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1 Introduction

Weakly-interacting massive particles (WIMPs) with masses around the electroweak scale
are popular candidates [1, 2] to explain the observed dark matter (DM) relic density [3].
Following the so-called ‘WIMP miracle’ paradigm, they appear quite naturally in sev-
eral popular extensions of the Standard Model (SM) which try to address the hierarchy
problem [4]. They have the added advantage that they can be probed experimentally by
studying their elastic scattering with SM particles (DM direct detection) [5], by analysing
their annihilation into SM particles (DM indirect detection) [6] or by producing them in
the collisions of SM particles at high-energy accelerators [7]. These different methods probe
different energy scales and hence provide complementary information on the existence —
or otherwise — of WIMPs. Unfortunately, the current results from such experiments yield
a uniformly null outcome, as a result of which all that we possess are fairly severe con-
straints on the parameter space of the more well-motivated models in which WIMPs are
embedded [7–11]. This is all the more reason, therefore, to approach the dark matter
problem in a model-independent way, using the framework of either effective field theories
(EFTs) [12, 13] or simplified models [14–16]. Here, we can then try to pinpoint the specific
Lorentz structures which are permitted by the existing constraints, rather than delving
deep into the intricacies of a specific ultraviolet (UV)-complete model [17].
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Of the two above-mentioned frameworks to develop a model-independent study of dark
matter, EFTs possess the virtue of consistency under evolution of the model at different
energy scales. However, they are generally plagued with a proliferation of undetermined
constants and new higher-dimension operators of unknown origin, making a phenomeno-
logical analysis diffuse, and their UV completion may be questionable when new states
are light. On the other hand, simplified models are easier to analyse, having a smaller
number of new particles and interactions to consider than a typical UV-complete model.
At the same time, they embed a simple structure in terms of dimension-four operators
with a clear physical meaning assignable to the unknown parameters of the model. Thus
simplified models, even if they represent a less complete picture of nature than EFTs or
UV-complete models, are much more amenable to a phenomenological analysis. This is
the primary motivation to use this kind of framework to study dark matter interactions.

Typical simplified models for dark matter [14–16] include, in addition to the SM parti-
cle content, one dark matter particle χ which can be of any spin and one mediator particle
X. In the s-channel configuration (on which we focus in this study), the mediator X is
generally taken to be a scalar or a vector. Such a model has four new parameters, namely
the masses of the new fields and the couplings of the mediator with the dark matter and
the SM particles, the latter being usually assumed universal.

Simplified models such as the above construction are essentially toy models which have
proved extremely useful in providing generic trends in dark matter searches and in helping
to understand how to relate the different kinds of search results available. For example,
comparison of constraints from the dark matter relic density and those from direct/indirect
searches is straightforward. In fact, when this is done, the combined constraints are quite
stringent [18, 19]. Cross sections for dark matter interactions as low as those demanded
by direct detection data would lead, at the cosmological scale, to an early freeze-out and
hence a high relic density which would over-close the Universe. In order to evade such
an impasse, we require a model where the cross sections in the early Universe are much
greater than at the present epoch. One simple way to do this is to assume a mediator
mass such that the dark matter co-annihilation cross sections in the early Universe would
be of a resonant nature, and therefore large. When the temperature falls to its present
value, we will be far away from the resonance and the cross section will get reduced to
a minuscule fraction of the resonant corresponding value. Another possibility, that is an
attractive one, is that the mediator field be of pseudoscalar nature. In this case the relevant
cross sections can be shown to be velocity-suppressed [20, 21]. Obviously, given the drop in
kinetic energy from the early Universe, the cross sections in the present epoch will be very
small. Thus, even within simplified models, one must make specific model assumptions to
advocate phenomenological viability.

Simplified models of the type described above can often lead to unitarity violation at
fairly low energy scales, even before that one reaches the scale at which a new, presumably
UV-complete, model takes over. This was explicitly shown, for instance, in ref. [22] for
a Z ′-mediated DM model and in refs. [23, 24] for dilaton-assisted DM (where dimension-
five operators are in order). On general grounds, this is also easy to understand since
simplified models, which just add a minimal particle content to the SM, are almost certainly
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incomplete theories. Unitarity violation is obviously a hallmark of such incomplete theories.
Another deficiency is that at a collider like the LHC, a given simplified model may not be
able to predict many of the viable signals for dark matter. At a pp collider, in fact, the
only really observable process in a simplified model would be pp→ X∗j → χχ̄j, where the
X∗ state stands for an off-shell mediator and the jet j arises from initial-state radiation.
This will lead to an enhancement in the mono-jet production rate (i.e. in the rate of events
featuring an energetic jet and missing transverse energy /ET ), by means of which the dark
matter might be detected at the LHC.1 However, there may be other signals for dark
matter. As an example, let us assume that the underlying UV-complete theory (whatever
it is) contains two Higgs doublets, as well as a pseudoscalar singlet. After electroweak
symmetry-breaking and mixing, then, there will be two physical pseudoscalars P1 and P2,
with (say) P2 being much more massive than P1. In such a case, we might have a process
such as pp→ P ∗2 → H + P1 → H + χχ̄, where H stands for the SM 125GeV Higgs scalar.
The corresponding final signal will consist of a Higgs boson and missing energy, which
would not be predicted in the usual simplified models at all. Similarly, one could also
consider a Z + /ET signal if there is a ZP1/2H coupling.

For quite some time, therefore, it has been pointed out [22, 25–30] that simplified
models may, in fact, be over-simplified. It is thus reasonable to examine so-called ‘less-
simplified models’, where the dark sector includes more than one field χi (i = 1, 2, . . . )
and/or where there are more than one mediator Xj (j = 1, 2, . . . ). Obviously, this leads
to a proliferation of new operators and unknown couplings, since such extensions have also
to be considered in a model-independent way. In other words, we ignore any underlying
symmetry principles, such as, for example, those that would be assumed in a UV-complete
theory which would be relevant at high energies. However, it is easy to adjust the pa-
rameters to push the scale of unitary violation to much higher energies than in minimal
simplified models, so that this scale becomes comparable with what we would get in an
EFT approach. It is also clear that some more — if not all — of the possible collider
signals will be predicted in less-simplified models. For example, if a less-simplified model
has two pseudoscalar mediators X1 and X2 with X1 significantly more massive than X2,
and if there exists an HX1X2 coupling, then it will be easy to generate not just a mono-jet
signal through pp→ X∗1,2j → χiχ̄jj (with i, j = 1, 2), but also a mono-Higgs signal through
pp→ X∗1 → H+X2 → H+χiχ̄j , as well as the analogous Z+ /ET signal. For these reasons,
less-simplified models have been an increasingly popular approach in recent times [29, 30].

