
Theoretical implications of dark 
matter (DM) constraints from 

the LHC and (in)direct searches

Uli Haisch
University of Oxford

LHCP 2017,
15-20 May 2017, Shanghai Jiao Tong University

Supported by the           HICCUP grant



[idea & artwork adopted from Bauer] 

Evolution of LHC DM models
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Scales in DM searches
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[…] An effective field theory includes the appropriate degrees of 
freedom to describe physical phenomena occurring at a chosen 
length scale or energy scale, while ignoring substructure and 
degrees of freedom at shorter distances (or, equivalently, at higher 
energies) […] Effective field theories typically work best when 
there is a large separation between length scale of interest and 
the length scale of the underlying dynamics […]

What is an effective field theory (EFT)?
 5

[from Wikipedia, the free encyclopedia, https://en.wikipedia.org/wiki/Effective_field_theory]
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Mono-jet searches
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ET, miss  
ET, miss = 954 GeV 

[2015 ATLAS data (event 606734214, run 279284)]

pT, j = 973 GeV 
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Signal vs. background
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SM background

DM signal

[see Lindert et al., 1705.04664 for dedicated theory effort to improve understanding of DM backgrounds] 
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[see Lindert et al., 1705.04664 for dedicated theory effort to improve understanding of DM backgrounds] 



Does DM EFT work at LHC?
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Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

1008.1783

One way to check:

(i) Pick one operator

(ii) Construct simplified model that leads to 
operator in heavy mediator limit 

(iii) Calculate ET, miss & other distributions in 
both EFT & simplified model

(iv) If shapes of distributions are similar, can 
use EFT as proxy for simplified model, 
otherwise not

[Zhang et al., 0912.4511; Beltran et al., 1002.4137; 
 Goodman et al., 1005.1286, 1008.1783, 1009.0008;   
 Bai et al., 1005.3797; Rajaraman et al., 1108.1196; 
 Fox et al., 1109.4398; …] 



Tree-level example
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Spin-1 simplified model:

[Dudas et al., 0904.1745; Fox et al., 1104.4127; Frandsen et al., 1204.3839; …; see also talk by Park] 
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EFT vs. simplified models: verdict
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EFT often fails to correctly describe kinematical distributions 
of weakly-coupled simplified models with weak- or TeV-scale 
mediators. This flaw prompted ATLAS & CMS to move from 
EFT to simplified models when interpret ET, miss searches in 
LHC Run II 

But in case of strongly-coupled DM candidates — composite 
fermions, pseudo-Nambu-Goldstone bosons, Goldstini, … — 
EFT appropriate & sometimes even necessary to describe 
most important interactions at LHC 

[see e.g. Bruggisser, Riva & Urbano, 1607.02474 & 1607.02475 for EFT discussion of strongly-coupled DM] 



Spin-1 simplified models: 13 TeV limits
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Latest ET, miss+jets searches exclude mediator masses up to around 
1.8 TeV for both vector & axialvector exchange if gq = 0.25, gχ = 1 
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[for more details see talks by Alpigiani, Hong & Khurana] 
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Figure 4. 95% CL observed and expected exclusion regions in Mmed � mDM plane for di↵erent
/ET based DM searches from CMS in the lepto-phobic Vector model. Following the recommendation
of the LHC DM working group [1, 2], the exclusions are computed for a universal quark coupling
gq = 0.25 and for a DM coupling of gDM = 1.0. It should also be noted that the absolute exclusion
of the di↵erent searches as well as their relative importance, will strongly depend on the chosen
coupling and model scenario. Therefore, the exclusion regions, relic density contours, and unitarity
curve shown in this plot are not applicable to other choices of coupling values or model.

– 4 –

[https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO]



Spin-0 simplified models: 13 TeV limits
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[for more details see talks by Alpigiani, Hong & Khurana] 



Spin-0 simplified models: 13 TeV limits
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[ATLAS-CONF-2016-050] 
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Spin-0 simplified models: 13 TeV limits
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Since pseudoscalar production enhanced by a factor of more than 2, 
mediator masses close to 450 GeV are excluded for gq = gχ =1

[for more details see talks by Alpigiani, Hong & Khurana] 



For coupling choice gq = 0.25, gχ = 1 di-jet searches provide complementary 
constraints & exclude mediator masses from around 400 GeV to 2.8 TeV  

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults] 

Spin-1 simplified models: di-jet limits
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[for more details see talks by Alpigiani, Hong & Khurana] 



Di-jet limits can be weakened by reducing mediator-quark couplings gq. 
If gχ kept perturbative mono-jet bounds also mitigated in such a case

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults] 

Spin-1 simplified models: di-jet limits
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[for more details see talks by Alpigiani, Hong & Khurana] 



[see Kahlhoefer et al., 1510.02110 & talks by Alpigiani, Hong & Khurana] 

DM simplified models are also subject to

(i) di-lepton bounds: only relevant in spin-1 case & simply avoided       
by setting gl = 0 — unproblematic in vector case, but in simplest 
extension of axialvector model gauge invariance requires gl ≠ 0

(ii) di-top bounds: in spin-1 case not as stringent as di-jet limits, while    
in spin-0 models simple resonance searches not directly applicable 
due to interference of SM background with signal 

Other LHC non-ET, miss constraints
 21

[see Chala et al., 1503.05916 & backup slides] 
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From LHC bounds …
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… using an EFT …
 23

[Fitzpatrick et al., 1203.3542, 1211.2818; Anand et al.,1308.2288, 1405.6690; …] 

Most general EFT needed to describe χ-N interactions contains up to 14 
different operators that induce 6 types of nuclear response functions:

Most general:

15"

The most general effective Lagrangian contains up to 14 different operators that 
induce 6 types of response functions and two new interference terms 

Haxton, Fitzpatrick 2012-2014 

(x2) if we allow for different couplings to protons and neutrons 
(isoscalar and isovector) 

Effective Field Theory approach 

The basis for our formulation is the description of the WIMP-nucleon interaction in [1] which, building on
the work of [7], used non-relativistic EFT to find the most general low-energy form of that interaction. The
explicit Galilean invariance of the WIMP-nucleon EFT simplifies the embedding of the resulting effective
interaction in the nucleus. This produces a compact and rather elegant form for the WIMP-nucleus elastic
cross section as a product of WIMP and nuclear responses. The particle physics is isolated in the former.

In [1] the cross section was presented in a largely numerical form, in principal easy to use but in practice
requiring users to hand-copy lengthy form-factor polynomials. In contrast, our goals in this paper are to: 1)
present the fully general WIMP-nucleus cross section in its most elegant form, to clarify the physics that can
be learned from elastic scattering experiments; 2) provide a Mathematica code to evaluate the expressions,
removing the need for either extensive hand copying or a detailed understanding of operator and matrix
element conventions employed in our expressions; and 3) structure that code to allow easy incorporation of
future improved nuclear physics calculations, so that it will remain useful as the field develops. We believe
the script could serve the community as a flexible and very adaptable tool for comparing experimental
sensitivities and for understanding the relative significance of experimental limits.

This paper is organized as follows. We begin in Sec. 2 with a brief overview of the EFT construction of
the general WIMP-nucleon Galilean-invariant interaction. In Sec. 3 we describe the use of this interaction
in nuclei. The EFT scattering probability is shown to consist of six nuclear response functions, once the
constraints of the nearly exact parity and CP of the nuclear ground state are imposed. We point out the
differences between our results and spin-independent/spin-dependent formulations, in order to explicitly
demonstrate what physics is lost by assuming a point-nucleus limit. In Sec. 4 we present differential and
total cross sections and rates, discuss integration over the galactic WIMP velocity profile, and describe cross
section scaling properties. Sec. 5 we describe the factorization of the operator physics from the nuclear
structure that is possible through the density matrix. (This will make it possible for nuclear structure
theorists to port new structure calculations into our Mathematica code, without needing to repeat all of
the operator calculations.) In Sec. 6 we construct a similar interface for particle theorists: we describe
the mapping of a very general set of covariant interactions into EFT coefficients, so that the consequences
of a given ultraviolet theory for WIMP elastic scattering can be easily explored. In Sec. 7 we provide a
tutorial on the code, to help users – experimentalists interested in analysis, structure theorists interested
in quantifying nuclear uncertainties, or particle theorists interested in constraining a candidate ultraviolet
theory – quickly obtain what they need from the Mathematica script. Finally in the Appendix, we described
some of the algebraic details one encounters in deriving our master formula for the WIMP-nucleus cross
section. As the body of the paper presents basic results and describes their physical implications, the
Appendix is intended for those who may be interested in details of the calculations, or possible extensions
of our work. The Appendix includes comments on steps in our treatment that are model dependent or
that involve approximations. We discuss the use of the code for WIMPs with nonstandard properties, e.g.,
WIMP-nucleon interactions mediated by light exchanges.

