-
ate mediator lifetimes, displaced lepton searches can probe
mediator masses up to approximately 500 GeV, while scenar-
ios with a mediator decay length of O(1) metre are less con-
strained. In this case, a signature featuring a kinked charged
track (made from the combination of the charged scalar track
and the muon one) is the primary handle on the model. Rein-
terpreted disappearing track searches therefore provide the
strongest bounds in this regime [252], due to the fact that
there is no LHC analysis dedicated to kinked tracks to rein-
terpret.

The interpretation of the LLP searches as achieved so
far depends on the assumption used for the cosmological
history [251,252,254-256] (see also Sect. 4.2.6). Here, we
have considered reheating temperatures T;, much larger than
the masses of the new physics states, which in particularly
implies that Ti, > My. Consequently, the collider phe-
nomenology is insensitive to Ty,. However, for Ty, < My,
larger couplings would be required to match the observed
relic density, expanding the regions of the parameter space
accessible to LLP searches at colliders. In such cases, freeze-
in occurs during reheating, with entropy injection diluting the
relic abundance. The dilution depends on the reheating poten-
tial (V (®) ~ ®*) and on the fermionic or bosonic nature of

the reheating. These dependencies are illustrated in Fig. 30, in
particular for early matter domination scenarios correspond-
ing to k = 2. Concretely, for Ty, > My, the region below
the red solid line in the left panel of the figure would be
excluded by structure formation constraints (i.e. imposing
Myx = 10 keV) [204-206], thus limiting the relevance of
LLP searches within the model. In case of a lower reheating
temperatures Ty, < My, this bound shifts towards smaller
decay lengths, revealing new relevant regions of the param-
eter space that are testable at colliders with displaced signa-
tures, as visible from the left and right panels of the figure.
The observation of an associated LLP signal corresponding to
aregion that would be excluded in the case of a standard cos-
mological history could thus provide valuable insights into
the dynamics of the (inflationary) reheating phase for a given
DM model. Conversely, for a given reheating scenario, the
measurement of the mediator mass and lifetime would give
an absolute upper limit on the reheating temperature consis-
tent with freezing-in DM. In this context, a coherent analysis
of specific inflation models (thus with a particular reheating
potential) reveals an interesting interplay with cosmological
data from Planck [254].

Alternatively, scenarios with a faster-than-standard expan-
sion of the universe also require larger DM couplings to meet
relic density constraints, enhancing again the importance of
displaced object searches [257].

3.3.3.2 Conversion-driven freeze-out regime

The cosmologically viable regions of the parameter space
for CDFO scenarios is characterised by a relatively small
mass splitting Am between the DM and mediator particles,
below a few tens of GeV, and very weak DM couplings A
of the order of 10~ [34]. This parameter space region bor-
ders the WIMP regime at larger Am, where significantly
stronger couplings are required to match the measured relic
density. A striking feature of the CDFO scenario is its pre-
diction of macroscopic mediator decay lengths, typically
Imm < ¢t < 1m for two-body decays, or even larger
for three-body-suppressed or four-body-suppressed decays.
As an illustrative example, Fig. 31 shows this behaviour for
a scenario with a bottom-philic scalar mediator. The short-
est lifetimes occur for large Am near the boundary with the
WIMP region, while lifetimes increase as Am approaches
the kinematic threshold of the two-body decay defined by
Am = M (with f representing the SM fermion coupled to
the mediator). In addition, for Am < My, the mediator is
typically detector-stable. The predicted lifetimes thus align
well with the sensitivity range of LLP searches at the LHC,
making this scenario particularly relevant for experimental
exploration.

Within a quark-philic framework where the DM inter-
acts with right-handed bottom quarks (f = b), different
LLP searches are sensitive to specific ranges of media-
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Fig. 30 Isolines of constant reheating temperature Ty, expressed in
the (My, ct) plane, for scenarios accounting for the observed DM
relic abundance and a DM mass of 12 keV for a muon-philic Majo-
rana DM model (left), and 10 keV for a top-philic model with scalar
DM (right). In the left panel, adapted from [254], we study the impact of
the reheating potential V (P) ~ ®*, and consider Ty, = 20 GeV (blue),
100 GeV (black) and 10* GeV (red, with details of reheating being no

tor decay lengths. These include searches for heavy stable
charged particles, disappearing tracks and displaced vertices,
as well as searches for signals with missing transverse energy
whose sensitivity could extend to longer lifetimes depend-
ing on their inclusiveness. Let us note that scenarios where
f =u,d,s, cyield a very similar phenomenology, but with
a different location of the two-body threshold Am = M. In
contrast, for f = ¢, the mediator is effectively detector-stable
throughout the entire CDFO parameter space as Am < M;,
making HSCP searches alone well-suited to probing this case
[201]. Each class of searches covers different regions of the
CDFO parameter space, as shown in Fig. 32 which illustrates
the constraints that could be imposed on the mediator mass
and decay length for scenarios compliant with Q7% = 0.12.
Bounds from CMS disappearing track searches [223,243]
(green), the ATLAS displaced vertex+E ?iss search [212]
(red), and the CMS multijet+E?iss search [137] (blue) are
indicated in the figure, while those from HSCP searches are
not shown. While these searches dominate atlarge ct 2> 10m
or Am < My, the corresponding region in parameter space
is indeed omitted from the figure. In the detector-stable limit,
scenarios with mediator masses up to approximately 1.3 TeV
would however turn out to be constrained [207,208,241].
For smaller decay lengths with Am > M}, disappearing
track searches (green areas in Fig. 32) become most sen-
sitive, the mass splitting dependence being highlighted in
the figure through grey dotted isolines. However, care must
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Fig. 31 Representation of a typical cosmologically viable parameter
space for t-channel DM scenarios featuring a bottom-philic scalar medi-
ator [258], adapted from [259]. The black line separates the WIMP and
CDFO regimes, where in the latter the mediator decay length is dis-
played via the colour code. We recall that in the WIMP regime decays
are prompt

be taken with the reinterpretation of the experimental disap-
pearing track search results, focusing on colourless chargino
decays to DM and an ultra-soft pion, to the CDFO signal. This
requires accounting for differences originating from media-
tor hadronisation into neutral or charged R-hadrons, and from
the specific properties of the b-jet emerging from the media-
tor decays (that is generally not ultra-soft for Am = 10 GeV).
To solve this issue, we have made use of the implementation
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Fig. 32 LHC constraints on the parameter space of a scenario featuring
abottom-philic mediator and DM production in the CDFO regime [259].
We display constraints from LHC searches for disappearing tracks
(green, [223]), displaced vertices (red, [212]) and monojet searches
(blue, [137])

available in Madanalysis 5 [172] and enforced the pres-
ence of a charged R-hadron and AR(Y,b) > 0.2 in order
to avoid decay configurations where the b-jet is aligned with
the track candidate. For decay lengths below approximately
1 cm, displaced vertex and monojet searches provide the best
sensitivity (red in Fig. 32). However, signal jets are usually
soft and with a low invariant mass, yielding small signal effi-
ciencies. Consequently, the alternative signature where an
extra hard jet would stem from initial state radiation could
be tested by conventional monojet searches (blue in Fig. 32).
As it is not clear that events featuring displaced jets would
be vetoed, we conservatively rejected, in our analysis, events
exhibiting jets with a displacement larger than 2mm and a
transverse momentum pr > 20 GeV.

Despite all these efforts, the large mediator production
cross section for My < 500 GeV and the potentially promi-
nent LLP signatures, a substantial gap remains in the cover-
age of the parameter space for intermediate to small lifetimes
(mm < ¢t < few cm), revealing an uncharted regime that
we discuss further in Sect. 3.3.4.

We continue our discussion with leptophilic scenarios, that
we illustrate with a setup involving a Majorana DM candidate
coupled to a scalar slepton-like mediator [260]. For an inter-
action strength A < 107°, neglecting bound state formation
effects [258,261] and ignoring Higgs-mediator couplings,
the measured DM relic abundance can be achieved through
CDFO production for mediator masses below 200 GeV and
mass splittings Am < 2.6 GeV. While such a setup is already
stringently constrained by searches at the LHC, introducing
anon-zero quartic coupling between the scalar mediator and
the Higgs boson significantly enlarges the viable regions in
the model parameter space. In Fig. 33, we consider such a

Leptophilic CDFO, Ay = 0.1
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Fig. 33 LHC constraints on the parameter space of a scenario featur-
ing a muon-philic Majorana DM state and a scalar mediator, where the
observed relic density is achieved within the CDFO regime [260]. The
blue contours correspond to isolines of correct relic abundance for dif-
ferent values of the mass splitting Am, and we display constraints from
LHC searches for HSCP (red, [219,240]), and disappearing tracks (pur-
ple and green, [242,243]). For this illustrative case a quartic coupling
of Ay = 0.1 has been assumed between the scalar mediator and the SM
Higgs boson

quartic coupling Ay = 0.1, and illustrate the constraints
on the parameter space of a model including interactions
with the right-handed muon. The results are as usual given
in terms of the mediator lifetime and mass. The upper region
of the plot corresponds to long-lived mediators with decay
lengths of a few centimetres or more, or equivalently small
values of the DM-mediator coupling together with a very
compressed mass spectrum (as indicated by the blue con-
tours). For Ay = 0.1, the CDFO regime extends to media-
tor masses up to 300 GeV, and necessitates mass splittings
Am < 3 GeV. We include in the figure the complementary
constraints emerging from early LHC Run 2 searches for
HSCP [219,240] (red) and disappearing tracks [242,243]
(green and purple), that should get a little bit stronger by
relying on more recent analyses like [223,241].

Similar to the quark-philic case, we observe a significant
lack of experimental coverage in the region with small life-
times, where the considered scenario predicts soft displaced
leptons. Here, the small mass splitting renders the emitted
leptons too soft to be efficiently reconstructed in existing
displaced lepton searches. This contrasts sharply with lep-
tophilic scenarios involving freezing-in DM in alternative
cosmologies (see Fig. 30), where displaced lepton searches
are highly effective. Nevertheless, it would be worthwhile
to investigate whether recent DL searches like [262] could
probe this particular region of the CDFO parameter space.
We further discuss this issue in Sect. 3.3.4.
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Fig. 34 Constraints on CDFO flavoured DM scenarios, shown as a
function of the proper lifetime and mass of the mediator (left, adapted
from [82]) and the heavier dark states (right, adapted from [77]). In
the left panel, the blue and red lines represent slices in the parameter
space of a leptophilic two-flavour model that simultaneously account
for the observed DM abundance and successful leptogenesis (excluding
the regions shown with faint colours). The solid shaded areas indicate

CDFO realisations can also be achieved within non-
minimal models [77,82,263]. A particularly intriguing exam-
ple is flavoured DM scenarios, where the DM state X =
(X1, X2, X3) consists in a flavour multiplet whose light-
est mass eigenstate X3 serves as the DM candidate. Within
these models, the CDFO mechanism has been explored for
both quark-philic DM [77] and leptophilic DM [82]. Notably,
these frameworks offer the appealing prospect of addressing
DM and baryogenesis within a unified framework, specifi-
cally through conversion-driven leptogenesis which provides
additional motivation for experimental searches. In practice,
CDFO DM production can manifest at colliders in multi-
ple ways, potentially leading to signatures from either pair-
produced long-lived mediators or from the production of
long-lived heavier dark multiplet states X or X». In the for-
mer case, the signatures resemble those of minimal models
but with quantitative differences in the preferred lifetimes
due to the presence of the additional states. For instance,
in conversion-driven leptogenesis scenarios, the preferred
decay lengths range from a few centimetres to millimetres,
with Am < 5 GeV (see the left panel of Fig. 34). More-
over, these models predict soft, mildly displaced leptons as
a challenging but intriguing target for LHC searches [82].

Alternatively, if the coupling matrix A exhibits significant
hierarchies, a heavier multiplet state X; can interact more
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current LHC constraints, while the transparent light blue areas illus-
trate projected sensitivities from dedicated searches. In the right panel,
cosmologically viable points are shown for a three-flavour quark-philic
model. The green and blue points represent the decay lengths of the
heavier DM multiplet states X, and X, respectively, as functions of
the mass of the heaviest state X

sizeably with the SM and become the LLP produced at the
LHC. In such cases, an electrically neutral LLP would not
generate detectable tracks but could lead to displaced ver-
tices. Interestingly, the kinematic suppression inherent to the
three-body decay via an off-shell mediator can result in large
lifetimes for these states. The right panel of Fig. 34 illustrates
the dependence of the proper decay lengths of the heavier DM
multiplet states X, (green) and X3 (blue) on the mass of the
heaviest state in a quark-philic setup [77]. The large lifetimes
of these neutral X; states allow them to escape LHC detec-
tors, making them ideal candidates for detection at dedicated
experiments such as MATHUSLA [264].

3.3.4 Gaps in coverage

The scenarios discussed in Sect. 3.3.3 illustrate the impor-
tance of LLP searches in testing various DM mechanisms.
Despite the broad scope of the LLP search programme at
the LHC, specific regions of the various parameter spaces
considered remain uncovered by current search strategies.
In particular, within the CDFO scenario, configurations with
ct <1 em (Am 2 10-30 GeV) are not covered because
they fall outside the lifetime range addressed by disappear-
ing track searches, and/or the LLP visible decay products
are too soft to be detected in conventional displaced vertex
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Fig. 35 In the left panel, we show the two-dimensional distribution in
the number of displaced vertices as a function of their invariant mass
mpy and their number of tracks nyy, for a quark-philic CDFO bench-
mark scenario with My = 481 GeV, Am = 31 GeVand A = 3.9x 10~

searches. This gap in coverage is approximately represented
by the white region shown in Fig. 27.

The quark-philic scenario discussed above provides an
example of this gap in coverage and how it could be addressed
with minor modifications to existing search strategies. For
instance, we could consider the ATLAS displaced vertex
search [212] (ATLAS-SUSY-2016-08), which relies on a
E 7“3155 trigger and is sensitive to decay lengths between 4 mm
and 30cm. The signal region defined in this search requires
at least one displaced vertex with five or more tracks and an
invariant mass exceeding 10 GeV. In the left panel of Fig. 35,
we present the distribution of the number of displaced ver-
tices as a function of the number of tracks nyk associated
with it and of the invariant mass oof the vertex mpy, in the
framework of a quark-philic CDFO benchmark model with
My = 450 GeV, Am = 31 GeV, and ct = 0.85 cm. Most
vertices have 3 < nyx < 9 and mpy < 6 GeV, making them
too soft to satisfy the ATLAS analysis requirements. For this
benchmark, the mpy cut reduces the signal efficiency from
approximately 6% to 0.1%, therefore significantly diminish-
ing the search sensitivity. Although the high mpy threshold
effectively suppresses SM backgrounds, it could likely be
lowered without a substantial increase in background con-
tamination. Indeed, the ATLAS search observed zero ver-
tices with nyx > 5 and mpy > 4 GeV so that lowering the
mpy requirement, for instance to 5 GeV, could still main-
tain an effective SM background suppression. Assuming that
the SM background associated with the modified selection
mpy > 5 GeV remains negligible (i.e. fewer than one ver-
tex), we estimate in the right panel of Fig. 35 the sensitiv-
ity improvement from reducing the invariant mass threshold
from 10 GeV (red exclusion curve) to 5 GeV (orange exclu-

Number of Vertices

]0(1

107!

—— CMS Monojet

CMS DT

—— ATLAS DV plus £ (mpy > 10 GeV)
ATLAS DV plus B (mpy > 5 GeV)

WIMP Region

10~ 4 T : T T
200 800 1000 1200 1400

My (GeV)

400 600

[259]. In the right panel, we examine how the parameter space region
excluded by the ATLAS DV search depends on the specific require-
ments on the displaced vertices, as detailed in the text

sion curves), as further detailed in [259]. This demonstrates
that a significant portion of parameter space becomes acces-
sible when mildly soft displaced vertices are included, this
region being in addition not covered by other LLP searches.
Similarly, the strategy employed in the mildly displaced
soft track search from [213] could also address a similar gap
in the leptophilic CDFO case. Here, soft and mildly displaced
leptons arise for moderate Am values so that, as illustrated
in Fig. 33, scenarios with Am > 3 GeV are currently uncon-
strained. Comparable gaps in coverage exist in non-minimal
models as well, as seen in the right panel of Fig. 34 and [82]
for the leptophilic case, particularly in conversion-driven lep-
togenesis scenarios, and [77] for the quark-philic case.
Beyond soft displaced objects, additional signatures could
be explored to enhance background suppression. These
include more sophisticated E YIE‘iSS-based discriminators, tim-
ing information from the tracker or calorimeters, and the
combination of the prompt track of the mediator with the
displaced track of its decay products (yielding so-called
‘kinked tracks’). In Fig. 36, we present some key distribu-
tions relevant for designing such searches, using the quark-
philic model discussed earlier as an example. The upper-left
panel shows the track length distributions for two bench-
marks with Am = 31 GeV (¢t ~ 1 cm) and Am = 8 GeV
(ct ~ 30 cm). The colour-charged mediator, which forms
charged R-hadrons with SM quarks, produces highly ion-
ising tracks. In addition, those decaying within the tracker
but traversing multiple inner layers give rise to disappear-
ing or kinked tracks, depending on the softness of the decay
products. Since Am < 40 GeV is required by the CDFO
mechanism, the displaced jets are in general relatively soft
so that hard jets from initial state radiation may be necessary

@ Springer



975 Page 52 of 96

10!
[ My =481 GeV, My = 450 GeV, ¢r = 0.85 cm
[ My =808 GeV, My = 800 GeV, ¢ = 29.43 cm

100 4
]

10714

V5 =13.6 TeV

1072 5

Normalized events

10—3 4

1074 . r l
0 10 20 30 40 50 60 70 80 90 100
liyk (cm)

My =481 GeV, My = 450 GeV, c¢r = 0.85 cm

/s =13.6 TeV Prompt jets

[

Displaced jets

<
ot
f

<
w
)

Normalized events
o
N
)

=
o
)

<
=
.