The above frameworks for studying dark matter without referring to a complicated
multi-parameter UV-complete extension of the SM are summed up in figure 1. The panels,
from left to right represent, respectively, (a) EFTs, (b) simplified models and (c) less-
simplified models. At the lower end of each panel, the pink circles represent the SM
particle content, the black circles represent the dark matter content and the green circles
represent the mediators. At the upper end of each panel, the underlying UV-complete
theory is represented by grey circles for the SM fields when not accounting for electroweak-
scale mixing, teal circles for the new heavy states, and the dark matter and mediator

1A corresponding signature with an initial-state photon radiation would also be detectable as a monopho-
ton signal. Its rate is however much suppressed compared to the mono-jet one.
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Figure 1. We compare the three most commonly used frameworks to study dark matter at colliders.
These consist of EFTs (left), simplified models (centre) and less-simplified models (right). The pink
circles represent the SM particles, the black circles the dark matter particles and the green circles the
mediators. At the UV scale, the grey circles are associated with the SM fields without electroweak
mixing and the teal circles with the heavy states, whereas the DM particles and the mediators are
still represented by black and green circles respectively.

fields appear as before through black and green circles respectively. As mentioned above,
unitarity may be violated in all three classes of models, but it lies at a comparatively high
scale in panels (a) and (c), whereas it is associated with a rather low scale in (b). Other
schematic figures may be found elsewhere in the literature [29], with more or less similar
features.

At this point, it may be stated that the only serious phenomenological studies of
less-simplified frameworks undertaken so far have been in the two-Higgs doublet plus pseu-
doscalar model [31, 32]. While useful in ways described above, taking a specific model lacks
generality and, therefore, militates against the spirit of simplified models. In this article,
therefore, we attempt a systematic model-independent study of less-simplified models with
two pseudoscalar mediators, and different kind of particle content at low energies. We
thus have two purposes. First we aim to perform an analysis in the less-simplified model
framework in a model-independent language, where particles are characterised by their
masses, spins and couplings without reference to any underlying symmetries. Next we plan
to derive updated constraints on the model parameters from current experimental data.

Though the above may sound rather ambitious, the actual philosophy adopted in this
work is rather simple-minded. We categorise less-simplified models on the basis of the
additional number of particles required to explain their dark matter phenomenology. We
then motivate the case for having pseudoscalar mediators, which has already been touched
on above. This is followed by an analysis of the effect of having extra low-energy states.
Our analysis thus easily generalises the two-Higgs doublet plus pseudoscalar model to a
case when the same particle content is embedded in a larger model. We have checked,
however, that when we impose the same constraints on the parameters as are present in
that specific theory, our results closely tally with those of refs. [31, 32].
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This article is organised as follows. Section 2 discusses minimal simplified models
for dark matter and outlines the generic form of a less-simplified model. In particular, we
describe the two-pseudoscalar-mediated less-simplified model that we investigate. Section 3
details the experimental constraints which we have used in our analysis and section 4
summarises our updated findings of the allowed parameter space. Our conclusions are set
forth in section 5.

2 Simplified models for pseudoscalar mediated DM

2.1 From single-pseudoscalar to multi-pseudoscalar mediated dark matter

We begin by providing details on the minimal pseudoscalar-mediated fermionic dark matter
model. This is one of the simplest and well-motivated simplified models for dark matter,
owing to the negligible constraints arising from direct detection. In this setup, a dark
matter candidate χ of mass mχ and a pseudoscalar mediator P of mass mP are introduced
on top of the SM degrees of freedom, with the assumption that any other field beyond
the SM (BSM) remains decoupled. To obtain the most stringent collider constraints on
the model, it is assumed that the pseudoscalar interacts dominantly with the SM quarks
and DM. For simplicity, we neglect its couplings with leptons. Interactions with quarks
are enforced to flow from minimal flavour violation [33]. They hence possess a structure
implying that the interactions with a given quark flavour q are suppressed by mq/v, where
mq is the quark mass and v is the vacuum expectation value of the Higgs field. Furthermore,
interactions among different quark flavours are considered to be vanishingly small, which
helps to relax the stringent constraints originating from neutral meson mixing data.

The corresponding interaction Lagrangian Lint,1 is parametrised as

Lint,1 =−
∑
q

(
iyqgq√

2
q̄γ5q P

)
− iyχχ̄γ5χ P +AP FµνF̃

µν P +GP Ga,µνG̃
a,µν P. (2.1)

In this expression, yq = mq/v, gq is the coupling constant modifier for a given quark
species q, and yχ is the dark matter coupling with the pseudoscalar. Moreover, the effective
couplings of the pseudoscalar with photons and gluons AP and GP are functions of the
Yukawa couplings themselves [34]. In our notation the subscript ‘1’ in the Lagrangian
symbol Lint,1 reflects that we consider a single-mediator scenario, which thus comprises the
free parameters, {

gq, yχ, mP , mχ

}
. (2.2)

As mentioned above, this model is among the simplest simplified model for dark matter.
In the context of a UV-complete picture, we impose that all BSM particles different from the
pseudoscalar mediator and that could be present in the spectrum are decoupled. However,
this assumption may not always be a reasonable one. Heavier but not decoupled mediators
may in some cases play a crucial role to detect dark matter signals at colliders, in particular
in channels other than the mono-jet ones. They may even correspondingly yield more
stringent constraints on the model than what could be extracted from mono-jet data alone.
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A consistent understanding of the impact of not too heavy generic mediators which may
be present in the full UV-complete theory is therefore important.

A further motivation for such a study can be found by realising that the pseudoscalar
interactions with the SM quarks introduced in eq. (2.1) violate electroweak gauge invari-
ance. Promoting such a Lagrangian to an electroweak gauge-invariant one implies that the
pseudoscalar must be embedded in some multiplet of SU(2)L, the most common example
being a doublet. Moreover, as dark matter is an electroweak singlet, the coupling of dark
matter to the mediator necessarily involves an additional pseudoscalar, like in the so-called
Two Higgs Doublet + Pseudoscalar Model (2HDM+Pseudoscalar) [31, 32]. Consequently,
any generic SM extension dealing with singlet dark matter interacting through pseudoscalar
mediation should include two pseudoscalars in its particle spectrum. When additional CP -
even scalars are present, direct detection constraints enforce their effective decoupling. We
therefore assume that CP -even scalars do not contribute significantly to DM formation
in the early Universe, and we consider that the effects of one or more pseudoscalars are
quintessential.

In the model-independent analysis which follows, we largely consider that the CP -
even degrees of freedom remain decoupled, and we focus on an extension of the minimal
simplified pseudoscalar-mediated DMmodel in which a second pseudoscalar is included. We
denote this new model, that we present in the following subsection, as a two-pseudoscalar-
mediated simplified model.

