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EFTs in DM
• We see EFTs used in dark matter research in much the same way they are 

used in other fields.  All applications rely on the fact that EFTs are the 
universal low energy limits of many UV theories:

• EFTs can parameterize our ignorance, giving us a framework we can use 
to describe a generic UV theory in a certain limit.

• EFTs often easier to work with than full UV theories, allowing us to 
simplify calculations.

• EFTs can sometimes be used to describe theories which are difficult to 
deal with because they involve strong coupling or other pathologies.



Generic Features of 
DM EFTs
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What is Dark Matter?
• It’s remarkable that measurements on 

very different scales all indicate a self-
consistent picture of a Universe 
containing dark matter.

• As a particle physicist I want to know 
how dark matter fits into a particle 
description.

• What do we know about it?

• Dark (neutral)

• Massive

• Still around today (stable or with a 
lifetime of the order of the age of the 
Universe itself).

“Cold Dark Matter: An Exploded View” by Cornelia Parker



EFT Features
• These features guide the typical construction of an EFT description of 

dark matter.

• For the DM to be approximately stable, any decay process must be 
suppressed.  Typically any interaction term must contain two dark 
matter particles (or at least, two particles charged under a symmetry 
that stabilizes it).

• Very weak couplings could also work (e.g. dark photons, sterile 
neutrinos, axions…)

• The Lorentz representation (spin, complexity, etc) and SU(2) 
representation (with a neutral component) are not determined, and 
must be chosen.  

• If SU(2)-charged, there will necessarily be renormalizable 
interactions with the SM.

• A few cases (e.g. Higgs portal) allow for renormalizable interactions, 
but in many cases the leading interactions will be non-renormalizable.



Parameterizing Ignorance
(& Simplifying Calculations!)



Particle Probes of DM

Indirect Detection

χ

χ
SM ParticlesDM

Direct Detection χ χ

SM Particles

DM

Collider Searches

χ

χ
SM Particles DM

These searches are all 
attempts to  understand 

how DM couples to 
ordinary matter



We Need (a) Theory
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FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of � 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Individually, dark matter searches of all kinds put 
limits on different cross sections.  Without some 
kind of theoretical structure, we can’t compare 

them.

But we know they are all attempts to 
characterize the same thing(s)...
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Dwarf�Limits�from�4�Years�of�FermiͲLAT�Data
Alex�DrlicaͲWagner,�Stanford�Ph.D.�Thesis,�2013Preliminary gy

• Joint�likelihood�analysis�of�
15�dwarf�galaxies
• Four�years�of�FermiͲLAT�data�
included

|10 GeV
included
• Expected�sensitivity�was�
calculated�from�2000�
realistic simulationsrealistic�simulations
• The�green�and�yellow�bands,�
plus�the�dashed�curve,�
indicate�the�simulation�
results

Discrepancies�from�the�MC�
expected�limits�come�from�a�

l b l d
Preliminary!��A�publication�is�in�work,�and�

1.4V global�excess�in�data,�
dominated�by�Segue�1,�Ursa
Major�II,�and�Willman 1.
• Unresolved�background�

some�changes�are�to�be�expected.

TevPA2013 R.P.�Johnson 18

g
sources?

• Hint�of�a�signal?

Which theory to use?
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Theories of 
Dark Matter

mSUGRA

R-parity
Conserving

Supersymmetry

pMSSM

R-parity
violating

Gravitino DM

MSSM NMSSM

Dirac
DM

Extra Dimensions

UED DM

Warped Extra 
Dimensions

Little Higgs

T-odd DM

5d

6d

Axion-like Particles

QCD Axions

Axion DM

Sterile Neutrinos

Light
Force Carriers

Dark Photon

Asymmetric DM

RS DM

Warm DM

?

Hidden
Sector DM

WIMPless DM

Littlest Higgs

Self-Interacting
DM

Q-balls

T Tait

Solitonic DM

Quark
Nuggets

Techni-
baryons

Dynamical 
 DM

No Lack of Options...



Spectrum of  Theory Space

UV Complete
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Effective Field Theories
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UED
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Contact
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Contact Interactions
• On the “simple” end of the spectrum are 

theories where the dark matter is the only 
state accessible to our experiments.

• This is a natural place to start, since 
effective field theory tells us that many 
theories will show common low energy 
behavior when the mediating particles are 
heavy compared to the energies involved.

• The drawback to a less complete theory is 
such a simplified description will 
undoubtably miss out on correlations 
between quantities which are obvious in a 
complete theory.

• And it will fail to describe high energies, 
where one can produce more of the new 
particles directly.

�

�

q

q
eq

�

�

q

q

g2

M2
q̃
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Example: Majorana WIMP

• As an example, we can write down 
the operators of interest for a 
Majorana WIMP.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

• In principle, a realistic UV theory 
will turn on some combination of 
them, with related coefficients.

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
! GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type G! !! !q

M1 qq mq/2M3
!

1 1
M2 qq imq/2M3

!
!5 1

M3 qq imq/2M3
!

1 !5

M4 qq mq/2M3
!

!5 !5

M5 qq 1/2M2
!

!5!µ !µ

M6 qq 1/2M2
!

!5!µ !5!
µ

M7 GG "s/8M3
!

1 -
M8 GG i"s/8M3

!
!5 -

M9 GG̃ "s/8M3
!

1 -
M10 GG̃ i"s/8M3

!
!5 -

TABLE I: The list of the e"ective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (!) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coe!cients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = G! [!̄"!!] " [q̄"qq] ,

L(dim7)
int,GG = G! [!̄"!!] " (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µ" = "µ"#$G#$/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
G! and "!,q for these ten operators, where we have ex-
pressed G!’s in terms of an energy scale M!. In the table,
we have assumed that the coe!cients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our e#ective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.

Goodman, Ibe, Rajaraman, Shepherd, TMPT, Yu 1005.1286 & PLB
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UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
! GeV) mass dark matter [1–5]. This interest is partly
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duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
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quarks/gluons [15–17]. While such searches are compli-
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models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
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place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.
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II. THE EFFECTIVE THEORY

We assume that the WIMP (!) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coe!cients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = G! [!̄"!!] " [q̄"qq] ,

L(dim7)
int,GG = G! [!̄"!!] " (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µ" = "µ"#$G#$/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
G! and "!,q for these ten operators, where we have ex-
pressed G!’s in terms of an energy scale M!. In the table,
we have assumed that the coe!cients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our e#ective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.

Goodman, Ibe, Rajaraman, Shepherd, TMPT, Yu 1005.1286 & PLB

• The various types of interactions are 
accessible to different kinds of 
experiments.  (Technically meaning: 
the observables are unsuppressed by 
the small dark matter velocity in  
our halo, v ~ 10-3.

