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So what is 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).

• Nothing in the Standard Model of 
particle physics fits the description.“Cold Dark Matter: An Exploded View” by Cornelia Parker



The Dark Matter Questionnaire
  Mass

  Spin

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No

Thermal Relic?



WIMPs
• One of the most attractive proposals for dark matter 

is that it is a Weakly Interacting Massive Particle.  

• WIMPs naturally can account for the amount of 
dark matter we observe in the Universe.  

• WIMPs automatically occur in many models of 
physics beyond the Standard Model, such as 
supersymmetric extensions with R-parity.

• I will try to avoid any further discussion of specific 
theories.  My attitude is going to be that dark matter 
is something worth discussing in and of itself rather 
than a by-product of other theoretical constructions.

• But we will see that we do need some kind of 
theoretical framework to put experimental results 
into context.

Available in Blue Raspberry, Fruit 
Punch, and Grape flavors....

$59.99 for 20 servings

Kathryn told us about that last week...



WIMP Interactions
• Ideally, we would like to measure WIMP interactions 

with the Standard Model, allowing us to compute       
σ(χχ -> SM particles) and check the relic density.

• If our predictions “check out” we have indirect 
evidence that our extrapolation backward to 
higher temperatures is working.

• If not, we will look for new physical processes to 
make up the difference.

• The first step is to actually rediscover dark matter 
by seeing it interact through some force other than 
gravitational.

• That tells us which SM particles it likes to talk to and 
in some cases something about its spin, mass, etc.

χ

χ
SM



Particle Probes of DM

• The common feature of particle searches for WIMPs is that all of them are 
determined by how WIMPs interact with the Standard Model.

Indirect Detection

Collider Searches

Direct Detection

χ

χ
SM ParticlesWIMPs

χ χ

SM Particles

WIMPs

χ

χ
SM Particles WIMPs



Quarks

W

Leptons�Gluons

Photons

Z

Higgs

LHC

Direct Scattering

Gamma Rays

Neutrinos

ILC?

LEP

Anti-matter

Map of DM
 Interactions



We Need (a) Theory
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

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
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Spectrum of  Theory Space
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“Complete” Theories



MSSM

Cahill-Rowley et al, 1305.6921 & 1405.6716

• An obvious first place to start 
would be with complete theories 
of dark matter, the most obvious 
example of which is our favorite 
theory: the MSSM.

• Reasonable parameterizations have 
~20 parameters, leading to rich and 
varied visions for dark matter.

• This plot shows a scan of the 
`pMSSM’ parameter space by the 
SLAC group, in the plane of the 
WIMP mass versus the relic 
abundance.

• It is evident that the MSSM is a rich 
theory of dark matter, with several 
different paths to explain it.

Particle Fever

35 �9>?�1>>989<1D9?>�D8B?E78�8�0�6E>>5<C�
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Direct Detection

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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XENON1T
Survives DD, ID, and LHC
Excluded by LHC but not DD or ID

Excluded by DD and ID
Excluded by ID but not DD
Excluded by DD but not ID

Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded

17

• Given the large set of model 
points , they can also be compared 
with experimental searches.  Since 
20 dimensional blobs are not very 
easy to visualize, it is easier to 
project down onto some 
parameters of interest.

• This plot shows a projection onto 
the mass of the dark matter versus 
the spin-independent cross section.

• Definite trends are visible in 
addition to the obvious one based 
on direct detection itself.  Heavier 
dark matter is more easily 
accessible to indirect searches such 
as CTA.

Cahill-Rowley et al, 1305.6921 & 1405.6716



Coverage Distribution

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.

Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded

17

Cahill-Rowley et al, 1305.6921 & 1405.6716



Gamma Rays

17 

Example: Indirect Detection & Gamma Rays* 

• Fermi (Dwarfs) sensitive to bino-Higgsino admixtures and a few bino-

like LSPs. 

• CTA (GC) sensitive to heavy winos and Higgsinos, many bino-Higgsino 

admixtures and a few binos.  

• Models with resonant or co-annihilations have very low present-day 

annihilation rates & are mostly not accessible 

 
 Fermi CTA 

*  Extension of previous analysis w/ KIPAC- FERMI on Dwarfs 

Cahill-Rowley et al, 1305.6921 & 1405.6716



Contact Interactions



Can One Sketch a Theory?



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 break down at high energies, 
where one can produce more of the new 
particles directly.

�

�
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q
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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



Example: Majorana WIMP

• The various types of interactions 
are accessible to different kinds of 
experiments.

• Spin-independent elastic 
scattering

• Spin-dependent elastic scattering

• Annihilation

• 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.

Name Type G! !! !q

M1 qq mq/2M3
!

1 1
M2 qq imq/2M3

!
!5 1

M3 qq imq/2M3
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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.
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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.
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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.
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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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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-
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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.
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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-
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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.
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Daniel told us about this last week...



Collider Results
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Both CMS and ATLAS have made very nice 
progress 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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From WIMPs to SIMPs...
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Mono-Whatever
• We’ve already heard a lot about mono-

jets and mono-photons.

• One can imagine similar searches 
involving other SM particles, such as 
mono-Ws (leptons), mono-Zs 
(dileptons), or even mono-Higgs.

• If we’re just interested in the interactions 
of WIMPs with quarks and gluons, these 
processes are not going to add much.

• But they are also sensitive to 
interactions directly involving the 
bosons, and thus are complementary.

• And even for quarks, if we do see 
something, they can dissect the couplings 
to different quark flavors, etc.
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Annihilation into γ-Rays
• We can also map interactions into 

predictions for WIMPs annihilating.

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

• ATLAS has already presented their 
results in terms of a corresponding 
annihilation cross section.

• With assumptions, this maps onto a 
relic density.

• For operators which lead to p-wave 
annihilations, the colliders can lead to 
more stringent bounds than Fermi 
LAT.

David Šálek: Searches for Monojet and Monophoton Events with the ATLAS DetectorICHEP2012
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Figure 7: ATLAS 95% CL limits on velocity-averaged WIMP annihilation cross sections versus WIMP

mass. The thick solid lines are the observed limits excluding theoretical uncertainties, the observed limits

corresponding to the !1!theory lines in figure 5 are shown as thin dotted lines. The ATLAS limits are for

the four light quark flavors assuming equal coupling strengths for all quark flavors to the WIMPs. For

comparison, high-energy gamma-ray limits from the FERMI LAT [69] for Majorana WIMPs are shown,

scaled up by a factor of two to make them comparable to the ATLAS Dirac WIMP limits. All limits

shown here assume 100% branching fractions of WIMPs annihilating to quarks. The horizontal dashed

line indicates the annihilation cross section set by the WMAP measurement of the relic abundance.

that are too large and hence incompatible with the WMAP measurements. For masses of m" " 200 GeV532

the ATLAS sensitivity worsens substantially compared to the FERMI LAT one. This will improve when533

the LHC starts operations at higher center-of-mass energies in future.534

The value of using an e!ective field theory for WIMPs coupling to SM particles is that only two535

parameters, M# and m", can describe WIMP pair production at the LHC, WIMP-nucleon scattering mea-536

sured by direct-detection experiments, and WIMP annihilation measured by indirect-detection experi-537

ments. The complementarity (rather than competition) between the di!erent experimental approaches538

can hence be explored under a number of important assumptions: the e!ective field theory must be valid,539

WIMPs must interact with SM quarks or gluons exclusively via only one of the operators of the e!ective540

field theory (since a mix of operators with potential interference e!ects is not considered here), and the541

interactions must be flavor-universal for the four light quarks. In the future, should there be a WIMP sig-542

nal in at least one of the experimental fields, the e!ective-operator approach would allow for important543

tests of the underlying physics by probing all the available experimental data.544

Relic abundance of WIMPs
• The limits on vector and axial-vector interactions can be translated into cross 

section upper limits on WIMP annihilations into the four light quark flavors, 
assuming the interactions are flavor universal.