2.2 Two-pseudoscalar-mediated simplified dark matter model

With the aim of dealing with simplified pseudoscalar-mediated dark matter scenarios in as
much of a model-independent manner as we can, we write the corresponding Lagrangian in
the mass basis, as done for Z ′-mediated dark matter in ref. [35] (but for a model-dependent
setup) and in ref. [36], for multi-higgs mediated models. We consider a fermionic DM
candidate χ and two pseudoscalar states P 0

1 and P 0
2 . Their mixing matrix is generically

parametrised through a mixing angle θ, so that the mass eigenstates P1 and P2 are defined
through (

P 0
1
P 0

2

)
=
(

cos θ − sin θ
sin θ cos θ

)(
P1
P2

)
. (2.3)

As a convention, we assume that P2 is heavier than P1, i.e. that the two pseudoscalar masses
satisfy mP2 ≥ mP1 . Moreover, we take P 0

1 as interacting with the SM sector only, and P 0
2

as interacting with the dark sector only. For the sake of remaining model-independent,
we do not specify the details of the underlying UV physics. We instead assume that the
interactions of the pseudoscalar P 0

1 with the SM quarks, as well as those of the pseudoscalar
P 0

2 with dark matter, arise in a gauge-invariant manner. We then restrict the Lagrangian
to only its relevant terms,

L(0) ⊃ −
∑
q

(
iyqgq√

2
q̄γ5q P

0
1

)
− iyχ χ̄γ5χ P

0
2 . (2.4)

As we have written only a subset of all possible Lagrangian terms, the interactions of the
SM quarks with the pseudoscalar P 0

1 appear to be violating electroweak gauge invariance.
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Specifying the omitted terms and incorporating a full UV model would however avoid
this. We nevertheless assume that the details of the UV physics are not relevant for the
description of the dark matter dynamics at collider energy scales and in the early universe,
and we therefore safely neglect them in our approach.

It is the mass mixing (2.3) between the two pseudoscalars which generates all the
possible interactions between the two sectors,

Lmass ⊃ −
∑
q

(
iyqgq√

2
cos θ q̄γ5q P1

)
− iyχ sin θ χ̄γ5χ P1

+
∑
q

(
iyqgq√

2
sin θ q̄γ5q P2

)
− iyχ cos θ χ̄γ5χ P2 .

(2.5)

Those interactions, and in particular their different sign patterns, could lead to interesting
(destructive) interference effects in varied dark matter processes. Moreover, in the limit of
degenerate pseudoscalars that maximally mix, the effective interactions between the SM
and the dark sector vanish. As in section 2.1, all pseudoscalar couplings to the SM fermions
are written by enforcing minimal flavour violation, with the hindsight that they originate
from an SU(2)L ×U(1)Y invariant form of the Lagrangian. Furthermore, we also consider
that the pseudoscalars dominantly interact with quarks, and that their interactions do not
induce any flavour-changing neutral currents.

Other terms are relevant in the description of the interactions of the two pseudoscalars
with the SM. These consist of multi-bosonic interactions given by

Lint,2 ⊃ AP1 FµνF̃
µνP1 +AP2 FµνF̃

µνP2 +GP1 Ga,µνG̃
a,µνP1 +GP2 Ga,µνG̃

a,µνP2

+m11P2P1H +m22HP1P1 +m33HP2P2.
(2.6)

The subscript ‘2’ in the Lagrangian symbol Lint,2 refers to the scenario with two pseu-
doscalar mediators. Whereas all the interactions of the pseudoscalars with the SM gauge
bosons arise at one-loop and are thus suppressed, we include the interactions with the
gluons and the photons that are crucial for collider searches for dark matter. The effective
couplings APi and GPi are functions of the Yukawa couplings, and their dominant contri-
butions arise from top and bottom loops. In addition, we include all trilinear couplings of
the pseudoscalars with the SM Higgs boson H. Implicitly, we have imposed the alignment
limit, in which the couplings of the lightest CP -even scalar boson H are all SM-like. Such
a choice is motivated by current experimental measurements [37, 38].

The entire set of free parameters in the two-mediator model is thus given by{
gq, yχ, θ, mP1 , mP2 , mχ, m11, m22, m33

}
. (2.7)

To make our results more accessible, we make some additional simplifying assump-
tions to minimise the parametric dependence of our analysis. First, the coupling constant
modifiers gq are assumed to be the same across all generations and for up-type and down-
type quarks, as traditionally done in the class of DM simplified models studied at collid-
ers [15, 16]. Second, the mixing of the two pseudoscalars is taken maximal, i.e. θ = π/4.
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Such an assumption will help us to establish the impact of the second pseudoscalar relative
to the first one. Third, as our collider analysis does not heavily depend on the choice
of yχ (as it enters only through the branching ratios of the pseudoscalars), we fix it to a
conservative value yχ = 1. This choice is similar to the one considered in ref. [7].

We finally reduce the number of free parameters by adopting conservative values for
the trilinear scalar interaction strengths. Since we want to deal with this as much model-
independently as possible, we ignore any reference to any UV completion and treat these
couplings as free parameters. We impose the pseudoscalars to be narrow states, with a
width-over-mass ratio satisfying Γ/M . 15%,2 and we enforce that the constraints ensuing
from Higgs invisible decay searches are fulfilled. In the limit of a P2 width dominated by
the P2 → P1H channel, as stemming from the above assumptions when mP2 � mP1 ,mH ,
we get

Γ(P2)
mP2

=
m2

11

√
m4
H +

(
m2
P1
−m2

P2

)2 − 2m2
H

(
m2
P1

+m2
P2

)
16πm4

P2

< 0.1⇔ m11 . 2mP2 . (2.8)

We choose m11 = 1TeV in our analysis, which is satisfied for the most important regions
of the parameter space examined in section 4. On the other hand, the trilinear couplings
m22 and m33 get stringently constrained from invisible Higgs decays [38], which is of course
only relevant when mH > mP1 ,mP2 . Assuming that the pseudoscalars dominantly decay
into dark matter, the relevant Higgs branching ratios read

BR(H → P1P1) =
m2

22

√
m2
H − 4m2

P1

8πm2
HΓ(H) , BR(H → P2P2) =

m2
33

√
m2
H − 4m2

P2

8πm2
HΓ(H) . (2.9)

To satisfy the experimental bounds, we require that m22 and m33 are smaller than 2GeV.
These bounds on the m22 and m33 parameters are additionally kept also when mP1 ,mP2 ≥
mH/2 for simplicity, and as those couplings do not lead to any important modifications
of the phenomenology of the model. The involved pseudoscalar fields being identical in
the corresponding Lagrangian terms (m22HP1P1 and m33HP2P2), they are indeed discon-
nected from any potential resonant enhancement such as those emphasised below.

With all the above assumptions, the set of independent parameters in the two-mediator
model is reduced to {

gq, mP1 , mP2 , mχ

}
. (2.10)

We estimate the impact of the adopted simplifying assumptions after the presentation of
our main results. To this aim we will investigate the variation of the other parameters
appearing in eq. (2.7) one by one.

2There is no consensus on the definition of broad and narrow states, the threshold on the Γ/M ratio
varying from one author to another. We follow the analysis of ref. [39] in which large width effects on a
signal and its interference with the SM background start to play a role for width-over-mass ratios of about
10%–15%. In the case of a broad state, any signal process should include the decay of this state, and
the total new physics contribution then consists of the sum of the signal-only diagrams squared and their
non-negligible interference with the Standard Model background (that comprises diagrams featuring the
same final state but no new particle beyond the Standard Model). This could lead to different peak and
dip structures in some kinematic distributions, and hence potentially affect the sensitivity, in one way or
the other, of the LHC analyses considered. We leave a detailed analysis of those effects for future work.
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3 Experimental constraints

In this section, we discuss the experimental constraints considered in our analysis of the
multi-mediated pseudoscalar dark matter simplified models.

