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to WIMP or not to WIMP…

A. De Simone        2

WIMP
axion
gravitino
axino
sterile neutrino
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...

neutralino
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inert Higgs doublet
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...

non-WIMP

Chapter 4

What is Dark Matter?

Decades of theoretical works restricted the expected Dark Matter mass M to lie within the range

10�28 eV < M < 1024 kg. (4.1)

The plot illustrates the mass range of some plausible DM candidates:
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The Planck scale, MPl ⇥ 1.2 1019 GeV, is the ultimate boundary of particle physics: elementary
particles with mass M > MPl are black holes because their wavelength 1/M is smaller than the
Swartzchild radius M/M2

Pl.•
The DM mass could be above or below MPl: we do not know if DM physics is astrophysics or

particle physics.

1. Section 4.1 discusses the first possibility: DM could be composite objects heavier than
Planck scale; altought it looks unplausible, primordial black holes are a possible candidate.

2. Section 4.2 summarizes how oscillations of ultra-light scalars can realize the lower range.

3. Section 4.5 discusses the intermediate range, where DM is assumed to be some new particle
with mass M , with a plausible argument favoring M � TeV: the mass range being explored
now by colliders.

From a fundamental point of view both latter cases are described by Quantum Field Theory.
From a practical point of view, in case 2 the QFT reduces to classical fields, while in case 3 it
reduces to particles.

4.1 DM as very massive objects (MACHOs)
DM could be made of MAssive Compact Halo Objects (MACHOs1), i.e. relatively ordinary astro-
physical objects with macroscopic mass M , such as large planets, small dead stars or stray black

1This name arised, in witty opposition to WIMPs, in the early ’90s (see K. Griest (1991) in [10]).
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we are only sure that DM has gravitational interactions



Theory Space
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Complete 
Models

More complete/
more parameters

Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.
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[1305.6921]

MSSM, Composite Higgs, Extra-Dim...

pMSSM scan

lots of parameters...
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Effective Field Theory Description

A. De Simone        5

(say, 10 TeV)

effective
low-energy 
description

LHC can access regions beyond 
the validity of the eff. description

need to use EFT carefully and consistently

E
New States

EFT  OK

Integrate out the UV physics 
connecting DM-SM and describe 
interactions with eff. ops.:

1

⇤2
(�̄�A�)(q̄�Aq)

⇤(      ~ 1 TeV)
MZ

Qtr . Mmedthe momentum transfer in the relevant process must be



LHC vs Direct Detection
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L=20.3 fb-1
The “money plots”

[ATLAS - 1502.01518]
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Fig. 12 Inferred 90% CL limits on (a) the spin-independent and (b) spin-dependent WIMP–nucleon scattering cross section
as a function of DM mass mχ for different operators (see Sect. 1). Results from direct-detection experiments for the spin-
independent [127–133] and spin-dependent [134–138] cross section, and the CMS (untruncated) results [14] are shown for
comparison. (c) The inferred 95% CL limits on the DM annihilation rate as a function of DM mass. The annihilation rate is
defined as the product of cross section σ and relative velocity v, averaged over the DM velocity distribution (⟨σ v⟩). Results
from gamma-ray telescopes [125, 126] are also shown, along with the thermal relic density annihilation rate [25, 26].

of the ADD and WIMPs models. This is done separately for the different selections, and the one with the
most stringent expected limit is adopted as the nominal result. In the region with squark/gluino masses
below 800 GeV, SR7 provides the best sensitivity while SR9 provides the most stringent expected limits for
heavier squark/gluino masses. Figure 14 presents the final results. Gravitino masses below 3.5 × 10−4 eV,
3 × 10−4 eV, and 2 × 10−4 eV are excluded at 95% CL for squark/gluino masses of 500 GeV, 1 TeV, and
1.5 TeV, respectively. The observed limits decrease by about 9%–13% after considering the −1σ uncertainty
from PDF and scale variations in the theoretical predictions. These results are significantly better than
previous results at LEP [54] and the Tevatron [15], and constitute the most stringent bounds on the gravitino
mass to date. For very high squark/gluino masses, the partial width for the gluino or squark to decay into a
gravitino and a parton becomes more than 25% of its mass and the narrow-width approximation employed
is not valid any more. In this case, other decay channels for the gluino and squarks should be considered,
leading to a different final state. The corresponding region of validity of this approximation is indicated in
the figure. Finally, limits on the gravitino mass are also computed in the case of non-degenerate squarks and
gluinos (see Fig. 15). Scenarios with mg̃ = 4×mq̃, mg̃ = 2×mq̃, mg̃ = 1/2×mq̃, and mg̃ = 1/4×mq̃ have
been considered. In this case, 95% CL lower bounds on the gravitino mass in the range between 1×10−4 eV
and 5× 10−4 eV are set depending on the squark and gluino masses.

after truncation: theoretically robust limits

still relevant at low DM masses



EFT Discovery Potential
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Figure 7: Discovery potential for Dark Matter signal with D5 operator and M⇤ = 50 GeV with 25 fb�1

(top left), 300 fb�1 (top right) and 3000 fb�1 (bottom) data. These results assume that the EFT is a valid
approach. The discussion of EFT validity is deferred to Sec. 6.

6 Validity of the E↵ective Field Theory

All the limits in the previous section were presented under the assumption that the EFT is fully valid at
the LHC energy scale. Studies on the validity of the EFT and the corresponding impact on the quoted
limits have been presented in Ref. [33, 34, 35], which argue that the minimum validity constraint for the
EFT is to require Qtr < Mmed. Note that the EFT is instead parametrized in terms of the suppression
scale M⇥, which is related to the mediator mass and couplings via M⇥ = Mmed/

⇤
gSMgDM. This leads to

the requirement of Qtr <
⇤
gSMgDMM⇥, where it is common to make the assumption of gSM = gDM = 1

and gSM = gDM = 4� is the maximum allowed value in order to stay in the perturbative domain. This
study presents a scan over the coupling product ⇤gSMgDM, including the case of gSM = gDM = 1, in
order to study the evolution of the validity for the EFT operator D5.

The validity of the EFT can be addressed through the following two procedures. They both remove
events failing the validity criteria where Qtr > Mmed =

⇤
gSMgDMM⇥ and define the fraction of valid

events Rtot
Mmed

. One of the methods is based on truncating the phase space and scanning over M⇥:

1. Scan over M⇥ and determine Rtot
Mmed

for each value of M⇥.

2. Rescale the original cross section of the signal sample, ⇥full(M⇥), so that it corresponds only to the

11

(�̄�µ�)(q̄�µq)

L=25 fb-1 L=300 fb-1

L=3000 fb-1 (HL-LHC)

Effective 
Operator

[ATL-PHYS-PUB-2014-0087]
mDM = 50 GeV

p
s = 14TeV

EFT validity 
assumed



Way Out?
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EFT approach

• limited validity
• not entirely model-independent 

How to go beyond that (but keeping generality),  
in view of LHC Run 2?

• Simplified Models

“There’s a way to do it better. Find it.”
T.A. Edison  



Simplified Models
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Complete 
Models

Effective
Theories

More complete/
more parameters

less complete/
less parameters

Simplified
Models

Other 
Benchmarks ?
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Simplified Models
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... just means extending the SM with: 

• 1 Dark Matter particle
• 1 Mediator particle connecting DM-SM

correspondence
eff ops            simplified models heavy 

mediator

DM

DM

q

q

✘ more parameters (g’s)  ✓ exploit other searches for mediators  
    (e.g. di-jet), complementary to mono-jet 

✓ theoretically consistent,  
     no worries about EFT, widths, etc. 