• The results are compared to the annihilations to bb from Galactic high energy 
gamma ray observations by FERMI LAT.                                                      

➡ The results are comparable and complementary.

➡ Below 10 GeV for D5 and 70 GeV for D8, the ATLAS limits are below the 
values needed for WIMPs to make up the cold dark matter abundance in the 
early universe (provided WIMPs annihilate exclusively via a particular operator).
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The WIMPless Miracle: Dark Matter Particles

without Weak-scale Masses or Weak Interactions

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

We propose that dark matter is composed of particles that naturally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction strengths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.

PACS numbers: 95.35.+d, 04.65.+e, 12.60.Jv

Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak !
100 GeV " 1 TeV and weak interactions with coupling
gweak # 0.65. An appealing possibility is that one of
the particles motivated by particle physics simultane-
ously satisfies the needs of cosmology. This idea is moti-
vated by a striking quantitative fact, the “WIMP mira-
cle”: WIMPs are naturally produced as thermal relics of
the Big Bang with the densities required for dark matter.
This WIMP miracle drives most dark matter searches.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses
nor weak force interactions. In these models, dark mat-
ter may interact very weakly or it may couple more
strongly to known particles. The latter possibility im-
plies that prospects for some dark matter experiments
may be greatly enhanced relative to WIMPs, with search
implications that di!er radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

"X $
1

%!v&
!

m2
X

g4
X

, (1)

where %!v& is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ! (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,
"X ' 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling, and other values of

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors, leading to multi-component dark matter.

(mX , gX) can also give the correct "X . Here, however,
we further show that simple models with low-energy su-
persymmetry (SUSY) predict exactly the combinations
of (mX , gX) that give the correct "X . In these models,
mX is a free parameter. For mX (= mweak, these models
are WIMPless, but for all mX they contain dark matter
with the desired thermal relic density.

Models. We will consider SUSY models with gauge-
mediated SUSY breaking (GMSB) [2, 3]. These models
have several sectors, as shown in Fig. 1. The MSSM
sector includes the fields of the minimal supersymmet-
ric standard model. The SUSY-breaking sector includes
the fields that break SUSY dynamically and mediate this
breaking to the MSSM through gauge interactions. There
are also one or more additional sectors which have SUSY
breaking gauge-mediated to them; these sectors contain
the dark matter particles. These sectors may not be very
well-hidden, depending on the presence of connector sec-
tors (discussed below), but we will follow precedent and
refer to them as “hidden” sectors. For other recent stud-
ies of hidden dark matter, see Refs. [4].

This is a well-motivated scenario for new physics.



Annihilation
• Let’s compare different approaches 

in the language of annihilations.  The 
annihilation cross section is 
something we have a 
preconception about because of 
the relic density.

• But note that the identification of 
an annihilation cross section with a 
relic abundance assumes that the 
channel is question is the dominant 
annihilation.

• 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

D11

Too Little DM

Too Much DM



Quarks & Leptons
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

D8

D5-like



How Effective a Theory?

 [GeV] T
missE

200 300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

25
 G

eV

1

10

210

310

410

510

610

710 νν→Z

νl→W

tt

t

QCD
-l+l→Z

 = 3δ= 2 TeV, DADD M

 = 1 GeV
χ

 = 0.9 TeV, MΛDM 

 = 2 TeVUΛ=1.7, UUNP d

Data

CMS Preliminary
 = 8 TeVs

-1L dt = 19.5 fb∫

]2 [GeV/cχM
1 10 210 310

 [G
eV

]
Λ

300

1000

CMS 2012 Vector
CMS 2011 Vector

CMS Preliminary
 = 8 TeVs

-1L dt = 19.5 fb∫

• 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 are 
almost certainly 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 (lumi)-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).

How Effective a Theory?

Where things can go wrong, 
and by how much, depends on 

the actual UV-completion.

We can understand some 
general features by imagining 
how one could resolve the 
contact interaction into a 

mediating particle.



A Composite WIMP?
• Even when EFTs are only constraining 

rather strongly coupled theories, they 
say something interesting about some 
(perhaps exotic) visions of dark matter.

• If the dark matter is a (neutral) 
confined bound state (confined by 
some dark gauge force, say) of colored 
constituents, we should expect its 
coupling to quarks and gluons to be 
represented by higher dimensional 
operators whose strength is 
characterized by the new confinement 
scale. 

• Bounds on EFTs constrain the new 
confinement scale -- the “radius” of the 
dark matter.

�

Colored Constituents

M�1
⇤



Simplified Models



Simplified Model
• Moving away from more complete theories, we 

can also consider a model containing the dark 
matter as well as the most important particle(s) 
mediating its interaction with the SM.

• For example, if we are interesting in dark 
matter interacting with quarks, we can sketch a 
theory containing a colored scalar particle 
which mediates the interaction.

• This looks like part of the MSSM, but has more 
freedom to choose couplings, etc.

• There are basically three parameters to this 
model: the mass of the dark matter, the mass of 
the mediator, and the coupling strength.

q
q~

χ~

Lots of Recent Activity:

Chang, Edezhath, Hutchinson, Luty 1307.8120
An, Wang, Zhang1308.0592

Berger, Bai 1308.0612
Di Franzo, Nagao, Rajaraman, TMPT 1308.2679

Papucci, Vichi, Zurek 1402.2285
Garny, Ibarra, Rydbeck, Vogl 1403.4634
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Simplified Models

• This is a model that is used by the 
LHC collaborations as a way of 
presenting more generic searches 
for a colored particle which decays 
into a single jet and missing energy.

• If we exchange the LHC 
production cross section for the 
mediator coupling to quarks, we 
can translate the LHC bounds into 
dark matter properties.

14 6 Summary
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Figure 7: The observed and expected 95% CL upper limits on the (a) eqeq and (b-d) egeg production
cross sections in either the meq-mec0

1
or the meg-mec0

1
plane obtained with the simplified models.

For the eqeq production the upper set of curves corresponds to the scenario when the first two
generations of squarks are degenerate and light, while the lower set corresponds to only one
light accessible squark.

Of course, we can also consider a wider variety 
of WIMP properties and mediators and get away 

from MSSM-like theories.



uR Model

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679

~

• For example, we can look at a model 
where a Dirac DM particle couples to 
right-handed up-type quarks.

• For simplicity, we set the couplings 
equal for all three generations.

• (But we did not include top-motivated 
signatures, so this assumption is not 
very important in what follows, which is 
based largely on the dijet + MET 
searches).

• In the parameter plane of the mass of 
the dark matter and mass of the 
mediators, we can determine a limit on 
the coupling strength in the plane of the 
masses of the dark matter and the 
mediators.

