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amongst themselves, leading to the so-called “concor-
dance” model for the universe, the ΛCDM model.
(Here, Λ stands for Einstein’s cosmological constant,
which may be the source of the DE). In the ΛCDM
model, the universe is composed of about 70% DE, 25%
DM, 4% baryons with a tiny fraction of neutrinos and
radiation. The measured abundance of CDM in our
universe[ 5],

ΩCDMh2 = 0.111+0.011
−0.015 (2σ), (1)

where ΩCDM = ρCDM/ρc, with ρCDM the CDM mass
density, ρc the critical closure density and h is the scaled
Hubble parameter, serves as a severe constraint on all
particle physics theories that include a dark matter can-
didate. Since DM may well consist of more than one
component, strictly speaking the relic density serves as
an upper bound ΩXh2 ≤ 0.122 on the density of any
single component X . We now turn to a discussion of
some of the particle physics candidates for the DM par-
ticle X .

3. DM candidates

While the evidence for the existence of DM in the
universe is now very convincing, and while the density
of dark matter in the universe is becoming precisely
known, the identity of the dark matter particle(s) is
a complete mystery. None of the particles in the Stan-
dard Model have the right properties to make up CDM.
Many candidates, however, have been proposed in the
theoretical literature. To appreciate the variety of can-
didate particles proposed, we list a number of possibil-
ities. The range of masses and interaction strengths of
many of these candidates is shown in Fig. 2.• Neutrinos: Massive neutrinos are weakly inter-

acting neutral massive particles and so are nat-
ural candidates for the DM in the universe[ 6].
It is now known that the usual active neutrinos
are so light that they could not give rise to the
observed structure in the Universe because these
would move faster than the typical galactic escape
velocity, and so cannot cause the clumping that
large scale structure simulations require. They
are usually referred to as hot DM, or HDM, and
are likely to be a subdominant component of the
DM in the Universe. There are, however, pro-
posals for much heavier, cold dark matter gauge
singlet neutrinos that are not part of the Stan-
dard Model[ 8].

• Planck mass black hole remnants: It is possible
many tiny black holes (BHs) were produced in the
early universe. Ordinarily, these BHs would de-
cay via Hawking radiation. However, it has been
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Figure 2. Dark matter candidates in the mass versus in-
teraction strength plane, taken from Ref.[ 7].

suggested that once they reach the Planck mass,
quantum gravity effects forbid further radiation,
making them stable, and hence good CDM can-
didates[ 9].

• Q-balls: These objects are topological solitons
that occur in quantum field theory[ 10, 11].

• Wimpzillas: These very massive beasts were pro-
posed to show that viable DM candidates could
have masses far beyond the weak scale[ 12].

• Axions: The symmetries of the QCD Lagrangian
allow the term – L ∋ θQCD

32π2 FµνF̃µν– which gives
rise to CP violation in the strong interactions.
However, measurements of the neutron electric

dipole moment (EDM) require θQCD
<∼ 10−10.

Why this parameter is so much smaller than its
natural value of ∼ 1 is referred to as the strong
CP problem. The most compelling solution
to the strong CP problem – the Peccei-Quinn-
Weinberg-Wilczek solution[ 13] – effectively re-
places the parameter θQCD by a quantum field,
and the potential energy allows the field to re-
lax to near zero strength. However, a remnant
of this procedure is that a physical pseudoscalar
boson – the axion a – remains in the spectrum.
The axion is an excellent candidate for CDM in
the universe[ 14]. Its favored mass range is ma ∼
10−5 − 10−3 eV, where the lower bound gives too
high a relic density, and the upper bound comes

• NB: Henceforth for this talk the term dark matter will shamelessly be substituted for WIMPs
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natural value of ∼ 1 is referred to as the strong
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to the strong CP problem – the Peccei-Quinn-
Weinberg-Wilczek solution[ 13] – effectively re-
places the parameter θQCD by a quantum field,
and the potential energy allows the field to re-
lax to near zero strength. However, a remnant
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This talk

• NB: Henceforth for this talk the term dark matter will shamelessly be substituted for WIMPs
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• Searches rely on emission of SM object from initial state, include mono-
gamma/jet channels 

• Resulting final states e.g. jets/photons/gauge bosons are required to have a 
high transverse momenta in order to suppress the Standard Model 
background
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid

lines) and hints of WIMP signals (closed contours) from current dark matter experiments

and projections (dashed) for planned direct detection dark matter experiments. Also

shown is an approximate band where neutrino coherent scattering from solar neutrinos,

atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].

14

Cooley et al, arXiv:1410.4960



Why LHC?

5

1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39
10!38
10!37

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3
10!2
10!1

WIMP Mass !GeV"c2#

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n

!c
m
2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n

!p
b#

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

LUX (2013)

 DAMIC           (2012)

CDM
Slite (2013)

DarkSide G2

PICO
250-C3F8

DarkSide 50

Xenon1T
DEAP3600

LZPICO250-CF3I

LUX 300day

SuperCDMS SNOLAB

SuperCDMS S NOLAB

8B
Neutrinos

Atmospheric and DSNB Neutrinos

7Be
Neutrinos

COHERENT NEUTRIN O SCATTERING  
COHERENT NEU

TRI NO  SCATTERING  COHERENT NEUTRINO SCATTERING  

Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid

lines) and hints of WIMP signals (closed contours) from current dark matter experiments

and projections (dashed) for planned direct detection dark matter experiments. Also

shown is an approximate band where neutrino coherent scattering from solar neutrinos,

atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
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Cooley et al, arXiv:1410.4960

• Both the LHC and direct detection experiments look for qq > 
DM DM interactions 

• Given the stringent direct detection limits, what chance does 
LHC have to detect dark matter?
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• Direct detection: spin independent limits are much stronger than spin 
dependent limits 

• LHC: sets comparable limits for spin dependent and spin independent 
operators

11
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8 Summary

A search for particle dark matter, large extra dimensions, and unparticle production has been
performed in the monojet channel using a data sample of proton-proton collisions at

p
s = 8

NB: Effective operator description at the LHC is a dangerous way to set limits, interpret plots carefully

arXiv:1408.3583
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• Direct detection: Limits assume local dark matter density is the observed 
amount, limits get worse for under abundant dark matter  

• LHC: Limits do not involve any assumption on the local dark matter density
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Figure 13. Same as figure 9 but fixing the DSP relic abundance ⌦DSP = ⌦DM. As a result, there
is no longer an excluded parameter region corresponding to DSP overproduction and the constraint
from direct detection is significantly strengthened in the parameter region where previously the
DSP was underproduced. To make this change of perspective explicit, we show the direct detection
bound in purple rather than orange (cf. figure 4).

time, bounds from direct detection are significantly strengthened in the parameter region

where previously the DSP was underproduced. Consequently, these bounds are now more

competitive with monojet and dijet searches, which are not a↵ected by changing the value

of ⌦
DSP

.

In contrast, increasing the total width of the mediator will strongly a↵ect dijet searches,

because a broader resonance will be less visible in the dijet invariant-mass distribution and

furthermore the presence of additional decay channels will reduce the branching ratio of

the mediator into light quarks. The modified branching ratios also imply that there will

be weaker bounds from monojet searches in the parameter region where the mediator can

decay into DSPs. For heavy DSP masses, on the other hand, the monojet cross section is

largely independent of the mediator width (cf. section 4).

To study the dependence of the monojet and dijet bounds on the mediator width in

more detail, we show in figure 14 the experimental bounds on g2q ⇥ BR(R ! inv) (left

panel) and g2q ⇥ BR(R ! jj) (right panel) for di↵erent values of �R.21 The combination

g2q ⇥ BR is chosen because — within the validity of the narrow-width approximation —

the resulting bound is expected to be independent of the mediator width. Indeed, the

left panel of figure 14 confirms explicitly that for m� ⌧ MR the monojet cross section is

proportional to g2q ⇥ BR(R ! inv) even for rather broad resonances, i.e. the dependence

on the width of the mediator only enters via the branching ratios.

In the right panel of figure 14, on the other hand, we can clearly see the loss of

sensitivity of dijet searches for broad resonances. As the mediator width is increased, the

bound on g2q ⇥ BR(R ! jj) becomes weaker. Note that, in the present work we do not

21Note that these bounds apply for axial couplings as well as vector couplings. If both kinds of couplings

are non-zero, the bounds apply on the combination g2q =
�
gAq

�2
+

�
gVq

�2
.

– 28 –
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Figure 9. Combined constraints (at 95% C.L.) from direct detection (orange, dotted), searches for
monojets (green, dashed) and dijets (blue, dot-dashed) compared to the parameter region excluded
by DSP overproduction (red) and perturbativity (grey). For the left (right) column, we have fixed
g ⌘ (gA

� gA
q )1/2 = 1 (g = 0.5), while the di↵erent rows show di↵erent coupling ratios gA

� /gA
q .

– 22 –

Chala et al, arXiv:1503.05916
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Figure 1. The processes considered in this work in terms of visible sector quarks (q, q), DSPs (�, �)
and the on-shell (o↵-shell) mediator particle R (R⇤). The various process are: (a) DM annihilation
which sets the relic abundance, (b) DM scattering in direct detection experiments, (c) monojet
signatures, in this case due to initial state radiation of a gluon, (d) LHC Dijet resonance signatures
purely through mediator-quark couplings and (e) dijet associated production.

in order to avoid overstating the strength of direct detection limits. This approach

leads to a compelling interplay between the di↵erent DM detection techniques and

will lead us to conclude that the LHC monojets, LHC dijets and direct detection

strategies each has a unique foothold in the search for DSPs.

In figure 1 we sketch the setup for a dark sector theory involving a DSP � and a

mediator between the visible sector and the dark sector R, together with the detection

processes considered in this work. We denote the couplings between the mediator and

the visible sector quarks (the DSP) with gq (g�). For the purposes of exploring the broad

phenomenology of this dark sector and the general interplay between the di↵erent probes let

us combine the two couplings into an e↵ective DSP-SM coupling g =
p

gq g� and consider

the e↵ect of varying the coupling g. The local density of DSPs in the Milky Way ⇢ is

proportional to the DSP relic abundance from thermal freeze-out ⌦
DSP

, which scales as

the inverse of the annihilation cross section, i.e. ⇢ / ⌦
DSP

/ g�4. Any cross section

involving interactions between the visible sector and the DSP, such as collider production

and direct detection, will scale as � / g4 [1, 28–31] (assuming an o↵-shell mediator). Thus,

broadly speaking, the rate of events in di↵erent DM probes have very di↵erent scaling with

couplings if a standard thermal history is assumed. They are:

• Collider searches for missing energy: Rate / � / g4 .

• Direct detection: Rate / (� ⇥ ⇢) / g0 .

• Indirect detection: Rate / (� ⇥ ⇢2) / g�4 .

Furthermore, resonance searches at colliders typically depend on the production cross sec-

tion for the resonance, �R, multiplied with the branching ratio into the final state under

consideration. If the (on-shell) mediator has a large branching into light quarks we hence

obtain the final important signature

• Collider searches for dijet resonances: Rate / �R / g2q .

This simple consideration demonstrates that, assuming a standard thermal history and con-

sidering the specific phenomenology of the mediator, these four di↵erent detection strate-

gies are parametrically complementary. In essence, large couplings imply large collider
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• Direct detection: Limits assume local dark matter density is the observed 
amount, limits get worse for under abundant dark matter  

• LHC: Limits do not involve any assumption on the local dark matter density
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Figure 13. Same as figure 9 but fixing the DSP relic abundance ⌦DSP = ⌦DM. As a result, there
is no longer an excluded parameter region corresponding to DSP overproduction and the constraint
from direct detection is significantly strengthened in the parameter region where previously the
DSP was underproduced. To make this change of perspective explicit, we show the direct detection
bound in purple rather than orange (cf. figure 4).

time, bounds from direct detection are significantly strengthened in the parameter region

where previously the DSP was underproduced. Consequently, these bounds are now more

competitive with monojet and dijet searches, which are not a↵ected by changing the value

of ⌦
DSP

.

In contrast, increasing the total width of the mediator will strongly a↵ect dijet searches,

because a broader resonance will be less visible in the dijet invariant-mass distribution and

furthermore the presence of additional decay channels will reduce the branching ratio of

the mediator into light quarks. The modified branching ratios also imply that there will

be weaker bounds from monojet searches in the parameter region where the mediator can

decay into DSPs. For heavy DSP masses, on the other hand, the monojet cross section is

largely independent of the mediator width (cf. section 4).

To study the dependence of the monojet and dijet bounds on the mediator width in

more detail, we show in figure 14 the experimental bounds on g2q ⇥ BR(R ! inv) (left

panel) and g2q ⇥ BR(R ! jj) (right panel) for di↵erent values of �R.21 The combination

g2q ⇥ BR is chosen because — within the validity of the narrow-width approximation —

the resulting bound is expected to be independent of the mediator width. Indeed, the

left panel of figure 14 confirms explicitly that for m� ⌧ MR the monojet cross section is

proportional to g2q ⇥ BR(R ! inv) even for rather broad resonances, i.e. the dependence

on the width of the mediator only enters via the branching ratios.

In the right panel of figure 14, on the other hand, we can clearly see the loss of

sensitivity of dijet searches for broad resonances. As the mediator width is increased, the

bound on g2q ⇥ BR(R ! jj) becomes weaker. Note that, in the present work we do not

21Note that these bounds apply for axial couplings as well as vector couplings. If both kinds of couplings

are non-zero, the bounds apply on the combination g2q =
�
gAq

�2
+

�
gVq

�2
.
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Figure 9. Combined constraints (at 95% C.L.) from direct detection (orange, dotted), searches for
monojets (green, dashed) and dijets (blue, dot-dashed) compared to the parameter region excluded
by DSP overproduction (red) and perturbativity (grey). For the left (right) column, we have fixed
g ⌘ (gA

� gA
q )1/2 = 1 (g = 0.5), while the di↵erent rows show di↵erent coupling ratios gA

� /gA
q .
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• Direct detection: Limits quickly get worse for light dark matter (CRESST not 
featured on the plots) 

• LHC: Limits are reasonably strong even for very light dark matter
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Figure 5: Monojet constraints on direct detection cross section. The red, green, blue curves are
for MZ0 = 100, 300, 1000 GeV, respectively, together with XENON 100 and CDMS constraints.

Fig. 5 shows the Tevatron and LHC constraints with several fixed values of M
Z

0 , as a

function of dark matter mass M
�

. In the case of M
�

smaller than around 5 GeV, the

constraints from collider physics become stronger than that from the direct detection ex-

periments. In the regime where M
�

⌧ q, where q ⇠ max(M
Z

0 , pcut
T

) is the hardest scale in

the process, the production rate is approximately independent of M
�

, and is a function of

g
Z

0 , g
D

, and M
Z

0 . Given a set of g
Z

0 , g
D

, and M
Z

0 , direct detection can depend further on

M
�

through the dark matter nucleon reduced mass M⇤ = M
N

M
�

/(M
N

+M
�

). However,

this dependence is rather weak for M
�

⇠ O(10) GeV since M⇤ ⇠ M
N

. Taking together, we

expect the limits derived from collider searches are rather insensitive to the dark matter

mass M
�

. In contrast with the steep weakening of the direct detection bound for light

dark matter, collider searches are particularly powerful in this regime. For heavier dark

matter, the visible ”kink”-like feature around 2M
�

' M
Z

0 in the curves are due to the

transition from 2 ! 2 production process pp(p̄) ! Z 0+jet followed by decay Z 0 ! ��, to

2 ! 3 production process pp(p̄) ! (Z 0⇤ ! ��)+jet which has a much smaller production

rate. For example, there is such a feature on the red curve in Fig. 5 near M
�

⇠ 60 GeV for

M
Z

0 = 100 GeV. One can see that this turning point also shows up at the green and blue

dotted curves. Notice there is also a second turning point, for example ⇠ 300 GeV for the

7 TeV LHC, at which the dark matter is too heavy to be produced.

The new physics search potential in the pp ! monojet + MET channel has been studied at

14 TeV center-of-mass energy with luminosity of 100 fb�1 in Ref. [57]. With the requirement

that MET is larger than 500 GeV, they found that the SM background is about B = 2⇥104

events. For a 5 � discovery, we require that the signal should be larger than than 5
p
B.

The 5 � reach is shown in Fig. 3 for a light WIMP and in Fig. 5 for M
Z

0 fixed to be 300 and

1000 GeV. One can see that for M
Z

0 around 300 ⇠ 1000 GeV, LHC can potentially reach

the interesting region where anomalies are claimed by CoGeNT [5, 58] and CRESST [6]

direct detection.
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Figure 6: Constraints on spin-dependent direct detection cross section between dark matter par-
ticle and the nucleon (proton or neutron). The solid and dashed coloured curves are for ATLAS
monojet constraint with VeryHighPT cut and CDF monojet constraint, respectively. The red,
green, and blue curves are for MZ0 = 100, 300, 1000 GeV respectively. The black solid curve is
the constraint for neutron scattering from Xenon10 [59], the thick dashed curves is that of proton
scattering from SIMP2010 [60]. The thin dotted dash curves and dotted curves are from COUPP
2010 [12] and PICASSO 2009 [61] on the constraint for proton scattering. The constraint on �SD

for the neutron can be got from the constraining curves scaled by a factor of (�⌃n/�⌃p)2, which
are defined in the caption of Table 1.