2 Effective Field Theory Construction of the Interaction

The idea behind EFT in dark matter scattering is to follow the usual EFT “recipe”, but in a non-relativistic
context, by writing down the relevant operators that obey all of the non-relativistic symmetries. In the case
of elastic scattering of a heavy WIMP off a nucleon, the Lagrangian density will have the contact form

Lint(x⃗) = c Ψ∗
χ(x⃗)OχΨχ(x⃗) Ψ

∗
N(x⃗)ONΨN(x⃗), (1)

where the Ψ(x⃗) are nonrelativistic fields and where the WIMP and nucleon operators Oχ and ON may
have vector indices. The properties of Oχ and ON are then constrained by imposing relevant symmetries.
We envision the case where there are a number of candidate interactions Oi formed from the Oχ and ON .
Working to second order in the momenta, one can construct the relevant operators appropriate for use with
Pauli spinors, when constructing the Galilean-invariant amplitude

N
∑

i=1

(

c(n)i O(n)
i + c(p)i O(p)

i

)

, (2)

3

2
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⇧cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⇧cients associated with each of the operators,145

one for each operator and isospin. These coe⇧cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⇧cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⇧cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⇧cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⇧cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⇧ciency184
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⇧cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⇧cients associated with each of the operators,145

one for each operator and isospin. These coe⇧cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⇧cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⇧cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⇧cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⇧cients for individual EFT176

operator for three di⌅erent target elements: germanium177
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xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⇧ciency184

that is lost in likelihood methods that consider a single185
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… & finally to a plot
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For SI interactions LHC only competitive for low DM mass, 
where direct detection is challenging due to small nuclear recoil 



Classification of χ-N interactions
 26

LHC searches

DD experiments

[Kopp et al., 0907.3159; Freytsis & Ligeti, 1012.5317;
 Hill & Solon, 1111.0016; UH & Kahlhoefer 1302.4454;  
 Crivellin et al. 1402.1173, 1408.5046; 
 D’Eramo et al. 1409.2893; …] 
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10 MeV

1 MeV

renorm
alisation group running

Distinction between SI & SD 
(or q-suppressed) χ-N 
couplings not stable under 
radiative corrections. Effects 
particular important for 
mixing of suppressed into 
unsuppressed operators



Spin-1 simplified models: SD effects
 27

in axialvector case bounds are 
strengthened by a factor of 
around 2 by renormalisation 

group running

[D’Eramo et al.,1605.04917] 
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Figure 7: 90% confidence limits on the DM-proton (left) and DM-neutron (right) spin-
dependent scattering cross section for Dirac DM. The dashed green lines show the limits from
the ATLAS monojet search at 13 TeV, as reported in Ref. [62], assuming a universal coupling to
all quarks through the axial-vector operator ��

µ
�

5
�q�µ�

5
q. Solid green lines show the correct

limits when running of the couplings is taken into account. The inset shows a zoom-in of the
ATLAS limits at small cross section. Direct detection limits from LUX [58] (blue) and PICO-2L
[63] (red) are also shown for comparison. The coupling g� used by the LHC collaborations
corresponds in this context to our c�A of Eq. (2.4).

Figure 8: As Fig. 7, but showing limits in green (with and without running) from the ATLAS
monophoton search at 13 TeV, as reported in Ref. [64].

23

While LHC limit quite similar to SI case, direct detection weakened 
significantly since DM-nucleon scattering is incoherent in SD case 



Are simplified models perfect?
 28

Simplified models are minimal extensions of EFT that besides DM 
typically contain a single mediator. SM- & DM-mediator couplings 
are treated as free parameters & mechanism that provides mass to 
mediator & DM is unspecified

In ultraviolet (UV) complete model such as SM, couplings are usually 
not random but fixed by for example gauge invariance & anomalies. 
Higgs mechanism also an important ingredient in SM   

To UV complete simplified models have to add more structure to 
them & question is whether this will change phenomenology  



Consistent spin-0 simplified models
 29

[Kim et al., 0803.2932; Baek et al., 1112.1847; Lopez-Honorez et al., 1203.2064; Fairbairn & Hogan, 1305.3452;     
 Carpenter, 1312.2592; Berlin et al., 1402.7074, 1502.06000; … ; Ko & Li, 1610.03997; Bell et al., 1612.04593; …]

Spin-0 models with fermionic DM can be made SU(2)L × U(1)Y 

invariant by introducing a new dark Higgs that couples to visible 
scalar sector. If scalar sector minimal, SM Higgs is mediator & Higgs 

constraints are severe. But Higgs constraints avoided in decoupling or 
alignment limit of two-Higgs-doublet model (THDM) extensions

H1,H2

singlet
�

H

. . .

q, �, W,Z,



THDM plus pseudoscalar model
 30

L � �Q̄YuH̃2dR + Q̄YdH1uR � ibP PH†
1H2 � iy�P �̄�5� + h.c.

States : h, H,A,H±, a

h is SM-like for 
cos(β-α) ≃ 0

mostly P for 
small θ

Angles : �, �, �

g
t

t

t
g

H,A, a

� 1
tan�

[Ipek et al. 1404.3716; No, 1509.01110; Goncalves et al., 1611.04593; Bauer et al., 1701.07427] 



Resonant mono-X signatures
 31

Mono-Z & mono-Higgs signals are subleading in minimal spin-0 simplified 
models. In THDM plus pseudoscalar (THDMP) model, presence of H & A 
allows for resonant mono-Z & mono-Higgs production:

dominant for MH, Ma < MA ≃ MH± 

g

g
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t

t

t
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g

g
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t
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t

h

dominant for MA, Ma < MH ≃ MH±

[No, 1509.01110; Goncalves et al., 1611.04593; Bauer et al., 1701.07427] 
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ET, miss distribution of mono-Z signal has Jacobean peak. Same feature 
appears in to mono-Higgs signature in THDMP model 

Resonant mono-X signatures
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THDMP benchmark: MH, Ma < MA 
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[Bauer et al., 1701.07427] 
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Depending on Higgs-mass spectrum either ET, miss+Z or ET, miss+h provides 
leading constraint in large parts of parameter space
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[Bauer et al., 1701.07427] 

THDMP benchmark: MA, Ma < MH 

Depending on Higgs-mass spectrum either ET, miss+Z or ET, miss+h provides 
leading constraint in large parts of parameter space
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• Nice 13 TeV ATLAS & CMS results for a broad range of searches for 
DM in ET, miss+X with X = j, γ, W, Z, h, t, tt, bb, … & more to come in 
next few years

• Interpretations of LHC searches in context of simplified models & 
sometimes EFTs provide information complementary to other DM 
searches such as (in)direct detection 

• THDM plus mediator scenarios provide consistent framework that 
interpolates between spin-0 simplified models & well-motivated UV 
completions. ET, miss+Z or ET, miss+h signatures particularly interesting 
in such models due to possible resonance enhancement 

Conclusions
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THDMP benchmark: MH, Ma < MA 

[Bauer et al., 1701.07427] 
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[Bauer et al., 1701.07427] 

THDMP benchmark: MA, Ma < MH 
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THDMP: bb contributions to h+ET, miss

[Bauer et al., 1701.07427] 
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THDMP: interference effects

[Bauer et al., 1701.07427] 
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THDM plus Z′ model: h+ET, miss searches
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[see also talk by Piedra & poster session as well as ATLAS-CONF-2017-024 for di-photon channel] 
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THDM plus Z′ model: h+ET, miss searches

 [GeV]Z'm
500 1000 1500 2000 2500

 [G
eV

]
A

m

300

400

500

600

700

800

900

1000

h
 - 

m
Z'

 =
 m

A

Ki
ne
m
at
ic 
lim

it: 
m

Observed limit
σ1±Expected limit 

-1 = 13 TeV, 3.2 fbs
-1 = 8 TeV, 20.3 fbs

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

Mono-h(bb), All limits at 95 % CL
Z'-2HDM simplified model

 = 100 GeV
χ

 = 0.8, m
Z

 = 1, gβtan

[ATLAS-CONF-2017-028]

[see also talk by Piedra & poster session as well as ATLAS-CONF-2017-024 for di-photon channel] 

disfavoured at 95% CL 
by B→Xsγ

[Misiak & Steinhauser, 1702.04571]

disfavoured at 95% CL 
by ρ parameter 

[Berlin et al., 1402.7074]



t-channel flavoured mediators
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VI. t-CHANNEL FLAVORED MEDIATOR

If the DM is a fermion �, the mediator can be a colored scalar or a vector particle �. We

focus on the scalar case, which makes contact with the MSSM and is easier to embed into

a UV-complete theory. A coupling of the form ��̄q requires either � or � to carry a flavor

index in order to be consistent with MFV. We choose the case where the colored scalar �

carries the flavor index (much like in the MSSM case, where the colored scalar quarks come

in the same flavors as the SM quarks). This class of models has been considered previously

in [15, 97–102], while models where � carries the flavor index have been studied in [103–105].

There are variations where the mediator couples to right-handed up-type quarks, right-

handed down-type quarks, or left-handed quark doublets. For definiteness, we discuss the

right-handed up-type case (the other cases are obtained in a similar fashion). In this case,

there are three mediators �i =
�
ũ, c̃, t̃

 
, which couple to the SM and DM via the interaction

Lfermion,ũ �
X

i=1,2,3

g�⇤
i
�̄PRui + h.c. (58)

Note that MFV requires both the masses M1,2,3 of the three mediators to be equal and

universal couplings g = g1,2,3 between the mediators and their corresponding quarks ui =

{u, c, t}. This universality can however be broken by allowing for corrections to (58) and

the mediator masses which involve a single insertion of the flavor spurion Y u †Y u. Because

of the large top-quark Yukawa coupling, in this way the mass of the third mediator and its

coupling can be split from the other two. In practice this means that the generic parameter

space is five-dimensional:

{m�, M1,2, M3, g1,2, g3} . (59)

These simplified models are very similar to the existing ones for squark searches [106], and

results can often be translated from one to the other with relatively little work. Note

that most studies will involve g1,2 together with M1,2 or g3 together with M3. So specific

applications will often have a smaller dimensional space of relevant parameters. In the

discussion below, we restrict attention to the parameter space with g1,2, M1,2, and m�. For

models where g3 and M3 are relevant, see [105, 107–109].
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universality broken by Yu Yu flavour spurion (fine with MFV)†

universal couplings to have minimal flavour violation (MFV), 
which is needed to avoid flavour constraints

[Bell et al., 1209.0231; Chang et al., 1307.8120; An et al., 1308.0592;  Bai & Berger 1308.0612;  
 DiFranzo et al., 1308.2679; Papucci et al., 1402.2285; …]
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FIG. 6. A /ET + j signal can arise in the t-channel mediator scenario from initial-state gluon

emission (left) and associated mediator production (middle). Initial-state gluon splitting processes

and gluon emission from the t-channel mediator is also possible but not shown. Pair production of

the mediator ũ in gluon fusion leads instead to /ET +2j events (right). Quark-fusion pair production

either via s-channel gluon or t-channel DM exchange also contributes to the latter signal.

mass M1 is small, diagrams with gluon emission from the mediator can also be important,

but these graphs are subdominant if the mediator is heavy, since they are 1/M2
1 suppressed.

