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~85% all matter in the Universe is dark matter

Goal for 21st century: 
identify the properties of 

dark matter

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

• But apart from that…

Dark Matter - evidence

Slide inspired by A. Ibarra’s talk
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Theory development
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Avenues for progress

@HEPHY

@HEPHY

1. Potential signatures at multiple 
experiments


• Cross-correlate signatures


2. Future experimental searches 
are in pipeline 


• Demonstrate their potential


3. Is there something we are 
missing? 


• Suggest new signatures

• Stay as model independent as 
possible
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Cross-correlate signatures
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LHC searches
LHC master formula for searches

Nevts = L⇥A⇥ ✏⇥ � ⇥ BR
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Final observable
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Integrated luminosity



19 November 2018S. Kulkarni  6

LHC searches
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Depends on the detector geometry
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LHC searches
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Depends on the selection cuts
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LHC searches
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Theory prediction
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L = 30 fb�1
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) Nevts = 0.003
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• For ideal detector there is some chance

• Hopeless to try to probe this cross section

• Situation better for higher luminosity
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DM @ LHC

31

MET+X searches, or “mono-X”

Signal Backgrounds

Inclusive and Exclusive signal regions 
 with successively larger 

 MET requirements

New at 13 TeV: to appear

31

MET+X searches, or “mono-X”

Signal Backgrounds

Inclusive and Exclusive signal regions 
 with successively larger 

 MET requirements

New at 13 TeV: to appear

• Signal regions with successively 
larger MET requirement

31

MET+X searches, or “mono-X”

Signal Backgrounds

Inclusive and Exclusive signal regions 
 with successively larger 

 MET requirements

New at 13 TeV: to appear

Figures curtesy A. Boveia’s talk 
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Theoretical motivation

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


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


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


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


• What kind on phenomenological limits can be placed on such dark matter 
scenarios and what is the sensitivity of the LHC for these couplings?

Kulkarni et al. JHEP 1701 (2017) 078 
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Impact on monojets

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

  

Les Houches working group (A.Goudelis, S. Kulkarni et al), in preparation

Monojets are the simplest (and most 
generic) DM signature @ the LHC

(Mis-)identifying the nature of DM with monojets

What can we learn about DM 
properties from monojets?

or

How do model assumptions influence 
the reconstruction of DM properties?

Project: Theory - DM

Study momentum-dependent vs 
momentum-independent couplings

First results seem encouraging, 
full analysis in progress

Found e.g. in compositeness models
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Simple case

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

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

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

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

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

L⌘ = LSM +
1

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

After the breaking of the electroweak symmetry, the interactions of the ⌘ particle with the physical
Higgs boson h take the form
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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 p

2
h/f

2 = m
2
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 p
2
h 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 p

2
h > 4m2

⌘ > m
2
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
p
jet
T > 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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• Extension of the Standard Model by gauge singlet real scalar field

• After electroweak symmetry breaking

Momentum dependent coupling

For mono-Higgs signature 
study of similar model see e.g. 
arXiv:1312.2592, arXiv:
1412.0258 

scale of spontaneous 
symmetry breaking
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Simple case

• Monojet production cross section

After the breaking of the electroweak symmetry, the interactions of the ⌘ particle with the physical
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L⌘ � �1

4
(v + h)2

✓
�⌘

2 +
1

f2
@µ@

µ
⌘
2

◆
, (2)

and the ⌘-mass m⌘ satisfies
m

2
⌘ = µ

2
⌘ + �v

2
/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 p

2
h/f

2 = m
2
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],

�(h ! ⌘⌘) =
v
2

32⇡mh

✓
m

2
h

f2
� �

◆2
s

1�
4m2

⌘

m
2
h

✓(m2
h � 4m2

⌘) . 0.15�SM
h ' 0.7 MeV , (4)

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 p
2
h via

�̂(gg ! gh
⇤ ! g⌘⌘) /

✓(p2h � 4m2
⌘)

(p2h �m
2
h)

2 + �2
hm

2
h

✓
p
2
h

f2
� �

◆2
s

1�
4m2

⌘

p
2
h

, (5)

where �h is the Higgs total width. The denominator is thus larger when the Higgs is off-shell, or equiv-
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• Off-shell Higgs regime, leads to a very small cross section < 1 fb for momentum 
dependent and < 0.5 fb for momentum independent couplings

• For the onshell regime the momentum dependence vanishes

• Good measurements of Higgs production cross sections limit ggh couplings, 
decreasing the total cross section for monojet production
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s

particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,
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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
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].

For consistent model 
constructions and detailed dark 
matter phenomenology see 
arXiv:1501.05957
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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
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coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
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dimension-five operator that couples derivatively s to ⌘.
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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
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and references therein).
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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
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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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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
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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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LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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matter phenomenology see 
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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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 p
jet
T > 80 GeV are

calculated.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

As already noted in Ref. [49], in the case where ms < 2m⌘ and for a given value of m⌘, the
cross section upper limits appear to be roughly independent of the mediator mass. In order to further
quantify this behavior, we report in Table 1 the acceptance (A) ⇥ efficiency (✏) obtained in the case of
the three different regions of the analysis, for 8 TeV collisions and for a dark matter mass of 200 GeV.
In our results, we adopt two mediator mass choices of 50 and 250 GeV. This illustrates that the A ⇥ ✏
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Relic density

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

• Two annihilation channels

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

For dark matter direct detection, the MD interaction can be neglected, as the dark matter – nucleus
momentum transfer is tiny. The MI couplings in Eq. (6) give rise to an effective interaction between ⌘

particles and gluons which, after integrating out the mediator s, is given by

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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mp
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fGfTG
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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

h�vigg '
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2
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2
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�
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2 + 4c@s⌘m2
s
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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
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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 f

2, while in the latter the coupling
appears with m

2
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].