3

(a)

(b)

(c)

FIG. 1: Bounds on the the coupling gDM for each of the
three simplified models with Dirac Dark Matter, from
the CMS collider bounds. (a) is the uR model, (b) the

dR model, and (c) is the qL model.

mation [12] yields,

M =
ig2

DM

M2
ũ

1

2
(�̄�µPL�)(ū�µPRu) (8)

=
ig2

DM

M2
ũ

1

8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)

+(�̄�µ�5�)(ū�µu)� (�̄�µ�)(ū�µ�5u)]

(9)

⇡ ig2
DM

M2
ũ

1

8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)] (10)

where (as discussed in, e.g. [13]) we have dropped terms
suppressed by the dark matter velocity. The two remain-
ing terms result in spin-independent and spin-dependent
scattering, respectively. In the uR model, this results in
cross sections for SI and SD scattering with a nucleon:

�uR
SI =

1

64⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Mũ

◆4 ✓
1 +

Z

A

◆2

(11)

�uR
SD =

3

64⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Mũ

◆4

(�uN )2 (12)

where Z, A, and N = p, n specifies the nucleon of interest
and the structure functions �uN can be found, for exam-
ple, in Refs. [13, 14]. Note that this theory has di↵erent
SI cross sections for protons and neutrons.
A similar calculation for the dR and qL Dirac models

yields:
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And likewise the cross sections for Majorana DM are also
computed for each model:
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(19)

Note that since a Majorana fermion has a vanishing vec-
tor bilinear, there are only spin-dependent cross-sections
for the Majorana DM cases1.

1
It would be interesting to compute the induced SI cross section

at one-loop for this class of simplified model.

QCD production saturates 
the CMS limits, resulting in 

no allowed value of g.

Mono-jet searches will help 
fill in the mass-degenerate 

region.
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(a)

(b)

(c)

FIG. 5: Bounds on gDM from neutron-WIMP
spin-dependent XENON100 Limits on Majorana Dark

Matter.

(a)

(b)

(c)

FIG. 6: The combined lowest bounds on gDM from CMS,
XENON100, and XENON10 for Dirac Dark Matter.

uR Model
DiFranzo, Nagao, Rajaraman, TMPT

arXiv:1308.2679

~

• A Dirac WIMP also has spin-
independent scattering with nucleons.  
For most of the parameter space, there 
are bounds from the Xenon-100 
experiment.  (And soon LUX will say 
something as well...).

• Elastic scattering does not rule out any 
parameter space, but it does impose 
stricter constraints on the coupling in 
the regions CMS left as allowed.

Traditional direct detection 
searches peter out for 

masses below about 10 GeV.



TeVPA 2013 - DiFranzo 11

Dirac:  dominated by 
Xenon100 SI bounds

But LHC can exclude some 
parameter space

Majorana: 
dominated by 
LHC bounds!

Majorana DM

uR Model: Results
Dirac DM

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679

~

There are interesting differences that arise even 
from very simple changes, like considering a 
Majorana compared to a Dirac DM particle.

Majorana WIMPs have no tree-level spin-
independent scattering in this model.

At colliders, t-channel exchange of a Majorana 
WIMP can produce two mediators, leading to a 

PDF-friendly qq initial state.

Collider bounds tend to 
dominate for Majorana DM.



uR Model: Forecasts~

• Now that we understand the current 
bounds, we can forecast what this 
implies for future searches.

• For example, we can plot the largest 
spin-dependent cross sections that are 
consistent with CMS and Xenon in this 
simplified model.

• Again, Dirac versus Majorana dark 
matter look very different from one 
another!

9

(a)

(b)

(c)

FIG. 7: The combined lowest limit on gDM from CMS
and XENON100 for Majorana Dark Matter.

(a)

(b)

(c)

FIG. 8: The predicted maximum spin-dependent
neutron-DM cross section from the combined Collider
and Direct Detection bounds for Dirac Dark Matter.
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(a)

(b)

(c)

FIG. 9: The predicted maximum spin-dependent
proton-DM cross section from the combined Collider
and Direct Detection bounds for Dirac Dark Matter

(a)

(b)

(c)

FIG. 10: The predicted maximum spin-dependent
neutron-DM cross section from the combined Collider

and Direct Detection bounds for Majorana Dark Matter

Dirac

Majorana

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679
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(a)

(b)

(c)

FIG. 13: The predicted maximum annihilation cross
section from the combined Collider and Direct
Detection bounds for Majorana Dark Matter

11

(a)

(b)

(c)

FIG. 11: The predicted maximum spin-dependent
proton-DM cross section from the combined Collider

and Direct Detection bounds for Majorana Dark Matter

(a)

(b)

(c)

FIG. 12: The predicted maximum annihilation cross
section from the combined Collider and Direct

Detection bounds for Dirac Dark Matter

uR Model: Forecasts~

• Similarly, we can forecast for the 
annihilation cross section.

• The Fermi LAT does not put very 
interesting constraints at the 
moment, but it is very close to doing 
so, and limits from dwarf satellite 
galaxies are likely to be relevant in 
the near future for Majorana DM.

• We can also ask where in parameter 
space this simple module would lead 
to a thermal relic with the correct 
relic density.

Dirac

Majorana

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679



Gamma Ray GeV Excess
• A simplified model allows us to put a 

(possible) discovery into context and 
ask what a theory that could explain it 
should look like.

• As an example:  there are hints for what 
could be a dark matter signal in the 
Fermi data from the galactic center.

• After subtracting models of the diffuse 
gamma ray emission, known point 
sources, etc, an excess remains with a 
distribution peaking around a few GeV, 
consistent with the expectations of a 40 
GeV dark matter particle annihilating 
into bottom quarks.
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FIG. 18: The spectrum of the dark matter template found in our Inner Galaxy analysis when performing the fit over di↵erent
regions of the sky (|b| > 1�, b < �1�, |b| > 5�, and b < �5�). All fits employ a single template for the Bubbles, the p6v11
Fermi di↵use model, and a dark matter motivated signal template with an inner profile slope of � = 1.26. In the left frame,
we have applied our standard cuts on the Fermi event parameter CTBCORE (as described in Sec. III). In the right frame, no
such additional cuts have been applied. The CTBCORE cut substantially hardens the spectrum of the excess below 1 GeV
for the |b| > 1� fits, bringing the spectral shapes found in di↵erent regions of the sky into much better agreement, as well as
significantly reducing the north-south asymmetry that had been previously reported.

dark matter annihilating to tau leptons, or by pulsars –
can in large part be traced to the same uncertainties in
the di↵use background modeling. The CTBCORE cut
applied in this study, however, appears to have largely
removed this contamination, at least in our analysis of
the Inner Galaxy.

Appendix B: A Simple Test of Spherical Symmetry

Probing the morphology of the Inner Galaxy excess is
complicated by the bright emission correlated with the
Galactic Plane. In Ref. [8], it proved di�cult to ro-
bustly determine whether any signal was present outside
of the regions occupied by the Fermi Bubbles, as the re-
gions both close to the Galactic Center and outside of
the Bubbles were dominated by the bright emission from
the Galactic Plane. The improvement in angular resolu-
tion resulting from our CTBCORE cut, however, greatly
mitigates this issue.

In addition to the detailed study of morphology de-
scribed in Sec. VI, we perform here a fit dividing the sig-
nal template into two independent templates, one with
|l| > |b| and the other with |b| > |l|. The former tem-
plate favors the Galactic Plane, while the latter contains
the Fermi Bubbles. As previously, the fit also includes a
single template for the Bubbles in addition to the Fermi

di↵use model and a isotropic o↵set. The extracted spec-
tra of the signal templates are shown in Fig. 19. For en-
ergies below 10 GeV, where the claimed signal is present,
they both show a clear spectral feature with consistent
shape and normalization.

