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I review the construction of simplifiedmodels for darkmatter searches. After discussing the philosophy and some simple examples,
I turn the attention to the aspect of the theoretical consistency and to the implications of the necessary extensions of these models.

1. Introduction

Producing and studying the properties of the dark matter
(DM) particles at the LHC are an extremely exciting possi-
bility that would open the door to a new understanding of
the interplay between astrophysics, cosmology, and particle
physics. Essentially all the naturalness-inspired scenarios can
accommodate the presence of a good dark matter candidate:
a neutral and very long-lived particle that was copiously
produced in the early universe and then lost thermal contact
with the SM (if it ever occurred) leaving a relic density
ΩDM ∼ 0.26 of cold particles. The fact that such a stable
weakly interacting massive particle with a mass around the
weak scale has automatically a relic abundance close to the
measured one is a remarkable property which is often dubbed
WIMP miracle. The LHC is a perfectly suited machine to
look for this kind of particles, and current bounds from
ATLAS and CMS complement those from direct and indirect
searches.

A key task in these studies is that of choosing a theoretical
framework to compare with data and compare the results of
different experiments. Given the plethora of particle physics
models beyond the SM providing a WIMP candidate, it is
highly desirable to study the signatures of this DM candidate
in a model-independent way. In the early stages of the LHC,
this was achieved by means of the effective field theory
approach (EFT). In this framework, the StandardModel (SM)
is complemented by a set of non-renormalizable operators
that parametrize the interaction of the DM particle with SM
fields in terms of one effective scale Λ and of the DM mass

𝑚𝜒 [1]. The EFT approach has proven to be very useful in
the analysis of LHC Run I data [1–15], because of the great
advantage of giving bounds that are as model-independent
as possible: for a given choice of the spin of the DM particle,
the number of operators that can couple it to the SM and
may give interesting signatures at the LHC is limited, for a
fixed mass dimension. Since direct and indirect detection of
WIMPs, as well as WIMP production at the LHC, all require
an interaction of the WIMPs with the SM particles, and such
an interaction may be generated by the same operator, the
EFT approach has the additional advantage of facilitating
the analysis of the correlations between the various kinds of
experiments.

The important drawback of the EFT description is its
intrinsic energy limitation. At energies larger than some cut-
off Λ, the contribution of higher dimension operators to the
computation of scattering amplitudes becomes comparable to
the lower ones, signalling the breakdown of perturbativity.
More in particular, if the EFT is seen as the low energy
limit of a theory with a mediator of mass 𝑀 which is above
the energy scale probed by the experiment, the cutoff is
obtained asΛ2 ∼ 𝑀2/𝑔2, where 𝑔 is some combination of the
coupling constants, and the theory is valid up to amomentum
exchange 𝑝2 ≲ 𝑀2 ∼ Λ2, where we have assumed
𝑔 ∼ 1. In direct and indirect detection this constraint is
typically satisfied thanks to the low velocity of the incoming
particle. On the other hand, the momentum exchanged in
the partonic interactions at the LHC is of order few TeV,
larger than the values of Λ that can be excluded within the
EFT framework, making the naı̈ve EFT bounds unreliable
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except for values of the couplings close to the perturbative
bound 𝑔 ≲ 4𝜋 [16–18]. In principle this does not mean that
the EFT approach is not useful. Recasting procedures can be
adopted to rederive bounds considering only a fraction of
the events in the simulation that correspond to those which
fulfil the requirement on the momentum [17, 19]. Clearly, the
new bounds would be much weaker, but their simplicity still
suggests that they should not be disregarded.

Partly in response to the problems of EFTs, and partly
inspired by their rich phenomenological implications, in
more recent years the LHC community has turned its
attention to the tool-kit of simplified models. Such models
are characterized by the most important state mediating
the interaction of the DM particle with the SM, as well
as the DM particle itself (see, for example, [14, 20–24]
for early proposals). Including the effect of the mediator’s
propagator allows avoiding the energy limitation of the EFT,
and simplified models are able to describe correctly the full
kinematics of DM production at the LHC, at the price of
a moderately increased number of parameters. As we are
going to discuss below, the introduction of simplified models
opens a new set of possibilities compared to the simpler
EFT approach, while opening at the same time a set of new
questions.

This paper is structured as follows. In Section 2, we are
first going to describe the construction of DM simplified
models from a bottom-up approach, providing some exam-
ples in Section 3. Then, in Section 4, we will point out
the theoretical issues of such a construction, introducing a
second generation of simplified models that have gained a
lot of attention in recent times. Section 5 will contain our
conclusions.

Thorough discussions about simplified DM models may
be found in [25–30]. The second-generation models of
Section 4 are discussed in [31, 32].Thediscussion in this paper
will be partly based on [33].

2. Philosophy of Simplified DM Models

As in the case of the EFT, the idea behind simplified
models is to provide a good representation of possibly all
realistic WIMP scenarios within the energy reach of the
LHC, restricting to the smallest possible set of benchmark
models, each with the minimal number of free parameters.
Simplified models should be complete enough to give an
accurate description of the physics at the scale probed by
colliders, but at the same time they must have a limited
number of new states and parameters.

The starting point is always the SM Lagrangian, comple-
mented with a DM particle and a mediator that couples to
it, through renormalizable operators, to quarks and gluons,
which is necessary for the production of these states at
a hadron collider. A coupling to other SM particles can
be included as well and will add interesting experimen-
tal signatures to the model. In general, some simplifying
assumptions can be made: for example, one can take all
couplings to be equal, or the couplings to third genera-
tion’s quarks to be dominant. Interactions that violate the
accidental global symmetries of the SM must be handled

with great care. Indeed, constraints on processes that violate
these symmetries are typically very strong andmay overcome
those coming from DM searches or even rule out all of the
interesting parameter space of the simplified model. For this
reason, CP, lepton number, and baryon number conservation
is typically assumed, together with minimal flavour violation
(MFV). (Constraints on BSM models from CP and flavour
violating observables are very strong, and the energy scale
at which new physics may show up must be larger than
tens of TeV in the best case, if the flavour structure of the
model is generic. Minimal Flavour Violation is a way to
reconcile these constraints with possible new physics at the
TeV scale [34]. The basic idea is that the structure of flavour
changing interactions must reproduce that of the SM. The
SM is invariant under the flavour group G𝐹 = SU(3)𝑞 ×
SU(3)𝑢 × SU(3)𝑑, except a small breaking associated with the
Yukawamatrices𝑌𝑢 and𝑌𝑑.The invariance is restored if these
matrices are regarded as “spurions” with transformation law
𝑌𝑢 ∼ (3, 3, 1) and 𝑌𝑑 ∼ (3, 1, 3). Imposing MFV amounts
to requiring that new physics is invariant under G𝐹.) Even
with this assumption, there are cases in which constraints
fromflavour physicsmay be stronger than those coming from
mono-X searches [35] (see also [36] for a discussion of a non-
minimally flavour violating dark sector).

Most simplified models of interest may be understood as
the limit of a more general new physics scenario, where all
new states but a few are integrated out because they have a
mass larger than the energy scale reachable at the LHC or
because they have no role in DM interactions with the SM.
Similarly, in the limit where the mass of the mediator is very
large, the EFT frameworkmay be recovered by integrating out
the mediator. On the contrary, there are new physics models
which cannot be recast in terms of vanilla simplified models,
typically because more than just one operator is active at the
same time, possibly interfering with each other.The situation
is summarized in Figure 1.