<
o

n(j)

Fig. 36 Kinematic properties of an LLP signal relevant to design new
LLP searches atthe 13.6 TeV LHC, emerging from a typical quark-philic
CDFO scenario. We consider the distribution in the charged R-hadron
decay length (upper left) for a benchmark with ct >~ 1 cm (blue) and
30 cm (orange), the pr distributions of prompt (blue) and displaced

to satisfy trigger requirements. We refer to [259] for further
discussion.

3.3.5 Advancing reinterpretation methods

We conclude this chapter with some remarks on the material
necessary for the reinterpretation of LLP searches (see also
[265] and chapter 6 of [199]).

As emphasised in Sect. 3.3.3, the scarcity of validated
recast analyses is a major obstacle to assessing the current
coverage of the LLP parameter spaces and to identifying the
associated gaps. Therefore, it is pertinent to discuss potential
measures to improve the situation, which requires adequate
resources and collaboration. Reinterpretation tools are typ-
ically developed by small teams, often consisting of only a
few researchers. In contrast, each experimental analysis is
conducted by a dedicated team of analysts. Consequently, a
single ‘reinterpreter’ must handle the implementation and
validation of numerous experimental analyses, frequently
resulting in delays between the publication of an analysis
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and its incorporation into public reinterpretation frameworks.
Consequently, by the time at which reinterpretation tools
are updated, obtaining further information about the origi-
nal analysis can become challenging, if not impossible. A
more direct interaction between theorists and experimental-
ists could help alleviate these issues.

Another critical factor is access to data from experimen-
tal collaborations, which is essential for proper implemen-
tation and validation. For instance, implementing analyses
into SModels requires acceptance times efficiency maps for
each signal region for pure simplified models, given as a
function of the simplified-model parameters. These can be
either provided directly by the experimental collaborations,
or derived via simulation-based recasting. Full-fledged recast
codes, on the other hand, demand clear and unambiguous
object definitions, a step-by-step description of the analysis
logic, and truth-level versus reconstruction-level efficiencies.
Moreover, recasting LLP searches presents additional chal-
lenges due to their reliance on non-standard objects, low-
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level detector inputs not reproducible in fast simulation, and
the use of machine learning techniques for optimisation.!!

Significant strides have been made to address these chal-
lenges, with several recent examples demonstrating good
practices. First, the ATLAS Run 2 search for LLPs decay-
ing into hadronic jets in the calorimeter [216] provided six-
dimensional efficiencies for an event to enter Region A (of the
ABCD method). These efficiencies parametrise the output
of a sequence of boosted decision trees and neural networks
as functions of the LLP kinematics, decay type and decay
position. An example code illustrating their usage is also
included. Second, the CMS Run 3 search for LLPs decaying
to a pair of muons [228] published truth-level signal efficien-
cies for the considered dimuon categories. These efficiencies
are functions of the minimum muon transverse momentum
pr and displacement dy in three intervals of the generated
transverse decay length L. The collaboration also provided
detailed reinterpretation instructions. As a last example, the
updated ATLAS Run 2 search for pairs of neutral LLPs in
events with displaced jets and leptons [233] (extending [216])
went a significant step further. It included a BDT trained to
compute the overall selection probability in the ABCD plane,
using truth-level input of the decay position (L,y, L), kine-
matics (p7,n, E ;E‘iss), and Child ID. This approach effectively
serves as a surrogate model for the complete analysis, incor-
porating detector effects. The trained BDTs were provided
as pickle files alongside example code demonstrating their
use. In each of the examples above, the accuracy and range of
validity were thoroughly documented, making such material
valuable for advancing recasting efforts.

Finally, reliable reinterpretation efforts also require detailed
information about the probability models underlying the
analyses [267]. This is particularly crucial when combin-
ing signal regions in the statistical interpretation or perform-
ing combined fits to signal and control regions. Since 2019,
ATLAS has been providing comprehensive HistFactory
models in JsoN format [268], mainly for supersymmetry and
top quark analyses. More recently, CMS released its Combine
software [269] along with data cards detailing early Higgs
boson measurements. These developments represent signif-
icant progress, and we hope to see similar initiatives applied
to LLP searches.

4 Cosmology

Contributions from C. Arina, M.J. Baker, M. Becker, A.
Belyaev, M. Blanke, L.M. Carpenter, E. Copello, B. Fuks,
M. Garny, J. Harz, J. Heisig A. Ibarra, S. Khalil, L. Lopez-

I Machine-learning-based analyses have long been considered impos-
sible to recast; see, however, [266] for a discussion of recent progress
and guidelines for reusable machine-learning models in LHC analyses.

Honorez, K. Mohan, A. Moreno Briceiio, T. Murphy, L.
Panizzi, D. Sengupta, W. Shepherd, A. Thamm

4.1 Generalities

In this section, we explore the phenomenology of dark mat-
ter in the t-channel models introduced in Sect. 2, which
encompass both minimal and non-minimal realisations.
We outline the constraints and requirements that a viable
dark matter candidate must satisfy from cosmological and
astroparticle perspectives. We then assess the primary impact
of these constraints on the parameter space of the model,
providing explicit examples from the existing literature on z-
channel models. Among minimal scenarios, a Majorana dark
matter candidate with a scalar mediator is the most exten-
sively studied case, particularly when it couples to right-
handed third-generation quarks. As a benchmark, we will
thus frequently refer to the s3M_tR model.

This section is organised as follows. In Sect. 4.2, we
discuss the mechanisms available to achieve the correct
relic density in the early universe. Section4.3 addresses
the primary signatures for direct and indirect dark mat-
ter searches, as well as the constraints from early-universe
physics. Finally, in Sect. 4.4, we examine the associated
impact on the parameter space of selected benchmark mod-
els.

This section serves as a reference for understanding the
complementarity between cosmological and astrophysical
searches for dark matter, and collider-based searches. Each
subsection is designed to convey the key concepts while pro-
viding references for readers seeking a deeper understanding
of the topics discussed. For a more general overview of dark
matter constraints, models, and features, we direct readers to
recent reviews [4,270].

4.2 Dark matter relic density

In ¢-channel mediator models, the DM relic density can be
achieved through a variety of production mechanisms, as
already sketched in Sect. 3.3.1. These include (by decreasing
DM interaction strength) canonical WIMP freeze-out (FO)
[271,272], conversion-driven freeze-out (CDFO) [34,35],
freeze-in (FI) [36,37,200], and superWIMP (SW) [38,39]
production. Describing these mechanisms requires at least
two coupled Boltzmann evolution equations for the DM X
and the mediator Y. A priori, these equations should be solved
at the level of the distribution functions taking the form:

dfi

= Ui i (34)

where d/dt is the total time derivative and C(f;, f;) is the

collision operator. The distributions f; and f; are the distri-
bution functions for particle species i and j, which, for the
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purpose of DM relic abundance calculations, can be consid-
ered as functions of proper time and of the particle momenta.
Non standard cosmology (early matter-dominated era, see
e.g. [252,254,255,273-277]) will essentially affect the left-
hand side of this equation through a specific Hubble expan-
sion rate, while particle physics processes affect its right-
hand side. Unless stated otherwise, a standard cosmological
history is assumed, with non-standard cosmology being dis-
cussed briefly in Sect. 4.2.6.

In standard cosmology, the universe is radiation-dominated
during DM production, with energy density p = g« 35 T#and
entropy density s = g*sf—ST3 satisfying sa® = constant. In
these expressions, g, and g.s are the conventional effec-
tive numbers of relativistic degrees of freedom. Assuming a
Boltzmann distribution for all particles involved in the DM
production process and negligible variation of the number of
relativistic degrees of freedom during DM production, the
evolution equations can be integrated over the momentum of
the particle species i, yielding [278]:

dy; 1 ds
FrE T rrr D
) (55
~joi | g = —a ) |-
Yj Yi

ij
(35)

Y;Y;
SEAVA N
it

Here the quantities y;; and y;_,; represent the reaction densi-
ties (described below), Y; = n;/s are the comoving number
density for the particle species i = X, Y with n; being the
number density, and Y. l.eq = n?q /s are the associated equilib-
rium comoving density with n?q being the i species num-
ber density assuming kinetic equilibrium and zero chemical
potential p;. If kinetic equilibrium is maintained while the
dark matter chemically decouples, as typical of freeze-out
scenarios, n;/ nfq = exp(—u;/T). Moreover, (35) relies on
a standard and convenient practice that introduces a dimen-
sionless time variable x inversely proportional to the bath
temperature 7', thus defined by x = Myx/T (My/T) for
freeze-out (FI and SW) scenarios. Finally, we remind that
H is the Hubble rate and that the prefactor in (35) simpli-
fies under the assumption of approximately constant ggs, for
which ds/dx >~ —3s/x. This assumption will be implicit in
the following (for simplicity), unless specified otherwise.
In order to write (35), we have assumed that all particles
involved in (co-)annihilation and conversion processes are in
kinetic equilibrium at the time of DM production. For non-
thermal DM production discussed in Sects. 4.2.3 and 4.2.4,
the relevant relation (42) can be obtained from (35) without
making any assumptions on the DM distribution, but after
instead enforcing a negligible initial abundance for X and
suppressed couplings to Y. Equation (35) is thus also per-
fectly suitable for evaluating the DM comoving number den-
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sity Yx in FI and SW scenarios for which the loss terms
for the dark matter particle X are neglected.!? In addition,
the semi-classical Boltzmann equation (35) neglects various
quantum and thermal effects, such as quantum coherence,
quantum statistics, screening, multiple scatterings, and par-
ticle interactions with coherent condensates. A systematic
framework for deriving quantum kinetic equations that incor-
porate these effects in relic density computations is provided
by the Schwinger-Keldysh formalism (see, e.g. , [281-287],
as well as [288-291] for related computations in equilib-
rium and [286] for a lattice-based approach). In particular for
freeze-in scenarios quantum and thermal effects can alter the
relic density significantly. This was demonstrated in [289]
for a Majorana DM model and in [284] for a scalar DM
model, respectively. The latter work, which employs non-
equilibrium quantum field theory from first principles, quan-
tifies the expected corrections to various approaches com-
monly used in the literature (freeze-in with only decays,
including scattering with and without thermal masses, hard
thermal loop approximation, etc. ) and provides recommen-
dations for accurate results in phenomenological studies. For
freeze-out scenarios and in particular for co-annihilating con-
figurations, significant impact is expected from the Som-
merfeld effect and bound state formation, as discussed in
Sect. 4.2.5. However, only small corrections are expected due
to thermal effects, as detailed in the context of dark matter
annihilation in, e.g. , [281,292] and Sommerfeld and bound
state formation in, e.g. , [288,293-298].

The y;; quantities appearing in (35) represent the reaction
densities for (co-)annihilation of the dark species i and j,
while y; ; = yl.dicj et yiskcit j1 govern the conversion pro-
cesses of the dark species i to j through (inverse-)decays
or scatterings off SM particles k,/. For2 — 2 and 1 — 2
processes, the reaction densities respectively take the forms:

Vij—kl = /d¢i de; f@, po) £, p))

2

)

/ dew dgy 2m)*8*(pi+pj— pr—p1) [Mij—ia

Vioji = / Ay de; dgy £59(1, pi) @)*8*(pi — pj — pr)

2

IMissje]” (36)

where f; and p; denote the i™ species distribution function
and momentum, while | M|? represents the relevant squared
scattering amplitude averaged over the initial-state and final-
state degrees of freedom, and d¢; = g;d?p;/(2E;(27)3)
stands for a one-body phase-space element. These reaction
densities can be expressed in terms of thermally averaged
cross sections and decay rates of the particle species i in its

12 For further discussion on kinetic decoupling, see e.g. [34,279,280].
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Fig. 37 Schematic plot showing the dependence of the relic density,
Qh?, on the DM coupling A for a scenario with a relatively small mass
splitting between the DM particle X and the 7-channel mediator Y. The
blue band indicates the region for which 4% = 0.12 and depends on
the new physics masses My and My. The numbers for A indicate rough
orders of magnitude, and are model-dependent. The four characteristic
production regimes are further discussed in Sects. 4.2.1,4.2.2,4.2.3 and
4.2.4, respectively, in the order of decreasing coupling strength A. This
leads to a distinct phenomenology in each case

rest frame. For instance, for (co-)annihilation processes and
forthe i — jk decay contribution to a conversion processes,

eq_eq
vij =n; n; (0ijvij),

K1 (M;/T) 37
dec eq eq

A L= . I‘- H = . Ij' iy ——————,

yz—>j n; ( l*>]k> n; i—jk K2(M;/T)

Here (ojjv) stands for the thermally averaged (co-)
annihilation cross section entering the freeze-out relic abun-
dance calculations, and (I';_ jx) is the thermally averaged
decay rate related to the process i — jk in the rest frame of
particle i (with M; > M; + My). Moreover, K1 and K are
the modified Bessel functions of the second kind.

Equation (35) represents general Boltzmann equations
that can be simplified according to the dominant processes
and the size of the DM coupling to the mediator. Depending
on this coupling, certain terms can indeed be neglected or
integrated out. Moreover, the size of the coupling strength
largely determines the type of DM production mechanism in
the early universe, as schematically depicted in Fig. 37 (see
[260] for an explicit example). From left to right in the plot,
very feebly interacting DM particles achieve their relic den-
sity via the SW mechanism. As the coupling A increases, FI
becomes active, followed by conversion-driven freeze-out,
and finally standard freeze-out mechanism for couplings of
o(1).

Returning to (35), during freeze-out, the DM particle X
can be assumed to remain in thermal and chemical equi-
librium with the mediator Y, provided that the coupling is
sufficiently strong. In this case, the conversion processes
occur much faster than the Hubble rate, enforcing ny /ny =
ni? / n;q. Under these conditions, the coupled set of equa-
tions (35) reduces to a single equation describing the evolu-
tion of the DM abundance, driven by an effective annihilation
cross section that accounts for all co-annihilation processes

of X and Y, weighted by the relevant Boltzmann suppres-
sion factors. For more details, see Sect. 4.2.1 and references
such as [271,272,278]. Conversely, if the conversion pro-
cesses between X and Y are inefficient, the full coupled set
of Boltzmann equations must be solved. This situation is dis-
cussed in Sect. 4.2.2.

The four primary DM production mechanisms are now
described in the following subsections. For further discus-
sion, see also [299,300].

4.2.1 Canonical freeze-out

DM production via standard freeze-out occurs if the interac-
tion between the DM and the SM is strong enough to establish
chemical equilibrium between the dark sector and the SM at
early times. If chemical equilibrium is also maintained within
the dark sector through conversion processes among its par-
ticle species, we can approximately write

Yo _ 38
7 = 7 (38)
which allows us to simplify (35). Under this assumption, the
evolution of the total comoving number density Y = > Y
is governed by

1

d); dy; Cgf,eff 2 veq 2
== : il (oerv) [ Y —(Y ) , (39)

where ¢ = /7 /45 Mp M. In this last expression, the effec-
tive annihilation cross section and number of relativistic
degrees of freedom are defined by

g% — 8xS (1 + T dg*S)
*,eff 2 3g*S dT
yeayes 0)
— .o —l J
(oeftv) = Z(Gl] U) Jeayed’

irj

where g,s is the effective number of relativistic degrees of
freedom for entropy density. Here, we assume that the distri-
bution functions of all particles can be expressed as a rescal-
ing of their equilibrium distributions, f; = «; f;", and that
these equilibrium distributions follow a Boltzmann distri-
bution, i.e. fl.eq = exp(—E;/T). The annihilation and co-
annihilation processes inherent to the 7-channel DM models
considered and contributing to (oeffv) are depicted in Fig. 38.

Since all dark sector particles heavier than the DM can-
didate X are assumed to eventually decay into X, the DM
relic density is determined by the solution to (39). Inspect-
ing the effective annihilation cross section (40) reveals that
annihilations of heavier dark sector particles Y can signifi-
cantly contribute to the total cross section if My < 1.2 My,
a scenario commonly referred to as a co-annihilation.
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Fig. 38 Representative LO Feynman diagrams contributing to the DM
annihilation cross section {(oefrv). They include 7-channel DM annihila-
tions (top left), XY co-annihilations (top central and right), and mediator
pair-annihilations (bottom row) with the blob accounting for channels
yielding SM electroweak bosons or gluons. The final state g represents
any quark flavour, and may include a sum over flavours depending on the

Within the standard freeze-out mechanism, the final DM
relic density €242 exhibits the characteristic increasing trend
as the coupling strength X is reduced, as shown on the right-
hand side of Fig. 37. Within the co-annihilation regime, this
trend levels off when the coupling A between the DM and the
mediator becomes smaller than the gauge couplings relevant
for the #-channel mediator. In this regime, DM freeze-out is
dominated by efficient conversion to the mediator and sub-
sequent freeze-out of mediator pair-annihilations, resulting
in the plateau observed in Fig. 37. When A becomes even
smaller, the system transitions into the domain of conversion-
driven freeze-out.

The canonical freeze-out picture can be affected by non-
perturbative effects, the so-called Sommerfeld effect, as well
as the formation and successive decay of bound states, as
discussed in detail in Sect. 4.2.5. Specifically, for a mediator
that is both coloured and electrically charged, long-range
effects via gluon exchange impact the expected viable regions
of the parameter space significantly [301,302], as found in
the case of exchanges of relatively light scalars [303,304].