>> just another parametrization of unknown high energy physics <<

from DM search to MEDIATOR search



Complementarity
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[more in Valerio’s talk…]

3-dimensional 
combinations

LHC/DD

LHC combine DM + 
mediator searches 

(di-jet…)
combine different process 

involving DM
(mono-jet+mono-W/Z

+mono-H…)

still, a lot to do here…
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Simplified Models Overview17

Mediator spin Channel DM spin Model Name Discussed in Section

0 s 0 0s0 3.2.1

0 s 1
2 0s 1

2 3.2.2

0 t 0 0t0 3.2.3

0 t 1
2 0t 1

2 3.2.4

1
2 t 0 1

2 t0 3.3.1

1
2 t 1

2
1
2 t 1

2 3.3.2

1 s 0 1s0 3.4.1

1 s 1
2 1s 1

2 3.4.2

1 t 1
2 1t 1

2 3.4.3

Table 9: Simplified models for scalar and fermion DM.

constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

A. De Simone        13
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generic
s-channel models
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the LHCDMWG [2], and it is intended to provide a template for the presentation of the

LHC results at the winter conferences in 2016. It reflects the feedback obtained from the

participants and in subsequent iterations with members of the experiments and of the the-

ory community and it is based on work described recently in [3–9]. For earlier articles

discussing aspects of simplified s-channel DM models, see also [10–21].

The relevant details of simplified DM models involving vector, axial-vector, scalar

and pseudo-scalar s-channel mediators are first reviewed in Section 2. Section 3 presents a

recommendation for the primary treatment of LHC DM bounds and introduces all of the

basic assumptions entering the approach. Section 4 describes a well-defined translation

procedure, including all relevant formulas and corresponding references, that allows for

meaningful and fair comparisons with the limits obtained by DD and ID experiments.

2 Models considered

The recommendations in this proposal, adopt the model choices made for the early Run-2

LHC searches by the ATLAS/CMS DM Forum [1]. In this document we discuss models

which assume that the DM particle is a Dirac fermion � and that the particle mediating

the interaction (the “mediator”) is exchanged in the s-channel.1 After simplifying assump-

tions, each model is characterised by four parameters: the DM mass m

DM

, the mediator

mass M

med

, the universal mediator coupling to quarks gq and the mediator coupling to

DM g

DM

. Mediator couplings to leptons are always set to zero in order to avoid the strin-

gent LHC bounds from di-lepton searches. In the limit of largeM
med

, these (and all) models

converge to a universal set of operators in an e↵ective field theory (EFT) [13, 14, 26–29].

In this section, we review the models and give the formulas for the total decay width of

the mediators in each case.

2.1 Vector and axial-vector models

The two models with a spin-1 mediator Z 0, have the following interaction Lagrangians

L
vector

= �g

DM

Z

0
µ�̄�

µ
�� gq

X

q=u,d,s,c,b,t

Z

0
µq̄�

µ
q , (2.1)

L
axial-vector

= �g

DM

Z

0
µ�̄�

µ
�

5

�� gq

X

q=u,d,s,c,b,t

Z

0
µq̄�

µ
�

5

q . (2.2)

Note that the universality of the coupling gq guarantees that the above spin-1 simplified

models are minimal flavour violating (MFV) [30], which is crucial to avoid the severe

existing constraints arising from quark flavour physics.

The minimal decay width of the mediator is given by the sum of the partial widths for

all decays into DM and quarks that are kinematically accessible. For the vector mediator,

1An orthogonal set of models describe t-channel exchange [22–25]. This class of simplified DM models

is left for future iterations and will thus not be discussed in the following.

– 2 –

Vector and Axial-Vector Models:

the partial widths are given by

���̄
vector

=
g

2

DM

M

med

12⇡
(1� 4z

DM

)1/2 (1 + 2z
DM

) , (2.3)

�qq̄
vector

=
g

2

qMmed

4⇡
(1� 4zq)

1/2 (1 + 2zq) , (2.4)

where z
DM,q = m

2

DM,q/M
2

med

and the two di↵erent types of contribution to the width vanish

for M
med

< 2m
DM,q. The corresponding expressions for the axial-vector mediator are

���̄
axial-vector

=
g

2

DM

M

med

12⇡
(1� 4z

DM

)3/2 , (2.5)

�qq̄
axial-vector

=
g

2

q Mmed

4⇡
(1� 4zq)

3/2
. (2.6)

2.2 Scalar and pseudo-scalar models

The two models with a spin-0 mediator � are described by

L
scalar

= �g

DM

��̄�� gq
�p
2

X

q=u,d,s,c,b,t

yq q̄q , (2.7)

L
pseudo-scalar

= �ig

DM

��̄�

5

�� igq
�p
2

X

q=u,d,s,c,b,t

yq q̄�5q , (2.8)

where yq =
p
2mq/v are the SM quark Yukawa couplings with v ' 246 GeV the Higgs vac-

uum expectation value. These interactions are again compatible with the MFV hypothesis.

In these models, there is a third contribution to the minimal width of the mediator,

which arises from loop-induced decays into gluons. For the scalar mediator, the individual

contributions are given by

���̄
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=
g

2

DM

M

med

8⇡

�
1� 4z2

DM

�
3/2

, (2.9)

�qq̄
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=
3g2q y

2

q Mmed

16⇡

�
1� 4z2q

�
3/2

, (2.10)

�gg
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=
↵

2

s g
2

qM
3
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32⇡3

v

2

��
f
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(4zt)
��2
, (2.11)

while the corresponding expressions in the pseudo-scalar case read
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=
g

2
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8⇡

�
1� 4z2

DM

�
1/2

, (2.12)

�qq̄
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=
3g2q y
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16⇡

�
1� 4z2q

�
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, (2.13)

�gg
pseudo-scalar

=
↵

2

s g
2

qM
3

med

32⇡3

v

2

��
f
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(4zt)
��2
. (2.14)

Here the form factors take the form

f

scalar

(⌧) = ⌧


1 + (1� ⌧)arctan2

✓
1p
⌧ � 1

◆�
, (2.15)

f

pseudo-scalar

(⌧) = ⌧ arctan2
✓

1p
⌧ � 1

◆
. (2.16)
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Scalar and Pseudo-Scalar Models:

DM is a Dirac Fermion

4-dimensional parameter space: {mDM,Mmed, gDM, gq}
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Figure 1: 95% CL exclusion contours in the mass-mass plane for a simplified model with a

vector mediator, Dirac DM and couplings gq = 0.25 and g

DM

= 1. The black solid (dashed)

curve shows the median of the observed (expected) limit, while the yellow curves indicate

an example of the uncertainties on the observed bound. A minimal width is assumed and

the excluded parameter space is to the bottom-left of all contours. The dotted magenta

curve corresponds to the parameters where the correct DM relic abundance is obtained

from standard thermal freeze-out for the chosen couplings. DM is overproduced to the

bottom-right of the curve. The shown LHC results are intended for illustration only and

are not based on real data.

when interpreting supersymmetry searches at the LHC. The parameter space shown in the

mass-mass plots can be divided into three regions:

On-shell region: The on-shell region, M
med

> 2m
DM

, is the region where LHC searches

for MET signatures provide the most stringent constraints. The production rate

of the mediator decreases with increasing M

med

and so does the signal strength in

mono-jet searches. In this region the experimental limits and the signal cross sections

depend in a complex way on all parameters of the simplified model, and it is therefore

in general not possible to translate the CL limit obtained for one fixed set of couplings

gq and g

DM

to another by a simple rescaling procedure.

O↵-shell region: In the o↵-shell region, M
med

< 2m
DM

, pair-production of DM parti-

cles turns o↵ and the constraints from MET searches rapidly lose power. The cross

sections become proportional to the combination g

2

q g
2

DM

of couplings, so that in prin-

ciple the LHC exclusions corresponding to di↵erent coupling choices can be derived by

simple rescalings. Deviations from this scaling are observed on the interface between

on-shell and o↵-shell regions M

med

' 2m
DM

[32]. Note that for M

med

< 2m
DM

an
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95% CL exclusion contour

on-shell (Mmed > 2mDM)

off-shell (Mmed < 2mDM)
(use e.g. di-jet)

EFT 
(large Mmed)

slice of par space with fixed couplings

q

q

q

q

Vector mediator: g

DM

= 1 and gq = 0.25.

Axial-vector mediator: g

DM

= 1 and gq = 0.25.

Scalar mediator: gq = 1 and g

DM

= 1.

Pseudo-scalar mediator: gq = 1 and g

DM

= 1.