Appendix C: Sensitivity of the Spectral Shape to
the Assumed Morphology

In our main analyses, we have derived spectra for the
component associated with the dark matter template as-
suming a dark matter density profile with a given inner
slope, �. One might ask, however, to what degree uncer-
tainties in the morphology of the template might bias the
spectral shape extracted from our analysis. In Fig. 20,
we plot the (central values of the) spectrum found for
the dark matter template in our Inner Galaxy analysis,
for a number of values of �. The shapes of the spectra
are highly consistent, almost entirely independent of this
choice, for energies above 600 MeV, although they di-
verge at lower energies. For the range of slopes favored
by our fits (� = 1.2 � 1.3), however, the extracted spec-
tra are always consistent within the 1� error bars. We
note that this conclusion is also true for the data with-
out additional cuts on CTBCORE, although the degree
of variation in the spectra below 600 MeV is considerably
greater in that case.

Appendix D: Modeling of Background Emission in
the Inner Galaxy

1. The Fermi Bubbles

The fit described in Sec. IV is a simplified version of
the analysis performed in Ref. [8], where the spectrum
of the Bubbles was allowed to vary with latitude. From
the results in Ref. [8], it appears that this freedom is
not necessary – the spectrum and normalization of the
Bubbles varies only slightly with Galactic latitude.
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

Daylan, Finkbeiner, Hooper, Linden, Portillo, Rodd, Slatyer  1402.6703
see also: Abazajian, Canac, Horiuchi, Kaplinghat 1402.4090



(a) Comparison (b) Spin-1 (c) Spin-0

Figure 5: Predicted spectra for the galactic center �-ray excess (gce) for (a) the best fit models categorized
by the number of final state b quarks, (b) a range of spin-1 mediator masses, (c) a range of spin-0 mediator
masses. Overlayed is the measured �-ray spectrum from [12], bars demonstrate an arbitrary measure of
goodness-of-fit. See Sec. 3.3 for details.

For spin-1 mediators, it is well known that the final states of a ��̄ ! V V ! 4b cascade has
box-like energy spectrum over the kinematically allowed range; see, for example, [115, 116]. The
V spectrum is monochromatic in the lab frame and the bb̄ spectrum is monochromatic in the V
rest frame. The b energies in the lab frame depend on the angle of the bb̄ axis relative to the
direction of the V boost. Isotropy of the V boost washes out the angular dependence and gives a
flat b spectrum over the kinematically allowed region. This is demonstrated in Fig. 4(a). The box
becomes more sharply peaked as mV ! m� = 40 gev. The case of annihilation into three spin-0
mediators is more complicated since the mediators have a non-trivial energy spectrum and it is
no longer simple to derive the b spectrum from kinematics alone. Monte Carlo energy spectra for
��̄ ! 3' and the subsequent decay in to 6b are shown in Fig. 4(b,c) using MadGraph 5 [117].

3.2 Generating �-Ray Spectra

�-ray spectra for our simplified models are generated using PPPC 4 DM ID (henceforth pppc) [118–
120], aMathematica [121] package that generates indirect detection spectra based on data extracted
from pythia 8 [122]. Presently, pppc only generates signals for dm annihilation into pairs of sm
particles. In order to include the e↵ects of the on-shell mediators, one must account for the boost
by convolving the pppc photon spectrum dN�(Eb)/dE� with a distribution of b energies Eb which
may be taken as a box for the case of two on-shell mediators or interpolated from Monte Carlo
simulations such as Fig. 4(c).

For on-shell annihilation into spin-0 and spin-1 mediators, the shape of the photon spectrum
is completely determined by the masses of the dm particle m� and the mediator m',V while the
overall normalization is fit to the necessary cross section by fixing �dm, as estimated in (2.10 –
2.11). The e↵ect of the mediator mass is fairly modest, as demonstrated in the E2

� dN�/dE� spectra
in Fig. 5. The reason for this is that the requirement that the mediator is massive enough to decay
into bb̄ pairs (2.4d) limits the extent to which the mediators are boosted.

3.3 Fitting the �-Ray Excess

We use the ��̄ ! bb̄ �-ray excess spectrum assuming a ��̄ ! bb̄ template from Figure 8 of [12].
We note, however, that this is an approximation since the on-shell mediator scenario predicts a
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Gamma Ray Excess
• The signal suggests something about the 

simplified models that could work.

• The signal is large enough that something is 
going to need to suppress scattering with 
heavy nuclei.

• For example, the particle communicating 
between dark matter and the SM could be a 
pseudoscalar, leading to spin-dependent and 
velocity suppressed coupling to nuclei.

• Even these tricks won’t hide from direct 
searches forever.

• If the mediating particle is light, the dark 
matter can decay into on-shell mediators, 
which further allows weak coupling to the SM 
particles.

may contribute appreciably to dm annihilation,
0

BBBBBBBB@

�

�
on shell

1

CCCCCCCCA

⇠ �dmp
4⇡

r
xf

3

0

BBBBBBB@

�

�
on shell

1

CCCCCCCA

. (5.2)

The prefactor accounts for the additional phase space and p-wave suppression. The ratio of the
dm mass to the freeze out temperature xf = m�/Tf ⇡ 20 is the appears when thermally averaging
the annihilation cross section at freeze out over a Maxwell–Bolztmann velocity distribution. This
factor is not especially large and so one expects the pseudoscalar annihilation cross section at
freeze out to be even larger than approximated with only the s-wave piece. This further reinforces
the observation that this class of mediator requires additional mechanisms to attain the observed
dm relic density. See [139–157] for a partial list of model-building tools for obtaining the correct
relic abundance without the standard freeze-out mechanism.

5.3 MSPs Can Save Freeze Out

As noted in the introduction, [12] and [15] have pointed out that an alternate source for the �-ray
excess is a population of hitherto undetected millisecond pulsars (msps). As an estimate, a few
thousand msps could generate the observed �-ray flux [12]. A recent study of low-mass X-ray
binaries (lmxb) may lend credence to this argument. It is thought that msps are pulsars that
have been ‘reborn’ due to mass accretion from a binary partner. During the accretion phase, the
system is X-ray luminous and is categorized as an lmxb. After accretion, the X-ray flux drops
and the system is observed as a msp. One thus expects the lmxb population to track that of the
msps. [158] found that the spatial morphology of the lmxb in M31 is consistent with both the
�-ray excess and the dm interpretation—thus making it di�clt to distinguish the two [16].

This, however, can be a boon for model-building within our dm framework. [6] noted that the
degeneracy between the msp and dm intepretations of the excess suggests that the excess may
come from a combination of the two sources. In this way one may take the dm annihilation cross
section to be that which is required for a thermal relic—thus undershooting the expected �-ray
flux—and then posit that a msp population accounts for the remainder of the �-ray excess.

5.4 Conditions for Thermal Equilibrium

In order for the thermal freeze out calculation for � to be valid, we must assume that the mediator
is in thermal equilibrium when the dm freezes out. This imposes a lower bound on the coupling
of the mediator to the sm. In principle one must solve the Bolztzmann equation for the mediator,
but to good approximation it is su�cient to impost H ⌧ �(med ! bb̄). For the range of mediators
that can give the �-ray excess, this imposes a very modest lower bound �sm & 10�9.

6 Comments on UV Completions and Model Building

Simplified models, such as those presented here, are bridges between experimental data and explicit
uv models. In this section we highlight connections between our on-shell simplified models and

17

Figure 7: Fits for on-shell annihilation through spin-0 mediators. Left: best fit values of �dm. Right:
fit significance highlighting the best (m�, mmed.) values. See text for details.

is the number of on-shell mediators produced in each annihilation. The denominator reflects the
assumed 20% error: we emphasize that this is not a statement about the total error, but rather a
standard candle for quantifying the goodness-of-fit. This is shown as a bar on the data in Fig. 5.