3.2 Constraint for the spin dependent case

We have so far concentrated on the cases that Z 0 couples only to the vector currents of

quarks and dark matter. If Z 0 couples to the axial vector current of dark matter particle,

the direct detection cross section depends on either its momentum or the nucleon axial

charge �⌃. If dark matter particle is a Majorana fermion, it can only couple through an

axial vector current and only operators of O
2

amd O
4

in Table 1 are relevant for the direct

detection. We generically expect both of these operators to be present. If Z 0 couples only to

the vector current of quark fields (O
2

), scattering amplitude is proportional to |~p|, and the

direct detection cross section is suppressed by a factor of v2 ⇠ 10�6. Therefore, we focus

on the case in which O
4

dominates. The collider signal is largely insensitive to the details

of the couplings since the typical momentum exchange there is the hard scale of scattering

process. Assuming g
Z

0 = g
D

, the collider constraint on the spin-dependent is shown in

Fig. 6. For the dark matter mass smaller than around 100 GeV, Tevatron constraint is

already much stronger than that from direct detection. The dependence on the mass of

mediator is similar as in the case of spin-independent scattering. The features of the curves

are similar to the spin-independent case studied in the previous subsection.

4. Constraint from Dijet Searches for Z 0.

If Z 0 is su�ciently light and its coupling to quarks is unsuppressed, direct searches for its

– 11 –

An et al, arXiv:1202.2894



Why LHC?

8
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• LHC: Limits are reasonably strong even for very light dark matter
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Figure 5: Monojet constraints on direct detection cross section. The red, green, blue curves are
for MZ0 = 100, 300, 1000 GeV, respectively, together with XENON 100 and CDMS constraints.

Fig. 5 shows the Tevatron and LHC constraints with several fixed values of M
Z

0 , as a

function of dark matter mass M
�

. In the case of M
�

smaller than around 5 GeV, the

constraints from collider physics become stronger than that from the direct detection ex-

periments. In the regime where M
�

⌧ q, where q ⇠ max(M
Z

0 , pcut
T

) is the hardest scale in

the process, the production rate is approximately independent of M
�

, and is a function of

g
Z

0 , g
D

, and M
Z

0 . Given a set of g
Z

0 , g
D

, and M
Z

0 , direct detection can depend further on

M
�

through the dark matter nucleon reduced mass M⇤ = M
N

M
�

/(M
N

+M
�

). However,

this dependence is rather weak for M
�

⇠ O(10) GeV since M⇤ ⇠ M
N

. Taking together, we

expect the limits derived from collider searches are rather insensitive to the dark matter

mass M
�

. In contrast with the steep weakening of the direct detection bound for light

dark matter, collider searches are particularly powerful in this regime. For heavier dark

matter, the visible ”kink”-like feature around 2M
�

' M
Z

0 in the curves are due to the

transition from 2 ! 2 production process pp(p̄) ! Z 0+jet followed by decay Z 0 ! ��, to

2 ! 3 production process pp(p̄) ! (Z 0⇤ ! ��)+jet which has a much smaller production

rate. For example, there is such a feature on the red curve in Fig. 5 near M
�

⇠ 60 GeV for

M
Z

0 = 100 GeV. One can see that this turning point also shows up at the green and blue

dotted curves. Notice there is also a second turning point, for example ⇠ 300 GeV for the

7 TeV LHC, at which the dark matter is too heavy to be produced.

The new physics search potential in the pp ! monojet + MET channel has been studied at

14 TeV center-of-mass energy with luminosity of 100 fb�1 in Ref. [57]. With the requirement

that MET is larger than 500 GeV, they found that the SM background is about B = 2⇥104

events. For a 5 � discovery, we require that the signal should be larger than than 5
p
B.

The 5 � reach is shown in Fig. 3 for a light WIMP and in Fig. 5 for M
Z

0 fixed to be 300 and

1000 GeV. One can see that for M
Z

0 around 300 ⇠ 1000 GeV, LHC can potentially reach

the interesting region where anomalies are claimed by CoGeNT [5, 58] and CRESST [6]

direct detection.
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Figure 6: Constraints on spin-dependent direct detection cross section between dark matter par-
ticle and the nucleon (proton or neutron). The solid and dashed coloured curves are for ATLAS
monojet constraint with VeryHighPT cut and CDF monojet constraint, respectively. The red,
green, and blue curves are for MZ0 = 100, 300, 1000 GeV respectively. The black solid curve is
the constraint for neutron scattering from Xenon10 [59], the thick dashed curves is that of proton
scattering from SIMP2010 [60]. The thin dotted dash curves and dotted curves are from COUPP
2010 [12] and PICASSO 2009 [61] on the constraint for proton scattering. The constraint on �SD

for the neutron can be got from the constraining curves scaled by a factor of (�⌃n/�⌃p)2, which
are defined in the caption of Table 1.

3.2 Constraint for the spin dependent case

We have so far concentrated on the cases that Z 0 couples only to the vector currents of

quarks and dark matter. If Z 0 couples to the axial vector current of dark matter particle,

the direct detection cross section depends on either its momentum or the nucleon axial

charge �⌃. If dark matter particle is a Majorana fermion, it can only couple through an

axial vector current and only operators of O
2

amd O
4

in Table 1 are relevant for the direct

detection. We generically expect both of these operators to be present. If Z 0 couples only to

the vector current of quark fields (O
2

), scattering amplitude is proportional to |~p|, and the

direct detection cross section is suppressed by a factor of v2 ⇠ 10�6. Therefore, we focus

on the case in which O
4

dominates. The collider signal is largely insensitive to the details

of the couplings since the typical momentum exchange there is the hard scale of scattering

process. Assuming g
Z

0 = g
D

, the collider constraint on the spin-dependent is shown in

Fig. 6. For the dark matter mass smaller than around 100 GeV, Tevatron constraint is

already much stronger than that from direct detection. The dependence on the mass of

mediator is similar as in the case of spin-independent scattering. The features of the curves

are similar to the spin-independent case studied in the previous subsection.

4. Constraint from Dijet Searches for Z 0.

If Z 0 is su�ciently light and its coupling to quarks is unsuppressed, direct searches for its
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Figure 2: Dominant parton level diagrams for pp̄ ! monojet + MET. (b) is also the dominant
parton level process for pp ! monojet + MET in LHC.

Therefore, the threshold behavior near M
Z

0 ⇠ 2M
�

in Fig. 1 is due to the enhancement

from resonant production.

For larger M
Z

0 , the interaction between quarks and dark matter becomes a contact interac-

tion which is shown by the flat tail in Fig. 1. For very large M
Z

0 , typical q2 is independent

of M
Z

0 and constrained by parton density to be q2 ⌧ M
Z

0 . The production rate asymp-

totes to a constant, which is less than the prediction from contact interaction due to the

width term on the denominator in Eq. (2.3).

In Eq. (2.3), the kinetic width of the intermediate particle is used instead of the Breit-

Wigner approximation. In our discussions, since Z 0 is assumed to couple to all flavors of

quarks universally and the gauge coupling is allowed to vary in a wide range, the width of

Z 0 can be broad. Therefore, the Breit-Wigner approximation with a large constant width

cannot be seen as a good approximation in this case. A detailed discussion of this e↵ect

can be found in Appendix A.

3. Monojet + MET searches at the Tevatron and the LHC

We consider dark matter particle production in association with a jet radiated from the

initial state parton. Some examples of the Feynman diagrams are shown in Fig. 2. This

process, arguably being the most model independent, has been studied [41, 42, 43, 44, 45,

46, 47, 48, 52]. We present our study within our Z 0 framework, taking into account the

e↵ects of kinematic Z 0 width as described in Appendix A. The experimental data is from

Tevatron and LHC searches with L ⇠ 1 fb�1. The result is shown as the constraints on

direct detection cross section, whereas the constraints on the couplings are presented in

Appendix B.

3.1 Constraints for the spin-independent case

Most of the existing searches for new physics in the monojet+MET channel are carried out

in the context of the large extra dimension (LED) model [53]. We will use those results to
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Figure 5: Monojet constraints on direct detection cross section. The red, green, blue curves are
for MZ0 = 100, 300, 1000 GeV, respectively, together with XENON 100 and CDMS constraints.

Fig. 5 shows the Tevatron and LHC constraints with several fixed values of M
Z

0 , as a

function of dark matter mass M
�

. In the case of M
�

smaller than around 5 GeV, the

constraints from collider physics become stronger than that from the direct detection ex-

periments. In the regime where M
�

⌧ q, where q ⇠ max(M
Z

0 , pcut
T

) is the hardest scale in

the process, the production rate is approximately independent of M
�

, and is a function of

g
Z

0 , g
D

, and M
Z

0 . Given a set of g
Z

0 , g
D

, and M
Z

0 , direct detection can depend further on

M
�

through the dark matter nucleon reduced mass M⇤ = M
N

M
�

/(M
N

+M
�

). However,

this dependence is rather weak for M
�

⇠ O(10) GeV since M⇤ ⇠ M
N

. Taking together, we

expect the limits derived from collider searches are rather insensitive to the dark matter

mass M
�

. In contrast with the steep weakening of the direct detection bound for light

dark matter, collider searches are particularly powerful in this regime. For heavier dark

matter, the visible ”kink”-like feature around 2M
�

' M
Z

0 in the curves are due to the

transition from 2 ! 2 production process pp(p̄) ! Z 0+jet followed by decay Z 0 ! ��, to

2 ! 3 production process pp(p̄) ! (Z 0⇤ ! ��)+jet which has a much smaller production

rate. For example, there is such a feature on the red curve in Fig. 5 near M
�

⇠ 60 GeV for

M
Z

0 = 100 GeV. One can see that this turning point also shows up at the green and blue

dotted curves. Notice there is also a second turning point, for example ⇠ 300 GeV for the

7 TeV LHC, at which the dark matter is too heavy to be produced.

The new physics search potential in the pp ! monojet + MET channel has been studied at

14 TeV center-of-mass energy with luminosity of 100 fb�1 in Ref. [57]. With the requirement

that MET is larger than 500 GeV, they found that the SM background is about B = 2⇥104

events. For a 5 � discovery, we require that the signal should be larger than than 5
p
B.

The 5 � reach is shown in Fig. 3 for a light WIMP and in Fig. 5 for M
Z

0 fixed to be 300 and

1000 GeV. One can see that for M
Z

0 around 300 ⇠ 1000 GeV, LHC can potentially reach

the interesting region where anomalies are claimed by CoGeNT [5, 58] and CRESST [6]

direct detection.
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Figure 6: Constraints on spin-dependent direct detection cross section between dark matter par-
ticle and the nucleon (proton or neutron). The solid and dashed coloured curves are for ATLAS
monojet constraint with VeryHighPT cut and CDF monojet constraint, respectively. The red,
green, and blue curves are for MZ0 = 100, 300, 1000 GeV respectively. The black solid curve is
the constraint for neutron scattering from Xenon10 [59], the thick dashed curves is that of proton
scattering from SIMP2010 [60]. The thin dotted dash curves and dotted curves are from COUPP
2010 [12] and PICASSO 2009 [61] on the constraint for proton scattering. The constraint on �SD

for the neutron can be got from the constraining curves scaled by a factor of (�⌃n/�⌃p)2, which
are defined in the caption of Table 1.

3.2 Constraint for the spin dependent case

We have so far concentrated on the cases that Z 0 couples only to the vector currents of

quarks and dark matter. If Z 0 couples to the axial vector current of dark matter particle,

the direct detection cross section depends on either its momentum or the nucleon axial

charge �⌃. If dark matter particle is a Majorana fermion, it can only couple through an

axial vector current and only operators of O
2

amd O
4

in Table 1 are relevant for the direct

detection. We generically expect both of these operators to be present. If Z 0 couples only to

the vector current of quark fields (O
2

), scattering amplitude is proportional to |~p|, and the

direct detection cross section is suppressed by a factor of v2 ⇠ 10�6. Therefore, we focus

on the case in which O
4

dominates. The collider signal is largely insensitive to the details

of the couplings since the typical momentum exchange there is the hard scale of scattering

process. Assuming g
Z

0 = g
D

, the collider constraint on the spin-dependent is shown in

Fig. 6. For the dark matter mass smaller than around 100 GeV, Tevatron constraint is

already much stronger than that from direct detection. The dependence on the mass of

mediator is similar as in the case of spin-independent scattering. The features of the curves

are similar to the spin-independent case studied in the previous subsection.

4. Constraint from Dijet Searches for Z 0.

If Z 0 is su�ciently light and its coupling to quarks is unsuppressed, direct searches for its
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• Direct detection: Limits do well even for an off-shell mediator 
• LHC: Limits get worse quickly once mediator goes off-shell

XENON 100

CDMS

7 TeV ATLAS 1 fb-1 90%C.L.

CDF 1 fb-1 90%C.L.

14 TeV LHC reach
100 fb-1

1 5 10 50 100 50010-45
10-44
10-43
10-42
10-41
10-40
10-39
10-38
10-37
10-36
10-35
10-34
10-33

Mc HGeVL

s
SI
Hcm

2 L

Figure 5: Monojet constraints on direct detection cross section. The red, green, blue curves are
for MZ0 = 100, 300, 1000 GeV, respectively, together with XENON 100 and CDMS constraints.

Fig. 5 shows the Tevatron and LHC constraints with several fixed values of M
Z

0 , as a

function of dark matter mass M
�

. In the case of M
�

smaller than around 5 GeV, the

constraints from collider physics become stronger than that from the direct detection ex-

periments. In the regime where M
�

⌧ q, where q ⇠ max(M
Z

0 , pcut
T

) is the hardest scale in

the process, the production rate is approximately independent of M
�

, and is a function of

g
Z

0 , g
D

, and M
Z

0 . Given a set of g
Z

0 , g
D

, and M
Z

0 , direct detection can depend further on

M
�

through the dark matter nucleon reduced mass M⇤ = M
N

M
�

/(M
N

+M
�

). However,

this dependence is rather weak for M
�

⇠ O(10) GeV since M⇤ ⇠ M
N

. Taking together, we

expect the limits derived from collider searches are rather insensitive to the dark matter

mass M
�

. In contrast with the steep weakening of the direct detection bound for light

dark matter, collider searches are particularly powerful in this regime. For heavier dark

matter, the visible ”kink”-like feature around 2M
�

' M
Z

0 in the curves are due to the

transition from 2 ! 2 production process pp(p̄) ! Z 0+jet followed by decay Z 0 ! ��, to

2 ! 3 production process pp(p̄) ! (Z 0⇤ ! ��)+jet which has a much smaller production

rate. For example, there is such a feature on the red curve in Fig. 5 near M
�

⇠ 60 GeV for

M
Z

0 = 100 GeV. One can see that this turning point also shows up at the green and blue

dotted curves. Notice there is also a second turning point, for example ⇠ 300 GeV for the

7 TeV LHC, at which the dark matter is too heavy to be produced.

The new physics search potential in the pp ! monojet + MET channel has been studied at

14 TeV center-of-mass energy with luminosity of 100 fb�1 in Ref. [57]. With the requirement

that MET is larger than 500 GeV, they found that the SM background is about B = 2⇥104

events. For a 5 � discovery, we require that the signal should be larger than than 5
p
B.

The 5 � reach is shown in Fig. 3 for a light WIMP and in Fig. 5 for M
Z

0 fixed to be 300 and

1000 GeV. One can see that for M
Z

0 around 300 ⇠ 1000 GeV, LHC can potentially reach

the interesting region where anomalies are claimed by CoGeNT [5, 58] and CRESST [6]

direct detection.

– 10 –

XENON 10
COUPP 2010

SIMPLE 2011

PICASSO 2009

1 5 10 50 100 50010-41

10-40

10-39

10-38

10-37

10-36

10-35

Mc HGeVL
s

SD
Hcm

2 L
Figure 6: Constraints on spin-dependent direct detection cross section between dark matter par-
ticle and the nucleon (proton or neutron). The solid and dashed coloured curves are for ATLAS
monojet constraint with VeryHighPT cut and CDF monojet constraint, respectively. The red,
green, and blue curves are for MZ0 = 100, 300, 1000 GeV respectively. The black solid curve is
the constraint for neutron scattering from Xenon10 [59], the thick dashed curves is that of proton
scattering from SIMP2010 [60]. The thin dotted dash curves and dotted curves are from COUPP
2010 [12] and PICASSO 2009 [61] on the constraint for proton scattering. The constraint on �SD

for the neutron can be got from the constraining curves scaled by a factor of (�⌃n/�⌃p)2, which
are defined in the caption of Table 1.

3.2 Constraint for the spin dependent case

We have so far concentrated on the cases that Z 0 couples only to the vector currents of

quarks and dark matter. If Z 0 couples to the axial vector current of dark matter particle,

the direct detection cross section depends on either its momentum or the nucleon axial

charge �⌃. If dark matter particle is a Majorana fermion, it can only couple through an

axial vector current and only operators of O
2

amd O
4

in Table 1 are relevant for the direct

detection. We generically expect both of these operators to be present. If Z 0 couples only to

the vector current of quark fields (O
2

), scattering amplitude is proportional to |~p|, and the

direct detection cross section is suppressed by a factor of v2 ⇠ 10�6. Therefore, we focus

on the case in which O
4

dominates. The collider signal is largely insensitive to the details

of the couplings since the typical momentum exchange there is the hard scale of scattering

process. Assuming g
Z

0 = g
D

, the collider constraint on the spin-dependent is shown in

Fig. 6. For the dark matter mass smaller than around 100 GeV, Tevatron constraint is

already much stronger than that from direct detection. The dependence on the mass of

mediator is similar as in the case of spin-independent scattering. The features of the curves

are similar to the spin-independent case studied in the previous subsection.