• Spin-independent elastic 
scattering

• Spin-dependent elastic scattering

• Annihilation in the galactic halo

• Collider Production
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strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coe!cients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = G! [!̄"!!] " [q̄"qq] ,

L(dim7)
int,GG = G! [!̄"!!] " (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µ" = "µ"#$G#$/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
G! and "!,q for these ten operators, where we have ex-
pressed G!’s in terms of an energy scale M!. In the table,
we have assumed that the coe!cients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our e#ective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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• The various types of interactions are 
accessible to different kinds of 
experiments.  (Technically meaning: 
the observables are unsuppressed by 
the small dark matter velocity in  
our halo, v ~ 10-3.

• Spin-independent elastic 
scattering
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• Collider Production
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
! GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type G! !! !q

M1 qq mq/2M3
!

1 1
M2 qq imq/2M3

!
!5 1

M3 qq imq/2M3
!

1 !5

M4 qq mq/2M3
!

!5 !5

M5 qq 1/2M2
!

!5!µ !µ

M6 qq 1/2M2
!

!5!µ !5!
µ

M7 GG "s/8M3
!

1 -
M8 GG i"s/8M3

!
!5 -

M9 GG̃ "s/8M3
!

1 -
M10 GG̃ i"s/8M3

!
!5 -
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We assume that the WIMP (!) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coe!cients. We assume the WIMP is a SM
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Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µ" = "µ"#$G#$/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
G! and "!,q for these ten operators, where we have ex-
pressed G!’s in terms of an energy scale M!. In the table,
we have assumed that the coe!cients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our e#ective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.

Goodman, Ibe, Rajaraman, Shepherd, TMPT, Yu 1005.1286 & PLB

• The various types of interactions are 
accessible to different kinds of 
experiments.  (Technically meaning: 
the observables are unsuppressed by 
the small dark matter velocity in  
our halo, v ~ 10-3.

• Spin-independent elastic 
scattering

• Spin-dependent elastic scattering

• Annihilation in the galactic halo

• Collider Production



Example: Majorana WIMP
• The various types of interactions are 

accessible to different kinds of 
experiments.  (Technically meaning: 
the observables are unsuppressed by 
the small dark matter velocity in  
our halo, v ~ 10-3.

• Spin-independent elastic 
scattering

• Spin-dependent elastic scattering

• Annihilation in the galactic halo

• Collider Production

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
! GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.
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freedom beyond the SM accessible to the experiments
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tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coe!cients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]
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L(dim7)
int,GG = G! [!̄"!!] " (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µ" = "µ"#$G#$/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
G! and "!,q for these ten operators, where we have ex-
pressed G!’s in terms of an energy scale M!. In the table,
we have assumed that the coe!cients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.
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Collider Searches
• At colliders, one searches for this type of 

theory by producing the dark matter 
directly.

• Since the detector needs something to 
trigger on, one looks for processes with 
additional final state particles, and infers 
the presence of dark matter based on the 
missing momentum it carries away from 
the interaction.

• There are the usual SM backgrounds from 
Z + jets, as well as fake backgrounds from 
QCD, etc.

• Contact interactions grow with energy, 
generically leading to a harder MET 
spectrum than the SM backgrounds.

Beltran, Hooper, Kolb, Krusberg, TMPT  1002.4137 & JHEP
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Collider Results
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Both CMS and ATLAS have results interpreting 
mono-jet (etc) searches in terms of the 

interaction strengths of a number of the most 
interesting interactions as a function of DM 

mass.



Translation to Elastic Scattering

• Colliders can help fill in a challenging region of low dark matter mass and 
spin-dependent interactions.

• Since they see individual partons, rather than the nucleus coherently, collider 
results offer a complementary perspective on DM interactions with hadrons.

• The translation assumes a heavy mediating particle (contact interaction).
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See: Goodman, Ibe, Rajaraman, Shepherd, TMPT, Yu 1005.1286 & PLB;    Bai, Fox, Harnik 1005.3797 & JHEP;  and lots of other papers…



Annihilation
• We can also map interactions into 

predictions for WIMPs annihilating.

• For example, into continuum 
photons from a given tree level final 
state involving quarks/gluons.

• This allows us to consider bounds 
from indirect detection, and with 
assumptions, maps onto a thermal 
relic density.

• Colliders continue to do better for 
lighter WIMPs or p-wave 
annihilations whereas indirect 
detection is more sensitive to heavy 
WIMPs.

8

FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1 For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred
value, but the plots in Fig. 2 are still meaningful.

DM Complementarity, arXiv:1305.1605

Too Little DM

Too Much DM
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How Effective a Theory?
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• We should worry a little bit about 
whether what we are doing makes 
sense.

• The bounds on the scale of the contact 
interaction are ~ 1 TeV, and we know 
that LHC collisions are capable of 
producing higher energies.

• For the highest energy events, we 
might be using the wrong theory 
description.

• It is difficult to be quantitative about 
precisely where the EFT breaks down, 
because the energies probed by the 
LHC depend on the parton 
distribution functions.  [The answer is 
time-dependent in that sense.]



?

“s-channel” mediators are not protected by the WIMP 
stabilization symmetry.  They can couple to SM particles 
directly, and their masses can be larger or smaller than 

the WIMP mass itself.

“t-channel” mediators are 
protected by the WIMP 

stabilization symmetry.  They 
must couple at least one WIMP as 

well as some number of  SM 
particles.  Their masses are 

greater than the WIMP mass (or 
else the WIMP would just decay 

into them).

Simplified Models?

One strategy is to
try to write down
some theories with
mediators explicitly 

included.
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Mono-jet Searches
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Searches for dark matter (missing 
momentum) plus a jet of hadrons 
places limits on the masses and 

couplings.



Axial Vector
Mapped into the plane of 

Direct Detection

31

In the context of this simplified model, collider 
limits can be translated into the parameter 

space of the direct searches.



Mediator Searches

Mediator	Search:	V/A,	Spin-1

04/04/2017 Yangyang Cheng	|	DM@LHC2017 6

gDMgq

gq gq

Mono-jet	search	for	DM	

Dijet	search	for	mediator

DM	searches	for	a	Spin-1	V/AV	mediator	

àresonance	searches	for	a	leptophobic Z’

Mediator	width:	

Result	sensitive	to	the	interplay	of	gSM, gDM
• gSM /	gDM too	small:	mono-jet	preferred	

to	resonance	search

• gSM *	gDM too	large:	peak	too	wide	for	

resonance	search	

+	if	MDM >	Mmed /	2:	

no	branching	ratio	to	DM	à just	Z’	search

There are also searches purely for the 
mediator particles, by looking for 

cases in which it is produced and then 
decays back into ordinary particles 

such as electrons or jets of hadrons.