The quark coupling gq should be universal in all cases and the width of the mediator

should be set to the minimal width, meaning that it is assumed that the mediator has no

couplings other than gq and g

DM

.2 The choices above provide for a consistent comparison

across collider results within a given simplified model. They ensure that the mediator has

�
med

/M

med

. 10% and that the theory is far from the strong coupling regime. The choice

of gq = 0.25 for spin-1 mediators is furthermore motivated by the requirement to avoid

di-jet constraints from the LHC and earlier hadron colliders (see e.g. [31]). When readers

are interested in extrapolating the provided results to other coupling values, it is their re-

sponsibility to understand how changing gq and g

DM

will a↵ect the kinematics of the signal

and therefore the experimental CL limits. To facilitate such an extrapolation, ATLAS and

CMS could provide additional information (e.g. tables of acceptances, e�ciencies, number

of events generated, total experimental uncertainty, number of events passing analysis cuts

for benchmark signals) corresponding to the recommended coupling choices as supplemen-

tary material, as detailed in Appendix B of [1]. As discussed in [1], the kinematics of vector

and axial-vector models is very similar in the case of jet radiation. The same consideration

applies for the scalar and pseudo-scalar models in the mono-jet channel, while di↵erences

are seen for heavy flavour final states.

3.3 Overlaying additional information on LHC results

Fixing both gq and g

DM

has the advantage that, in a given model, one can compare the

LHC results to relic density calculations or the limits obtained by DD and ID experiments.

Nevertheless, such comparisons typically require additional assumptions and should be

done carefully. We discuss a few possibilities below. In all cases, we recommend to keep

the plots simple, and to specify the assumptions clearly or to produce several variations to

indicate the impact that di↵erent assumptions have on the final results.

3.3.1 Relic density

Relic density calculations can be overlaid on the mass-mass plot to indicate where the

particles and interactions of a specific simplified model are by themselves su�cient for

explaining the observed DM abundance. For the simplified models recommended by the

ATLAS/CMS DM Forum, this curve corresponds to the parameters for which the observed

2Using the same value of gq for all quarks is theoretically well motivated for the vector, scalar and

pseudo-scalar mediator. For the axial-vector mediator, it would also be interesting to consider gu = gc =

gt = �gd = �gs = �gb, which arises naturally if the vector mediator corresponds to the massive gauge

boson of a new broken U(1)0 and the SM Yukawa couplings are required to be invariant under this additional

gauge symmetry. The relative sign between the coupling to up-type and down-type quarks is important if

interference plays a role and a↵ects the comparison between LHC and DD results.

– 7 –

Recommended choices
of couplings: - ensure  

- avoid current limits

�med/Mmed . 10%

(universal gq)
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Figure 2: A comparison of LHC results to the m

DM

–�
SI

(a) and m

DM

–�
SD

(b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and g

DM

= 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.

Here fn,p
TG

= 1�P
q=u,d,s f

n,p
q . The state-of-the-art values for fn,p

q are from [48] (for fn,p
u and

f

n,p
d ) and [49] (for fn,p

s ) and read f

n
u = 0.019, fn

d = 0.045 and f

n
s = 0.043. The values for

the proton are slightly di↵erent, but in practice the di↵erence can be ignored. Substituting

these values, we find that numerically

f(gq) = 1.16 · 10�3

gq , (4.5)

and therefore the size of a typical cross section is

�

SI

' 6.9⇥ 10�43 cm2 ·
⇣
gqg

DM

1

⌘
2

✓
125GeV

M

med

◆
4 ⇣

µn�

1GeV

⌘
2

. (4.6)

4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�

SD

=
3f2(gq)g2

DM

µ

2

n�

⇡M

4

med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

f

p,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)

– 12 –

[only for illustration, not real data]

�SI,SD / (gqgDM)2

M4
med

then plug in Mmed from the mass-mass plane

recommend to plot 90% CL (instead of 95% CL) to comply with DD standards
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Mediator spin Channel DM spin Model Name Discussed in Section

0 s 0 0s0 3.2.1

0 s 1
2 0s 1

2 3.2.2

0 t 0 0t0 3.2.3

0 t 1
2 0t 1

2 3.2.4

1
2 t 0 1

2 t0 3.3.1

1
2 t 1

2
1
2 t 1

2 3.3.2

1 s 0 1s0 3.4.1

1 s 1
2 1s 1

2 3.4.2

1 t 1
2 1t 1

2 3.4.3

Table 9: Simplified models for scalar and fermion DM.

constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

DM

DM

q

q

H,S

DM

DM

q

q

Z

Higgs mediator,
Scalar-Higgs Portal

Z mediator

DM

DM

q

q

H,S

DM

DM

q

q

Z
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Table 9: Simplified models for scalar and fermion DM.

constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

1s1/2 Model (Z Mediator)

DM

DM

q

q

Z

DM

DM

q

q

Z

relevant constraints:  

- Direct detection (                            )

- Z invisible width  (                          and 
SD scattering)                   

mono-jet searches not competitive

mDM < mZ/2

mDM > mZ/2
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model parameters: {mDM, g}

g

g

[DS, Giudice, Strumia - 1402.6287]
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Table 9: Simplified models for scalar and fermion DM.

constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

0s1/2 Model (Higgs Mediator)

DM

DM

q

q

H

DM

DM

q

q

H

Model parameters: {mDM, y}

relevant constraints: 
- Direct detection (                            )

- Higgs invisible width  (                          )                    mDM < mh/2

mDM > mh/2

mono-jet searches not competitive
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y

y

[DS, Giudice, Strumia - 1402.6287]
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DM freeze-out via decays

Usually DM freeze-out fixes �v ⇥ 3 10�26cm3/sec. It MDM is just below 1
2MZ,h

DM freeze-out is dominated by resonant exchange of Z, h and it fixes �inv
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constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

0s1/2 Model (Scalar-Higgs Portal)

looks like a 2HDM, with <S>=0

DM

DM

q

q

S/H

mixing of real scalar mediator S and Higgs

S “talks” to SM only via H

25

unknown particles/interactions may reduce the abundance of DM coupled to Higgs and relax
the tension with DD data.

On the other hand, because of much weaker constraints on spin and momentum sup-
pressed cross sections, there are currently no limits on perturbative values of yP

c from direct
detection, thus leaving this case as still viable.

⌅ CASE STUDY 2: SCALAR-HIGGS PORTAL
Another specific realization of the 0s 1

2 model arises by allowing mixing between a real scalar
mediator S and the Higgs boson. In this case, to keep the model as minimal as possible, the
mediator S is not allowed to have couplings directly to the SM fermions, but only through
the “Higgs portal”. Therefore, this kind of model looks like a Two-Higgs-Doublet Model
(2HDM) extension of the SM Higgs sector (see Ref. [202] for a review and Refs. [203, 204]
for some recent work on the pseudoscalar mediator case). The DM is again assumed to be a
Dirac fermion and the Lagrangian describing the model is

L � 1
2
(∂µ S)2 � 1

2
m2

SS2 + c̄(i/∂ �mc)c � hp
2 Â

f
y f f̄ f

�yc Sc̄c �µSS|H|2 �lSS2|H|2 . (59)

The cubic and quartic self-couplings of the mediator S do not play any role for LHC phe-
nomenology and they have not been considered in the Lagrangian. Another simplification
is to forbid the S mediator from developing a VEV, hSi = 0. The generalization where this
assumption is relaxed is straightforward.

This model is described by the 4 parameters: {mc ,mS,lS,µS}. The mediator-Higgs mix-
ing driven by µS leads us to diagonalize the mass matrix and find the physical mass eigen-
states h1 and h2 ✓

h1
h2

◆
=

✓
cosq sinq
�sinq cosq

◆✓
h
S

◆
, (60)

where the mixing angle is defined by tan(2q) = 2vµS/(m2
S �m2

h +lSv2), in such a way that
q = 0 (µS = 0) corresponds to a dark sector decoupled from the SM, and the physical masses
are approximately given by

mh1 ' mh (61)

mh2 '
q

m2
S +l 2

S v2 , (62)

so that h1 corresponds to the physical Higgs boson of mass ⇠ 125 GeV.
In the mass-eigenstate basis, the Lagrangian (59) reads

L ��(h1 cosq �h2 sinq)Â
f

y fp
2

f̄ f � (h1 sinq +h2 cosq)yc c̄c . (63)

This Lagrangian is of the same form as the generic one L0Ss 1
2

of Eq. (37), where we can
identify h2 with S and read the corresponding couplings

gc = yc cosq (64)
gSM = �sinq , (65)

while the Higgs Yukawa couplings to fermions are reduced as y f cosq .