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 =
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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�
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fTq , (13)

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

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

2, while in the latter the coupling
appears with m

2
s . We are interested in determining the regions of parameter space where the relic density

does not exceed the measured value from Planck ⌦h2|exp = 0.1188 ± 0.0010 [30]. As a rule of thumb,
the thermal freeze-out relic density of dark matter candidates that can be probed at the LHC tends to be
below this measured value (see, e.g., Ref. [31]), but this is not without exceptions [32].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s

particle are
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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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
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csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

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

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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Relic density

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

• Two annihilation channels

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

For dark matter direct detection, the MD interaction can be neglected, as the dark matter – nucleus
momentum transfer is tiny. The MI couplings in Eq. (6) give rise to an effective interaction between ⌘

particles and gluons which, after integrating out the mediator s, is given by
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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 f

2, while in the latter the coupling
appears with m

2
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
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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].
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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 f

2, while in the latter the coupling
appears with m
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s . We are interested in determining the regions of parameter space where the relic density

does not exceed the measured value from Planck ⌦h2|exp = 0.1188 ± 0.0010 [30]. As a rule of thumb,
the thermal freeze-out relic density of dark matter candidates that can be probed at the LHC tends to be
below this measured value (see, e.g., Ref. [31]), but this is not without exceptions [32].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
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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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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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Relic density

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

• Two annihilation channels

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

For dark matter direct detection, the MD interaction can be neglected, as the dark matter – nucleus
momentum transfer is tiny. The MI couplings in Eq. (6) give rise to an effective interaction between ⌘

particles and gluons which, after integrating out the mediator s, is given by
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where the factor in brackets is the DM-nucleon reduced mass, and the squared matrix element depends
on the gluon form factor fTG that can be expressed as a function of the quark form factors fTq [26],
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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 f

2, while in the latter the coupling
appears with m

2
s . We are interested in determining the regions of parameter space where the relic density

does not exceed the measured value from Planck ⌦h2|exp = 0.1188 ± 0.0010 [30]. As a rule of thumb,
the thermal freeze-out relic density of dark matter candidates that can be probed at the LHC tends to be
below this measured value (see, e.g., Ref. [31]), but this is not without exceptions [32].
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where we have included an effective coupling of s to gluons that allows one to produce it at the LHC via
gluon fusion, and generate a monojet signal via gg ! gs

⇤ ! g⌘⌘. A similar model, but with a fermionic
dark matter candidate and focusing on the mono-Higgs signature, has been considered in Ref. [14]. The
csg coupling could be induced by the presence of extra particles in the new physics sector. For instance,
in an ultraviolet-complete model featuring a vector-like color-triplet fermion  of mass M � ms and a
Yukawa coupling y  ̄ s, a triangle loop diagram generates csg = (4/3)(y f/M ). In the Lagrangian
of Eq. (6), we have only displayed the interactions that are relevant for our analysis. The non-derivative
coupling cs⌘ determines the strength of the MI interaction between s and ⌘, while the derivative coupling
c@s⌘ describes the leading MD interactions. The associated operator is moreover the unique independent
dimension-five operator that couples derivatively s to ⌘.

This simple setup is described by six parameters,

ms, m⌘, f, cs⌘, c@s⌘ and csg. (7)

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

The model described by the Lagrangian of Eq. (6) is subject to constraints arising from several
sources. In particular, collider searches for dijet resonances could play a role when the mediator is singly
produced by gluon fusion and then decays back into a pair of jets (gg ! s

(⇤) ! gg). Moreover, if ⌘
constitutes a viable dark matter candidate, it must yield a relic density in agreement with recent Planck
measurements and its properties must agree with bounds stemming from direct dark matter detection.
Before investigating those constraints in details, we perform a quick study of the s mediator properties.

Ignoring additional potential couplings of the mediator s to other SM or new physics particles, the
Lagrangian of Eq. (6) predicts that the partial decay widths associated with all the decay modes of the s
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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these results having been verified with the decay module of FEYNRULES [16, 17]. For the choices
of couplings which we will adopt in our analysis, we find that the total width �s is always relatively
small, which implies that we can safely work within the narrow width approximation. Throughout the
subsequent analysis we will consider four representative values of ms that we fix to 50, 250, 500 and
750 GeV. These choices allow us to cover a wide range of mediator masses, whereas the last value is
motivated by the tantalizing hints of an excess in the diphoton invariant mass distribution observed in
LHC data at a center-of-mass energy of 13 TeV [18, 19].
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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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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

�(s ! gg) =
↵
2
sc

2
sgm

3
s

128⇡3f2
, (8)

�(s ! ⌘⌘) =
f
2

32⇡ms

✓
c@s⌘

m
2
s

f2
+ cs⌘

◆2
s

1�
4m2

⌘

m2
s
✓(m2

s � 4m2
⌘) , (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].

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

L⌘,s = LSM +
1

2
@µ⌘@

µ
⌘ � 1

2
m

2
⌘⌘⌘ +

1

2
@µs@

µ
s� 1

2
m

2
sss

+
cs⌘f

2
s⌘⌘ +

c@s⌘

f
(@µs)(@

µ
⌘)⌘ +

↵s

16⇡

csg

f
sG

a
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.
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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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Analysis reinterpretation

MadAnalysis, CheckMATE, RIVET, ATOM

Parton showering, hadronization 

Detector simulation

Analysis code

Data analysis

Event Generator 

Theory point in BSM space FeynRules, SARAH etc.

Herwig, Pythia, MadGraph, Sherpa

Herwig, Pythia, Sherpa

Delphes, smearing techniques

CheckMATE, MadAnalysis, 
RIVET
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MadAnalysis5

• Public framework for analysing Monte-Carlo events

• Has different levels of sophistication — partonic, hadronic, detector 

reconstructed

• Input formats: StdHEP, HepMC, LHE, LHCO, Delphes ROOT files

• Normal mode: Initiative commends typed in python interface 

• Expert mode: C++/ROOT programmes

http://madanalysis.irmp.ucl.ac.be/, 
Conte et al Eur. Phys. J. C74 (2014), no. 10 3103 ,  

Dumont et al. Eur. Phys. J. C75 (2015), no. 2 56

http://madanalysis.irmp.ucl.ac.be/
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ATLAS-SUSY-2013-21

• Analysis designed to search for compressed stops

• Considers monojet (ISR) and c-tagging

• Only monojet analysis implemented in MA5

• Monojet analysis: three signal regions of different pT and missing ET ((pT, ET)= 

(280, 220), (340,340),(450,450))
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ATLAS-SUSY-2013-21

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

E
miss
T > 80 GeV Filter 192812.8 �48.7% 181902.0 181902.0

E
miss
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%

E
miss
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%

E
miss
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%

E
miss
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%

E
miss
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.
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ATLAS-SUSY-2013-21

2 RESULTS AND PLOTS 8
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Figure 2: 95% CL exclusion contour of the monojet analysis targeting the decay t̃1 ! c + �̃
0
1.