3.1 Dark matter aspects

Relic density: the dark matter relic density has been extracted very precisely from
measurements of the cosmic microwave background anisotropies by the PLANCK collabo-
ration [3],

Ωh2 = 0.120± 0.001. (3.1)

To determine the regions of the parameter space compatible with such a measurement,
we add to this result a theoretical uncertainty related to higher-order corrections of the
order of 10%. Thus we consider the 2σ range, 0.096 < Ωh2 < 0.144. It has indeed been
shown that higher-order corrections are typically of about 10%, and can even be larger
in certain scenarios. For example, such large corrections are found both in the Minimal
Supersymmetric Standard Model [40, 41] and in the Inert Doublet Model [42–47]. In the
present work, the relic density is computed at leading order using micrOMEGAs 5.1 [48,
49]. The dominant channels contributing to DM annihilation consist of annihilations into
fermion pairs through the s-channel exchange of one of the pseudoscalars, or into pairs of
light pseudoscalars when mP1 < mχ. The former process is clearly enhanced near one of
the pseudoscalar resonances while it can be suppressed due to a destructive interference
between the diagrams featuring P1 and P2 exchanges. This interference depends on both
the relative masses of the two pseudoscalars and their couplings to the SM and the DM.

Direct detection: the direct detection rate when the DM interactions are mediated
by a pseudoscalar vanishes in the limit of zero-momentum transfer. Contributions to
spin-independent elastic scattering thus occur only at the one-loop level. The associated
computations in specific models [50, 51] have shown that the expected cross section lies
below current limits, which are of the order of σ ≈ 10−11 pb, from XENON1T [10] and
PANDAX-4T [11]. For example, for a fermion dark matter model with a single pseudoscalar
mediator [51], i.e. a model similar to the one considered here, it has been shown that the
current experiments are not yet sensitive to O(1) couplings. In the following, we therefore
ignore constraints ensuing from direct detection. We, however, note that future experiments
have the potential to probe the model. In particular, it was shown that when the mediator
is light, for example when mP1 = 30 (10)GeV for a DM mass of 50GeV, a cross section
above the neutrino floor is obtained for values of gq > 0.4 (0.2) [51].

Indirect detection: Fermi-LAT observations of photons from Dwarf Spheroidal Galaxies
(dSph) provide constraints on thermal WIMPs below the electroweak scale. In particular,
when DM annihilates into fermion pairs (bb̄ or ττ), bounds at the 95% confidence level
(CL) rule out thermal cross sections (〈σv〉 = 3 × 10−26 cm3/s) associated with WIMPs of
mass mDM ≤ 100GeV [8]. In our model, annihilations into a bb̄ pair dominate. We can
thus directly compare the predicted DM annihilation cross section with the 95% CL exclu-
sions as reported by Fermi-LAT for this channel. These limits can however be somewhat
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Figure 2. The behaviour of the indirect detection cross section as a function of the mass of the
lightest pseudoscalar MP1 . We consider a fixed heavier mediator mass mP2 = 500GeV and dark
matter masses of mχ = 50GeV (left panel) and mχ = 100GeV (right panel). In this plot, the
couplings of the pseudoscalar with the SM fermions are varied while the couplings to dark matter
is fixed to yχ = 1. The constraints from FermiLAT and AMS-02 (anti-protons) are also shown as
dashed lines. The regions below the dashed lines are allowed at 95% CL.

relaxed in analyses that take into account background uncertainties [52]. When mP1 < mχ,
annihilations into a P1 pair are also possible. Such a channel is however p-wave suppressed,
and is therefore always subdominant.

Searches for DM in anti-proton fluxes as performed by AMS-02 [53] can also provide
stringent constraints on DM. However, these constraints strongly depend on the cosmic
ray (CR) propagation parameters as well as on the DM profile. The uncertainties on the
propagation parameters have nevertheless been greatly reduced by AMS-02 measurements
of the B/C ratio [54, 55]. We use the limits derived in ref. [56], when bb̄ final states are
considered. There, the size of the diffusion halo is fixed to its minimum value L = 4.1 kpc,
and a global fit to B/C and to the antiproton spectrum is performed for the remaining
propagation parameters and the exclusion cross section in the bb̄ channel for each DM mass.
The fit is done for three DM profiles. We use the most conservative limit corresponding to
a generalised NFW profile with ρ = 0.3GeV/cm3.

The impact of the dark matter constraints on the model is illustrated in figure 2, in
which we fixmP2 = 500GeV, and where we setmχ = 50GeV (left panel) andmχ = 100GeV
(right panel). Moreover, the coupling gq is left free and scanned over. In this figure, we
display the annihilation cross section 〈σv〉ID = 〈σv〉|v=0.001c for all points that fall within
the allowed range for the relic density. We first observe that the dominant process being
s-wave entails that 〈σv〉ID is almost constant away from the region mχ = mP1/2, with a
value that corresponds to its thermal value. The second observation is that there can be
a strong enhancement of 〈σv〉ID. This effect occurs when DM annihilates near a narrow
resonance. This is known as a Breit-Wigner enhancement [57, 58]. In this region, the cross
section is sensitive to the thermal energy. At small velocities relevant for DM annihilation
in galaxies, the annihilation process can be enhanced by the pseudoscalar resonance, while
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at higher velocities such as representative from the early Universe, the annihilation process
takes place mostly above the resonance. Conversely, when mP1 is slightly above 2mχ,
the resonance enhancement is maximal in the early Universe, while no such enhancement
occurs at very small velocities in the galaxy (hence the deep dip in figure 2).

When mχ = 50GeV, the strict constraints from Fermi-LAT [8] rule out most of the
regions allowed by the relic density, except for a narrow region where mP1 is in the range
100–120GeV. As mentioned above this corresponds to the region where DM annihilation
is enhanced in the early Universe. The more conservative interpretation of the Fermi-
LAT limit, which takes into account theoretical uncertainties, allows for most values of
mP1 . It however restricts the range of values allowed for gq to those corresponding to
the upper range of the allowed interval by the relic density. The conservative limit from
AMS-02 antiprotons only constrains the region where mP1 < 2mχ. For heavier DM, on
the other hand, the indirect detection constraints become much weaker. The whole range
of mP1 > 2mχ becomes allowed along with a significant portion of the lower range.

3.2 Collider constraints

The multi-mediated pseudoscalar model considered can be tested at the LHC in a twofold
manner, either by probing pseudoscalar signals in which the pseudoscalar decays invisibly,
or by focusing on its visible decays into a pair of SM states. Signatures featuring invis-
ible decays contribute to various missing transverse energy signals that are traditionally
searched for through the so-called mono-X searches for dark matter at colliders [59–66].
On the other hand, signatures of the visible pseudoscalar decays cannot be used to probe
the dark matter properties of the model directly, but could be used instead to corner the
pseudoscalar properties and its couplings to the SM. In the following, we only detail the
first class of constraints, as the latter class has been found to have a negligible impact.