4.2.2 Conversion-driven freeze-out

The assumption of chemical equilibrium among the co-
annihilating partners during freeze-out holds if conversions
between X and Y, suchas Y — AX decaysor YB — XA
scatterings along with their inverse processes (with A and
B denoting SM particles), remain fully efficient, i.e. if
Ccony > H. This is generally true if the DM coupling A and
the mediator gauge interaction strengths are of comparable
magnitude, and if A and B are comparably light SM parti-
cles. In such cases, conversion rates are not suppressed, while
annihilation processes initiate chemical decoupling due to
their Boltzmann suppression from the initial-state heavy par-
ticles. As A decreases, two effects occur. First, direct anni-
hilation processes involving A become negligible relative to
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model. For leptophilic models, g can be replaced by a lepton £, and for
models with self-conjugate DM, additional Y'Y annihilation diagrams
must be added. Moreover, in cases where the S-wave contribution to
(CamV) (XX — ¢q) is helicity suppressed, NLO corrections become
relevant (see the diagrams in Fig. 40)

mediator pair annihilation, while conversions remain effi-
cient. In this regime, the relic density becomes independent
of A, corresponding to the plateau in Fig. 37. However, fur-
ther reduction of A eventually renders conversions ineffi-
cient, initiating chemical decoupling at I'cony ~ H. In this
conversion-driven freeze-out scenario [34,35], the relic den-
sity rapidly increases with decreasing A, with typical values
of A ~ 107 for couplings to light quarks, while for top-
philic scenarios slightly larger couplings are required due to
the involvement of massive top quarks in conversions [201].
Since decays and scatterings contribute to conversions, the
condition ['¢opy ~ H constrains the decay rate I'gee < H at
freeze-out. For DM masses near the weak or TeV scale, this
implies cty > (1073 —1) m, indicating a long-lived mediator
with significant collider implications [34] (see Sect. 3.3).

Conversion-driven freeze-out requires solving coupled
Boltzmann equations for the DM and mediator abundances.
In addition, the weak strength of the DM couplings can
induce deviations from kinetic equilibrium, necessitating to
solve a momentum-dependent Boltzmann equation [34,35].
Howeyver, for the models considered, these deviations have a
minor quantitative impact [34], and the system can often be
described using the coupled rate equations (35) fori = X, Y,
after explicitly accounting for the conversion processes enter-
ing the rates yx_.y and yy_. x. For A values where C¢ony <
H , annihilation processes proportional to A are typically neg-
ligible, leaving mediator pair-annihilation (YY — SM) as
the only relevant channel. In this case, the Boltzmann equa-
tions reduce to:

[ ( Yy Yy Yp  Yx
=X\ peq ~ peq | TY7ox | pea Ty
vyl Yy vdoovy

dYy —1 ) YyYy | Yy Yx
W s |07\ epea T vrex (e T e |
Y 'y Y X

(41)

dYyx 1
dx Hxs
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where we assume the detailed balance condition yx_,y =
¥y— x. The mediator ¥ and its antiparticle Y are treated sep-
arately for clarity, and we have assumed a self-conjugate
DM species X. The Boltzmann equation for Y is analogous,
and under C P-conservation Yy = Yy and yy_, y = yy—x.
This reduces the system to the two coupled equations given
above (see [82] for a C P-violating scenario in the context of
baryogenesis). Furthermore, the mediator annihilation rate
Yy 1s dominated by gauge interactions, including QCD for
coloured 7-channel mediators and electroweak interactions
for leptophilic mediators. Accordingly, these processes are
subject to Sommerfeld enhancement and bound-state forma-
tion effects, as discussed in Sect. 4.2.5 [258,261,302]. At
very low temperatures, mediator pair-annihilation eventually
becomes subdominant due to the double Boltzmann suppres-
sion related to the initial-state mediators. Thus, conversion-
driven freeze-out arises from the interplay between the
freeze-out of the conversion processes yy —, x due to the small
coupling strength X, and deviations from equilibrium of the
mediator itself due to a finite annihilation rate yy y. Both are
crucial in determining the DM relic abundance [34].

The cosmologically viable CDFO region in the model
parameter space requires the DM to be under-abundant, when
assuming, regardless of A, chemical equilibrium between the
X and Y states. This condition implies relatively small mass
splitting between the dark matter and the mediator particles.
However, it cannot be met above a certain mediator mass for
which yyy is too small to provide sufficient dilution of the
dark sector particles, even for mass-degenerate X and Y par-
ticles. This limits the allowed mass range for the mediator to
a few hundred GeV (a few TeV) for leptophilic [260] (quark-
philic [258]) models. CDFO scenarios therefore provide a
well-bounded parameter space, that is likely fully testable
with collider searches in the foreseeable future. This con-
stitutes a difference from freeze-in or superWIMP scenarios
that permit a broader mediator mass range.

Another notable feature of the CDFO mechanism is that,
despite weak DM couplings, the DM particle remains ther-
malised, making the relic abundance independent of the
initial conditions, akin to canonical freeze-out. In contrast,
freeze-in and superWIMP scenarios require even weaker A
such that DM never reaches thermal equilibrium during the
entire evolution of the universe. CDFO has been studied
in different minimal 7-channel mediator models, including
quark-philic [34,201,258,259] and leptophilic [260] setups
(where the Higgs-portal interactions of the mediator can
become important), as well as in non-minimal models like
flavoured DM [77,82]. Notably, CDFO may simultaneously
achieve baryogenesis [82], motivating further exploration.

4.2.3 Freeze-in

Within the framework of freeze-in production of DM [36,37,
200], we assume that the DM particle X is so feebly coupled
< 10~19) that it has never reached chemical or kinetic
equilibrium (see Fig. 37). Under this assumption and start-
ing with a negligible initial abundance of dark matter, the
evolution of the DM population is governed primarily by
conversion processes ¥ — X, which include both decays
and scatterings. The Boltzmann equation for the evolution of
DM abundance (35) simplifies to

dYx 1 Yy

= —X _eq> 42
o s Y XYEq (42)

where we neglect X — Y contributions because the DM
abundance is highly suppressed at early times. During freeze-
in production, we assume that the mediator Y remains in
chemical and kinetic equilibrium, as most of the DM pro-
duction process occurs slightly before the freeze-out of the
mediator Y (T 2 My). Consequently, we can approximate
Yy =Y ;q all along the production process. This assump-
tion holds for a freeze-in mechanism embedded in a renor-
malisable theory where production is dominated by infrared
(IR) effects, in contrast to models featuring ultraviolet freeze-
in [305]. For the simplified #-channel DM models analysed
in this report, freeze-in remains IR-dominated as long as
My < Tmax, Where Trmax is the maximum temperature of the
universe. For scenarios with DM production occurring after
the chemical decoupling of the mediator, we refer instead to
Sect. 4.2.4. However, we must keep in mind that both contri-
butions should generally be taken into account, as discussed,
for example, in [202,204].

Interactions with the thermal plasma can play a crucial
role in scenarios of freeze-in dark matter production. This
was first demonstrated in [289] for a Majorana DM model,
and later extended to scalar DM models in [284,306]. The lat-
ter works employed a first-principles non-equilibrium quan-
tum field theory approach, specifically the closed-time path
formalism, to quantify the corrections to standard approxi-
mations commonly used in the literature for freeze-in dark
matter. These approximations include vacuum decays only,
decays with thermal masses, decays and scatterings with
thermal masses, and the hard thermal loop approximation. It
was shown that using decays with vacuum masses alone can
underestimate the relic abundance by up to 90% in scenarios
with small mass splittings where scattering processes, par-
ticularly those involving multiple soft scatterings, dominate.
In contrast, for large mass splittings where decay processes
dominate, the relic abundance is predicted correctly to within
+0(10%), the sign depending on the gauge coupling. For
large gauge couplings, the relic abundance is typically under-
estimated by about 10%, whereas for small gauge couplings
it is overestimated by a similar margin. For further details,
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we refer the reader to [284,306]. Scattering processes such
as VY — X f may contribute slightly to the relic abundance,
up to ~ 25%, when V is a gluon and f is a coloured SM
fermion. A more precise treatment of such thermal effects,
particularly for small mass splittings, may nevertheless be
necessary [289]. For simplicity, we focus here on mediator
decay contributions during a radiation-dominated era to illus-
trate the main aspects of freezing-in DM production. In this
case, (42) reduces to

dYyx 1 K1(x) eq
. T .l Y=X Yy P

dx Hx K>(x)

(43)

where 'y_, x is the decay rate of Y — Xf,andx = My/T.
For DM production via decay, which is also relevant for the
superWIMP scenarios discussed in Sect. 4.2.4, it is conve-
nient to define the dimensionless parameter

Mo(Tprod) Uy — x
R];_{rod _ pM—)% ’ (44)
where My(T) = 45MP1/(4713g*(T)) is the rescaled Planck
mass entering the Hubble rate during a radiation-dominated
era, H = T2 /Mo(T), evaluated at the DM production tem-
perature Tprod. In addition, g,(7') denotes the number of rel-
ativistic degrees of freedom at a temperature 7. In the case
of freezing-in DM, Tyroa > Tpr ~ My/3. In this context,
R?md = RE! approximately represents the ratio of the DM
production rate to the Hubble rate at T = My.
Integrating (43) over time yields

135 h?
8y REI S0

X — , 45)
873 gu(Tr1) ' Perit

2
Qxh”|p1, dec = Mx

where pcriq = 3le1 HO2 /(8m) is the critical energy density
today, sg is the entropy density today, 4 is the rescaled Hub-
ble parameter, 1 = Hy/(100kms~'Mpc~') ~ 0.7, and gy
is the number of degrees of freedom of the mediator. Increas-
ing the DM coupling A enhances I'y_, x (or equivalently RIEI),
increasing the DM production rate and resulting in a larger
relic abundance. Finally, non-negligible scattering contribu-
tions may also be added to the decay terms in equations (43)—
(45).

In summary, the freeze-in production of DM is a cumu-
lative effect of rare decay or scattering processes involving
the thermalised mediator particle Y, which produces DM at
a very low (sub-Hubble) rate. Consequently, the final DM
abundance decreases strongly with a decreasing coupling
strength X, as shown in Fig. 37. However, as X is reduced
further, a plateau in the relic density is reached, as indicated
at the leftmost end of Fig. 37. We now turn to this extremely
weakly coupled regime.
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4.2.4 SuperWIMP

For extremely small coupling strengths between the mediator
and the DM particle, the superWIMP production mechanism
[38,39] can account for the observed relic DM density, as
shown in Fig. 37. This mechanism typically unfolds in two
distinct stages. First, at temperatures above or around the
mediator mass, the mediator remains in thermal equilibrium
with the SM thermal bath due to its gauge interactions, while
the DM particle is decoupled because of its extremely weak
interaction strength, assuming a negligible initial abundance.
When the temperature drops below the mediator mass, medi-
ator pair annihilation into SM particles becomes Boltzmann-
suppressed and the mediator then eventually freezes out, sim-
ilarly to the usual WIMP mechanism. At this stage, the DM
abundance remains negligibly small because of its tiny inter-
action strength. The evolution of the mediator abundance
during this stage is governed by conventional freeze-out via
its gauge interactions, while conversion to DM is neglected.
The corresponding Boltzmann equation is:

dYy —1 YvYy

el
with a similar equation for the antiparticle ¥. When the age
of the universe becomes comparable to the lifetime of the
mediator, the frozen-out distribution of mediator particles
decays into DM. For each mediator particle one DM par-

ticle is therefore produced. For self-conjugate DM (e.g. , a
Majorana fermion or a real scalar), this implies

YW = (Yy + Y3)lFo. (47)

These decays also produce SM particles, and impart aboost to
the DM particles whose magnitude depends on the mass ratio
between the mediator and the DM particle. This boost can
result in a non-negligible DM velocity distribution, poten-
tially leading to constraints that could be derived from struc-
ture formation. In particular, Lyman-« forest observations
could provide very strong bounds [202,204], as discussed in
Sect. 4.3.3, and the long lifetime of the mediator can addi-
tionally result in collider signatures of long-lived particle
searches and may affect Big Bang Nucleosynthesis (BBN)
[202].

The scenario described above can be modified under cer-
tain conditions, particularly when non-perturbative effects
are taken into account. For instance, the formation of bound
states between pairs of mediator particles can significantly
enhance their effective annihilation rate, yyy [258,261,302].
Specifically, for a mediator that is both coloured and electri-
cally charged, bound states formed through gluon exchanges
together with electromagnetic transition processes among the
different bound state levels can prevent the mediator from
freezing out completely. In such cases, the mediator abun-
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Fig. 39 Diagramatic representation of bound state (8) formation of
two coloured particles via the emission of a gluon, and of the Som-
merfeld Effect relevant for the initial state. Figure adapted from [302]

dance continues to be depleted even at temperatures much
lower than its mass, and this depletion ceases only when
the age of the universe becomes comparable to the mediator
lifetime. When these effects are significant, the two stages
described earlier become interconnected rather than distinct.
Further details on this regime can be found in [261]. On the
other hand, while bound states are also quantitatively rele-
vant for leptophilic models, they do not qualitatively alter the
evolution of the superWIMP mechanism as outlined above.

4.2.5 Non-perturbative effects

The freeze-out of dark sector annihilations typically occurs
when the annihilating particles are non-relativistic. This
regime allows for significant non-perturbative effects, namely
the Sommerfeld Effect (SE) and Bound State Formation
(BSF), that affect the annihilation cross section through mul-
tiple exchanges of light states between the initial or final-
state particles. Non-perturbative corrections in the final state
are neglected here, since the annihilation products are much
lighter than the dark sector particles so that they are relativis-
tic.

Simplified 7-channel DM models always involve a dark
sector particle Y carrying SM charges. Consequently, anni-
hilation involving two SM-charged dark sector particles is
subject to corrections from multiple exchanges of (massless)
gauge bosons. Each exchange of a massless gauge boson
contributes parametrically with a factor of «/v where « is
the relevant coupling constant and v is the relative velocity
between the two initial-state particles, which could be size-
able if « ~ v. During the freeze-out of DM annihilations,
v ~ 0.1. This thus necessitates the resummation of the ladder
diagrams shown in Fig. 39 if @ ~ 0.1, which is particularly
relevant for mediator particles Y charged under SU (3)¢ (as
in the models considered). In the non-relativistic regime, this
resummation reduces to solving the Schrodinger equation for
the wave functions of the initial-state particles, incorporating
a colour potential as discussed in [293,307-310]. Since glu-
ons are massless, the potential at energy scales far above the
QCD confinement scale is Coulomb-like, and can be either

attractive or repulsive depending on the representation of the
initial state particles. In the context of simplified 7-channel
DM models, the dark sector particles are either singlet or lie in
the (anti-)fundamental representation of SU (3)¢. Dark sec-
tor annihilation therefore leads to the following initial state
colour configurations,

3x3=1+8,

_ 48
3x3=3+6. )

Among these, the 1 and 3 configurations result in an attrac-
tive potential, allowing for particle-antiparticle and particle-
particle bound states, respectively, while the 6 and 8 config-
urations are repulsive.

The Sommerfield effect affects both attractive and repul-
sive initial states by capturing the distortion of the incoming
wave functions due to the effective colour potential, which
are otherwise modelled as plane waves. For repulsive con-
figurations, the cross section is reduced, while for attractive
ones, it is enhanced. This effect can be incorporated by mul-
tiplying the perturbatively calculated cross section for each
partial wave by the corresponding SE factor S; [311,312],

oijvij = 3 (0ijvis); (#) ’ (49)
I

ij

where [ denotes the I partial wave.

Bound state formation contributes to the effective annihi-
lation cross section by introducing an additional channel. A
bound state forms via the emission of at least one gluon, and
it can subsequently either decay into dark sector or SM par-
ticles, or be ionised by a gluon from the thermal bath. Only
bound states that decay contribute to the effective annihila-
tion cross section by depleting the dark sector. The related
contribution in the case of a single bound state is given by
[313]

Fdf:c
Lgec + Tion

where (opspv) is the thermally averaged cross section for
bound state formation under the emission of a gluon [301].
The prefactor depends on the bound state decay and ion-
isation rates ['gec and Tjon, and reflects that only bound
state decays into SM particles deplete the dark sector. When
excited bound states are included, transitions between differ-
ent states i and j with rates '/ must be considered, which
yields [258,261,314]

(0effv) — (oefv) + {oBSFV) (50)

trans

(Oeirv) — (oeftv) + Y R; (oBsE,iv), (51)

1

with

Fi—)j -1
trans

Filon + Fdec + Zj;ﬁi 1—1trans
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Fiion + Féec + Zj;ti F:;lé
When summing the bound-state formation contributions to
the cross section over all possible bound states in the final
state, unitarity violation however arises [315,316], although
a possible solution has been recently proposed in [317].

In summary, the annihilation cross section involving two
possibly different coloured particles ¥ and Y, must be mod-
ified to include two classes of non-perturbative effects, Som-
merfeld effect and bound state formation effects,

(ovirv) = 21: <Sl (asz> (ov, sz)z> + Z R; {oBsF.iv).

(53)

The Sommerfeld effect and bound state formation have
been extensively studied in 7-channel scenarios [258,288,
294,295,301-304,318]. Their impact on the interpretation of
the constraints existing in the parameter space is in particular
explored in [302] for freeze-out scenarios and in [258] for
CDFO models.