The blue solid line corresponds to the MA5 result, the red solid line the ATLAS result, and the

dashed lines the ATLAS exclusion limits with a theoretical uncertainty of ±1�.

Sengupta et. al. https://inspirehep.net/
record/1388797
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Melange des constraints
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• Current mono jet searches do not probe dark matter relic density


• For light dark matter, we have better prospects at high luminosity LHC

ATLAS monojet analysis at 13 TeV with 3.2 fb-1 data (arXiv:1604.07773)
Reimplemented using MadAnalysis 5 by D. Sengupta Inspire id: 10.7484/

INSPIREHEP.DATA.GTH3.RN26 
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• For heavier dark matter, it is still difficult to probe relic density

ATLAS monojet analysis at 13 TeV with 3.2 fb-1 data (arXiv:1604.07773)
Reimplemented using MadAnalysis 5 by D. Sengupta Inspire id: 10.7484/

INSPIREHEP.DATA.GTH3.RN26 
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Potential of future searches

!22

 

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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DM direct detection

 

Snowmass report 2013

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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DM direct detection

 

Snowmass report 2013

Exposure

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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DM direct detection

 

Snowmass report 2013

Threshold 

Exposure

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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DM direct detection

 

• Elastic collision between WIMPs and target nuclei

Direct Detection of WIMPs: principle

WIMP

WIMP • Elastic collision between WIMPs and target nuclei

• The recoil energy of the nucleus is:

• q = momentum transfer

• µ = reduced mass (mN = nucleus mass; mΧ = WIMP mass)

• v = mean WIMP-velocity relative to the target

• θ = scattering angle in the center of mass system

µ =
mχmN

mχ +mN

 

E
R
=


q
2

2m
N

=
µ2
v
2

m
N

(1− cosθ)

 


q
2
= 2µ2

v
2
(1− cosθ)

ER

3Friday, September 11, 2009

• Momentum transfer: q 

• Reduced mass of nucleus: µ 

• Mean WIMP velocity relative to target: v 

• Scattering angle in center of mass system: θ

• WIMP recoils can be mimicked by neutrino recoils

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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The final frontier

• Neutrino fluxes are large, 
thankfully their cross sections 
are small  

• Recoil energies peak at low 
threshold, more problem for 
light dark matter
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A toy model

 

• The coherent neutrino scattering at the direct detection is a coherent sum of the 
SM and new physics scattering diagrams

Z0

N

N

ν

ν
In the case of the vector model defined in Eq. (2.1), the di↵erential cross section gets

modified by the additional Vµ exchange, and reads
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where q
2 = �2mNER is the momentum transfer in the scattering process, QSM

V
= N +

(4s2
W

� 1)Z and QV = (2Z + N)gu
V
+ (2N + Z)gd
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[19]. Notice that q
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is always a

negative quantity, and that the correction to the di↵erential cross section amounts to an

overall rescaling of the SM one. This is not the case in the simplified model with scalar

mediator, for which the di↵erential cross section following from the scalar exchange with

couplings defined in Eq. (2.1) is given by
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Using the analysis presented in [19], we have

QS = ZmN

2

4
X

q=u,d,s

g
q

S

f
p

Tq

mq

+
2

27

0

@1�
X

q=u,d,s

f
p

Tq

1

A
X

q=c,b,t

g
q

S

mq

3

5

+NmN

2

4
X

q=u,d,s

g
q

S

f
n

Tq

mq

+
2

27

0

@1�
X

q=u,d,s

f
n

Tq

1

A
X

q=c,b,t

g
q

S

mq

3

5 .

(3.4)

The form factors f
p

Tq
, f

n

Tq
capture the e↵ective low energy coupling of scalar mediator to

proton and neutron respectively for quark flavor q. For our numerical analysis we use

f
p

Tu
= 0.020 ± 0.004, f

p

Td
= 0.026 ± 0.005, f

n

Tu
= 0.014 ± 0.003, f

n

Td
= 0.036 ± 0.008,

f
p,n

Ts
= 0.118±0.062 [19]. what do we do with the error bars here? we only consider central

values

The DM scattering o↵ the nucleus can give rise to either spin independent or spin

dependent interactions. In our analysis we will consider only the spin-independent scatter-

ing, as the next generation experiments sensitive to this interaction will also be sensitive

to neutrino scattering events. The spin independent di↵erential cross section in the two

simplified models is given by
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with all the variables specified previously. checked
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• Notice the possibility of destructive interference
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Kulkarni et al. JHEP 1704 (2017) 073 

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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A toy model

• The total signal is a sum of DM scattering and neutrino scattering rates

In the case of the vector model defined in Eq. (2.1), the di↵erential cross section gets
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to neutrino scattering events. The spin independent di↵erential cross section in the two

simplified models is given by

d�
�

SI
(�N ! �N)

dER

����
V

=
(g�

V
)2(QV )2F(ER)2m�mN

4⇡E�(q2 �m
2
V
)2

,

d�
�

SI
(�N ! �N)

dER

����
S

=
(g�

S
)2Q2

S
F(ER)2m�mN

4⇡E�(q2 �m
2
S
)2

(3.5)

with all the variables specified previously. checked
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• Notice the possibility of destructive interference

N

N

ν

ν
Z’

N

N
Z’

𝜒

𝜒-



7 December 2018S. Kulkarni  28

Preparing for the end game
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Figure 1. One neutrino event contour lines for the two types of mediators, considering a Xe target
detector. We show on the left (right) panel three examples for the vector (scalar) mediator. We also
show the SM one neutrino event contour line (in blue) for comparison. The red star is a point for
which we will show the energy spectrum. The green region is excluded by LUX at 90% of C.L. [41].

limits, defined at 90% C.L. as the curve in which we obtain 2.3 DM events for the computed

exposure:

�
1⌫
�n =

2.3

E⌫(Eth)
R
Eth

dR

dER

���
�,��n=1

dER

. (3.18)

If we now take the lowest cross-section of all limits as a function of the DM mass,

we obtain the one neutrino event contour line, corresponding to the best background-

free sensitivity achievable for each DM mass for a one neutrino event exposure. Let us

stress that the one neutrino event contour line, as defined in this section, is computed

with a 100% detector e�ciency. The e↵ect of a finite detector e�ciency will be taken

into account in Sec. 5 when we will compute how the new exotic neutrino interactions can

a↵ect the discovery potential of direct detection DM experiments. Comparing eq. (3.18)

with Eqs. (3.12) and (3.15), we see that the simplified models introduced in Sec. 2 can

modify the one neutrino event contour line. In fact, such modifications have been studied

in specific models with light new physics e.g. in [10]. We show in Fig. 1 some examples

of a modified one neutrino event contour line for our models, fixing the values of the

parameters GV and GS as specified in the legends. These parameters have been chosen to

be still allowed by current data, see sections 4 and 5. The left panel of the figure describes

changes in the one neutrino event contour line in presence of a new vector mediator. As

will be explained below, it is possible to have cancellation between SM and exotic neutrino

interactions leading to a lowering of the contour line as shown for the case of GV = 0.3. It

is also worth recollecting that GV includes the SM contribution i.e. GV = 1 is the SM case.