In Figs. 6 and 7 we fit the spectral shape over the region of dm and mediator masses, m� and
mmed., estimated in Table 2 and (2.4a – 2.4b). The dm coupling �DM parameterizes the overall
normalization and is fixed to minimize (3.1) for each value of m� and mmed.. The best fit values
prefer a slightly lighter dm particle than the back-of-the envelope estimates in in Table 2 due to
the on-shell mediator smearing the b spectrum. The fits are flexible over the range of mediator
masses within the kinematically accessible region, as seen in Fig. 5(b,c). We note that these plots
assume the limit of vanishing sm coupling, �SM ! 0, so that the contribution to the �-ray spectrum
from ��̄ ! bb̄ via s-channel, o↵-shell mediators is negligible. We explore the role of finite �SM in
Sec. 4.1. We also note that the simplest models spin-1 mediators typically have universal couplings
to all quark generations; we address this in Sec. 6.1 and display the modified results in Fig. 9.

4 Experimental Bounds on the SM Coupling

One of the features of the on-shell mediator scenario is that the �-ray excess annihilation mode is
controlled by parameters that can be independent of the conventional experimental probes for dm–
sm interactions. Following the complimentarity in Fig. 2, we examine the e↵ect of non-negligible
mediator coupling to the sm and determine the bounds on �sm.

We emphasize that in contrast to e↵ective contact interactions or models with o↵-shell media-
tors, the the on-shell mediator scenario naturally includes the limit of extremely small sm coupling
so that it is always possible to parametrically ‘hide’ from the bounds presented here. In principle,
one may invoke the morphology of the �-ray excess to set a lower bound on the mediator coupling.
For example, if the mediator decay were too suppressed, the observed �-ray excess would have a
spatial extent larger than the galactic center. In fact, the dm interpretations in [6, 13] found that
the excess has a tighter profile (� > 1) than the standard nfw dm density profile [112–114]. This
lower bound on �sm is e↵ectively irrelevant because of the astronomical distances associated with
the galactic center.
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Outlook 
• Dark matter is an interesting phenomenon that implies physics beyond the 

Standard Model.  Particle physics offers many opportunities to study it.

• Understanding the relationship between various searches and how they 
define the viable parameter space requires a theory framework.

• These can be very concrete complete models such as the MSSM, but it 
may be fruitful to look at less-defined, more hazy “sketches of theories” 
as well.

• Put into this context, searches at colliders, for elastic scattering, and for 
annihilation products all seem to naturally target different parts of dark 
matter theory-space.  They complement one another.

• The full suite of techniques are essential to do justice to the range of 
possibilities.

• Once we have a discovery, they will ultimately help define and verify it and 
help lead us to define new experiments to better characterize it.

• Experiments can bring sketches of dark matter to life!
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! NR threshold

CDMS-Si: m = 8.6 GeV/c2, !SI = 1.9 "10#41 cm2

CoGeNT: m = 8.2 GeV/c2, !SI = 3.2 "10#41 cm2

FIG. 2. The e�ciency-corrected WIMP-search energy spec-
trum is shown in keVnr, and compared with expected rates for
WIMPs with the most likely masses and cross sections sug-
gested by the analysis of CoGeNT [8] and CDMS II Si [10]
data (dashed curves). Note that the k = 0.157 Lindhard yield
model was used to convert from an electron-equivalent to a
nuclear-recoil-equivalent energy scale. The 170 eVee ioniza-
tion threshold translates to 841 eVnr (amber dot-dashed line).
The 1.3 keVee activation line appears at ⇠ 5.3 keVnr.

mass A:

Y (Enr(keV)) = k
g(")

1 + g(")
, (4)

with g(") = 3"0.15 + 0.7"0.6 + ", " = 11.5Enr(keV)Z�7/3

and k = 0.133Z2/3A�1/2. This gives k = 0.157 for a
germanium target. The constant k is sometimes ad-
justed by experimenters to fit measurements. Though
other yield models, including simple power-law fits to
data, have been used elsewhere [8, 37], we have carried
out our conversion to nuclear-recoil equivalent using the
standard Lindhard model, as recommended by Barker
and Mei [22]. The resulting spectrum is shown in Fig. 2
with examples of expected rates from two WIMP models.

The region of interest used for limiting possible signal
events from light WIMP scatters is between the 170 eVee

analysis threshold and 7 keVee. A 90% C.L. upper limit
on the spin-independent WIMP-nucleon cross section as
a function of WIMP mass is calculated using the “opti-
mum interval” method [38], using standard assumptions
of a WIMP mass density of 0.3 GeV/c2/cm3, a most
probable WIMP velocity with respect to the galaxy of
220 km/s, a mean circular velocity of the Earth with re-
spect to the galactic center of 232 km/s, a galactic escape
velocity of 544 km/s, and the Helm form factor [3].

As shown in Fig. 3, this analysis limits new WIMP
parameter space for WIMP masses < 6 GeV/c2 and rules
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FIG. 3. The 90% upper confidence limit from the data pre-
sented here are shown with exclusion limits from other ex-
periments. These are grouped as Ge bolometers in blue:
CDMS II Ge regular (dot-dash) [39], CDMS II Ge low thresh-
old (solid) [40], EDELWEISS II low threshold (dash) [37];
point-contact Ge detectors in purple: TEXONO (dash) [41],
CDEX (dot-dash) [42]; liquid Xenon in red: XENON100 (dot-
dash) [43], XENON10 S2 only (dash) [44]; and other technolo-
gies in magenta: Low threshold reanalysis of CRESST II data
(dot-dash) [45], PICASSO (dash) [46]. The contours are from
CDMS II Si (light and dark gray correspond to 68% and 90%
CL regions respectively) [10], CRESST II (blue) [9], DAMA
(orange) [6, 7], CoGeNT (pink) [8].

out portions of both the CDMS II Si [10] and CoGeNT [8]
contours. The CDMS II Si results had 3WIMP candidate
events in ⇠140 kg-days, with an expected background of
⇠ 0.5 events. CoGeNT had an exposure of ⇠ 807 kg-days
and performed a background subtraction for their results.
These CDMSlite limits were obtained with a small net
exposure of ⇠ 6 kg-days, minimal e�ciency corrections,
and no background subtraction.

It is important to understand the systematic e↵ect on
our results due to possible inaccuracy in the assumed
Lindhard ionization-yield model. The choice of a di↵er-
ent yield model systematically changes the nuclear-recoil
energy scale, and therefore the interpretation of the data
as a limit on the WIMP-nucleon scattering cross section.
Figure 4 shows the limits recomputed for four di↵erent
yield models that bracket the measured data for germa-
nium [22]. A low-ionization Lindhard-like model with
k = 0.1 and a high-yield model with k = 0.2 are shown,
along with the functional form used by the CoGeNT col-
laboration [8], to demonstrate the e↵ect of this system-
atic. The e↵ect of the di↵erent yield models is mostly a
shift of the limit curve along the WIMP-mass axis. Thus,
for masses above 6 GeV/c2, where the curve is relatively
flat, the e↵ect is rather small. For lighter WIMP masses,
the systematic uncertainty in yield does produce a no-

CDMSlite Agnese et al.