Model parameters: {m�,mS ,�S , µS}
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pressed cross sections, there are currently no limits on perturbative values of yP

c from direct
detection, thus leaving this case as still viable.

⌅ CASE STUDY 2: SCALAR-HIGGS PORTAL
Another specific realization of the 0s 1

2 model arises by allowing mixing between a real scalar
mediator S and the Higgs boson. In this case, to keep the model as minimal as possible, the
mediator S is not allowed to have couplings directly to the SM fermions, but only through
the “Higgs portal”. Therefore, this kind of model looks like a Two-Higgs-Doublet Model
(2HDM) extension of the SM Higgs sector (see Ref. [202] for a review and Refs. [203, 204]
for some recent work on the pseudoscalar mediator case). The DM is again assumed to be a
Dirac fermion and the Lagrangian describing the model is

L � 1
2
(∂µ S)2 � 1

2
m2

SS2 + c̄(i/∂ �mc)c � hp
2 Â

f
y f f̄ f

�yc Sc̄c �µSS|H|2 �lSS2|H|2 . (59)

The cubic and quartic self-couplings of the mediator S do not play any role for LHC phe-
nomenology and they have not been considered in the Lagrangian. Another simplification
is to forbid the S mediator from developing a VEV, hSi = 0. The generalization where this
assumption is relaxed is straightforward.

This model is described by the 4 parameters: {mc ,mS,lS,µS}. The mediator-Higgs mix-
ing driven by µS leads us to diagonalize the mass matrix and find the physical mass eigen-
states h1 and h2 ✓

h1
h2

◆
=

✓
cosq sinq
�sinq cosq

◆✓
h
S

◆
, (60)

where the mixing angle is defined by tan(2q) = 2vµS/(m2
S �m2

h +lSv2), in such a way that
q = 0 (µS = 0) corresponds to a dark sector decoupled from the SM, and the physical masses
are approximately given by

mh1 ' mh (61)

mh2 '
q

m2
S +l 2

S v2 , (62)

so that h1 corresponds to the physical Higgs boson of mass ⇠ 125 GeV.
In the mass-eigenstate basis, the Lagrangian (59) reads

L ��(h1 cosq �h2 sinq)Â
f

y fp
2

f̄ f � (h1 sinq +h2 cosq)yc c̄c . (63)

This Lagrangian is of the same form as the generic one L0Ss 1
2

of Eq. (37), where we can
identify h2 with S and read the corresponding couplings

gc = yc cosq (64)
gSM = �sinq , (65)

while the Higgs Yukawa couplings to fermions are reduced as y f cosq .
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Table 9: Simplified models for scalar and fermion DM.

constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:
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Collider

In addition to the Yukawa couplings, the cosq suppression also appears in the trilinear cou-
plings of the Higgs with two gauge bosons, and therefore q is constrained by Higgs physics
measurements as well as EW precision tests. The limits from LHC Run I Higgs physics are
the most stringent ones and give sinq . 0.4 [205, 206].

The invisible width of the Higgs decaying to DM particles is

G (h1 ! c̄c)
y2

c sin2 qmh1

8p

 
1�

4m2
c

m2
h1

!3/2

, (66)

and for a light enough mediator, the h1 ! h2h2 decay can also open up. The calculation of
the invisible BR of the Higgs should also take into account that the Higgs decays to SM
fermions receive a cos2 q suppression.

On top of the usual /ET + j signal, this 2HDM-like simplified model possesses other in-
teresting channels that may distinguish it from the generic scalar mediator case. For instance,
mono-W/Z signals can arise at tree level as in Fig. 3.

An important feature is the destructive interference between the exchange of h1 and h2,
which has an impact on both LHC and DD phenomenology.

Furthermore, the h1h2
2 trilinear vertex is likely to change the phenomenology of mono-

Higgs signals by adding to the usual diagram (Fig. 4 left), and the diagram with triangle
top-loop (Fig. 4 right).

mono-W/Z

mono-Higgs

mono-jet +
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and for a light enough mediator, the h1 ! h2h2 decay can also open up. The calculation of
the invisible BR of the Higgs should also take into account that the Higgs decays to SM
fermions receive a cos2 q suppression.

On top of the usual /ET + j signal, this 2HDM-like simplified model possesses other in-
teresting channels that may distinguish it from the generic scalar mediator case. For instance,
mono-W/Z signals can arise at tree level as in Fig. 3.

An important feature is the destructive interference between the exchange of h1 and h2,
which has an impact on both LHC and DD phenomenology.

Furthermore, the h1h2
2 trilinear vertex is likely to change the phenomenology of mono-

Higgs signals by adding to the usual diagram (Fig. 4 left), and the diagram with triangle
top-loop (Fig. 4 right).
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constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:
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constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

0t1/2 Model

squark-like mediator

    carries color, EW, flavor 
(if DM total singlet)28

[23, 177, 178], we consider here the situation of unflavored DM where h carries flavor
index [39, 53–56, 56, 105, 115, 149, 179–181]. In this case the mediator closely resembles
the squarks of the MSSM, for which extensive searches already exist (see e.g. [113]).

Having decided that h carries both color and flavor indices, it remains to be seen whether
it couples to right-handed quark singlets (up-type or down-type) or to left-handed quark dou-
blets. The choice made here is to couple h to right-handed up-type quarks ui = {uR,cR, tR},
so that the Lagrangian for the 3 mediator species hi reads

L0t 1
2
� Â

i=1,2,3


1
2
(∂µ hi)

2 � 1
2

M2
i h2

i +(gih⇤
i c̄ui + h.c.)

�
. (67)

Other choices for mediator-quark interactions can be worked out similarly.
The MFV hypothesis imposes universal masses and couplings M1 = M2 = M3 ⌘ M and

g1 = g2 = g3 ⌘ g, thus resulting in a three-dimensional parameter space

{mc ,M,g} . (68)

However, the breaking of this universality is possible, resulting in a splitting of the third-
generation mediator (i = 3) from the first two (i = 1,2).

Stability of DM against decays is ensured by considering mc < mh , so that DM decays
are not kinematically open.

Collider
Given the similarity of the mediator to squarks, collider searches for this class of model
can fruitfully combine usual mono-jet with strategies for squark detection. The main con-
tributions to the /ET + j process come from the diagrams in Fig. 6, relative to the processes
uū ! c̄c +g, ug ! c̄c +u, ūg ! c̄c + ū.

Typically, the diagram on the right of Fig. 6 tends to dominate because of larger parton
luminosity of the gluon. The gluon radiation from the t-channel mediator is also possible
(last diagram of Fig. 6), but it is suppressed by a further 1/M2 (it would correspond to a
dimension-8 operator in the low-energy EFT).

The mono-jet searches now usually include also a second jet: /ET +2 j. These processes
are mainly sourced by mediator pair production (pp! h1h⇤

1 ) followed by mediator splitting
(h1 ! cu), as in Fig. 7, relative to processes gg ! c̄c ūu, ūu ! c̄c ūu. If the DM is a
Majorana particle, further mediator pair production processes are possible, initiated by uu
or ūū states.

Unlike squark searches, where the squark-neutralino coupling is fixed by supersymme-
try to be weak, in the simplified models g1 is a free parameter. Depending on its magnitude,
the relative weights of the diagrams change. For instance, if g1 is weak (g1 ⌧ gs) the QCD
pair production dominates over the production through DM exchange.

Comprehensive analyses of collider constraints on t-channel mediator models with fermion
DM have been presented in Refs. [54–56, 181]. The combination of mono-jet and squark
searches leads to complementary limits. The mono-jet searches are usually stronger in the
case where the DM and the mediator are very close in mass.