4.2.6 Altered cosmological histories

The precise measurement of the cosmic abundance of light
element relics provides one of the strongest constraints on
the properties of the universe at the time of their creation,
specifically when BBN occurred at temperatures of approx-
imately 7 ~ O(1) MeV [319]. Experimental data indicates
that the universe must have been in a period of radiation dom-
ination by the time of BBN, with the energy density of the
relativistic particles in the thermal bath driving the expan-
sion. At earlier times, however, the expansion history of the
universe remains uncertain, as no data conclusively estab-
lishes the expansion history between inflation and BBN. This
period could span up to 20 orders of magnitude in energy
(given that the energy scale of inflation must be below 10'6
GeV), during which various phenomena could have altered
the expansion rate, impacting particle interactions and pro-
duction [273,274]. Among the possibilities are low-reheating
temperature scenarios after inflation, early matter domina-
tion epochs [320,321], and faster-than-radiation eras such as
kination [322,323]. These phenomena could result from slow
decays of the inflaton during reheating [274], decays of heavy
particles like moduli fields (scalar fields with generic equa-
tions of state), primordial black holes, quintessence models
of dark energy, and more. For a comprehensive discussion,
we refer the reader to the review [275].

If the production of dark sector particles occurs during
such altered cosmological histories, the evolution of their
densities can change significantly, leading to predictions for
model observables that differ by orders of magnitude [255].
For instance, in scenarios with low-reheating temperatures,
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the reheating phase after inflation may be prolonged, dur-
ing which the inflaton oscillates around the minimum of its
potential and decays into ultra-relativistic particles. This pro-
cess generates a substantial entropy increase in the universe,
causing a non-adiabatic evolution of thermodynamic quanti-
ties. In such cases, the relationship between the temperature
and the scale factor is altered to the general form

T xa*, (54)

where k is a model-dependent real number that under adi-
abatic conditions would be k = 1. If the production of a
relic such as dark matter ceases during the reheating era,
its abundance undergoes dilution until entropy is conserved
again, for instance when the universe transitions back to a
radiation-dominated phase. This dilution can span several
orders of magnitude, drastically impacting predictions for
dark sector particle masses and couplings.

For simplified #-channel DM models, low-reheating tem-
perature scenarios have been studied in [252,254], focus-
ing on freeze-in production for both Majorana and scalar
DM models with scalar and vector-like fermion mediators,
respectively. Ref. [252] highlights that when the reheating
temperature Try is lower than the mediator mass My, such
that DM freezes in during reheating, entropy dilution signif-
icantly reduces the comoving number density. Reproducing
the observed DM relic density for a fixed mass configura-
tion then requires much stronger Yukawa couplings between
DM, the mediator, and the SM fermions. This, in turn, shifts
the collider signatures of the mediator from the long-lived
particle regime to the prompt regime, making the interpreta-
tion of potential signals and constraints from colliders highly
dependent on the reheating history. This result was extended
in [254] to reheating scenarios with potentials of the form
V(¢)  ¢* (k > 2)and different inflaton decay channels into
bosons and fermions, leading to distinct expansion histories
and entropy dilution factors. Such scenarios are motivated
by «-attractor models of inflation [324-326], which predict
inflationary observables consistent with the constraints from
the Planck 2018 analysis [327].

As shown in Sect. 3.3, these findings modify the predic-
tions for LLP signatures, demonstrating the intricate depen-
dence of the results on the reheating potential and the main
inflaton decay channel. This arises from the power-law dilu-
tion of the relic abundance,

©
~

Trh k-1
My

which is true if My 2 Tryg. Although dilution of the
relic abundance necessitates larger mediator decay widths

in freeze-in scenarios, it reduces the DM-SM interaction

T\ %1

th . .

(M > Bosonic Reheating,

Yx ~ Ty x Y (55)

Fermionic Reheating,



Eur. Phys. J. C (2025) 85:975

Page 61 of 96 975

strength for thermal freeze-out production. Since freeze-out
during reheating has not been explored in the context of sim-
plified #-channel DM models, we refer instead the reader to
general discussions in e.g. [277,328,329].

4.3 Dark matter constraints

In this section, we describe the most relevant astrophysical
and cosmological constraints that could be applied to the
models studied.

In Sects. 4.3.1 and 4.3.2, we focus on astrophysical
searches probing DM interactions at the present time, where
DM is cold and clustered within halos in galaxies and galaxy
clusters. The typical velocities v involved range from approx-
imately 10¢ to 10~ 2¢, with v ~ 107 3¢ in the Milky Way,
and current detection methods primarily include indirect and
direct detection approaches. Indirect detection relies on the
annihilation of DM into SM particles in regions with high DM
density, such as the Galactic Centre and dwarf spheroidal
galaxies (dSphs). The SM particles produced through DM
annihilations subsequently decay, shower, and hadronise to
produce a flux of stable cosmic rays (y, e™, p,and v), which
can be detected by space-based and ground-based telescopes.
Direct detection, on the other hand, relies on observing elastic
scattering of DM off protons or neutrons within underground
detectors, where the scattering produces a measurable recoil
of the associated nucleus. However, these detection meth-
ods are most effective in probing the canonical freeze-out
regime, where the DM annihilation or DM-nucleon scattering
rates are sufficiently large. In contrast, scenarios that involve
the freeze-in, superWIMP, or conversion-driven freeze-out
mechanisms predict extremely small rates that are typically
not testable with these methods. Instead, such scenarios often
give rise to the interesting long-lived particle signals at col-
liders that have been discussed in Sect. 3.3.

Cosmological constraints are presented in Sect. 4.3.3.
While constraints from the cosmic microwave background
(CMB) apply broadly across all DM scenarios, constraints
from Big Bang Nucleosynthesis and structure formation are
particularly relevant for CDFO and freeze-in and super-
WIMP scenarios.

Several computational tools are available to automatically
calculate DM observables and constraints such as those orig-
inating from the calculation of the relic density, as well as
indirect and direct detection predictions. These tools gener-
ally perform calculations at LO, with some also offering a
handle on NLO or loop-induced processes, and most of them
facilitate automated testing of model parameter space against
a wide range of experimental observables. The set of most
comprehensive and widely used tools includes microMEGAs
[53], MadpuM [56], Darksusy [330] and camBIT [331].

4.3.1 Indirect detection

Predictions for present-day annihilation of DM in dense
astrophysical environments, in the context of minimal sim-
plified models coupling DM to fermions (quarks and/or lep-
tons), depend strongly on the spin of the DM particles. The
dominant tree-level annihilation process, XX — f f , 1S
illustrated by the Feynman diagram shown in the top left
corner of Fig. 38.

For Majorana and real scalar DM, this process is P-wave
and D-wave suppressed, respectively, with the S-wave contri-
bution being proportional to the fermion mass. This S-wave
contribution is therefore negligible in the chiral limit or for
top quarks in scenarios featuring DM and mediator masses
above a few hundred GeV. For complex scalar DM, this sup-
pression is still relevant, and it is primarily P-wave. There are
however two processes that could enhance the detectabil-
ity of such DM particles. Virtual internal bremsstrahlung
(VIB), where the final-state quark pair or lepton pair is pro-
duced alongside a photon emitted by the internal 7-channel
propagator (XX — f fy), can provide significant correc-
tions to the tree-level annihilation cross section under cer-
tain mediator-DM spectrum configurations, overcoming P-
wave suppression by orders of magnitude. Moreover, VIB
yields a sharp spectral feature at the high-energy end of
the gamma-ray spectrum, that could enhance the sensitiv-
ity of related experiments [21,332-341]. Additionally, loop-
induced annihilation processes, such as XX — yy, yZ, or
y H, produce distinctive gamma-ray lines that have the poten-
tial to directly reveal the DM mass [342-347]. Representative
Feynman diagrams for these two sets of processes are given
in Fig. 40, and we emphasise that analytical expressions for
the most studied models are available in the literature, such as
in [21,201,337,338]. Moreover, automated tools like MadDpM
could be used to compute predictions for such higher-order
processes for any DM model, provided that the Lagrangian
is translated in the UFO format at NLO [47].

In freeze-out scenarios where DM self-annihilation dom-
inates and proceeds via S-wave processes (as for Dirac, real
vector and most complex DM models except when it is a
scalar), indirect detection signals are typically expected in
the form of a continuum of photons, positrons, neutrinos
and antiprotons. However, in regions where co-annihilation
or bound-state formation plays an important role (typically
when the mediator mass is less than about 1.2 times the DM
mass), the connection between the relic density and indi-
rect detection can weaken or break down entirely. In par-
ticular, if the relic density is set by processes involving the
pair-annihilation of the co-annihilating partner (such as Y'Y
annihilations to a pair of SM particles), no indirect detec-
tion signal is expected today. Nonetheless, in the mass and
coupling ranges considered, annihilation cross sections near
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Fig. 40 VIB and loop-induced processes contributing to DM indirect detection through the production of gamma-ray lines and other features in

the gamma-ray spectrum

the canonical value of 10726 cm? /s still arise in considerable
parts of the parameter space.

The search for gamma-ray fluxes from DM annihilation in
dwarf spheroidal galaxies, as performed by the Fermi-LAT
satellite [348,349], is among the most sensitive methods to
probe 7-channel DM models, and it can exclude a large por-
tion of the parameter space of minimal models [25]. Mea-
surements of cosmic-ray antiproton fluxes by the AMS-02
experiment at the International Space Station [350-352] pro-
vide complementary constraints on DM annihilation in our
galaxy, particularly for higher DM masses. While gamma-
ray lines and VIB are higher-order contributions, they yield
sharp spectral features that can be distinguished from smooth
astrophysical foreground emission [333]. These features lead
to excellent experimental sensitivity from Fermi-LAT [353]
and other gamma-ray observatories, and allow us to probe
cross sections well below 10726 ¢cm3 /s for a wide range of
DM masses. We should however keep in mind that theoreti-
cal predictions for these higher-order processes are however
also often smaller than this benchmark value.

For DM models involving leptonic interactions, annihila-
tions into neutrinos, either monochromatic or as a continuum,
are instead relevant. Although the observation of the associ-
ated signal is partially challenged by continuum photon emis-
sion [354] and the existing antiproton flux [355], neutrinos
produced from DM annihilation can in principle be detected
by current and future neutrino telescopes like IceCube [356]
and KM3NeT [357]. This has been particularly demonstrated
for specific models such as secluded ¢-channel models and
U(1)r,—L, gauge scenarios [358-360].

Finally, gamma-ray line searches by HESS [361,362] and
MAGIC [363], along with neutrino searches, provide sensi-
tivity to very heavy DM, offering a complementary probe to
collider experiments limited by the current centre-of-mass
energies and luminosities.

4.3.2 Direct detection

The standard direct detection signal considered in simplified
t-channel models is the scattering of dark matter off nucle-
ons. This signal varies significantly depending on the nature
of the DM particle, the charge of the mediator, and its cou-
pling to the SM particles. In this section, we illustrate the
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discussion by considering the case of fermionic (Majorana
or Dirac) DM. Similar developments can easily be achieved
for bosonic DM models. For a recent work on direct detection
of t-channel models we refer to [364].

For a Dirac DM particle, interactions with nucleons can
be described by the representative Feynman diagrams shown
in Fig. 41, which depicts tree-level and one-loop contribu-
tions. These include the tree-level scattering process featur-
ing the exchange of the coloured scalar mediator Y (first two
diagrams in the bottom row), as well as one-loop penguin
diagrams mediated by the photon, the Z boson, or the Higgs
boson (two rightmost diagrams in the bottom row). While the
tree-level contributions only arise for DM coupling to the up
or down quark, the loop-induced subprocesses arise univer-
sally, regardless of the choice of SM fermion connecting the
dark and SM sectors. Additionally, box and triangle diagrams
involving two external gluons appear at one-loop, and are
ubiquitous of a model where the DM couples to a coloured
mediator. We now discuss below the effective Lagrangian
interactions between the DM state and nucleons arising in
each case.

If the DM particle is a Dirac fermion and couples at tree
level to a first-generation quark, the dominant contribution
to the scattering cross section comes from the 7-channel
exchange of the scalar mediator Y, as depicted in Fig. 41.
For the DM antiparticle X, scattering off quarks occurs addi-
tionally via s-channel exchanges of the mediator. After a
Fierz rearrangement of the corresponding matrix elements,
these diagrams yield a vector interaction of the X states with
quarks, which translates into an effective vector interaction
with nucleons N,

o .
Letitree = [y yoe XV X NyuN. (56)

This leads to spin-independent interactions in the non-
relativistic limit, with the effective couplings for protons
and neutrons appearing in this expression, fé"y t)ree and f‘(,f’t)ree,
being given by

21y for coupling to ug
I
=\ Av

V tree for coupling to dg ;

31y for coupling to (ur,dr)
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Fig. 41 Illustrative Feynman diagrams contributing to DM-nucleon
scattering, where we select as an example the case of fermionic DM.
We include all diagrams that account for the scattering off gluons at
one-loop and that are always present regardless of the model details

Ay for coupling to ug
(n)

Vitree = 2 Ly for coupling to dg s 57
3 Ay for coupling to (ur, dr)
with
)\‘2
Ay = —————. 58
TSy -3 9

Due to vector current conservation, similar spin-independent
tree-level contributions relevant for DM coupling to second-
generation or third-generation quarks vanish, and they are
(obviously) irrelevant for DM coupling solely to leptons.
These diagrams also generate an axial-vector interaction of
the form flgl’\;)ee}_( y"*ys X gy, ysq thatleads to spin-dependent
interactions. The coupling constants of the axial-vector and
the vector interaction terms are generally comparable in size
in 7-channel models. Therefore, given that the experimental
sensitivity to spin-independent interactions is several orders
of magnitude better than in the spin-dependent case, this
axial-vector contribution can usually be neglected.

For a Majorana DM particle coupled to first-generation
or second-generation quarks, the vector current vanishes at
tree level. Spin-independent interactions then arise predomi-
nantly from higher-order effects, like interactions with gluons
via loop diagrams such as those shown in Fig. 41, or higher-
order corrections to the conventional mediator exchanges
present at tree level. These generate a higher-dimensional
effective Lagrangian involving quark and gluon operators,

(1)
o 8 o .
L= f,Xxx 00 + MLX X(idky" +id"y")X 02,
e
+ M— X(i9")(i9") X 0%,

X (59)

M
. 86 o/ .
fo XX 0P + MLX X(io"y" +id"y*)x 09,

eff __
L, =

(2

86
+ M_x X(i9")(i0")X 0F),,,.

(top row), tree-level scattering (relevant if the DM couples to an up or
down quark) and the one-loop exchange of a photon, Z boson or Higgs
boson

Here, the operators O represent the scalar and higher-twist
quark and gluon operators defined by

1 1
O((IO) =myqq, 0512)”” = 5(} <y{“iDV} — Zg””ilD_> q
0) — ~A LA
oY =Ga, G,
1
O = —GUHGH, + 2¢" (Gip)?, (60)

where we have introduced the standard shorthand notation

1
AMB") = Z(A"B" 4+ A"B") and DY = D" & DH,

(61)

with D being the usual covariant derivative. These operators
yield the nucleon matrix elements detailed in [22,365,366],
with the analytical expressions for the corresponding Wil-
son coefficients f,, fg, ((]l), gfiz), gg ), and gg ) given
in [22,366,367]. Since these Wilson coefficients are gen-
erated from higher-order contributions, the resulting spin-
independent and spin-dependent cross sections are compara-
ble. Consequently, constraints from spin-independent cross
sections typically dominate when the DM and mediator
masses are close, while constraints from spin-dependent rates
dominate for DM masses comparably smaller than the medi-
ator mass [366]. Finally, although such contributions also
exist for models featuring a Dirac DM fermion, the resulting
Wilson coefficients are subdominant and thus often ignored.

If the DM does not couple to first-generation and second-
generation quarks, the penguin diagrams in Fig. 41 become
more significant. Regardless of the precise SM fermion
species involved, the DM interaction with quarks necessar-
ily induces, at the quantum level, DM-nucleon scattering
due to penguin diagrams mediated by a photon, a Z boson,
or a Higgs boson. The photon-mediated diagram generates
electromagnetic moments for the DM particle X, with the
most relevant ones in the case of Dirac DM being the mag-
netic dipole moment py and the charge radius by. These are
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described by the effective DM-photon Lagrangian'?
Loy = "2—XXUWXFW + by Xy X0"F,,. (62)

The electromagnetic moments @y and by are determined by
matching the coefficients of this effective Lagrangian to the
results of explicit loop diagram calculations. Moreover, in the
case of Majorana DM, all vector currents vanish, rendering
thus these interactions irrelevant.

Similarly, DM interactions with the Z boson arise at one-
loop, and induce effective vector interactions of the form

Lerz = 139 Xy" X Ny,N, (63)
where

() _ <4S2 _ 1) Graz o _ Oraz
V.Z w \/E ’ V.z ﬁ

Here, G r represents the Fermi constant, sy the sine of the
electroweak mixing angle, and az is an effective form fac-
tor whose analytical expression can be found in [340]. Fur-
thermore, for DM coupling to the doublet of left-handed

(64)

SM fermions, we have a(Z”L’dL) = —ag‘R) — a(ZdR) and
agb”) = —a(ZER).The DM effective coupling to the Z boson

scalesas (M /M ¥)?, making this contribution subdominant
compared to photon exchange, except in scenarios where DM
couples to the third-generation fields ¢z or (¢1, br).

The last penguin diagram in Fig. 41, i.e. the Higgs-
mediated one, induces a coupling of the DM state X to the
SM Higgs boson &, which in turn generates the effective
DM-nucleon interaction
LeiHiges = fijggs XX NN, (65)
where expressions for fS(,II\-/[)iggs are provided in [340,369].
Since the coupling of fermions to the Higgs boson is propor-
tional to their mass, this contribution is subdominant for DM
coupling to light SM fermions. However, for DM coupling
to third-generation quarks, the Z-exchange contribution is
always dominant, making the Higgs exchange negligible as
well. Additional contributions to the DM-Higgs interaction
may arise from quartic couplings involving the scalar medi-
ator and the Higgs boson, but even with quartic couplings of
O(1), the Higgs-mediated contribution remains subdominant
in DM-nucleon scattering.