4. Constraint from Dijet Searches for Z 0.

If Z 0 is su�ciently light and its coupling to quarks is unsuppressed, direct searches for its

– 11 –

An et al, arXiv:1202.2894



It does not have to be…

10

• If dark matter relic is driven by co-annihilations, then q q > DM DM 
interactions can be negligible, both dark matter searches at the LHC and 
direct detection experiments can loose 

• WIMP is one of the many possible dark matter candidates, q q > DM DM 
one of the many possible dark matter interactions 

• We are exploring a tiny but important part of landscape

NB: I have been unfair to indirect detection searches, the arguments I gave can also be extended to 
include indirect detection searches



Monojet searches
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• Emission of a jet from initial state quarks, propagator or vertex e.g. from 
particles running in the loop 

• NB: dark matter itself does not emit a jet

Figure 4. Feynman diagrams describing the jet + Emiss
T DM signal at hadron colliders for models

A (Z 0 mediator) and B (eq mediator) considered in the text.

model and we just apply the constraints derived in the previous section. The scale M⇤ of
the effective operator (2.2) is given by

M⇤ =
m

Z

0
p
g
q

g
X

(Model A) , M⇤ =
2 em
g
DM

(Model B) . (3.4)

The cutoff scale M
cut

, at which the EFT description loses its validity, is identified with the
mediator mass M

med

, i.e. with m
Z

0 in Model A and with em in Model B. Then, after this
identification, the effective coupling g⇤ is:

g⇤ =
p
g
q

g
X

(Model A) , g⇤ =
g
DM

2

(Model B) . (3.5)

To extract limits directly in the simplified models, we recast the ATLAS mono-jet analysis
of ref. [42] as in section 2.1, with the only difference that now the signal cross-section is
computed in the complete simplified model, i.e. with the diagrams in fig. 4 and with no
M

cut

restriction, for any value of M
med

and of m
DM

. For each point of the simplified model
parameter space, the expected signal rate is computed in each SR and the corresponding
exclusion limits are applied.

– 13 –

Racco et. al.arXiv: 1502.04701



Monojet searches
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• Typical signature of monojet events: a high pT jet recoiling off MET 



Test cases
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• What do the monojet searches tell us about the dark matter motivated 
explanations of 750 GeV diphoton excess? 

• How well do these searches constrain momentum dependent couplings of 
dark matter?



Explaining the 750 GeV diphoton excess with 
dark matter

Test case: I



The excess
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ATLAS-CONF-2015-081,  

CMS-PAS-EXO-15-004



ATLAS
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M ' 750GeV � ⇠ 45GeV

⇠ 14 events 3.9� local 2.3� including LEE

CMS

⇠ 10 events 2.6� local 1.2� including LEE

M ' 760GeV narrowwidth favored

The excess

L = 3.2 fb�1

L = 2.6 fb�1



The searches
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11

Figure 6: Expected and observed 95% C.L. exclusion limits for different signal hypotheses. The
range 500 GeV < mG < 4.5 TeV is shown for k̃ = 0.01, 0.1, 0.2 on the top-left, top-right, bottom
respectively.

icance is expected to reduce further after accounting for the fact that several k̃ hypotheses have
been searched for.
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Figure 2: p-value for the background-only hypothesis p0 as a function of the mass mX of a probed NWA resonance
signal.
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Figure 3: Expected and observed upper limits on �fiducial ⇥BR(X ! ��) expressed at 95% CL, as a function of the
assumed value of the narrow-width scalar resonance mass.

14

• Upper limits on  spin -2 resonance up to 4.5 TeV from CMS data 
• Upper limits on spin - 0 resonance up to 1.8 TeV from ATLAS 
• … and the observed diphoton excess around 750 GeV 
• ATLAS and CMS data and interpretations are not exactly on the same 

footing

ATLAS-CONF-2015-081CMS-PAS-EXO-15-004



Current status

• ATLAS resonance compatible with a large width, CMS prefers narrow width 
• Multiple dips in p-value plot, not impossible to have a ‘fluctuation’ in both CMS 

and ATLAS data around the same value

18

ATLAS-CONF-2015-081,  

CMS-PAS-EXO-15-004



Current status
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ATLAS
M ' 750GeV

including LEE3.9� 2.3���14 events local

favored� ⇠ 45GeV

CMS

M ' 760GeV

2.6���10 events including LEElocal 1.2�

narrow width favored

• No significant ETmiss, leptons or jets in the events

• No ��resonance at 8 TeV but small upward fluctuation

24Monday, December 21, 2015

• Maximum increase in cross section due to PDF ~ 5, not exactly enough to 
explain the 8 ad 13 TeV data

Franceschini et al, arXiv:1512.04933

�(pp ! ��)13TeV

�(pp ! ��)8TeV
⇡ 16

ATLAS data showed a mild upward fluctuation at m�� = 750GeV. The excess in the cross
sections in a m�� interval roughly corresponding to the claimed width can be estimated as:

�(pp ! ��) ⇡

8>><>>:
(0.5 ± 0.6) fb CMS [2]

p
s = 8TeV,

(0.4 ± 0.8) fb ATLAS [3]
p
s = 8TeV,

(6 ± 3) fb CMS [1]
p
s = 13TeV,

(10 ± 3) fb ATLAS [1]
p
s = 13TeV,

(1)

The data at
p
s = 8 and 13 TeV are compatible at 2� if the signal cross section grows by at

least a factor of 5.
While the answer to the question in the title could just be “a statistical fluctuation”, it is

interesting to try to interpret the result as a manifestation of new physics. In section 2 we
assume that the signal is due to a new resonance and determine the required partial widths,
relating them to an e↵ective description in terms of non-renormalizable operators. In section 3
we present weakly-coupled renormalizable models that realise the necessary properties of the
resonance. The total signal rate can be reproduced in simple models, while somehow bizarre
ingredients are needed to reproduce also the relatively large width. An alternative explanation
of the apparently large width could come from a multiplet of narrow resonances with mass
di↵erence comparable to �. In section 4 we interpret the signal in the context of strongly-
interacting new physics. Modelling the resonance as a composite state allows for a natural
explanation of the large width, as well as the partial width in the �� channel. In section 5 we
discuss the compatibility between data at

p
s = 8 and 13TeV and propose a di↵erent approach

to explain the absence of signals in Run 1. We speculate on the existence of a new particle,
too heavy to have a significant production rate at

p
s = 8 TeV but much more accessible

at 13 TeV. This particle decays into the 750GeV resonance accompanied either by invisible
particles, possibly related to dark matter, or to undetected soft radiation. Conclusions are
presented in section 6.

2 Phenomenological analysis

We start by interpreting the excess as the resonant process pp ! S ! �� where S is a new
uncoloured boson with mass M , spin J , and width �, coupled to partons in the proton. The
signal cross section at proton centre-of-mass energy

p
s (= 8 or 13 TeV) is

�(pp ! S ! ��) =
2J + 1

M�s


Cgg�(S ! gg) +

X
q

Cqq̄�(S ! qq̄)

�
�(S ! ��) , (2)

where the relevant decay S widths are evaluated at leading order in QCD. The 2J + 1 factor
could be reabsorbed by redefining the widths as summed over all S components, rather than
averaging over them. The decay into two photons implies that the two relevant cases are
J = 0, 2. As far as Eq. (2) is concerned, without loss of generality, we can focus on a spin-0

3

• Assume a production of scalar resonance S
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Figure 1: Left: The yellow region describes the range of �(S ! gg)/M and �(S ! ��)/M in

which the diphoton rate can be fitted as gg ! S ! ��. Its upper boundary is the green band (at

1� and 2�) in which the total width is �/M ⇡ 0.06, as suggested by data. Its lower boundary

is the blue band, which assumes a minimal total width � = �(S ! gg) + �(S ! ��). The grey

region is excluded by searches for dijet resonances at Run 1. The upper and right axes show

the values of the operator coe�cients defined in eq. (9). Right: The analogous plot, assuming

that the resonant production is initiated by bb̄.

resonance. The dimensionless partonic integrals are

Cgg =
⇡2

8

Z
1

M2/s

dx

x
g(x)g(

M2

sx
), (3a)

Cqq̄ =
4⇡2

9

Z
1

M2/s

dx

x


q(x)q̄(

M2

sx
) + q̄(x)q(

M2

sx
)

�
. (3b)

Their numerical values, computed for a resonance atM = 750GeV using the MSTW2008NLO [4]
set of pdfs evaluated at the scale µ = M , are:

p
s Cb¯b Ccc̄ Css̄ Cd ¯d Cuū Cgg

8TeV 1.07 2.7 7.2 89 158 174
13TeV 15.3 36 83 627 1054 2137

(4)

Thus, the gain factors r = �
13TeV

/�
8TeV

= [Cgg/s]13TeV/[Cgg/s]8TeV from 8 to 13 TeV are

rb¯b rcc̄ rss̄ rd ¯d ruū rgg
5.4 5.1 4.3 2.7 2.5 4.7

(5)
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Their numerical values, computed for a resonance atM = 750GeV using the MSTW2008NLO [4]
set of pdfs evaluated at the scale µ = M , are:

p
s Cb¯b Ccc̄ Css̄ Cd ¯d Cuū Cgg

8TeV 1.07 2.7 7.2 89 158 174
13TeV 15.3 36 83 627 1054 2137

(4)

Thus, the gain factors r = �
13TeV

/�
8TeV

= [Cgg/s]13TeV/[Cgg/s]8TeV from 8 to 13 TeV are

rb¯b rcc̄ rss̄ rd ¯d ruū rgg
5.4 5.1 4.3 2.7 2.5 4.7

(5)
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Their numerical values, computed for a resonance atM = 750GeV using the MSTW2008NLO [4]
set of pdfs evaluated at the scale µ = M , are:

p
s Cb¯b Ccc̄ Css̄ Cd ¯d Cuū Cgg

8TeV 1.07 2.7 7.2 89 158 174
13TeV 15.3 36 83 627 1054 2137

(4)

Thus, the gain factors r = �
13TeV

/�
8TeV

= [Cgg/s]13TeV/[Cgg/s]8TeV from 8 to 13 TeV are

rb¯b rcc̄ rss̄ rd ¯d ruū rgg
5.4 5.1 4.3 2.7 2.5 4.7

(5)

4



Combining datasets
• Theorists exercises

20

See also: arXiv:1512.05332, arXiv:1512.04928, arXiv:1512.05777, arXiv:1601.04751
http://www.physicsmatt.com/blog/2016/1/18/recent-paper-narrow-or-wide-the-phenomenology-of-750-gev-diphotons

6

FIG. 3: Statistical significance for a spin-0 mediator decaying to diphoton, as a function of mediator mass, assuming the
indicated mediator couplings to partons and mediator width. At each mass, the cross section is set to the value that maximizes
statistical significance for a signal (see Figure 2). The solid red line is the statistical significance of the Atlas13 data alone,
solid blue is Cms13, and dotted red and blue lines are Atlas8 and Cms8, respectively. When comparing across experiments,
note that these significances do not correspond to the same value of the cross section. The dashed (dotted) black line is the
combination of 13(8) TeV data, requiring the same cross section in both ATLAS and CMS. The solid black line is the combined
significance of all four data sets.

I find a local statistical significance of 2.0� for the narrow width hypothesis, while the CMS Collaboration found a
local significance of 2.6�. Thus, my results combining the data sets are also likely to be underestimations of the true
significance of various combinations of data sets (despite the fact that I have neglected systematic errors), though of
course one cannot be sure barring a full experimental analysis.

Going further, I next consider the evidence for an excess in combinations of the data sets. Looking first at the
13 TeV data, I test the statistical significance of a single resonance with a common �⇥BR in both the Atlas13 and
Cms13 data. This “Combo13” result prefers a signal at 750 GeV with a cross section between the Atlas13 and
Cms13 value, as expected. More interesting perhaps is the change in the statistical significance of this excess: for
narrow widths, the Combo13 best-fit cross section of ⇠ 6 fb is preferred at ⇠ 3.4�. This is an increase from the
Atlas13 individual fit, but below the naive expectation one might have from combining the Atlas13 and Cms13

significances (⇠
p

(3.2�)2 + (2.0�)2 = 3.8�), as the best-fit cross sections for the two experiments disagree. For wide
resonances, combining the Atlas13 and Cms13 data results in a net decrease in the statistical significance, to ⇠ 3�.
This is the first indication that the wide resonance seen by ATLAS is disfavored by the CMS results.

The preceding set of statements is largely independent of the type of the coupling between the mediator and the
proton’s partons. However, when adding in the 8 TeV data, I must specify the coupling in order to determine the
8 TeV cross section which is equivalent to the 13 TeV value. For my purposes, it su�ces to discuss the coupling to
gluons and compare to the coupling to the valence u/d quarks, as couplings to other quark flavors have similar pd.f.s
to gluons and thus have very similar conclusions. As can be seen in Figure 2, the combined 8 TeV data disfavors the
Atlas13 best-fit cross section narrow width at 2�, assuming gluon couplings. Couplings to light quarks disfavors the
narrow interpretation of Atlas13 at a much larger significance, as the 8 TeV cross sections are only a factor of 3
smaller for u/d, rather than 4–4.5 for gluons and heavy quarks.

Buckley et al, arXiv:1601.04751

• Significance goes up for narrow width when 13 TeV data is combined 
• Significance goes up for wide width if combined with 8TeV data 
• 8 TeV limits and 13 TeV excess can live in harmony with each other

http://www.physicsmatt.com/blog/2016/1/18/recent-paper-narrow-or-wide-the-phenomenology-of-750-gev-diphotons


Production modes
• If it is a resonance, it should be a spin - 0 or 2 particle (Landau-Yang theorem) 
• The excess may not be a resonance arXiv:1512.06113, arXiv:1512.06833 both 

consider 3-body decays

21

• VBF and tt fusion correspond to 
additional observable decay products 

• ggF the most promising channel



• If it is a resonance, it should be a spin - 0 or 2 particle (Landau-Yang theorem) 
• The excess may not be a resonance arXiv:1512.06113, arXiv:1512.06833 both 

consider 3-body decays

22

• For photon fusion, three possibilities:  Elastic-elastic, elastic-inelastic and 
inelastic-inelastic 

see e.g.                 
arXiv:1601.00638, 
arXiv:1512.05751, 
arXiv:1512.05776
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Figure 1: Elastic-elastic, elastic-inelastic and inelastic-inelastic contributions to the photoproduc-
tion of the resonance R.

background events and tend to be detected in the detector barrel rather than the end caps. This

is in tension with the interpretation of the large excess in CMS diphoton events with one photon

detected in the barrel and one detected in the end cap (EBEE category) as a scalar resonance signal.

The situation is improved for a spin-2 resonance for which one expects more events in the EBEE

category than for a scalar signal.

Elastic photoproduction events result in forward and backward protons which can be detected

by forward detectors installed by ATLAS and CMS [15, 16]. Elastic production is suppressed with

respect to inelastic. However, the detection of two intact protons in the final state, with mpp

matched to m��, can be used to remove background. It was estimated in [12] that approximately

20 fb�1 is needed for a 5-� discovery in this channel. In this paper we use this luminosity as a

benchmark to characterize which features of the production mechanism may be apparent in the

kinematic properties of excess events at or before 20 fb�1 of data.

Production via Photon Fusion

Following [11, 12], we will consider a model with an additional scalar particle R with mass m ⇡ 750

GeV whose only sizable coupling to SM particles is to photons via the operator

c��
v

RF 2 , (1)

with v = 246 GeV introduced to have dimensionless couplings, resulting in a partial width to

photons ��� of

��� =
c2��
4⇡

m3

v2
. (2)

2

Production modes



Run - 1 results
• Multiple searches already done at Run - 1 
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final � at
p
s = 8TeV implied bound on

state f observed expected ref. �(S ! f)/�(S ! ��)
obs

�� < 1.5 fb < 1.1 fb [6, 7] < 0.8 (r/5)
e+e� + µ+µ� < 1.2 fb < 1.2 fb [8] < 0.6 (r/5)

⌧+⌧� < 12 fb 15 fb [9] < 6 (r/5)
Z� < 4.0 fb < 3.4 fb [10] < 2 (r/5)
ZZ < 12 fb < 20 fb [11] < 6 (r/5)
Zh < 19 fb < 28 fb [12] < 10 (r/5)
hh < 39 fb < 42 fb [13] < 20 (r/5)

W+W� < 40 fb < 70 fb [14,15] < 20 (r/5)
tt̄ < 550 fb - [16] < 300 (r/5)

invisible < 0.8 pb - [17] < 400 (r/5)
bb̄ <⇠ 1 pb <⇠ 1 pb [18] < 500 (r/5)
jj <⇠ 2.5 pb - [5] < 1300 (r/5)

Table 1: Upper bounds at 95% confidence level on pp cross sections at
p
s = 8TeV for various

final states produced through a resonance with M = 750GeV and �/M ⇡ 0.06. Assuming that

that the production cross section grows as r = �
13TeV

/�
8TeV

⇡ 5, and that S ! �� fits the

central value of the �� anomaly, in the latter column we show the upper bounds on the partial

widths in di↵erent channels. Similar analyses claim a bound on the jj cross section which is

weaker by a factor of few, and with a surprisingly large dependence on the assumed width and

shape.

simplify notation we have included simultaneously the CP even and odd couplings to gauge
fields, but it should be understood that, unless CP is badly broken, only one coupling at a time
is present. These operators give rise to

�(S ! ��) = ⇡↵2M

 
M2

⇤2

�

+
M2

⇤̃2

�

!
, (10a)

�(S ! gg) = 8⇡↵2

3

M

 
M2

⇤2

g

+
M2

⇤̃2

g

!
, (10b)

�(S ! bb̄) =
3M

8⇡

v2

⇤2

b

(10c)

where v = 174GeV. The operators in eq. (9) give rise also to 3-body decays, like S ! ggg
or S ! hbb̄. The latter could be especially interesting for heavy S, since the 2-body decay is
suppressed by v2/⇤2

b . However, for the range of parameters under consideration, these processes
can be safely neglected.