Even if this may sound obvious, we should stress that
the correspondence between simplified models and EFT is
not one to one. Simplified models that involve mediators
of different spin nature may give rise to the same effective
operator after a Fierz rotation, as pointed out in [19] with the
example of aMajoranaDMparticle embedded in a𝑍󸀠 model
or a SUSY-inspired model with coloured scalar mediators in
the t-channel.

Even when a simple correspondence between the EFT
and the simplified model is assumed, limits on the EFT can-
not be readily translated onto the simplified model because
of the possible resonant enhancement (that would make
the limit stronger) or the typically softer missing energy
spectrum (that would weaken the limit) [37]. Moreover,
the different missing energy spectrum may require ad hoc
optimization strategy by the experimental searches, and
considering mediators of different mass requires different
optimization for each case. Finally, models with a heavy
mediator that would correspond to the EFT limit tend to
predict a too large relic DM density (assuming no deviation
from the standard cosmological history and no states other
than the SM ones to annihilate into) and are therefore less
appealing as a model of DM [38].



Advances in High Energy Physics 3

m
as

s s
ca

le

m
as

s s
ca

le

m
as

s s
ca

le

Heavy states

scale separation

· · ·
Heavy states

· · ·
Heavy states

· · ·
X3 X3 X3X2 X2 X2
X1 X1 X1

Z

Z

  

Y1

Y2

Y3
Z1

Z2
Z3

Z4

W,Z, ℎ, t

u, d

W,Z, ℎ, t W, Z, ℎ, t

u, d u, d

Figure 1: Left: a simplified model viewed as a sector of a more general new physics scenario. The SM is complemented by the DM particle
𝜒 and a mediator 𝑍󸀠. Other heavy states 𝑋1, 𝑋2, 𝑋3, . . . may be integrated out because they are very heavy. Centre: in the case in which the
mediator 𝑍󸀠 itself has a very large mass, it may be integrated out as well and the interaction is mediated by effective operators. Right: in a
generic setup the DM-SM interaction is mediated by a number of operators, possibly interfering with each other. Moreover, additional states
𝑌1, 𝑌2, 𝑌3, . . . that do not couple directly to DMmay be present. Those states can constitute a new handle on the dark sector, other than DM.
The ‘less simplified’ models described in Section 4 fall in this category.

From the point of view of LHC searches, the enlarged
physical spectrum and parameter space of simplified models
with respect to the EFT represents a challenge, and a greater
variety of search channels is involved. While within the EFT
approach the mono-X searches hold the stage, simplified
models of DM can be constrained also with multi-jet +
MET searches, with di-jet and di-leptons resonance searches
and many others, depending on the degree of sophistication
and on the ingredients of the model. Interestingly, many of
these searches do not involve the DM particle, but only the
mediator, and constraints are often stronger than the mono-
X ones. On the other hand, the EFT is still a useful tool when
dealingwith strongly coupled theories, where a description in
terms of a perturbative simplifiedmodel is not viable [39, 40].

3. First Generation of Simplified Models

3.1. 𝑠-Channel Mediators. We are now going to list a few
examples of the simplified models of relevance for LHC
searches, starting with those that include a fermionic DM 𝜒
(which for nowwe assume to be a Dirac spinor, but this is not
necessary) and a mediator exchanged in the 𝑠-channel. The
models under consideration are the following:

L𝑉 ⊃ 1
2𝑚

2
𝑉𝑉𝜇𝑉𝜇 − 𝑚𝜒𝜒𝜒 − 𝑔𝜒𝑉𝜇𝜒𝛾𝜇𝜒 − 𝑔𝑖𝑗𝑞𝑉𝜇𝑞𝑖𝛾𝜇𝑞𝑗, (1)

L𝐴 ⊃ 1
2𝑚

2
𝐴𝐴𝜇𝐴𝜇 − 𝑚𝜒𝜒𝜒 − 𝑔𝜒𝐴𝜇𝜒𝛾𝜇𝛾5𝜒

− 𝑔𝑖𝑗𝑞𝐴𝜇𝑞𝑖𝛾𝜇𝛾5𝑞𝑗,
(2)

for a spin-1 mediator and

L𝑆 ⊃ −1
2𝑚

2
𝑆𝑆2 − 𝑚𝜒𝜒𝜒 − 𝑦𝜒𝑆𝜒𝜒 − 𝑦𝑖𝑗𝑞 𝑆𝑞𝑖𝑞𝑗 + h.c., (3)

L𝑃 ⊃ −1
2𝑚

2
𝑃𝑃2 − 𝑚𝜒𝜒𝜒 − 𝑖𝑦𝜒𝑃𝜒𝛾5𝜒 − 𝑖𝑦𝑖𝑗𝑞 𝑃𝑞𝑖𝛾5𝑞𝑗

+ h.c..
(4)

for a spin-0 mediator, where 𝑉,𝐴, 𝑆, 𝑃 stand for a vector,
axial-vector, scalar, or a pseudoscalar mediator, respectively,
𝑞 = 𝑢, 𝑑 and 𝑖, 𝑗 = 1, 2, 3 are flavour indices. In the heavy
𝑚med limit, the mediators can be integrated out, recovering
the effective operators:

D1: 𝑚𝑞Λ3 𝜒𝜒 𝑞𝑞

D4: 𝑚𝑞Λ3 𝜒𝛾
5𝜒 𝑞𝛾5𝑞

D5: 1
Λ2𝜒𝛾𝜇𝜒 𝑞𝛾𝜇𝑞

D8: 1
Λ2𝜒𝛾𝜇𝛾

5𝜒 𝑞𝛾𝜇𝛾5𝑞

(5)

where the nomenclature was first adopted in [1].
Let us briefly point out, and we will come back to this in

Section 4, that the scalar and pseudo-scalar models of (3), (4)
are not gauge invariant. This may lead to spurious results in
processes where a 𝑊/𝑍 boson is emitted. Moreover, in the
axial-vectormodel perturbative unitarity is violated in a large
portion of parameter space. We will return to these issues in
Section 4.

Consistently with the MFV hypothesis, we force the
couplings to be diagonal: 𝑔𝑖𝑗𝑞 = 𝑔𝑖𝑞𝛿𝑖𝑗. Moreover, we assume
them to be flavour-blind in the (axial-)vector case and
proportional to the SM Yukawa in the (pseudo)scalar ones:

𝑔𝑖𝑑 = 𝑔𝑖𝑢 ≡ 𝑔𝑞,

𝑦𝑖𝑗𝑞 ≡ 𝑦𝑚𝑖
V
𝛿𝑖𝑗

for 𝑖 = 1, 2, 3.