Dark Photons
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Dark
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Mediator

• An interesting part of the parameter space has 
light mediating particles

• This opens up a window where the relic density 
turns out correctly for light (~MeV) dark matter.

• In this limit, a natural explanation for the small 
couplings of the mediator to the standard model 
is that they come dominantly from kinetic mixing 
with U(1)Y.

• In this limit, the couplings of the mediator to the 
SM look like photon couplings scaled down by ε.  
The mediator in this case is often referred to as 
a “dark photon”.

• This regime motivates different kinds of searches, 
including for long-lived and/or low mass ultra 
weakly interacting particles.

γD Parameters:
{m�,mA0 ,↵D, ✏}



Light Mediators

US Cosmic Visions Report
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parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are shown in Fig. 22. These searches are set to
continue testing the top-down motivated values of ✏ in the near future.
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FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [53]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
invariant. The asymmetric DM and ELDER targets (see text) are also shown as solid orange and
magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.
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mMED = 3 mDM

αD = 0.5

Many projects both underway and proposed can search for light mediators 
decaying (dominantly) invisibly.

~100% BR into invisible channels.

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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Dark Matter Coupled to Gluons

• An interesting variation is possible when both the 
dark matter and the colored mediator are 
scalars.

• In that case, a quartic interaction can connect the 
two.

• This interaction does not require the scalar to be 
Z2-stabilized, and (given an appropriate choice of 
EW charges) it can decay into a number of 
quarks, looking (jn some cases) more like an R-
parity violating squark.

• The color and flavor representations (r, Nf) of the 
mediator are free to choose.

• For perturbative λ, a thermal relic actually favors 
mφ < mχ so annihilation into φφ* is open.

�d |�|2|�|2

�4/3 can couple to uiuj provided that the color indices are contracted anti-symmetrically.

MFV is implemented by choosing � to have its own SU(3)uR flavor index, and a flavor

singlet is constructed by contracting the flavor indices anti-symmetrically, ✏ijk�iujuk. This

type of scalar “diquark” bears some resemblance to the squarks of an R-parity-violating

supersymmetric theory. However, their weak charges and the flavor structure of their

couplings are distinct from the supersymmetric case.

Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling

of �3 from �1,2. If one neglects small corrections proportional to the up and charm-quark

masses, the resulting terms in the Lagrangian are,

y1 (�1cR � �2uR) tR + y2 �3uRcR + h.c (2.5)

where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.

In summary, when � is a color triplet which couples to a pair of up-type quarks, MFV

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

wherem�1 is the (approximately degenerate) masses of the two colored scalars which couple

to uRtR and cRtR with (approximately equal) coupling y1 and m�3 is the mass of the third

scalar with couples to uRcR with coupling y2.

(a) Annihilation

�?� ! gluons at one

loop.

(b) Mono-jet signature. (c) Mediator + top quark

production followed by de-

cay of the mediator into top

and an unflavored jet.

(d) Pair productoin

of mediators fol-

lowed by decay into

two fermions.

Figure 1: Representative Feynman diagrams for various processes involving the mediating

colored-scalar that we will explore.

3 Annihilation Cross Section

The cross section for the dark matter to annihilate is the primary quantity determining

the prospects for observing it via indirect detection methods, and also determining its relic

– 4 –

The dominant coupling to the
SM is often at one loop to gluons!

Figure 2: The product of quartic interaction �d with the square root of product of r

dimensional color representation of � and Nf number of flavors with mass less than m�,

required to saturate the observed dark matter density as a thermal relic, are represented as

colored contours in the plane of m�-m�. Almost all the parameter space where m� < m�

is compatible with a thermal relic density. Where m� > m�, the DM annihilation proceeds

via loops and, only a small region of parameter space is allowed without including any

additional couplings.

To good approximation, the coupling to gluons can be represented by its leading term

in the expansion of the momentum transfer divided by the mediator mass. In this limit,

the e↵ective coupling can be represented by the operator C5,

�d↵sTr

48⇡

X

i

1

m
2
�i

|�|2Ga
µ⌫G

aµ⌫
, (4.1)

whose coe�cient is determined by �d, Tr, and the masses of the mediators. It is convenient

to introduce the masses added in parallel,

1

m
2 ⌘

X

i

1

m
2
�i

, (4.2)

– 6 –

Coupling to saturate thermal relic density
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DM Searches
• Direct detection generally provides 

a strong bound unless the dark 
matter mass is particularly small.

• At a hadron collider, the mono-jet 
signature occurs at one loop.

• Much simplification happens when 
the mediator is heavy, and this turns 
into an EFT vertex!

Figure 3: Current (solid line) and projected (dashed line) bounds on
P

�dTr
p

Nf/m
2
�

based on searches for dark matter-Xenon scattering by LUX. The region above the solid

line is excluded.

which in the limit where all mediators have equal masses is 1/m2 ! Nf/m
2
�. Combined

with the gluonic matrix elements, the result is a spin-independent cross section �SI,

5.2⇥ 10�44cm2 (�dTr)
2
⇣

µ� m�

10 GeV2

⌘✓200 GeV

m

◆4

, (4.3)

where µ� is the reduced mass of the nucleon - dark matter system. Through the renormal-

ization group the gluon operator will mix with the scalar quark bilinear, and is expected

to lead to modest changes to this expectation which grow as the log of m� [38].

Currently, the most stringent bound on �SI for a wide range of dark matter mass is

obtained from the null observation after 85 days of live running by the LUX experiment

with a liquid Xenon target [39]. In Figure 3, we show the bounds on �dTr/m
2 as a function

of dark matter mass derived from those bounds, and also compare with projected bounds

based on 300 days of live running. For �dTr
p

Nf ⇠ 1, mediator masses of order 200 GeV

remain consistent with observations.

5 Collider Constraints

With an e↵ective coupling to gluons and additional heavy colored states, this simplified

model leads to rich phenomenology at hadron colliders such as the LHC. Since the mediat-

ing scalars do not themselves decay into the dark matter, the associated phenomenology is

– 7 –
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Figure 1: Representative diagrams for the subprocesses contributing to pp ! j��
⇤ at a hadron collider.

reason, we employ the results obtained using the
in-house code in the first method listed above in
the remainder of this work.