Notice that the dominance of the associated production channel is a distinct feature of t-

channel models that is not present in the case of s-channel mediators, nor is it relevant in

supersymmetric theories where the mediator is a squark. The relative importances of the

di↵erent /ET + j and /ET +2j channels depend sensitively on how g1 compares to the strong

coupling constant gs. In the limit g1 ⌧ gs, pure QCD pair production dominates, while in

the opposite case graphs with DM exchange are more important. Detailed studies of the

bounds on the coupling g1 as a function of M1 and m� that arise from Run I mono-jet data

have been presented in [99, 102].

2. Squark Searches

If the t-channel mediator is light it can be copiously produced in pairs at the LHC and

then decay into DM and a quark. The resulting phenomenology is very similar to squark

pair production in the MSSM with a decoupled gluino. There is however one important

di↵erence which has to do with the fact that in supersymmetric theories the coupling between

the squarks and the neutralino � is necessarily weak. The cross section for squark pair

production through t-channel exchange of DM is therefore negligible. This is not the case in

t-channel mediator scenarios, because g1 is a free parameter and thus it is possible to enhance

38

gives largest contribution to ET, miss+j signal, because 
compared to initial state radiation (ISR) diagram phase-

space enhanced, profits from gluon luminosity & jet typically 
harder than in ISR; dominance of associated production 

channel is a distinct feature of t-channel models   

ET, miss+2j channel can 
dominate over ET, miss+j 

signal if g1 >> gs 
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FIG. 5. Limits on gM (for the case of mediator coupling to ũ, d̃, c̃, s̃, L+R) from (left) jets+MET,

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

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

mediator.

III. MONOJET VERSUS DIJET SEARCHES

A. Results

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

section we will provide a complete scan of results in the mDM � mM plane, extracting a

constraint on the e↵ective EFT scale ⇤ ⌘ mM/gM , that can be used for translating our

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

L + R and the other extreme case of only two squarks d̃R, s̃R. For each pair mDM , mM ,

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

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

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

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

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

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

the analysis were available.

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

15

[Papucci et al., 1402.2285]

Mono-jet & supersymmetric (SUSY) searches provide comparable 
bounds in most of parameter space. SUSY searches often slightly 
better, except if mass of DM particle & mediator is degenerate  

excluded by QCD 
production alone

excluded by QCD 
production alone
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[Bauer et al., 1701.07427] 
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Spin-0 simplified model:

Loop-level example
 51

LS � g��̄�S +
�

q

gqyq�
2

q̄qS

D11 = �̄�Gµ�Gµ�

Gluonic operator:
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g

g

D11

g
t

t

�

S �

t
g

[UH et al., 1208.4605, 1311.713, 1503.00691; Buckley et al.,1410.6497; Harris et al., 1411.0535; …] 
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13 TeV limits on ET, miss+tt 
 53

[ATLAS-CONF-2016-050] 
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13 TeV limits on ET, miss+tt 
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[ATLAS-CONF-2016-050] 
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13 TeV limits on ET, miss+bb 
 55

ET, miss+bb searches not yet sensitive to spin-0 models with weak couplings
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Figure 5: Exclusion limits of DM scalar mediators with a DM mass of 1 GeV for 13.3 fb�1 of data.
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Figure 6: Exclusion limits of DM pseudoscalar mediators with a DM mass of 1 GeV for 13.3 fb�1 of data.
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[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults] 
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[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults] 



Di-top limits
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Compared to parton-level spectra, reconstructed distributions with      
narrower resonances are more strongly distorted due detector resolution
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Figure 9: Observed (solid line) and expected (dashed line) upper limits on the signal strength parameter µ as a
function of the parameter tan � for a neutral pseudoscalar A with mass (a) mA = 500 GeV and (b) mA = 750 GeV.
The blue line at µ = 1 corresponds to the signal strength in the type-II 2HDM.
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Di-top limits
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[ATLAS-CONF-2016-073] 

For a pseudoscalar (scalar) of 500 GeV, values of tanβ < 0.85 
(tanβ < 0.45) are excluded at 95% CL in THDM of type II



Di-top limits
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Easy to recast ATLAS limits to spin-0 simplified model parameter 
space. For light DM & mediator masses close to tt threshold get 

sensitivity to couplings close to 2 (1) in scalar (pseudoscalar) case 

scalar

pseudoscalar
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Stop searches
 62

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults]

parameter region 
constrained by  

ET, miss+j searches



 63

µn� =
mnmDM

mn + mDM
,�SI =

f2(gq)g2
DMµ2

n�

�M4
med

, mn � 0.939 GeV

f(gq) = 3gq

�SI � 6.9 · 10�41 cm2
�gqgDM

0.25

�2
�

1 TeV
Mmed

�4 � µn�

1 GeV

�2

LV �̄�µ�q̄�µq O1 = 1� 1N

LHC vs. direct detection

† formula for f(gq) assumes universal couplings to quarks
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[Boveia et al., 1603.04156] 

Like direct detection also mono-jet bound assumes that χ constitutes 
all of DM in Universe.  If this is not case direct detection limit would 

become weaker, while LHC bound would remain unchanged
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LHC vs. direct detection
[Boveia et al., 1603.04156] 

LA �̄�µ�5�q̄�µ�5q O4 = �S� · �SN
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DM-N scattering for spin-0 mediators

O1 = 1� 1N�̄�q̄q

SI

SD & momentum suppressed

�̄i�5�q̄i�5qLP O6 =
1

m2
N

�
�S� · �q

� �
�SN · �q

�

Due to loss of coherence & since        
q = O(0.1 GeV) resulting DM-N cross 
section O(10-11) lower than σSI.  As a 

result very poor direct detection limits



DM annihilation: pseudo-scalar case
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While strong bounds are obtained for annihilation into bosons or leptons, these cou-

plings are not present in the simplified models considered here. Therefore, we do not

recommend showing the IceCube or Super-Kamiokande limits for annihilation into bosons

or leptons. Note also that the IceCube bounds may be further modified if the DM particles

can directly annihilate into the mediator (see the discussion in [56]). FormDM . 4 GeV, the

e↵ects of DM evaporation from the Sun are important, so placing limits on �p
SD and �SI from

neutrinos coming from the Sun becomes very di�cult in this low-mass regime (see e.g. [57]).

4.2 ID experiments

For a pseudo-scalar mediator, the rate at DD experiments is suppressed by additional

velocity-dependent terms entering the cross section. As a result, DD experiments have very

little sensitivity for this scenario and it is not worthwhile to compare LHC results to the

usual bounds on SI and SD cross sections. Instead, LHC bounds can be compared against

the limits from ID experiments. For example, Fermi-LAT places 95% CL constraints on the

self-annihilation cross section from observations of dwarf spheroidal galaxies [58].5 Limits

are set on the cross section h�vreli to annihilate to a single particle-anti-particle final state.

There are a number of subtleties when dealing with these limits. Firstly, all of the

bounds shown in [58] are for a Majorana fermion. ID annihilation cross section limits for

a Dirac fermion are larger by a factor of two and therefore need to be rescaled before they

can be compared to the Dirac DM simplified model considered here. Secondly, the limits

are for single particle-anti-particle final states while models typically include more than one

final state. For the pseudo-scalar model, for example, DM annihilates to all quarks with

branching ratios approximately proportional to m2
q . In practice, however, the gamma-

ray flux that is observed from annihilating to di↵erent quarks (or gluons) is small [60].

The Fermi-LAT limits [58] also demonstrate that there is a negligible di↵erence between

the limits on h�vreli in uū and bb̄ final states. We therefore suggest to only show the bound

on uū from Fermi-LAT in comparison with the calculated bound on the total annihilation

cross section, as representative of the limits to final states involving linear combinations of

di↵erent quarks or gluons.