For the vector case the one neutrino event contour line is e↵ectively a rescaling of the SM

case. figure 1 (right panel) on the other hand shows modification of the contour line for

a scalar mediator. Note that unlike in the vector scenario, the factor GS has a di↵erent

normalization. No significant change in the one neutrino event contour line is expected in

the scalar case.

– 9 –

-10 -8 -6 -4 -2 0 2 4 6 8 10
10-6

10-5

10-4

10-3

10-2

gV
� - gA

�

|g
V�
|

�V
-2 = 10-6 GeV-2, Current Limit

LUX

10 GeV

15 GeV

50 GeV

10-7 10-6 10-5
10-11

10-10

10-9

|gV
� - gA

�|

|g
V�
|

�V
-2 = 4 � GeV-2, Current Limit

gV
� - gA

� < 0

gV
� - gA

� > 0

LUX

-10 -8 -6 -4 -2 0 2 4 6 8 10
10-6

10-5

10-4

10-3

gV
� - gA

�

|g
V�
|

�V
-2 = 10-6 GeV-2, Future Sensitivity

L
U

X
-

Z
E

P
L

IN

D
A

R
W

IN

10-9 10-8 10-7 10-6
10-12

10-11

10-10

|gV
� - gA

�|

|g
V�
|

�V
-2 = 4 � GeV-2, Future Sensitivity

gV
� - gA

� < 0

gV
� - gA

� > 0
DARWIN

Figure 2. Current limits (top panels) and future sensitivity (bottom panels) on the parameters
of the vector model. The coloured region can be excluded at 90% C.L. by current LUX data [44]
(continuous lines) and by the future LUX-ZEPLIN [42] (dashed lines) and DARWIN [43] experi-
ments (dotted lines). The plots are for m� = 10 GeV (violet), 15 GeV (red) and 50 GeV (green)
for two di↵erent cases: ⇤�2

V = 10�6 GeV�2 (left) and ⇤�2
V =

p
4⇡ GeV�2 (right). For simplicity,

in the latter case we only show the DARWIN future sensitivity, since the LUX-ZEPLIN results are
qualitatively similar but a factor of ⇠ 4-10 less sensitive.

(violet), 15 GeV (red) and 50 GeV (green). We see that we can clearly distinguish two

regions: for ⇤�2
V

= 10�6 GeV�2, when |g⌫
V
� g

⌫

A
| . 3 � 4, the DM contribution is the

dominant one (in particular, as |g⌫
V
� g

⌫

A
| ! 0 the contribution to the neutrino floor is

at most the SM one), and sets |g�
V
| <⇠ 2 ⇥ 10�3 ( <⇠ 4 ⇥ 10�4 ) for m� = 10 (50) GeV.

On the other hand, for larger values of |g⌫
V
� g

⌫

A
|, the number of neutrino events rapidly
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• Exotic neutrino interaction can lead to measurable effects at the direct 
detection experiments 


• Next generation direct detection experiments can put constraints on 
combined DM - SM and neutrino SM interactions

See also: Boehm et al. arXiv:1809.06385
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Light mediators

• Previous analysis very much valid in effective theory limit, no longer the case 
if DM - SM interactions are mediated by light mediators

 

�

�

SM

SM

Kulkarni et. al. JCAP 1711 (2017) no.11, 016 

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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Future prospects for direct detection

• Dark matter event rate at direct detection experiment for heavy mediators

• Dark matter event rate at direct detection experiment for light mediators

Felix Kahlhoefer  |  Phenomenology of self-interacting WIMPs  |  18 May 2017  |  Page 3

Direct detection with light mediators

> Event rates in direct detection experiments for heavy mediators

Number
density

Velocity
integral

Scattering
cross section

Integrated flux

• Shape of differential event rate changes as soon as mediator mass is 
comparable to momentum transfer


• This sensitivity might be greatly altered by experimental and astrophysical 
uncertainties e.g. background fluctuations and DM velocity distributions

important in the case of a light mediator than for a heavy one, because the recoil spectrum
falls even more steeply and therefore the sensitivity can be considerably improved by lowering
the threshold [42]. The excellent energy resolution, on the other hand, makes it possible to
extract the maximum amount of information on the particle physics properties of DM from
a successful discovery. In other words, cryogenic detectors are not only well-suited to explore
models with light DM particles (see e.g. [43]), but also to probe light mediators.

The projected progress for the low-threshold technology implies that parameter points
that are currently consistent with all experimental constraints may predict up to thousands
of events in near-future detectors. In this paper we study the amount of information that can
be extracted from such a signal, taking into account background uncertainties, astrophysical
uncertainties and degeneracies with other particle physics parameters. We demonstrate that
cryogenic experiments can probe the mediator mass precisely in the regions of parameter
space relevant for DM self-interactions, potentially enabling us to infer the behaviour of DM
on astrophysical scales with laboratory experiments.

Direct detection experiments in the context of self-interacting DM have been studied
previously [9, 23, 44, 45], most notably in ref. [46]. Our work di↵ers from these earlier
studies in that we do not attempt to derive existing constraints but rather to explore the
potential of future low-threshold detectors to infer the properties of self-interacting DM.
For this purpose, we implement several present and future direct detection experiments in a
realistic and e�cient manner, in order to perform parameter reconstruction with a number of
nuisance parameters. For similar studies in the context of e↵ective operators see refs. [47–55].

This paper is structured as follows. In section 2 we discuss the phenomenology of direct
detection experiments in the presence of light mediators. We review current and proposed
low-threshold experiments and calculate their sensitivity to long-range interactions in com-
parison to conventional direct detection experiments. Section 3 focusses on the potential of
low-threshold experiments to determine the particle physics parameters of the DM particle
and its interactions. We discuss the impact of experimental, theoretical and astrophysical
uncertainties, introduce suitable nuisance parameters to represent them and assess their im-
pact on our results. Finally, in section 4 we connect our results to the idea of self-interacting
DM. Additional details are provided in appendices A and B.