In Figure 2, we show the di↵erential cross section with
respect to the jet transverse momentum, pjT . At the par-
ton level at leading order, this quantity is the same as
�ET . We examine the relative importance of the subpro-
cesses for a sample parameter point with �d = 1, a single
species of mediator with r = 3, and a small dark matter
mass1 m� = 1 GeV. We examine two choices2 ofm� = 10
and 100 GeV. We use the CTEQ6L1 parton distribution
functions (PDFs) [32] and set the renormalization and
factorization scales to µ = Q = HT . We observe that
due a large gluon flux the gg initial state dominates for
smaller values of pjT . Note that for a given final state,
the gq flux dominates the gg flux at su�ciently large pT

scales. We also observe that at a higher m� value the gq

1 We choose a small dark matter mass m� = 1 GeV as an illus-
trative choice. Results are typically insensitive to this particular
choice for masses much less than the cut on the mono-jet pT .

2 Technically, m� = 10 GeV is excluded by cosmological consider-
ations and the running of ↵S [31]. Nonetheless, it illustrates the
behavior for very low m� and is useful as a benchmark.

channel takes over the gg channel at relatively smaller
p
j
T scale. On the other hand, the qq̄ contribution re-

mains small throughout due to the s-channel propagator
suppression.

B. Comparison with EFT

In the limit m� ! 1, the full result is expected to
flow to the one derived from the EFT, Eq. (2). In Fig-
ures 3a and 3b, we show the ratio of the full result to
the EFT approximation for the sample parameter point
defined above, as a function of m�, for

p
s = 8 TeV andp

s = 13 TeV, respectively. As expected, at small energy
scales the EFT approximation over-estimates the cross
section by a factor which scales as m

�4
� . It is interest-

ing to note that the cross section calculated with loops
becomes equal to that calculated in the EFT when the
mediator mass is close to half the value of cut on jet
transverse momentum (m� ⇠ p

j
T /2). At scales compa-

rable with the p
j
T cut, EFT under estimates the cross

section by up to a factor of two. With a large cut on
transverse missing energy, the contributions from the res-
onant part of the pT distribution in the case of a light
scalar are removed and only the large pT region survives.
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Figure 6: Significance (S/
p
S +B) of the mono-jet signal at the 13 TeV LHC and 100 TeV FCC as a function of

integrated luminosity, for mediators with r = 3 (red), r = 8 (dark blue), and r = 15 (cyan), with a cut pjT � 200
GeV and masses as indicated on each figure.

and the experimental results are summarized in the first
and second row of Table I. The pseudo-rapidity of the
leading jet is further required to satisfy |⌘j | < 2.4 in the
experimental analysis of CMS and |⌘j | < 2.0 for ATLAS.

We apply the experimental selection to our full calcula-
tion of the mono-jet cross section, continuing to examine
the case of �d = 1 and light dark matter, m� = 1 GeV.

We choose three representative p
j
T cuts from the CMS

analysis, and show the resulting cross section after cuts
in Figure 4, for two choices of mediator representation,
r = 3 and r = 15. Also shown are the corresponding lim-
its on the cross section for the respective choice of pjT cut.
Comparing the two, we find that the color triplet media-
tor is completely unconstrained by the current mono-jet
bounds, whereas the r = 15 representation is subject to
very mild bounds of order m� & 158 GeV, obtained from

the ATLAS run-I data with a p
j
T � 350 GeV.

B. Constraints from 13 TeV

In Figures 5a and 5b, we show the mono-jet cross sec-
tion at LHC run-II as a function of m�, for �d = 1, and
m� = 1 GeV with r = 3 and r = 15, respectively, for a

few representative choices of the pjT cuts from the ATLAS
run-II analysis [33]. The limits obtained on the value of
m� from the run-II analysis with 3.2 fb�1 of data are
weaker than the corresponding run-I results.

It is worth mentioning that at one-loop the GSDM
model also produces a model-independent dijet signal
from gg ! gg, which may also provide competitive
bounds on m�. We leave its exploration for future work.

C. Future Prospects

We examine the prospects for future colliders to probe
the parameter space of GSDM through searches for the
mono-jet process. To assess the reach of these colliders
to discover GSDM for di↵erent values of m�, we compute
the primary (irreducible) SM background to the mono-
jet process from Z + j production, where the Z boson
decays into neutrinos. We compute this background at
leading order for the 13 TeV LHC and for the proposed
100 TeV FCC using Madgraph, subject to the cuts on
the mono-jet: |⌘j | < 2.4, and a modest cut of pjT > 200
GeV. We assume that, as was true for the LHC run I
analysis, the real background from Z + j dominates over
the fake contribution from mis-measured QCD jets. In
Figures 6a and 6b we present the significance, defined
as S/

p
S +B ' S/

p
B as a function of the integrated

luminosity at each accelerator.
We find that with 3 ab�1 of luminosity, the 13 TeV

LHC can discover (at 5�) evidence for a color octet me-
diator whose mass is slightly above 200 GeV. A 15 of
color reaches 5� discovery for masses around 500 GeV.
Obviously, a much larger range of parameter space can
be explored for higher dimensional representations, even
with lower luminosities. At the FCC, the reach for a color
triplet scalar in the mono-jet channel reaches the level of
discovery for masses up to m� ⇠ 200 GeV. A much larger
range of parameter space can be explored for higher di-
mensional representations: for r = 15, masses up to 1.7
TeV can be probed with 3 ab�1.

V. SUMMARY

A scalar gauge singlet dark matter particle allows for
the possibility of a renormalizable connection to the SM
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Name Operator Coe!cient

D1 !̄!q̄q mq/M3
!

D2 !̄"5!q̄q imq/M3
!

D3 !̄!q̄"5q imq/M3
!

D4 !̄"5!q̄"5q mq/M3
!

D5 !̄"µ!q̄"µq 1/M2
!

D6 !̄"µ"5!q̄"µq 1/M2
!

D7 !̄"µ!q̄"µ"5q 1/M2
!

D8 !̄"µ"5!q̄"µ"5q 1/M2
!

D9 !̄#µ!!q̄#µ!q 1/M2
!

D10 !̄#µ!"5!q̄#"#q i/M2
!

D11 !̄!Gµ!Gµ! $s/4M3
!

D12 !̄"5!Gµ!Gµ! i$s/4M3
!

D13 !̄!Gµ!G̃µ! i$s/4M3
!

D14 !̄"5!Gµ!G̃µ! $s/4M3
!

Name Operator Coe!cient

C1 !†!q̄q mq/M2
!

C2 !†!q̄"5q imq/M2
!

C3 !†%µ!q̄"µq 1/M2
!

C4 !†%µ!q̄"µ"5q 1/M2
!

C5 !†!Gµ!Gµ! $s/4M2
!

C6 !†!Gµ!G̃µ! i$s/4M2
!

R1 !2q̄q mq/2M2
!

R2 !2q̄"5q imq/2M2
!

R3 !2Gµ!Gµ! $s/8M2
!