(6)

In this way the spin-0 models have an enhanced coupling to
the third generation’s quarks, which makes the phenomenol-
ogy quite different from the spin-1 models, both because of
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Figure 2: Feynman diagrams for the production of a DM pair in
association with a quark or a gluon, leading to a mono-jet signature.
Additional diagrams obtained by exchanging a fermion and a anti-
fermion, aswell as the ones obtained by permuting the gluon vertices
in the loop in the (pseudo)scalar case, are neglected. The diagrams
enclosed in the dashed box in the 𝑡-channel model are suppressed
in the EFT limit.

the different production mechanism (gluon fusion with a top
loop instead of 𝑞𝑞 annihilation) and because of the possibility
of constraining suchmodels with searches in 𝑏/𝑡 channels. As
an example, Figure 2 shows the Feynman diagrams involved
in the calculation of the mono-jet cross section.

In addition to the parameters of the Lagrangian, in the
calculation of scattering amplitudes onemust also include the
decay width Γ of the mediator, which can be thought as a
free parameter that encodes the unknown decay probability
to other particles belonging to the dark sector. In this case, in
the computation of the cross sections the couplings constants
factor out and they affect only the normalization of the cross
section through their product 𝑔𝑞𝑔𝜒, while the spectra depend
only on themasses𝑚med, 𝑚𝜒.The problemwith this approach
is that, typically for large values of𝑚med, the benchmark value
of Γ becomes smaller than the sum of the partial widths
for decays into DM and quarks, which makes the choice
unphysical [38]. To avoid the problem it is usually assumed
that the mediator can not decay into particles other than the
SM ones and, depending on its mass, the DM, and the width
is computed accordingly as

Γ = Γ𝜒 +∑
𝑓

Γ𝑓 + Γ𝑔𝑔 (7)

This is usually referred to as the “minimal width assumption”.
Even if this choice eliminates one parameter, its drawback

is that now the cross sections depend nontrivially on the
couplings:

𝜎 ∝
𝑔2𝜒𝑔2𝑞

(𝑠 − 𝑚2med)
2 + 𝑚2medΓ2

(8)

where Γ at the denominator depends on 𝑔𝜒, 𝑔𝑞. Nevertheless,
in most cases the dependence on the couplings is less impor-
tant than the one on the masses, and so it is a good choice to
fix the couplings and let themass vary, thus presenting results
as exclusion plots in the plane𝑚𝜒 versus𝑚med. Following the
recommendations of the LHC Dark Matter Working Group,
useful benchmarks for the vector (V) and axial-vector (A)
models are as follows [41, 42]:

𝑉: {{
{

𝑔𝜒 = 1, 𝑔𝑞 = 0.25, 𝑔ℓ = 0
𝑔𝜒 = 1, 𝑔𝑞 = 0.1, 𝑔ℓ = 0.01

𝐴: {{
{

𝑔𝜒 = 1, 𝑔𝑞 = 0.25, 𝑔ℓ = 0
𝑔𝜒 = 1, 𝑔𝑞 = 0.1, 𝑔ℓ = 0.1

(9)

The exclusion lines that LHC draws have typically a
simple structure. In MET+X searches in which DM is pair
produced from themediator and recoils against a SM particle
(a photon, a hadronic jet or other) that is necessary to tag the
event, the best sensitivity is obtained for𝑚med > 2𝑚𝜒, where
DM can be produced on resonance and the cross section is
consequently enhanced. On the other hand, for𝑚med < 2𝑚𝜒,
the cross section is suppressed. (In the mono-jet channel, for
𝑚med ≲ 2𝑚𝜒, the LHC at 14 TeV with 300 fb−1 is sensitive
to O(1) couplings only for 𝑚𝜒 ≲ O(100 GeV), while for
m𝜒 ∼ 1 TeV it is sensitive only to couplings of order 𝑔𝜒 ⋅ 𝑔𝑞 ≳
10 [25]) Finally, for large 𝑚med the EFT limit is recovered,
but then again the constraining power is suppressed by the
large𝑚4med.Mono-jet limits in this region extendup to around
1.5 − 2 TeV, depending on the search, on the choice of vector
or axial-vector mediator and to the values of the couplings
(see, e.g., Figures 3 and 4 of [43] for the dependence of the
𝑚med limit on the values 𝑔𝑞, 𝑔𝜒). This gives rise to a typical
triangular shape in the exclusion plots sketched in Figure 3
(see, e.g., [44] for a very recent example of such an exclusion
plot in the mono-𝑍/𝑊 channel).

Sometimes, it proves very useful to show the constraints
on 𝑠-channel simplified models in the plane 𝑚med − Λ
for fixed 𝑚𝜒, where Λ = 𝑚med/√𝑔𝑞𝑔𝜒 is defined as the
contact interaction scale. In this plane, the bounds have
the typical shape shown in the right panel of Figure 3. For
light mediator (Region I), DM production proceeds off-
shell, and the cross section is suppressed (compared to the
corresponding EFT result) by (𝑚4med/𝑠2), where √𝑠 can be
estimated as min(MET2, 𝑚2𝜒). In Region II, the mediator is
produced on-shell, and the cross section is enhanced. In this
region the limit depends on the choice of the width Λ, as the
cross section scales as 𝑔2𝜒𝑔2𝑞/(𝑚2medΓ2). Finally, in Region III,
the EFT limit is recovered.
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Missing transverse energy searches are not the only
handle that we have on simplified models. Searches for the
mediator, for example, in the resonant di-jet channel, can lead
to more stringent bounds in 𝑚med for the same value of the
coupling to quarks 𝑔𝑞.

Constraints on 𝑠-channel simplified models have been
obtained by numerous groups, with a particular attention
to the case of a (axial-)vector mediator, due to the prob-
lematic nature of the (pseudo)scalar models of (3), (4) (see
the discussion in Section 4). Mono-jet constraints were
discussed in [45–50]. A thorough comparison of mono-jet
searches to di-jet searches, direct detection limits, darkmatter
overproduction in the early universe, and constraints from
perturbative unitarity is performed in [43, 51–54]. In [55,
56] the problem of deriving limits for arbitrary values of
the coupling constants starting from the benchmark ones is
addressed. The case for a light DM (thus evading constraints
from direct searches) is analysed in [22, 57, 58].

A very interesting phenomenology arises in the case
where the couplings to third-generation quarks is larger than
the couplings to the first two, as it is the case in the spin-0
models with MFV introduced above. Strong constraints on
these models come from searches for one or two 𝑏-tagged jet
+METand 𝑡𝑡+MET (see [59] for an early proposalwithin the
EFT framework and [28, 48, 60–64] for a discussion in terms
of simplified models). Summarizing, for light DM (𝑚𝜒 =
1 GeV) current bounds obtained in the 𝑡𝑡 + MET channel
can exclude couplings 𝑔 ≳ 1 up to𝑚med ≲ 100 GeV [63, 64],
while this value can decrease to≈ 0.5 at the end of the planned
LHC runs [62]. These values are similar in magnitude to
the ones obtained by a mono-jet analysis (see, e.g., [61]),
which are much weaker than in the (axial-)vector case due
to the assumed SM-Yukawa-like structure, which suppresses
the coupling to light quarks. Still, LHC searches can provide
the most stringent limit in some region of parameter space,
complementing those coming from direct detection and
from the relic abundance constraint and proving once more
the importance of the complementarity of different probes
[61].