Before closing this part, it is useful to quote here the result for the mediator width, in
the model of Eq. (67)

G (hi ! c ūi) =
g2

i
16p

M2
i �m2

c �m2
ui

M3
i

q
(M2

i �m2
c �m2

ui
)2 �4m2

c m2
ui
. (69)

MFV:

possible to couple 𝝶 to: uR, dR, QL 
choose uR:

M1 = M2 = M3 ⌘ M

g1 = g2 = g3 ⌘ g

{m�,M, g}Model parameters:

DM

DM

q

q

⌘

g is a free parameter (unlike SUSY)
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DM self-annihilation
The main process for DM self-annihilations is c̄c ! ūiui, via t-channel exchange of the
mediator hi. This is the relevant process for indirect DM searches.

However, the situation is different for freeze-out calculations. If the DM and the medi-
ator are sufficiently close in mass (Mi �mc . Tfreeze�out), coannihilations become relevant
and one should also take into account the mediator self-annihilations and the ch scatter-
ings. The details of these processes are strongly dependent on whether the DM is a Dirac or
Majorana fermion.
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ūi

�i

g

ui

�̄

�

ui

ui

��
i

ui

g

�

ui

�̄ ūi
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DM self-annihilation
The main process for DM self-annihilations is c̄c ! ūiui, via t-channel exchange of the
mediator hi. This is the relevant process for indirect DM searches.

However, the situation is different for freeze-out calculations. If the DM and the medi-
ator are sufficiently close in mass (Mi �mc . Tfreeze�out), coannihilations become relevant
and one should also take into account the mediator self-annihilations and the ch scatter-
ings. The details of these processes are strongly dependent on whether the DM is a Dirac or
Majorana fermion.
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FIG. 5. Limits on g
M

(for the case of mediator coupling to ũ, d̃, c̃, s̃, L+R) from (left) jets+MET,

and (right) monojet, for a mediator decaying only to DM and a quark, with the natural width

computed from Eq. 2. The black region in (a) is excluded from the pure QCD production of the

mediator.

III. MONOJET VERSUS DIJET SEARCHES

A. Results

Having validated our results and established our method in the previous section, in this

section we will provide a complete scan of results in the m
DM

� m
M

plane, extracting a

constraint on the e↵ective EFT scale ⇤ ⌘ m
M

/g
M

, that can be used for translating our

results to the DD plane. We present the results of our analysis for the case of ũ, d̃, c̃, s̃,

L + R and the other extreme case of only two squarks d̃
R

, s̃
R

. For each pair m
DM

, m
M

,

we present here only the strongest bound obtained among all the searches from CMS [30–

33, 41, 42] and ATLAS [26–29, 43, 44]. It is worth mentioning that, though our CMS results

are conservative on account of the statistics (see Sec. II B) they represent our strongest

constraint. This is not surprising since the combination of the various signal region bins

provide more statistical power than the single-bin exclusion performed by other analyses.

We would therefore expect even stronger bounds from jets+MET if the statistical details of

the analysis were available.

We begin with the case of ũ, d̃, c̃, s̃, L + R. The constraints on the coupling g
M

are
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0t1/2 Model

LHC + Direct Detection + Relic density: 
impossible for Dirac DM

still viable for Majorana DM (with mDM >~100 GeV)

Models with 3rd generation quarks

6

due to the Majorana property of �, the contributions
from the exchange of � is proportional to M2

�. Therefore,
the production rate becomes larger for larger M�.

B. Constraints from squark searches at the LHC

The t-channel mediators can be copiously produced at
the LHC and then decay into a DM particle and a quark.
This is very similar to the search in the case of squark
search in supersymmetric (SUSY) models. In the case
that the gluinos are decoupled. The main di↵erence be-
tween our scenario and SUSY models is the possibility to
enhance the production rate due to the t-channel DM ex-
change process (Fig. 3b, c1, c2, c3, c4). Although in the
SUSY case, squarks can also be pair-produced through
exchanging of neutralinos, the coupling of the squark
to neutralino is around the weak coupling. Therefore,
this contribution is negligible. However, in the t-channel
model, we treat the coupling � as a free parameter and
it can be quite large.
Both ATLAS and CMS collaborations show their 95%

C.L. limit to the squark pair production cross sec-
tion [25, 40]. We calculate the total cross section of
pp ! ��⇤(��,�⇤�⇤) processes and using their unfolding
result to estimate the bound from squark searching at 8
TeV LHC. The result from CMS collaboration [25] gives
a stronger constraint. The total cross section is calcu-
lated using CalcHEP [41]. The NLO QCD correction is
shown to be small for such processes [42]. A typical value
of the K-factor is smaller than 1.05. We will neglect it
in our calculation.
The parton-level Feynman diagrams are shown in

Fig. 3. (a1), (a2), (a3) and (a4) depend only on the
strong interaction, whereas (b), (c1), (c2), (c3) and (c4)
are mediated by � and depend on �. The contribution
from (c1), (c2), (c3) and (c4) must be proportional to the
Majorana mass of � since the fermion number is changed
and vanishes if � is Dirac fermion. The constraints from
CMS squark search for both the Dirac and Majorana
cases are shown in Fig. 5. In the Majorana case, in the
small M� region, the constraint is stronger with larger
M�, this is because the production rate is proportional
to M2

� due to the Majorana nature of �. The constraint
becomes weaker as M� approaches to M� since the jets
from the decay of � become softer. Compared to the
constraint from monojet+ 6 ET search, the constraint from
squark search is weaker in most of the parameter region
under consideration, especially those with smaller M�.

V. COMBINING LHC SEARCHES WITH
DIRECT DETECTION AND THERMAL RELIC

ABUNDANCE

Using Eqs. (5), (6) and (7) the upper limits on � can
be translated into upper limits on direct detection cross
sections, which are shown in Fig. 6, from which one can
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FIG. 6: Constraints from monojet+ 6 ET and di-jet+ 6 ET on
direct detection cross sections for both the Dirac (upper) and
Majorana (lower) DM cases, for 8 TeV LHC with 19.5 fb�1

integral luminosity. The constraints from the relic abundance
assuming that the model is the unique source for the interac-
tion between DM and SM particles are also shown. For the
Dirac DM case, the region relates to the potential WIMP sig-
nal from CDMS experiment [43] and CoGeNT experiment [44]
is also shown together with the exclusion region from the first
result from LUX [34] and SuperCDMS [45]. For the Majorana
DM case, the constraint from XENON100 [46] is shown.

see that in the Dirac DM case, the constraint from col-
lider search becomes stronger than the constraint from
the direct detection experiments only in the region where
M� is smaller than about 6 GeV. In the Majorana DM
case, however, due to the lack of the enhancement from
coherence in the direct detection, the LHC constraint is
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see that in the Dirac DM case, the constraint from col-
lider search becomes stronger than the constraint from
the direct detection experiments only in the region where
M� is smaller than about 6 GeV. In the Majorana DM
case, however, due to the lack of the enhancement from
coherence in the direct detection, the LHC constraint is

Dirac DM (0t1/2D) Majorana DM (0t1/2M)

[An, Wang, Zhang - 1308.0592]
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momentum transfer Q
tr

<
p
gtg� ⇥ 76 GeV. Even with extreme couplings of 4⇡, the implied

mediator mass is below 1 TeV, signaling the need for simplified models.

The simplest UV-complete possibility where DM couples to quarks proportional to their mass

arises in Higgs-mediated models, discussed further in Section VIIB. Simplified s-channel mediator

models introduce a new neutral scalar [69], pseudoscalar or vector [70] analogous to those discussed

in Section III, but the dominant interactions are with heavy quarks. For example, Refs. [71, 72]

focused on a pseudoscalar, a, coupling primarily to b-quarks, which could arise through mixing

with the pseudoscalar in a two-Higgs doublet model. The relevant interaction terms in this case

are:

L � i(g��̄�
5�+ gbb̄�

5b)a (31)

It was shown in Ref. [71] that both the mono-b and the sbottom search with two b-jets plus MET

help to constrain the parameter space, depending on the a mass.

Simplified t-channel models also have collider signals with heavy quarks, for example if there is

a sbottom-like scalar mediator B̃:

L � ��B̃b̄R�+ h.c. (32)

which could arise in flavored dark matter models [73]. Note that these interactions do not neces-

sarily generate the scalar (D1) operator above, and in addition the assumption of minimal flavor

violation does not require interaction strengths to be proportional to mass. The sbottom search

can be used to constrain the new mediator; however, when the coupling � in Eq. (32) is large

additional channels open up relative to the SUSY case, which changes the final state kinematics.