In order to evaluate the constraints that originate from mono-X analyses at the LHC,
we reinterpret the results of ATLAS and CMS searches for mono-jet and mono-Higgs
signals. Moreover, our model encompasses minimal flavour violation, and hence the pseu-
doscalar couplings to third-generation quarks are enhanced. Pseudoscalar production (fol-
lowed by a decay into a pair of dark matter states) in association with a top-anti-top pair
may then play an important role. We correspondingly recast an LHC search for dark mat-
ter production in association with a pair of top quarks to quantitatively assess the relevance
of this channel.

We derive the LHC sensitivity to our model by means of the aforementioned missing
energy searches. In practice, we rely on the simulation of three relevant collider signals,

pp→ χχ̄j with pT (j) > 100 GeV , pp→ χχ̄H , pp→ χχ̄tt̄ , (3.2)

where H is the SM Higgs. We employ a state-of-the-art simulation tool chain, relying on
the Monte Carlo event generator MadGraph5_aMC@NLO (MG5_aMC) [67] for the
simulation of the above hard processes. The first two signals are evaluated at the next-to-
leading order (NLO) in QCD and the last one, featuring a larger final-state multiplicity, at
the leading order (LO). This is achieved by importing into MG5_aMC a UFO library [68]
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associated with the model introduced in section 2. The latter is generated by means
of FeynRules [69, 70], that we jointly use with NLOCT [71] and MoGRe [72] for the
calculation of the UV counterterms and the finite remainders that are necessary to compute
loop integrals in four dimensions (as done in MG5_aMC). To deal with the decay of heavy
final-state particles, we make use of the MadSpin [73] and MadWidth [74] packages.

All signal events are then passed through Pythia 8 [75] for parton showering and
hadronisation, and the resulting hadron-level events are processed by the fast detector
simulator Delphes [76], as driven by MadAnalysis 5 [77]. In this setup, the clustering
of hadrons into jets is handled according to the anti-kT algorithm [78] as implemented
in FastJet [79]. To emulate a realistic detector resolution and particle identification
performance, we tune the detector response and the reconstruction performance as detailed
in the LHC analyses considered. We recast three analyses of partial LHC run 2 data [80–82],
that are all available from the MadAnalysis 5 Public Analysis Database [83]. The source
codes and associated documentation are available from the MadAnalysis 5 dataverse [84–
86] and ref. [87].

The considered experimental searches focus on the analysis of partial run 2 data [80–
82]. We have therefore verified that the obtained bounds only mildly change after a naive
rescaling to the full run 2 luminosity [88–90], such a procedure being known to provide
results comparable with those that could be obtained from the recast of updated experi-
mental analyses [91]. Instead of indicating bounds corresponding to the full LHC run 2, we
show below bounds derived from the nominal luminosity of the searches under considera-
tion. We additionally derive estimates for the high-luminosity phase of the LHC by a naive
rescaling of the signal and background expectation for a luminosity of 3 ab−1, following the
prescription of ref. [91].

We estimate the sensitivity of the LHC through the mono-jet channel by reinterpreting
the results of a corresponding ATLAS search in 36.1 fb−1 of LHC data [80]. This search
targets events featuring an energetic jet and a large amount of missing transverse energy.
It includes 10 inclusive signal regions in which the amount of missing energy has to be
larger than some signal-region-dependent threshold, as well as 10 exclusive signal regions
dedicated each to a well-defined missing energy bin. The exclusive region ‘EM2’, that
enforces 300 GeV < /ET < 350GeV, is the most relevant one for the scenarios studied in
this work by virtue of the new physics mass range that we study.

For what concerns the mono-Higgs channel, we recast an ATLAS search for mono-
Higgs events in 36.1 fb−1 of the LHC data [81]. We consider the resolved signal region
of this analysis, in which the Higgs boson decays into a pair of separated narrow b-jets.
Moreover, selected events contain some missing transverse energy that satisfies 150 GeV <

/ET < 500GeV, and that is well separated from the bulk of the hadronic activity.
Finally, the LHC sensitivity to the model from tt̄ + /ET production is assessed by

recasting the results of the CMS search for such a new physics signature in 35.9 fb−1 of
data [82]. Whereas this search targets a supersymmetry-like topology in which the signal
originates from the production of a pair of top partners (i.e. top squarks in supersymmetry)
which then decay into a dark matter state (i.e. a neutralino in the supersymmetric case)
and a top quark, it can be reinterpreted in other scenarios, as shown in the CMS publication
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Scenarios Relic density LHC phenomenology
mP1 � mP2 single-mediator case single-mediator case
mP1 > mP2 single-mediator case two-mediator case

(enhanced mono-Higgs rates)
mP1 ∼ mP2 single-mediator case single-mediator case

(as an effective coupling) (as an effective coupling)

Table 1. Model description and main phenomenological consequences as a function of the mass
splitting between the two pseudoscalars.

itself with a top-philic s-channel dark matter model [92]. The signal region ‘SR1’ of this
analysis, that is defined by an inclusive missing transverse energy selection ( /ET > 200GeV)
and an exclusive stransverse mass bin (100GeV < MT2 < 140GeV), is particularly well
suited for the scenarios that we examine.

4 Constraining multi-pseudoscalar mediated dark matter

In this section, we derive the current constraints on scenarios with either one or two medi-
ators. This exercise allows for a comparison of the obtained bounds in the two cases, and
a good understanding of how the second mediator could have an impact. It turns out that
this crucially depends on the mass splitting between the two pseudoscalars, as will be more
quantitatively shown in the next subsections. For example, when the second mediator is
much heavier than the first one, the model phenomenology can be effectively described in
terms of a single mediator (as studied e.g. in refs. [14, 93–95], for the analysis of a pseu-
doscalar mediator). Moreover, a single-mediator description could also be used when the
two pseudoscalars are approximately mass-degenerate. The effect of the second mediator
then appears as an overall effective coupling change. The interesting case corresponds to
the intermediate setup in which the second mediator is moderately heavy relative to the
first mediator and with large enough couplings to the SM. In this case, its presence would
not impact early universe cosmology, but could enhance mono-X expectations at colliders.
In particular, one could get an increased mono-Higgs production rate for an appropriately
chosen mass splitting, without affecting any other mono-X channel. The above discussion
is summarised in table 1.