3.2. 𝑡-Channel Mediators. Another interesting possibility is
that of a coloured fermionic mediator with an interaction

vertex between quarks and theWIMP resulting in a 𝑡-channel
exchange, as with squark in supersymmetric models:

L = LSM +∑
𝑖

(𝑔𝑖𝐿𝑄
𝑖

𝐿𝑄𝑖𝐿 + 𝑔𝑖𝑢𝑢𝑖𝑅𝑢̃𝑖𝑅 + 𝑔𝑖𝑑𝑑
𝑖

𝑅𝑑𝑖𝑅) 𝜒

+mass terms + 𝑐.𝑐.,
(10)

where 𝑄𝑖𝐿, 𝑢𝑖𝑅, 𝑑𝑖𝑅 are the usual SM quarks, 𝑄𝑖𝐿, 𝑢̃𝑖𝑅, 𝑑𝑖𝑅 cor-
respond to the respective scalar mediator (the squarks),
and 𝑖 represents a flavour index. Unlike the usual case
in supersymmetry, here the WIMP 𝜒 can be taken to be
either Dirac or Majorana fermion. This model is extensively
analysed in [65–72]. While in the model above the flavour
index is carried by the mediators, it could be the case that
this index is assigned to the DM itself. This is the so-called
“flavoured DM” scenario [73, 74]

As it can be easily understood, also in the case of
𝑡-channel mediators the phenomenology depends on the
relative values of the couplings and of the masses involved.
Theminimal flavour violation hypothesis forces the couplings
𝑔𝑖 and the masses of the scalars𝑚𝑖 to be equal. This assump-
tion can be relaxed for the third generation. Particularly
interesting is the case in which the coupling to the third
generation is enhanced, and strong constraints come from
searches for 𝑏, 𝑡 quarks in the final state [25, 74–81]. A distinct
phenomenology arises in the case of small couplings, in
which the relic density is obtained by a out-of-equilibrium
freeze-out mechanism and exotic collider signatures such as
disappearing tracks and displaced vertices [80, 81].

Two interesting features of this model are worth listing
that makes it qualitatively different from its low energy EFT
limit. Firstly, being the squarks coloured, gluons may be
emitted not only as initial state radiation but also from the
mediator itself. This process is suppressed in the EFT limit
by two powers of 𝑀med, and this makes a large qualitative
difference in the kinematic distribution within the simplified
model and the corresponding operator. Secondly, when
the mediator is light enough, its pair production becomes
kinematically accessible, and an event like 𝑝 𝑝 󳨀→ 𝑞 𝑞 󳨀→
𝑞𝜒 𝑞𝜒 leads to a di-jet + MET signature (or in general jets
+ MET, when additional jet radiation is taken into account).
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Interestingly, this signature with two high-𝑝T jets leads to
constraints stronger then themono-jet one on a large portion
of parameter space, except for the compressed region |𝑚med−
𝑚𝜒| ≪ 𝑚med [70].

An interesting phenomenology arises in the case in which
the 𝑡-channel mediators couple DM to both quarks and
leptons, as in [82, 83]. Radiative corrections in this model
strongly alter the spectrum of the Drell-Yan process 𝑞𝑞 󳨀→
ℓ+ℓ−. With this signal, one can probe “compressed regions”
that are difficult to probe in direct searches for mediators
like jets + MET searches. Moreover, these features can be
used to make qualitative statements about dark matter’s self-
conjugation, mass, spin, and chirality of interactions.

3.3. Other Models. In addition to the models listed above,
many interesting ones may be constructed that cannot be
addressed here. Those include spin-2 mediators [84], t-
channel fermionic mediators, fermiophobic scalar mediators
[85], gluphylic mediator models [86–88], models with SM
portals (Higgs or 𝑍) [89], models of scalar DM [90], vector
DM [91, 92], Higgs portal models with DM of diverse spin
number [93–95], and others. A recent and comprehensive
review is given in [30]. Interesting cosmological features of a
model in which DM couples predominantly to the top quark
are explored in [96]. In this case, it is possible to obtain
the correct abundance with annihilations of DM particles to
heavier states, at the tail of the velocity distribution.

4. Less Simplified Models

4.1. A Critical Look. The simplified models that we discussed
so far can be viewed as an improvement of effective operators,
where the effective scale Λ4 is replaced with a propagator’s
denominator (𝑝2−𝑀2)2+Γ2𝑀2 in order to avoid energy lim-
itations and exploit resonant enhancement in the production
cross section.This is one step above in a bottom-up approach.
Nevertheless, the models described above suffer from other
limitations and are not fully self consistent, as we are going to
illustrate in a moment.

The reason why the theoretical consistency of the sim-
plified models is important is twofold. On the one hand,
violation of perturbative unitarity can lead to spuriously large
predictions (e.g., in the process of 𝑊 emission), leading
to artificially strong bounds on the parameter space of the
model. On the other hand, thinking of a full UV completion
from which simplified models may descend, theoretical
consistency is a necessary requirement at the level of the
full theory. One could argue that this may not be the case
for the simplified model, since other fields belonging to the
full theory may restore the desired consistency. While this is
generically true, these additional fields may add interesting
ingredients to the phenomenology of the model, as they
may produce new final states at the LHC and modify the
annihilation cross section that enters the relic abundance cal-
culation and the indirect detection fluxes, and their inclusion
is therefore mandatory.

4.1.1. Gauge Non-Invariance of the (Pseudo-)Scalar Model.
The scalar and pseudo-scalar models of (3), (4) aremanifestly

not gauge invariant. The problem comes with the Yukawas
of the scalar mediator: assuming the DM is a singlet under
the SM group, the invariance of the term 𝑆𝜒𝜒 forces 𝑆 to be
a singlet as well, while for the Yukawas with the SM quarks
𝑆𝑞𝑞 and 𝑃𝑞𝛾5𝑞 the mediator should transform as a doublet.
Clearly such a model can exist only as a consequence of
EW symmetry breaking, and the DM-SM interaction has to
be suppressed at low energy by some power of VEW/𝑚med
[97, 98]. Clearly, a UV completion of the model is necessary.

As we will detail below, this issue can be fixed if the
mediator is assumed to couple at tree level only to theDMand
to the Higgs through the gauge invariant portal terms 𝑆|𝐻|2,
𝑆2|𝐻|2, etc. that gives rise to a non-zero mixing angle after
EW symmetry breaking [98–101]. This construction can be
replicated for a pseudo-scalar, with the advantage of avoiding
strong direct detection bounds, but at the price of introducing
a new source of CP violation [102–104].

In [98], the model of (3) in compared to three possi-
ble consistent variations of it: first, the one in which the
coupling of the scalar mediator to SM quarks is suppressed
by VEW/𝑚med; second, the model in which the mediator
is replaced with the Higgs itself and the coupling to the
DM particle is suppressed by the same factor; finally, the
Higgs portal model including the 𝑆 − ℎ mixing mentioned
above. Naively, one could think that the 𝑆-mediator and
the ℎ mediator models can provide good approximations of
the Higgs portal model. This is true only for large 𝑆 mass
(𝑚𝑆 ≳ 1 TeV for 𝑚𝜒 = 50 GeV, or 𝑚𝑆 ≳ 5 TeV for
𝑚𝜒 = 400 GeV), in which case theHiggs portal resembles the
model with the Higgs as a mediator, because the heavy scalar
𝑆 can be integrated out. On the other hand, for lower masses
the behaviour of the Higgs portal model descends from the
interplay of the twomediating particles ℎ and 𝑆, and the limits
can be both stronger or weaker than the ones obtained in
the two single-mediator models. In the case 𝑚𝜒 > 𝑚ℎ/2,
where the mixing angle is not constrained by the Higgs-to-
invisibles branching ratio, the DM production cross section
is dominated by 𝑆 exchange, and in the heavy 𝑆 limit a bound
𝑀⋆ ≳ 20 GeV can be imposed, where

1
𝑀3
⋆

≈ 𝜆 sin𝛼 cos𝛼
V𝐻𝑚2ℎ

, (11)

𝛼 being the mixing angle and 𝜆 the coupling of the scalar 𝑆 to
the DM particle [98].

