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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



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:
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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
The Early Universe

Kolb & Turner



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
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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
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Indirect Detection
• There is a process which could allow us to see 

(at least part of) the process χχ-> SM directly.

• WIMPs in the galaxy can occasionally encounter 
one another, and annihilate into SM particles 
which can make their way to the Earth where we 
can detect them.

• In particular, photons and neutrinos interact 
sufficiently weakly with the interstellar medium, 
and might be detected on the Earth with 
directional information.

• Charged particles will generally be deflected on 
their way to us, but high energy anti-matter 
particles are rare enough that an excess of them 
could be noticeable.

χ

χ
SM



Indirect Detection
• For high energy photons and neutrinos, 

annihilation in our galaxy is described by a cross 
section which depends on the WIMP model, and 
the density of WIMPs squared, at the place 
where they are annihilating.

• Models of galaxy formation predict the integral, 
but with a considerable uncertainty. 

• For charged particles, a slight complication is 
that they typically scatter on their way through 
the galaxy.  Propagation through the ISM needs 
to be accounted for.
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FIG. 5. Full-sky map, in Galactic coordinates, of the number of photons (above 3 GeV) produced by DM annihilation
(benchmark A). The left (right) panel shows the predicted flux in the Aquarius (Via Lactea II) setup.

FIG. 6. Same as Fig. 5, but with the two simulation setups rescaled to the same local density, same total mass and same
fraction of mass in substructures.

tional to the density squared, i.e. [⇢Aq

sm

(�)/⇢V L2

sm

(�)]2 =
[0.57/0.42]2 = 1.84. An additional source of discrep-
ancy is the fact that the total mass of the MW in the
Via Lactea II simulation is smaller than in Aquarius, as
reported in Tab. I. However, as shown in Fig. 6, the
two predictions can be brought in agreement by requir-
ing that (i) both Via Lactea II and Aquarius have the
same local density ⇢� (we have taken the recent estimate
⇢� = 0.385 GeV/cm3 from [74, 75]), (ii) the same sub-
halo mass fraction (f tot

sub

= 0.18) is adopted and (iii) the
same mass profile is assumed.

A. Experimental detectability

In order to assess the detectability of the �-ray anni-
hilation flux with the Fermi-LAT satellite, we have to
specify what the signal, background or noise are.

If we are interested in finding a signal above the as-
trophysical backgrounds, the signal is contributed by the
sum of all the aforementioned components of the anni-
hilation flux (MW smooth mass distribution + galactic
subhalos + extragalactic halos and subhalos). We fo-
cus on photons with energies larger than 3 GeV and we
assume an exposure time of 1 year, which corresponds
to about 5 years of data taking with Fermi, and we as-
sume an e↵ective detection area of 104 cm2. We don’t
consider here any dependence on the photon energy nor
on the incidence angle. The background or noise is
contributed by the di↵use Galactic foreground and the
unresolved extragalactic background. As mentioned in
Sect. I, to model such contributions we have rescaled
the EGRET data at E > 3 GeV by 50%. We remind
that this reduction reflects the fact that the Fermi data
do not confirm the so-called galactic excess measured
by EGRET. The expected sensitivity is simply given by

Pieri et al arXiv:0908.0195

Indirect Searches

Search for the byproducts of dark matter annihilation/decay

Very rich search strategy, multi-messenger and multi-wavelength

Via Lactea II (Diemand et al. 2008)

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

• Direct detection looks for the dark 
matter in our galaxy’s halo, and a 
positive signal would be a direct 
observation.

• Heavy shielding and secondary 
characteristics of the interaction, such 
as scintillation light or timing help filter 
out backgrounds.

• These searches are rapidly advancing, 
with orders of magnitude improvements 
in sensitivity every few years!

WIMP

Target Nuclei

Signal

Direct Detection
Χ Χ

Nucleus Nucleus



Direct Detection
• The rate of a direct detection experiment 

depends on one power of the WIMP 
density (close to the Earth).

• The energy spectrum of the recoiling 
nucleus depends on the WIMP mass, its 
coupling to quarks, and nuclear physics.

• The cross section is dominated by the 
effective WIMP interactions with quarks 
and gluons.

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

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

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

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

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

Community Planning Study: Snowmass 2013

Cushman et al, 
Snowmass CF1 Report



Collider Production
• If  WIMPs couple to quarks or 

gluons, we should also be able to 
produce them at high energy 
colliders.

• By studying the production of 
WIMPs in collisions of SM particles, 
we are seeing the inverse of the 
process which kept the WIMPs in 
equilibrium in the early Universe.