Finally, in general and for any coupling to a Standard
Model fermion, the running of the A coupling from the elec-
troweak scale down to the GeV scale significantly enhances
direct detection cross section predicted values [366], often

13 The same diagram also induces an anapole moment, corresponding
to the effective operator Xy " y5 X" F, wv- However, this operator is sup-
pressed in the non-relativistic limit by the square of the DM velocity,
and is thus always subdominant in the #-channel models considered
[368].
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generating additional low-scale operators absent at the tree
level [370].

In the parameter space of the ¢-channel mediator mod-
els discussed in this work, searches for spin-independent
nucleon-DM scattering in data from the experiments
XENONIT [371], XENONNT [372], and LZ [373] have
achieved unprecedented sensitivity, imposing constraints
even on loop-suppressed interactions. For models with cou-
plings to first-generation quarks, next-generation experi-
ments such as DARWIN [374,375] are expected to explore
much of the currently viable parameter space, as their reach
on the spin-independent scattering cross section exceeds the
neutrino background [376]. Regarding spin-dependent pro-
ton scattering, the PICO-60 experiment [377] sets strong
exclusion limits for DM masses below 500 GeV, even for
Majorana DM [368]. In contrast, xenon-based detectors pro-
vide the strongest limits for spin-dependent neutron inter-
actions. While this review was being finalised, impressive
new results were released by PandaX-4T [378] and LZ2025
[379]. In particular, the LZ2025 exclusion limit for spin-
independent DM-nucleus scattering improves upon that of
XENONNT by more than an order of magnitude. These
updated bounds are not included in the present analysis.

The sensitivity of direct detection experiments to all these
operators is constrained by the minimum threshold energy
required to produce detectable excitations in the detector
material. For nucleon-DM scattering, the recoil energy is
well below the detection threshold for sub-GeV DM masses
[380,381]. In such cases, electron-DM scattering offers a
promising alternative, as the larger available energy allows
triggering inelastic atomic processes that produce visible sig-
nals [382]. An expanding experimental programme aims to
explore this, including Super-CDMS [383], DAMIC [384],
SENSEI [385], PandaX-II [386], DarkSide-50 [387], and
XENONI1T-S2 [388].

4.3.3 Early universe constraints

The early universe provides a wealth of constraints on the
DM properties and interactions, through in particular obser-
vations of the CMB, BBN and structure formation.

The CMB anisotropies are a powerful tool for probing the
history and content of the early universe, and their analy-
sis constrains the DM abundance to Qxh? = 0.120 & 0.001
[178]. Moreover, DM candidates that annihilate or decay into
SM particles can alter the reionisation history, thus affecting
the CMB anisotropy spectrum. This results in an upper bound
on the annihilation efficiency, pann < 3 x 10728 cm3/s/GeV
[178], where pann = fer(ov)/Myx with fe representing
the fraction of energy from annihilation transferred to ioni-
sation at redshifts relevant to CMB data. This bound, how-
ever, may not directly apply to ¢-channel scenarios where
the DM annihilation cross section is P-wave or D-wave sup-
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pressed (see Sect. 4.3.1). For the scenarios considered here,
we should instead rely on the fact that the DM particle itself
cannot decay in the early universe, but the mediator can. CMB
anisotropies can then constrain the lifetime of the decaying
particles, with bounds such as 7 > 1013 s [389]. However,
stronger additional constraints also stem from Lyman-« for-
est data (see below). On the other hand, particles featuring
shorter lifetimes can be constrained either by CMB spectral
distortions or by BBN data (as discussed below too), and the
CMB can finally also probe the effective number of relativis-
tic degrees of freedom N.gr near the surface of last scatter-
ing with similar precision to BBN constraints. Unfortunately,
for DM produced with relatively large momenta through the
freeze-in or superWIMP mechanisms, the Planck 2018 Negr
bounds are always less stringent than those originating from
the Lyman-« forest data analysis and applicable to DM free-
streaming [204].

CMB spectral distortions also test the nature of the dark
sector. These distortions, which arise from non-standard
energy injection (e.g. from particle decays or annihilations)
that disrupts the thermodynamic equilibrium between pho-
tons and free electrons after BBN (z < 10%), can be probed
and thus used as constraints on models [390]. The FIRAS
instrument on COBE measured the CMB energy spectrum,
and it found it consistent with a perfect black-body spectrum
at Ty = 2.725 £ 0.002 K [391,392]. For mediator decays

15keV x ( 106.75 )1/3

My > 8+«(Trn)

8x(Tsw)

_ 1/3
3.8GeV x (REV/10712) 2 (M) for superWIMP,

Within the context of the 7-channel models considered
here, feebly interacting DM produced from decays or scat-
terings off an heavier mediator in the earlier universe can
have very large momentum at the time of production com-
pared to their mass, thereby affecting small scale struc-
tures and possibly leaving an imprint similar to warm DM
(WDM) through free-streaming. The Lyman-« forest data,
a typical tracer of small-scale structure clustering, pro-
vide stringent upper bound on the mass of thermal WDM,
Myam 2 5.3 keV [396]. Translating these constraints to
non-thermally produced DM, via for example freeze-in or
the superWIMP mechanism, requires costly hydrodynami-
cal simulations or approximations using velocity dispersion
or free-streaming scale comparisons [204-206,397—401].
Another more advanced approach requires to determine the
non-cold DM velocity distribution at the time of production,
feed it to a Boltzmann solver such as [402], obtain the cor-
responding linear power spectrum or the associated transfer
function, and compare those to the WDM results. Finally, we
could also employ the area criterion [204,206,397,398].

Remarkably, for freezing-in and superWIMP DM, the
velocity distributions are similar in shape to the thermal
WDM case but shifted, allowing a straightforward mapping
of WDM bounds to constraints on Mx [204]. The result-
ing Lyman-« forest constraint can generally be expressed as
[204]

for freeze-in through decays,

(66)

with lifetimes 10* s < 7 < 1013 s, CMB spectral distortions
provide stronger constraints than CMB anisotropies, though
they are still weaker than those originating from BBN. Future
experiments such as PIXIE or PRISM have nevertheless the
potential to significantly improve the bounds [390].

Big Bang Nucleosynthesis, which occurred at TggpN ~
0.1 MeV, is another critical probe of dark matter. New par-
ticles can affect the primordial abundances of light nuclei
by altering the Hubble rate or the entropy density of the uni-
verse. This leads to constraints on Neg, which are comparable
to those originating from the CMB [393], but less stringent
than the Lyman-« forest bounds discussed below. In addi-
tion, if the mediator has a lifetime longer than approximately
0.1 s, its decay can induce non-thermal nuclear reactions dur-
ing or after BBN, modifying standard predictions [394,395].
Such constraints are especially relevant for superWIMP pro-
duction scenarios involving mediators with lifetimes 10* s
< t < 103 s that decay into hadronic final states. For exam-
ple, in top-philic scenarios, these constraints help close the
existing gap between constraints stemming from Lyman-«
forest probes and the collider limits [201,204].

where My > My and My > My, Rr is the dimensionless
parameter introduced in (44) and proportional to the media-
tor decay rate and inversely proportional to its mass squared,
and g, denotes the number of relativistic degrees of freedom
at production. Notably, Lyman-« forest data can probe DM
masses well above the naive keV scale in the case of super-
WIMP production, depending on the mediator’s lifetime and
mass.

4.4 Cosmological constraints for benchmark models

In this section, we summarise the cosmological and astro-
physical constraints that could be imposed on several of
the benchmark models considered. We start by examin-
ing minimal ¢-channel DM models in scenarios where the
observed relic density is reproduced through conventional
freeze-out, conversion-driven freeze-out and through the
freeze-in/superWIMP mechanism in Sects. 4.4.1.1, 4.4.1.2
and 4.4.1.3, respectively. The discussion is thus structured by
distinguishing between the different DM production mech-
anisms responsible for explaining the relic density across
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distinct domains in the model parameter space. Leptophilic
models are next investigated in Sect. 4.4.1.5, before we finally
turn in Sect. 4.4.2 on non-minimal models. More precisely,
Sects. 4.4.2.1, 4.4.2.2, 4.4.2.3 and 4.4.2.4 are dedicated to
models featuring multiple DM states X; (e.g. flavoured
DM), multiple mediators (e.g. frustrated DM), and mixed
t-channel and s-channel mediator scenarios.

Itis important to note that the selection of benchmark mod-
els presented here is not exhaustive. The choices are primarily
guided by the availability of existing results and do not aim
to reflect theoretical preferences for any specific models. For
minimal quark-philic models, most studies have focused on
couplings to right-handed quarks of the first and third genera-
tions. Similarly, investigations of minimal leptophilic models
have predominantly concentrated on couplings to muons.

4.4.1 Minimal simplified models

4.4.1.1 Minimal quark-philic models in the canonical freeze-
out regime

Figure 42 illustrates the cosmologically viable regions of
the parameter space for six minimal models described in
Sect. 2.1 in which the DM candidate couples to the right-
handed up quark u g, three of them with a real DM candidate
and three of them with a complex one. Specifically, these
include self-conjugate scalar DM (¥3s, top left), Majorana
DM (s3u, central left), real vector DM (£3v, bottom left), as
well as complex scalar DM (F3c, top right), Dirac DM (s3D,
central right), and complex vector DM (r3w, bottom right)
candidates. The results are displayed in the plane defined by
the DM mass My and the relative mass splitting My /Mx — 1.
Moreover, the grey-scale colour map indicates the value of
the coupling XA required to achieve the observed DM relic
density, Qh?% ~ 0.12 [178]. As the DM mass and mass split-
ting increase, the coupling value necessary to match the relic
density also grows. Consequently, the white regions in the
upper-right corners of the panels correspond to overabun-
dant DM scenarios, where the annihilation cross section is
insufficient within the perturbative regime of the coupling.
Conversely, for small mass splittings, co-annihilation effects
involving the mediator become increasingly significant. The
white regions in the lower-left corners thus represent under-
abundant scenarios, where mediators remain in chemical
equilibrium with the thermal bath and dominate the anni-
hilation process due to the large associated cross section.
Although this condition persists for couplings A > 1074,
cosmologically viable solutions also exist for smaller cou-
plings of the order of 1079, In such cases, the relic density is
determined via conversion-driven freeze-out [34], in which
the above chemical equilibrium breaks down due to semi-
efficient conversion processes between the DM particle and
the mediator. This regime, opening a new part of the param-
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eter space, has not been explored in [25], despite that for
A < 10™* all astrophysical constraints are naturally evaded.

In the canonical freeze-out regime, direct detection con-
straints originating from spin-independent DM interactions
with nuclei represent the strongest constraints across all
six models. They are found to exclude the entire sampled
parameter space for all three complex DM classes of sce-
narios, as shown in the right panels of Fig. 42. This leaves
the conversion-driven freeze-out region as the sole viable
regime for these models. In contrast, for self-conjugate DM
models, portions of the parameter space remain unaffected
by direct detection bounds. Nevertheless, combining con-
straints from direct detection (both spin-independent and
spin-dependent bounds), indirect detection via gamma-ray
and cosmic-ray antiproton observations, and robust limits
from Z-boson visible decay measurements excludes signif-
icant portions of the parameter space, as depicted in the
left panels of Fig. 42. For real scalar DM, these constraints
exclude all scenarios with DM masses below 800 GeV or
mediator masses below 2 TeV. For Majorana DM and real
vector DM, a similar exclusion pattern arises, except for iso-
lated allowed regions featuring scenarios with Mx < 4 GeV
and 100GeV < My < 200 GeV respectively. In the latter
cases, cosmic-ray antiproton data provide key constraints for
200GeV < My < 800GeV, similar to the scalar DM case.
Here, indirect detection bounds are particularly stringent for
vector and Dirac DM, due to the S-wave nature of the anni-
hilation process into quark pairs. For additional results on
these models, we also refer to [339].

We now turn to simplified models in which the DM state
interacts with the right-handed top quark ¢g. In the left panel
of Fig. 43, we show the viable parameter space of a top-
philic model featuring a Majorana dark matter state and a
coloured scalar mediator (namely the s3M_tR class of mod-
els), as obtained in [201]. Constraints on the parameter space
are displayed in terms of the DM mass My and the mass
splitting My /My — 1 between the mediator and the DM
particle. At each point in the parameter space, the Yukawa
coupling strength A between the DM and the mediator is fixed
to ensure that thermal freeze-out produces the observed DM
relic density, QA% = 0.12, the green contours being isolines
of constant X value.

The features at low DM masses arise due to resonant con-
tributions from processes such as XX — h — bb via
the loop-induced X X% coupling, as well as from the co-
annihilation channel XY — ¢t — Wb. Additionally, 2 — 3
processes like XX — Wtb, which are relevant below the
tt threshold, and loop-induced processes like XX — gg,
are included in our calculations. For mediator annihilation
YY — gg, Sommerfeld enhancement is accounted for, fol-
lowing [340], although bound-state effects are not included.
In the lower-right region, below the black solid line, the DM
relic density can only be explained via conversion-driven
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Fig. 42 Constraints on minimal simplified 7-channel DM models
from cosmological and astrophysical observables, as well as from the
measured Z-boson visible decay width. The coloured region in the
(Myx, My /Myx —1) plane represents scenarios that achieve Qh? ~0.12,
with the coupling value A indicated by the grey-scale colour map. The
left (right) panels correspond to models with self-conjugate (complex)
DM, featuring scalar (top row), fermionic (middle row), and vector
(bottom row) DM particles. The hatched regions indicate exclusions
from gamma-ray searches (‘ID gamma rays’, including gamma-line
searches from Fermi-LAT [353] and HESS [403] from the galactic cen-
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tre and gamma-ray continuum searches in dSPhs by Fermi-LAT [348]),
cosmic-ray antiproton searches (‘ID antiprotons’), DM direct detec-
tion via spin-independent and spin-dependent interactions (‘DD ST’ and
‘DD SD,’ respectively, including limits from LZ [404], PICO-60 [377],
CRESST-III [405] and DarkSide-50 [406]), and Z-boson visible decays
(‘Z decay’, from [407]). The blank upper region corresponds to scenar-
ios requiring non-perturbative couplings, while the white region at the
bottom represents the CDFO regime (see Sect. 4.4.1.2). This figure is
taken from [25], where further details can be found
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Fig. 43 Cosmologically viable region of the parameter space of mod-
els featuring a DM state coupling to the right-handed top quark ¢ (with
Qh? = 0.12), and constraints shown as functions of the DM mass Mx
and the relative mass splitting My /My — 1. The left panel corresponds
to Majorana DM, while the right panel depicts a scenario with real scalar
DM. These plots are based on the results from [201] and [27], respec-

freeze-out, which will be discussed in Sect. 4.4.1.2. In addi-
tion, the dark grey region at large relative mass splittings
is excluded due to DM overproduction, and the purple-
shaded region is excluded by direct detection constraints
from XENONIT [408]. Here, the loop-induced X X/ and
X X gg couplings originating from box diagrams play a criti-
cal role as they mediate DM-nucleon scattering through par-
tonic processes like Xg — Xg. The ‘blind spot’ in the direct
detection constraints, visible at mass splittings of approxi-
mately 100 GeV in the left panel of Fig. 43, arises from
destructive interference between these loop-induced contri-
butions. Finally, indirect detection limits are relevant only
within a very narrow band near the Higgs resonance at
Myx >~ My, /2, and are thus not shown here. In this region, DM
annihilation predominantly proceeds via the loop-induced
DM-Higgs interaction, as detailed in [201].

In the right panel of Fig. 43, we move on with a study of
the constraints that can be imposed on the parameter space
of a simplified model with a real scalar DM candidate and a
top-philic vector-like fermion mediator, as examined in [27].
In the white region above the black solid line, the measured
DM abundance can be achieved with WIMP-like couplings
(A ~ 1072 t0 O(1)) through canonical freeze-out. Below this
line, the DM relic density can instead be explained via the
CDFO mechanism, which requires much weaker A coupling
values. In the WIMP region, constraints from both direct and
indirect DM searches exclude substantial portions of the cos-
mologically viable parameter space, as visible by the parame-
ter space regions excluded when combining direct detection
constraints from XENONIT [408], indirect detection con-
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tively, and the direction detection (DD) constraints on both plots are
derived from the XENONI1T bounds. The thick black line separates the
WIMP region (above) from the CDFO region (see Sect. 4.4.1.2), and
the shaded regions denote exclusions due to the various experimental
and theoretical constraints discussed in the text

straints from AMS-02 antiprotons [350], and the projected
sensitivity of Fermi-LAT after 15 years of exposure [409].
Here, the related calculations necessitated a detailed treat-
ment of radiative corrections, which was provided in [341],
and that accounts for the non-negligible mass of the final-
state SM particles in the relevant processes. NLO processes
are particularly important during freeze-out as the LO anni-
hilation cross section is D-wave suppressed [337]. In fact, for
any #-channel DM models where the DM couples exclusively
to the third generation, QCD corrections must be considered
[27]. For instance, in all scenarios where the DM couples to
the right-handed top quark 7z, loop-induced DM annihilation
into gluons dominates and determines the relic density below
the b-quark threshold [201].