2

conserving). Relaxing this assumption can decrease the
sensitivity to dark matter for specific experiments. For
example, if fn = �0.7fp, xenon-based experiments will
have extremely low sensitivity to dark matter compared
to the germanium- and silicon-based targets [15–18]. As-
suming an isospin-conserving SI interaction, the CDMS-
Si result is compatible with a dark matter-nucleon cross
section of approximately ⇠ 2⇥ 10�41 cm2. In Fig. 1, we
plot the SI bounds from XENON-100 [19], XENON10
S2-only analysis [7] and CDMS-Ge [20], as well as the
regions compatible with the reported events in CoGeNT
[3, 4, 21], CDMS-Si [1] , and DAMA-LIBRA [2] (assum-
ing a quenching factor of QNa = 0.25, as in Ref. [22]).
CRESST-II also reports excess events in broad agree-
ment with light dark matter [5, 23], though a possible
unresolved background could impact these results [24].
As the light nuclei in CRESST-II (oxygen and calcium)
do not have significant abundances of non-zero spin iso-
topes, we do not include this result in our study.

FIG. 1: Spin-independent nucleon cross section as a
function of dark matter mass m�, assuming

isospin-conserving interactions. Upper bounds are
reported by XENON100 [19] (black line), XENON10 S2
[7] (black dashed line) and CDMS-II germanium [20]
(purple line). Regions compatible with the events seen
in CoGeNT [3, 4, 21], CDMS-Si [1], and DAMA-LIBRA
(assuming QNa = 0.25 [21, 22]) are shown in red (90%
and 99% contours), blue (68% and 90% contours), and

yellow (90% and 99% contours) respectively.

A spin dependent interaction couples to the total spin
of the nucleus. However, as nucleon spins are typically
paired, there is no large boost to the nuclear SD cross
section comparable to the A2 enhancement that SI inter-
actions receive. Instead, the cross section couples to the
total nuclear spin J , which is zero unless there is an un-
paired nucleon. Even for such cases, J is usually small.

The elastic SD nuclear cross section is

�SD(ER) = µ2[aphSpi+ anhSni]2
J + 1

J
. (3)

Here, ap and an encode the proton and neutron couplings,
respectively, and depend on the assumed dark matter
microphysics. hSP i and hSni are the spin expectation
values for the proton and neutron groups in the nucleus.2

To compare limits and signals across experiments, �SD

can be converted into an e↵ective proton or neutron cross
section using

�SD
p,n =

3

4

J

J + 1

µ2
p,n

µ2

�SD

hSp,ni2
. (4)

This assumes that the interactions proceeds solely
through ap or an, but not both.
In Table I, we list the the isotopes used in the rele-

vant dark matter direct detection experiments that are
sensitive to spin dependent interactions, along with their
abundance, nuclear spin, and hSp,ni values. Only a small
fraction of the silicon and germanium targets are relevant
for SD scattering. It should be emphasized that the ex-
pectation values of the nuclear spins are extracted from
theoretical calculations. It is therefore not implausible
that the true values of hSp,ni di↵er from the ones used
in this work (see, for example, the change in xenon hSi
calculated using di↵erent models in Refs. [26, 27]).

Isotope Abundance J hSpi hSni
19F [28] 100% 1

2 0.441 -0.109
23Na [26] 100% 3

2 0.248 0.020
29Si [28] 4.7% 1

2 -0.002 0.130
73Ge [28] 7.8% 9

2 0.030 0.378
127I [26] 100% 5

2 0.309 0.075
129Xe [27] 26.4% 1

2 0.010 0.329
131Xe [27] 21.2% 3

2 -0.009 -0.272

TABLE I: The isotopes in direct detection experiments
sensitive to SD interactions, along with their relative

abundance, spin J , and theoretical hSpi and hSni values
[29]. The references for the spin expectation values are

included in the first column.

Working with the available values of hSp,ni, we use
Eqs. (2)-(4) to convert the published spin independent
nucleon cross section limits and signal regions from Co-
GeNT, CDMS-Si, CDMS-Ge, and DAMA/LIBRA into
an equivalent spin dependent cross section assuming cou-
pling to either protons or neutrons. For DAMA/LIBRA,
there are two regions in the mass vs. SI cross section plane
that are consistent with the observed modulation. The

2 An alternative formulation, in terms of isoscalar and isovector
couplings, is equivalent. See Refs. [5, 25].

3

FIG. 2: Spin-dependent proton cross section as a
function of dark matter mass m�, assuming interactions

solely with protons. The DAMA/LIBRA region
assumes 100% scattering with sodium. PICASSO and
COUPP limits are also shown, with all other labeling as

in Fig. 1.

low mass region visible in Fig. 1 is the result of scattering
from the lighter sodium atoms, and we use the sodium
nuclear properties to translate into a SD region. The re-
sults are shown in Figs. 2 and 3, along with the published
XENON100 bounds from Ref. [8].3 Fig. 2 also shows the
limits on SD-proton coupling from the PICASSO [31] and
COUPP collaborations [32]. For these two experiments,
we convert the SD proton cross sections to an equivalent
�SD
n using the values of hSp,ni for fluorine in Table I. The

results are shown in Fig. 3.
As can be seen from these figures, the best fit regions

of CDMS-Si and CoGeNT coincide when the scattering
proceeds exclusively through neutrons, and not if it goes
through protons only. Both the XENON100 and PI-
CASSO bounds are in conflict with the signal regions in
the neutron scattering. As with SI scattering, one could
appeal to possible deviations from the assumed Maxwell-
Boltzmann distribution of dark matter [33] or accidental
cancellations in xenon through isospin violating couplings
[15–18] in order to relax this tension. Note that to can-
cel the XENON100 bounds through isospin violation, we
would require ap/an ⇠ �30, and PICASSO would require
ap/an ⇠ 4. It is unclear whether either of these scenarios
can be realized in realistic models of dark matter while
avoiding all all other experimental bounds. The possible

3 As a cross-check of our conversion from SI to SD cross sections,
we verified that we reproduce the SD results of Refs. [8] and [30]
using the published SI XENON100 [19] and SI CDMS-Ge data
[20]. Although we find a weaker bound on �SI

n than reported by
XENON100, we plot their published results in Fig. 3.

FIG. 3: Spin-dependent neutron cross section as a
function of dark matter mass m�, assuming interactions

solely with neutrons. Labeling as in Fig. 2.

issues concerning XENON100 sensitivity to low energy
recoils would also be relevant to the SD case as they are
in SI (see e.g. Refs. [34–39]). Beyond these uncertain-
ties which are present in both SD and SI interpretations
of the experimental results, it is possible that additional
uncertainties from the calculation of hSp,ni are relevant.
Further work on the astrophysical and experimental un-
certainties is necessary to determine whether all results
can be brought into agreement.
The DAMA/LIBRA regions appear to be incon-

sistent with the CoGeNT and CDMS-Si regions in
both the neutron- and proton-only scattering. How-
ever, the DAMA/LIBRA regions are low compared to
CoGeNT/CDMS-Si for �SD

p and high when the scattering
is through �SD

n . A dark matter coupling to both proton
and neutrons can move these regions into closer align-
ment. For example, an = ap brings all the best-fit regions
of all three experiments into close agreement. However
such a model would be in conflict with the strong bounds
on SD proton scattering from XENON100, PICASSO,
and COUPP.
Spin dependent interactions require much larger cross

sections with nucleons than required in SI scattering. If
we assume that this interaction is mediated by an e↵ec-
tive operator [40], the collider-based searches for mono-
jets [40–44] and mono-W/Z/� [45–50] place significant
bounds on the mass scale suppressing such interactions.
It is possible that such constraints may require any model
that attempts to explain the possible light dark matter
signal in terms of SD scattering to include either dark
sectors or light mediators. Further bounds on dark mat-
ter with large cross sections also exist from dark matter
capture and annihilation in the Sun, which can constrain
the final states that such dark matter could annihilate
into [51, 52]. More study is required to determine which,

Buckley & Lippencott 1306.2349

O(10 GeV)

• CDMS-Si shows a tantalizing excess of 
a handful of events.