2 Direct detection with light mediators

We consider a DM particle of mass mDM scattering o↵ nuclei via the exchange of a mediator
with mass mmed. Throughout this paper we will focus on the case that the mediator has
spin-independent couplings to both nucleons and DM. The di↵erential event rate with respect
to recoil energy ER for DM scattering o↵ a given target isotope T with mass mT and mass
fraction ⇠T is then given by

dRT

dER
=

⇢0 ⇠T
2⇡mDM

g2 F 2
T (ER)

�
2mT ER + m2

med

�2 ⌘(vmin(ER)) (2.1)

with ⇢0 = 0.3 GeV/cm3 being the local DM density.
As long as the assumption of spin-independent interactions holds, the functional form

of the di↵erential event rate does not depend on the spin of the DM particle or the mediator
nor on whether or not the DM particle is its own anti-particle. The numerical pre-factors,
however, may di↵er for these di↵erent scenarios. We assume that these pre-factors have

– 2 –
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Light mediators at direct detection

• Sharply falling recoil spectrum: need of very low threshold


• Recoil spectrum shape important: need good energy resolution


• Cryogenic detectors are ideal for this!

 

See An et al. arxiv: 1412.8378 (PLB)

See Gelmini et al. arxiv:1612.09137

What do we expect in a detector?

Particle/nuclear physicsAstrophysics Detector physics
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Shamelessly stolen from talk by L. Baudis

CRESST parameters

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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Contact interactions vs. light mediators

• g  = product of SM - mediator and DM - mediator coupling


• Best sensitivity of cryogenic experiments for DM masses with light mediators ~ 
10 GeV


• Two orders of magnitude improvement for effective coupling g, corresponds to 
up to four orders of magnitude in terms of the scattering rate. 


• Thousands of events can be observed!!

10�1 100 101

mDM [GeV]

10�12

10�11

10�10

10�9

10�8

10�7

10�6

g

mmed = 100 MeV

CRESST 2015
Future CRESST
CDMSlite 2015
Future CDMS
Xenon1T recast
Future LZ

Figure 2. Constraints (at 90% CL) on the e↵ective coupling g for DM interacting via a light mediator.
These bounds assume that the mediator couples only to protons (✓ = 0).

with kinetic mixing. In terms of the kinetic mixing parameter ✏ and the mediator-DM
coupling gDM the e↵ective coupling g is then simply given by g = e ✏ gDM, where e =

p
4⇡↵

is the electromagnetic coupling. Di↵erent values of ✓ would typically enhance the sensitivity
of heavy targets like tungsten relative to light targets like oxygen, except for specific values
of ✓ that lead to destructive interference between proton and neutron contributions (see
section 3.2).

3 Reconstructing particle physics parameters

From figure 2 we make two central observations: first, if DM-nucleon scattering is due to
the exchange of light mediators, cryogenic experiments will have the best sensitivity to such
interactions up to DM masses of around 10 GeV. And second, compared to current bounds
this sensitivity will improve by up to two orders of magnitude in terms of the e↵ective coupling
g, corresponding to up to four orders of magnitude in terms of the scattering rate. These
observations immediately raise the question what we can hope to learn from a DM signal in
low-threshold direct detection experiments. In this section we will answer this question by
generating mock data and using this data to perform a parameter reconstruction.

To determine the compatibility of a specific particle physics hypothesis (characterized
by a set of parameters x) with a given set of data, we construct a likelihood function L(x)
as follows. For each individual experiment ↵, we calculate the Poisson likelihood

� 2 logL↵(x,y) = 2
X

i


R↵

i (x,y) + B↵
i (y) �N↵

i + N↵
i log

N↵
i

R↵
i (x,y) + B↵

i (y)

�
, (3.1)
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Limits on models with light mediators

10�1 100 101

mDM [GeV]

10�12

10�11

10�10

10�9

10�8

10�7

10�6

g

mmed = 1 MeV

10�1 100 101

mDM [GeV]

10�12

10�11

10�10

10�9

10�8

10�7

10�6

g

mmed = 100 MeV

CRESST 2015
Future CRESST
CDMSlite 2015
Future CDMS
Xenon1T recast
Future LZ

Figure 2. Constraints (at 90% CL) on the e↵ective coupling g for DM interacting via a light mediator.
These bounds assume that the mediator couples only to protons (✓ = 0).
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is the electromagnetic coupling. Di↵erent values of ✓ would typically enhance the sensitivity
of heavy targets like tungsten relative to light targets like oxygen, except for specific values
of ✓ that lead to destructive interference between proton and neutron contributions (see
section 3.2).

3 Reconstructing particle physics parameters

From figure 2 we make two central observations: first, if DM-nucleon scattering is due to
the exchange of light mediators, cryogenic experiments will have the best sensitivity to such
interactions up to DM masses of around 10 GeV. And second, compared to current bounds
this sensitivity will improve by up to two orders of magnitude in terms of the e↵ective coupling
g, corresponding to up to four orders of magnitude in terms of the scattering rate. These
observations immediately raise the question what we can hope to learn from a DM signal in
low-threshold direct detection experiments. In this section we will answer this question by
generating mock data and using this data to perform a parameter reconstruction.

To determine the compatibility of a specific particle physics hypothesis (characterized
by a set of parameters x) with a given set of data, we construct a likelihood function L(x)
as follows. For each individual experiment ↵, we calculate the Poisson likelihood
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Traditional limits on DM space
Kulkarni et. al. JCAP 1711 (2017) no.11, 016 

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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Optimistic scenario

• Let us assume, we know the backgrounds, there are no astrophysical 
uncertainties, also let’s assume DM couples to protons only


• Realistic treatment including detector resolution and background events


• Coupling g a nuisance parameter for reconstruction (fixed at max likelihood)
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Figure 3. Allowed parameter regions (at 95% CL) reconstructed from a mock data set generated for
mDM = 2 GeV, mmed = 3 MeV and ✓ = 0 for the low-statistics scenario (left) and high-statistics sce-
nario (right panel). For the purpose of reconstruction, we assume that ✓, the DM velocity distribution
and the background normalization is known.

and CRESST-III respectively, while the grey region indicates the combined constraints. Note
that in these plots we do not yet take into account nuisance parameters related to background
or astrophysical uncertainties; these will be discussed later in this section.

