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So what is this stuff?
• As a particle physicist, my job is to 

explore how dark matter fits into the 
bigger picture of particles.

• What do we know about dark matter?

• 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



Physics Beyond the SM
• The Standard Model of particle 

physics has nothing with the right 
properties to be dark matter:

• Photons, leptons, hadrons, and W 
bosons all shine too brightly.

• Neutrinos are too light.

• Z and Higgs bosons are too 
short-lived.

• Dark matter is a manifestation of 
physics beyond the Standard Model.

• We have lots of ideas for what it 
could be… H
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Wide Ranging Parameters…

3.  Dark Matter Candidates 
Although the evidence for dark matter presented in Sec. 2 is overwhelming, the 
constraints on its microscopic properties are weak.  The particle or particles that make up 
the bulk of dark matter must be non-baryonic, cold or warm, and stable or metastable on 
10 Gyr time scales.  Such constraints leave open many possibilities, and there are 
numerous plausible dark matter candidates that have been discussed in the literature.  The 
masses and interaction cross sections of these candidates span many orders of magnitude, 
as shown in Figure 20.  Of the candidate dark matter particles displayed, axions and 
WIMPs are especially well-motivated from a particle physics perspective.  
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Figure 20: The locus of various dark matter candidate particles on a mass versus interaction cross-
section plot35

3.1 Axion 
The axion36 is motivated by the strong CP problem, an unnatural property of the SM.  
The theory of the strong interactions allows a term ��

���� GG ~)32/( 2 , which is explicitly 
CP-violating.  A priori, one would assume �  to be ~1. However, current bounds from the 
electric dipole moment of the neutron impose the tight constraint that .  The 
axion solution to this problem is to make 

1010���
�  a dynamical field, which rolls to a potential 

                                                 
34 Figure courtesy of E.-K. Park. 
36 For a review, see e.g. P. Sikivie, astro-ph/0610440 (2006). 
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The Dark Matter Questionnaire
  Mass

  Spin

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No



(Quasi) Stable
• One of the mysteries of dark matter is why it is 

very massive but (at least to very good 
approximation) stable.

• This is actually telling us something very important 
about how it can interact with the Standard Model.

• We need a symmetry (at least approximately) to 
prevent dark matter particles from decaying.

• The simplest example is a new kind of parity (a 
Z2 discrete symmetry) which forces them to 
couple in pairs to SM fields.

• We could explore larger (and continuous) 
symmetries as well.

χ decays.

The number of χ’s is conserved.



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 i.e. 
supersymmetric extensions.

• WIMPs are a vision of dark matter for which we can use 
particle physics experimental techniques to search very 
effectively.

• Are we looking under the lamp post?

• We will classify different WIMPs based on which 
symmetry allows them to be stable.

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

$59.99 USD 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.

• While not strictly a requirement for a successful 
theory of dark matter, this picture is very 
attractive [meaning: we think it is likely that 
things work this way], and so it is worth 
understanding the argument.

•  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 and vice-
versa.

χ

χ
SM Particles

DM SM



Boltzmann Equation
• The evolution of the dark matter 

number density (n) is controlled by a 
Boltzmann equation, which tracks the 
effect of the expansion of the Universe 
(H) and the creation and destruction 
of dark matter.

• A Universe where WIMPs stayed in 
equilibrium would be pretty boring.

• As the temperature falls, there will 
be fewer and fewer WIMPs present, 
since the fraction of the plasma with 
enough energy to produce them will 
become smaller and smaller.

• (Almost) Nothing would be left!

dn

dt
+ 3Hn = �h�vi

⇥
n2 � n2

eq

⇤

neq = g

!

mT

2π

"3/2

Exp [−m/T ]

SM 
Particles

χ

χ



Freeze-Out
• However, the expansion of the Universe 

eventually results in a loss of equilibrium.

• When (neq <σv>) << H, the scattering 
that maintains equilibrium can’t keep up 
with the expansion. 

• The WIMPs become sufficiently diluted 
that they can no longer find each other 
to annihilate and they cease tracking the 
Boltzmann distribution.

• Where they “freeze out” obviously 
depends on how big <σv> is.

Universe  
Expands

dn

dt
+ 3Hn = �h�vi

⇥
n2 � n2

eq

⇤



Relic Density
• So the basic picture is:

• We start out with dark matter 
in equilibrium with the SM 
plasma.

• As the temperature falls, the 
number of  WIMPs does too.

• We track the equilibrium density 
until freeze-out:

20 Jun 11 Feng    27

FREEZE OUT: MORE QUANTITATIVE

9 The Boltzmann 
equation:

Dilution from
expansion

��� f f� f f� ���

9 n � neq until interaction rate 
drops below expansion rate:

9 Might expect freeze out at T ~ m, 
but the universe expands slowly!  
First guess: m/T ~ ln (MPl/mW) ~ 40

Feng, ARAA (2010)
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Relic Density
• For a WIMP, once we 

know its mass and cross 
section into SM particles, 
we can predict its relic 
density.