• While not significant enough to claim 
detection of dark matter, it could very 
well be our first hint, and we should 
try to understand what that means 
and where else we could potentially 
see it.

• The desired cross section looks to be 
in tension with what we know from 
collider searches for contact 
interactions, so we consider a 
simplified model.

• We need a lighter mediator than is 
consistent with LHC if it is colored, so 
we consider an s-channel scalar.

Again, motivated by flavor, constraints 
we take our coupling to quarks 

proportional to Yukawa interactions: 
gu, gd
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Has the LHC Ruled this region out?

• LHC rules out contact interactions between χ and SM particles with 
heavy mediators.

• For light mediators, solutions exist that evade all bounds (see for 
example arXiv:1305.6609).

arXiv:1305.6609

Mχ = 8.6 GeV/c2
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preserving

Iso-spin
violating

Cotta, Rajaraman, 
TMPT, Wijangco

CDMS-SI Preferred

Relic Density

Excluded by 
Upsilon Decays

‘Light’ Dark Matter
• Some possible signals 

of dark matter with 
mass

• What might this imply 
for LHC searches?
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! NR threshold

CDMS-Si: m = 8.6 GeV/c2, !SI = 1.9 "10#41 cm2

CoGeNT: m = 8.2 GeV/c2, !SI = 3.2 "10#41 cm2

FIG. 2. The e�ciency-corrected WIMP-search energy spec-
trum is shown in keVnr, and compared with expected rates for
WIMPs with the most likely masses and cross sections sug-
gested by the analysis of CoGeNT [8] and CDMS II Si [10]
data (dashed curves). Note that the k = 0.157 Lindhard yield
model was used to convert from an electron-equivalent to a
nuclear-recoil-equivalent energy scale. The 170 eVee ioniza-
tion threshold translates to 841 eVnr (amber dot-dashed line).
The 1.3 keVee activation line appears at ⇠ 5.3 keVnr.

mass A:

Y (Enr(keV)) = k
g(")

1 + g(")
, (4)

with g(") = 3"0.15 + 0.7"0.6 + ", " = 11.5Enr(keV)Z�7/3

and k = 0.133Z2/3A�1/2. This gives k = 0.157 for a
germanium target. The constant k is sometimes ad-
justed by experimenters to fit measurements. Though
other yield models, including simple power-law fits to
data, have been used elsewhere [8, 37], we have carried
out our conversion to nuclear-recoil equivalent using the
standard Lindhard model, as recommended by Barker
and Mei [22]. The resulting spectrum is shown in Fig. 2
with examples of expected rates from two WIMP models.

The region of interest used for limiting possible signal
events from light WIMP scatters is between the 170 eVee

analysis threshold and 7 keVee. A 90% C.L. upper limit
on the spin-independent WIMP-nucleon cross section as
a function of WIMP mass is calculated using the “opti-
mum interval” method [38], using standard assumptions
of a WIMP mass density of 0.3 GeV/c2/cm3, a most
probable WIMP velocity with respect to the galaxy of
220 km/s, a mean circular velocity of the Earth with re-
spect to the galactic center of 232 km/s, a galactic escape
velocity of 544 km/s, and the Helm form factor [3].

As shown in Fig. 3, this analysis limits new WIMP
parameter space for WIMP masses < 6 GeV/c2 and rules

CDMSlite (This result)
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FIG. 3. The 90% upper confidence limit from the data pre-
sented here are shown with exclusion limits from other ex-
periments. These are grouped as Ge bolometers in blue:
CDMS II Ge regular (dot-dash) [39], CDMS II Ge low thresh-
old (solid) [40], EDELWEISS II low threshold (dash) [37];
point-contact Ge detectors in purple: TEXONO (dash) [41],
CDEX (dot-dash) [42]; liquid Xenon in red: XENON100 (dot-
dash) [43], XENON10 S2 only (dash) [44]; and other technolo-
gies in magenta: Low threshold reanalysis of CRESST II data
(dot-dash) [45], PICASSO (dash) [46]. The contours are from
CDMS II Si (light and dark gray correspond to 68% and 90%
CL regions respectively) [10], CRESST II (blue) [9], DAMA
(orange) [6, 7], CoGeNT (pink) [8].

out portions of both the CDMS II Si [10] and CoGeNT [8]
contours. The CDMS II Si results had 3WIMP candidate
events in ⇠140 kg-days, with an expected background of
⇠ 0.5 events. CoGeNT had an exposure of ⇠ 807 kg-days
and performed a background subtraction for their results.
These CDMSlite limits were obtained with a small net
exposure of ⇠ 6 kg-days, minimal e�ciency corrections,
and no background subtraction.

It is important to understand the systematic e↵ect on
our results due to possible inaccuracy in the assumed
Lindhard ionization-yield model. The choice of a di↵er-
ent yield model systematically changes the nuclear-recoil
energy scale, and therefore the interpretation of the data
as a limit on the WIMP-nucleon scattering cross section.
Figure 4 shows the limits recomputed for four di↵erent
yield models that bracket the measured data for germa-
nium [22]. A low-ionization Lindhard-like model with
k = 0.1 and a high-yield model with k = 0.2 are shown,
along with the functional form used by the CoGeNT col-
laboration [8], to demonstrate the e↵ect of this system-
atic. The e↵ect of the di↵erent yield models is mostly a
shift of the limit curve along the WIMP-mass axis. Thus,
for masses above 6 GeV/c2, where the curve is relatively
flat, the e↵ect is rather small. For lighter WIMP masses,
the systematic uncertainty in yield does produce a no-
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conserving). Relaxing this assumption can decrease the
sensitivity to dark matter for specific experiments. For
example, if fn = �0.7fp, xenon-based experiments will
have extremely low sensitivity to dark matter compared
to the germanium- and silicon-based targets [15–18]. As-
suming an isospin-conserving SI interaction, the CDMS-
Si result is compatible with a dark matter-nucleon cross
section of approximately ⇠ 2⇥ 10�41 cm2. In Fig. 1, we
plot the SI bounds from XENON-100 [19], XENON10
S2-only analysis [7] and CDMS-Ge [20], as well as the
regions compatible with the reported events in CoGeNT
[3, 4, 21], CDMS-Si [1] , and DAMA-LIBRA [2] (assum-
ing a quenching factor of QNa = 0.25, as in Ref. [22]).
CRESST-II also reports excess events in broad agree-
ment with light dark matter [5, 23], though a possible
unresolved background could impact these results [24].
As the light nuclei in CRESST-II (oxygen and calcium)
do not have significant abundances of non-zero spin iso-
topes, we do not include this result in our study.

FIG. 1: Spin-independent nucleon cross section as a
function of dark matter mass m�, assuming

isospin-conserving interactions. Upper bounds are
reported by XENON100 [19] (black line), XENON10 S2
[7] (black dashed line) and CDMS-II germanium [20]
(purple line). Regions compatible with the events seen
in CoGeNT [3, 4, 21], CDMS-Si [1], and DAMA-LIBRA
(assuming QNa = 0.25 [21, 22]) are shown in red (90%
and 99% contours), blue (68% and 90% contours), and

yellow (90% and 99% contours) respectively.