R4 !2Gµ!G̃µ! i$s/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) ! !!+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



Strong Couplings



• The basic strategy of direct detection 
for WIMPs is to look for the low energy 
recoil of a heavy nucleus when dark 
matter brushes against it.

• The fact that the targets are heavy 
nuclei means that aspects of both QCD 
(and its low energy manifestation as 
nuclear physics) are relevant!

• Typically we use an EFT to capture the 
leading nuclear effects, which allows us 
to map back to interactions of WIMPs 
with nuclei.

• But is this too cavalier…?

WIMP

Target Nuclei

Signal

Direct Detection
Χ Χ

Nucleus Nucleus



NR Scattering
• Two distinct classes of direct detection 

searches receive the main attention:

• Spin-independent (SI) scattering looks for 
direct scattering of the WIMP from the 
nucleons in the nucleus.

• Spin-dependent (SD) scattering looks for 
interactions coupling the WIMP’s spin to 
the nuclear spin.

• Because of the low momentum transfer, the 
dark matter typically probes the entire 
nucleus.

• The SI scattering receives a coherent 
enhancement for large nuclei.

• The strongest limits are currently on SI 
cross sections for Xenon targets.

spin-independent

spin-dependent



Nuclear EFT

by all symmetries of the theory, then q2nO is as well. It is therefore natural to classify all

such operators as a single one with a q2-dependent coe�cient, or form factor:

c0O + c2q
2O + c4q

4O + . . . ⌘ FO

✓
q2

⇤2

◆
O. (17)

Massless mediators can be incorporated by including a FO ⇠ q�2 term, though strictly speak-

ing this is not an e↵ective operator. A related point is that at the upper range of momentum

at experiments, the pion should be included in the e↵ective theory and �-�-⇡ couplings al-

lowed. For instance, if the underlying DM model contains couplings such as �̄�µ�5�Jµ5
3 of

DM to the axial current Jµ5
3 = iq̄�µ�5⌧3q, then the e↵ective theory will couple �’s to pions

due to the overlap of Jµ5 with ⇡. Such interactions would contribute to dark matter-nucleon

scattering through t-channel pion exchange at tree-level, e↵ectively producing FO / 1
q2+m2

⇡

form factors in �-�-N -N interactions.

So far, we have mainly discussed momentum scales. In addition, there is an energy scale

associated with the scattering process, of size !q ⇠ q2/2mT . 200 keV. This is usually negli-

gible, as the binding energy ! of nucleons is about 10 MeV per nucleon for most elements, and

inelastic transitions are kinematically suppressed. However, for nuclei with small splittings

⇠ !q between the ground state and an excited state, it could a↵ect direct detection rates.

We are now ready to present the possible non-relativistic interactions. The general La-

grangian is

Lint =
X

N=n,p

X

i

c(N)
i Oi�

+��N+N�, (18)

with the following set of operators. Of the T-even operators, we have

1. P-even, S�-independent

O1 = 1, O2 = (v?)2, O3 = i~SN · (~q ⇥ ~v?), (19)

2. P-even, S�-dependent

O4 = ~S� · ~SN , O5 = i~S� · (~q ⇥ ~v?), O6 = (~S� · ~q)(~SN · ~q), (20)

3. P-odd, S�-independent

O7 = ~SN · ~v?, (21)

4. P-odd, S�-dependent

O8 = ~S� · ~v?, O9 = i~S� · (~SN ⇥ ~q) (22)

8

In addition, we also have T-violating operators:

5. P-odd, S�-independent:

O10 = i~SN · ~q, (23)

6. P-odd, S�-dependent

O11 = i~S� · ~q. (24)

It is convenient to separate the operators as we have done above because each of these six

groups of operators will not interfere with each other. In addition, there are four operators

that are products of the ones above:

O10O5, O10O8, O11O3, and O11O7. (25)

With these, the above operators provide the most general e↵ective theory at the dark matter-

nucleon level that can arise from exchange of a spin-0 or spin-1. In the completely general

e↵ective theory for elastic scattering, one would relax this condition and include arbitrary

powers of ~v and ~S�, which would allow products of the operators we have written here and

one additional operator O12 = ~S� · (~SN ⇥~v?). For instance, O7O8 is a local operator that we

have not written down above. However, quadratic powers of ~SN and beyond (and ~S� as well, if

� is spin-1/2) can always be reduced to at most linear powers by using the multiplication table

of sigma matrices. In appendix C, we present the non-relativistic reduction of all relativistic

operators arising from a spin-0 or spin-1 exchange (or more precisely, with at most a single-

index field exchange at tree-level) in terms of the local interactions above. The product

operators in eq. (25) are seen to arise from a spin-1 particle coupling to fermion bilinears of

the form N̄
$

@µ�5N , which, for model-building concerns to be discussed in section 6, we will

not focus on further. Nevertheless, it should be kept in mind that the general e↵ective theory

possible without any such restrictions contains these operators.

In order to obtain the size of scattering cross-sections relevant to experiments, we need to

evaluate matrix elements of the nucleon-level operators from the e↵ective theory inside of a

target nucleus. From the point of view of the e↵ective field theory we have constructed, an

atomic nucleus is a heavy, many-body bound state of nucleons. For the purpose of computing

nucleon matrix elements inside such a nucleus, it is important to separate out ~v? into a term

~v?T that acts on the coherent center-of-mass velocity of the atomic nucleus as a whole, and a

term ~v?N that acts only on the relative distances of the nucleons within the nucleus. We can

write

~v? =
1

2
(~v�,in + ~v�,out � ~vN,in � ~vN,out) = ~v?T + ~v?N , (26)

where

~v?T =
1

2
(~v�,in + ~v�,out � ~vT,in � ~vT,out) = ~vT +

~q

2µT
(27)

9

Nonrelativistic EFT

Fitzpatrick et al, 1203.3542

• The SI and SD cross 
sections are the unique 
scatterings that are non-
zero when the dark 
matter velocity goes to 
zero.

• But there are more 
structures we can write 
down, in a “NR EFT” that 
treats the nuclei as the 
relevant degrees of 
freedom.

• Maybe the leading terms 
are too crude a 
simplification…?



R versus NR
Name Operator Coe!cient

D1 !̄!q̄q mq/M3
!

D2 !̄"5!q̄q imq/M3
!

D3 !̄!q̄"5q imq/M3
!

D4 !̄"5!q̄"5q mq/M3
!

D5 !̄"µ!q̄"µq 1/M2
!

D6 !̄"µ"5!q̄"µq 1/M2
!

D7 !̄"µ!q̄"µ"5q 1/M2
!

D8 !̄"µ"5!q̄"µ"5q 1/M2
!

D9 !̄#µ!!q̄#µ!q 1/M2
!

D10 !̄#µ!"5!q̄#"#q i/M2
!