The annihilation cross section into a qq̄ final state is (see e.g. [61] for a recent example)

h�vreliq =
3m2

q

2⇡v2
g2q g

2
DMm2

DM

(M2
med � 4m2

DM)2 +M2
med�

2
med

s

1�
m2

q

m2
DM

, (4.11)

where �med is the total width of the mediator (see Section 2.2). Similarly, the annihilation

cross section into a pair of gluons is given by

h�vrelig =
↵2
s

2⇡3v2
g2q g

2
DM

(M2
med � 4m2

DM)2 +M2
med�

2
med

�����
X

q

m2
q fpseudo-scalar

 
m2

q

m2
�

!�����

2

, (4.12)

5
The galactic center is also potentially a promising DM target. Current observations show an excess

of gamma rays which are roughly consistent with a DM signal, but cannot be conclusively identified as

such due to poorly understood astrophysical backgrounds [59]. The regions of simplified models capable of

reproducing this excess are currently regions of particular interest for collider and direct searches.
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the partial widths are given by

���̄
vector =

g2DMMmed

12⇡
(1� 4zDM)1/2 (1 + 2zDM) , (2.3)

�qq̄
vector =

g2qMmed

4⇡
(1� 4zq)

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

where zDM,q = m2
DM,q/M

2
med and the two di↵erent types of contribution to the width vanish

for Mmed < 2mDM,q. The corresponding expressions for the axial-vector mediator are

���̄
axial-vector =

g2DMMmed

12⇡
(1� 4zDM)3/2 , (2.5)

�qq̄
axial-vector =

g2q Mmed

4⇡
(1� 4zq)

3/2 . (2.6)

2.2 Scalar and pseudo-scalar models

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

Lscalar = �gDM��̄�� gq
�
p
2

X

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

yq q̄q , (2.7)

Lpseudo-scalar = �igDM��̄�5�� igq
�
p
2

X

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

yq q̄�5q , (2.8)

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

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

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

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

contributions are given by

���̄
scalar =

g2DMMmed

8⇡

�
1� 4z2DM

�3/2
, (2.9)

�qq̄
scalar =

3g2q y
2
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16⇡

�
1� 4z2q

�3/2
, (2.10)

�gg
scalar =

↵2
s g

2
qM

3
med

32⇡3v2
��fscalar(4zt)

��2 , (2.11)

while the corresponding expressions in the pseudo-scalar case read

���̄
pseudo-scalar =

g2DMMmed

8⇡

�
1� 4z2DM

�1/2
, (2.12)

�qq̄
pseudo-scalar =

3g2q y
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, (2.13)

�gg
pseudo-scalar =

↵2
s g

2
qM

3
med

32⇡3v2
��fpseudo-scalar(4zt)

��2 . (2.14)

Here the form factors take the form

fscalar(⌧) = ⌧


1 + (1� ⌧)arctan2

✓
1

p
⌧ � 1

◆�
, (2.15)

fpseudo-scalar(⌧) = ⌧ arctan2
✓

1
p
⌧ � 1

◆
. (2.16)
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Due to mq  terms annihilation to heaviest kinematically 

accessible quark dominates total annihilation rate 

2
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[Cirelli et al., 1012.4515; http://www.marcocirelli.net/PPPC4DMID.html] 
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DM annihilation bounds from dwarfs



DM-N cross section: scalar case
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† formula for f(gq) assumes universal couplings to quarks



DM-N cross section: axial-vector case
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† formula for f(gq) assumes universal couplings to quarks
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From suppressed to unsuppressed DD
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operator leads to SD χ-N interactions 
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From suppressed to unsuppressed DD
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[Crivellin et al. 1402.1173] 



From suppressed to unsuppressed DD
 75

[Crivellin et al. 1402.1173] 

operator leads to SI χ-N interactions
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From suppressed to unsuppressed DD
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Loop suppression by far 
overcompensated by 
coherence enhancement 
of SI χ-N interactions  

[D’Eramo et al., 1605.04917] 
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Figure 1: Experimentally excluded regions in the (mDM, mV ) plane for the case of fermion DM
and mediator with flavor universal coupling to quarks (Benchmark I). We shade the LUX 90%
excluded region (blue) and also show the projected LZ exclusion (orange). In the two upper
panels we consider a mediator coupling to the quark vector current, and on the left (right) we
take the coupling to the DM (axial-)vector current. We do the same in the lower panels, where
we consider a mediator coupled to the quark axial-vector current. Dashed lines indicate the
exclusion limits when the running of the couplings is not considered. Where only solid lines are
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Spin-1 mono-X amplitudes
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Spin-0 mono-X amplitudes
 78

1-loop gg→Z+S amplitude diverges for s→∞. Naively, numerical effect 
small unless coupling gt large & centre-of-mass energy s1/2 ≫13 TeVS
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Unitarity: ET,miss+jet, Z, h searches
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Figure 5. Contours of couplings which violate perturbative unitarity at various fixed CM energies for
varying mediator mass m�. Vector (V) and axial-vector (A) mediators are shown. Contours of fixed
width-to-mass ratio are also shown.

mass when evaluated at much larger energies and also the fact that the amplitude is well-

behaved as all potentially dangerous contributions are suppressed by the small quark mass.

Another interesting feature in each plot is that as
p

ŝ ! m� the coupling at which unitarity is

violated becomes smaller. The reason for this is however artificial, since the final state gluon

is becoming soft in this limit and the IR divergence is manifesting as a large logarithm which

significantly increases the cross section. Inclusion of the NLO QCD corrections to qq ! � in

this case would regulate this unphysical divergence. For this reason we truncate the contours

early at m� =
p

ŝ

q
1 � 2Ej/

p
ŝ where we take Ej = 150 GeV. The motivation for this choice

is that as the final-state jet energy falls below 150 GeV the jet pT would fall below typical cuts

in any case and these events would instead contribute to the inclusive mediator production

cross section instead.

For both mediators we see that perturbative unitarity does not become a relevant con-

straint unless the couplings are large, unsurprisingly around c ⇠ O(4⇡). Also, the couplings

which do violate unitarity are typically so large that the particle interpretation of the me-

diator is called into question by the large mediator width. This result is not surprising for

the vector mediator model as it is in principle already UV-complete⇤⇤ and thus we do not

expect to see perturbative unitarity violation unless the relevant couplings have themselves

become nonperturbative. For the axial vector case it was shown in [57] that in the absence

of additional Higgs-like fields processes such as qq ! A
⇤

! qq may violate perturbative uni-

tarity whenever mA ⌧ mq. This is essentially because for a gauge coupling gA ⇠ O(1), in

the limit mA ⌧ mq an axial-vector interaction essentially implies a large non-perturbative

coupling between the longitudinal (Goldstone) component of the massive axial vector and

the quarks. However, in the case considered here, since production is from initial state light

quarks, such e↵ects are highly suppressed by powers of the small quark Yukawas.†† Thus

⇤⇤For example, for a vector mediator model one could imagine a gauged U(1)B�L symmetry with a Stuck-

elberg mechanism providing the longitudinal degree of freedom for the massive gauge boson.
††We have confirmed that whenever the initial state quark masses are large, as for e.g. top quarks, this e↵ect
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Figure 7. As in Fig. 5 however in this case mono-Z signatures are considered.

4.2.3 Mono-Z

The mono-boson constraints are perhaps most interesting as they directly probe the elec-

troweak symmetry breaking structure of the SM and hence at high energies are sensitive to

the gauge structure of the simplified model couplings. Here we will consider mono-Z signa-

tures, which are similar to the mono-W signatures in respect of perturbative unitarity. Once

again, we only consider the vector and axial vector mediators as the scalar and pseudoscalar

couplings to light quarks are suppressed by the small Yukawas.

The early work of [75] suggests that in the absence of a new Higgs boson coupled to Z
µ
Aµ

the axial-vector Feynman diagram of Fig. 7 should violate perturbative unitarity at high

CM energies. However, the dangerous contribution to the amplitude is proportional to the

fermion mass, thus we do not expect this to be an important concern. As shown in Fig. 7, the

couplings for which perturbative unitarity breaks down are all very large, showing once again

that unitarity is only violated as a result of the breakdown of perturbativity. Furthermore,

as long as the mediator mass is less than half of its width, perturbative unitarity is satisfied.
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Figure 8. As in Fig. 5 however in this case mono-Z
signatures are considered.

4.2.4 Fermiophobic Mediator

Finally we consider the new fermiophobic

scalar mediator simplified model proposed

in Sec. 3. This model only contains a

scalar mediator. We show the perturba-

tive unitarity constraints in Fig. 8, where

we have considered the mono-Z process.

The coupling cS,V V rescales the Higgs cou-

pling, which is determined by the weak cou-

plings, thus a weak coupling enters in the

fermion coupling to the Z-boson. Due to

this suppression, perturbative unitarity is

– 14 –

[Englert et al., 1604.07975] 

Z
g

ET,miss+jet, Z, h amplitudes in spin-1 models have no problem with unitarity at 
LHC energies & beyond unless DM-mediator couplings are non-perturbative†

†For such couplings, one always has ΓV>MV & simple particle description breaks down



For OS couplings ET,miss spectrum significantly harder than in SS 
case. This is an artefact of unitarity violation & thus unphysical
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Figure 2. Example of a ET,miss spectrum of a mono-W (left panel) and mono-jet (right-panel)
signal arising in the spin-1 simplified model. See text for additional explanations.

ET,miss signal regions (SRs) of LHC Run I mono-jet searches. That this expectation is
indeed correct is shown in Appendix A.

The paradoxical observation that an EW contribution appears to produce harder mono-
jet events than a QCD process casts doubt on the validity of the spin-1 simplified model
introduced in (2.1). Indeed, we will show below that the harder ET,miss spectrum in the
OS case is due to contributions that grow with energy and therefore potentially violate
unitarity. The aim of this note is to accurately describe the nature of this problem and
propose a number of ways of solving it by appropriately modifying or restricting the spin-1
simplified model under consideration.3

3 Unitarity violation and coupling structures

It is well-known that the production of longitudinal gauge bosons (such as Z
0
L
) from

fermions can potentially violate unitarity at large energies (see for instance [15]). For
example, it was shown in [16] that for the spin-1 simplified model considered in (2.1) the
process � + �̄ ! Z

0
L

+ Z
0
L

violates unitarity at large energies for non-zero axial-vector
couplings, unless a second dark Higgs is added to the theory. Since the amplitude is pro-
portional to the fermion mass, the corresponding process with light quarks only violates
unitarity at very large energies and can therefore be disregarded.