A spin dependent interaction couples to the total spin
of the nucleus. However, as nucleon spins are typically
paired, there is no large boost to the nuclear SD cross
section comparable to the A2 enhancement that SI inter-
actions receive. Instead, the cross section couples to the
total nuclear spin J , which is zero unless there is an un-
paired nucleon. Even for such cases, J is usually small.

The elastic SD nuclear cross section is

�SD(ER) = µ2[aphSpi+ anhSni]2
J + 1

J
. (3)

Here, ap and an encode the proton and neutron couplings,
respectively, and depend on the assumed dark matter
microphysics. hSP i and hSni are the spin expectation
values for the proton and neutron groups in the nucleus.2

To compare limits and signals across experiments, �SD

can be converted into an e↵ective proton or neutron cross
section using

�SD
p,n =

3

4

J

J + 1

µ2
p,n

µ2

�SD

hSp,ni2
. (4)

This assumes that the interactions proceeds solely
through ap or an, but not both.
In Table I, we list the the isotopes used in the rele-

vant dark matter direct detection experiments that are
sensitive to spin dependent interactions, along with their
abundance, nuclear spin, and hSp,ni values. Only a small
fraction of the silicon and germanium targets are relevant
for SD scattering. It should be emphasized that the ex-
pectation values of the nuclear spins are extracted from
theoretical calculations. It is therefore not implausible
that the true values of hSp,ni di↵er from the ones used
in this work (see, for example, the change in xenon hSi
calculated using di↵erent models in Refs. [26, 27]).

Isotope Abundance J hSpi hSni
19F [28] 100% 1

2 0.441 -0.109
23Na [26] 100% 3

2 0.248 0.020
29Si [28] 4.7% 1

2 -0.002 0.130
73Ge [28] 7.8% 9

2 0.030 0.378
127I [26] 100% 5

2 0.309 0.075
129Xe [27] 26.4% 1

2 0.010 0.329
131Xe [27] 21.2% 3

2 -0.009 -0.272

TABLE I: The isotopes in direct detection experiments
sensitive to SD interactions, along with their relative

abundance, spin J , and theoretical hSpi and hSni values
[29]. The references for the spin expectation values are

included in the first column.

Working with the available values of hSp,ni, we use
Eqs. (2)-(4) to convert the published spin independent
nucleon cross section limits and signal regions from Co-
GeNT, CDMS-Si, CDMS-Ge, and DAMA/LIBRA into
an equivalent spin dependent cross section assuming cou-
pling to either protons or neutrons. For DAMA/LIBRA,
there are two regions in the mass vs. SI cross section plane
that are consistent with the observed modulation. The

2 An alternative formulation, in terms of isoscalar and isovector
couplings, is equivalent. See Refs. [5, 25].
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FIG. 2: Spin-dependent proton cross section as a
function of dark matter mass m�, assuming interactions

solely with protons. The DAMA/LIBRA region
assumes 100% scattering with sodium. PICASSO and
COUPP limits are also shown, with all other labeling as

in Fig. 1.

low mass region visible in Fig. 1 is the result of scattering
from the lighter sodium atoms, and we use the sodium
nuclear properties to translate into a SD region. The re-
sults are shown in Figs. 2 and 3, along with the published
XENON100 bounds from Ref. [8].3 Fig. 2 also shows the
limits on SD-proton coupling from the PICASSO [31] and
COUPP collaborations [32]. For these two experiments,
we convert the SD proton cross sections to an equivalent
�SD
n using the values of hSp,ni for fluorine in Table I. The

results are shown in Fig. 3.
As can be seen from these figures, the best fit regions

of CDMS-Si and CoGeNT coincide when the scattering
proceeds exclusively through neutrons, and not if it goes
through protons only. Both the XENON100 and PI-
CASSO bounds are in conflict with the signal regions in
the neutron scattering. As with SI scattering, one could
appeal to possible deviations from the assumed Maxwell-
Boltzmann distribution of dark matter [33] or accidental
cancellations in xenon through isospin violating couplings
[15–18] in order to relax this tension. Note that to can-
cel the XENON100 bounds through isospin violation, we
would require ap/an ⇠ �30, and PICASSO would require
ap/an ⇠ 4. It is unclear whether either of these scenarios
can be realized in realistic models of dark matter while
avoiding all all other experimental bounds. The possible

3 As a cross-check of our conversion from SI to SD cross sections,
we verified that we reproduce the SD results of Refs. [8] and [30]
using the published SI XENON100 [19] and SI CDMS-Ge data
[20]. Although we find a weaker bound on �SI

n than reported by
XENON100, we plot their published results in Fig. 3.

FIG. 3: Spin-dependent neutron cross section as a
function of dark matter mass m�, assuming interactions

solely with neutrons. Labeling as in Fig. 2.

issues concerning XENON100 sensitivity to low energy
recoils would also be relevant to the SD case as they are
in SI (see e.g. Refs. [34–39]). Beyond these uncertain-
ties which are present in both SD and SI interpretations
of the experimental results, it is possible that additional
uncertainties from the calculation of hSp,ni are relevant.
Further work on the astrophysical and experimental un-
certainties is necessary to determine whether all results
can be brought into agreement.
The DAMA/LIBRA regions appear to be incon-

sistent with the CoGeNT and CDMS-Si regions in
both the neutron- and proton-only scattering. How-
ever, the DAMA/LIBRA regions are low compared to
CoGeNT/CDMS-Si for �SD

p and high when the scattering
is through �SD

n . A dark matter coupling to both proton
and neutrons can move these regions into closer align-
ment. For example, an = ap brings all the best-fit regions
of all three experiments into close agreement. However
such a model would be in conflict with the strong bounds
on SD proton scattering from XENON100, PICASSO,
and COUPP.
Spin dependent interactions require much larger cross

sections with nucleons than required in SI scattering. If
we assume that this interaction is mediated by an e↵ec-
tive operator [40], the collider-based searches for mono-
jets [40–44] and mono-W/Z/� [45–50] place significant
bounds on the mass scale suppressing such interactions.
It is possible that such constraints may require any model
that attempts to explain the possible light dark matter
signal in terms of SD scattering to include either dark
sectors or light mediators. Further bounds on dark mat-
ter with large cross sections also exist from dark matter
capture and annihilation in the Sun, which can constrain
the final states that such dark matter could annihilate
into [51, 52]. More study is required to determine which,
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The WIMP Miracle
• One of the primary motivations for WIMPs is the 

“WIMP miracle”, an attractive picture explaining 
the density of dark matter in the Universe today.

•  The picture starts out with the WIMP in chemical 
equilibrium with the Standard Model plasma at 
early times.

• Equilibrium is maintained by scattering of WIMPs 
into SM particles, χχ -> SM.

• While in equilibrium at temperatures below its 
mass, the WIMP number density follows the 
Boltzmann distribution:

χ

χ
SM Particles

neq = g

!

mT

2!

"3/2

Exp [!m/T ]



Freeze-Out

• Expansion of the Universe eventually 
results in a loss of equilibrium.

• At the “freeze-out” temperature, the 
WIMPs are sufficiently diluted that they 
can no longer find each other to 
annihilate and they cease tracking the 
Boltzmann distribution.

• The temperature at which this occurs 
depends quite sensitively on σ(χχ -> 
SM): more strongly interacting WIMPs 
will stay in equilibrium longer, and thus 
end up with a smaller relic density than 
more weakly interacting WIMPs.

Universe 
Expands



Relic Density

• The observed quantity of dark matter is suggestive of a cross section for 
annihilation into the thermal bath (the SM + ....).

x=m/T increasing
is

T decreasing
is

time increasing