A model of this kind naturally replicates the SM Yukawa-
like structure of (3), (4) and displays promising experimental
signatures (mono-jet, heavy quarks,mono-V, see [32] and ref-
erences therein). Nevertheless, the mixing angle 𝜖 is strongly
constrained by Higgs physics measurements (in particular
the decay rate into invisible particles and the Higgs signal
strength that are respectively enhanced and reduced by a non-
zero mixing angle), and it does not add anything new to the
LHCmodels’ toolbox. An interesting option is to extend it to
a two Higgs doublets model (2HDM) with the addition of a
singlet scalar, evading all such constraints [101, 105].

4.1.2. Gauge Non-Invariance and Violation of Perturbative
Unitarity. The vector and axial-vector simplified models of
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(1), (2) are not in general invariant under the full SM
gauge group SU(3)𝑐 × SU(2)𝐿 × U(1)𝑌 but only under the
unbroken subgroup SU(3)𝑐 × U(1)e.m.. In particular, if the
couplings to up and down quarks are different the mediator
does not couple to the left handed quark doublet but to its
two components separately, thus breaking gauge invariance.
Similarly, the 𝑡-channel model of (10) is not gauge invariant
unless the scalar mediator 𝑄𝑖𝐿 is charged and transforms as
(2, −1/2) under SU(2)𝐿 ×U(1)𝑌. Violation of the electroweak
gauge symmetry can lead to spuriously enhanced cross
section for DM production with the initial state radiation
of a 𝑊 boson [97, 106]. This problem does not only affect
the mono-𝑊 searches: 𝑊 can indeed decay hadronically,
enhancing the signal in the mono-jet search. For example,
in the case of a vector mediator with opposite sign couplings
to up and down quarks, this process dominates the mono-
jet cross section for �𝐸𝑇 > 400 GeV [107]. Similar issues
should be present when considering 𝑍 or 𝛾 emission. In
passing, this example shows that constraints descending from
the internal consistency of the model cannot be neglected
even when restricting to a particular MET search such as
the mono-jet one that at first sight looks safe. Referring to
the case of a vector mediator, different couplings of the up
and down quarks can be made compatible with perturbative
unitarity if an appropriate vertex 𝑊𝑊𝑍󸀠 is added (where 𝑍󸀠
is the new vector mediator), in similarity to what happens
for the 𝑍 boson in the SM. In the t-channel model, instead,
perturbative unitarity is restored if 𝑊 emission from the
charged mediator’s line is included in the calculation.

4.1.3. Violation of Perturbative Unitarity with a s-Channel
Axial-Vector Mediator. In the axial-vector model (2) the cou-
pling to the longitudinal mode of the mediator is enhanced
for heavy fermions by the ratio 𝑚𝑓/𝑚𝐴. In particular, con-
sidering the elastic scattering of fermions (both SM fermions
or DM) the perturbative unitarity bound on this model reads
𝑚𝑓 ≲ 𝑚𝑍󸀠/(√2𝑔𝐴𝑓 ) [108], where 𝑓 may stand for both a
SM fermion or the DM particle. Even if such a bound is
satisfied, perturbative unitarity is still violated in the process
of 2 fermions annihilation into 𝑍󸀠𝑍󸀠, which is important for
the calculation of the relic density and for indirect detection.
In order to restore unitarity some additional ingredient has
to be invoked. In particular, what violates unitarity is the
longitudinal mode of the 𝑍󸀠 boson; therefore the addition to
the model of a scalar particle, invariant under the SM gauge
group, that give rise to its mass via Higgs mechanism serves
the purpose. In this case, the condition on the mass of the 𝑍󸀠
would be the following [108]:

√𝜋 𝑚𝑍󸀠
𝑔𝐴D𝑀

≥ max [𝑚𝑠, √2𝑚DM] , (12)

where 𝑚𝑠 is the mass of the new scalar. At this point, it is
clear that such an issue is not present in the vector model,
because the mass of the mediator in that case can be obtained
via a Stueckelberg mechanism without the need of additional
particles (see [109] for further discussion).

4.1.4. Invariance of the SM Yukawas. Again referring to the
axial-vector model of (2), if this is thought as a gauge
extension of the SM, then the SM fermions must be charged
under the new gauge symmetry (we restrict for simplicity to a
U(1)󸀠 theory, often referred to as a “𝑍󸀠model”).Therefore, the
Yukawa terms𝐻𝑄𝐿𝑑𝑅 are gauge invariant only if the Higgs is
charged as well, with 𝑞𝐻 = 𝑞𝑞𝐿 − 𝑞𝑢𝑅 = 𝑞𝑑𝑅 − 𝑞𝑞𝐿 = 𝑞𝑒𝑅 − 𝑞ℓ𝐿
(which is zero only if the SM fermions are vector-like under
the new symmetry, as in the 𝐵 − 𝐿 case) [108]. From this
relation one sees that leptons have to be charged in thismodel,
thus resulting in strong constraints from di-lepton searches.
Another important consequence is that, after electroweak-
symmetry breaking, the SM 𝑍 and the 𝑍󸀠 have a non-zero
mixing angle, and a tree level ℎ𝑍𝑍󸀠 vertex appears, with
important phenomenological consequences and a complicate
interplay between the two effects [110, 111].

4.1.5. Cancellation of Gauge Anomalies. If the interaction of
DMwith SM fermions is due to an extended gauge symmetry,
in order for the theory to be consistent at the quantum level
the charge assignment under the new gauge group cannot be
generic. If all the fermions of the dark sector are uncharged
under SU(3)𝑐 × SU(2)𝐿 ×U(1)𝑌, then the SM ones must have
charges chosen in such away to cancel themixed anomalies of
the dark gauge group with the SM. It can be shown that for a
U(1)󸀠 theory this forces the charges to be a linear combination
of the SM hypercharge 𝑌 and of 𝐵 − 𝐿 [112]. This implies
that the mediator must couple to leptons, leading to tight
constraints from resonance searches in the di-lepton channel
(see, e.g., [110]).