D11 !̄!Gµ!Gµ! $s/4M3
!

D12 !̄"5!Gµ!Gµ! i$s/4M3
!

D13 !̄!Gµ!G̃µ! i$s/4M3
!

D14 !̄"5!Gµ!G̃µ! $s/4M3
!

Name Operator Coe!cient

C1 !†!q̄q mq/M2
!

C2 !†!q̄"5q imq/M2
!

C3 !†%µ!q̄"µq 1/M2
!

C4 !†%µ!q̄"µ"5q 1/M2
!

C5 !†!Gµ!Gµ! $s/4M2
!

C6 !†!Gµ!G̃µ! i$s/4M2
!

R1 !2q̄q mq/2M2
!

R2 !2q̄"5q imq/2M2
!

R3 !2Gµ!Gµ! $s/8M2
!

R4 !2Gµ!G̃µ! i$s/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) ! !!+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-
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by all symmetries of the theory, then q2nO is as well. It is therefore natural to classify all

such operators as a single one with a q2-dependent coe�cient, or form factor:

c0O + c2q
2O + c4q

4O + . . . ⌘ FO

✓
q2

⇤2

◆
O. (17)

Massless mediators can be incorporated by including a FO ⇠ q�2 term, though strictly speak-

ing this is not an e↵ective operator. A related point is that at the upper range of momentum

at experiments, the pion should be included in the e↵ective theory and �-�-⇡ couplings al-

lowed. For instance, if the underlying DM model contains couplings such as �̄�µ�5�Jµ5
3 of

DM to the axial current Jµ5
3 = iq̄�µ�5⌧3q, then the e↵ective theory will couple �’s to pions

due to the overlap of Jµ5 with ⇡. Such interactions would contribute to dark matter-nucleon

scattering through t-channel pion exchange at tree-level, e↵ectively producing FO / 1
q2+m2

⇡

form factors in �-�-N -N interactions.

So far, we have mainly discussed momentum scales. In addition, there is an energy scale

associated with the scattering process, of size !q ⇠ q2/2mT . 200 keV. This is usually negli-

gible, as the binding energy ! of nucleons is about 10 MeV per nucleon for most elements, and

inelastic transitions are kinematically suppressed. However, for nuclei with small splittings

⇠ !q between the ground state and an excited state, it could a↵ect direct detection rates.

We are now ready to present the possible non-relativistic interactions. The general La-

grangian is

Lint =
X

N=n,p

X

i

c(N)
i Oi�

+��N+N�, (18)

with the following set of operators. Of the T-even operators, we have

1. P-even, S�-independent

O1 = 1, O2 = (v?)2, O3 = i~SN · (~q ⇥ ~v?), (19)

2. P-even, S�-dependent

O4 = ~S� · ~SN , O5 = i~S� · (~q ⇥ ~v?), O6 = (~S� · ~q)(~SN · ~q), (20)

3. P-odd, S�-independent

O7 = ~SN · ~v?, (21)

4. P-odd, S�-dependent

O8 = ~S� · ~v?, O9 = i~S� · (~SN ⇥ ~q) (22)
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In addition, we also have T-violating operators:

5. P-odd, S�-independent:

O10 = i~SN · ~q, (23)

6. P-odd, S�-dependent

O11 = i~S� · ~q. (24)

It is convenient to separate the operators as we have done above because each of these six

groups of operators will not interfere with each other. In addition, there are four operators

that are products of the ones above:

O10O5, O10O8, O11O3, and O11O7. (25)

With these, the above operators provide the most general e↵ective theory at the dark matter-

nucleon level that can arise from exchange of a spin-0 or spin-1. In the completely general

e↵ective theory for elastic scattering, one would relax this condition and include arbitrary

powers of ~v and ~S�, which would allow products of the operators we have written here and

one additional operator O12 = ~S� · (~SN ⇥~v?). For instance, O7O8 is a local operator that we

have not written down above. However, quadratic powers of ~SN and beyond (and ~S� as well, if

� is spin-1/2) can always be reduced to at most linear powers by using the multiplication table

of sigma matrices. In appendix C, we present the non-relativistic reduction of all relativistic

operators arising from a spin-0 or spin-1 exchange (or more precisely, with at most a single-

index field exchange at tree-level) in terms of the local interactions above. The product

operators in eq. (25) are seen to arise from a spin-1 particle coupling to fermion bilinears of

the form N̄
$

@µ�5N , which, for model-building concerns to be discussed in section 6, we will

not focus on further. Nevertheless, it should be kept in mind that the general e↵ective theory

possible without any such restrictions contains these operators.

In order to obtain the size of scattering cross-sections relevant to experiments, we need to

evaluate matrix elements of the nucleon-level operators from the e↵ective theory inside of a

target nucleus. From the point of view of the e↵ective field theory we have constructed, an

atomic nucleus is a heavy, many-body bound state of nucleons. For the purpose of computing

nucleon matrix elements inside such a nucleus, it is important to separate out ~v? into a term

~v?T that acts on the coherent center-of-mass velocity of the atomic nucleus as a whole, and a

term ~v?N that acts only on the relative distances of the nucleons within the nucleus. We can

write

~v? =
1

2
(~v�,in + ~v�,out � ~vN,in � ~vN,out) = ~v?T + ~v?N , (26)

where

~v?T =
1

2
(~v�,in + ~v�,out � ~vT,in � ~vT,out) = ~vT +

~q

2µT
(27)
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Relativistic EFT
Nonrelativistic EFT

Goodman et al, 1008.1783

Fitzpatrick et al, 1203.3542

This description is the natural language 
for the scattering problem.This description knows that physics respects special relativity.

More general

More Realistic

v -> 0



E.g. Astronomical Probes
• Dark matter with large enough self-

interactions could retain the 
successes describing large scale 
structure, but show measurable 
differences at the smallest scales.

• There is some (controversial) 
evidence that this may help simulation 
better describe observation.

• It could also be that the tension 
arises from the fact that the 
simulations don’t properly model the 
impact of baryonic matter. 

• Astronomy provides a unique 
perspective on properties that 
particle searches cannot probe.

CDM

SIDM

�

�

�

�

�

Markevitch et al; Clowe et al

σ / m < 0.7 cm2 / g
(at a relative speed of ~3000 km/s)



A Dark SU(N)
• The simplest module we can consider is a pure 

gauge theory consisting of a hidden sector SU(N).

• To begin with, we imagine that any matter charged 
under the hidden gauge group and the SM is 
extremely heavy, and thus irrelevant for the low 
energy physics.

• This is a variation on models where the dark 
matter is e.g. a dark pion-like object.

• The theory is defined by the number of colors N 
and confinement scale Λ, which characterizes the 
mass of the lowest glueball state, and the splitting 
between the various glueballs.