A striking feature in the left panel of figure 3 is the accuracy of the parameter recon-
struction from SuperCDMS SNOLAB as compared to CRESST-III. This happens because
of two reasons: first, SuperCDMS SNOLAB is predicted to observe about four times more
events than CRESST-III and hence has much better statistics. Second, several target el-
ements contribute to the observed event rates in CRESST-III, leading to di↵erent ways in
which a good fit to the observed data can be obtained. While for the benchmark case that we
consider the event rate is dominated by scattering o↵ oxygen (because tungsten recoils are
below threshold), very similar recoil spectra are obtained for heavier masses and scattering
o↵ tungsten. This observation also explains the two di↵erent ‘branches’ found for heavy me-
diator masses. With su�cient statistics it becomes possible to distinguish between the two
possible scenarios and reject the solution with dominant scattering o↵ tungsten (see right
panel on figure 3).

Another interesting feature is that all reconstructed parameter regions exhibit a charac-
teristic ‘tilt’ in the sense that lighter mediators are necessary for fitting heavier DM masses
and vice versa. The origin of this shape is that heavier DM masses predict flatter recoil
spectra, while lighter mediators predict steeper recoil spectra. Increasing the DM mass while
decreasing the mediator mass and the e↵ective coupling g may therefore leave the recoil
spectra approximately unchanged. This degeneracy disappears once the mediator becomes
so light (or so heavy) that direct detection experiments are e↵ectively in the massless media-
tor limit (or the contact interaction limit). The recoil spectra then no longer depend on the
precise value of the mediator mass.

Finally we make the crucial observation that combining data from SuperCDMS SNO-
LAB and CRESST-III allows for a much more precise reconstruction of the mediator mass

– 7 –

Low statistics (~900 events) High statistics (8000 events total)

mDM = 2GeV,mmed = 3MeV

g = 2⇥ 10�11, g = 6⇥ 10�11

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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Figure 7. Same as figure 6 but including an additional nuisance parameter z to parametrize
astrophysical uncertainties (solid curves). See text for details. The dash-dotted curves correspond to
a reconstruction not taking into account astrophysical uncertainties, as already shown in figure 6.

simultaneously rescale all three velocities by a common factor z, this change is fully equivalent
to rescaling the DM mass by a factor z. We therefore introduce a new nuisance parameter z
and, rather than calculating the di↵erential event rate as a function of mDM, we calculate the
di↵erential event rate as a function of z mDM. We restrict z to lie in the range consistent with
observations. At 95% CL v0 is constrained to lie in the range

⇥
180km s�1, 280km s�1

⇤
while

the range for vesc is approximately
⇥
450km s�1, 650km s�1

⇤
, see [71] and references therein.

These ranges can be reproduced if we require 0.8  z  1.2 at 95% CL. We implement this
by means of a likelihood function for z given by

Lz =
1p

2⇡�z
exp

✓
�(z � 1)2

2�2
z

◆
(3.4)

with �z = 0.1 and include this extra factor in the total likelihood.
As in the case of ✓ it is possible that the likelihood has several local maxima for di↵erent

values of z, making it necessary to explicitly scan over all values of z within the relevant
range. Nevertheless, the simple way in which L depends on z means that it is not in fact
necessary to perform a two-dimensional scan over both ✓ and z, but rather that two separate
one-dimensional scans are su�cient. Figure 7 shows the impact of including astrophysical
uncertainties in addition to the uncertainties discussed above. As expected, the e↵ect of
varying z is essentially to reduce our ability to reconstruct the DM mass, while not a↵ecting
our ability to reconstruct the mediator mass. Figure 7 constitutes our central result for the
benchmark scenario: even when including a number of di↵erent nuisance parameters, an
accurate reconstruction of the DM and mediator masses is possible given su�cient statistics.

3.4 Alternative benchmark scenarios

In the discussion above we have introduced a number of nuisance parameters that should be
taken into account for a realistic assessment of the power of future low-threshold direct detec-
tion experiments. In addition to the two parameters that we are interested in reconstructing

– 12 –

Low statistics 
(~900 events)

Solid curve = astrophysical uncertainties

High statistics 
(8000 events)

• Even with astrophysical uncertainties, it is possible to reconstruct particle physics 
parameters


• Combination of data from different experiments better than single experiment

Realistic scenario
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Self-interacting DM

• Within specific model (not a general conclusion)


• Fermionic DM, scalar mediator 


• Relic via dark sector freeze out and mediator decay via Higgs mixing
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See also  
Vogelsberger et al. arXiv:1211.1377 
Chen et al. arXiv:1505.03781 
Del Nobile et al. arXiv:1507.04007
For plot: 
Tulin et. al. arXiv:1302.3898
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Conclusions

• Investigating particle nature of dark matter is a crucial avenue for fundamental 
physics 


• Plenty of new ideas for dark matter theories and a plethora of experimental 
searches ongoing


• Experiments and theory are no longer two separate fields but have to make 
progress hand in hand 


• Multiple possibilities for progress however each possibility should be realistically 
evaluated


• Example 1: monojet is a powerful search for dark matter at the LHC, however the 
interpretation of these searches depends on the underlying theory scenario. The 
limits get stronger shall there be momentum dependence in DM - SM couplings


• Example 2: Direct detection experiments perfectly complement this quest at the 
LHC. While preparing for the end game at direct detection experiments, it will be 
important to consider complete BSM models rather than just one interaction


• Example 3: Having two direct detection low threshold experiments is better than 
having one for reconstructing parameters
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DM + neutrinos setup 

!38

• Two different setups: current and future LUX experiment

• Target Xenon

• Current setup


• Take into account the efficiencies of the LUX experiment as given in LUXCalc

• Exposure: 1.4 X 104 kg day (2013 results)

• Number of observed events: 2, estimated background: 1.9 per ton year 


• Future setup: similar to LZ

• Keep the efficiencies the same

• Exposure: 15 ton - year

• background: 0.64 (including SM contribution)
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DM calculating neutrino floor

!39
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V. DISCOVERY POTENTIAL OF TON-SCALE

EXPERIMENTS

As next generation experiments plan to reach the ton
scale exposure mass with low thresholds between 0.1 to
2 keV, it is important to assess the discovery potential of
such low threshold experiments in the light of neutrino
backgrounds.