Finally, we turn on the simplified models featuring univer-
sal couplings to all generations of SM fermions. In Fig. 44,
we present the exclusion limits on the parameter space for
the DM model s3M_uni with a SM-singlet Majorana DM
candidate. This candidate couples universally to all SM up-
type right-handed quarks via three mass-degenerate media-
tors, thus with a unique coupling strength A. As above and
following [302], the constraints on the parameter space are
shown in the plane defined by the DM mass and the mass
splitting between the mediator and the DM particle. At each
point in the plane, A is fixed to ensure that the observed
DM relic density, Qpm = 0.12 &+ 0.005, is not exceeded.
The relic density calculation takes into account LO annihila-
tion and co-annihilation processes, Sommerfeld effects, and
bound state formation. In the grey-shaded region, freeze-out
underproduces DM, requiring alternative production mecha-



Eur. Phys. J. C (2025) 85:975

Page 69 of 96 975

10

10°

107 ¢

I\[y/]\fx -1

1072 SD Pico-60

Conversion driven
freeze-out

]0—3._--.1....1...1 P

0.5 1.0 1.5 20 25 3.0
My [TeV]

Fig. 44 Constraints on a simplified DM model featuring three mass-
degenerate mediators universally coupling to a Majorana DM can-
didate and all generations of SM right-handed up quarks. The blue
solid lines are isocontours with fixed A, as labelled. The black-shaded
region represents parameter values where avoiding DM overproduction
would violate perturbative unitarity. The green and magenta areas show
exclusions from spin-independent and spin-dependent direct detection
experiments, respectively, and the grey-shaded region corresponds to a
DM relic density explained through the CDFO mechanism. The results
incorporate the effects of bound states, including their excitations, on
freeze-out dynamics. This plot is adapted from [302]

nisms to account for the observed DM abundance. Although
such mechanisms are not explicitly addressed for this model,
their phenomenology is expected to align with the CDFO and
freeze-in/superWIMP regimes discussed in Sects. 4.4.1.2 and
4.4.1.3.

The green-shaded region in Fig. 44 represents spin-
independent direct detection constraints. For a Majorana
DM candidate, all vector couplings to the SM neutral gauge
bosons, including in particular those to the Z-boson that
would otherwise lead to strong constraints, are identically
zero. However, at the one-loop level, a DM-gluon cou-
pling arises, yielding significant constraints at small mass
splittings. These constraints are particularly sensitive for
mass splitting values around the top quark mass (My —
Mx ~ M;), where a resonant behaviour from top quarks
running in the loop amplifies the effect. The magenta-
shaded region corresponds to spin-dependent direct detec-
tion constraints, which mainly arise from tree-level interac-
tions. Since spin-dependent limits are typically much weaker
than spin-independent ones, they generally play a subdom-
inant role unless the mass splitting is relatively large or
the DM mass is small. However, spin-dependent constraints
could become more significant in the future, especially with

improved experimental sensitivities such as those projected
for DARWIN, where they may even dominate for large
mass splittings. Lastly we emphasise that Fig. 44 provides
enough information to complementarily combine collider
and cosmology exclusions, by appropriately incorporating
the results from the collider section. For instance, the bounds
determined in Figs. 1 and 3 can be directly applied in the large
A regime where first-generation mediator production domi-
nates the collider signal.

4.4.1.2 Minimal quark-philic models in the CDFO regime
In all models discussed in Sect. 4.4.1.1, the cosmologically
viable parameter space that explains the relic density via
canonical freeze-out is limited to regions featuring not too
small mass splittings (up to a certain DM mass well in the
TeV range). In the small mass splitting regime, the DM
density can be explained instead by the CDFO mechanism
[34,35], as described in Sect. 4.2.2. This region is left blank
in Fig. 42 and marked accordingly in Figs. 43 and 44. At
the boundary between the canonical freeze-out and CDFO
regimes, the required couplings decrease by several orders
of magnitude, from a WIMP-like magnitude (1072 to O(1))
above the boundary to approximately 10~ deep in the CDFO
region. Consequently, the lifetime of the mediator Y increases
sharply, rendering it long-lived with striking implications for
its signatures at colliders that we have discussed in Sect. 3.3.
Since the CDFO scenario has been studied in detail in the lit-
erature for bottom-philic and top-philic models, the follow-
ing discussion focuses solely on these cases. For mediators
coupling to first-generation or second-generation quarks, the
phenomenology is nevertheless expected to be very similar
to the bottom-philic case.

For bottom-philic Majorana DM scenarios with a coloured
scalar mediator (namely the s3M_br class of models), the
constraints on the parameter space are shown in Fig. 45.
In the region below the thick black line, the observed relic
density can be explained within the CDFO scenario. The
required values for the Yukawa coupling A, of the order of
107, are indicated by green dashed contours. Isolines of con-
stant decay length of the mediator are also shown, this time
through grey dotted lines. In the bulk of the parameter space
region above the kinematic threshold for the mediator’s two-
body decay, the decay length ranges from approximately 1 m
(for small mass splittings) to 1 mm (near the upper boundary
of the CDFO regime). Below this threshold, it becomes sig-
nificantly larger, often exceeding the dimensions of typical
LHC detectors. Unlike in the canonical freeze-out regime, the
CDFO parameter space is not subject to strong constraints
from direct or indirect detection due to the very weak DM-SM
coupling, rendering the LHC searches the unique probes for
this scenario. On the cosmological side, the dilution of dark
sector particles is driven solely by mediator-pair annihila-
tion. Thermal decoupling is a prolonged process, extending
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Fig. 45 Parameter space regions of a bottom-philic Majorana fermion
DM model [258] compatible with the observed relic density. The left
panel shows the required couplings and the resulting decay length of
the mediator, with the CDFO region lying below the thick black line.
The results account for Sommerfeld enhancement and excited bound
state effects. The right panel highlights the significance of bound state

deeper into the non-relativistic regime than in the conven-
tional freeze-out case. As a result, non-perturbative effects,
such as Sommerfeld enhancement and bound state forma-
tion, play a particularly significant role [258]. These effects
substantially extend the size of the CDFO regions in the
parameter space, as illustrated in the right panel of Fig. 45.
The red lines represent LO tree-level results, while the blue
lines incorporate Sommerfeld enhancement and the effects
of excited bound states, including states up to a principal
quantum number of n = 15.

For top-philic models, the phenomenology exhibits dis-
tinctive features by virtue of the large top mass M;. The
regions of the parameter space relevant for the CDFO regime
corresponds to the one below the solid black line in Fig. 43.
Here, we focus on the Majorana DM case explicitly studied
in [201], as the corresponding CDFO region for scenarios
with real scalar DM solely extends to slightly higher masses
and does not exhibit any different feature. A key difference
from the bottom-philic scenario is that the two-body decay of
the mediator is kinematically forbidden throughout the entire
CDFO region. Since My — Mx < Mw + M}, the mediator’s
decay instead proceeds via very suppressed four-body chan-
nels. Consequently, the decay length of the mediator is large
compared to the dimensions of the LHC detectors across the
entire CDFO parameter space, despite the larger A coupling
values relevant for top-philic scenarios. However, the large
lifetimes of the mediator also imply that certain regions of
the parameter space are inconsistent with successful BBN.
These regions are shaded in red in the figure. Contours of
constant coupling strength are additionally shown in green,
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effects in this scenario, showing the CDFO contour’s boundary (solid
lines) along with isolines of constant A values in the canonical freeze-
out regime (dashed lines). Results including Sommerfeld enhancement
and bound state effects are shown in blue, while those without these
effects are shown in red

ranging from values of approximately 1073 for My < M,
to 1070 for Mx > M,. While these results include Som-
merfeld enhancement, bound state effects are not accounted
for in this analysis. As demonstrated in the bottom-philic
case, such effects are expected to further enlarge the CDFO
parameter space.

4.4.1.3 Minimal quark-philic models in the freeze-in and
superWIMP regimes

For couplings smaller than those considered in the CDFO
regime, DM does not thermalise in the early universe and
we must rely on freeze-in and superWIMP DM produc-
tion to explain the measured relic density, as detailed in
Sects. 4.2.3 and 4.2.4. In the class of 7z-channel medi-
ator models under consideration, both production mech-
anisms are present, though their relative importance can
vary significantly depending on the specifications of the
model and the benchmark point in the parameter space.
The following discussion focuses on the case of top-philic
fermionic DM. For mediators coupling to first-generation or
second-generation quarks, the cosmologically viable param-
eter space is expected to be similar for large mediator masses
(My > M,) but differs for My < 1 TeV. Moreover, scalar
DM scenarios are expected to lead to qualitatively similar
results [252].

In Fig. 46, we display the cosmologically viable regions
of the parameter space associated with the top-philic Majo-
rana DM setup considered. The results, based on [204], are
shown in the (Mx, My — M) plane as a function of the cou-
pling value A. They assume no additional contributions to the
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Fig. 46 Regions of the top-philic Majorana DM model compatible
with DM production through the freeze-in and super WIMP regime, and
existing cosmological constraints as studied in [204]. The plot highlights
the interplay between these two DM production processes across the
parameter space (long dashed lines). Relevant constraints from struc-
ture formation (purple) and BBN (red) are also indicated. In addition,
isolines of constant A values and of constant mediator decay length are
shown in green and grey, respectively

DM abundance prior to infrared freeze-in (e.g. from post-
inflationary reheating processes) and a reheating temperature
above the mediator mass scale Tryg >> My. The measured
relic abundance is reproduced in the regions of the parameter
space extending to the left of the solid black curve, whereas to
the right of this curve, superWIMP production alone would
exceed the observed relic density. In addition, long-dashed
black lines indicate the relative contributions of freeze-in and
superWIMP production to QA2, with the freeze-in contribu-
tion increasing as one moves away from the overproduction
boundary, and thin green lines are isolines of constant A val-
ues. For masses around the TeV scale that are typically rele-
vant for collider searches, A ranges between 10-8 and 10712,
Those small values imply large mediator lifetimes, as shown
through the light dashed lines demonstrating that TeV-scale
mediators have macroscopic decay lengths.

Cosmological constraints are indicated by the different
coloured regions. The purple area is excluded by structure
formation constraints via Lyman-« observations, and the
red area is inconsistent with successful BBN. Here, all the
results include Sommerfeld enhancement and bound-state
effects, although they only account for the impact of the
ground bound state [204]. Higher bound-state excitations are
expected to be significant as they reduce the superWIMP
contribution, thereby expanding the cosmologically viable
region of the parameter space towards larger DM masses

[261]. Finally, we should keep in mind that thermal effects,
which are particularly relevant in the freeze-in regime, have
only been studied recently in [284], as noted in Sect. 4.2. The
full parameter space incorporating these effects has yet to be
mapped.

The above results change if the assumption Try >>> My is
relaxed to consider lower reheating temperatures. For simpli-
fied #-channel DM models, such scenarios with low reheating
temperatures have been investigated in [252,254,256]. These
studies examine freeze-in production for both Majorana and
scalar DM models with scalar and vector-like fermion medi-
ators, respectively. If Try < My, meaning that DM freezes
in during reheating, the entropy dilution that reduces the
comoving number density leads to larger Yukawa couplings
between DM, the mediator, and the SM particle with which
they interact in order to reproduce the observed DM relic den-
sity. These larger couplings shorten the lifetime of the long-
lived mediator, bringing it into a range testable via displaced-
vertex searches, as discussed in Sect. 3.3.

4.4.1.4 Minimal quark-philic models: discussion and con-
clusion

We can summarise our findings and discussion with the fol-
lowing general remarks. In minimal models, the quark flavour
to which the DM couples has only a minor effect on the
relic density across all DM production mechanisms, pro-
vided that the DM mass and the DM-mediator mass split-
ting are significantly larger than the corresponding quark
mass. This condition is typically satisfied for most flavour
choices. However, in the top-philic case, parts of the param-
eter space exhibit unique features due to the top quark large
mass and, in some cases, its substantial Yukawa coupling
to the SM Higgs boson. In the canonical freeze-out regime,
direct detection experiments impose the strongest constraints
on DM, particularly for couplings to first-generation quarks.
Here, these experiments exclude significant portions, or even
all, of the cosmologically viable parameter space. In con-
trast, models featuring couplings to third-generation quarks
are less constrained by direct detection. Astrophysical obser-
vations thus provide a valuable complement to collider
searches for freezing-out DM, as they remain sensitive to
very heavy DM candidates that are hard (or even impos-
sible) to be efficiently produced at colliders. In the CDFO
and freeze-in/superWIMP case, conventional DM searches
through direct and indirect detection offer limited prospects
due to the extremely weak coupling required. However, cer-
tain regions of the parameter space predicting a very long-
lived mediator are constrained by Big Bang Nucleosynthe-
sis. These constraints apply to specific realisations of top-
philic CDFO models and to portions of the parameter space
related to the freeze-in/superWIMP regime that is also fur-
ther constrained by cosmological structure formation, partic-
ularly Lyman-« forest observations. We additionally point
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out that models where DM couples to second-generation
quarks remain relatively under-explored. Nevertheless, their
astroparticle phenomenology is expected to broadly resem-
ble that of models involving first-generation quarks. This
contrasts with collider physics, where charm quarks play a
distinctive role due to factors such as charm tagging, uncer-
tainties in parton distribution functions, and other collider-
specific considerations.

In the -channel mediator models considered in this work,
DM is assumed to be a singlet under the SM gauge group.
Relaxing this assumption introduces a broader class of mod-
els featuring ¢-channel mediators. Examples include in par-
ticular the Minimal Dark Matter framework [31], where DM
lies in a non-trivial SU (2) 7, multiplet. Among the most stud-
ied realisations are the SU (2), doublet (‘higgsino’ DM) and
triplet (‘wino’ DM) scenarios. Detailed phenomenological
studies can be found, for instance, in [410-414], and also
in [415-418] in light of concurring excesses in related LHC
searches. The DM observables and related constraints in the
case of models with non-trivial SU (2);, multiplets differ sig-
nificantly from the gauge-singlet case. For instance, the small
mass splitting among states within a multiplet, typically in
the 100 MeV range, often leads to LLP signatures driven by
phase-space suppression like in higgsino and wino models.
While these specific models are not discussed in detail here,
Sect. 3.3 addresses analogous signatures in the considered
t-channel mediator models, where long lifetimes are instead
induced by the small couplings required in the CDFO, freeze-
in or superWIMP regimes. To maintain focus, we have indeed
restricted the previous discussion to gauge-singlet models,
and we refer instead to [4] for a comprehensive overview of
electroweak multiplet models. Specific non-minimal explo-
rations are then conducted in the last part of this section, all
highlighting interesting phenomenology not covered in the
minimal framework.

4.4.1.5 Minimal leptophilic models

In this section, we explore leptophilic minimal models, focus-
ing specifically on scenarios with a Majorana DM candi-
date and a scalar mediator with couplings to right-handed
muons (i.e. the s1M_muR class of models). The phenomenol-
ogy of models with couplings to right-handed electrons or
taus is expected to be qualitatively similar, provided the
DM and mediator masses satisfy My, My — Mx > M.
For a comprehensive overview of these models, we refer to
[57,251,252,260,339,419-428].

The canonical freeze-out regime provides an interesting
starting point to examine these models. The left panel of
Fig. 47 illustrates the viable parameter space and projected
constraints, as presented in [339], under the assumption that
the DM relic abundance is achieved through thermal freeze-
out. In the upper-right region (grey shading), DM is over-
produced unless couplings become non-perturbatively large
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(WAr < 1. Conversely, the lower-left region (below the
thick black line) leads to under-abundant DM via canoni-
cal freeze-out, while conversion-driven freeze-out provides
instead viable solutions discussed later. Compared to quark-
philic models, non-collider constraints on leptophilic models
are generally weaker. The annihilation of leptophilic DM pro-
duces less hadronic activity, resulting in fewer photons and
significantly fewer antiprotons, which limits the detectability
of a signal in gamma-ray and cosmic-ray detectors respec-
tively. Additionally, the DM-nucleon scattering cross section
is loop-suppressed, reducing direct detection prospects. For
the considered case of Majorana DM, the direct detection
cross section is further suppressed by its velocity depen-
dence. Despite these limitations, experimental progress has
allowed partial probing of the parameter space. For instance,
a projected LZ constraint from 2015 excludes regions with
mass splittings around 10% for DM masses below roughly
100 GeV, as shown by the purple shaded area in the left panel
of Fig. 47. Indirect detection constraints remain elusive under
reasonable assumptions such as an Einasto DM density pro-
file due to their velocity suppression, though enhancements in
gamma-ray flux relative to the Einasto profile could exclude
additional regions, as indicated by the blue contour lines in
the figure. In contrast, direct and indirect detection become
more significant for Dirac fermion or complex scalar DM
where the relevant cross sections are not velocity suppressed,
as studied in [57,429].