• From here on, dark/hidden should be understood 
whenever I use terms like “gluons” or “glueballs”.

M
as

s ⇠ 7⇤



Glueball Interactions
• In this theory, nothing can be computed very 

reliably in perturbation theory.  But we can 
construct an EFT that captures the salient features!

• Lattice may help calibrate the EFT coefficients.

• Since this construction has one energy scale in it, at 
low energies the EFT must be an expansion in      
1 / Λ.

• Since the single parameter Λ controls both the 
mass and the cross section (for small N), arranging 
for an interesting value of σ/m essentially fixes              
Λ ~ 500 MeV. Amusingly close to ΛQCD…

� (gb gb ! gb gb) ⇠ 4⇡

⇤2N2 ⇠ ⇤�1{



Glueball Relic Density
• We can estimate the relic density of the glueballs by 

tracking the relic density of the gluons to the 
temperature at which the theory confines.

• At this temperature, something around Λ, the energy 
in the dark gluons will get converted into glueballs.

• We can estimate the relic density of glueballs by 
matching across the phase transition.

• If there are no relevant connectors between the 
visible and hidden sectors, the temperature in the 
hidden sector Th and the visible temperature T could 
generically be different.

• We parameterize this possibility with the ratio of 
temperatures ξ = Th / Τ.

• There are interesting corrections to the usual 
thermal distribution: cannibalization!

Y ⌘ ngb

s

=
ge↵ [⇣(3)/⇡2]T 3

h

g⇤S [2⇡2/45]T 3

=
ge↵45⇣(3)

g⇤S2⇡4
⇥ ⇠3f

⌦gb ⇠ Y s0⇤

⇢c0

For SU(N), 
geff = 2 x (N2-1)

Carlson, Machacek, Hall  1991
Hochberg, Kuflik, Volansky, Wacker 2014



Glueball Parameter Space

• For a given N, there are two parameters, the confinement scale and the ratio 
of hidden to visible temperatures at the time of confinement, ξΛ.  Provided 
one allows for a somewhat colder hidden sector, one can achieve interesting 
self-interaction rates at the observed relic density!

0.1 cm2êg

1 cm2êg
N
=
2

N
=
10

N
=
100

10-5 10-4 0.001 0.01
0.01

0.1

1

10

100

xL

L
@G
eV
D

Glueball-Only Dark Matter

FIG. 3: Glueball dark matter in the case of a non-supersymmetric pure gauge SU(N) hidden sector. The
self-interaction cross section and relic density are given in the (⇠⇤,⇤) plane, where ⇤ is the confinement
scale in the hidden sector, and ⇠⇤ ⌘ T

h
/T is the ratio of hidden to visible sector temperatures at the time

that T
h = ⇤. The self-interaction cross section is in the range h�T i/mX = 0.1 � 1 cm2

/g in the shaded
region. The glueball relic density is ⌦gb = ⌦DM ' 0.23 on the diagonal contours for the number of colors N
indicated.

IV. GLUEBALLINO SELF-INTERACTIONS

The simplest extension to the pure gauge hidden sector discussed in Sec. III is to add a massive
(mass mX � ⇤) gauge adjoint Majorana fermion to the theory, resulting in a spectrum with
two types of composites: the bosonic glueballs of mass ⇠ ⇤ and the fermionic states with masses
⇠ mX [78–81]. Each sector contains excited states whose mass splittings are again characterized
by ⇤. In the absence of further ingredients, the massive fermionic states are stable because of
Lorentz invariance, and this construction allows one to realize a situation where the dark matter
is (mostly) composed of the heavy composite fermions that self-interact via exchange of the much
lighter glueballs, naturally realizing two widely separated energy scales. This dark sector is identical
to a softly broken N = 1 supersymmetric gauge theory and can be considered the supersymmetric
version of the model of Sec. III. In that language, the composite fermions are glueballino states.

The self-interactions of glueballinos are dominated by the exchange of glueballs. At low energies,
when the kinetic energy available is . ⇤, the scattering will be elastic. If there is su�cient kinetic
energy,

1

2
mXv

2
� ⇤ , (5)

inelastic scattering into excited states and glueball emission becomes possible, leading to novel
e↵ects, such as additional rapid halo cooling. The inelastic e↵ects are not modeled in the ⇤SIDM
simulations and so are not well understood. For the remainder of this work, we focus on the elastic
scattering regime and comment later in this section on systems where this approximation breaks
down.

NDA suggests that the coupling between glueballs and glueballinos is ↵ ⇠ 1. Even for elastic

7

1402.3629

Interesting 
Self-Interactions

Correct
Relic Density



SU(N) + Adjoint
• A very simple extension is to add an 

adjoint (Majorana) fermion to the 
dark sector.

• If one likes, this could be considered a 
supersymmetrized version of the pure 
gauge model, with the adjoint playing 
the role of the gluino.

• The spectrum consists of glueballs as 
before, and (for m >> Λ) a family of 
fermionic glueballinos at mass ~ m.

• These glueballinos are strongly 
interacting with the glueballs and are 
sort of analogues of heavy-light 
mesons in this theory.

M
as

s

meg

2meg

glueballinos

gluinoballs

glueballs
⇤



Mixed Dark Matter
• Since the theory will still contain glueballs, this is generically a theory of 

multi-component dark matter.

• Which component will dominate depends on their relative masses (m and Λ) 
and the temperature in the hidden sector, ξ.

• The precise behavior under structure formation for this kind of multi-
component system probably requires simulations to understand properly.  
We’ll look at some representative limiting cases.

• All of this is enabled by constructing an EFT for the glueballs and glueballinos 
and how they interact with one another.

confinement

mass of gé HmXL

gé freezeout

TeV GeV MeV
0.01
0.1
1
10
100

TeV GeV

Th

a h

T

FIG. 1: Example timeline of events in the supersymmetric pure SU(N) theory without connectors, in terms
of the hidden- and visible-sector temperatures T

h and T . The hidden sector coupling ↵h is shown as a
function of these temperatures. It is weak at gluino freezeout but grows as the temperature drops, leading
to confinement and the formation of glueballino and glueball dark matter at a temperature ⇠ ⇤. The
scenario is described in detail in Sec. VI, and the chosen parameters are represented by the yellow dot in
Fig. 5.

supersymmetric case, may be dark matter. As we will see, in di↵erent regions of the AMSB
parameter space, the dark matter may be dominantly glueballinos, dominantly glueballs, or a mix-
ture of the two. For the case where the dark matter is dominantly glueballinos, we detail two
possibilities. In the first case, the hidden sector is coupled to the visible sector only indirectly
through the supersymmetry breaking mechanism. Since this coupling is extremely weak, the sec-
tors can have di↵erent temperatures, and the glueball relic density may be very small for cold
hidden sectors. An example cosmological timeline of events in this case is given in Fig. 1.