In order to carry out a comprehensive and quantitative analysis, we divide our study
into two parts. First, we focus on understanding the phenomenological consequences of
the presence of the second mediator. Next, we estimate how the constraints evolve with
the dark matter mass. We examine in particular the corresponding sensitivity of the LHC,
since as already discussed in section 3.1 the dark matter constraints are generally milder.
The LHC thus has the potential to impose complementary bounds. This sharply contrasts
with models featuring a Higgs portal or a Higgs-like mediation between the SM and the
dark sector, or with scenarios in which a combination of direct detection and relic density
constraints severely restricts the allowed regions of the parameter space [96, 97].
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4.1 The impact of the second mediator

From the naive discussion above, the limit of a very heavy second mediator should lead to
results agreeing with the expectation of a single-mediator model [14, 93, 94]. In order to
establish such a statement, we consider certain simplifying assumptions allowing for the
mapping of the two configurations. We first recall that the Yukawa coupling modifiers gq
are all equal. Furthermore, we fix the dark matter mass and the dark Yukawa coupling yχ
to specific values following the conventions of ref. [7]. This corresponds to the maximum
mixing scenario between the two pseudoscalars and helps us to define the decoupling limit
solely in terms of the mass of the second pseudoscalar and independently of the size of the
couplings. The idea that underlies a single-mediator model is that any additional particle is
decoupled and has no phenomenological consequence at energy scales relevant for colliders.
Single-mediator models can then be constrained largely by using mono-jet searches. There-
fore, we begin our analysis under the assumption that the BSM contributions to mono-jet
production are dominated by the effect of the first mediator (when it can decay into dark
matter). We then seek out, in a second step, to determine the limit in which other mono-X
signatures, such as the dominant mono-Higgs one [31, 32, 98], can play a role.

We start by defining the model configurations at which the second mediator can be
considered as decoupled in the context of mono-jet production. We demand that the
associated contributions to the related cross section are smaller than 10% of the first
mediator contributions. This criterion leads to a constraint on the mass of the second
mediator,

g2
qy

2
χ

m2
P2

≤ 0.1
g2
qy

2
χ

m2
P1

or mP2 ≥ 3.16 mP1 , (4.1)

provided that both pseudoscalar masses are larger than twice the dark matter mass (so
that P1 and P2 both could yield the production of a significant amount of missing energy
at the LHC).

In figure 3, we show constraints on the model parameter space that originate from
cosmology and astrophysics as well as from LHC mono-X searches, both for the single
mediator (left) and the two-mediator (right) cases. We find that for a certain range of
parameters, mono-Higgs constraints play an important role, even if bounds stemming from
mono-jet production are almost identical in the single-mediator and two-mediator scenarios.
We recall that the second mediator is enforced to be decoupled in a mono-jet context as
defined in eq. (4.1).

For a similar reason, tt̄ + /ET constraints are not expected to be drastically different
between the one-mediator and two-mediator configurations. We indeed find that mono-jet
and tt̄ + /ET bounds both play a role as soon as the lightest pseudoscalar can decay into
dark matter (i.e. for mP1 & 2mχ). When the tt̄ threshold is crossed (i.e. for mP1 & 2mt),
P1 decays into a top-anti-top pair dominate and both mono-jet and tt̄+ /ET searches lose
sensitivity.

In contrast, mono-Higgs production is enhanced in the two-mediator case as soon as
the on-shell production of the heavier pseudoscalar P2, followed by a decay into a SM Higgs

– 14 –



J
H
E
P
0
7
(
2
0
2
2
)
1
1
1

Figure 3. Constraints on the model that originate from dark matter relic density, indirect detection
and searches at the LHC. The results are shown in the plane

(
mP1 , g

−1
q

)
for the single-mediator

(left) and the two-mediator (right) case. The points appearing in light green are associated with a
relic density satisfying Ωh2 = 0.12 ± 10%, whereas the dark green points are additionally allowed
by the indirect detection results of Fermi-LAT [56]. The shaded regions represent 95% confidence
level exclusions from mono-jet (grey), mono-Higgs (red) and tt̄ + /ET (blue) searches in 36 fb−1 of
LHC data [80–82].

boson H and a lighter pseudoscalar P1 (that further decays into dark matter), is open,

pp→ P2 → P1H → χ̄χH . (4.2)

Such a sub-process is important in the mass range considered, its specific impact being
related to the analysis cut on the missing energy. The corresponding missing transverse
energy spectrum indeed exhibits an edge at [31]

/ET,max ≈
λ (mP2 ,mP1 ,mH)

2mP2
, (4.3)

where λ(x, y, z) stands for the usual Källén function. As the mono-Higgs analysis that we
recast enforces a 150GeV < /ET < 500GeV selection, we can expect the sensitivity of the
search to decline for mP1 ≈ 200GeV when mP2 = 3.7mP1 .

We now turn to the analysis of the cosmological and astrophysical constraints on
the model. The region above the green points in figure 3 corresponds to configurations
associated with a relic density larger than the observed one. It is thus disallowed. In
contrast, for the parameter space region below the green points, the dark matter is under-
abundant. Therefore, there should be other sources of dark matter for the model to be
phenomenologically viable. We find, as expected, that the value of gq required is much
smaller when mχ ∼ mP1/2. When mχ > mP1 the relic density is instead set by χχ→ P1P1
annihilations and is therefore independent of gq. Finally, indirect detection bounds are
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Figure 4. Same as in figure 3, but for different mass setups in the two-mediator case. We consider
mP2 = 500GeV, together with mχ = 50GeV (left) and 100GeV (right).

found to be particularly strong for the chosen dark matter mass, and rule out quite a large
region of the parameter space.

Dark matter observables hence leave two allowed and disconnected classes of scenarios.
In the first one, dark matter cannot be produced via the on-shell decay of the light pseu-
doscalar (i.e. mP1 < 2mχ). In the second one, we lie close to the resonance (mP2 & 2mχ)
so that Breit-Wigner effects help in reducing 〈σv〉ID. This consequently allows for avoiding
any indirect detection bound close to the resonance peak (see also figure 2).

We shall see in the next subsection how these stringent indirect detection constraints
can be relaxed by either choosing a heavier DM mass, or by introducing a non-standard
cosmological evolution of the early universe.

4.2 The impact of the dark matter mass

In this section, we study the evolution of the constraints on the model as a function of the
dark matter mass in scenarios where the two mediators play a role. For this purpose, we fix
the mass of the second pseudoscalar to mP2 = 500GeV, a value well within the regime in
which the second mediator has an impact on the model phenomenology. We then examine
two representative classes of benchmark points in which the dark matter mass is fixed to
50 and 100GeV respectively. The resulting constraints are represented in the (mP1 , g

−1
q )

plane in figure 4.
We first observe that the dark matter mass strongly impacts the cosmology in the

model. The relic density curve (in green) on which Ωh2 = 0.12 is essentially translated
towards higher values of mP1 , as the resonant regime (i.e. mP1 ∼ 2mχ) is correspondingly
shifted from mP1 ∼ 100GeV to 200GeV. Indirect detection bounds additionally get weaker
with the increase of the dark matter mass mχ (see figure 2).
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All collider constraints considered also get weaker with increasing values of mχ. The
mono-jet and the tt̄+ /ET constraints are irrelevant in regions where the decay of the lightest
pseudoscalar into dark matter is closed (mP1 < 100GeV and 200GeV in the two classes of
scenarios under consideration respectively). Moreover sensitivity is lost when mP1 . mP2 ,
since in the equal coupling limit, the contributions due to the two pseudoscalars destruc-
tively interfere (and cancel out in the equal mass limit). In the intermediate mass configu-
ration (2mχ < mP1 . mP2), tt̄+ /ET constraints are still strong and mostly not affected by
the change in the dark matter mass, whereas the mono-jet ones get reduced by virtue of the
missing energy dependence (or equivalently because of the dark matter mass dependence)
of the selection efficiencies in the various signal regions of the analysis. A similar con-
clusion can be drawn for what concern mono-Higgs constraints that globally weaken with
higher mass values of the dark matter. This is due to the shift in the pseudoscalar dark
decay threshold (that increases from 100GeV to 200GeV when mχ varies from 50GeV to
100GeV). On the other hand, the bounds in the heavier pseudoscalar P1 regime stay inde-
pendent of the dark matter mass. In this case, mono-Higgs searches indeed lose sensitivity
at approximately mP1 ≈ 320GeV for mP2 = 500GeV, regardless of the dark matter mass.