Focusing on the CP even resonance, we obtain from eqs. (7) and (8) that the experimental
signal is reproduced for

⇤�

M

⇤g

M
⇡ 7

r
M

�
⇡ 27 or

⇤�

M

⇤b

M
⇡ 0.11

r
M

�
⇡ 0.5 . (11)

7

• Limits depend on width of the resonance, limits should be taken with care 
• Dijet limits are some of the weakest (controlling QCD background at lower 

masses harder)

Franceschini et al, arXiv:1512.04933



Run - 1 results
• Multiple searches already done at Run - 1 
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Zh < 19 fb < 28 fb [12] < 10 (r/5)
hh < 39 fb < 42 fb [13] < 20 (r/5)

W+W� < 40 fb < 70 fb [14,15] < 20 (r/5)
tt̄ < 550 fb - [16] < 300 (r/5)

invisible < 0.8 pb - [17] < 400 (r/5)
bb̄ <⇠ 1 pb <⇠ 1 pb [18] < 500 (r/5)
jj <⇠ 2.5 pb - [5] < 1300 (r/5)

Table 1: Upper bounds at 95% confidence level on pp cross sections at
p
s = 8TeV for various

final states produced through a resonance with M = 750GeV and �/M ⇡ 0.06. Assuming that

that the production cross section grows as r = �
13TeV

/�
8TeV

⇡ 5, and that S ! �� fits the

central value of the �� anomaly, in the latter column we show the upper bounds on the partial

widths in di↵erent channels. Similar analyses claim a bound on the jj cross section which is

weaker by a factor of few, and with a surprisingly large dependence on the assumed width and

shape.

simplify notation we have included simultaneously the CP even and odd couplings to gauge
fields, but it should be understood that, unless CP is badly broken, only one coupling at a time
is present. These operators give rise to

�(S ! ��) = ⇡↵2M

 
M2

⇤2

�

+
M2

⇤̃2

�

!
, (10a)

�(S ! gg) = 8⇡↵2

3

M

 
M2

⇤2

g

+
M2

⇤̃2

g

!
, (10b)

�(S ! bb̄) =
3M

8⇡

v2

⇤2

b

(10c)

where v = 174GeV. The operators in eq. (9) give rise also to 3-body decays, like S ! ggg
or S ! hbb̄. The latter could be especially interesting for heavy S, since the 2-body decay is
suppressed by v2/⇤2

b . However, for the range of parameters under consideration, these processes
can be safely neglected.

Focusing on the CP even resonance, we obtain from eqs. (7) and (8) that the experimental
signal is reproduced for

⇤�

M

⇤g

M
⇡ 7

r
M

�
⇡ 27 or

⇤�

M

⇤b

M
⇡ 0.11

r
M

�
⇡ 0.5 . (11)

7

• Limits depend on width of the resonance, limits should be taken with care 
• Dijet limits are some of the weakest (controlling QCD background at lower 

masses harder)

Franceschini et al, arXiv:1512.04933
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Figure 7: Dijet mass distributions for qq (left) and gg (right) resonances with masses of 1, 2, 3,
4, and 5 TeV and two different values of G/M (10% and 1.5%). The corrections for the difference
in the JES between a parametric simulation and the GEANT4-based CMS simulation have been
applied.
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Figure 8: Observed 95% CL upper limits on sBA as a function of the resonance mass for
different values of the width-to-mass ratio G/M, computed for qq ! G ! qq (left) and
gg ! G ! gg (right).

dijet invariant mass distribution expected from QBH decays is used here, in place of the reso-
nance line shape employed in the other analyses. The required mass shapes are modeled using
the QBH (v1.07) matrix-element generator [58] with the CTEQ6L1 PDF set [48], followed by
the parton showering simulation with PYTHIA 8 and a parametric, fast simulation of the CMS
detector [57]. The signal is characterized by a peak in the reconstructed dijet mass spectrum,
as shown in Fig. 10. The peak position is related to the minimum mass of QBHs, Mmin

QBH. The
relatively narrow shape is a consequence of the convolution of the threshold-like production
behavior for QBHs with the steeply falling parton luminosity as a function of the subprocess
center-of-mass energy. The low-mass dijet tails are due to detector resolution effects. The signal

arXiv:1501.04198



Is the excess a thing or a nothing?



25

André David  

http://jsfiddle.net/adavid/bk2tmc2m/show/

“Little bit” of excitement

We also have a prediction for the total number of papers!
Backović et. al. arXiv:1603.01204

http://jsfiddle.net/adavid/bk2tmc2m/show/
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The model
• Coupling of a 750 scalar resonance to gluon, photon and Majorana dark 

matter particle
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DM candidate1, a point on which we shall comment upon in Section 2.2.

Numerous conventions have been adopted by di↵erent authors in order to de-

scribe such e↵ective interactions. We choose to parametrise our Lagrangian as

LNP,CPE =
1

2
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2
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where Bµ⌫ , Wµ⌫ , Gµ⌫ are the U(1)Y , SU(2)L and SU(3)c field strength tensors re-

spectively. The Lagrangian (2.1) actually corresponds to the case where s is even

under CP . In the case of a pseudoscalar particle, the Lagrangian becomes rather

LNP,CPO =
1

2
(@µs)

2 � µ2
s

2
s2 +

1

2
 ̄(i/@µ �m ) � i
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s Wµ⌫W̃
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s Gµ⌫G̃
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where B̃, W̃ , G̃ their duals, F̃µ⌫ = 1/2✏µ⌫⇢�F ⇢�. The collider part of our work

depends only mildly on the CP properties of s, unlike the DM properties of �. In

everything that follows we will focus on the scalar case, Eq.(2.1), and comment on

the CP -odd case where appropriate.

The interpretation of the suppression mass scales in Eq.(2.1) is heavily model-

dependent. The most straightforward way of obtaining such interactions is by inte-

grating out loops of heavy vector-like fermions. In our analysis the Lagrangian in

Eq.(2.1) will be treated merely as a parametrisation of the underlying physics but

just for illustration, integrating out a vector-like T quark with a mass of 1 TeV and

a Yukawa coupling to s of ⇠ 5 amounts to ⇤3 ⇠ 1900 GeV [37]. Since we are mostly

interested in the phenomenological part of the analysis, the parameter ranges we will

choose to work with in Sec.3 are mostly motivated by the requirement of satisfying

the various experimental constraints and studying whether they can be reconciled,

although we keep track not to absurdly small values for the ⇤i’s.

2.2 Dark matter and a (pseudo-)scalar portal at 750 GeV

As mentioned in the introduction, one interesting possibility arising from the La-

grangian in Eq.(2.1) is that the fermion  could constitute the dark matter in the

universe. It has already been shown (see, for example, [4, 5]) that assuming standard

thermal freeze-out the observed DM abundance can indeed be achieved in this setup

for a wide range of  masses. This can be done both for m < m�/2, a case in which

invisible decays contribute significantly to the scalar total width �s, as well as above

the resonance region, where �s ceases to be large unless additional decay modes are

invoked.
1Or not!
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where B̃, W̃ , G̃ their duals, F̃µ⌫ = 1/2✏µ⌫⇢�F ⇢�. The collider part of our work

depends only mildly on the CP properties of s, unlike the DM properties of �. In

everything that follows we will focus on the scalar case, Eq.(2.1), and comment on

the CP -odd case where appropriate.

The interpretation of the suppression mass scales in Eq.(2.1) is heavily model-

dependent. The most straightforward way of obtaining such interactions is by inte-

grating out loops of heavy vector-like fermions. In our analysis the Lagrangian in

Eq.(2.1) will be treated merely as a parametrisation of the underlying physics but

just for illustration, integrating out a vector-like T quark with a mass of 1 TeV and

a Yukawa coupling to s of ⇠ 5 amounts to ⇤3 ⇠ 1900 GeV [37]. Since we are mostly

interested in the phenomenological part of the analysis, the parameter ranges we will

choose to work with in Sec.3 are mostly motivated by the requirement of satisfying

the various experimental constraints and studying whether they can be reconciled,

although we keep track not to absurdly small values for the ⇤i’s.

2.2 Dark matter and a (pseudo-)scalar portal at 750 GeV

As mentioned in the introduction, one interesting possibility arising from the La-

grangian in Eq.(2.1) is that the fermion  could constitute the dark matter in the

universe. It has already been shown (see, for example, [4, 5]) that assuming standard

thermal freeze-out the observed DM abundance can indeed be achieved in this setup

for a wide range of  masses. This can be done both for m < m�/2, a case in which

invisible decays contribute significantly to the scalar total width �s, as well as above

the resonance region, where �s ceases to be large unless additional decay modes are

invoked.
1Or not!
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Mambrini et al, arXiv:1512.04913,  

Backovic et al, arXiv:1512.04917, 

Barducci et al, arXiv: 1512.06842
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everything that follows we will focus on the scalar case, Eq.(2.1), and comment on
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dependent. The most straightforward way of obtaining such interactions is by inte-

grating out loops of heavy vector-like fermions. In our analysis the Lagrangian in

Eq.(2.1) will be treated merely as a parametrisation of the underlying physics but

just for illustration, integrating out a vector-like T quark with a mass of 1 TeV and

a Yukawa coupling to s of ⇠ 5 amounts to ⇤3 ⇠ 1900 GeV [37]. Since we are mostly

interested in the phenomenological part of the analysis, the parameter ranges we will

choose to work with in Sec.3 are mostly motivated by the requirement of satisfying

the various experimental constraints and studying whether they can be reconciled,

although we keep track not to absurdly small values for the ⇤i’s.
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As mentioned in the introduction, one interesting possibility arising from the La-

grangian in Eq.(2.1) is that the fermion  could constitute the dark matter in the

universe. It has already been shown (see, for example, [4, 5]) that assuming standard

thermal freeze-out the observed DM abundance can indeed be achieved in this setup

for a wide range of  masses. This can be done both for m < m�/2, a case in which

invisible decays contribute significantly to the scalar total width �s, as well as above

the resonance region, where �s ceases to be large unless additional decay modes are
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DM candidate1, a point on which we shall comment upon in Section 2.2.

Numerous conventions have been adopted by di↵erent authors in order to de-

scribe such e↵ective interactions. We choose to parametrise our Lagrangian as
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where Bµ⌫ , Wµ⌫ , Gµ⌫ are the U(1)Y , SU(2)L and SU(3)c field strength tensors re-

spectively. The Lagrangian (2.1) actually corresponds to the case where s is even

under CP . In the case of a pseudoscalar particle, the Lagrangian becomes rather
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where B̃, W̃ , G̃ their duals, F̃µ⌫ = 1/2✏µ⌫⇢�F ⇢�. The collider part of our work

depends only mildly on the CP properties of s, unlike the DM properties of �. In

everything that follows we will focus on the scalar case, Eq.(2.1), and comment on

the CP -odd case where appropriate.

The interpretation of the suppression mass scales in Eq.(2.1) is heavily model-

dependent. The most straightforward way of obtaining such interactions is by inte-

grating out loops of heavy vector-like fermions. In our analysis the Lagrangian in

Eq.(2.1) will be treated merely as a parametrisation of the underlying physics but

just for illustration, integrating out a vector-like T quark with a mass of 1 TeV and

a Yukawa coupling to s of ⇠ 5 amounts to ⇤3 ⇠ 1900 GeV [37]. Since we are mostly

interested in the phenomenological part of the analysis, the parameter ranges we will

choose to work with in Sec.3 are mostly motivated by the requirement of satisfying

the various experimental constraints and studying whether they can be reconciled,

although we keep track not to absurdly small values for the ⇤i’s.

2.2 Dark matter and a (pseudo-)scalar portal at 750 GeV

As mentioned in the introduction, one interesting possibility arising from the La-

grangian in Eq.(2.1) is that the fermion  could constitute the dark matter in the

universe. It has already been shown (see, for example, [4, 5]) that assuming standard

thermal freeze-out the observed DM abundance can indeed be achieved in this setup

for a wide range of  masses. This can be done both for m < m�/2, a case in which

invisible decays contribute significantly to the scalar total width �s, as well as above

the resonance region, where �s ceases to be large unless additional decay modes are

invoked.
1Or not!
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Gauge boson couplings
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although we keep track not to absurdly small values for the ⇤i’s.
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As mentioned in the introduction, one interesting possibility arising from the La-

grangian in Eq.(2.1) is that the fermion  could constitute the dark matter in the

universe. It has already been shown (see, for example, [4, 5]) that assuming standard

thermal freeze-out the observed DM abundance can indeed be achieved in this setup

for a wide range of  masses. This can be done both for m < m�/2, a case in which
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DM candidate1, a point on which we shall comment upon in Section 2.2.

Numerous conventions have been adopted by di↵erent authors in order to de-
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where B̃, W̃ , G̃ their duals, F̃µ⌫ = 1/2✏µ⌫⇢�F ⇢�. The collider part of our work

depends only mildly on the CP properties of s, unlike the DM properties of �. In

everything that follows we will focus on the scalar case, Eq.(2.1), and comment on

the CP -odd case where appropriate.

The interpretation of the suppression mass scales in Eq.(2.1) is heavily model-

dependent. The most straightforward way of obtaining such interactions is by inte-

grating out loops of heavy vector-like fermions. In our analysis the Lagrangian in

Eq.(2.1) will be treated merely as a parametrisation of the underlying physics but

just for illustration, integrating out a vector-like T quark with a mass of 1 TeV and

a Yukawa coupling to s of ⇠ 5 amounts to ⇤3 ⇠ 1900 GeV [37]. Since we are mostly

interested in the phenomenological part of the analysis, the parameter ranges we will

choose to work with in Sec.3 are mostly motivated by the requirement of satisfying

the various experimental constraints and studying whether they can be reconciled,

although we keep track not to absurdly small values for the ⇤i’s.

2.2 Dark matter and a (pseudo-)scalar portal at 750 GeV

As mentioned in the introduction, one interesting possibility arising from the La-

grangian in Eq.(2.1) is that the fermion  could constitute the dark matter in the

universe. It has already been shown (see, for example, [4, 5]) that assuming standard

thermal freeze-out the observed DM abundance can indeed be achieved in this setup

for a wide range of  masses. This can be done both for m < m�/2, a case in which

invisible decays contribute significantly to the scalar total width �s, as well as above

the resonance region, where �s ceases to be large unless additional decay modes are

invoked.
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just for illustration, integrating out a vector-like T quark with a mass of 1 TeV and

a Yukawa coupling to s of ⇠ 5 amounts to ⇤3 ⇠ 1900 GeV [37]. Since we are mostly

interested in the phenomenological part of the analysis, the parameter ranges we will

choose to work with in Sec.3 are mostly motivated by the requirement of satisfying

the various experimental constraints and studying whether they can be reconciled,

although we keep track not to absurdly small values for the ⇤i’s.
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choose to work with in Sec.3 are mostly motivated by the requirement of satisfying
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As mentioned in the introduction, one interesting possibility arising from the La-

grangian in Eq.(2.1) is that the fermion  could constitute the dark matter in the

universe. It has already been shown (see, for example, [4, 5]) that assuming standard

thermal freeze-out the observed DM abundance can indeed be achieved in this setup
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UV completion

• I don’t care about the UV completion of the model at the moment 
• It is known that such kinds of scales and/or couplings need large charge/

multiplicity for the vector-like matter and/or sizeable couplings of the singlet 
• Such large couplings might cause problems for perturbativity at UV scale 
• Aim at this point is to assess the viability of the parameter space rather than 

worrying about the UV completion
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Figure 1: Elastic-elastic, elastic-inelastic and inelastic-inelastic contributions to the photoproduc-
tion of the resonance R.

background events and tend to be detected in the detector barrel rather than the end caps. This

is in tension with the interpretation of the large excess in CMS diphoton events with one photon

detected in the barrel and one detected in the end cap (EBEE category) as a scalar resonance signal.

The situation is improved for a spin-2 resonance for which one expects more events in the EBEE

category than for a scalar signal.

Elastic photoproduction events result in forward and backward protons which can be detected

by forward detectors installed by ATLAS and CMS [15, 16]. Elastic production is suppressed with

respect to inelastic. However, the detection of two intact protons in the final state, with mpp

matched to m��, can be used to remove background. It was estimated in [12] that approximately

20 fb�1 is needed for a 5-� discovery in this channel. In this paper we use this luminosity as a

benchmark to characterize which features of the production mechanism may be apparent in the

kinematic properties of excess events at or before 20 fb�1 of data.

