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• This talk: If dark matter is related to TeV scale physics, what can LHC tell us?

Goal for 21st century: 
identify the properties of 

dark matter

• Strong evidence on all scales • Precise measurements of relic 
density

• But apart from that…

• Talk by J. Schieck
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• Derived limits often depend on exact theoretical scenario, e.g. couplings, 
masses 

• Necessary to reinterpret mono jet limits within a given theoretical scenario 
(extensive use of additional information given by LHC collaborations) 

• This talk: usage of monojet searches to constrain two new physics scenarios
• NB: Effective operator description at the LHC is a dangerous way to set limits, interpret plots carefully

Stable, thermal, 
charge neutral DM
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [11], together with results from the CoGeNT [66],
SIMPLE [67], COUPP [68], CDMS [69, 70], SuperCDMS [71], XENON100 [72], and LUX [73]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [74]. Right: limits for the axial-vector operator
from the previous CMS analysis [11], together with results from the SIMPLE [67], COUPP [68],
Super-K [75], and IceCube [76] collaborations.
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Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling pgcgq.

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

arXiv:1408.3583
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Figures curtesy A. Boveia’s talk 

5

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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Test case: I
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• CMS: 3.4σ local and 1.4σ global significance (8 + 13 TeV) 
• Excess with large cross sections ~ few fb 
• Not possible to obtain large width, cross section with couplings only to SM 
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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
(@µs)

2 � µ2
s

2
s2 +

1

2
 ̄(i/@µ �m ) � y 

2
s ̄ (2.1)

� g21
4⇡

1

4⇤1

s Bµ⌫B
µ⌫ � g22

4⇡

1

4⇤2

s Wµ⌫W
µ⌫ � g23

4⇡

1

4⇤3

s Gµ⌫G
µ⌫

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

y 
2
s ̄�5 (2.2)

� g21
4⇡

1

4⇤1

s Bµ⌫B̃
µ⌫ � g22

4⇡

1

4⇤2

s Wµ⌫W̃
µ⌫ � g23

4⇡

1

4⇤3

s Gµ⌫G̃
µ⌫

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!

– 3 –
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– 3 –

Effective couplings to gauge bosons
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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!

– 3 –

SM gauge couplings
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grangian in Eq.(2.1) is that the fermion  could constitute the dark matter in the
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Barducci et al arXiv: 1512.06842

• Using ATLAS SUSY analysis it is possible to constrain the parameter space for 
diphoton excess models connected to dark matter
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Impact on monojets

• What about more complicated 
interactions, e.g. momentum 
dependent ones?
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First results seem encouraging, 
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The Physics Case 
✴ Dark Matter Searches at LHC —> Mono-X + MET searches

Effective operators 
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*

For * * * * * * ***the*direct*detec)on*cross**
*

sec)on*is*given*by** * * * ***,*where*f*=*3*for*gu/=/gd/.*
*

Provided*the*effec)ve*operator*remains*valid*at*the*
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monojet*produc)on.*
/
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µq + g
c

Z0
µ

c̄g

µ

c (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ

q̄g

µ

g

5q + g
c

Z0
µ

c̄g

µ

g

5
c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c

Mmed

12p

 

1 +
2m2

c

M2
med

!

bDMq(Mmed � 2m
c

) (2.3)

+ Â
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3g2
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1 +
2m2

q

M2
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!

bqq(Mmed � 2mq),

GA
min =

g2
c

Mmed

12p

b

3
DMq(Mmed � 2m

c

) (2.4)

+ Â
q

3g2
qMmed

12p

b

3
qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

Operators beyond this description ?

• Operators generally considered at the LHC
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Model

• Z2 odd real singlet scalar dark matter particle couplings to the Standard Model 
with Z2 even scalar singlet

14

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
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(@µs)(@
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16⇡
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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 ⌘.

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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, (8)
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⌘) , (9)

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
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].

For consistent model constructions and detailed dark matter 
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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 ⌘.
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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.
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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
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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.
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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
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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 ⌘.
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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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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
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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.
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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].

For consistent model constructions and detailed dark matter 
phenomenology see Fonseca et al. arXiv:1501.05957

Barducci et al, arXiv:1605.02684
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Model

• Z2 odd real singlet scalar dark matter particle couplings to the Standard Model 
with Z2 even scalar singlet
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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).

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.
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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 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.
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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
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csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
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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].

For consistent model constructions and detailed dark matter 
phenomenology see Fonseca et al. arXiv:1501.05957
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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,

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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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 .
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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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Low Csg requires 
large C∂sη

• Very different limits for momentum dependent and independent couplings 
• LHC can not yet probe regions compatible relic density, situation might be more 

optimistic at 13 TeV searches (work in progress)
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Conclusions

• Identifying the properties of dark matter is one the challenges of 21st century 
• Searches at the LHC can help constrain the properties of thermal dark matter 
• The dark matter motivated explanations of 750 GeV diphoton excess are well 

constrained by the monojet searches 
• 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 

- Current limits from 8TeV monojet searches do not probe relic compatible 
region
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ATLAS-SUSY-2013-21

• Search for compressed stops 
• Considers monojet (ISR) and c-tagging 
• Only monojet analysis implemented in MadAnalysis5
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ATLAS-SUSY-2013-21