To summarise, we have found that while cosmological constraints on multi-pseudoscalar
mediated dark matter models get weaker with an increase in the dark matter mass, the
LHC searches still have the potential to probe large regions of the parameter space. To
ascertain the generality of the obtained results, we examine in the next subsections the
impact of varying the remaining free parameters of the model. Finally we will close the
section by estimating the reach of the high-luminosity phase of the LHC (the HL-LHC) to
the model that we investigated in this work.

4.3 The impact of the dark matter Yukawa coupling

In previous sections, we had fixed the value of the DM Yukawa coupling with the pseu-
doscalars to be one, based on the argument that this choice should have a negligible impact
on the extracted collider constraints. This argument is strictly valid only in the case where
the pseudoscalar dominantly decays to pair of dark matter particles. On the other hand,
the value of yχ should affect cosmological constraints. In this subsection, we therefore
analyse the impact of yχ on both the cosmological and LHC bounds on the model. The
exercise has been performed by fixing the dark matter mass to 50GeV, the second pseu-
doscalar mediator mass to 500GeV, and by keeping m11 = 1TeV, m22 = m33 = 2GeV,
and θ = π/4.

In figure 5, we compare the obtained cosmological and LHC constraints for two values
of yχ = 1 and 0.1. There are broadly three effects which arise due to the variation of yχ.

• When mχ < mP1 , DM dominantly annihilates into a pair of SM particles, χχ →
SM SM, and the annihilation cross section scales as the product of the two Yukawa
couplings g2

qy
2
χ. In this case, imposing the relic density requirements fixes the cross

section to a particular value for a given DM mass, so that a decrease in yχ leads
to an increase in gq. This can be seen on the left panel of figure 5. The minimum
allowed value of gq satisfying the relic density constraint is obtained when yχ attains
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Figure 5. Constraints on the model originating from the dark matter relic density and indirect
detection bounds (left), as well as LHC constraints (right), for two representative values of yχ. The
results are displayed in the plane

(
mP1 , g

−1
q

)
. The points that appear in light green (orange) are

associated with a relic density satisfying Ωh2 = 0.12 ± 10% for yχ = 1(0.1), whereas the darker
points are additionally allowed by indirect detection bounds. The shaded regions in the right panel
represent 95% confidence level exclusions from mono-jet (grey) and mono-Higgs (red) searches [80–
82]. The solid (dashed) lines corresponds to exclusions for yχ = 1 (0.1).

its maximum value set by perturbative unitarity considerations. However, when DM
annihilation proceeds near the pseudoscalar resonance, a modification of yχ has little
impact.

• Another interesting feature can be seen when mχ ≥ MP1 with sufficiently large yχ
values like for instance yχ = 1. The dominant annihilation mode becomes χχ →
P1P1 and gq turns to be unconstrained by cosmology. For smaller values of yχ the
annihilation cross section to P1P1 decreases, and the relative contribution of the SM
final states becomes more relevant. This automatically leads to a constraint on gq.
This can be clearly seen in the left panel of figure 5 for yχ = 0.1.

• As expected, we find that the LHC constraints remain largely unaffected when the
value of yχ decreases, as illustrated in figure 5. This fully justifies our choice of fixing
yχ to one in the previous sections. In the results that we presented in the current
section, we did not include constraints originating from tt̄ + /ET searches, as they
were found to be similar and milder than the mono-jet bounds.

4.4 The impact of the mixing angle θ

The variable θ characterises the mass mixing between the two pseudoscalars. In the flavour
basis, P 0

1 couples only with the SM while P 0
2 couples only with DM. Their mass mixing

induces effective interactions between the SM and the dark matter sector.
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Figure 6. Cosmology (left) and LHC (right) constraints on the model for two representative values
of θ, taken to be π/8 and π/4. We make use of the same colour code as in figure 5.

In the no-mixing scenario (θ = 0), dark matter does not interact with the SM. Standard
freeze-out cannot thus occur. In sections 4.1 and 4.2, we have considered θ = π/4, which
corresponds to a maximal-mixing scenario. In order to analyse the effect of varying θ,
we consider a scenario where θ = π/8, this choice lying mid-way between the no-mixing
and maximal-mixing cases. The constraints that we obtain on this scenario are shown in
figure 6. The annihilation cross section for χχ → SM SM scales as g2

qy
2
χ sin2(2θ), which

can be re-written as g2
qy
′
χ

2 with y′χ = yχ sin(2θ). Therefore, the impact of θ variations
on cosmological constraints is similar to that originating from yχ variations. Namely,
decreasing θ from π/4 to π/8 reduces the effective coupling y′χ. Consequently, the range of
values of gq allowed by the relic density constraint increases.

The LHC constraints are also sensitive to a change in θ, unlike to a change in the
DM Yukawa coupling studied in section 4.3. With the decrease in θ, the P2 production
cross section decreases significantly, thus relaxing any bounds that could stem from mono-
Higgs searches. Mono-jet constraints are not much affected when they are dominated by P1
exchanges. However when P2 starts to dominate then the constraints become less stringent,
as for when θ = π/8. This is illustrated in figure 6 at large values of mP1 .

Consequently, the most stringent constraints on the model are found in the maximal-
mixing scenario, as argued in previous sections.

4.5 The impact of the trilinear couplings

In this section we discuss the impact of varying the three trilinear couplings, namely m11,
m22 and m33. Amongst these, m11 directly affects mono-Higgs production and directly
enters the P2 decay width. Its value needs therefore to be carefully chosen. From figure 7,
it can be seen that m11 larger than 1TeV leads to broad-width scenarios. Since we decided
to focus on narrow width scenarios, this therefore justifies our choice of fixing m11 to 1TeV,
as performed in the previous sections. Furthermore fixing m11 to its maximally allowed
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Figure 7. Left panel: dependence of Γ(P2)/MP2 on the lighter pseudoscalar mass for different
values of m11. Right panel: constraints on m22 originating from the upper limits on the Higgs-
boson invisible width. The shaded regions blue (red) are ruled out by the current (projected at
HL-LHC) constraints on the Higgs to invisible branching ratio.

value also leads to the most stringent set of constraints that could originate from mono-
Higgs searches. Nevertheless, we have studied the impact of reducing m11 to 500GeV, a
value which also leads to a branching ratio of 100% for the P2 → P1h1 decay, when it
is kinematically accessible. We found hardly any impact on both the cosmological and
collider constraints. On the contrary, for much lower values like m11 = 1GeV, mono-Higgs
constraints become milder (due to the corresponding cross section being reduced), whereas
mono-jet and cosmological constraints are not affected. This is illustrated in figure 8.