Other t-channel models include instead DM coupling to the third generation left-handed doublet

[59] or to right-handed top quarks [74, 75].

In the presence of additional flavor-violating structure, single top plus MET (mono-top) produc-

tion is possible [65, 76, 77]. An example is the simplified t-channel model of fermion dark matter

coupled to top quarks, when the scalar mediator also has RPV-like couplings to light quarks. For

a summary of the experimental signature, see Section VIII.

exploit b-tagging
and squark searches

e.g. sbottom-like mediator
b

DM

B
DM

g

g

b
B

[also 2-tops]



Conclusions & Outlook

 In s-channel models: play with Scalar-Higgs Portal model

 In t-channel models: the mediator typically carries charges 
(QCD, EW produciton possible) 
 Next-in-line to be explored 

 >> Fully exploit complementarity << 

 then what? simplified models v. 2.0? 
  
 -  guided by new hints/excesses/discoveries in future data  
 -  new collider signatures, different from mono-X ?  
 -  more degrees of freedom/more parameters? loop mediation?  
 -  …?
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Effect of the EFT Cutoff
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Figure 8: Fraction of WIMP events with M⇥ = 50 GeV passing the validity requirement of Qtr < Mmed
at
⇤

s = 8 TeV (left) and
⇤

s = 14 TeV (right). A scan over di�erent values of couplings ⇤gSMgDM
for three Emiss

T thresholds is shown. Each Emiss
T threshold uses the associated nominal limit M�exp for the

threshold in question.
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Figure 9: Fraction of WIMP events with M⇥ = 400 GeV passing the validity requirement of Qtr < Mmed
at
⇤

s = 8 TeV (left) and
⇤

s = 14 TeV (right). A scan over di�erent values of couplings ⇤gSMgDM
for three Emiss

T thresholds is shown. Each Emiss
T threshold uses the associated nominal limit M�exp for the

threshold in question.

coupling than observed for M⇥ = 50 GeV. The corresponding 14 TeV plot is instead valid for a much
larger coupling range, but still less than for the lighter Dark Matter of M⇥ = 50 GeV. This demonstrates
the trend where increasing the Dark Matter mass results in a smaller validity fraction.

These validity fractions can then be turned into rescaled limits. Following the procedure defined
above, where M�valid =

�
Rtot

Mmed

⇥1/4
M�exp, one obtains the results seen in Fig. 10 for M⇥ = 50 GeV and

Fig. 11 for M⇥ = 400 GeV. The values of the rescaled limits for a few specific choices of couplings are
listed explicitly in Table 4. Due to the validity fraction being raised to the power of 1

4 , the rescaled limit
quickly approaches the nominal limit so long as Rtot

Mmed
, 0. For all scenarios considered, this results in

rescaled limits at the level of the nominal limit well before ⇤gSMgDM = �.
Limits generally increase with higher Emiss

T cuts, until statistics becomes the dominant limitation,
but higher Emiss

T also comes with higher average Qtr. These two e�ects must both be considered, and the
interplay between the two is clear in Fig. 8. At 8 TeV and for ⇤gSMgDM ⇥ 1.4, there is a region where the
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some regions still allowed for 
axial couplings of fermion DM 
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(not much to say for LHC…)
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still allowed: scalar DM  (mDM > 100 GeV) 
and fermion DM with axial couplings
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Mediator spin Channel DM spin Model Name Discussed in Section
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1
2 t 0 1
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1
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2
1
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1 s 0 1s0 3.4.1

1 s 1
2 1s 1
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1 t 1
2 1t 1
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Table 9: Simplified models for scalar and fermion DM.

constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

1/2t0 Model

possible to couple to: qR, QL

choose qR:

mediator    is a vector-like fermion
carrying color, EW and flavor

pretty much the same story as 0t1/2 
(for LHC)

different results for (in)direct detection

DM

DM

q

q

31

where fn = 1, fp = 2 because in the Lagrangian Eq. (67), c scatters only with up-quarks.
If c is a Majorana fermion, the D5 and D7 operators vanish identically and the others

only contribute to the spin-suppressed scattering operators ONR
4 , ONR

8 and ONR
9 , listed

in Table 5. For Dirac DM (0t 1
2 D), limits from the LHC and direct detection turn out to be

incompatible with full relic density abundance from thermal freeze-out. On the other hand,
the 0t 1

2 M model with mc & 100 GeV is still viable. Of course one should keep in mind that
bounds from the relic density are not robust, as the DM may not be thermally produced, or
thermal production may make only a fraction of the present DM density.

3.3 Fermion Mediator

When the mediator is a fermion, the 2 ! 2 scattering process of a pair of colorless DM
particles with two SM particles occurs in the t-channel. The DM can either be a scalar ( 1

2 t0
model) or a fermion ( 1

2 t 1
2 model).

3.3.1 Scalar DM, t-channel ( 1
2 t0 model)

If the DM is a SM-singlet scalar f , it is possible for the mediator to be a vector-like fermion
y exchanged in the t-channel. Following Ref. [218], we will consider the Lagrangian

L 1
2 t0 �

1
2
(∂µ f)2 � 1

2
mf f 2 + ȳ(i /D�My)y +(yfȳqR + h.c.) . (79)

One can choose to couple the DM and the mediator to any SM right-handed or left-handed
fermion. The choice made in Eq. (79) consists of focusing on couplings to right-handed
quarks, which plays the major role for LHC and direct detection phenomenology (see Refs.
[219, 220] for the lepton case). The discussion for the case of couplings to qL would be
straightforward. This model has also been mentioned in Ref. [74].

Of course, a singlet scalar DM can also have interactions with the Higgs boson, of the
kind discussed in Sect. 3.2.1. However, in the spirit of the simplified model one usually
ignores such interactions when studying the model described by Eq. (79).

By putting together the limits from the LHC, direct detection, indirect detection, thermal
relic abundance, and perturbativity of the coupling constant y, one finds that this model is
rather constrained, but still some parameter space is available, for mf & 1 TeV and my/mf .
2 (see Refs. [218, 221, 222] for more details).

Collider

At the LHC, it is possible to produce a pair of DM particles starting from two quarks with
the mediator exchanged in the t-channel, and associated initial-state radiation. This would
give the usual mono-jet (/ET +j) signal. In addition, if the mediator is light enough, a pair of
mediators can be produced, with each of them subsequently decaying into DM and a quark,
thus producing an /ET signal in association with 2 or more jets. One can therefore combine
these two kinds of strategies to improve the discovery potential.

Notice that, since the mediator carries color and EW charges, the mediator pair-production
can proceed either by DM exchange or by direct QCD and EW Drell-Yan production (see
Refs. [223, 224] for experimental results on vector-like quark searches).

For mediator masses My of the same order as mf , the current LHC constraints imply
mf & 1 TeV, but the bounds gets weaker as the mediator mass gets higher [218].

 
 

(if DM total singlet)
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Figure 6: Feynman diagrams of the relevant production modes of mediator pairs in proton-proton

collisions. Additional diagrams obtained from crossing or charge conjugation of the initial and final

state are not shown.

the processes arising from the Yukawa interaction.