• Provided they have enough energy 
to produce them, colliders may 
allow us to study other elements of 
the “dark sector”, which are no 
longer present in the Universe 
today.

Very sophisticated detectors with 
many, many (many!) subsystems:

But no WIMP detectors.



Seeing the Invisible?
• WIMPs interact so weakly that they are expected to pass through the 

detector components without any significant interaction, making them 
effective invisible (much like neutrinos).

• There are two ways we can try to “see” them nonetheless:

Χ

Χ

SM Particles

Radiation from the SM side 
of the reaction.

Production of “partners” which
decay into WIMPS + SM particles.

Missing 
Momentum

Χ

Χ
SM Particles }

Visible radiation



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

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

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

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

them.

But we know they are all attempts to 
characterize the same thing(s)...
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Theories of 
Dark Matter
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No Lack of Options...
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“Complete” Theories



MSSM

Cahill-Rowley et al, 1305.6921

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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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
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• 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 SI cross 
section.

• The scan is still somewhat sparse 
in terms of the huge parameter 
space.  But it does show nice 
trends of viable MSSM models.

Particle Fever



Contact Interactions



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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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
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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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! 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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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,
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order of magnitude for certain operators in a large part of parameter space. For operators which are
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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.
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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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order of magnitude for certain operators in a large part of parameter space. For operators which are
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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]).
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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-
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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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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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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).

]2 [GeV/cχM
1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010

-2810
-2710

CMS 2012 Vector
CMS 2011 Vector
CDF 2012
XENON100 2012 
COUPP 2012 
SIMPLE 2012 
CoGeNT 2011
CDMSII 2011 
CDMSII 2010

CMS Preliminary
 = 8 TeVs

Spin Independent

-1L dt = 19.5 fb∫

2Λ

q)µγq)(χ
µ

γχ(

]2 [GeV/cχM
1 10 210 310

]2
-N

uc
le

on
 C

ro
ss

 S
ec

tio
n 

[c
m

χ

-4610

-4410

-4210

-4010

-3810

-3610

-3410

-3210

-3010

-2810
-2710

CMS 2012 Axial Vector
CMS 2011 Axial Vector
CDF 2012
SIMPLE 2012
CDMSII 2011
COUPP 2012

 -W+Super-K W
-W+IceCube W

CMS Preliminary
 = 8 TeVs

-1L dt = 19.5 fb∫

Spin Dependent

2Λ

q)
5
γµγq)(χ

5
γ

µ
γχ(



Annihilation
• We can also map interactions into 

predictions for WIMPs annihilating.

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

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

• Colliders continue to do better for 
lighter WIMPs or p-wave 
annihilations whereas indirect 
detection is more sensitive to 
heavy WIMPs.
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FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

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

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

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

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

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

DM Complementarity, arXiv:1305.1605

Too Little DM

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

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

• For the highest energy events, we 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-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.



Simplified Models



Simplified Model
• Moving toward a more complete theory, we 

can also consider a model containing the dark 
matter as well as the most important particle 
mediating its interaction with the Standard 
Model.

• 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 theory looks kind of like a little part of a 
SUSY model, but has more freedom in terms 
of choosing 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 
with quarks.

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

M
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Standard
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Dark
Matter
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q

q~

χ

uR Model~

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

• At colliders, the fact that the 
mediator is colored implies we can 
produce it at the LHC using the 
strong nuclear force (QCD; mostly 
from initial gluons) or through the 
interaction with quarks.

• Once produced, the mediator will 
decay into an ordinary quark and a 
dark matter particle.
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uR Model

DiFranzo, Nagao, Rajaraman, TMPT
arXiv:1308.2679

~
• In order to avoid strong flavor 

constraints, we implement minimal flavor 
violation by promoting the colored 
mediator to a flavor triplet.

• MFV would suggest that the first two 
generations have almost equal couplings, 
but is more agnostic about the coupling 
of the top quark to its mediator.

• Similarly, the masses of the first two 
generation mediators should be close to 
degenerate, and there is more freedom 
for the top-mediator.

• 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
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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:
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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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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.

Weak bounds in the mass-
degenerate region.

All mediator masses and 
couplings assumed equal.
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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 LUX has recently 
improved these bounds by roughly a 
factor of two for dark matter masses 
around 100 GeV).

• Elastic scattering does not rule out any 
parameter space, but it does impose 
stricter constraints on the coupling in 
the regions the LHC 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 the LHC constraints 
and Xenon-100 in this simplified  
model.

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

10

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,
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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
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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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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
⇤



A Possible Timeline

  Mass

  Spin

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

  Thermal Relic?