To provide this assessment we compute the discovery
limits for direct detection experiments. Discovery limits
were first introduced in Ref. [? ] and are defined such
that if the true WIMP model lies above this limit then
a given experiment has a 90% probability to get at least
a 3� WIMP detection. Hence, to derive these limits, it is
necessary to compute the detection significance associa-
ted with di↵erent WIMP models and for each detector
configuration. This can be done using the standard pro-
file likelihood ratio test statistic [? ] where the likelihood
function at a fixed WIMP mass (m�) is defined as,

L (���n,
~�) =

e
�(µ�+

Pn⌫
j=1 µj

⌫)

N!

⇥
NY

i=1

2

4µ�f�(Eri) +
n⌫X

j=1

µ
j
⌫f

j
⌫ (Eri)

3

5

⇥
n⌫Y

i=1

Li(�i), (13)

where µj
⌫ and f

j
⌫ are respectively the expected number of

neutrino background events and the unit normalized nu-
clear recoil energy distribution from each neutrino contri-
bution. Finally, Li(�i) are the individual likelihood func-
tions related to the flux �i of each neutrino component.
These individual likelihood functions are parametrized
as gaussian distributions with a standard deviation gi-
ven by the relative uncertainty of the di↵erent neutrino
flux normalizations as discussed in Sec. ??.

The profile likelihood ratio corresponds to a hypothe-
sis test against the null hypothesis H0 (background only)
and the alternative H1 which includes both background
and signal. Profile likelihood ratio test statistics are desi-
gned to incorporate systematic uncertainties such as the
normalization of the neutrino fluxes. As we are interes-
ted in the WIMP discovery potential of upcoming expe-
riments, we test the background only hypothesis (H0) on
the data and try to reject it using the following likelihood
ratio :

�(0) =
L (���n = 0,

ˆ̂
~�)

L (�̂��n,
~̂�)

, (14)

where
ˆ̂
~� denotes the values of ~� that maximize L for

the specified ���n = 0, i.e. we are profiling over ~� which
are considered as nuisance parameters. As discussed in

Ref. [? ], the test statistic q0 is then defined as :

q0 =

⇢
�2 ln�(0) �̂��n > 0

0 �̂��n < 0.
(15)

As one can deduce from such test, a large value of q0

implies a large discrepancy between the two hypotheses,
which is in favor of H1 hence a discovery interpretation.
The p-value p0 associated to this test is then defined as :

p0 =

Z 1

qobs
0

f(q0|H0)dq0, (16)

where f(q0|H0) is the probability distribution function of
q0 under the background only hypothesis. Then, p0 cor-
responds to the probability to have a discrepancy, bet-
ween H0 and H1, larger or equal to the observed one qobs0 .
Following Wilk’s theorem, q0 asymptotically follows a �

2

distribution with one degree of freedom (see Ref.[? ] for a
more detailed discussion). In such a case, the significance
Z in units of sigmas of the detection is simply given by
Z =

p
q
obs
0 .

The resulting discovery limits are presented in Fig. ??
in the WIMP-nucleon cross section vs WIMP mass plane
for four di↵erent experiments : Ge target with a 0.1 keV
threshold (top left), Ge target with a 2 keV threshold
(bottom left), Xe target with a 0.1 keV threshold (top
right), and Xe target with a 2 keV threshold (bottom
right). The discovery limits are presented for three dif-
ferent exposures : 10 kg-years, 100 kg-years, and 1 ton-
year. Here we have considered only the largely dominant
neutrino contributions at these energy thresholds, 8B and
hep. Also shown on Fig. ?? are the background-free exclu-
sion limits for each of the exposures with a color intensity
that scales with the exposure from light to dark gray. The
exclusion sensitivity limits help in interpreting the e↵ect
of neutrino background on the discovery potential as a
function of the WIMP mass.
From Fig. ??, we can deduce that experiments with a

0.1 keV threshold are significantly a↵ected by the neu-
trino background. Indeed, we have shown in the previous
section that neutrino background could very well mimic
a WIMP signal with a mass of ⇠ 6 GeV/c2 and a cross
section of ⇠ 5 ⇥ 10�45 cm2. Hence, as the sensitivity
of an experiment gets closer to this point in the WIMP
parameter space, the neutrino background starts a↵ec-
ting its discovery potential more significantly. Therefore,
near the ⇠ 6 GeV/c2 WIMP mass region, one can see
that the discovery limit does not evolve linearly with the
exposure, but much slower due to the neutrino contami-
nation of the data. It is worth noticing that the energy
spectrum induced by the neutrino background and the
equivalent ⇠ 6 GeV/c2 WIMP are so close to each other
that the significance is mainly driven by the theoreti-
cal uncertainties on the neutrino flux which are taken
to be equal to 16% for 8B and hep neutrinos. One can
deduce that smaller uncertainties on the true neutrino
flux would allow more accurate background subtraction
and thus improve the discovery potential for WIMPs (see
Sec. ??).
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more detailed discussion). In such a case, the significance
Z in units of sigmas of the detection is simply given by
Z =

p
q
obs
0 .

The resulting discovery limits are presented in Fig. ??
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(bottom left), Xe target with a 0.1 keV threshold (top
right), and Xe target with a 2 keV threshold (bottom
right). The discovery limits are presented for three dif-
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year. Here we have considered only the largely dominant
neutrino contributions at these energy thresholds, 8B and
hep. Also shown on Fig. ?? are the background-free exclu-
sion limits for each of the exposures with a color intensity
that scales with the exposure from light to dark gray. The
exclusion sensitivity limits help in interpreting the e↵ect
of neutrino background on the discovery potential as a
function of the WIMP mass.
From Fig. ??, we can deduce that experiments with a

0.1 keV threshold are significantly a↵ected by the neu-
trino background. Indeed, we have shown in the previous
section that neutrino background could very well mimic
a WIMP signal with a mass of ⇠ 6 GeV/c2 and a cross
section of ⇠ 5 ⇥ 10�45 cm2. Hence, as the sensitivity
of an experiment gets closer to this point in the WIMP
parameter space, the neutrino background starts a↵ec-
ting its discovery potential more significantly. Therefore,
near the ⇠ 6 GeV/c2 WIMP mass region, one can see
that the discovery limit does not evolve linearly with the
exposure, but much slower due to the neutrino contami-
nation of the data. It is worth noticing that the energy
spectrum induced by the neutrino background and the
equivalent ⇠ 6 GeV/c2 WIMP are so close to each other
that the significance is mainly driven by the theoreti-
cal uncertainties on the neutrino flux which are taken
to be equal to 16% for 8B and hep neutrinos. One can
deduce that smaller uncertainties on the true neutrino
flux would allow more accurate background subtraction
and thus improve the discovery potential for WIMPs (see
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• For a given target, consider one threshold, adjust exposure to attain N 
neutrino events