3
Note that, since the interactions (2.1) of the Z0

boson explicitly break the EW symmetry, the corre-

sponding Ward identities are no longer satisfied by W bosons in the final state. As a result, the Goldstone

boson equivalence theorem does not hold, i.e. one does not obtain the same result at high energies when re-

placing WL fields by Goldstone bosons. In other words, since the gauge symmetry is broken, unitary gauge

and Feynman gauge are not equivalent and one cannot simply remove the mono-W problem by calculating

cross sections in Feynman gauge.
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[see also Bell et al., 1503.07874, 1512.00476]

same-sign (SS): gu = gd

opposite-sign (OS): gu = −gd
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In fact, EW channel pp→W(→qq′)+ V(→χχ) even produces  
harder mono-jet events than QCD process pp→jets+ V(→χχ)
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Figure 2. Example of a ET,miss spectrum of a mono-W (left panel) and mono-jet (right-panel)
signal arising in the spin-1 simplified model. See text for additional explanations.

ET,miss signal regions (SRs) of LHC Run I mono-jet searches. That this expectation is
indeed correct is shown in Appendix A.

The paradoxical observation that an EW contribution appears to produce harder mono-
jet events than a QCD process casts doubt on the validity of the spin-1 simplified model
introduced in (2.1). Indeed, we will show below that the harder ET,miss spectrum in the
OS case is due to contributions that grow with energy and therefore potentially violate
unitarity. The aim of this note is to accurately describe the nature of this problem and
propose a number of ways of solving it by appropriately modifying or restricting the spin-1
simplified model under consideration.3

3 Unitarity violation and coupling structures

It is well-known that the production of longitudinal gauge bosons (such as Z
0
L
) from

fermions can potentially violate unitarity at large energies (see for instance [15]). For
example, it was shown in [16] that for the spin-1 simplified model considered in (2.1) the
process � + �̄ ! Z

0
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+ Z
0
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violates unitarity at large energies for non-zero axial-vector
couplings, unless a second dark Higgs is added to the theory. Since the amplitude is pro-
portional to the fermion mass, the corresponding process with light quarks only violates
unitarity at very large energies and can therefore be disregarded.

3
Note that, since the interactions (2.1) of the Z0

boson explicitly break the EW symmetry, the corre-

sponding Ward identities are no longer satisfied by W bosons in the final state. As a result, the Goldstone

boson equivalence theorem does not hold, i.e. one does not obtain the same result at high energies when re-

placing WL fields by Goldstone bosons. In other words, since the gauge symmetry is broken, unitary gauge

and Feynman gauge are not equivalent and one cannot simply remove the mono-W problem by calculating

cross sections in Feynman gauge.

– 4 –

V

[UH et al., 1603.01267] 



Mono-W problem in mono-jets
 82

†Plots show SRs as defined in ATLAS, 1502.01518

Unitarity problem persists after parton shower, hadronisation corrections 
& detector effects.  As a result, EW contribution gives rise to majority of 
events in high-ET,miss signal regions (SRs) of mono-jet searches† in OS case
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Figure 4. Fiducial mono-jet cross sections for the SR1 to SR9 selections. The left (right) panel
shows the predictions for a spin-1 simplified model with only vector (axial-vector) couplings. See
text for further explanations.

simulation. To cluster jets we used FastJet [33] employing the anti-kt algorithm [34] with
radius parameter R = 0.4.

In the ATLAS analysis the following preselection criteria are imposed. Events are
required to have a reconstructed primary vertex, ET,miss > 150 GeV and at least one jet
with pT > 30 GeV and |⌘| < 4.5 in the final state. Events that do not pass certain jet
quality requirements or do contain charged leptons or isolated tracks are rejected. Events
having a leading jet with pT > 120 GeV and |⌘| < 2.0 are selected, if the leading-jet pT and
the ET,miss satisfy pT /ET,miss > 0.5. Furthermore, the requirement ��(jet, ~pT,miss) > 1.0
on the azimuthal separation between the direction of the missing transverse momentum
and that of each of the selected jets is imposed. Nine distinct SRs are considered with the
following ET,miss thresholds {150, 200, 250, 300, 350, 400, 500, 600, 700}GeV.

Our results for the fiducial mono-jet cross section corresponding to SR1 to SR9 are
shown in the two panels of Figure 4. The plots are based on MZ0 = 1TeV, mDM = 10GeV
and all leptonic couplings are taken to be zero. In the left (right) panel we present the
case of pure vector couplings g

V

DM
= 1 and |gV

u | = |gV

d
| = 0.25 (pure axial-vector couplings

g
A

DM
= 1 and |gA

u | = |gA

d
| = 0.25). The corresponding total decay width of the Z

0 boson are
�Z0 = 56.5 GeV and �Z0 = 55.5 GeV assuming a minimal width. One first observes that the
obtained results are to good approximation independent of whether vector or axial-vector
exchange is considered. Second, while the fiducial cross sections corresponding to the QCD
contributions (blue and green markers) are within statistical uncertainties identical for the
SS and OS choices, in the EW case the OS signal strengths (red markers) are, depending on
the considered SR, larger than the SS predicitons (yellow markers) by a factor of around 25
to 400. One also sees that, as a result of the constructive interference in the OS case,

– 12 –

MZ� = 1TeV

m� = 10GeV

gV,A
DM = 1

|gV,A
u,d | = 0.25

[UH et al., 1603.01267] 
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Since s-behaviour of ud→W+V amplitude proportional to gu − gd 
tree-level unitarity recovered for gQ = gd = gu. Latter requirement 
automatically fulfilled, if quark couplings to V are written in a way  
that preserves EW symmetry:

L L

L L

QL = (uL, dL)T

LV qq̄ = �
�

u,d

Vµ

�
gQ Q̄L�µQL + gu ūR�µuR + gd d̄R�µdR

�

[UH et al., 1603.01267] 



Mono-W problem: solution 2
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Second solution obtained by thinking about how unitarity of ud→W+Z 
amplitude is realised within SM:

Diagram with WWZ coupling cancels divergent s-behaviour of graphs 
with t-channel quark exchange. This is a result of gauge invariance 

u u

ud

d d
Z

W Z

W

u

d

W

W

Z

|M|2 =
3g4c2

w|Vud|2

32M2
W

(d1 + d2 � 2d3) s2 sin2 �
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+
1
2

(�µV� � ��Vµ)
�
Wµ+W �� �Wµ�W �+

� �

�L = i�g
��

�µW+
� � ��W+

µ

�
Wµ�V � �

�
�µW�

� � ��W�
µ

�
Wµ+V �

�g = gL
u � gL

d �= 0

SM result implies that even if 

unitarity violation avoided by adding following gauge-boson couplings to 
Lagrangian:

[UH et al., 1603.01267] 



LXqX̄ = �
�

q

Xµq̄
�
fV

q �µ + fA
q �µ�5

�
q , fL

u � fL
d = 0

Xµ = N31Aµ + N32Zµ + N33Vµ

Mono-W problem: solution 2
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[UH et al., 1603.01267] 

�g = gL
u � gL

d = gN23 , gWWV = gN23

In fact, if  V arises through mixing with a new vector field X, that is

& X has quark couplings of form 

then relevant V couplings automatically obey 

& modified theory unitary



�g = gL
u � gL

d =
v2

�2

LV QH = �
�

u,d

Vµ

�
1

�2
u

(Q̄LH̃)�µ(H̃†QL) +
1
�2

d

(Q̄LH)�µ(H†QL)
�

Mono-W problem: solution 3
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[UH et al., 1603.01267] 

Quark-couplings of  V can also be realised via dimension-6 operators:

In such a case SU(2)L breaking is however not O(1), but given by† 

In this model unitary at 13 TeV LHC requires either |gu   | = |gd   | < 0.05  
or if |gu   | = |gd   | = 0.25 & MV = 1 TeV is chosen, one has to employ 
truncation with s1/2 < 6 TeV. Both options reduce mono-W sensitivity

V,A V,A 

V,A V,A 

~



Unitarity violation: χχ → Z′Z′
 88

� gA
�

m�

M2
Z�

s1/2

�

Z �

Z �

�

For mχ = 10 (100) GeV, new physics must appear before 5 (0.5) TeV to 
restore unitarity in DM annihilation to Z′ pairs 

s1/2 <
�M2

Z�

(gA
� )2m�

�
5 TeV , gA

� = 0.25,MZ� = 1TeV ,m� = 10GeV
�

0.5 TeV , gA
� = 0.25,MZ� = 1TeV ,m� = 100GeV

[Kahlhoefer et al.,1510.02110] 



Dark Higgs sector
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[Kahlhoefer et al.,1510.02110] 

Simplest way to restore unitarity is to generate mediator mass by Higgsing 
U(1)′ symmetry.  Assuming that DM is Majorana particle (to avoid strong 
DD constraints due to vector coupling), one can write 

LS = {(�µ + igSZ �µ)S}† {(�µ + igSZ�µ)S}+ µ2
sS

†S � �s

�
S†S

�2

Once S acquires vacuum expectation value (VEV) w, ψ & Z′ get massive 

LDM =
i

2
�̄/�� � 1

2
gA
DMZ �µ�̄�µ�5� �

1
2

yDM �̄ (PLS + PRS�) �

mDM =
yDMw�

2
, MZ� � 2gA

DMw



Z′ interactions
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[Kahlhoefer et al.,1510.02110] 