2013

2014

2015

2016

2017

2018



A Possible Timeline

LUX sees a handful of 
elastic scattering events 
consistent with a DM 

mass < 200 GeV.

  Mass: < 200 GeV

  Spin

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons?

  Leptons?

  Thermal Relic?

?

2013

2014

2015

2016

2017

2018



A Possible Timeline

LUX sees a handful of 
elastic scattering events 
consistent with a DM 

mass < 200 GeV.
Fermi observes a faint 
gamma ray line at 150 
GeV from the galactic 

center.

  Mass: 150 +/- 15 GeV

  Spin

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons?

  Thermal Relic?

2013

2014

2015

2016

2017

2018



A Possible Timeline

LUX sees a handful of 
elastic scattering events 
consistent with a DM 

mass < 200 GeV.
Fermi observes a faint 
gamma ray line at 150 
GeV from the galactic 

center.

Two LHC experiments 
see a significant excess of 

leptons plus missing 
energy.

  Mass: 150 +/- 15 GeV

  Spin

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons?

  Thermal Relic?

?

?

Xenon sees 
a similar signal.

2013

2014

2015

2016

2017

2018



2013

2014

2015

2016

2017

2018

A Possible Timeline

LUX sees a handful of 
elastic scattering events 
consistent with a DM 

mass < 200 GeV.
Fermi observes a faint 
gamma ray line at 150 
GeV from the galactic 

center.

Xenon sees 
a similar signal.

Two LHC experiments 
see a significant excess of 

leptons plus missing 
energy.

Neutrinos are seen 
coming from the 
Sun by IceCube.No jets 

+ MET

  Mass: 150 +/- 15 GeV  

  Spin: > 0

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons

  Thermal Relic?

X



A Possible Timeline

LUX sees a handful of 
elastic scattering events 
consistent with a DM 

mass < 200 GeV.
Fermi observes a faint 
gamma ray line at 150 
GeV from the galactic 

center.

Xenon sees 
a similar signal.

Two LHC experiments 
see a significant excess of 

leptons plus missing 
energy.

Neutrinos are seen 
coming from the 
Sun by IceCube.No jets 

+ MET

A positive signal of axion 
conversion is observed at 

an upgraded ADMX.

2013

2014

2015

2016

2017

2018

  Mass: 150 +/- 15 GeV  

  Spin: > 0

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons

  Thermal Relic?

X

  Mass: 20 μeV

  Spin: 0

  Stable?

Couplings:

 Gravity

  Photon Interaction

  Higgs?

  Quarks / Gluons?

  Leptons?

  Thermal Relic?X

X



A Possible Timeline

LUX sees a handful of 
elastic scattering events 
consistent with a DM 

mass < 200 GeV.
Fermi observes a faint 
gamma ray line at 150 
GeV from the galactic 

center.

Xenon sees 
a similar signal.

Two LHC experiments 
see a significant excess of 

leptons plus missing 
energy.

Neutrinos are seen 
coming from the 
Sun by IceCube.No jets 

+ MET

A positive signal of axion 
conversion is observed at 

an upgraded ADMX.

Observation at a Higgs 
factory indicates that the 
interaction with leptons is 
too strong to saturate the 

relic density.
????

2013

2014

2015

2016

2017

2018

  Mass: 150 +/- 0.1 GeV  

  Spin: > 0

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons

  Thermal Relic

X

  Mass: 20 μeV

  Spin: 0

  Stable?

Couplings:

 Gravity

  Photon Interaction

  Higgs?

  Quarks / Gluons?

  Leptons?

  Thermal Relic?X

X



A Possible Timeline

LUX sees a handful of 
elastic scattering events 
consistent with a DM 

mass < 200 GeV.
Fermi observes a faint 
gamma ray line at 150 
GeV from the galactic 

center.

Xenon sees 
a similar signal.

Two LHC experiments 
see a significant excess of 

leptons plus missing 
energy.

Neutrinos are seen 
coming from the 
Sun by IceCube.No jets 

+ MET

A positive signal of axion 
conversion is observed at 

an upgraded ADMX.

Observation at a Higgs 
factory indicates that the 
interaction with leptons is 
too strong to saturate the 

relic density.
????

2013

2014

2015

2016

2017

2018

  Mass: 150 +/- 0.1 GeV  

  Spin: > 0

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons

  Thermal Relic

X

  Mass: 20 μeV

  Spin: 0

  Stable?

Couplings:

 Gravity

  Weak Interaction

  Higgs?

  Quarks / Gluons?

  Leptons?

  Thermal Relic?X

A multi-pronged search strategy identifies a mixture of 
dark matter which is 50% classic WIMP and 50% axion.

X