In the second case, the hidden sector is coupled to the visible sector through connector fields.
The visible and hidden sectors, therefore, have the same temperature at early times, leading,
a priori, to too-large glueball relic densities. Decays of glueballs are in conflict with big bang
nucleosynthesis (BBN) and other astrophysical and particle constraints. Instead, we rely on a
novel non-thermal process in the early Universe to deplete the gluon density, thereby suppressing
the glueball density after confinement. In this case, the gluons annihilate into singlet right-handed
neutrinos with ⇠ 1 GeV mass, and we reduce the hidden gluon density by forcing the right-handed
neutrinos to decay into SM particles more quickly than they can annihilate back into hidden gluons.
A representative timeline for this case is shown in Fig. 2.

This work is organized as follows. In Sec. II, we review the astrophysical evidence for self-
interacting dark matter. In Sec. III, we begin with the simplest possible case: non-supersymmetric
pure gauge hidden sectors and glueball dark matter. We discuss glueball self-interactions and
relic densities and determine the preferred parameters for this simple model. We then move to
supersymmetric models with pure gauge hidden sectors and glueballino dark matter. In Sec. IV,
we review the calculation of the glueballino self-interaction cross section, and in Sec. V, we discuss
the glueballino relic density and the realization of the WIMPless miracle in the AMSB framework.
Finally, with this groundwork, we present full AMSB models of glueballino/glueball dark matter
without and with connectors in Secs. VI and VII, respectively. We conclude in Sec. VIII.

Last, a note on naming conventions. In the rest of this work, we follow the literature: glue-
ballinos denote gluino-gluon bound states, while gluinoballs denote gluino-gluino bound states. In
addition, unless otherwise stated, “gluon,” “gluino,” “glueball,” and “glueballino” refer to hidden
sector particles and are denoted by g, g̃, gb, and gbino, respectively.
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Glueballino Dominated
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FIG. 5: Mostly-glueballino dark matter in AMSB models with pure SU(N) hidden sectors without connectors.

Glueballinos make up 90% (top) or 99.99% (bottom) of the dark matter, and glueballs make up the remaining
portion. For a point in the (mX ,⇤) plane, these constraints on the relic densities determine N and ⇠f ;
contours of constant N and ⇠f are shown. The gray, shaded bands are from Fig. 4 and give the regions
where the glueballino self-interaction cross section is in the preferred range. The red, shaded region is
excluded by null searches for visible-sector Winos at LEP2. The yellow dot in the left panel defines a
representative model with mX ' 14 TeV, ⇤ ' 0.35 MeV, N = 2, and ⇠f ' 0.02.

for N
2
� 1. When the glueball density is reduced by 3 orders of magnitude, we expect N to

increase by a factor of 103/4 ⇠ 6 and ⇠f to decrease by a factor of 103/2 ⇠ 30; this can be seen in
Fig. 5.

Of course, the goal is not simply to obtain a multi-component model of dark matter with the
correct relic densities, but to obtain self-interacting dark matter. The regions with the preferred
self-interaction cross sections are also shown in Fig. 5. For values of mX ⇠ 10 TeV, ⇤ ⇠ 1 MeV,
2  N . 10 and 10�3 . ⇠f . 10�2, we find models that satisfy the relic density constraints and also
satisfy the scattering constraints for dwarfs and LSBs. Viable models also exist for lower mX down

13

Blue curves:     N fixed (ξ varies)
Green curves:  ξ fixed  (N varies)

Pink shaded:  LEP-2 wino bound

Dwarfs

Clusters

Sample Model:

N=2
m = 14 TeV
Λ = 0.35 MeV
ξ = 0.02

(glueballinos only)



Outlook
• EFTs have been used to describe dark matter interactions.

• They can parametrize ignorance, simplify calculations, and describe the 
low energy behavior of strongly coupled systems.

• EFTs sometimes provide a convenient framework and have offered some 
insights into how different kinds of searches fit together.

• There is a fair amount of confusion related to the fact that they break 
down at large energies.

• Any time we descend into an IR theory, we lose details from the UV 
that could be relevant.  At the same time, we become more general 
and more focused on what matters in the IR.

• If we’re interested in a particular simplified model, we should study 
that model and forget about the EFT.

• The EFT remains useful for the rest, including ones we didn't think of.



Outlook

• EFTs are powerful tools.  They provide a sketch of the space of 
possibilities for dark matter 

• We should use them to take advantage of their best features, and 
remain aware of where they break down or may confuse us!

• Ultimately, what matters is experiment, which will focus us on the 
relevant degrees of freedom and tell us how to construct a theory 
that describes observations.

• Experiments bring EFTs and sketches of DM to life!



From Sketch to Life



Sketches of .... ...... 



Bonus Material
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10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Cushman et al, 
Snowmass CF1 Report



• A good idea is to present EFT bounds using 
“truncation”.

• The idea is to exclude the events with the 
largest momentum transfer from the bound, 
since they are the most likely to be badly 
modeled by the EFT.

• If one imagines a simple t-channel or s-channel 
model, two different quantities (“Q”) 
characterize the momentum through the 
implicit propagator.

• The EFT can’t tell you which one to use.

• (Neither really can be measured anyway).

• Events with Q larger than some cut value Qcut 

are excluded from the analysis bounding M*.
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• Probably the most useful way to present 
results would be to show the resulting 
bound on M* as a function of Qcut.

• That way, the end user can decide 
(based on the masses of the particles in 
her theory) what value of Qcut is 
appropriate, and find the conservative 
limit on her model.

• (And of course dedicated searches for 
mediators will be important, too).

• This the final recommendation made by 
the “ATLAS/CMS Dark Matter Forum”, 
1507.00966 for presenting the results in 
terms of EFT parameterizations.

Truncation

Qcut

M*

All Events Included
in the Analysis

No Events Included
in the Analysis

Bound on a mediator 
of given mass



Vector Simplified Model

M
as
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Standard
Model

Dark
Matter

Mediator

• One simple picture introduces a vector 
particle as a dark force carrier which couples 
to both (parts of) the SM and the dark 
matter.

• Chiral structure (left- versus right-handed) 
charges for each SM fermion can be very 
important.

• There could be kinetic mixing with U(1)Y.

• There are theoretical considerations (such as 
a dark Higgs sector, more particles to cancel 
gauge anomalies, etc), which are important 
but may or may not be very important for 
some searches.

Many Parameters: + ....{MDM, g,MZ0 , zq, zu, zd, z`, ze, zH , ⌘}

DM@LHC WG: Boveia et al