• Test the discrimination power between neutrino only and dark matter plus 
neutrino hypothesis by means of hypothesis testing
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• CRESST III 


• Molecular experiment: target CaWO4, exposure: 1000 kg days


• Energy threshold: 100 eV


• Background level: 3.5 x 10-2 keV-1 kg-1 day-1 = 3.5 events each bin


• Flat efficiency and Gaussian energy resolution of 20 eV


• SuperCDMS


• High voltage Germanium, exposure 1.6 x 104 kg days


• Energy threshold 100 eV (conservative)


• Background level: 10 keV-1 kg-1 year-1


• Flat signal efficiency, energy resolution of 10 eV 

See CRESST arXiv:1503.08065.

See SuperCDM arXiv:1610.00006

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
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• Likelihood function

• Construct likelihood ratio (R), log likelihood follows a chi-square


• Exclude parameters, for two free parameter model if:

Figure 2. Constraints (at 90% CL) on the e↵ective coupling g for DM interacting via a light mediator.
These bounds assume that the mediator couples only to protons (✓ = 0).

with kinetic mixing. In terms of the kinetic mixing parameter ✏ and the mediator-DM
coupling gDM the e↵ective coupling g is then simply given by g = e ✏ gDM, where e =

p
4⇡↵

is the electromagnetic coupling. Di↵erent values of ✓ would typically enhance the sensitivity
of heavy targets like tungsten relative to light targets like oxygen, except for specific values
of ✓ that lead to destructive interference between proton and neutron contributions (see
section 3.2).

3 Reconstructing particle physics parameters

From figure 2 we make two central observations: first, if DM-nucleon scattering is due to
the exchange of light mediators, cryogenic experiments will have the best sensitivity to such
interactions up to DM masses of around 10 GeV. And second, compared to current bounds
this sensitivity will improve by up to two orders of magnitude in terms of the e↵ective coupling
g, corresponding to up to four orders of magnitude in terms of the scattering rate. These
observations immediately raise the question what we can hope to learn from a DM signal in
low-threshold direct detection experiments. In this section we will answer this question by
generating mock data and using this data to perform a parameter reconstruction.

To determine the compatibility of a specific particle physics hypothesis (characterized
by a set of parameters x) with a given set of data, we construct a likelihood function L(x)
as follows. For each individual experiment ↵, we calculate the Poisson likelihood

� 2 logL↵(x,y) = 2
X

i


R↵

i (x,y) + B↵
i (y) �N↵

i + N↵
i log

N↵
i

R↵
i (x,y) + B↵

i (y)

�
, (3.1)
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parameters

Nuisance  
parameters

where the sum is over all bins, and R↵
i , B↵

i , and N↵
i denote the number of predicted signal

events, predicted background events and observed events, respectively. In addition to the
particle physics parameters x we have introduced a number of nuisance parameters y, which
represent for example astrophysical or experimental uncertainties and may a↵ect both signal
and background predictions. These nuisance parameters may be constrained by an additional
likelihood function Ln. The total profile likelihood is then given by the product of the
individual likelihoods maximised with respect to the nuisance parameters:

L(x) = max
y

Ln(y)
Y

↵

L↵(x,y) . (3.2)

For the purpose of parameter estimation, the next step is to determine the value of the
particle physics parameters x that maximise the profile likelihood, called x0. We can then
construct the likelihood ratio R(x) = L(x)/L(x0), which by definition is smaller than unity.
Under random fluctuations in the data, the quantity �2 logR(x) is expected to follow a �2

distribution with number of degrees of freedom n equal to the number of parameters x. We
can therefore exclude a hypothetical set of parameters x at confidence level 1 � p if

1 � CDF�2(n,�2 logR(x)) < p , (3.3)

where CDF�2(n, x) denotes the cumulative distribution function for the �2 distribution with
n degrees of freedom. For the case of two parameters, the 95% confidence level (CL) bound
is therefore given by �2 logR < 5.99.

In the following we will focus on mDM . 5 GeV, where cryogenic detectors have better
sensitivity than liquid xenon experiments (see figure 2). We will first focus on one specific
benchmark case, namely mDM = 2GeV, mmed = 3MeV and ✓ = 0, and then discuss alter-
native benchmarks in section 3.4. The assumed value of g is chosen to be compatible with
existing direct detection constraints. Choosing g close to current exclusion limits will lead to
an optimistic scenario, in which thousands of events can be observed in future experiments,
whereas smaller values of g imply smaller statistics and less precise parameter reconstruction.
In the following, we will consider two alternative choices, namely g = 2 · 10�11 (referred to
as the low-statistics case) and g = 6 · 10�11 (the high-statistics case). For our benchmark
scenario, these choices correspond to around 900 and 8000 events across the set of future
experiments that we consider (with SuperCDMS SNOLAB predicted to observe about four
times as many events as CRESST-III).

We can now generate mock data for our benchmark scenario and the two possible cou-
pling choices and then determine which alternative choices of mDM and mmed are compatible
with this data. For the purpose of parameter reconstruction it is su�cient to consider mock
data sets without Poisson fluctuations. Although in this case the best-fit point will have a
very high likelihood, L ⇡ 1, we nevertheless obtain reasonable estimates of the likelihood
ratio R(x) expected in a typical realization of the experiments. We will return to the issue
of Poisson fluctuations in the context of goodness-of-fit estimates in section 3.5.

Figure 3 shows the regions of parameter space compatible with the mock data generated
for our benchmark scenario. For the purpose of these plots we are not interested in recon-
structing the e↵ective coupling g, i.e. we will simply treat it as a nuisance parameter and fix
it to the value that maximises the likelihood. Nevertheless, the assumed value of g does play
an important role as it determines the number of events that we expect to observe. The left
(right) panel corresponds to the low-statistics (high-statistics) case. Red and blue contours
correspond to the parameter reconstruction based only on data from SuperCDMS SNOLAB
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• Generate mock data and attempt reconstruction

https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view
https://drive.google.com/file/d/0B_Ry7cVRv14xV053Z3FSVjFnd0k/view

