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LHC DM WG in a
2

Bring together experimentalists & theorists with goal to 

• define benchmark models that allow for a systematic 
characterisation/interpretation of DM searches at LHC

• connect with broader DM community (e.g. direct & indirect 
detection experiments) to help build a comprehensive 
understanding of viable DM scenarios

Public meetings on selected topics followed up by lively discussions 
on mailing list lhc-dmwg-contributors@cern.ch  

Process so far lead to two arXiv write-ups 1603.04156 & 1703.05703

[see https://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg for further details] 

mailto:lhc-dmwg-contributors@cern.ch
https://lpcc.web.cern.ch/lpcc/index.php?page=dm_wg


Scales in DM searches
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DM-nucleon scattering
4

[see for instance Fitzpatrick et al., 1203.3542, 1211.2818; Anand et al.,1308.2288, 1405.6690] 

To describe DM-nucleon (DM-N) interactions can use effective field theory 
(EFT) that contains 14 operators & induce 6 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
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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

that is lost in likelihood methods that consider a single185
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How-to describe SI couplings at LHC?
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O1 = 1� 1N

D5 = �̄�µ�q̄�µq

LV � g� �̄�µ�V µ + gq q̄�µq V µ

E

Is it necessary to go from an EFT description to a 
simplified model in context of LHC DM searches? 

How-to describe SI couplings at LHC?



Mono-jet searches
7

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
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 Presence of DM 
manifests itself in small 
enhancement in tail of 
missing energy ET, miss 

distribution 

Signal vs. background
9



0 200 400 600 800 1000

10-5

10-4

10-3

10-2

ET ,miss [GeV]

1/
σ
dσ

/d
E T
,m
is
s
[G
eV

-
1 ]

MV = 500 GeV, ΓV = 10 GeV

g

�

�

q

q

q

q

�

�

g

V

EFT vs. vector simplified model
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D5
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 EFT overestimates tail of 
ET, miss  spectrum. This flaw 
prompted ATLAS & CMS 
to start using simplified 

models when interpreting  
DM searches at Run II  

EFT vs. vector simplified model



Spin-0:

Proposed simplified models
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Spin-1:

[see for instance Boveia et al., 1603.04156] 

LS � g��̄�S +
�

q

gqyq�
2

q̄qS

LP � g��̄i�5�P +
�

q

gqyq�
2

q̄i�5qP

scalar mediator

pseudo-scalar mediator

LV � g��̄�µ�Vµ +
�

q

gq q̄�
µqVµ

LA � g��̄�µ�5�Aµ +
�

q

q̄�µ�5qAµ

vector mediator

axial-vector mediator



LHC limits on vector mediators
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Vector, Dirac, gq = 0.25, gDM = 1
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[Boveia et al., 1603.04156] 

LHC searches provide most stringent constraints in on-shell region, 
Mmed > 2mDM, of mass-mass plane. Off-shell region, Mmed < 2mDM, can 
be probed by mediator searches in SM final state for instance di-jets
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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
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�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



All limits at 90%CL
Vector, Dirac, gq = 0.25, gDM = 1
LUX

1 10 102 103
10-46

10-44

10-42

10-40

10-38

10-36

10-34

mDM [GeV]

σ
SI
(D
M
-
nu
cl
eo
n)

[c
m
2 ]

LHC vs. direct detection
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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



LHC vs. direct detection
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For SI interactions LHC only competitive for low DM mass, 
where direct detection is challenging due to small nuclear recoil 
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[Boveia et al., 1603.04156] 



All limits at 90%CL
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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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LHC vs. direct detection

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

[Boveia et al., 1603.04156] 



LS
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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
20

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]). Form
DM

. 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�v
rel

i 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 m

2

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�v
rel

i 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)
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where �
med
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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]). Form
DM

. 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�v
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i to annihilate to a single particle-anti-particle final state.
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are for single particle-anti-particle final states while models typically include more than one
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branching ratios approximately proportional to m

2

q . In practice, however, the gamma-

ray flux that is observed from annihilating to di↵erent quarks (or gluons) is small [60].
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the partial widths are given by
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where z
DM,q = m

2
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2

med

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

for M
med

< 2m
DM,q. The corresponding expressions for the axial-vector mediator are
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2.2 Scalar and pseudo-scalar models

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

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

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

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

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

contributions are given by
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while the corresponding expressions in the pseudo-scalar case read
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Here the form factors take the form

f
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– 3 –
Due to mq  terms annihilation to heaviest kinematically 

accessible quark dominates total annihilation rate 
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Conclusions
22

• Already a lot of 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 soon 

• Interpretations of LHC searches in context of simplified DM 
models provide information complementary to other DM 
searches such as direct & indirect detection experiments
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present LHC results on s-channel simplified DM models &       

how-to compare them to direct & indirect detection experiments
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DM-N cross section: scalar case
26

µn� =
mnmDM

mn + mDM
,�SI =

f2(gq)g2
DMµ2

n�

�M4
med

, mn � 0.939 GeV

�SI � 6.9 · 10�43 cm2
�gqgDM

1

�2
�

125 GeV
Mmed

�4 � µn�

1 GeV

�2

f(gq) = 1.16 · 10�3 gq

† formula for f(gq) assumes universal couplings to quarks



DM-N cross section: axial-vector case
27

f(gq) = 0.32 gq

�SD � 2.4 · 10�42 cm2
�gqgDM

0.25
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1 TeV
Mmed

�4 � µn�

1 GeV
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µn� =
mnmDM

mn + mDM
, mn � 0.939 GeV�SD =

3f2(gq)g2
DMµ2

n�

�M4
med

,

† formula for f(gq) assumes universal couplings to quarks
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[UH using results from Cirelli et al., 1012.4515; http://www.marcocirelli.net/PPPC4DMID.html] 
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DM annihilation bounds from dwarfs
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Spin-1 simplified models: di-jet limits
30
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Spin-1 simplified models: di-jet limits
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Classification of DM-N interactions
32

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



Spin-1 simplified models: running effects
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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�

5q. 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

[D’Eramo et al.,1605.04917] 

In vector mediator model running effects are negligible, while in 
axialvector case cross-section bounds are changed by a factor of 2
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From SD to SI DM-N interactions 
34

operator leads to SD DM-N interactions 
that are both v2 & q2 suppressed
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From SD to SI DM-N interactions 



36

[Crivellin et al. 1402.1173] 

operator leads to SI DM-N interactions
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Loop suppression by far 
overcompensated by 
coherence enhancement 
of SI DM-N interactions  

[D’Eramo et al., 1605.04917] 
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Figure 1: Experimentally excluded regions in the (m
DM

, 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
shown this means that the limits with and without running are indistinguishable.
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From SD to SI DM-N interactions 