Gauge invariance of SM Yukawa couplings requires that charges q are 
generation universal & must satisfy consistency conditions (CCs): 

Interactions between SM states & Z′ gauge boson can be written as

L�
SM =

�
(DµH)†(�ig�qHZ �

µH) + h.c.
�

+ g�2q2
HZ �µZ �

µH†H

�
�

f=q,�,�

g�Z �µ �
q̄fL f̄L�µfL + q̄fR f̄R�µfR

�

qH = qqL � quR = qdR � qqL = qeR � q�L



Implications of CCs
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[Kahlhoefer et al.,1510.02110] 

For arbitrary charge assignments consistent with CCs, theory will have 
anomalies, but new fermions F do not need to be coloured since ggZ′ 
anomaly vanishes automatically. This is a nice feature because masses of 
new fermions bounded by unitarity: 

� 3 (2qqL � quR � qdR)

mF <

�
�

2
MZ�

gA
F

g

g

f

f

f
Z �



Implications of CCs
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CCs also imply that for non-zero axialvector couplings to SM fermions,  
SM Higgs must carry U(1)′ charge. This has two important consequences:

• Z′ must couple with same strength to quarks & leptons (assuming 
one Higgs doublet), resulting in stringent constraints from di-lepton 
resonance searches

• VEV of SM Higgs leads to Z−Z′ mixing, which is severely constrained 
by EW precision observables (EWPOs)

[Kahlhoefer et al.,1510.02110] 
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Structure of spin-0 simplified model
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LS �
�

q

gqyq�
2

q̄qS =
�

q

gqyq�
2

(q̄LqR + q̄RqL) S

Since left- & right-handed SM fermions have different quantum numbers, 
interaction of form

not SU(2)L × U(1)Y gauge invariant

Given that S is a SM singlet, terms like 

not forbidden by EW symmetry. Why are such couplings not included?

S|H|2, S2|H|2, S3, S4
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Fermion singlet DM
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In fact, by adding 

to SM Lagrangian both issues can be addressed 

As a result of portal coupling μ, SM Higgs h & singlet s mix, giving rise to 
mass eigenstates h1,2:

For small θ ≪ 1, h1 (h2) SM Higgs-like (singlet-like)

Ls � y��̄�s + µs|H|2

[Kim et al., 0803.2932; Baek et al., 1112.1847; Lopez-Honorez et al., 1203.2064; Fairbairn & Hogan, 1305.3452; …]



Fermion singlet DM: vertices
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Compared to spin-0 simplified model LHC phenomenology is richer in 
fermion singlet DM scenario: 

(i) universal suppression of SM Higgs couplings by cosϴ — LHC Run I 
data requires already sinϴ < 0.4

(ii) new SM Higgs decay modes h1→χχ & h1→h2h2  if kinematically 
allowed 

(iii) ET,miss cross sections are changed & new signatures like W/Z+ET,miss 

& VBF+ET,miss arise — ET,miss processes involving EW bosons cannot 
be described consistently in spin-0 simplified model 

~

Fermion singlet DM: signatures
 97



Mono-jet vs. W/Z, VBF+ET,miss signal
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Properties beyond mass scale?
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ET,miss & pT,j1 spectra for vector & axialvector operators identical. 

Mono-jet searches not sensitive to chirality of interactions
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Figure 5 – Left: Comparison of the ET,miss spectra of a mono-jet signal resulting from vector and axialvector
interactions. Overlaid are the LO (blue curves and bands) and NLO (red curves and bands) predictions and
the K factor is also shown. Taking into account scale variations the results are clearly indistinguishable. Right:
Normalised ��j1j2 distributions for 300 fb�1 of 14TeV LHC data, assuming m� = 100GeV. The red (blue)
histogram shows the signal plus background prediction for the operator �̄�W i

µ⌫W
i,µ⌫ (�̄�W i

µ⌫W̃
i,µ⌫). The grey

bar chart represents the expected SM background, which for better visibility, has been rescaled by a factor of 1/3.
The solid curves indicate the best fits of the form a0 + a1 cos��j1j2 + a2 cos (2��j1j2).

interactions.28 These three examples show that studies of the correlations of the SM final state
particles in ET,miss events o↵er unique opportunities to probe the DM-SM interactions, making
any dedicated e↵ort at LHC Run II in this direction more than welcome.

5 Conclusions

With the start of LHC Run II, collider searches for ET,miss signatures are soon to explore
new territory, and the large statistics expected at the phase-1 and phase-2 upgrades at 14TeV
have the potential to radically change our understanding of DM. New theoretical developments
that allow for a better description of both signals and backgrounds have to go along with the
experimental advances in order to exploit the full physics potential of the LHC. Harnessing the
ideas discussed here may play a key role in this e↵ort.
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DM-pair production & 2 jets
 100

Azimuthal angle difference Δϕj1j2 in ET,miss+2j events gold-plated 
observable to probe structure of DM-SM interactions

[see also Cotta et al.,1210.0525; Crivellin et al. 1501.00907 for related ideas]
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Distribution of ET,miss+tt events
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If mediator is light, scalar DM-top interactions may be distinguished   
from pseudoscalar couplings by studying invariant tt mass distribution

18 M. Backović et al.: Higher-order QCD predictions for dark matter production at the LHC in simplified models
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Fig. 14. Comparison of tt̄ invariant mass distributions between
the scalar (blue) and pseudo-scalar (red) mediator models for
di↵erent mediator masses.

4.2 Di↵erential distributions

For the study of di↵erential distributions, we consider the
invariant mass of the top-quark pair (m(tt̄)), without in-
clusion of a parton shower. Figures 12 and 13 illustrate the
scalar and pseudo-scalar results, respectively, for di↵erent
mediator masses (o↵-shell, threshold, and on-shell) with
the DM mass fixed at 50 GeV. In all cases the shape of
m(tt̄) is well modelled by the LO calculation, and includ-
ing a constant K factor reproduces the NLO results to an
excellent degree, except in the threshold region. However,
the LO calculation su↵ers from significant scale uncertain-
ties which tend to increase with m(tt̄), whereas the scale
uncertainties are under much better control at NLO.

Whether DM is produced via scalar or pseudo-scalar
mediators can have a dramatic e↵ect on the shape of the
m(tt̄) distribution. In Fig. 14 we compare the NLO dis-
tributions in Figs. 12 and 13, where we normalise the his-
tograms to unit area to point out the shape di↵erences.
We observe that the shape of the distribution is partic-
ularly enhanced for m(tt̄) & 500 GeV in the case of the
pseudo-scalar mediator, while the scalar mediator distri-
bution displays a much more prominent peak at lower
m(tt̄). The e↵ect is severely damped in case of heavy me-
diators, where we find no clear di↵erences between the
shapes of the scalar and pseudo-scalar mediator distribu-
tions. Figure 14 suggests that scalar and pseudo-scalar
mediators could be distinguished based on the shape of
the m(tt̄) distribution, as long as the mediator is su�-
ciently light and/or does not decay highly o↵-shell. An
analogous observation has been made already in the case
of the study of the CP properties of the Higgs boson [67].

5 Summary

Searches for DM are one of the main endeavours at the
LHC Run II. Accurate and precise predictions for produc-
tion rates and distributions are necessary to obtain robust

constraints on DM models and characterise possible DM
signals. In this article we have provided a general imple-
mentation of the simplified DM model approach into a
calculation/simulation framework that allows to system-
atically evaluate and include NLO QCD corrections to
the production of DM at the LHC. We have considered
a class of simplified models where DM is a Dirac fermion
and couples to the SM via either spin-1 or spin-0 s-channel
mediators, making no restrictions on chiral couplings. For
the purpose of illustration, we analysed the NLO e↵ects on
the DM production via vector and axial-vector mediators
in the context of mono-jet signals. In addition, we have
presented detailed predictions of DM production in asso-
ciation with a top-quark pair via scalar and pseudo-scalar
mediators. We presented our results for various DM and
mediator masses to cover benchmark points suggested by
the ATLAS/CMS DM forum [5].

For MET+jets in the spin-1 mediator model, our re-
sults show that higher-order corrections have a significant
e↵ect both on the overall production rate as well as on the
shape of relevant di↵erential distributions, with a sizeable
reduction of the scale and PDF uncertainties. The NLO
corrections to the LO production rates can be large, with
K factors of up to K . 2, and typically occur in parts of
the model parameter space where the mass scale of DM
and mediator is O(10 � 100) GeV. For such scenarios,
we also find large NLO e↵ects on the shape of di↵eren-
tial distributions in MET and the transverse momentum
of the associated jets. Simplified models with heavy (e.g.
O(1) TeV) mediators/DM do not receive large NLO cor-
rections, and we find that LO predictions describe both
total production rates and shapes of di↵erential distribu-
tions quite accurately. Distributions of the second hardest
jet in the event are well modelled by the parton shower
for heavy mediator/DM cases. On the other hand, for me-
diators/DM with masses of O(100) GeV, the inclusion of
NLO e↵ects is essential for a proper description of pT (j2)
and ⌘(j2) distributions, especially in the high-pT tails,
where the NLO e↵ects can be an order of magnitude.