Alternatively, additional heavy fermions, charged under
the SM, may be added to the model. The mass of these
fermions cannot be arbitrarily large: in order to cancel the
anomalies, they must be chiral at least under the dark gauge
group, and their mass is given by the vev of the dark Higgs.
Fortunately, imposing the invariance of the SMYukawa terms
as discussed above in Section 4.1.4, it turns out that the
gluon-gluon-𝑍󸀠 anomaly automatically cancels, and the new
states need not to be coloured, reducing their impact on
LHC searches [108]. On the other hand, they will enter the
calculation of loop induced processes such as two photons
decays that are not calculable in an anomalous theory and are
relevant for indirect searches [110, 113]. (Anomalous models
can be studied within a specific EFT framework, in which
the required additional heavy fermions are integrated out,
resulting in a set of effective Chern-Simons terms that must
be added to the theory [114])

4.2. The U(1)󸀠 Model. This model is one of the simplest
possible extensions of the SM, in which the gauge group
is enlarged by an additional U(1)󸀠, spontaneously broken
by the vev of a scalar field 𝑠, singlet under the SM, that
gives mass to the dark gauge boson 𝑍󸀠. As mentioned above,
interesting features come from this construction. First, the
invariance of the SM Yukawas force the Higgs to be charged
under U(1)󸀠 whenever the charges of the left- and right-
handed SM fermions differ from one another. Second, and
consequently, the Higgs kinetic term includes interactions
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with the 𝑍󸀠 boson, that induce after EW symmetry breaking
a 𝑍𝑍󸀠ℎ that may have an impact on indirect detection [110].
Moreover, the dark Higgs 𝑠 enriches the phenomenology,
both at the LHC and in the calculation of annihilation rates.
Finally, in consistent models that implement gauge anomaly
cancellation the SM leptons must typically be charged and
couple to the 𝑍󸀠, which is therefore constrained by resonant
di-lepton searches. (The coupling to leptons can be avoided by
adding new fermions with nontrivial transformations under
the SM gauge group such that all anomalies cancel [115], or
in models where the DM carries a non-zero baryon number
[116–119].) This constraint may be evaded if the 𝑍󸀠 is lighter
than the SM 𝑍, thus escaping resonant searches [120].

A number of studies have addressed DM 𝑍󸀠 models
with respect to LHC, direct and indirect searches, as well
as its cosmological implications [53, 121–126]. If DM is a
Dirac fermion, its nonrelativistic scattering off nuclei is spin-
independent, and direct detection constrain the DM mass
to be larger than ∼ 1 TeV [125]. Such a strong constraint
is lifted if the DM is a Majorana fermion, since the vector
bilinear 𝜒𝛾𝜇𝜒 vanishes exactly and only the axial-vector one
is left. In models in which the mediator couples to leptons
with a coupling similar in magnitude to the one to quarks
(as required by anomaly cancellation) resonant di-lepton
searches forces the 𝑍󸀠 to be heavier than ∼ 3 − 4 TeV,
depending on the couplings and on the structure of fermionic
charges [127]. Di-jet searches can exclude 𝑚𝑍󸀠 ≲ 2.5 TeV
for a coupling 𝑔𝑞 ≈ 0.25, see [128]. Mono-jet searches are
typically weaker than the di-jet ones, reaching𝑚𝑍󸀠 ≲ 1.5 TeV
for 𝑔𝑞 = 0.25, 𝑔𝜒 = 1 and for𝑚𝜒 < 𝑚𝑍󸀠/2 [129].

The dark Higgs becomes relevant when the annihilation
rate is concerned. Indeed, the 𝑠𝑍󸀠 annihilation channel pro-
ceeds in 𝑠-wave and, therefore, it dominates the cross section
for indirect detection and for the relic abundance calculation
[130], together with the 𝑠𝑠, 𝑍󸀠𝑍󸀠, and 𝑍ℎ channels [130, 131].
In particular, the additional channels and operators increase
the DM annihilation rate, thus reducing the relic abundance
and alleviating constraints from DM overproduction in the
early universe. Moreover, mono-dark-Higgs signals can be
looked for at the LHC, with the typical signature being DM
produced in association with a scalar resonance 𝑠 decaying
to a highly boosted 𝑏𝑏 pair [131]. In this case, the expected
LHC sensitivity extends up to𝑚𝑍󸀠 ≲ 3.5 TeV,𝑚𝜒 ≲ 600 GeV
for 𝑚𝑠 = 50 GeV, or higher for heavier 𝑠. In general, such a
model can be viewed as a model with two mediators that in
some limitmay reduce to a spin-1 or to a spin-0mediator [53].

4.3. Two Higgs Doublets (plus One Singlet) Models and DM.
Models in which the (pseudo-)scalar mediator that couples
to DM obtains its coupling to SM quarks from mixing with
a second Higgs doublet have received a significant attention
recently. With respect to the scenario in which the singlet
mixes directly with the SM Higgs discussed in Section 4.1.1,
in this model the Higgs branching ratios and signal strength
are not modified. Moreover, both a scalar and a pseudo-
scalar mediator can be accommodated without adding new
sources of CP violation. Indeed, in the presence of a second
doublet, there are 8 spin-0 fields, three of which get ‘eaten’
by the 𝑍,𝑊± after symmetry breaking, thus leaving one

charged scalar field, twoneutral ones and one neutral pseudo-
scalar, which the dark mediator can mix with. The pseudo-
scalar case is particularly interesting in view of the fact that
its low energy effective vertex 𝑞𝑖𝛾5𝑞𝜒𝑖𝛾5𝜒 leads to the both
spin- andmomentum-suppressed non relativistic interaction
(󳨀→𝑠 𝜒 ⋅ 󳨀→𝑞 )(󳨀→𝑠 𝑁 ⋅ 󳨀→𝑞 ) [132, 133], on which constrains from direct
detection are poor.

A thorough discussion of 2HDM (not related to DM) is
given in [134]. The model of interest here, where the 2HDM
is complemented with an additional pseudo-scalar mediator
and with a DM fermion, is described in detail in [135]. In
general, the model counts many free parameters, many of
which can be fixed by requiring that Higgs and precision EW
tests are not spoiled, and by the requirement of the stability
of the scalar potential. In particular, one of the two Higgs
states is assumed to have SM-like couplings, while the second
doublet couples to SM vectors only at loop level: this is the
so-called alignment/decoupling limit. Moreover, the neutral
scalar, pseudo-scalar, and the charged components of the
second Higgs doublet are assumed to have the same mass. A
typical choice is then to fix theDMYukawa coupling to 1, and
the DM mass to a benchmark value of 10 GeV. The model
then consists of 4 free parameters, which are typically chosen
to be the mass of the pseudo-scalars 𝑚𝑎, 𝑚𝐴, the ratio of the
VEVs tan𝛽 = V1/V2 and the 𝑎 − 𝐴mixing angle 𝜃.

In the context of DM, many search channels have been
used to constrain this class of models. In particular, searches
for mono-jet/𝛾/𝑍/𝑊/𝐻, non-resonant dijets, single top as
well as 𝑡𝑡, 𝑏𝑏, 𝑏𝑏𝑍, all in association with missing transverse
energy, have been explored [62, 101, 104, 105, 135–142]. As
usual, constraints come also from visible channels (i.e., where
no invisible DM particle is produced), as well as indirect
detection and cosmology. Finally, all the usual concerns about
2HDM coming from flavour physics, EW precision tests,
invisible Higgs decays, vacuum stability and perturbative
unitarity apply too.