Production via Photon Fusion

Following [11, 12], we will consider a model with an additional scalar particle R with mass m ⇡ 750

GeV whose only sizable coupling to SM particles is to photons via the operator

c��
v

RF 2 , (1)

with v = 246 GeV introduced to have dimensionless couplings, resulting in a partial width to

photons ��� of

��� =
c2��
4⇡

m3

v2
. (2)

2

s s s
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• Jet recoils against the total MET production  
• By requiring presence of MET and a high pT jet, such events can be detected

2

Selection step CMS ϵCMS
i = (ni/ni−1)

CMS MA5 ϵMA5
i = (ni/ni−1)

MA5 δreli

0 Nominal 84653.7 84653.7

1 One hard jet 50817.2 0.6 52008.60 0.614 2.3%

2 At most two jets 36061 0.7096 38306.70 0.736 3.72%

3 Requirements if two jets 31878.1 0.884 34364.93 0.897 1.47%

4 Muon veto 31878.1 1 34364.93 1 0

5 Electron veto 31865.1 1 34364.93 1 0

6 Tau veto 31695.1 0.995 34364.93 1 0.5%

MET > 250 GeV 8687.22 0.274 7640.43 0.222 18.97%

MET > 300 GeV 5400.51 0.621 4661.96 0.610 1.77%

MET > 350 GeV 3394.09 0.628 2873.96 0.616 1.91%

MET > 400 GeV 2224.15 0.6553 1851.60 0.644 1.72%

MET > 450 GeV 1456.02 0.654 1195.02 0.645 1.37%

MET > 500 GeV 989.806 0.679 804.25 0.673 0.883%

MET > 550 GeV 671.442 0.678 511.18 0.635 6.34%

TABLE I: Comparison of results obtained with the MA5 reimplementation (MA5) and those provided by the CMS collaboration
(CMS). The relative difference between the CMS and the MA5 results has been defined as δreli = 1− ϵMA5

i /ϵCMS
i .

6 1.00000000e+00 # gb
7 1.00000000e+00 # gt

In this setup, all the interactions of the Z ′ have a vector structure, but the results are however not expected to depend
on the exact form of the Z ′ interactions [1].
At the generator level, we have imposed all jets to have a transverse momentum larger than 20 GeV, the leading

jet being further constrained to have a pT > 80 GeV. We have moreover enforced the use of the leading order set
of CTEQ6 parton densities [13] and set the xqcut merging paramater to 20 GeV. Those requirements have been
implemented by modifying the following lines of the standard run card.dat file,

’cteq6l1’ = pdlabel
20 = ptj
80 = ptj1min
1 = ickkw
20 = xqcut

From the hard scattering events generated as above, we have produced hadron-level events with the help of the
Pythia6 program as interfaced in MadGraph5. In the pythia card.dat, we have set QCUT = 30 for a proper setup
of the merging procedure and in addition, we have used the Z∗

2 tune that is known to yield a better agreement with
early LHC data. Finally, we simulate the detector response with Delphes, using the MA5tune CMS detector card.

III. RESULTS

A. Cutflow

The selection strategy of the CMS monojet analysis consists of 6 preselection cuts followed by one region-dependent
cut, when we ignore the first two requirements of the analysis, the HLT Bit-1 and NoiseClean selections, that cannot
be handled with Delphes. For the benchmark scenario under consideration, we compare the results that have been
derived with our MA5 reimplementation to those provided by the CMS collaboration (see Table I). For each cut, we
have calculated the related efficiency defined as

ϵi =
ni

ni−1

,

where ni and ni−1 mean the event number after and before the considered cut, respectively. The relative difference
given in the table corresponds to the difference between the MA5 and the CMS efficiencies, normalized to the CMS

CMS-EXO-12-048
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• Working assumption emission of a jet 
from vertex small probability
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LHC phenomenology

• Consider CP even couplings for LHC simulations 
• Determine LHC predictions for dijet, diphoton rates, width of the resonance  
• Determine current exclusion for the monojet analysis 
• Determine current dark matter constraints

35

Constraint Evaluation Tool
Dijet Parton level @ 13 TeV MadGraph

Diphoton Parton level @ 13 TeV MadGraph

Monojet Reco level @ 8 TeV MadAnalysis

Relic Micromegas

DD Analytical

ID Micromegas



Dark matter relic
• CP even and CP odd couplings make a big difference for relic density 
• CP even case: p-wave suppression for annihilation cross section 

• Needs large values of Yukawa couplings to achieve relic 
• CP odd case: No velocity suppression much smaller values of Yukawa 

couplings work
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• No couplings to fermions present 
• For dark matter mass less than 375 GeV, only gauge bosons, photons, and gg 

final states in s-channel present 
• For dark matter mass greater than 750 GeV t-channel annihilation into scalar 

resonance possible  
• Contribution up to 20% of the first scenario
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Dark matter relic
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• Needs large values of Yukawa couplings to achieve relic 
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Results

• Large part excluded by very large width 
• Reconciling everything together not possible in CP even case within the 

ranges on the plot 
• Possibility of reconciling everything for Lambda1,2 = 20 GeV (see backup)
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ranges on the plot 
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Results

• Large part excluded by mono jet 
• Relic density achieved for ypsi < 1 
• Although monojet constraints and LHC diphoton excess can work, the width is 

very small 
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Results

• Production of DM particles via off-shell propagator  
• Small width of the resonance 
• Monojet constraints are weak, multijet analysis will do a better job  
• Not possible to get the large width, the DM LHC constraints less interesting
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Sweet spot for the model

• Three potentially independent couplings  
• Reduce coupling to gluons and increase couplings to diphoton  
• Can have a large coupling to dark matter since the couplings to gluons are 

small 
• Demands a hierarchy in the coupling structure or the mass scale of the 

couplings
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benchmark (g
GG

, g
BB

) g
DM

M
 

(GeV) �
tot

(GeV) �
��

(fb) at 13TeV ⌦h2

p1 (0.25,1) 2.7 322 30 6.2 0.10

p2 (0.25,2) 2.2 307 29 25 0.12

p3 (0.14,1) 2.7 323 29 2.1 0.12

p4 (0.14,2) 2.3 308 31 7.8 0.12

Table 1: Summary of the di-photon signal yield at LHC-13TeV and the preferred dark matter param-

eters for the four selected benchmark points.

a an s-channel resonance and fixes the Dark Matter mass to be M ⇠ m
S

2

. For the large

values of the dark matter mass necessary to obtain the correct relic abundance, a width in

the selected range can be achieved only with a large dark matter coupling gDM . This result

is in agreement with the expectation that the dark matter relic abundance together with the

requirement on the width of S essentially fixes both gDM and M .

By inspecting figure 4, we can select representative values of the dark matter mass and dark

matter coupling gDM , where we chose the total width �tot ⇠ 30 GeV for illustrative purpose.

Table 1 summarizes the signal yield in the di-photon channel and the DM relic abundance

for the four selected benchmark points, where all the parameters of the model are now fixed

by requiring a large mediator width, a sizable �� cross section, and the correct dark matter

abundance.

Note that the �� production cross section for our benchmarks ranges between 2 � 25 fb,

providing enough room to fit the ATLAS and CMS excess while taking into account event

selection e�ciency and the acceptance.

3 Experimental constraints

The scenario we consider is bounded by several existing collider searches at
p
s = 8 TeV and by

astro-particle searches that we discuss in more detail in the following sections. For a previous

study of LHC Run I constraints on DM models with mediators see e.g. [57].

LHC-8TeV constraints: The model we propose populates di↵erent final state topologies,

given the rich decay pattern of the scalar mediator (see figure 1). For the benchmark points

that we selected in order to accommodate the di-photon excess as well as to obtain the correct

relic abundance the largest contribution to collider signals is in channels with missing energy.

However, the channels in which the mediator decays into SM particles, even if suppressed by

a small branching fraction, can also lead to stringent bounds.
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Exploring momentum dependent dark matter couplings

Test case: II



Theoretical motivation

• Dark matter could be a pseudo Nambu Goldstone Boson appearing in the low 
energy theory  as a result of the spontaneous breaking of a global symmetry by 
a new strong sector dynamics 

• Strong sector dynamics can appear in the context of a new strongly-coupled 
sector above the TeV scale 

• The analogy is the pion in QCD, the pions appear as Goldstone bosons of qqbar 
condensate breaking the chiral symmetry 

• The shift symmetry of Goldstone bosons imply that their interactions are 
derivative (in the exact symmetry limit) 

• What kind on phenomenological limits can be placed on such dark matter 
scenarios and what is the sensitivity of the LHC for these couplings?
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case only derivative (momentum-dependent) interactions of the pNGBs suppressed by powers of f are
allowed by the shift symmetry related to the pNGBs. An explicit weak breaking of the shift symmetry,
parameterized by a small coupling strength ✏, is however necessary in order to induce pNGB masses,
which additionally generates non-derivative momentum-independent couplings proportional to ✏/f . The
parameterization of our effective Lagrangian is inspired by these scenarios, but we refrain from imposing
any specific and model-dependent assumptions in connection to the new physics masses and couplings.

Most ultraviolet-complete models of dark matter predict the existence of additional particles, many
of them carrying Standard Model quantum numbers. Depending on the specific details of each construc-
tion, dedicated searches at the LHC could detect these additional states. In Sec. 2., we instead study a
minimal setup where the only new states accessible at the LHC are the dark matter particle itself and if
necessary the particle mediating its interactions with the Standard Model sector. Concretely, we focus
on an invisible sector comprised of a SM-singlet real scalar ⌘. We impose a Z2 parity symmetry under
which the Standard Model fields are even and ⌘ is odd. Consequently, the ⌘ particle cannot decay into
Standard Model particles and is thus a potential dark matter candidate. We will discuss two possibilities
that allow us to couple the ⌘ field to the Standard Model. In the minimal scenario, the mediator is the
Standard Model Higgs field H that has a quartic coupling to ⌘ at the renormalizable level, as well as a
non-renormalizable derivative coupling to ⌘. However, the LHC measurements of the Higgs boson prop-
erties turn out to be overly constraining. Alternatively, one needs to introduce an additional mediator s,
and we will more precisely consider the case where s is a real gauge-singlet scalar even under the Z2

symmetry.
The most standard LHC search channel related to those models is the monojet one (and to a

smaller extent the monophoton channel that will be ignored here). The corresponding analysis requires
a hard jet (presumably issued from initial state radiation) recoiling against a pair of invisible particles. In
what follows we examine in detail the constraints from the currently published monojet search results in
proton-proton collisions at a center-of-mass energy of 8 TeV and make predictions for the corresponding
sensitivities that are expected for the 13 TeV LHC run. We moreover compare the behaviour of MD
and MI scenarios for the new physics couplings. Since mediator production via gluon fusion will be
considered, we additionally comment on constraints that could arise from dijet searches at past and
present hadron colliders. Finally, we entertain the possibility that the ⌘ particle could constitute the dark
matter in the Universe, and study the related experimental constraints.

2. MODELS AND EXPERIMENTAL CONSTRAINTS
2.1 The minimal scenario: the Higgs portal
The simplest model that predicts the production of a substantial number of monojet events is obtained
by adding to the Standard Model a gauge-singlet real scalar field ⌘ that is odd under a Z2 symmetry, the
SM fields being taken to be even. The interactions of the ⌘ particle with the Standard Model then arise
through the multiscalar couplings of the Higgs doublet H to the ⌘ field. This setup can be described by
a Lagrangian of the form

L⌘ = LSM +
1

2
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which contains a renormalizable part compatible with the Z2 symmetry ⌘ ! �⌘ and an independent
dimension-six operator that involves derivatives. Several non-derivative dimension-six operators are
additionally allowed by the symmetries of the model, but their effect, not enhanced at large momentum
transfer, is expected to be negligible in the context of monojet searches. These operators have therefore
been omitted from Eq. (1). The scalar field ⌘ may arise as a pNGB in the context of composite Higgs
models and f then would play the role of the pNGB decay constant. This minimal model and the
associated dark matter phenomenology, in particular the role of the derivative operator, has been studied
in Ref. [5]. Additional relevant analyses can also be found in Refs. [6–8].

After the breaking of the electroweak symmetry, the interactions of the ⌘ particle with the physical
Higgs boson h take the form
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and the ⌘-mass m⌘ satisfies
m2

⌘ = µ2
⌘ + �v2/2 . (3)

While the trilinear scalar interaction of Eq. (2) induces the production of monojet events via, for instance,
gluon fusion gg ! gh(⇤) ! g⌘⌘, the quartic interactions will allow for the production of mono-Higgs
events gg ! h⇤ ! h⌘⌘ that will not be considered in this work. In the case where 2m⌘ < mh, the
Higgs boson is essentially produced on-shell so that the strength of the derivative interaction vertex is
proportional to p2h/f

2 = m2
h/f

2. Its momentum-dependence thus reduces to a constant so that the MD
and MI cases become indistinguishable. In this regime, monojet searches yield weaker bounds with
respect to the strongest collider constraints provided by the Higgs invisible width results [9–11],
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at the 95% confidence level (CL).
Instead, we are interested in the complementary region where 2m⌘ > mh. Here, the monojet

signal will arise from off-shell Higgs production and the derivative interactions of the ⌘ particle alter
the momentum dependence of the differential cross-section. The monojet pT distribution would then
possibly allow one to distinguish between the derivative and non-derivative couplings in Eq. (2). The
price to pay is however a suppression of the monojet signal, since the relevant partonic cross-section �̂
depends on the Higgs virtuality p2h via
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where �h is the Higgs total width. The denominator is thus larger when the Higgs is off-shell, or equiv-
alently when p2h > 4m2

⌘ > m2
h.

A preliminary analysis of the monojet signature in this model was presented in Ref. [12], and the
collider signatures of the off-shell Higgs portal were discussed in Ref. [13]. However our numerical
analysis shows that in the off-shell region the signal is too weak to be observed at the LHC. The LHC
experiments have not only determined the Higgs mass precisely, but also placed significant constraints
on the production cross-section and decay width of the Higgs. This means that the only free parameters
of the model must fulfill m⌘ & mh/2, � . 1 and f & 500 GeV. The total monojet cross-section with
pjetT > 20 GeV is in this case always smaller than 1 fb for MD and 0.5 fb for MI couplings respectively.

2.2 A pragmatic scenario with a scalar singlet mediator
We extend the model introduced in the previous section by considering a scenario where, in addition
to the dark, stable (i.e. Z2 odd) ⌘ particle, another mediator links the SM to the dark sector: a Z2-
even scalar singlet s. We assume as usual that the scalar potential does not break the Z2 symmetry
spontaneously, that is, ⌘ does not acquire a non-vanishing vacuum expectation value (vev). With no loss
of generality, we also impose that the vev of the s field vanishes, as the latter could always be absorbed
in a redefinition of the couplings. The relevant Lagrangian reads
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After the breaking of the electroweak symmetry, the interactions of the ⌘ particle with the physical
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signal will arise from off-shell Higgs production and the derivative interactions of the ⌘ particle alter
the momentum dependence of the differential cross-section. The monojet pT distribution would then
possibly allow one to distinguish between the derivative and non-derivative couplings in Eq. (2). The
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where �h is the Higgs total width. The denominator is thus larger when the Higgs is off-shell, or equiv-
alently when p2h > 4m2

⌘ > m2
h.

A preliminary analysis of the monojet signature in this model was presented in Ref. [12], and the
collider signatures of the off-shell Higgs portal were discussed in Ref. [13]. However our numerical
analysis shows that in the off-shell region the signal is too weak to be observed at the LHC. The LHC
experiments have not only determined the Higgs mass precisely, but also placed significant constraints
on the production cross-section and decay width of the Higgs. This means that the only free parameters
of the model must fulfill m⌘ & mh/2, � . 1 and f & 500 GeV. The total monojet cross-section with
pjetT > 20 GeV is in this case always smaller than 1 fb for MD and 0.5 fb for MI couplings respectively.

2.2 A pragmatic scenario with a scalar singlet mediator
We extend the model introduced in the previous section by considering a scenario where, in addition
to the dark, stable (i.e. Z2 odd) ⌘ particle, another mediator links the SM to the dark sector: a Z2-
even scalar singlet s. We assume as usual that the scalar potential does not break the Z2 symmetry
spontaneously, that is, ⌘ does not acquire a non-vanishing vacuum expectation value (vev). With no loss
of generality, we also impose that the vev of the s field vanishes, as the latter could always be absorbed
in a redefinition of the couplings. The relevant Lagrangian reads
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After the breaking of the electroweak symmetry, the interactions of the ⌘ particle with the physical
Higgs boson h take the form
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While the trilinear scalar interaction of Eq. (2) induces the production of monojet events via, for instance,
gluon fusion gg ! gh(⇤) ! g⌘⌘, the quartic interactions will allow for the production of mono-Higgs
events gg ! h⇤ ! h⌘⌘ that will not be considered in this work. In the case where 2m⌘ < mh, the
Higgs boson is essentially produced on-shell so that the strength of the derivative interaction vertex is
proportional to p2h/f

2 = m2
h/f

2. Its momentum-dependence thus reduces to a constant so that the MD
and MI cases become indistinguishable. In this regime, monojet searches yield weaker bounds with
respect to the strongest collider constraints provided by the Higgs invisible width results [9–11],
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Instead, we are interested in the complementary region where 2m⌘ > mh. Here, the monojet

signal will arise from off-shell Higgs production and the derivative interactions of the ⌘ particle alter
the momentum dependence of the differential cross-section. The monojet pT distribution would then
possibly allow one to distinguish between the derivative and non-derivative couplings in Eq. (2). The
price to pay is however a suppression of the monojet signal, since the relevant partonic cross-section �̂
depends on the Higgs virtuality p2h via
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where �h is the Higgs total width. The denominator is thus larger when the Higgs is off-shell, or equiv-
alently when p2h > 4m2

⌘ > m2
h.