21

2 RESULTS AND PLOTS 4

t̃! c�̃0
1 (200/125) cutflow

cut # events relative change # events relative change

(scaled to � and L) (o�cial) (o�cial)

Initial number of events 376047.3 376047.3

Emiss
T > 80 GeV Filter 192812.8 �48.7% 181902.0 181902.0

Emiss
T > 100 GeV 136257.1 �29.3% 97217.0 �46.6%

Trigger, Event cleaning... - - 82131.0

Lepton veto 134894.2 �1.0% 81855.0 �15.8%

Njets  3 101653.7 �24.6% 59315.0 �27.5%

��(Emiss
T , jets) > 0.4 95568.8 �2.1% 54295.0 �8.5%

Leading jet pT > 150 GeV 17282.8 �81.9% 14220.0 �73.8%

Emiss
T > 150 GeV 10987.8 �36.4% 9468.0 �33.4%

M1 Signal Region

Leading jet pT > 280 GeV 2031.2 �81.5% 1627.0 �82.8%

Emiss
T > 220 GeV 1517.6 �25.3% 1276.0 �21.6%

M2 Signal Region

Leading jet pT > 340 GeV 858.0 �92.2% 721.0 �92.4%

Emiss
T > 340 GeV 344.4 �59.9% 282.0 �60.9%

M3 Signal Region

Leading jet pT > 450 GeV 204.3 �98.1% 169.0 �98.2%

Emiss
T > 450 GeV 61.3 �70.0% 64.0 �62.1%

Table 1: Cutflow for the benchmark point t̃! c�̃0
1 (200/125) in the three Signal Regions.

Sengupta et. al. https://inspirehep.net/record/1388797

https://inspirehep.net/record/1388797
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Additional results
large widths should be interpreted with care. In this regime in fact a full momentum-

dependent width ought to be used in the resonance propagator when performing the

calculation.
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Figure 1. Predictions for pp ! s ! �� (red band) and pp ! s ! jj (blue contours) cross

sections at
p
s = 13 TeV, overlaid with 8 TeV monojet constraints (black line) and the

width of the resonance s (green contours). The mass of the invisible fermion  is fixed at

m = 250 GeV and ⇤1,2 = 20, 50, 200, 400 GeV in the top left, top right, bottom left and

bottom right panels respectively. Monojet constraints are derived at 95% C.L. The blue

(green) band shows regions of parameter space compatible with the observed DM density

for a scalar (pseudoscalar) mediator.

A first observation that can be made is that in both the m = 250 GeV and
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Figure 2. Predictions for pp ! s ! �� (red band) and pp ! s ! jj (blue contours) cross

sections at
p
s = 13 TeV, overlaid with 8 TeV monojet constraints (black line) and the

width of the resonance s (green contours). The mass of the invisible fermion  is fixed at

m = 350 GeV and ⇤1,2 = 20, 50, 200, 400 GeV in the top left, top right, bottom left and

bottom right panels respectively. Monojet constraints are derived at 95% C.L. The DM

abundance can be reproduced for very low y values of ⇠ 0.07 and ⇠ 0.02 in the scalar

and pseudoscalar cases respectively and the corresponding points are omitted for clarity.

to smaller widths and, consequently, larger diphoton (and dijet) cross sections with

respect to the m = 250 GeV scenario. The monojet constraint shown again as a

black line rules out most of the parameter space with ⇤3 . 650 GeV. For this value

of m the observed relic density is obtained for y ⇠ 0.07 (0.02) for the CP -even

(CP -odd) case which lies at the lower edge of our plots and the corresponding points
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• The upper limits on the cross section are independent of the propagator mass

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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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.

Barducci et al, to appear
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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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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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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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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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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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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
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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
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⌘ + �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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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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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
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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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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
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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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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
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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].

• Extension of the Standard Model by gauge singlet real scalar field

On-shell production ph2 = mh2 

No momentum dependence 
cross section < 1 fb         momentum dependent   

cross section < 0.5 fb      momentum independent 

• Good measurements of Higgs production cross sections limit ggh couplings, 
decreasing the total cross section for monojet production
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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

L⌘g = fG ⌘2 Gµ⌫G
µ⌫ with fG =

↵scsgcs⌘
32⇡

1

m2
s
. (11)

The spin-independent dark matter scattering cross section �SI can then be computed as [24, 25]
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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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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
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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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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 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]
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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.
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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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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 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

h�vigg '
↵2
sc

2
sg

�
cs⌘f

2 + 4c@s⌘m2
s

�2

256⇡3f4
�
m2

s � 4m2
⌘

�2 . (14)

When m⌘ > ms, there is an additional 2 $ 2 annihilation channel, ⌘⌘ $ ss for which the leading
(again S-wave) contribution to h�vi reads

h�viss '

r
1� m2

s
m2

⌘

�
c@s⌘m

2
s + cs⌘f

2
�4

16⇡f4m2
⌘

�
m2

s � 2m2
⌘

�2 . (15)

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
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the thermal freeze-out relic density of dark matter candidates that can be probed at the LHC tends to be
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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
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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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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.
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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],

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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The leading contributions to the relic density are different in the case that either the MI or MD couplings
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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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small, which implies that we can safely work within the narrow width approximation. Throughout 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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