The Higgs’ width to invisibles constrains is 𝑚𝑎 ≳
100 GeV, while flavour constraints forces are tan𝛽 ≳ 1. The
most powerful searches are then the mono-Z and the mono-
H ones that can exclude tan𝛽 up to 2 for values of 𝑚𝑎 up to
200−350 GeV, depending on the values of𝑚𝐴 and sin 𝜃. For
further details we refer the reader to [135].

Interestingly, since in such amodel the coupling of DM to
the heavy quarks is naturally enhanced, the Galactic Centre
excess could be explained by a model which is testable at the
LHC [139, 143].

Let us just mention another related possibility, which is
the one of a second inert Higgs doublet, which does not
couple to SM fermions except for its mixing with the Higgs.
The lightest component of this doublet is a perfect candidate
for scalar DM [144].

5. Conclusions

The question of which DM models should be adopted in
definingnew search strategies and in presenting experimental
results is a pressing one, primarily for LHC searches. Simpli-
fied DMmodels are a possible answer to this question, living
in between the effective operators approach (with a limited
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applicability at the LHC) and the realm of well-motivated
BSM theories.

From a bottom-up viewpoint, the idea of simplifiedmod-
els is to expand the effective operators including mediator
particles in the description, thus avoiding the energy limita-
tions of the EFT approach and adding a richer phenomenol-
ogy, new search channels, etc. In a top-down framework,
instead, simplified models can be seen as a way to simplify
the phenomenology of complex new physics models in such
a way to restrict to the phenomena related to DM.

In order not to deal with unphysical results, the vanilla
simplified models have to be supplied with additional con-
straints, couplings, and states, in a kind of second-order
improvement. The typical consequence is that the strongest
LHC constraints on the dark sector come from many pos-
sible observables other than DM production processes (as
the mono-X searches) and di-jet searches (e.g., di-lepton
resonances, mixing with 𝑍 boson and electroweak precision
tests, Higgs width to invisibles, perturbative unitarity, and so
on).This comes with no surprise, since the high energy reach
of the LHC consent to explore a large variety of phenomena
above the weak scale, without restricting to the lightest stable
state of this new physics sector.This is quite the opposite with
respect to what happens with direct and indirect searches,
which are intrinsically limited to constrain the properties of
the DM particle.

Theoretically consistent simplified models tend to loose
part of their generality and to mimic richer BSM theories.
For example, models containing a vector mediator and a dark
Higgs may descend from gauged U(1)󸀠 constructions, while
models featuring two Higgs doublets and a (pseudo-)scalar
singlet resemble the Higgs sector of the NMSSM.

Simplified models cannot (or only partially) be viewed
as an exhaustive toolbox to constrain all possible WIMP
scenarios at once. For this reason, it is of extreme importance
that the LHC collaborations publish their results on simple,
search-specific, models in such a way that they are recastable
for any other model (as it is for cut-and-count analyses).
In turn, theoreticians should keep working in close contact
with experimentalists in order to maximise the utility of the
simplifiedmodels tool-kit. Finally, the use of (truncated) EFT
should not be disregarded, since this is the most model-
independent approach and it is economical from the point
of view of the reduced dimensionality of its parameter space.
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[61] C. Arina, M. Backović, E. Conte et al., “A comprehensive
approach to dark matter studies: exploration of simplified top-
philic models,” Journal of High Energy Physics, vol. 2016, no. 11,
2016.

[62] U.Haisch, P. Pani, andG. Polesello, “Determining the CP nature
of spin-0mediators in associated production of darkmatter and
𝑡𝑡 pairs,” Journal of High Energy Physics, vol. 2017, no. 2, 2017.

[63] CMS. collaboration, “Search for dark matter in association with
a top quark pair at sqrt(s)=13 TeV,” CMS-PAS-EXO-16-005.

[64] CMS collaboration, “Search for dark matter in association with
a top quark pair at√𝑠 = 13𝑇𝑒𝑉 in the dilepton channel,” CMS-
PAS-EXO-16-028.

[65] N. F. Bell, A. J. Galea, J. B. Dent, T. D. Jacques, L. M. Krauss,
and T. J. Weiler, “Searching for dark matter at the LHC with a
mono-Z,” Physical Review D: Particles, Fields, Gravitation and
Cosmology, vol. 86, no. 9, 2012.

[66] S. Chang, R. Edezhath, J. Hutchinson, and M. Luty, “Effective
WIMPs,” Physical Review D: Particles, Fields, Gravitation and
Cosmology, vol. 89, no. 1, 2014.

[67] H. An, L. Wang, and H. Zhang, “Dark matter with t-channel
mediator: a simple step beyond contact interaction,” Physical
ReviewD: Particles, Fields, Gravitation andCosmology, vol. 2014,
2014.

[68] Y. Bai and J. Berger, “Fermion portal dark matter,” Journal of
High Energy Physics, vol. 2013, no. 11, 2013.

[69] A. DiFranzo, K. I. Nagao, A. Rajaraman, and T. M. Tait,
“Simplified models for dark matter interacting with quarks,”
Journal of High Energy Physics, vol. 2013, no. 11, 2013.

[70] M. Papucci, A. Vichi, and K.M. Zurek, “Monojet versus the rest
of theworld I: t-channelmodels,” Journal ofHigh Energy Physics,
vol. 2014, no. 11, 2014.

[71] M. Garny, A. Ibarra, S. Rydbeck, and S. Vogl, “Majorana dark
matter with a coloured mediator: collider vs direct and indirect
searches,” Journal of High Energy Physics, vol. 2014, no. 6, 2014.

[72] M. Garny, A. Ibarra, and S. Vogl, “Signatures of Majorana
dark matter with t-channel mediators,” International Journal of
Modern Physics D, vol. 24, 2015.

[73] P. Agrawal, B. Batell, D. Hooper, and T. Lin, “Flavored dark
matter and the Galactic Center gamma-ray excess,” Physical
Review D: Particles, Fields, Gravitation and Cosmology, vol. 90,
no. 6, 2014.

[74] B. Batell, T. Lin, and L. Wang, “Flavored dark matter and R-
parity violation,” Journal of High Energy Physics, vol. 2014, no.
1, 2014.

[75] J. Andrea, B. Fuks, and F. Maltoni, “Monotops at the LHC,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 84, no. 7, 2011.

[76] J. F. Kamenik and J. Zupan, “Discovering dark matter through
flavor violation at the LHC,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 84, no. 11, 2011.

[77] A. Kumar and S. Tulin, “Top-flavored dark matter and the
forward-backward asymmetry,” Physical Review D: Particles,
Fields, Gravitation and Cosmology, vol. 87, no. 9, 2013.

[78] J. Agram, J. Andrea, M. Buttignol, E. Conte, and B. Fuks,
“Monotop phenomenology at the Large Hadron Collider,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 89, no. 1, 2014.

[79] C. Kilic, M. D. Klimek, and J. Yu, “Signatures of top flavored
dark matter,” Physical Review D: Particles, Fields, Gravitation
and Cosmology, vol. 91, no. 5, 2015.

[80] M. Garny, J. Heisig, B. Lülf, and S. Vogl, “Coannihilation
without chemical equilibrium,” Physical Review D: Particles,
Fields, Gravitation and Cosmology, vol. 96, no. 10, 2017.