For small mass splittings, the CDFO regime becomes
relevant, requiring very weak DM couplings of O(107°).
This region of the parameter space is represented in the
lower-left corner of the left panel of Fig. 47, with the thick
black line marking the transition from the WIMP regime to
CDFOregime. The measured relic density is still reproduced,
but the required coupling value drops by several orders of
magnitude. In the model with a scalar mediator considered
here, the mediator pair-annihilation cross section depends on
electroweak contributions from y/Z exchanges and poten-
tial Higgs-portal interactions, with their relative importance
impacting the position of the boundary of the CDFO regime.
While the Higgs portal contributions are taken vanishing in
the left panel of the figure, introducing a sizeable Higgs-
portal coupling, such as Ay = 0.5, significantly expands the
viable CDFO parameter space. This is illustrated in the right
panel of the figure, where we can consider CDFO scenar-
ios with DM masses ranging up to above 1 TeV [260]. The
green thick line in the figure denotes the new boundary of
the CDFO regime, extending hence the relevant region of
the parameter space significantly beyond 1 TeV. Addition-
ally, blue thin lines represent isolines of constant DM-SM-
mediator coupling values (multiplied by 10°). It is impor-
tant to note that non-perturbative effects, including Sommer-
feld enhancement and bound state formation, could substan-
tially further enlarge the region of the parameter space rele-
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Fig. 47 Viable regions of the parameter space of a simplified
S1M_muR leptophilic DM model where a Majorana DM particle cou-
ples to right-handed muons. In the left panel (adapted from [339]),
results assume that the relic abundance is achieved through thermal
freeze-out, while the region where the measured abundance could be
reproduced within conversion driven freeze out production region is

vant for the CDFO regime by modifying the mediator pair-
annihilation cross section. While these effects have not been
included in the results of Fig. 47, they are expected to follow
the trends observed for quark-philic models [258]. Addition-
ally, the small coupling in the CDFO regime ensures that
direct and indirect detection constraints remain negligible.
Testing this scenario at colliders, however, is possible via
LLP signatures, as discussed in Sect. 3.3.

Finally, the freeze-in and superWIMP regimes arise for
even smaller couplings, where DM production occurs out
of equilibrium. These scenarios, characterised by extremely
weak couplings, are not testable via direct or indirect detec-
tion experiments. Instead, the long-lived nature of the medi-
ator Y leads to LLP signatures at colliders, as detailed in
Sect. 3.3. Although the cosmologically viable regions of
the parameter space of leptophilic models in the freeze-
in/superWIMP regime have not been fully mapped, as
for quark-philic models, they are expected to qualitatively
resemble the latter case, albeit with different mass scales due
to weaker mediator-SM interactions [252].

4.4.2 Non-minimal models

4.4.2.1 Flavoured dark matter

The presence of multiple DM flavours significantly influ-
ences early-universe cosmology and shapes the experimental
constraints on these models. In flavoured DM frameworks,
it is common to consider three generations of DM particles
X; with a mass hierarchy My, > My, > Mx,. The light-
est flavour X3 is assumed to be stable and constitutes the

shown in the lower left corner. Projected constraints from indirect and
direct detection are shown through the dashed blue and purple areas,
while LEP limits are given in green. The figure in the right panel is
dedicated to the CDFO regime and is adapted from [260]. Here, the
Higgs-portal coupling is set to Az = 0.5, and the blue lines are isolines
of constant /1076 values

observed DM relic density, while the heavier flavours X 2,
as well as the mediator Y, are unstable and decay into X3
and SM particles. The cosmological evolution of such mod-
els depends on the representations of the X; and Y states
and on the structure of the coupling matrix A linking the SM
fermions to the dark sector. Furthermore, in the context of
the DMFV models introduced in Sect. 2.2, the matrix A not
only governs the texture of the interactions but also deter-
mines the DM mass spectrum, as the mass matrix M ;; can
be expressed in terms of a spurion expansion in ATA.
Flavoured DM has been explored in the regimes of both
canonical freeze-out and conversion-driven freeze-out. Early
studies [26,73-76,78,79] of DMFV models have largely
focused on two limiting scenarios of freeze-out. In the first
called single-flavour freeze-out (SFF), the flavour X3 is suf-
ficiently separated in mass from the other states X; 2 and Y
such that co-annihilation effects are negligible. In the sec-
ond that was named quasi-degenerate freeze-out (QDF), the
X; flavours are all nearly degenerate, and their combined
annihilations contribute equally to the freeze-out process.
More recent analyses, however, have incorporated general
co-annihilation effects into the study of both quark-flavoured
and lepton-flavoured DM [77,80]. Furthermore, in addition
to canonical freeze-out, the case of CDFO has been studied in
a flavoured Majorana DM model coupled to right-handed up-
type quarks u g; [77]. The inclusion of heavier dark flavours
X1,2 and the additional coupling parameters A;; have been
found to relax the constraints on the viable regions of the
parameter space imposed by the relic abundance condition
in comparison to unflavoured models. Notably, an inverse
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Fig. 48 Viable regions of the parameter space of flavoured Majorana
DM scenarios [77] in which the dark matter couples to right-handed
up quarks. Constraints from the observed dark matter relic abundance,
direct and indirect detection experiments, and flavour data are shown as
a function of the DM mass m x, and the mass splitting between the dark

mass hierarchy within the dark sector (with the  parameter
of (7) being greater than zero), where the lightest state X3 has
the weakest coupling to visible matter, offers a compelling
scenario. Here, the relic density relies predominantly on the
annihilation of the heavier DM flavours and/or the mediator,
and this configuration naturally evades direct and indirect
detection experiment bounds. The latter indeed probe only
the interactions of the X3 state, and DM is thus hidden from
these searches.

Figure 48 displays the allowed regions of the parameter
space for scenarios featuring flavoured Majorana DM cou-
pled to the right-handed up quarks ug;. On the left panel of
the figure, the standard (co-)annihilation freeze-out scenario
is examined, while the right panel depicts various CDFO
scenarios [77]. Accounting for co-annihilation effects (blue
points) significantly broadens the size of the viable region of
the parameter space compared to the SFF (yellow points) and
QDF (green points) benchmark cases. However, small mass
splittings between the X3 state and the mediator ¥ remain
excluded in the canonical freeze-out scenario. In the CDFO
regime, where semi-efficient annihilation between X3 and Y
occurs, this region of the parameter space becomes in contrast
viable (green, blue). Moreover, for small splittings between
X3 and the heavier flavours, the conversion between these
states can also become semi-efficient, enabling additional
viable parameter space regions for CDFO scenarios involv-
ing the heavier dark flavours (yellow). Intriguingly, flavoured
DM models with a CDFO realisation offer the possibility of
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matter and the mediator Amys3. On the left panel, the (co-)annihilation
freeze-out regime is considered, with QDF scenarios shown in green,
SFF ones in yellow, and generic ones in blue. On the right panel, the
CDFO regime is examined instead, with conversions between X3/X>
(yellow), X3/Y (blue), and combined X3/X>/Y (green)

simultaneously generating the baryon asymmetry of the uni-
verse through C P-violating A couplings [82].

The typical constraints that could be imposed on flavoured
DM arise from a combination of direct and indirect detec-
tion experiments, electroweak precision measurements, LHC
searches, and flavour physics. In the latter case, the most strin-
gent limits typically stem from neutral meson mixing observ-
ables for quark-flavoured DM [26,73-76] and from radiative
decays such as £; — £y for lepton-flavoured DM [78-80].
However, these flavour observables constrain the structure of
the coupling matrix A rather than the overall mass or coupling
scale. In addition, direct and indirect detection constraints
are often relaxed relative to minimal non-flavoured models.
This occurs due to the extra parametric freedom provided
by the flavour structure of the coupling matrix A, which can
allow cancellations between tree-level and loop-level con-
tributions, thereby suppressing the DM-nucleon scattering
cross section [26,74]. Consequently, flavoured DM serves as
a concrete realisation of the xenophobic DM paradigm [430].
Finally, constraints from indirect detection are found gener-
ally weaker than those from direct detection experiments.

4.4.2.2 Frustrated dark matter

The fDM framework [30] introduced in Sect. 2.4 describes
a family of non-minimal models in which a fermionic dark
matter state X couples via a Yukawa-like interaction to a pair
of mediators {¢, ¥}. At least one of these mediators interacts
with the Standard Model, and to satisfy gauge invariance,
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they carry the same quantum numbers. While in Sect. 3.2.3
we provided a detailed review of the collider implications
the fDM framework, we now focus on its cosmological con-
sequences. Frustrated DM indeed exhibits intriguing astro-
physical phenomenology, combining compatibility with the
observed relic density and promising prospects for detection
via both direct and indirect searches for DM.

By construction, 2 — 2 interactions between the DM and
the SM occur only at one-loop order. Consequently, for most
DM masses, DM annihilation is dominated by X X scatter-
ing to at least four SM particles, which effectively reduce
to t-channel X X annihilations to a pair of mediators when
the mediators can be produced nearly on-shell. For pertur-
bative Yukawa-like DM-mediator couplings Ay < /4w,
efficient DM annihilation requires these 7-channel processes
to be kinematically accessible; otherwise, DM tends to be
overabundant under the assumption of a standard cosmo-
logical history. However, the fDM framework allows for a
wide range of mediator masses and SM couplings, enabling
the construction of numerous specific realisations with large
experimentally viable regions in the model parameter space.
The regions of the fDM parameter space that can produce
a viable thermal relic are, in principle, testable via indirect
searches for DM annihilation in the cosmos. While loop-
suppressed 2 — 2 annihilation processes leading to photons
or a y Z final state are possible, the dominant experimental
signature of the models is typically an apparent excess in
the continuum spectra of gamma or cosmic rays originating
from DM annihilation into quarks and/or charged leptons. For
fDM scenarios at or below the TeV scale, the strongest con-
straints thus come from Fermi-LAT searches for gamma-ray
production in nearby dwarf spheroidal galaxies. On the other
hand, direct detection is fully loop-suppressed since there are
no tree-level diagrams for fDM scattering off SM particles.
Nonetheless, constraints from direct detection experiments
such as XENONIT can be quite stringent. In scenarios where
mediators carry weak hypercharge, spin-independent DM-
nucleon scattering via off-shell photon exchange then pro-
vides the most robust constraints, that can also be interpreted
as upper limits on the DM magnetic dipole moment [368].
In the absence of such processes, box diagrams involving
mediators and SM fields can sometimes generate detectable
direct detection signals [366] that may lead to competitive
or even exceed limits from indirect detection. More conclu-
sive quantitative statements require, however, specifying a
particular fDM construction.

In Sect. 3.2.3, we proposed a benchmark scenario that
was ideal for LHC exploration. In this scenario, the DM is
a Dirac fermion, and the mediators are QCD colour sex-
tets. The sole renormalisable model of this type features a
colour-sextet scalar ¢ coupling to pairs of like-sign quarks,
while the colour-sextet fermion v is sequestered from the
SM, interacting only through usual gauge interactions. In the
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Fig. 49 Limits from direct and indirect searches (XENONIT and
Fermi-LAT) on a fDM realisation featuring Dirac DM and colour-sextet
mediators. Here the scalar is taken to couple to pairs of like-sign up-type
quarks, preferentially to the third generation

simplest case, this can be achieved by imposing a Z; sym-
metry under which i and X are odd while the SM states
are even. Moreover, to avoid scenarios with stable colourful
fermions, we impose the hierarchy My, > M. Furthermore,
experimental constraints from direct searches and measure-
ments of flavour-changing neutral currents in neutral meson
transitions [92,93] motivate a scenario in which the scalar
mediator preferentially couples to third-generation quarks.
Specifically, we thus assume that both quarks to which the
mediator couples are of up-type, with dominant ¢gg cou-
plings to ut and ¢t systems. Current constraints favour TeV-
scale mediators, which in turn suggest TeV-scale DM masses
(Mx 2 M) to ensure efficient annihilation.

To illustrate the cosmological constraints that could be
imposed on such an fDM setup, Fig. 49 shows contours of
Qh? =0.1198 inthe (My, My ) plane. We consider different
values of M, and a DM-mediator coupling Ax = 1.25 that
is relatively large but remains within the perturbative regime.
The figure also includes Fermi-LAT Pass 8 (dashed lines)
and XENONIT 1 ton-year (dotted lines) constraints. Here,
the Fermi-LAT limits act as lower bounds on M, while the
XENONIT limits correspond instead to a lower bound on
M. In the chosen scenario, the indirect detection limits are
derived primarily from 2 — 4 annihilation processes as cal-
culated with MadpuM, while the direct detection bounds stem
from one-loop off-shell photon-mediated DM-nucleon scat-
tering, an effective field theory analysis, and our own calcu-
lation of the DM magnetic dipole moment [368]. In this spe-
cific realisation, frustrated DM remains a viable thermal relic
across certain ranges of Mx and My, values for all the consid-
ered mediator masses M,,. While heavier mediator and DM
mass spectrum correspond to regions of the parameter space
less constrained by indirect detection, these setups turn out
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Fig. 50 Constraints on the parameter space of a composite 7-channel
DM scenario featuring one DM state X and one mediator state Y that
couples to the top quark with a strength A,. Results are given in the
(Mx, My) plane, and the value of the coupling A;, given through the
colour map, is determined in order to reproduce the observed relic den-
sity Qcpuh? = 0.1186. The black lines correspond to isolines of
constant coupling values with A, = 1, 2, 3,4 and 5

to be complementarily probed, or even excluded, by ongo-
ing direct detection experiments. It is however important to
emphasise that these limits do not directly apply to all f{DM
models. The mass scales, interaction strengths, and experi-
mental constraints can shift depending on the mediator’s SM
charge assignments or other model specifics. For instance, if
the DM is a Majorana fermion instead of a Dirac fermion,
the limits from direct detection are significantly altered, as
a Majorana fermion does not possess a magnetic (and an
electric) dipole moment.

4.4.2.3 Composite dark matter

Another compelling possibility for exploring ¢-channel dark
matter models beyond minimal frameworks arises from com-
posite scenarios such as those introduced in Sect. 2.3, that
lead to a new physics particle spectrum including both even
and odd new states, one of the latter playing the role of the
DM. In the present section, we consider two distinct realisa-
tions of such composite models, and we discuss their impli-
cations for dark matter observables in terms of the model
parameters. The results shown below highlight an interesting
and non-trivial interplay between the couplings and the mass
parameters, offering insights into the underlying dynamics
of composite models and their implications for DM phe-
nomenology.

In the first case that we consider, the only non-vanishing
free parameters of the model comprise a single coupling
A that appears in the Lagrangian (8), the DM mass My,
and the mediator mass My. To estimate the DM relic den-
sity including NLO effects, we employ MadpM with the
model implementation documented in Sect. 2.3. We per-
form a parameter scan in which Mx ranges between 200
GeV and 3000 GeV, My varies between 200 GeV and 6.5
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TeV and A; varies between 0.1 and 6. Compatibility with
the latest Planck collaboration results for the relic density,
Qcpmh? = 0.1186 £ 20%, determines the allowed param-
eter space. The analysis reveals that a large viable region in
the parameter space, with an increasing number of possible
combinations for Mx, My, and );, as visible from the results
shown in Fig. 50. In this figure, we display via a colour code
the A; coupling value required to obtained the measured relic
density for different mass configurations.

We next focus on a second class of scenarios in which the
model is extended to include the two couplings A, and A} of
the Lagrangian (8), the two mediator masses My and My,
and the DM mass M x. We perform a parameter space scan in
which My is varied between 200 GeV and 3000 GeV, A; and
k; between 0.1 and 6, and My and My, between 200 GeV
and 3500 GeV. Two specific mass hierarchies are considered,
My < Mx < My and Mx < My,, My, and the results are
given, in the left and right columns of Fig. 51 respectively,
in the coupling plane (%, A}). The colour code represents
the masses of the different states required to reproduce the
relic density as observed by the Planck collaboration for any
given coupling configuration. When My, < My < My,
¢ can reach values up to 2.1, while A} remains below 0.6,
regardless of the values of My, My, and My,. Parameter
combinations show a concentration of viable scenarios fea-
turing small A, values (around 0.5) and 1} values (between
0.1 and 0.3) when My < 1000 GeV, My < 1500 GeV,
and My, < 600 GeV. Spectra featuring larger DM masses
(Myx ~ 2000 GeV) and mediator masses (My ~ 3000 GeV
or My, ~ 1800 GeV) are also viable, but in this case they
require combinations of higher X; values (around 2) with
smaller A}, values (below 0.4 or between 0.1 and 0.6). On the
other hand, when Mx < My/, My, A; can reach larger values
than A, with A; going up to 5.5 and A, up to 3.6, independent
of the masses My, My, and My,. For Mx < 400 GeV, A;
values cluster around 3 to 3.5, while A; remains below 5.5.
For mediator masses My > 2500 GeV or My, > 2000 GeV,
viable combinations include A; > 2 with A} below 5.5 and
lower values of both couplings. For these composite models a
fully phenomenological investigation taking into account the
relevant dark matter constraints from astroparticle searches
is still missing, and thus deserves future studies.

4.4.2.4 Non-Abelian dark sector portal

In this section, we consider the simplest realisation of the
FPVDM model described in Sect. 2.5, assuming that new
vector-like fermions interact with only one SM flavour that
we take to be the top quark, and that no mixing occurs
between the SM Higgs boson / and the new scalar H. More-
over, the hierarchy in the fermion sector follows m; < m;, <
mr,and H can have any mass value allowed by data. We test
the above setup against multiple DM observables, import-
ing our implementation within mi croMEGAs [431]. The relic
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Fig. 51 Constraints on the parameter space of a composite 7-channel
DM scenario featuring one DM state X, two mediator states Y (that is
Z; odd) and Y’ (that is Z;-even), and the two new physics couplings A,
and A; of the Lagrangian (8). Results are given in the (1;, ;) plane, and
the value of the masses in GeV, represented through the colour code,

M

are determined so that the relic density matches observations. The top,
central and bottom rows respectively address the masses Mx, My and
My, and we consider the mass hierarchies My: < Mx < My (left)

and Mx < My/, My (right)
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Fig. 52 Representative Feynman diagrams for #-channel and resonant contributions to DM annihilation and DM-mediator co-annihilation processes

(top), and processes relevant for direct detection experiments (bottom)

density is determined by the interplay of annihilation and
co-annihilation processes, some of which being represented
in the top row of Fig. 52. Indirect detection constraints are
tied to DM annihilation rates during the CMB epoch, exclud-
ing regions of parameter space where energy injection into
the SM plasma in the early universe is inconsistent with
data. In the procedure that we follow to extract bounds on
the model, both relic density and indirect detection observ-
able predictions are tested against Planck data [178]. Finally,
direct detection constraints are also assessed, and in the con-
sidered FPVDM scenario they are associated with processes
such as those in the bottom row of Fig. 52. Limits are this
time determined by confronting our predictions against the
rsults of the XENONIT collaboration [371].