So-called “giant K factors” can occur in NLO com-
putations of DM production rates in the regions where
p
j
T � mY . Such e↵ects can be extremely large when con-

sidering mono-jet production rates, especially in phase-
space regions with low MET. Imposing a su�ciently large
MET cut and hence avoiding the soft/collinear singulari-
ties associated with the mediator emissions from high-pT
jets e�ciently mitigates the e↵ect of giant K factors.

In our analysis we have gone beyond FO in pertur-
bation theory and studied the e↵ects of jet multiplicity
merging at NLO accuracy. We found that FO calculations
model the jet multiplicity and other di↵erential distribu-
tions adequately well, with no significant e↵ects on the
shapes or overall rates coming from jet sample merging.

Comparisons with the NLO predictions for the leading
SM background channel reveal that considerations of ei-
ther inclusive or exclusive jet samples beyond one jet could
be beneficial for increasing the prospects for DM detec-
tion. The leading jet pT distributions in case of heavy me-
diators display a milder decrease with the increase in pT ,

[Backović et al., 1508.05327] 
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[UH, Pani & Polesello , 1611.09841] 

Pseudorapidity difference of two leptons cos(θll) = tanh(Δηll/2) in          
di-leptonic top decays powerful probe CP-property of spin-0 mediators
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Figure 7. Normalised distributions of the |cos ✓``| (upper row) and |��``| (lower row) variables for
four different scalar (left) and pseudoscalar (right) benchmark models after imposing all selection
requirements. The style and colour coding of the curves resembles the one of Figure 3. The shown
error bars are the statistical errors associated to our MC simulations.

backgrounds. To further reduce the top backgrounds, we construct the following linear
combination from Emiss

T and mT2:

Cem ⌘ mT2 + 0.2 · (200 GeV � Emiss
T ) . (5.2)

The Cem distribution after all other selections requirements have been applied is shown
in Figure 5 for the various backgrounds and our benchmark signal. The optimal cut on Cem

for the benchmark signal was established by minimising the value of the coupling g = g� =

gt which can be excluded at 95% CL for an integrated luminosity of 300 fb�1, resulting in
a requirement Cem > 130 GeV. It was checked explicitly that this requirement provides an
adequate sensitivity over the whole considered range of mediator masses.

Figure 5 shows that the chosen criteria allows for an adequate reduction of the top
backgrounds, while keeping an acceptable signal statistics for the considered model point.
After applying the Cem cut the residual background is dominated by tt̄Z with subse-

– 13 –
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Figure 8. Distribution of the |cos ✓``| variable after employing the full selection requirements as
specified in Section 5. The normalisation corresponds to the numbers of events expected for 100 fb�1

at
p

s = 14TeV. The error bars indicate the errors on the generated MC statistics.

Our sensitivity study is performed in two ways. First by performing a simple counting
experiment and second by including shape information in the form of a 5-bin likelihood fit
to the |cos ✓``| distributions. The inclusion of shape information is motivated by the obser-
vation that the distributions of events as a function of the pseudorapidity difference of the
dilepton pair is different for signal and background. This feature is illustrated in Figure 8
which compares the predictions for a scalar (blue curve) and pseudoscalar (red curve) as-
suming M = 100GeV, m� = 1GeV and g� = gt = 1 with the SM background (black curve).

Given the presence of a sizeable irreducible background surviving all the selections,
the experimental sensitivity will be largely determined by the systematic uncertainty on
the estimate of the SM backgrounds. Such an error has two main sources: on the one
hand, uncertainties on the parameters of the detector performance such as the energy
scale for hadronic jets and the identification efficiency for leptons, and on the other hand,
uncertainties plaguing the MC modelling of SM processes. Depending on the process and on
the kinematic selection, the total uncertainty can vary between a few percent and a few tens
of percent. The present analysis does not select extreme kinematic configurations for the
dominant tt̄Z background, and it therefore should be possible to control the experimental
systematics at the 10% to 30% level. In the following, we will assume a systematic error
of 20% on the backgrounds in the case of the counting experiment. In the case of the 5-bin
shape fits we will consider background uncertainties of both 30% and 20%, fully correlated
across the bins. We have checked that in the absence of an external measurement (e.g. a
background control region) which profiles uncertainties, the use of correlated uncertainties
in the shape fit provides the most conservative results.

The results of our sensitivity study are displayed in Figure 9. Notice that the results
shown for 3 ab�1 rely on the assumption that the Emiss

T measurement performance in the
very harsh experimental conditions of the HL-LHC will be equivalent to the one achieved

– 15 –
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For spin-0 mediator of 100 GeV clear separation of 
signal & SM background in realistic experimental setup 
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Figure 9. Value of the signal strength that can be excluded at 95% CL as a function of the mass
for scalar (left) and pseudoscalar (right) mediators. The reach with 300 fb�1 of

p
s = 14 TeV data

is given for a simple counting experiment assuming a 20% systematic background uncertainty (red
curves) and for 5-bin shape fits with both 30% (yellow curves) and 20% (green curves) errors.
A hypothetical shape-fit scenario based on 3 ab�1 and 20% systematics is also shown (blue curves).

during LHC Run I. As expected from the shapes of the distributions in Figures 7 and 8,
the 5-bin likelihood fit provides a significant improvement over the counting experiment for
high-mass mediators irrespectively of their CP nature. The gain in sensitivity at lower mass
depends strongly on the assumption on the systematic uncertainty of the SM background.
For instance assuming a 20% systematics on the counting experiment and a 30% background
error on the shape fit, we find that the shape analysis will have larger discriminating power
than the simple cut-and-count strategy for M� & 300 GeV and Ma & 100 GeV with 300 fb�1

of integrated luminosity. If the background for the shape fit can instead be estimated with
an error of 20%, including shape information is expected to be the superior strategy over
almost the entire range of considered masses. In fact, at the LHC with 3 ab�1 of data
it should be possible to exclude spin-0 models that predict µ = 1 for mediator masses
up to around 400 GeV using the 5-bin likelihood fit employed in our study. The observed
strong dependence of the reach on the assumption on the systematic background uncertainty
shows that a good experimental understanding of tt̄Z production within the SM will be a
key ingredient to a possible discovery of DM in the tt̄ + Emiss

T channel.
We also perform a hypothesis test between the scalar and pseudoscalar mediator hy-

potheses as a function of the mediator mass. Figure 10 shows the value of µ for which
the scalar hypothesis can be excluded at 95% CL in favour of the pseudoscalar one (blue
curve) and vice versa (red curve). Our statistical analysis is based on a 5-bin shape fit
of the |cos ✓``| distributions and employs standard maximum likelihood estimator tech-
niques (see for instance [64]) that are implemented in the RooFit/RooStat package [65].
From the figure it is evident that based on 300 fb�1 of

p
s = 14TeV data and under the

assumption that the SM backgrounds can be determined with an uncertainty of 20%, it
should be possible to distinguish between the two CP hypotheses for masses M . 200 GeV

– 16 –
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Likelihood shape fit provides a significant improvement over the counting 
experiment for high-mass mediators irrespectively of their CP nature

ET,miss+tt searches: projections
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Figure 11. Left: Value of the coupling gt that can be excluded at 95% CL in the DMF spin-0
models. The shown limits correspond to m� = 1GeV and g� = 1 and the parameter space above
the coloured curves is ruled out. Right: Value of tan � that can be excluded at 95% CL in the
alignment/decoupling limit of the 2HDMII plus singlet models. The relevant model parameters
are m� = 1 GeV, y� = 1 and ✓ = ⇡/4 and the exclusion holds for the parameter space to the
bottom-left of the coloured curves. All limits have been obtained from our 5-bin shape-fit analysis
assuming a systematic error of 20% on the SM background.

the quoted mass limits are expected to improve to M� . 160 GeV and Ma . 330 GeV.
It is also apparent from both panels that below the tt̄ threshold the limits on pseu-

doscalar models are always stronger than those on scalar scenarios. This feature can be
understood by realising that our |cos ✓``| shape analysis has larger discriminating power
for a CP-odd than for a CP-even spin-0 portal state, as one would expect from Figure 8.
Notice finally that above the tt̄ threshold the constraints in the M–gt and M– tan � planes
as depicted in Figure 11 start to weaken because the branching ratios of �/a ! ��̄ are
no longer 100%. This feature is most pronounced in the case of our pseudoscalar scenario
with 300 fb�1 of data. In this parameter space region ditop resonance searches can provide
relevant constraints [66, 67] on both the DMF as well as the 2HDMII plus singlet models.

7 Conclusions

In this article, we have studied the prospects of future LHC runs to probe spin-0 interactions
between DM and top quarks via the tt̄ + Emiss

T signature. This final state is particularly
interesting, since it is expected to have an appreciable rate in simplified s-channel scalar
and pseudoscalar models that satisfy both the constraints from quark-flavour and Higgs
physics. Examples of such models are provided by the spin-0 scenarios recommended by
the ATLAS/CMS DMF and 2HDMII plus singlet extensions in the alignment/decoupling
limit and low values of tan �.

In order to understand which kinematic variables are useful to separate signal and
SM backgrounds, we have first analysed the basic properties of the tt̄ + Emiss

T signal. By

– 18 –

Spin-0 mediators with an effective coupling strength of O(1) to tops can 
be tested for masses up to 350 GeV (or even above) at future LHC runs

[UH, Pani & Polesello , 1611.09841] 
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Mono-jet backgrounds at 8 TeV
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At 8 TeV SM background to mono-jet searches has an error of O(10%)

7

Z(nn)g events are included in the estimation of W+jets and Z(nn)+jets from data, as photons
are not explicitly vetoed in the estimation of the W+jets and Z(nn)+jets backgrounds. Single
top and Z(``)+jets (including Z(``)g production) are predicted to contribute ⇠0.3% of the to-
tal background, and are determined from simulation. A 50% uncertainty is assigned to these
backgrounds. In addition to this 50% uncertainty, the uncertainty on the QCD background also
receives a contribution of 30% arising from the uncertainty on the data/MC scale factor.