A preliminary analysis of the monojet signature in this model was presented in Ref. [12], and the
collider signatures of the off-shell Higgs portal were discussed in Ref. [13]. However our numerical
analysis shows that in the off-shell region the signal is too weak to be observed at the LHC. The LHC
experiments have not only determined the Higgs mass precisely, but also placed significant constraints
on the production cross-section and decay width of the Higgs. This means that the only free parameters
of the model must fulfill m⌘ & mh/2, � . 1 and f & 500 GeV. The total monojet cross-section with
pjetT > 20 GeV is in this case always smaller than 1 fb for MD and 0.5 fb for MI couplings respectively.

2.2 A pragmatic scenario with a scalar singlet mediator
We extend the model introduced in the previous section by considering a scenario where, in addition
to the dark, stable (i.e. Z2 odd) ⌘ particle, another mediator links the SM to the dark sector: a Z2-
even scalar singlet s. We assume as usual that the scalar potential does not break the Z2 symmetry
spontaneously, that is, ⌘ does not acquire a non-vanishing vacuum expectation value (vev). With no loss
of generality, we also impose that the vev of the s field vanishes, as the latter could always be absorbed
in a redefinition of the couplings. The relevant Lagrangian reads
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• Off-shell Higgs regime, leads to a very small cross section < 1 fb for momentum 
dependent and <0.5 fb for momentum independent couplings
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• Good measurements of Higgs production cross sections limit ggh couplings, 
decreasing the total cross section for monojet production
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impose that the vev of the s field vanishes, as the latter could always be absorbed in a redefinition of the
couplings. The relevant Lagrangian reads
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
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of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
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and references therein).
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produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].

For consistent model 
constructions and detailed dark 
matter phenomenology see 
arXiv:1501.05957



Relic density

49

• Unlike LHC constraints, relic density depends on the propagator mass 
• Two annihilation channels

the Spp̄S [20] and Tevatron [21] collider data that provides upper limits on the new physics cross section
� for mediator masses of 140 – 300 GeV and 200 – 1400 GeV, respectively. LHC Run I results further
extend the covered mediator masses up to 4.5 TeV [22, 23]. Our analysis has shown that after fixing
f = 1000 GeV, a coefficient as large as csg ' 100 (that corresponds to an effective sGG coupling of
about 10�3) is allowed, regardless of the other model parameters. This value will be used as an upper
limit in the rest of this study.

For dark matter direct detection, the MD interaction can be neglected, as the dark matter – nucleus
momentum transfer is tiny. The MI couplings in Eq. (6) give rise to an effective interaction between ⌘
particles and gluons which, after integrating out the mediator s, is given by
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where the factor in brackets is the DM-nucleon reduced mass, and the squared matrix element depends
on the gluon form factor fTG that can be expressed as a function of the quark form factors fTq [26],

fTG = 1�
X

q=u,d,s

fTq , (13)

for which we adopt the values fTu = 0.0153, fTd = 0.0191 and fTs = 0.0447 [27]. The value of
fTG can however be modified if one introduces additional s-couplings to the quarks. In our model,
such interactions can arise at the non-renormalizable level only, and will be ignored in the following. In
our analysis presented below, we confront the above predictions to the latest limits extracted from LUX
data [28].

For the computation of the ⌘ relic abundance, we have implemented our model in the MICROME-
GAS package [29] via FEYNRULES. For the sake of completeness, we nonetheless present approximate
expressions for the total thermally-averaged self-annihilation cross section of ⌘ pairs. Keeping only the
leading (S-wave) component and ignoring special kinematic configurations like those originating from
the presence of intermediate resonances, the annihilation of the ⌘ dark matter particle into gluon pairs is
approximated by
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When m⌘ > ms, there is an additional 2 $ 2 annihilation channel, ⌘⌘ $ ss for which the leading
(again S-wave) contribution to h�vi reads
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The leading contributions to the relic density are different in the case that either the MI or MD couplings
dominate. In the former the coupling appears in conjuction with f2, while in the latter the coupling
appears with m2

s . We are interested in determining the regions of parameter space where the relic density
does not exceed the measured value from Planck ⌦h2|exp = 0.1188 ± 0.0010 [30]. As a rule of thumb,
the thermal freeze-out relic density of dark matter candidates that can be probed at the LHC tends to be
below this measured value (see, e.g., Ref. [31]), but this is not without exceptions [32].
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impose that the vev of the s field vanishes, as the latter could always be absorbed in a redefinition of the
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
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Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
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dimension-five operator that couples derivatively s to ⌘.
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,
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Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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• Unlike LHC constraints, relic density depends on the propagator mass 
• Two annihilation channels

the Spp̄S [20] and Tevatron [21] collider data that provides upper limits on the new physics cross section
� for mediator masses of 140 – 300 GeV and 200 – 1400 GeV, respectively. LHC Run I results further
extend the covered mediator masses up to 4.5 TeV [22, 23]. Our analysis has shown that after fixing
f = 1000 GeV, a coefficient as large as csg ' 100 (that corresponds to an effective sGG coupling of
about 10�3) is allowed, regardless of the other model parameters. This value will be used as an upper
limit in the rest of this study.

For dark matter direct detection, the MD interaction can be neglected, as the dark matter – nucleus
momentum transfer is tiny. The MI couplings in Eq. (6) give rise to an effective interaction between ⌘
particles and gluons which, after integrating out the mediator s, is given by
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where the factor in brackets is the DM-nucleon reduced mass, and the squared matrix element depends
on the gluon form factor fTG that can be expressed as a function of the quark form factors fTq [26],

fTG = 1�
X

q=u,d,s

fTq , (13)

for which we adopt the values fTu = 0.0153, fTd = 0.0191 and fTs = 0.0447 [27]. The value of
fTG can however be modified if one introduces additional s-couplings to the quarks. In our model,
such interactions can arise at the non-renormalizable level only, and will be ignored in the following. In
our analysis presented below, we confront the above predictions to the latest limits extracted from LUX
data [28].

For the computation of the ⌘ relic abundance, we have implemented our model in the MICROME-
GAS package [29] via FEYNRULES. For the sake of completeness, we nonetheless present approximate
expressions for the total thermally-averaged self-annihilation cross section of ⌘ pairs. Keeping only the
leading (S-wave) component and ignoring special kinematic configurations like those originating from
the presence of intermediate resonances, the annihilation of the ⌘ dark matter particle into gluon pairs is
approximated by
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When m⌘ > ms, there is an additional 2 $ 2 annihilation channel, ⌘⌘ $ ss for which the leading
(again S-wave) contribution to h�vi reads
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The leading contributions to the relic density are different in the case that either the MI or MD couplings
dominate. In the former the coupling appears in conjuction with f2, while in the latter the coupling
appears with m2

s . We are interested in determining the regions of parameter space where the relic density
does not exceed the measured value from Planck ⌦h2|exp = 0.1188 ± 0.0010 [30]. As a rule of thumb,
the thermal freeze-out relic density of dark matter candidates that can be probed at the LHC tends to be
below this measured value (see, e.g., Ref. [31]), but this is not without exceptions [32].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
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This simple setup is described by six parameters,
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Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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the Spp̄S [20] and Tevatron [21] collider data that provides upper limits on the new physics cross section
� for mediator masses of 140 – 300 GeV and 200 – 1400 GeV, respectively. LHC Run I results further
extend the covered mediator masses up to 4.5 TeV [22, 23]. Our analysis has shown that after fixing
f = 1000 GeV, a coefficient as large as csg ' 100 (that corresponds to an effective sGG coupling of
about 10�3) is allowed, regardless of the other model parameters. This value will be used as an upper
limit in the rest of this study.

For dark matter direct detection, the MD interaction can be neglected, as the dark matter – nucleus
momentum transfer is tiny. The MI couplings in Eq. (6) give rise to an effective interaction between ⌘
particles and gluons which, after integrating out the mediator s, is given by
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where the factor in brackets is the DM-nucleon reduced mass, and the squared matrix element depends
on the gluon form factor fTG that can be expressed as a function of the quark form factors fTq [26],
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fTq , (13)

for which we adopt the values fTu = 0.0153, fTd = 0.0191 and fTs = 0.0447 [27]. The value of
fTG can however be modified if one introduces additional s-couplings to the quarks. In our model,
such interactions can arise at the non-renormalizable level only, and will be ignored in the following. In
our analysis presented below, we confront the above predictions to the latest limits extracted from LUX
data [28].

For the computation of the ⌘ relic abundance, we have implemented our model in the MICROME-
GAS package [29] via FEYNRULES. For the sake of completeness, we nonetheless present approximate
expressions for the total thermally-averaged self-annihilation cross section of ⌘ pairs. Keeping only the
leading (S-wave) component and ignoring special kinematic configurations like those originating from
the presence of intermediate resonances, the annihilation of the ⌘ dark matter particle into gluon pairs is
approximated by
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When m⌘ > ms, there is an additional 2 $ 2 annihilation channel, ⌘⌘ $ ss for which the leading
(again S-wave) contribution to h�vi reads
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The leading contributions to the relic density are different in the case that either the MI or MD couplings
dominate. In the former the coupling appears in conjuction with f2, while in the latter the coupling
appears with m2

s . We are interested in determining the regions of parameter space where the relic density
does not exceed the measured value from Planck ⌦h2|exp = 0.1188 ± 0.0010 [30]. As a rule of thumb,
the thermal freeze-out relic density of dark matter candidates that can be probed at the LHC tends to be
below this measured value (see, e.g., Ref. [31]), but this is not without exceptions [32].
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impose that the vev of the s field vanishes, as the latter could always be absorbed in a redefinition of the
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
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coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.
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Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].

impose that the vev of the s field vanishes, as the latter could always be absorbed in a redefinition of the
couplings. The relevant Lagrangian reads

L⌘,s = LSM +
1

2
@µ⌘@

µ⌘ � 1

2
m2
⌘⌘⌘ +

1

2
@µs@

µs� 1

2
m2

sss

+
cs⌘f

2
s⌘⌘ +

c@s⌘
f

(@µs)(@
µ⌘)⌘ +

↵s

16⇡

csg
f

sGa
µ⌫G

aµ⌫ ,
(6)

where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.
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Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
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and references therein).
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sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

Strictly speaking, there are only 5 independent parameters as one can fix, e.g., c@s⌘ = 1 and determine
the strength of the MD interaction by varying f only. In models where s, ⌘ and the Higgs are pNGBs
associated with a spontaneous symmetry breaking at a scale f , one indeed expects c@s⌘ to be of order one.
The value of the f parameter is however constrained by other sectors of the theory, and more precisely by
precision Higgs and electroweak measurements that roughly impose f & 500 GeV (see, e.g., Ref. [15]
and references therein).

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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m⌘ ms A⇥ ✏ (SR1) A⇥ ✏ (SR2) A⇥ ✏ (SR3) �95%CL
UL [pb]

MD MI MD MI MD MI MD MI
200 50 0.123 0.101 0.073 0.056 0.033 0.023 0.317 0.465
200 250 0.124 0.104 0.069 0.054 0.031 0.022 0.349 0.487

Table 1: Acceptance (A) ⇥ efficiency (✏) of the three signal regions of the 8 TeV monojet analysis, for a dark matter mass of
200 GeV and for two different mediator masses in the case of MI and MD operators. The jet-pT and /ET requirements defining
these regions are (280,220) GeV, (340,340) GeV and (450,450) GeV respectively.

for a dark matter mass of 50 GeV, close to where the LUX sensitivity peaks, we find that assuming the
minimal value csg = 10 the maximal allowed values of the coupling cs⌘ are of the order of 1.2 ⇥ 10�3,
0.03, 0.13 and 0.28 for ms = 50, 250, 500 and 750 GeV respectively. Going to a slightly higher mass
m⌘ = 200 GeV, which is still expected to be within the LHC reach, these numbers translate to 0.008,
0.2, 0.5 and 0.9. We will, therefore, not discuss the dark matter phenomenology of the momentum
independent scenario any further.

In Figure 3, we superimpose the 8 TeV LHC monojet constraints on the MI and MD couplings
cs⌘ and c@s⌘ for a fixed value of the scale f = 1000 GeV, and the predicted relic abundance for the MD
scenario according to standard thermal freeze-out. While deriving the constraints, we have factored out
the dependence on f . The limits on the coupling cs⌘ are however stronger for larger values of f , while
those on c@s⌘ are correspondingly weaker. The cross-over between the MI and MD coupling limits is
hence an artefact of the choice of f .

In the shaded regions ⌘⌘ annihilation is not efficient enough and the Universe is overclosed,
whereas along the borders of these regions the relic density limit is exactly reproduced. The shape
of these borders is well described by Eqs. (14) and (15). We observe that as long as no resonance con-
figuration or threshold is attained, the c@s⌘ values required in order to satisfy the dark matter abundance
bounds vary relatively mildly with the dark matter and mediator mass. The small features apparent es-
pecially in the ms = 250 and 500 GeV scenarios are due to the opening of the additional annihilation
channel into s pairs, although we find that for our choices of parameters the relic density is mostly driven
by annihilation into gluons (the maximal contributions from the ⌘⌘ ! ss channel being of the order of
15%). Then, since for cs⌘ = 0 the cross section h�vigg scales as (c@s⌘ ⇥ csg)2, smaller values of csg
imply almost proportionally larger values of c@s⌘ so that the Planck bound is saturated.

We observe that existing monojet searches are not yet efficient enough to probe the regions where
both the upper and the lower relic density limits are satisfied. On the other hand, a significant fraction
of the parameter space where only a part of the dark matter in the Universe can be accounted for is
excluded. While the LHC searches probe large coupling values, the requirement of not overclosing the
universe excludes the opposite regime. In this sense, there is an interesting complementarity between
LHC and Planck observations.

4. Conclusions
In this work we studied a scenario in which the interactions of dark matter with the SM are mediated by
non-renormalizable derivative operators. We considered a minimal model, in which a pair of dark matter
particles are produced via gluon-fusion, via a SM-singlet scalar mediator. We computed the 8 TeV LHC
upper limits on the monojet production cross section in presence of a MD interaction, and compared them
to the conventional scenario of MI interactions. We highlighted the different behaviour of the signal in
the two cases, and we estimated the projected monojet limit at the 13 TeV LHC run. Moreover, dijet
bounds from past and present hadron colliders have been carefully taken into account. We furthermore
investigated the interplay of the LHC exclusion bounds with the requirement that ⌘ constitutes (part of)
the dark matter of the Universe, and computed the bounds that were stemming from dark matter direct

m⌘ ms A⇥ ✏ (SR1) A⇥ ✏ (SR2) A⇥ ✏ (SR3) �95%CL
UL [pb]

MD MI MD MI MD MI MD MI
200 50 0.123 0.101 0.073 0.056 0.033 0.023 0.317 0.465
200 250 0.124 0.104 0.069 0.054 0.031 0.022 0.349 0.487

Table 1: Acceptance (A) ⇥ efficiency (✏) of the three signal regions of the 8 TeV monojet analysis, for a dark matter mass of
200 GeV and for two different mediator masses in the case of MI and MD operators. The jet-pT and /ET requirements defining
these regions are (280,220) GeV, (340,340) GeV and (450,450) GeV respectively.

for a dark matter mass of 50 GeV, close to where the LUX sensitivity peaks, we find that assuming the
minimal value csg = 10 the maximal allowed values of the coupling cs⌘ are of the order of 1.2 ⇥ 10�3,
0.03, 0.13 and 0.28 for ms = 50, 250, 500 and 750 GeV respectively. Going to a slightly higher mass
m⌘ = 200 GeV, which is still expected to be within the LHC reach, these numbers translate to 0.008,
0.2, 0.5 and 0.9. We will, therefore, not discuss the dark matter phenomenology of the momentum
independent scenario any further.

In Figure 3, we superimpose the 8 TeV LHC monojet constraints on the MI and MD couplings
cs⌘ and c@s⌘ for a fixed value of the scale f = 1000 GeV, and the predicted relic abundance for the MD
scenario according to standard thermal freeze-out. While deriving the constraints, we have factored out
the dependence on f . The limits on the coupling cs⌘ are however stronger for larger values of f , while
those on c@s⌘ are correspondingly weaker. The cross-over between the MI and MD coupling limits is
hence an artefact of the choice of f .

In the shaded regions ⌘⌘ annihilation is not efficient enough and the Universe is overclosed,
whereas along the borders of these regions the relic density limit is exactly reproduced. The shape
of these borders is well described by Eqs. (14) and (15). We observe that as long as no resonance con-
figuration or threshold is attained, the c@s⌘ values required in order to satisfy the dark matter abundance
bounds vary relatively mildly with the dark matter and mediator mass. The small features apparent es-
pecially in the ms = 250 and 500 GeV scenarios are due to the opening of the additional annihilation
channel into s pairs, although we find that for our choices of parameters the relic density is mostly driven
by annihilation into gluons (the maximal contributions from the ⌘⌘ ! ss channel being of the order of
15%). Then, since for cs⌘ = 0 the cross section h�vigg scales as (c@s⌘ ⇥ csg)2, smaller values of csg
imply almost proportionally larger values of c@s⌘ so that the Planck bound is saturated.