In the model discussed in this work, the requirement of correctly reproducing the observed

dark matter abundance via thermal freeze-out can involve rather large Yukawa couplings, as can

be seen in e.g. Fig. 2. On the other hand, the strong coupling gs ' 1, therefore the production

of mediator pairs can be dominated either by the processes involving the Yukawa coupling or

by the strong coupling. Furthermore, for dark matter coupling to uR (dR), the production

channel uu !   (dd !   ), which is driven solely by the Yukawa coupling, can have a larger

cross section compared to processes involving a qq̄ or gg pair in the initial state, due to the

large parton distribution function of the up-quark (down-quark) in the proton. In our analysis,

we calculate the leading-order cross section for the final states   ,  ̄,  ̄ ̄ using CalcHEP [53],

selecting the cteq6l parton distribution function. In order to include next-to-leading order

corrections, we parametrize the total cross section as

�full = K �LO , (20)

The K-factor has not been fully calculated for this model, consequently we treat K as a source

of uncertainty, varying it in the range [0.5, 2]. 11

11 For comparison, the K-factor for tt̄ production, which is analogous to the QCD production of   ̄, is 1.7 [54].
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Mediator spin Channel DM spin Model Name Discussed in Section

0 s 0 0s0 3.2.1

0 s 1
2 0s 1

2 3.2.2

0 t 0 0t0 3.2.3

0 t 1
2 0t 1

2 3.2.4

1
2 t 0 1

2 t0 3.3.1

1
2 t 1

2
1
2 t 1

2 3.3.2

1 s 0 1s0 3.4.1

1 s 1
2 1s 1

2 3.4.2

1 t 1
2 1t 1

2 3.4.3

Table 9: Simplified models for scalar and fermion DM.

constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

1/2t1/2 Model

DM

DM

g

g

 

 fermion color-octet

dimension-5 dipole operator

33

�a

g

g

�̄

�

Fig. 8: Diagram for DM pair production in 1
2 t 1

2 model.

3.3.2 Fermion DM, t-channel ( 1
2 t 1

2 model)

In the case of fermionic DM with a fermion mediator exchanged in the t-channel, the LHC
production can be initiated by two gluons (see tree-level diagram in Fig. 8). The fermion
DM cannot be colored, so the mediator needs to be a fermion octet (gluino-like) particle ya

of mass M.
The operators appearing at the lowest order in the Lagrangian of the model are

L 1
2 t 1

2
� ȳa(i /D�M)ya +

1
L

Ga
µn(ȳas µn c + h.c.) (85)

where Dµ is the covariant derivative involving the gluon field and the dimension-5 opera-
tor is of the form of a chromomagnetic dipole operator (resembling the gluino-gluon-bino
interaction in SUSY).

Extensive searches are performed for this kind of mediator, driven by the interest in
SUSY models. Limits from direct QCD production of gluino-like mediators decaying to
two gluons and two DM particles tell us that the mediator must be heavier than about 1150
GeV (95% CL) for DM masses below 100 GeV [226].

However, apart from the direct mediator searches, no analyses have been performed to
study the fermion octet in the context of a simplified model with a DM particle, to our
knowledge. Of course, the dimension-5 interaction in Eq. (85) would lead to rather weak
signals at LHC. But a careful study of this model, also in view of possible future colliders,
would be interesting.

3.4 Vector Mediator

With a vector mediator, it is possible to produce a DM pair from an initial state of two
quarks by exchanging the mediator in the s-channel, with DM being a scalar (1s0 model) or
a fermion (1s 1

2 model), or in the t-channel, with fermion DM (1t 1
2 model).

We will consider the vector mediator as having an explicit mass, without trying to justify
it from a more complete UV theory, following the philosophy behind simplified models. It is
assumed that there exists some UV completion that can avoid problems of gauge invariance,

in SUSY: gluon-gluino-bino

(gluino-like)

weak signals for LHC, maybe future colliders…

A. De Simone        
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Mediator spin Channel DM spin Model Name Discussed in Section

0 s 0 0s0 3.2.1

0 s 1
2 0s 1

2 3.2.2

0 t 0 0t0 3.2.3

0 t 1
2 0t 1

2 3.2.4

1
2 t 0 1

2 t0 3.3.1

1
2 t 1
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1
2 t 1

2 3.3.2

1 s 0 1s0 3.4.1

1 s 1
2 1s 1

2 3.4.2

1 t 1
2 1t 1
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Table 9: Simplified models for scalar and fermion DM.

constructed, along with angular variables [85, 102], which would also allow the exploration
of the spin of the DM particle, to some extent. However, we believe that at the present stage
of LHC searches for DM, the simplified models discussed in this review already capture a
very rich phenomenology.

Before reviewing the features and the phenomenology of all the cases listed in Table 9,
we first point out some general properties of simplified models.

3.1 General properties of simplified models

As discussed above, when building a simplified model for DM one wants to extend the SM
by adding new degrees of freedom: not too many, otherwise simplicity is lost; not too few,
otherwise the relevant physics is not described completely. To this end, one builds simplified
models according to the following general prescriptions:

1t1/2 Model

similar story as 0t1/2 (squark-like mediator)

DM

DM

q

q

vector mediator carries color, EW and flavor

A. De Simone        
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↵s

M2
|�|2Ga

µ⌫G
aµ⌫ (C5 operator)
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� : DM, complex scalar, gauge singlet
: scalar mediator, color-triplet, EM charged, flavour triplet

+

Models where the interactions with gluons dominate are slightly more subtle. SU(3)C
gauge invariance demands that couplings of gluons to the dark sector are e↵ectively non-

renormalizable interactions mediated by loops of colored particles. Nonetheless, such mod-

els are interesting and provide a blueprint for theories which are best tested in direct

searches and high energy hadron colliders while largely escaping from indirect searches.

They are a worthwhile corner of dark matter model-space to explore. Existing proposals

for simplified models with this feature can be classified in three di↵erent classes: a) the

mediating particle is a vector which interacts with the SM particles via e↵ective vertices

[23], b) the mediator is a (pseudo-)scalar which may or may not mix with the SM Higgs

[24–28] and the dark matter is a SM singlet, c) mediator is the Higgs itself, the dark mat-

ter being charged under the electroweak SU(2) ⇥ U(1) [29, 30]. While all the options are

theoretically well motivated, the options where the mediator is a pseudo-scalar or a Higgs,

both capture features found in the minimal supersymmetric standard model.

An alternative possibility presents itself when the dark matter is a scalar particle. In

that case, a quartic interaction with any other scalar in the theory is always gauge invariant

and will not mediate dark matter decay. If the second (mediator) scalar is colored, it will

induce coupling between a pair of dark matter scalars and gluons at one loop, represented

as the dimension six interaction,
↵s

M2
|�|2 Gaµ⌫Ga

µ⌫ (1.1)

(also known as C5 [22]) when the mediating colored scalar is heavy compared to energies

of interest. In this article, we explore this simplified model, examining the rich collider and

astrophysical signatures of such a construction for a variety of color representations of the

scalar mediator.

Our work is organized as follows. In section 2, we present the Lagrangian and couplings

of the dark matter and mediator to each other and with the SM. In section 3 we compute

the annihilation cross section and find the range of parameters for which the dark matter

would saturate the observed density of dark matter in the Universe as a thermal relic. In

section 4, we find the constraints from direct detection searches for dark matter and in

section 5 discuss the constraints from collider searches. We conclude in section 6.

2 Simplified Model

The basic module consists of a massive scalar (assumed complex for simplicity, though the

modification to a real field is simple) � that is a gauge singlet to play the role of dark

matter, and a set of massive (typically complex) colored scalars � (in representation r

of SU(3)C) to act as the mediator with the SM. These basic pieces are described by the

Lagrangian,

L � @µ�
⇤@µ��m2

�|�|2 + (Dµ�)
†Dµ��m2

�|�|2 (2.1)

where Dµ� is a covariant derivative that includes interactions with the electroweak gauge

fields (in cases where � is charged under SU(2)⇥ U(1)) and coupling to the gluons Ga
µ:

Dµ� ⌘ @µ�� igs
�a
r

2
Ga

µ�+ Electroweak (2.2)

– 2 –

where gs is the strong coupling and �a
r/2 are the generators of SU(3)C in representation

r. As discussed below, for specific color representations r it is well-motivated to consider

a set of fields �i labeled by a flavor index i.

The dark matter interacts with the mediator via a quartic interaction,

�d |�|2|�|2 . (2.3)

It is interesting to note that this interaction allows for � to be charged under a Z2 symmetry

forcing it to be stable, though � can either be Z2-charged or not. This feature, and the

freedom to choose the color representation of � somewhat arbitrarily result in drastically

di↵erent phenomenology compared to the usual simplified models in which dark matter

interacts with a colored mediator [5–8]. The symmetries also permit additional quartic

interactions such as,

��h|H|2|�|2 + �sh|H|2|�|2 , (2.4)

where H is the SM Higgs doublet. The former leads to Higgs portal couplings for the

dark matter [31], and has been well-explored in the literature. While such a coupling

is inevitable, we assume that its e↵ects are sub-dominant to �d for the purposes of our

discussion. The latter term will shift the � mass after electroweak symmetry-breaking, and

induces couplings between the � and the Higgs boson. Such a coupling can be constrained

by the shift it induces in the e↵ective coupling of the SM Higgs boson to gluons [32]. In

principle it is also expected to be generically present, but we shall consider the case where

it is also small and thus unimportant.