6 Results
A summary of the predictions and corresponding uncertainties for all the SM backgrounds and
the data is shown in Table 3 for different values of the E

miss
T selection. The observed number

of events is consistent with the background expectation, given the statistical and systematic
uncertainties. The CLs method [53–55] is employed for calculating the upper limits on the sig-
nal cross section using a profile likelihood ratio as the test-statistic and systematic uncertain-
ties modeled by log-normal distributions. The expected and observed 95% confidence level
(CL) upper limits on the contribution of events from new physics are also shown. The model-
independent upper limits on the visible cross section for non-SM production of events (denoted
sBSM

vis ) are shown in Fig. 4.

Table 3: SM background predictions for the numbers of events passing the selection require-
ments, for various E

miss
T thresholds, compared with the observed numbers of events. The un-

certainties include both statistical and systematic components. The last two rows give the
expected and observed upper limits, at 95% CL, for the contribution of events from non-SM
sources passing the selection requirements.

E
miss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

Z(nn)+jets 32100 ± 1600 12700 ± 720 5450 ± 360 2740 ± 220 1460 ± 140 747 ± 96 362 ± 64
W+jets 17600 ± 900 6060 ± 320 2380 ± 130 1030 ± 65 501 ± 36 249 ± 22 123 ± 13
tt 446 ± 220 167 ± 84 69 ± 35 31 ± 16 15 ± 7.7 6.6 ± 3.3 2.8 ± 1.4
Z(``)+jets 139 ± 70 44 ± 22 18 ± 9.0 8.9 ± 4.4 5.2 ± 2.6 2.3 ± 1.2 1.0 ± 0.5
Single t 155 ± 77 53 ± 26 18 ± 9.1 6.1 ± 3.1 0.9 ± 0.4 — —
QCD multijets 443 ± 270 94 ± 57 29 ± 18 4.9 ± 3.0 2.0 ± 1.2 1.0 ± 0.6 0.5 ± 0.3
Diboson 980 ± 490 440 ± 220 220 ± 110 118 ± 59 65 ± 33 36 ± 18 20 ± 10
Total SM 51800 ± 2000 19600 ± 830 8190 ± 400 3930 ± 230 2050 ± 150 1040 ± 100 509 ± 66
Data 52200 19800 8320 3830 1830 934 519
Exp. upper limit+1s 5940 2470 1200 639 410 221 187
Exp. upper limit �1s 2870 1270 638 357 168 123 104
Exp. upper limit 4250 1800 910 452 266 173 137
Obs. upper limit 4510 1940 961 397 154 120 142

The total systematic uncertainty in the signal yield is found to be approximately 20% for dark
matter, ADD extra dimensions, and unparticles. The sources of systematic uncertainties con-
sidered are: jet energy scale; PDFs; renormalization/factorization scales; modeling of the ISR;
simulation of event pileup; and the luminosity measurement. The dominant uncertainties are
from the modeling of the ISR, which contributes at the level of 5% for the dark matter models
and 12% for ADD/unparticle models, and the choice of renormalization/factorization scale,
which leads to an uncertainty of around 10% for ADD/unparticle models and 15% for the dark
matter models. The ISR uncertainty is estimated by varying the matching scales between MAD-
GRAPH and PYTHIA up and down for the dark matter models, and by varying parton shower
parameters within PYTHIA for the ADD and unparticle models.

For each signal point, limits are derived from the signal region expected to give the best limit
on the cross section. For dark matter and ADD models, the most stringent limits are obtained
for E

miss
T > 500 GeV, whereas for unparticles the optimal selection varies from E

miss
T > 300 GeV

7
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Figure 5: The 95% CL lower limits on the suppression scale M⇤ at
p

s = 14, TeV for three signal regions
defined by Emiss

T > 400, 600 and 800 GeV. The limits are shown for the D5 operators with M� = 50 GeV
(left) and 400 GeV (right). Two scenarios for the total background systematic uncertainty are considered:
initial 5% (top) and ultimate 1% (bottom). These results assume that the EFT is a valid approach. The
discussion of EFT validity is deferred to Sec. 6.

to these preliminary estimates, the first moments after the Phase 0 upgrade will already be extremely
important and the first data delivered early in 2015 may already be su�cient to test the eventual presence
of new physics, provided the upgraded detector will be understood promptly in terms of systematic
uncertainties. Accumulating 3000 fb�1 of data by 2030 and pushing down the systematics to 1% may
shift the M⇤ limits by another factor of 2, when comparing with the first 5 fb�1 and a 5% systematic. The
3000 fb�1 limit comes from the highest Emiss

T region considered in this study, Emiss
T > 800 GeV. Higher

Emiss
T regions are likely to bring further sensitivity.

The improvement in the exclusion limits is not the only benchmark for evaluating the sensitivity of
the analysis at 14 TeV. If Dark Matter is within the reach of the LHC, it is useful to know how much
data is needed for a 5� discovery. Once again, it should be stressed that the following results assume
specific values for the SM-DM couplings (⇡ < pgSMgDM  4⇡) so that, in principle, the EFT approach
can be considered valid. This set of coupling values has been confirmed to result in a valid EFT for the
full range of M⇤ considered in the following discovery potential studies.

Figure 7 compares the signal strength for the Dark Matter operator D5 with M� = 50 GeV with one
year of data after the Phase 0 upgrade (L = 25 fb�1), with the full dataset before the Phase 2 upgrade
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Figure 5: The 95% CL lower limits on the suppression scale M⇤ at
p

s = 14, TeV for three signal regions
defined by Emiss

T > 400, 600 and 800 GeV. The limits are shown for the D5 operators with M� = 50 GeV
(left) and 400 GeV (right). Two scenarios for the total background systematic uncertainty are considered:
initial 5% (top) and ultimate 1% (bottom). These results assume that the EFT is a valid approach. The
discussion of EFT validity is deferred to Sec. 6.

to these preliminary estimates, the first moments after the Phase 0 upgrade will already be extremely
important and the first data delivered early in 2015 may already be su�cient to test the eventual presence
of new physics, provided the upgraded detector will be understood promptly in terms of systematic
uncertainties. Accumulating 3000 fb�1 of data by 2030 and pushing down the systematics to 1% may
shift the M⇤ limits by another factor of 2, when comparing with the first 5 fb�1 and a 5% systematic. The
3000 fb�1 limit comes from the highest Emiss

T region considered in this study, Emiss
T > 800 GeV. Higher

Emiss
T regions are likely to bring further sensitivity.

The improvement in the exclusion limits is not the only benchmark for evaluating the sensitivity of
the analysis at 14 TeV. If Dark Matter is within the reach of the LHC, it is useful to know how much
data is needed for a 5� discovery. Once again, it should be stressed that the following results assume
specific values for the SM-DM couplings (⇡ < pgSMgDM  4⇡) so that, in principle, the EFT approach
can be considered valid. This set of coupling values has been confirmed to result in a valid EFT for the
full range of M⇤ considered in the following discovery potential studies.

Figure 7 compares the signal strength for the Dark Matter operator D5 with M� = 50 GeV with one
year of data after the Phase 0 upgrade (L = 25 fb�1), with the full dataset before the Phase 2 upgrade
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At high-luminosity LHC, systematic uncertainties will limit reach of 
mono-jet searches. How far can one push this uncertainties down?        
1% seems like a big challenge for both experiment & theory  



Monte Carlo implementations
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Both POWHEG BOX & MadGraph5_aMC@NLO able to simulate 
ET,miss+j signals in s-channel simplified DM models at 1-loop level 
including consistently parton shower (PS) effects 

[UH et al., 1310.449; Backović et al., 1508.05327]

Predictions without PS can also be obtained with official MCFM 
release — there is also a Sherpa+OpenLoops/GoSam package 
which is however not public 

[Fox & Williams, 1211.6390]



NLOPS: spin-I mediators
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[Backović et al., 1508.05327] 

M. Backović et al.: Higher-order QCD predictions for dark matter production at the LHC in simplified models 9
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Fig. 4. MET distributions for pp ! XX̄ + j at the 13-TeV LHC for four benchmark points specified by (mY ,mX), where we
assume a pure vector mediator and Dirac DM. The middle and bottom panels show the di↵erential scale uncertainties and K
factors, respectively.

• For heavy mediators & 
hard ET,miss cuts, impact 
of QCD corrections 
small, which results in 
K-factors close to 1

[UH et al., 1310.4491] 
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[Backović et al., 1508.05327] 

• For heavy mediators & 
hard ET,miss cuts, impact 
of QCD corrections 
small, which results in 
K-factors close to 1

• In case of very light 
mediators & weak ET,miss 
cuts, NLO effects are 
more important, leading  
to K-factors of O(1.5) 

M. Backović et al.: Higher-order QCD predictions for dark matter production at the LHC in simplified models 9
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Fig. 4. MET distributions for pp ! XX̄ + j at the 13-TeV LHC for four benchmark points specified by (mY ,mX), where we
assume a pure vector mediator and Dirac DM. The middle and bottom panels show the di↵erential scale uncertainties and K
factors, respectively.
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[UH et al., 1310.4491] 