We observe that existing monojet searches are not yet efficient enough to probe the regions where
both the upper and the lower relic density limits are satisfied. On the other hand, a significant fraction
of the parameter space where only a part of the dark matter in the Universe can be accounted for is
excluded. While the LHC searches probe large coupling values, the requirement of not overclosing the
universe excludes the opposite regime. In this sense, there is an interesting complementarity between
LHC and Planck observations.

4. Conclusions
In this work we studied a scenario in which the interactions of dark matter with the SM are mediated by
non-renormalizable derivative operators. We considered a minimal model, in which a pair of dark matter
particles are produced via gluon-fusion, via a SM-singlet scalar mediator. We computed the 8 TeV LHC
upper limits on the monojet production cross section in presence of a MD interaction, and compared them
to the conventional scenario of MI interactions. We highlighted the different behaviour of the signal in
the two cases, and we estimated the projected monojet limit at the 13 TeV LHC run. Moreover, dijet
bounds from past and present hadron colliders have been carefully taken into account. We furthermore
investigated the interplay of the LHC exclusion bounds with the requirement that ⌘ constitutes (part of)
the dark matter of the Universe, and computed the bounds that were stemming from dark matter direct
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Table 1: Acceptance (A) ⇥ efficiency (✏) of the three signal regions of the 8 TeV monojet analysis, for a dark matter mass of
200 GeV and for two different mediator masses in the case of MI and MD operators. The jet-pT and /ET requirements defining
these regions are (280,220) GeV, (340,340) GeV and (450,450) GeV respectively.

for a dark matter mass of 50 GeV, close to where the LUX sensitivity peaks, we find that assuming the
minimal value csg = 10 the maximal allowed values of the coupling cs⌘ are of the order of 1.2 ⇥ 10�3,
0.03, 0.13 and 0.28 for ms = 50, 250, 500 and 750 GeV respectively. Going to a slightly higher mass
m⌘ = 200 GeV, which is still expected to be within the LHC reach, these numbers translate to 0.008,
0.2, 0.5 and 0.9. We will, therefore, not discuss the dark matter phenomenology of the momentum
independent scenario any further.

In Figure 3, we superimpose the 8 TeV LHC monojet constraints on the MI and MD couplings
cs⌘ and c@s⌘ for a fixed value of the scale f = 1000 GeV, and the predicted relic abundance for the MD
scenario according to standard thermal freeze-out. While deriving the constraints, we have factored out
the dependence on f . The limits on the coupling cs⌘ are however stronger for larger values of f , while
those on c@s⌘ are correspondingly weaker. The cross-over between the MI and MD coupling limits is
hence an artefact of the choice of f .

In the shaded regions ⌘⌘ annihilation is not efficient enough and the Universe is overclosed,
whereas along the borders of these regions the relic density limit is exactly reproduced. The shape
of these borders is well described by Eqs. (14) and (15). We observe that as long as no resonance con-
figuration or threshold is attained, the c@s⌘ values required in order to satisfy the dark matter abundance
bounds vary relatively mildly with the dark matter and mediator mass. The small features apparent es-
pecially in the ms = 250 and 500 GeV scenarios are due to the opening of the additional annihilation
channel into s pairs, although we find that for our choices of parameters the relic density is mostly driven
by annihilation into gluons (the maximal contributions from the ⌘⌘ ! ss channel being of the order of
15%). Then, since for cs⌘ = 0 the cross section h�vigg scales as (c@s⌘ ⇥ csg)2, smaller values of csg
imply almost proportionally larger values of c@s⌘ so that the Planck bound is saturated.

We observe that existing monojet searches are not yet efficient enough to probe the regions where
both the upper and the lower relic density limits are satisfied. On the other hand, a significant fraction
of the parameter space where only a part of the dark matter in the Universe can be accounted for is
excluded. While the LHC searches probe large coupling values, the requirement of not overclosing the
universe excludes the opposite regime. In this sense, there is an interesting complementarity between
LHC and Planck observations.

4. Conclusions
In this work we studied a scenario in which the interactions of dark matter with the SM are mediated by
non-renormalizable derivative operators. We considered a minimal model, in which a pair of dark matter
particles are produced via gluon-fusion, via a SM-singlet scalar mediator. We computed the 8 TeV LHC
upper limits on the monojet production cross section in presence of a MD interaction, and compared them
to the conventional scenario of MI interactions. We highlighted the different behaviour of the signal in
the two cases, and we estimated the projected monojet limit at the 13 TeV LHC run. Moreover, dijet
bounds from past and present hadron colliders have been carefully taken into account. We furthermore
investigated the interplay of the LHC exclusion bounds with the requirement that ⌘ constitutes (part of)
the dark matter of the Universe, and computed the bounds that were stemming from dark matter direct
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Table 1: Acceptance (A) ⇥ efficiency (✏) of the three signal regions of the 8 TeV monojet analysis, for a dark matter mass of
200 GeV and for two different mediator masses in the case of MI and MD operators. The jet-pT and /ET requirements defining
these regions are (280,220) GeV, (340,340) GeV and (450,450) GeV respectively.

for a dark matter mass of 50 GeV, close to where the LUX sensitivity peaks, we find that assuming the
minimal value csg = 10 the maximal allowed values of the coupling cs⌘ are of the order of 1.2 ⇥ 10�3,
0.03, 0.13 and 0.28 for ms = 50, 250, 500 and 750 GeV respectively. Going to a slightly higher mass
m⌘ = 200 GeV, which is still expected to be within the LHC reach, these numbers translate to 0.008,
0.2, 0.5 and 0.9. We will, therefore, not discuss the dark matter phenomenology of the momentum
independent scenario any further.

In Figure 3, we superimpose the 8 TeV LHC monojet constraints on the MI and MD couplings
cs⌘ and c@s⌘ for a fixed value of the scale f = 1000 GeV, and the predicted relic abundance for the MD
scenario according to standard thermal freeze-out. While deriving the constraints, we have factored out
the dependence on f . The limits on the coupling cs⌘ are however stronger for larger values of f , while
those on c@s⌘ are correspondingly weaker. The cross-over between the MI and MD coupling limits is
hence an artefact of the choice of f .

In the shaded regions ⌘⌘ annihilation is not efficient enough and the Universe is overclosed,
whereas along the borders of these regions the relic density limit is exactly reproduced. The shape
of these borders is well described by Eqs. (14) and (15). We observe that as long as no resonance con-
figuration or threshold is attained, the c@s⌘ values required in order to satisfy the dark matter abundance
bounds vary relatively mildly with the dark matter and mediator mass. The small features apparent es-
pecially in the ms = 250 and 500 GeV scenarios are due to the opening of the additional annihilation
channel into s pairs, although we find that for our choices of parameters the relic density is mostly driven
by annihilation into gluons (the maximal contributions from the ⌘⌘ ! ss channel being of the order of
15%). Then, since for cs⌘ = 0 the cross section h�vigg scales as (c@s⌘ ⇥ csg)2, smaller values of csg
imply almost proportionally larger values of c@s⌘ so that the Planck bound is saturated.

We observe that existing monojet searches are not yet efficient enough to probe the regions where
both the upper and the lower relic density limits are satisfied. On the other hand, a significant fraction
of the parameter space where only a part of the dark matter in the Universe can be accounted for is
excluded. While the LHC searches probe large coupling values, the requirement of not overclosing the
universe excludes the opposite regime. In this sense, there is an interesting complementarity between
LHC and Planck observations.

4. Conclusions
In this work we studied a scenario in which the interactions of dark matter with the SM are mediated by
non-renormalizable derivative operators. We considered a minimal model, in which a pair of dark matter
particles are produced via gluon-fusion, via a SM-singlet scalar mediator. We computed the 8 TeV LHC
upper limits on the monojet production cross section in presence of a MD interaction, and compared them
to the conventional scenario of MI interactions. We highlighted the different behaviour of the signal in
the two cases, and we estimated the projected monojet limit at the 13 TeV LHC run. Moreover, dijet
bounds from past and present hadron colliders have been carefully taken into account. We furthermore
investigated the interplay of the LHC exclusion bounds with the requirement that ⌘ constitutes (part of)
the dark matter of the Universe, and computed the bounds that were stemming from dark matter direct
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Fig. 1: Normalized parton-level pT distributions for the leading jet in the case of a mediator matter mass of 50 GeV on the
left panel, and of 250 GeV on the right panel. We adopt a dark matter mass of m⌘ = 100, 300 GeV for a mediator mass of
50 GeV and m⌘ = 100, 400 GeV for a mediator mass of 250 GeV. The red (cyan) solid lines indicate momentum-independent
interactions while the red (cyan) dashed lines represent momentum-dependent interactions.

and the lowest upper limit on the production cross-section for pp ! ⌘⌘ + j, with pjetT > 80 GeV are
calculated.

3.2 MD/MI operators and cross section upper limits
As a first illustration of the differences between the MI and MD scenarios, we show in Figure 1 the
jet pT distributions for LHC proton-proton collisions at 13 TeV and for two representative choices of
(ms,m⌘) = (250, 150) GeV and (ms,m⌘) = (250, 400) GeV. In order to perform a meaningful com-
parison, the two distributions have been normalized to one, and 100000 events have been generated in
both cases. We have found that the MD operator induces a harder spectrum, which is expected to lead
to a larger fraction of selected events compared to the MI case. We moreover observe that the difference
between the MD and MI operators depends on the mass of the dark matter particle. For a fixed mediator
mass, heavier dark matter leads to smaller differences between the jet pT distribution originating from
non-vanishing MI and MD operators. The representative values for these couplings, cgs = 10, c@s⌘ = 1,
cs⌘ = 10�3 and f = 1 TeV, can then be rescaled to obtain a cross section that could be observed at the
LHC with a reasonably high luminosity.

We thus expect that for a given cross section and for low dark matter masses, MD operators
will be more efficiently constrained by the LHC searches than their MI counterparts. Keeping constant
cgs = 100 and f = 1 TeV, we choose the couplings to be c@s⌘ = 2.5 for the MD case and cs⌘ = 0.5 for
the MI case, which both yield a cross section of 2.9 pb once a generator-level selection on the leading
jet of 80 GeV is enforced. After imposing that the transverse-momentum of the leading jet satisfies
pT > 300 GeV, one retains 131300 and 196533 events in the MI and MD cases, respectively, for a
luminosity of 300 fb�1. The MD case is thus expected to yield a better sensitivity by about 50 %.

As explained in Section 3.1, the upper limits on the cross section only depend only on ms and
m⌘. In Figure 2, we show the cross section upper limits for pp ! ⌘⌘j with a generator selection of
pT > 80 GeV on the leading jet. The 8-TeV constraints are depicted by red lines for the MI (solid) and
MD (dashed) cases. As anticipated, we see that the excluded cross sections are consistently smaller in
the MD scenario than in the MI one, i.e., the former case is more efficiently constrained than the latter
one. We moreover observe that the exclusion bounds become stronger with increasing m⌘. This can be
understood by the fact that as long as enough phase space is available, larger ⌘ masses imply a larger
amount of missing energy which, in turn, renders the monojet bounds stronger. For m⌘ > 200 GeV, the
upper limits become largely insensitive of the ⌘ mass.
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Fig. 1: Normalized hadron-level pT distributions for the leading jet in the case of a mediator matter mass of 50 GeV on the
left panel, and of 250 GeV on the right panel. We adopt a dark matter mass of m⌘ = 100, 300 GeV for a mediator mass of
50 GeV and m⌘ = 100, 400 GeV for a mediator mass of 250 GeV. The red (cyan) solid lines indicate momentum-independent
interactions while the red (cyan) dashed lines represent momentum-dependent interactions.

the MD operator induces a harder spectrum, which is expected to lead to a larger fraction of selected
events compared to the MI case. We moreover observe that the difference between the MD and MI
operators depends on the mass of the dark matter particle. For a fixed mediator mass, heavier dark matter
leads to smaller differences between the jet pT distribution originating from non-vanishing MI and MD
operators.

We thus expect that for a given cross section and for low dark matter masses, MD operators
will be more efficiently constrained by the LHC searches than their MI counterparts. Keeping constant
cgs = 100 and f = 1 TeV, we choose the couplings to be c@s⌘ = 2.5 for the MD case and cs⌘ = 0.5 for
the MI case, which both yield a cross section of 2.9 pb once a generator-level selection on the leading
jet pT of 80 GeV is enforced. After imposing that the transverse-momentum of the leading jet satisfies
pT > 300 GeV, one retains 131300 and 196533 events in the MI and MD cases, respectively, for a
luminosity of 300 fb�1. The MD case is thus expected to yield a better sensitivity by about 50 %.

As explained in Section 3.1, the upper limits on the cross section only depend only on m⌘. In
Figure 2, we show the cross section upper limits for pp ! ⌘⌘j with a generator selection of pT > 80 GeV
on the leading jet. The 8-TeV constraints are depicted by red lines for the MI (solid) and MD (dashed)
cases. As anticipated, we see that the excluded cross sections are consistently smaller in the MD scenario
than in the MI one, i.e., the former case is more efficiently constrained than the latter one. We moreover
observe that the exclusion bounds become stronger with increasing m⌘. This can be understood by the
fact that as long as enough phase space is available, larger ⌘ masses imply a larger amount of missing
energy which, in turn, renders the monojet bounds stronger. For m⌘ > 200 GeV, the upper limits become
largely insensitive of the ⌘ mass.

We have moreover found that the differences between the MI and MD cases become maximal for
small values of m⌘. This behavior is in accordance with the jet pT -distribution illustrated in Figure 1
and can be understood from the fact that as m⌘ increases, the ⌘ particles become less and less boosted
while at the same time, the amount of /ET increases for both the MI and MD cases. Eventually, for dark
matter masses of about 1 TeV, the limits obtained on the strengths of the MI and MD interactions become
identical. The LHC however looses sensitivity for such heavy dark matter scenarios.

As already noted in Ref. [49], in the case where ms < 2m⌘ and for a given value of m⌘, the
cross section upper limits appear to be roughly independent of the mediator mass. In order to further
quantify this behavior, we report in Table 1 the acceptance (A) ⇥ efficiency (✏) obtained in the case of
the three different regions of the analysis, for 8 TeV collisions and for a dark matter mass of 200 GeV.
In our results, we adopt two mediator mass choices of 50 and 250 GeV. This illustrates that the A ⇥ ✏
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Fig. 1: Normalized hadron-level pT distributions for the leading jet in the case of a mediator matter mass of 50 GeV on the
left panel, and of 250 GeV on the right panel. We adopt a dark matter mass of m⌘ = 100, 300 GeV for a mediator mass of
50 GeV and m⌘ = 100, 400 GeV for a mediator mass of 250 GeV. The red (cyan) solid lines indicate momentum-independent
interactions while the red (cyan) dashed lines represent momentum-dependent interactions.

the MD operator induces a harder spectrum, which is expected to lead to a larger fraction of selected
events compared to the MI case. We moreover observe that the difference between the MD and MI
operators depends on the mass of the dark matter particle. For a fixed mediator mass, heavier dark matter
leads to smaller differences between the jet pT distribution originating from non-vanishing MI and MD
operators.

We thus expect that for a given cross section and for low dark matter masses, MD operators
will be more efficiently constrained by the LHC searches than their MI counterparts. Keeping constant
cgs = 100 and f = 1 TeV, we choose the couplings to be c@s⌘ = 2.5 for the MD case and cs⌘ = 0.5 for
the MI case, which both yield a cross section of 2.9 pb once a generator-level selection on the leading
jet pT of 80 GeV is enforced. After imposing that the transverse-momentum of the leading jet satisfies
pT > 300 GeV, one retains 131300 and 196533 events in the MI and MD cases, respectively, for a
luminosity of 300 fb�1. The MD case is thus expected to yield a better sensitivity by about 50 %.

As explained in Section 3.1, the upper limits on the cross section only depend only on m⌘. In
Figure 2, we show the cross section upper limits for pp ! ⌘⌘j with a generator selection of pT > 80 GeV
on the leading jet. The 8-TeV constraints are depicted by red lines for the MI (solid) and MD (dashed)
cases. As anticipated, we see that the excluded cross sections are consistently smaller in the MD scenario
than in the MI one, i.e., the former case is more efficiently constrained than the latter one. We moreover
observe that the exclusion bounds become stronger with increasing m⌘. This can be understood by the
fact that as long as enough phase space is available, larger ⌘ masses imply a larger amount of missing
energy which, in turn, renders the monojet bounds stronger. For m⌘ > 200 GeV, the upper limits become
largely insensitive of the ⌘ mass.

We have moreover found that the differences between the MI and MD cases become maximal for
small values of m⌘. This behavior is in accordance with the jet pT -distribution illustrated in Figure 1
and can be understood from the fact that as m⌘ increases, the ⌘ particles become less and less boosted
while at the same time, the amount of /ET increases for both the MI and MD cases. Eventually, for dark
matter masses of about 1 TeV, the limits obtained on the strengths of the MI and MD interactions become
identical. The LHC however looses sensitivity for such heavy dark matter scenarios.