The regions of the parameter space compatible within
5% with the relic density as measured by the Planck col-
laboration are shown by the green, cyan, and blue areas in
Fig. 53. In this figure, the results of a comprehensive scan
of the parameter space of the model are projected in the
(mv,,, gp) plane to highlight their dependence on the dark
gauge boson mass and coupling. These regions correspond
to arelic density driven by DM annihilations dominated by ¢-
channel diagrams, resonantly-enhanced H contributions and
DM-tp co-annihilations, respectively. Generic DM annihila-
tions induced by the 7-channel diagrams set a lower limit on
the dark gauge coupling gp as a function of my,,, while sce-
narios exhibiting an H -resonant enhancement allow gp to be
reduced by up to two orders of magnitude. Furthermore, the
strong DM-7p co-annihilation channel permits even lower
values of gp for moderately heavy DM. For my,, > 2 TeV,
however, the co-annihilation mechanism saturates, while H -
resonant annihilation requires larger gp values for increas-
ing DM masses to maintain the observed relic density. As a
result, the region with my, 2 2 TeV typically corresponds

~

to overabundant DM (indicated by the dark red area in the
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Fig. 53 Excluded and allowed parameter space regions of the con-
sidered FPVDM realisation, as obtained from a full five-dimensional
scan of the parameters in (24). Results are projected in the (my,,, gp)
plane and include scenarios compatible with observations by virtue of
t-channel annihilations (green), H -funnel resonant contributions (cyan)
and co-annihilations (blue), as well as under-abundant (grey) and over-
abundant (red) DM setups. Constraints from indirect and direct detec-
tion are additionally displayed through the orange and magenta regions,
while white areas represent a non-perturbative regime

figure), except for scenarios with large gp values involving
VpVp — V'V’ or H-funnel annihilations. Finally, regions
with my, < 2 TeV are additionally partially excluded by
direct and/or indirect detection constraints, as indicated by
the magenta and orange points, respectively.

To facilitate comparison with the LHC bounds discussed
in Sect. 3.2.4, we present in Fig. 54 the cosmological con-
straints projected onto the (m,,,, my,) plane for two bench-
mark scenarios. Both benchmarks share the parameter val-
ues my = 1000 GeV and my = 1600 GeV, but differ in
the choice of the gauge coupling gp, which is set to 0.05
and 0.3 in the left and right panel of the figure respectively.
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This projection clearly illustrates how smaller gauge cou-
plings significantly restrict the allowed region of the param-
eter space, leaving only regions where dark matter annihila-
tion is enhanced by H-resonance effects or co-annihilation
processes. The correct relic density as observed by the Planck
collaboration is achieved at the boundary of the overabundant
regions.

Our results demonstrate that the simplest FPVDM reali-
sation that connects a vector DM candidate to SM fermions
via a non-Abelian SU (2) p gauge group without requiring a
Higgs portal at tree level, thus involving dark sector inter-
actions with a single SM fermion, has significant potential
to explain DM phenomena. Furthermore, alternative realisa-
tions involving interactions with other SM fermions could
address a large set of observed anomalies. For instance, if
the vector-like fermion interacts with the SM leptonic sec-
tor, it might contribute to explaining the (g — 2),, anomaly
[432] and open novel opportunities for future eTe™ col-
liders [433—-436]. Moreover, non-minimal scenarios, incor-
porating scalar sector mixing, extra vector-like partners, or
interactions within the same vector-like representation, could
expand the scope of FPVDM, offering rich prospects for
both phenomenological and experimental studies, as well as
insights into the complementarity of collider and non-collider
observables.

5 Conclusion

In this report that has been designed following work achieved
in the context of the LHC Dark Matter Working Group,

we have explored the rich phenomenology of 7-channel
dark matter models. These range from minimal simplified
scenarios, where the dark sector comprises a single dark
matter candidate and one mediator interacting with a spe-
cific SM state, to complex and non-minimal constructions
inspired by flavoured dark matter, compositeness, frustrated
dark matter, and gauged dark sectors. We have examined
dark matter production in the early universe, considering
canonical freeze-out as well as the freeze-in, superWIMP,
and conversion-driven freeze-out mechanisms, and studied
the resulting cosmological and astrophysical implications.
At the same time, we have investigated collider signatures,
distinguishing between scenarios where new particles decay
promptly (except for the stable dark matter candidate) and
those featuring long-lived particles on collider scales. Our
results highlight the theoretical diversity of z-channel mod-
els and emphasise the intricate interplay between collider,
cosmological, and astrophysical studies. In addition, they
demonstrate the need for complementary efforts to constrain
or validate these theoretical frameworks, particularly in the
event of a discovery.

Looking ahead, this whitepaper underscores the impor-
tance of a holistic approach to dark matter research, combin-
ing theoretical model building, high-precision Monte Carlo
simulations, and detailed phenomenological studies leverag-
ing data from both colliders and cosmology. Furthermore,
we advocate for continued collaboration between theorists
and experimentalists, not only to maximise the potential of
existing data but also to develop innovative search strategies
capable of probing both minimal and non-minimal models.
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For this purpose, this whitepaper has been designed to pro-
vide a comprehensive and up-to-date reference that can serve
as a baseline for future theoretical and experimental investi-
gations. Given the wide range of possible signals, we delib-
erately refrain from proposing specific benchmark scenar-
ios. This choice is intended to avoid biasing future searches
toward a limited set of cases while potentially overlooking
other relevant possibilities. Instead, we focus on providing
model-independent parametrisations that help identify key
features of minimal scenarios and enable efficient paramet-
ric scans. This strategy has been applied, for instance, to
analyse all collider signals emerging from the considered
simplified ¢#-channel models using a single set of Monte
Carlo simulations, with datasets appropriately re-weighted
to explore different configurations characterised by varying
couplings. Numerical tools for collider and cosmological
analyses, including recast efficiencies, cross section tables
and simulated samples for individual contributions in these
simplified scenarios, are available upon request.

All scenarios discussed in this work, including non-
minimal ones, are presented using a consistent notation
wherever possible. This uniform approach aims to facili-
tate future analyses, enable robust reinterpretations of exper-
imental results, and ultimately pave the way for ground-
breaking discoveries. While this report does not propose spe-
cific benchmarks, we recommend that practical implemen-
tations of these guidelines in concrete experimental analy-
ses include a harmonised approach across LHC experiments
when selecting scenarios to report search results.
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Appendix A: Implementation of the ATLAS-EXOT-2018-
06 search in MadAnalysis5

As sketched in Sect. 3.1.1, the ATLAS-EXOT-2018-06 anal-
ysis [133] is sensitive to a signal comprising a not too large
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number of jets, the leading one being very energetic (with
a transverse momentum larger than 150 GeV), no leptons
(electrons, muons, and taus) or photons, and a significant
amount of missing transverse energy well separated from
the jet activity. It exploits 139 fb~! of LHC collision data
at a centre-of-mass energy of 13 TeV, recorded during the
period 2015-2018 by the ATLAS collaboration, and hence
updates previous analyses conducted with 3.2 fb~! [437] and
36.1 fb~! [438] of data using less sophisticated signal selec-
tions. It is thus relevant for probing the 7-channel models
that we explore in this whitepaper. In this section, we report
on the validation of its implementation in the Madanalysis

5 framework, facilitated by the substantial additional data
made available via HepData [439] by the ATLAS collabo-
ration. This includes detailed cut-flow tables and exclusion
curves for given benchmark scenarios, as well as digitised
information on the figures.'*

1. Description of the analysis

The signal topology exploits jets and missing energy while
vetoing leptons. Jets are reconstructed by clustering particles
with the anti-k7 jet algorithm [142] with a radius parameter
of R = 0.4. Only jets with transverse momentum pr > 20
GeV and pseudo-rapidity |n| < 2.8 are considered. More-
over, the mv2 b-tagging algorithm [440] is used to identify
b-jets, defined as jets with pr > 30 GeV and |n| < 2.5
originating from b-quark fragmentation with an average effi-
ciency of 60%. Electron candidates must satisfy pr > 7 GeV,
|n] < 2.47, and ‘Loose’ track selection criteria [441], which
requires their longitudinal impact parameter to be less than
0.5 mm. Overlaps between identified electrons and jets with
pr > 30 GeV are resolved by discarding non-b-tagged jets
within AR < 0.2 of any identified electron, and by removing
electrons within AR < 0.4 of any remaining jets. Muon can-
didates must pass a ‘Medium’ identification selection [442],
and have pr > 7 GeV, |n| < 2.5, and a longitudinal impact
parameter smaller than 0.5 mm. Jets with pr > 30 GeV
and fewer than three associated tracks with pr > 500 MeV
are then discarded if they are within AR < 0.4 of an iden-
tified muon. Hadronically-decaying tau leptons are recon-
structed from jets with pr > 10 GeV and |n| < 2.5, and
they must satisfy ‘Loose’ identification requirements, have
a transverse momentum larger than 20 GeV after energy-
scale corrections, and be associated with either one or three
charged tracks [443,444]. Tau candidates within AR < 0.2
of an electron or muon are removed, as are any jets within
AR = 0.2 of a reconstructed tau-lepton. Finally, the miss-
ing transverse momentum pr}liss is reconstructed from the
negative vector sum of the transverse momenta of all recon-
structed objects with pr > 20 GeV and || < 4.5.

14 See the webpage https://www.hepdata.net/record/ins1847779.

Event preselection requires a significant amount of miss-
ing energy, E‘}liss > 200 GeV, and an energetic leading jet
with pr > 150 GeV and || < 2.4. Moreover, up to three
additional jets with pr > 30 GeV and |n| < 2.8 are allowed.
Additionally, the missing transverse momentum pr}‘iss must
be well separated from the four leading jets by an angle of
A¢(j, Pss) > 0.4 for events with EI'S > 250 GeV and
AP (], p‘}‘iss) > 0.6 for events with E?i“ < 250 GeV, such
a separation criterion helping to reduce the multijet back-
ground contributions.

Next, the ATLAS collaboration implements a twofold
analysis strategy, including signal regions (SRs) with either
an inclusive or an exclusive selection on the missing trans-
verse energy. Inclusive EITniSS signal regions (denoted by
names starting with IM) are used for model-independent
interpretations of the search results, while exclusive signal
regions (denoted by names starting with EM) are used for
model-dependent interpretations. In the first series of 13 sig-
nal regions (EMO, EM1, ..., EM12), the analysis considers
an exclusive missing transverse energy selection defined by
Enin < EYIE‘iSS < Emax. The different thresholds range from
200 GeV to 1200 GeV, as shown in Table 9 which also
includes all preselection cuts and an extra cut on the missing
transverse momentum (E;E‘iss > 150 GeV) allowing us to
be consistent with generator-level cuts biasing event gener-
ation to the phase space region of interest (as implemented
in the ATLAS simulations). In the second set of 13 signal
regions (IMO, IM1, ..., IM12), the analysis instead consid-
ers an inclusive missing transverse energy selection defined
by E%‘isg > FE'threshold, With the different thresholds again
ranging from 200 GeV to 1200 GeV, as given in Table 9.

2. Validation of the implementation

The validation of our implementation of the ATLAS-EXOT-
2018-06 search in Madanalysis 5 has been achieved by
focusing on top squark production and decay in the R-
parity-conserving Minimal Supersymmetric Standard Model
(MSSM). We have considered two different final states, cor-
responding to the processes
pp — hif — (cx))@Ex))  and
pp — Lif — Of f 3G f 7). (AD)
and we have computed limits and cut-flows for different
choices of the stop and neutralino masses, with all other
superpartners being decoupled.

Hard-scattering signal event generation has been achieved
with MadGraph5_amceNLo [50] (version 3.4.2), while the
simulation of supersymmetric particle decays, parton show-
ering, and hadronisation has been performed with pythia
[445] (version 8.2). This event generation procedure relies
on the MSSM implementation in MadGraph5_aMC@NLO
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Table 9 Selection cuts defining the different signal regions of the ATLAS-EXOT-2018-06 analysis [133]

Cuts Exclusive SRs Inclusive SRs
Preselection E'T"iss > 150 GeV

Lepton veto

N(j) €[L,4]

AD (i, pP) > 0.4 (Vi)

pr(ji) > 150 GeV

EMisS > 200 GeV
Bin 0 EMO: 200 GeV < EMS < 250 GeV IMO: EMS > 200 GeV
Bin 1 EM1: 250 GeV < EPS < 300 GeV IM1: EFSS > 250 GeV
Bin 2 EM2: 300 GeV < ETS < 350 GeV IM2: EMS > 300 GeV
Bin 3 EM3: 350 GeV < EM < 400 GeV IM3: EFiSS > 350 GeV
Bin 4 EM4: 400 GeV < EP < 500 GeV IM4: EFSS > 400 GeV
Bin 5 EMS: 500 GeV < ETS < 600 GeV IM5: EMS > 500 GeV
Bin 6 EM6: 600 GeV < EM < 700 GeV IM6: EFiSS > 600 GeV
Bin 7 EM7: 700 GeV < EM < 800 GeV IM7: ENSS > 700 GeV
Bin 8 EM8: 800 GeV < EMS < 900 GeV IM8: EMS > 800 GeV
Bin 9 EM9: 900 GeV < ETS < 1000 GeV IM9: EFSS > 900 GeV
Bin 10 EM10: 1000 GeV < EMsS < 1100 GeV IM10: ETS > 1000 GeV
Bin 11 EM11: 1100 GeV < EWSS < 1200 GeV IM11: EMS > 1100 GeV
Bin 12 EM12: EFSS > 1200 GeV IM12: EPSS > 1200 GeV

described in [446], which makes use of FeynRules [41,42]
and its UFO interface [46,47]. Moreover, we have merged
event samples including up to two additional hard partons
in the final state, following the MLM prescription as imple-
mented in MadGraph5_aMCeNLO [183,184] with a merging
scale set to one quarter of the stop mass. To match the statis-
tics of the reference cut-flows provided by the ATLAS col-
laboration on HepData, we simulated 100,000 events before
merging, which resulted in samples of about 90,000 merged
events.

The information available on HepData provides cut-flow
information for several benchmark scenarios. We begin our
validation by focusing on the second process of Eq. (Al),
considering a scenario with a compressed spectrum featur-
ing a stop mass of m; = 450 GeV and a neutralino mass
of m 7= 443 GeV. We have generated events as introduced
above, and then analysed the produced sample by applying all
the analysis preselection cuts and assessing how many sig-
nal events (Nevents) Would populate the different exclusive
bins in missing transverse energy. Our results are displayed,
for each individual cut, in Table 10, that reports the num-
ber of events surviving each cut and the associated cumula-
tive efficiency €. We include both the predictions provided
by ATLAS (N, ATLAS and ¢ ATLAS) and those predicted using

events
our implementation in Madanalysis 5 (NMA> and epas),
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along with the relative difference R between the two,

EATLAS — EMAS

R= . (A2)

EATLAS

We observe a good agreement between our predictions and
the ATLAS ones, with R values ranging from 1% to 25%.
The largest discrepancies are associated with signal regions
in which the number of Monte Carlo events populating the
bin is small, especially for the ATLAS predictions, indicating
that a large numerical uncertainty must be accounted in the
comparison.

To further validate our implementation, we also deter-
mine exclusion contours at the 95% confidence level (CL)
for the two simplified models corresponding to the two pro-
cesses of Eq. (Al). Our results are presented in the stop
mass versus neutralino mass plane in Fig. 55 for the pp —
hif — (cx)(xY) process (left panel) and pp — 717} —
Bf F' 30D f f'%Y) process (right panel). We explore sce-
narios with stop and neutralino masses varying between
300 and 600 GeV, and superimpose the exclusion contours
obtained with Madanalysis 5 (green) with the official ones
provided by the ATLAS Collaboration (black). An excellent
degree of agreement is observed, with the excluded mass
configurations agreeing at the level of a few percent. This
therefore validates our implementation.
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Table 10 Cut-flow associated with the ATLAS-EXOT-2018-06 (450, 443) GeV. We compare our predictions for the the number of

analysis, for the signal emerging from the process pp — generated events surviving each cut and with the associated efficiencies
ntf — (bf f )~(1O YO ff )?]0) and a spectrum with (mz,m i?) = with the information provided by ATLAS on HepData
Cut ATLAS MadAnalysis 5 R[%]
NATEAS eaTLAS[%] NYASS emas[%]
E?i“ > 150 GeV 39598 100 89529 100 —
Lepton veto 37547 94.82 85417 95.41 0.62
N(j) €11,4] 35412 89.43 76195 85.11 4.38
AD(j;, p‘}‘iss) > 0.4 (Vi) 33319 84.14 69253 77.35 8.07
pr(j1) > 150 GeV 23134 58.42 47157 52.67 9.84
E?i“ > 200 GeV 18801 47.48 39183 43.77 7.81
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Fig. 55 Excluded region at the 95% CL, displayed in the (m;,, m i?) when using our implementation of the ATLAS-EXOT-2018-06 analy-
sis in MadAnalysis 5. The excluded parameter space regions are
thus delineated by the green contours, that could be compared to the
official ATLAS exclusions (black)

mass plane for the pp — fif — (C)Z?)(Ef(?) (left) and pp —
flff‘ — (bff’)??)(Eff_’)ZP) (right) processes. The green crosses and
red dots respectively correspond to scenarios allowed and excluded
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