The two other trilinear couplings, m22 and m33, can be constrained using bounds on
the Higgs-boson branching ratio to invisible systems, provided that MP 1 ≤ mH/2 (MP 2 ≤
mH/2). The range of m22 values allowed by the current constraint BRinv < 11% [99]
corresponds to the region below the dashed line in the right panel of figure 7. Here, a 100%
branching ratio of the pseudoscalar to dark matter is assumed. The improvement that can
be expected from HL-LHC, leading to BRinv < 2.8% [100] is also displayed. The values of
these trilinear couplings do not affect any other constraints.

4.6 Future constraints and challenges at the HL-LHC

In order to assess how well multi-pseudoscalar mediated dark matter models can be probed
in future LHC operation runs, we extrapolate current constraints to an integrated luminos-
ity of 3 ab−1. In our naive extrapolation procedure, we rescale the background expectation
and signal predictions to match the HL-LHC luminosity, and assume identical relative un-
certainties on the background. The HL-LHC sensitivity derived in this way is displayed
in figure 9 for the four classes of benchmark scenarios considered. After accounting for
all cosmology and collider bounds, only funnel regions end up to be allowed by (future
expected) data. Such a conclusion is similar to the one obtained for Higgs-portal medi-
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Figure 8. Cosmology (left) and LHC (right) constraints on the model for two representative values
of m11, taken to be 1GeV and 1TeV. We make use of the same colour code as in figure 5.

ated dark matter scenarios, with a subtle difference that in a multi-pseudoscalar setup the
HL-LHC is competitive enough to constrain parts of the allowed regions of the parameter
space. Scenarios featuring coupling modifiers of O(0.1) or smaller are indeed the only ones
expected to survive without being tested after the future high-luminosity phase of the LHC.

All the results presented so far assume standard cosmology. We now examine the fate of
the model considered in the light of non-standard early universe cosmology. Experimentally
we know that the universe was radiation dominated at the Big Bang Nucleosynthesis epoch.
Prior to that and in the absence of any relevant information, a radiation-dominated universe
is usually considered as well, as such an assumption leads to a more predictive setup.
However, departures from this condition are not excluded, as for example when there is a
period of early matter domination (see, for example, ref. [101]). Such a modification in the
cosmology would cause dilution in the number densities, yielding cosmological constraints
that are potentially relaxed quite a bit. In figure 9, we present how a simple dilution factor
of 10 can modify the cosmological bounds on the model. Favoured scenarios exist and are
quite challenging to be probed at the HL-LHC. In this way, whereas the LHC and the
HL-LHC may be sensitive to parameter space regions favoured by standard cosmology, the
situation changes when non-standard effects are in order. In particular, allowed parameter
space regions close to the resonance regime (mP1 ∼ 2mχ) remain largely untestable at the
HL-LHC by virtue of too small new physics couplings of the dark sector to the SM.

5 Conclusions

In this work, we focus on less-simplified models for dark matter and their associated phe-
nomenology. We classify such setups based on the number of additional mediators and dark
matter particles relevant for LHC energy scales. The classification is simple and allows us
to retain the main features of the usual simplified models for dark matter, that are quite
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Figure 9. Constraints on the model that originate from dark matter relic density and indirect
detection, shown together with HL-LHC expectations for a luminosity of 3 ab−1. The results are
shown in the plane

(
mP1 , g

−1
q

)
for the four scenarios discussed in the rest of section 4. The points

appearing in light green are associated with a relic density satisfying Ωh2 = 0.12± 10% (assuming
standard cosmology), whereas the dark green points are additionally allowed by indirect detection
results. Points shown in orange correspond to cosmological scenarios in which there was a period of
matter domination in the early universe with a dilution factor of 10. The shaded regions represent
95% confidence level expected exclusions from mono-jet (grey), mono-Higgs (red) and tt̄+ /ET (blue)
analyses in 3 ab−1 of HL-LHC data, as extrapolated from the searches of refs. [80–82].

popular in serving as frameworks to jointly examine cosmological and collider searches.
However, they have been taken over by less-simplified models owing to the greater phe-
nomenological reach and theoretical consistency of the latter, even if in less-simplified
models we get plagued with larger sets of free parameters so that any analysis becomes
less transparent. We are therefore largely dependent on the details of the UV physics to
reduce the complexity of the model. This context thus necessitates the need for finding
pathways for model-independent searches.
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We establish this by using a simple example of two-pseudoscalar mediated simplified
models for dark matter. The pseudoscalar mediators are popular candidates to relate
the SM and DM sectors, as they ease to avoid direct detection constraints on the model
parameters. Having two pseudoscalar mediators consists, on the other hand, of a natural
configuration when one aims to introduce new physics interactions in a gauge-invariant way
on top of a standard simplified DM model. To conduct our analysis of the two-mediator
model, we make certain simplifying assumptions. We require the lightest Higgs-boson inter-
actions to be SM-like, that the interactions of the pseudoscalars satisfy a minimally flavour-
violating structure and are universal across all quark species. Moreover, the strength of
the Yukawa coupling of the mediators with DM are held fixed, as this parameter does
not contribute much to the collider phenomenology, and the scalar trilinear couplings are
estimated from Higgs physics considerations. With these assumptions, the presentation of
the multi-mediator analysis becomes simple, and depends only on four parameters.

We consider experimental constraints originating from the DM relic density, indirect
detection, and mono-X searches at the LHC. In particular, we focus on two classes of
scenarios to tackle two separate issues. First, we aim to factorise the effect of having a not
too heavy second pseudoscalar in the spectrum, or in other words to be able to distinguish
between a single-mediator and a two-mediator setup even when the second mediator does
not contribute to standard mono-jet signals. We find that mono-Higgs probes can consist
of new handles on regions of the model parameter space as soon as the second mediator is
present in the low-energy part of the spectrum. Second, we assess the impact of the dark
matter mass on the constraints for a given second mediator mass. Here, for larger values
of the DM mass constraints from indirect detection relax. Furthermore, we show that in
all cases, the LHC can quite stringently restrict the allowed regions of the parameter space
with a luminosity of 3 ab−1, so that only tiny funnel-like regions near mP1 ≈ mχ/2 survive.
Those constraints, however, get weaker when non-standard cosmology, before dark matter
freeze-out, is assumed. Taking the example of matter domination in the early universe, a
simple dilution factor of 10 is found to be sufficient to leave large parts of the parameter
space unconstrained.
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