As already noted in Ref. [49], in the case where ms < 2m⌘ and for a given value of m⌘, the
cross section upper limits appear to be roughly independent of the mediator mass. In order to further
quantify this behavior, we report in Table 1 the acceptance (A) ⇥ efficiency (✏) obtained in the case of
the three different regions of the analysis, for 8 TeV collisions and for a dark matter mass of 200 GeV.
In our results, we adopt two mediator mass choices of 50 and 250 GeV. This illustrates that the A ⇥ ✏
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Fig. 1: Normalized hadron-level pT distributions for the leading jet in the case of a mediator matter mass of 50 GeV on the
left panel, and of 250 GeV on the right panel. We adopt a dark matter mass of m⌘ = 100, 300 GeV for a mediator mass of
50 GeV and m⌘ = 100, 400 GeV for a mediator mass of 250 GeV. The red (cyan) solid lines indicate momentum-independent
interactions while the red (cyan) dashed lines represent momentum-dependent interactions.

the MD operator induces a harder spectrum, which is expected to lead to a larger fraction of selected
events compared to the MI case. We moreover observe that the difference between the MD and MI
operators depends on the mass of the dark matter particle. For a fixed mediator mass, heavier dark matter
leads to smaller differences between the jet pT distribution originating from non-vanishing MI and MD
operators.

We thus expect that for a given cross section and for low dark matter masses, MD operators
will be more efficiently constrained by the LHC searches than their MI counterparts. Keeping constant
cgs = 100 and f = 1 TeV, we choose the couplings to be c@s⌘ = 2.5 for the MD case and cs⌘ = 0.5 for
the MI case, which both yield a cross section of 2.9 pb once a generator-level selection on the leading
jet pT of 80 GeV is enforced. After imposing that the transverse-momentum of the leading jet satisfies
pT > 300 GeV, one retains 131300 and 196533 events in the MI and MD cases, respectively, for a
luminosity of 300 fb�1. The MD case is thus expected to yield a better sensitivity by about 50 %.

As explained in Section 3.1, the upper limits on the cross section only depend only on m⌘. In
Figure 2, we show the cross section upper limits for pp ! ⌘⌘j with a generator selection of pT > 80 GeV
on the leading jet. The 8-TeV constraints are depicted by red lines for the MI (solid) and MD (dashed)
cases. As anticipated, we see that the excluded cross sections are consistently smaller in the MD scenario
than in the MI one, i.e., the former case is more efficiently constrained than the latter one. We moreover
observe that the exclusion bounds become stronger with increasing m⌘. This can be understood by the
fact that as long as enough phase space is available, larger ⌘ masses imply a larger amount of missing
energy which, in turn, renders the monojet bounds stronger. For m⌘ > 200 GeV, the upper limits become
largely insensitive of the ⌘ mass.

We have moreover found that the differences between the MI and MD cases become maximal for
small values of m⌘. This behavior is in accordance with the jet pT -distribution illustrated in Figure 1
and can be understood from the fact that as m⌘ increases, the ⌘ particles become less and less boosted
while at the same time, the amount of /ET increases for both the MI and MD cases. Eventually, for dark
matter masses of about 1 TeV, the limits obtained on the strengths of the MI and MD interactions become
identical. The LHC however looses sensitivity for such heavy dark matter scenarios.

As already noted in Ref. [49], in the case where ms < 2m⌘ and for a given value of m⌘, the
cross section upper limits appear to be roughly independent of the mediator mass. In order to further
quantify this behavior, we report in Table 1 the acceptance (A) ⇥ efficiency (✏) obtained in the case of
the three different regions of the analysis, for 8 TeV collisions and for a dark matter mass of 200 GeV.
In our results, we adopt two mediator mass choices of 50 and 250 GeV. This illustrates that the A ⇥ ✏
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Fig. 1: Normalized hadron-level pT distributions for the leading jet in the case of a mediator matter mass of 50 GeV on the
left panel, and of 250 GeV on the right panel. We adopt a dark matter mass of m⌘ = 100, 300 GeV for a mediator mass of
50 GeV and m⌘ = 100, 400 GeV for a mediator mass of 250 GeV. The red (cyan) solid lines indicate momentum-independent
interactions while the red (cyan) dashed lines represent momentum-dependent interactions.

the MD operator induces a harder spectrum, which is expected to lead to a larger fraction of selected
events compared to the MI case. We moreover observe that the difference between the MD and MI
operators depends on the mass of the dark matter particle. For a fixed mediator mass, heavier dark matter
leads to smaller differences between the jet pT distribution originating from non-vanishing MI and MD
operators.

We thus expect that for a given cross section and for low dark matter masses, MD operators
will be more efficiently constrained by the LHC searches than their MI counterparts. Keeping constant
cgs = 100 and f = 1 TeV, we choose the couplings to be c@s⌘ = 2.5 for the MD case and cs⌘ = 0.5 for
the MI case, which both yield a cross section of 2.9 pb once a generator-level selection on the leading
jet pT of 80 GeV is enforced. After imposing that the transverse-momentum of the leading jet satisfies
pT > 300 GeV, one retains 131300 and 196533 events in the MI and MD cases, respectively, for a
luminosity of 300 fb�1. The MD case is thus expected to yield a better sensitivity by about 50 %.

As explained in Section 3.1, the upper limits on the cross section only depend only on m⌘. In
Figure 2, we show the cross section upper limits for pp ! ⌘⌘j with a generator selection of pT > 80 GeV
on the leading jet. The 8-TeV constraints are depicted by red lines for the MI (solid) and MD (dashed)
cases. As anticipated, we see that the excluded cross sections are consistently smaller in the MD scenario
than in the MI one, i.e., the former case is more efficiently constrained than the latter one. We moreover
observe that the exclusion bounds become stronger with increasing m⌘. This can be understood by the
fact that as long as enough phase space is available, larger ⌘ masses imply a larger amount of missing
energy which, in turn, renders the monojet bounds stronger. For m⌘ > 200 GeV, the upper limits become
largely insensitive of the ⌘ mass.

We have moreover found that the differences between the MI and MD cases become maximal for
small values of m⌘. This behavior is in accordance with the jet pT -distribution illustrated in Figure 1
and can be understood from the fact that as m⌘ increases, the ⌘ particles become less and less boosted
while at the same time, the amount of /ET increases for both the MI and MD cases. Eventually, for dark
matter masses of about 1 TeV, the limits obtained on the strengths of the MI and MD interactions become
identical. The LHC however looses sensitivity for such heavy dark matter scenarios.

As already noted in Ref. [49], in the case where ms < 2m⌘ and for a given value of m⌘, the
cross section upper limits appear to be roughly independent of the mediator mass. In order to further
quantify this behavior, we report in Table 1 the acceptance (A) ⇥ efficiency (✏) obtained in the case of
the three different regions of the analysis, for 8 TeV collisions and for a dark matter mass of 200 GeV.
In our results, we adopt two mediator mass choices of 50 and 250 GeV. This illustrates that the A ⇥ ✏
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Fig. 1: Normalized hadron-level pT distributions for the leading jet in the case of a mediator matter mass of 50 GeV on the
left panel, and of 250 GeV on the right panel. We adopt a dark matter mass of m⌘ = 100, 300 GeV for a mediator mass of
50 GeV and m⌘ = 100, 400 GeV for a mediator mass of 250 GeV. The red (cyan) solid lines indicate momentum-independent
interactions while the red (cyan) dashed lines represent momentum-dependent interactions.

the MD operator induces a harder spectrum, which is expected to lead to a larger fraction of selected
events compared to the MI case. We moreover observe that the difference between the MD and MI
operators depends on the mass of the dark matter particle. For a fixed mediator mass, heavier dark matter
leads to smaller differences between the jet pT distribution originating from non-vanishing MI and MD
operators.

We thus expect that for a given cross section and for low dark matter masses, MD operators
will be more efficiently constrained by the LHC searches than their MI counterparts. Keeping constant
cgs = 100 and f = 1 TeV, we choose the couplings to be c@s⌘ = 2.5 for the MD case and cs⌘ = 0.5 for
the MI case, which both yield a cross section of 2.9 pb once a generator-level selection on the leading
jet pT of 80 GeV is enforced. After imposing that the transverse-momentum of the leading jet satisfies
pT > 300 GeV, one retains 131300 and 196533 events in the MI and MD cases, respectively, for a
luminosity of 300 fb�1. The MD case is thus expected to yield a better sensitivity by about 50 %.

As explained in Section 3.1, the upper limits on the cross section only depend only on m⌘. In
Figure 2, we show the cross section upper limits for pp ! ⌘⌘j with a generator selection of pT > 80 GeV
on the leading jet. The 8-TeV constraints are depicted by red lines for the MI (solid) and MD (dashed)
cases. As anticipated, we see that the excluded cross sections are consistently smaller in the MD scenario
than in the MI one, i.e., the former case is more efficiently constrained than the latter one. We moreover
observe that the exclusion bounds become stronger with increasing m⌘. This can be understood by the
fact that as long as enough phase space is available, larger ⌘ masses imply a larger amount of missing
energy which, in turn, renders the monojet bounds stronger. For m⌘ > 200 GeV, the upper limits become
largely insensitive of the ⌘ mass.

We have moreover found that the differences between the MI and MD cases become maximal for
small values of m⌘. This behavior is in accordance with the jet pT -distribution illustrated in Figure 1
and can be understood from the fact that as m⌘ increases, the ⌘ particles become less and less boosted
while at the same time, the amount of /ET increases for both the MI and MD cases. Eventually, for dark
matter masses of about 1 TeV, the limits obtained on the strengths of the MI and MD interactions become
identical. The LHC however looses sensitivity for such heavy dark matter scenarios.

As already noted in Ref. [49], in the case where ms < 2m⌘ and for a given value of m⌘, the
cross section upper limits appear to be roughly independent of the mediator mass. In order to further
quantify this behavior, we report in Table 1 the acceptance (A) ⇥ efficiency (✏) obtained in the case of
the three different regions of the analysis, for 8 TeV collisions and for a dark matter mass of 200 GeV.
In our results, we adopt two mediator mass choices of 50 and 250 GeV. This illustrates that the A ⇥ ✏
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Fig. 1: Normalized hadron-level pT distributions for the leading jet in the case of a mediator matter mass of 50 GeV on the
left panel, and of 250 GeV on the right panel. We adopt a dark matter mass of m⌘ = 100, 300 GeV for a mediator mass of
50 GeV and m⌘ = 100, 400 GeV for a mediator mass of 250 GeV. The red (cyan) solid lines indicate momentum-independent
interactions while the red (cyan) dashed lines represent momentum-dependent interactions.

the MD operator induces a harder spectrum, which is expected to lead to a larger fraction of selected
events compared to the MI case. We moreover observe that the difference between the MD and MI
operators depends on the mass of the dark matter particle. For a fixed mediator mass, heavier dark matter
leads to smaller differences between the jet pT distribution originating from non-vanishing MI and MD
operators.

We thus expect that for a given cross section and for low dark matter masses, MD operators
will be more efficiently constrained by the LHC searches than their MI counterparts. Keeping constant
cgs = 100 and f = 1 TeV, we choose the couplings to be c@s⌘ = 2.5 for the MD case and cs⌘ = 0.5 for
the MI case, which both yield a cross section of 2.9 pb once a generator-level selection on the leading
jet pT of 80 GeV is enforced. After imposing that the transverse-momentum of the leading jet satisfies
pT > 300 GeV, one retains 131300 and 196533 events in the MI and MD cases, respectively, for a
luminosity of 300 fb�1. The MD case is thus expected to yield a better sensitivity by about 50 %.

As explained in Section 3.1, the upper limits on the cross section only depend only on m⌘. In
Figure 2, we show the cross section upper limits for pp ! ⌘⌘j with a generator selection of pT > 80 GeV
on the leading jet. The 8-TeV constraints are depicted by red lines for the MI (solid) and MD (dashed)
cases. As anticipated, we see that the excluded cross sections are consistently smaller in the MD scenario
than in the MI one, i.e., the former case is more efficiently constrained than the latter one. We moreover
observe that the exclusion bounds become stronger with increasing m⌘. This can be understood by the
fact that as long as enough phase space is available, larger ⌘ masses imply a larger amount of missing
energy which, in turn, renders the monojet bounds stronger. For m⌘ > 200 GeV, the upper limits become
largely insensitive of the ⌘ mass.

We have moreover found that the differences between the MI and MD cases become maximal for
small values of m⌘. This behavior is in accordance with the jet pT -distribution illustrated in Figure 1
and can be understood from the fact that as m⌘ increases, the ⌘ particles become less and less boosted
while at the same time, the amount of /ET increases for both the MI and MD cases. Eventually, for dark
matter masses of about 1 TeV, the limits obtained on the strengths of the MI and MD interactions become
identical. The LHC however looses sensitivity for such heavy dark matter scenarios.

As already noted in Ref. [49], in the case where ms < 2m⌘ and for a given value of m⌘, the
cross section upper limits appear to be roughly independent of the mediator mass. In order to further
quantify this behavior, we report in Table 1 the acceptance (A) ⇥ efficiency (✏) obtained in the case of
the three different regions of the analysis, for 8 TeV collisions and for a dark matter mass of 200 GeV.
In our results, we adopt two mediator mass choices of 50 and 250 GeV. This illustrates that the A ⇥ ✏
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Fig. 2: 95% CL upper limits (UL) on the monojet production cross section after including a generator-level selection of
pT > 80 GeV on the leading jet for proton-proton collisions at a center-of-mass energy of 8 TeV (recasting, red lines) and
13 TeV (projections, blue lines) for ms = 50 GeV (top left), 250 GeV (top right), 500 GeV (bottom left) and 750 GeV (bottom
right) as a function of m⌘ . The solid lines correspond to the momentum-independent case, whereas the dashed lines correspond
to the momentum-dependent case.

We have moreover found that the differences between the MI and MD cases become maximal for
small values of m⌘. This behavior is in accordance with the jet pT -distribution illustrated in Figure 1
and can be understood from the fact that as m⌘ increases, the ⌘ particles become less and less boosted
while at the same time, the amount of /ET increases for both the MI and MD cases. Eventually, for dark
matter masses of about 1 TeV, the limits obtained on the strengths of the MI and MD interactions become
identical. The LHC however looses sensitivity for such heavy dark matter scenarios.

One additional interesting observation, already noted in Ref. [50], is that in the case ms < 2m⌘

for a given value of m⌘, the cross section upper limits appear to be roughly independent of the mediator
mass. In order to further quantify this behavior, we report in Table 1 the acceptance (A) ⇥ efficiency
(✏) obtained in the case of the three different regions of the analysis, for 8 TeV collisions and for a dark
matter mass of 200 GeV. In our results, we adopt two mediator mass choices of 50 and 250 GeV. This
illustrates that the A⇥✏ in all three signal regions is very much independent of ms and the corresponding
upper limits are thus unaffected by the mediator mass.

Moving on with 13 TeV projections, we also present in Figure 2 upper limits on the the signal
production cross-section that result from the procedure previously described. Blue solid and blue dashed

• 95% confidence level 
monojet cross section 
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dependent and 
independent 
couplings
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Fig. 3: Constraints on the couplings ci defined in Eq. (6) from monojet searches (solid and dashed lines for the MI and MD
cases respectively) for ms = 50 (top left), 250 (top right), 500 (bottom left) and 750 GeV (bottom right) as a function of m⌘ ,
in each case for three distinct values of gs. The shaded regions correspond to MD coupling values for which the universe is
overclosed.

detection.
We observed that, for a given mass of the dark matter particle, MD scenarios can be probed more

efficiently at the LHC, as the latter is sensitive to smaller cross sections with respect to the MI case due to
the different jet pT distribution. We showed that, in MD scenarios, the LHC did not probe yet the regions
of parameter space where the dark matter relic density is exactly reproduced, whereas in MI scenarios the
regions with a sizable monojet signal are in severe conflict with dark matter direct detection constraints.

The minimal scenarios that we have investigated could be extended to cases where the dark matter
particles have additional couplings to the Standard Model. For example, along with the coupling to
gluons, the mediator may couple to the electroweak field strength tensors and thus decay into W , Z or
� pairs. As long as the mediator width remains small, our upper limits on the monojet production cross
section are robust with respect to additional couplings. On the other hand, monojet constraints on the
size of the (effective) ⌘⌘gg coupling become weaker as soon as the mediator is allowed to decay via
additional channels. A similar remark applies to the interplay between the monojet limit and the dark
matter relic abundance constraint, since smaller couplings to gluons are required in order to saturate the
observed relic density as soon as additional ⌘⌘ annihilation channels are turned on. Additional couplings
also imply the existence of additional dark matter search channels, such as mono-Z and mono-W , as
well as additional possibilities to probe the mediator of the DM-SM interactions, e.g., through dilepton,



Conclusions
• Hunt for dark matter at the LHC and direct detection experiments is in full 

swing 
• There is a strong complementarity between the direct detection and LHC 

searches  
• Although, direct dark matter searches at the LHC probe a very tiny region of 

dark matter parameter it is an important channel to look at 
• Monojet searches play an important role in exploring the dark matter 

parameter space at the LHC (and in most cases, yield the strongest 
constraints out of all mono-X searches)  

• The dark matter motivated explanations 750 GeV diphoton excess are well 
constrained by the monojet searches 

• Reconciling the monojet searches, the diphoton excess and other LHC 
searches demand a hierarchy in the resonance couplings  

• Dark matter can also have momentum dependent couplings e..g. if dark 
matter is pNGB boson  

• The momentum dependent and independent couplings yield genuine 
differences in the pT distributions of the jets and hence in the limits derived 
from monojet searches
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Conclusions
• As long as diphoton excess is concerned:

55