[81] M. Garny, J. Heisig, M. Hufnagel, and B. Lülf, “Top-philic
dark matter within and beyond the WIMP paradigm,” Physical
Review D: Particles, Fields, Gravitation and Cosmology, vol. 97,
no. 7, 2018.

[82] W. Altmannshofer, P. J. Fox, R. Harnik, G. D. Kribs, and N.
Raj, “Dark matter signals in dilepton production at hadron
colliders,” Physical Review D: Particles, Fields, Gravitation and
Cosmology, vol. 91, no. 11, 2015.

[83] R. M. Capdevilla, A. Delgado, A. Martin, and N. Raj, “Charac-
terizing dark matter at the LHC in Drell-Yan events,” Physical
Review D: Particles, Fields, Gravitation and Cosmology, vol. 97,
no. 3, 2018.

[84] S. Kraml, U. Laa, K. Mawatari, and K. Yamashita, “Simplified
dark matter models with a spin-2 mediator at the LHC,” The
European Physical Journal C, vol. 77, no. 5, 2017.

[85] C. Englert, M. McCullough, and M. Spannowsky, “S-channel
darkmatter simplifiedmodels and unitarity,” Physics of the Dark
Universe, vol. 14, pp. 48–56, 2016.

[86] R. M. Godbole, G. Mendiratta, and T. M. Tait, “A simplified
model for dark matter interacting primarily with gluons,”
Journal of High Energy Physics, vol. 2015, no. 8, 2015.

[87] R. M. Godbole, G. Mendiratta, A. Shivaji, and T. M. Tait,
“Mono-jet signatures of gluphilic scalar dark matter,” Physics
Letters B, vol. 772, pp. 93–99, 2017.

[88] O. Ducu, L. Heurtier, and J. Maurer, “LHC signatures of a Z 󸀠
mediator between dark matter and the SU(3) sector,” Journal of
High Energy Physics, vol. 2016, no. 3, 2016.

[89] G. Arcadi, Y. Mambrini, and F. Richard, “Z-portal dark matter,”
Journal of Cosmology and Astroparticle Physics, vol. 2015, 2015.

[90] GAMBIT collaboration, P. Athron et al., “Status of the scalar
singlet dark matter model,” The European Physical Journal C,
vol. 77, pp. 568–1705, 2017.

[91] G. Arcadi, C. Gross, O. Lebedev, S. Pokorski, and T. Toma,
“Evading direct dark matter detection in Higgs portal models,”
Physics Letters B, vol. 769, pp. 129–133, 2017.

[92] G. Arcadi, P. Ghosh, Y. Mambrini, M. Pierre, and F. S. Queiroz,
“𝑍󸀠 portal to Chern-Simons DarkMatter,” Journal of Cosmology
and Astroparticle Physics, vol. 2017, 2017.



12 Advances in High Energy Physics

[93] X. He and J. Tandean, “New LUX and PandaX-II results
illuminating the simplest Higgs-portal dark matter models,”
Journal of High Energy Physics, vol. 2016, no. 12, 2016.

[94] C. Chang, X. He, and J. Tandean, “Two-Higgs-doublet-portal
dark-matter models in light of direct search and LHC data,”
Journal of High Energy Physics, vol. 2017, no. 4, 2017.

[95] C. Chang, X. He, and J. Tandean, “Exploring Spin-3/2 Dark
Matter with Effective Higgs Couplings,” Physical Review D:
Particles, Fields, Gravitation and Cosmology, vol. 96, no. 7, 2017.

[96] A. Delgado, A. Martin, and N. Raj, “Forbidden dark matter at
the weak scale via the top portal,” Physical Review D: Particles,
Fields, Gravitation and Cosmology, vol. 95, no. 3, 2017.

[97] N. F. Bell, Y. Cai, J. B. Dent, R. K. Leane, and T. J. Weiler, “Dark
matter at the LHC: Effective field theories and gauge invariance,”
Physical Review D: Particles, Fields, Gravitation and Cosmology,
vol. 92, no. 5, 2015.

[98] S. Baek, P. Ko, M. Park, W. Park, and C. Yu, “Beyond the dark
matter effective field theory and a simplified model approach at
colliders,” Physics Letters B, vol. 756, pp. 289–294, 2016.

[99] S. Baek, P. Ko, and W. Park, “Search for the Higgs portal to
a singlet fermionic dark matter at the LHC,” Journal of High
Energy Physics, vol. 2012, no. 2, 2012.

[100] S. Baek, P. Ko,W.-I. Park, and E. Senaha, “Vacuum structure and
stability of a singlet fermion dark matter model with a singlet
scalar messenger,” Journal of High Energy Physics, vol. 2012, no.
11, 2012.

[101] N. F. Bell, G. Busoni, and I.W. Sanderson, “Self-consistent Dark
Matter simplified models with an s-channel scalar mediator,”
Journal of Cosmology and Astroparticle Physics, vol. 2017, 2017.

[102] K. Ghorbani, “Fermionic dark matter with pseudo-scalar
Yukawa interaction,” Journal of Cosmology and Astroparticle
Physics, vol. 1501, 2015.

[103] K. Ghorbani and L. Khalkhali, “Mono-Higgs signature in a
fermionic darkmatter model,” Journal of Physics G: Nuclear and
Particle Physics, vol. 44, no. 10, 2017.

[104] S. Baek, P. Ko, and J. Li, “Minimal renormalizable simplified
dark matter model with a pseudoscalar mediator,” Physical
Review D: Particles, Fields, Gravitation and Cosmology, vol. 95,
no. 7, 2017.

[105] D. Goncalves, P. A. N. Machado, and J. M. No, “Simplified
Models for Dark Matter Face their Consistent Completions,”
Physical Review D: Covering Particles, Fields, Gravitation, and
Cosmology, vol. 95, 2017.

[106] N. F. Bell, Y. Cai, andR.K. Leane, “Mono-WDarkMatter Signals
at the LHC: Simplified Model Analysis,” Journal of Cosmology
and Astroparticle Physics, vol. 1601, 2016.

[107] U. Haisch, F. Kahlhoefer, and T. M. Tait, “On mono- W
signatures in spin-1 simplified models,” Physics Letters B, vol.
760, pp. 207–213, 2016.

[108] F. Kahlhoefer, K. Schmidt-Hoberg, T. Schwetz, and S. Vogl,
“Implications of unitarity and gauge invariance for simplified
dark matter models,” Journal of High Energy Physics, vol. 2016,
no. 2, 2016.

[109] N. F. Bell, Y. Cai, andR.K. Leane, “Impact ofmass generation for
spin-1 mediator simplified models,” Journal of Cosmology and
Astroparticle Physics, vol. 2017, 2017.

[110] T. Jacques, A. Katz, E. Morgante, D. Racco, M. Rameez, and
A. Riotto, “Complementarity of DM searches in a consistent
simplifiedmodel: the case of𝑍󸀠 ,” Journal of High Energy Physics,
vol. 2016, no. 10, 2016.

[111] Y. Cui and F. D’Eramo, “Surprises from complete vector portal
theories: New insights into the dark sector and its interplay with
Higgs physics,” Physical Review D: Particles, Fields, Gravitation
and Cosmology, vol. 96, no. 9, 2017.

[112] S. Weinberg, The quantum theory of fields, vol. 2 of Modern
applications, Cambridge University Press, 2013.
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