2.1 Interactions of the Mediator with Quarks

In general, the mediators can interact with quarks, allowing them to decay into hadrons.

That such decays happen is important to insure that a primordial population of � do not

(being colored) bind with nuclei, which would be subject to strong constraints from searches

for anomalously heavy isotopes [33]. For SU(3)C representations r = 3, 6, 8, interactions

with a pair of quarks/anti-quarks are permitted at the renormalizable level, provided the

SU(2)⇥ U(1) charges of � are also chosen appropriately. The possibilities were tabulated

in Ref. [32], which assigns flavor indices to the � fields such that the coupling to quarks

can be governed by the principle of minimal flavor violation (MFV) [34, 35]. MFV dictates

that all breaking of the SU(3)QL ⇥SU(3)uR ⇥SU(3)dR flavor symmetries of the (massless)

SM be proportional to the SM Yukawa interaction matrices Yu and Yd, and is motivated

to control what would otherwise be very large contributions to flavor-violating observables

in the quark sector which would be in conflict with precision measurements.

For higher color representations, coupling to quarks is still permitted but must be

represented as non-renormalizable interactions, implying the existence of additional heavy

particles.

We concentrate on the specific case of a color triplet � which has electroweak quantum

numbers such that it can interact with a pair of right-handed up-type quarks, though we

will comment on other cases where appropriate. A � that is a color triplet with charge

– 3 –

[neglected mixing with H]

�i

✏ijk�iujuk

+

(flavour singlet, MFV)

inter. with quarks

�4/3 can couple to uiuj provided that the color indices are contracted anti-symmetrically.

MFV is implemented by choosing � to have its own SU(3)uR flavor index, and a flavor

singlet is constructed by contracting the flavor indices anti-symmetrically, ✏ijk�iujuk. This

type of scalar “diquark” bears some resemblance to the squarks of an R-parity-violating

supersymmetric theory. However, their weak charges and the flavor structure of their

couplings are distinct from the supersymmetric case.

Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling

of �3 from �1,2. If one neglects small corrections proportional to the up and charm-quark

masses, the resulting terms in the Lagrangian are,

y1 (�1cR � �2uR) tR + y2 �3uRcR + h.c (2.5)

where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.

In summary, when � is a color triplet which couples to a pair of up-type quarks, MFV

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

wherem�1 is the (approximately degenerate) masses of the two colored scalars which couple

to uRtR and cRtR with (approximately equal) coupling y1 and m�3 is the mass of the third

scalar with couples to uRcR with coupling y2.

(a) Annihilation

�?� ! gluons at one

loop.

(b) Mono-jet signature. (c) Mediator + top quark

production followed by de-

cay of the mediator into top

and an unflavored jet.

(d) Pair productoin

of mediators fol-

lowed by decay into

two fermions.

Figure 1: Representative Feynman diagrams for various processes involving the mediating

colored-scalar that we will explore.

3 Annihilation Cross Section

The cross section for the dark matter to annihilate is the primary quantity determining

the prospects for observing it via indirect detection methods, and also determining its relic

– 4 –
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�4/3 can couple to uiuj provided that the color indices are contracted anti-symmetrically.

MFV is implemented by choosing � to have its own SU(3)uR flavor index, and a flavor

singlet is constructed by contracting the flavor indices anti-symmetrically, ✏ijk�iujuk. This

type of scalar “diquark” bears some resemblance to the squarks of an R-parity-violating

supersymmetric theory. However, their weak charges and the flavor structure of their

couplings are distinct from the supersymmetric case.

Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling

of �3 from �1,2. If one neglects small corrections proportional to the up and charm-quark

masses, the resulting terms in the Lagrangian are,

y1 (�1cR � �2uR) tR + y2 �3uRcR + h.c (2.5)

where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.

In summary, when � is a color triplet which couples to a pair of up-type quarks, MFV

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

wherem�1 is the (approximately degenerate) masses of the two colored scalars which couple

to uRtR and cRtR with (approximately equal) coupling y1 and m�3 is the mass of the third

scalar with couples to uRcR with coupling y2.
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Figure 1: Representative Feynman diagrams for various processes involving the mediating
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Figure 4: Excluded region of the plane of m�1,2 and y1 from searches for anomalously

large production of tt+one jet (solid blue region) and tt+two jets (purple shaded region).

6 Conclusions

A model in which the dark matter interacts primarily with the Standard Model via the

gluons (and not appreciably with the quarks) is an interesting corner of dark matter theory

space, one worthy of both theoretical and experimental exploration. We construct an

appealing renormalizable simplified model in which the dark matter is a scalar particle,

whose coupling to gluons is induced through a quartic interaction connecting it to exotic

colored scalars. A large number of choices for color and flavor representations of the scalars

exist, though all share some common features. In particular, the strongest constraints

(for m� & 10 GeV) typically come from direct searches for dark matter scattering with

nuclei, with missing energy signals at the LHC strongly suppressed. The colored scalars

themselves typically decay into a number of quarks, motivating searches at the LHC for

multi-jet signals of resonantly produced pairs of particles with QCD-sized production cross

sections.

It is perhaps surprising that some models of dark matter may manifest themselves at

a hadron collider most readily through a signature without any missing transverse momen-

tum.
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Figure 1. Diagrams of the dark penguin. The corresponding amplitude is given in Eq. (2.2).

treat Y and M as free parameters. Precision electroweak measurements do not set relevant

constraints on mediators carrying only hypercharge. Even if the mediators are doublets under

SU(2)
L

, as considered for example in Ref. [49], no contribution to the S and T parameters

arises at one loop.

The model in Eq. (2.1) generates a magnetic dipole operator through the dark penguin

process in Fig. 1. The amplitude for Bµ ! �
i

�̄
j

is written into a gauge invariant form

iMµ

penguin

=
i�

i

�
j

g0Y N

32⇡2
ū(p

i

)⇥ ⇥�
q2�µ � (m

�

i

�m
�

j

)qµ
�
F
q

� i�µ⌫q
⌫

F
�

⇤
v(p

j

) , (2.2)

In this paper, we use various collider searches to set an upper bound on3

�
p
Y N . (2.3)

where the factor �
i

�
j

encodes the dark flavor structure. The factor N is the multiplicity of

the mediators (N > 1 can arise, for example, if the mediators transform non-trivially under

SU(2)
L

). The form factors F
q,�

as functions of the masses (m
�

i

,m
�

j

,M
f

,M
s

) and momentum

q2 (defined in Fig. 1) are given in App. A. It is important to note that the model discussed

here can also generate other loops, such as those for the Rayleigh operator, �̄
i

�
j

B
µ⌫

Bµ⌫ .

However, the contributions of this operator to the collider processes considered in this paper

carry either extra gauge couplings or phase space suppressions, and thus only give sub-leading

e↵ects, except in a few cases on which we will comment in what follows. We leave the detailed

study of the Rayleigh operators for future work.

In presence of a non-trivial flavor structure of the dark fermions �
i

, one important dif-

ference between collider searches and (in)direct detection experiments is that the collider

processes can generically involve more than one dark flavor. Indeed, as we will show, the

current and upcoming missing energy searches at colliders are strikingly more sensitive to the

case where more than one dark flavors are within kinematic reach. In this case, some assump-

tions on the flavor structure are necessary in order to compare results between the di↵erent

3Our analysis is insensitive to the sign of the hypercharge of the mediators. For simplicity, from now on we

denote with Y the absolute value of the hypercharge.
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A. De Simone        

interaction with DM is not renormalizable

DM

DM

g

g

⌘⌘

interaction with gluons: only in pairs ⇠ ⌘⌘G, ⌘⌘GG

interaction with quarks: suppressed by mq

⌘

⌘

⌘

[not worked out]
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