• I find it remarkable that 
one simple, reasonable 
assumption (DM is in 
equilibrium with the SM 
at early times) is enough 
to predict the dark 
matter density today in 
terms of the particle 
physics properties of DM.

20 Jun 11 Feng    27

FREEZE OUT: MORE QUANTITATIVE

9 The Boltzmann 
equation:

Dilution from
expansion

��� f f� f f� ���

9 n � neq until interaction rate 
drops below expansion rate:

9 Might expect freeze out at T ~ m, 
but the universe expands slowly!  
First guess: m/T ~ ln (MPl/mW) ~ 40

Feng, ARAA (2010)

Increasing <σv>



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 signs of new physics 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



Catalogue of Candidates
• So here is how we’ll catalogue WIMPs:

• Stability Mechanism

• How they interact with the SM:

• Relic density

• Detection prospects

• Direct

• Indirect

• Collider

• The picture that emerges will be that 
there are a lot of interesting ideas for 
DM -- and we can test them!

G. Bertone



Crash Course in Detection 
Strategies…

Indirect Detection

χ

χ
SM ParticlesDM

Direct Detection

χ χ

SM Particles

DM

Collider Searches

χ

χ

SM Particles DM

(Simona’s Lecture)

(Auke-Pieter’s Lecture)

(Tristan’s Lecture)

The dark matter model predicts the rates of these 
processes, and relates them to each other.



Indirect Detection
• Indirect detection tries to see dark matter 

annihilating.

• Dark Matter particles 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



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

• In the non-relativistic (v -> 0) limit, the 
DM-nucleon interaction can either be a 
constant (Spin-Independent scattering) or 
the dot product of their spins (Spin-
Dependent scattering).

WIMP

Target Nuclei

Signal

Χ Χ

Nucleus Nucleus

Direct Detection



Collider Production
• If  dark matter couples to quarks or 

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

• Collider detectors are not typically 
sensitive to dark matter.

• It’s typically too weakly interacting 
to leave any trace in a detector as 
“small” as ATLAS or CMS.

• Thus, it manifests as something 
missing in the energy and 
momentum of the collision.

• Since we don’t know the initial 
Parton energies along the beam 
direction, we can only reliably infer 
missing momentum in the 
transverse directions.

• This is a lot like neutrinos in the SM.



Supersymmetry (SUSY)
• The most famous candidate for dark matter is a 

supersymmetric particle.

• Supersymmetry famously doubles the number of fields by 
postulating a symmetry that rotates bosons into fermions 
(and vice versa).

• I’ll focus on how to pick out the features of a 
supersymmetric theory such as the MSSM that are 
important to understand how it describes dark matter.
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SUSY Interactions
• If we break supersymmetry “softly”, 

the masses of the super-partners 
will separate, but the interactions 
remain fixed by supersymmetry.

• Despite having many, many new 
parameters, SUSY theories inherit a 
huge structure from the SM.

• This implies that many things can 
be calculated in supersymmetric 
theories in terms of the masses of 
the superpartners.

• See: Martin, hep-ph/9709356 for a 
more complete introduction to 
SUSY.
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R-Parity
• By itself, supersymmetry does not 

imply a stable massive particle.

• It has interactions which would 
naively violate baryon and lepton 
number, and do scary things like 
make protons decay.

• The usual take on this is to simply 
forbid all of these interactions by 
invoking a symmetry: R-parity.

• R-parity insures that the 
superpartners only couple in pairs 
to the SM.

• It produces a stable particle!

RP ⌘ (�1)3(B�L)+2S

SM particles:   +1
Superpartners: -1

u

u u
ūd

e+

{ {
p

⇡0

es



Identity of the LSP
• If the Lightest Supersymmetric 

Particle is stable, any superpartners 
present in the early universe will 
eventually decay into them.

• The LSP had better turn out to be 
neutral if we would like it to play 
the role of dark matter.

• For a given model of SUSY 
breaking, we can calculate the 
spectrum and determine which 
particle is the lightest.

• In fact, there are some generic 
trends that come about from the 
renormalization group.

Model-specific
Parameters

Resulting Masses
At TeV energies.

32

Figure 10. RG evolution of the mass parameters in the CMSSM.

3.2. Neutralinos

There are four neutralinos, each of which is a linear combination of the R =
−1 neutral fermions111: the wino W̃ 3, the partner of the 3rd component
of the SU(2)L gauge boson; the bino, B̃; and the two neutral Higgsinos,
H̃1 and H̃2. Assuming gaugino mass universality at the GUT scale, the
identity and mass of the LSP are determined by the gaugino mass m1/2, µ,
and tanβ. In general, neutralinos can be expressed as a linear combination

χ = αB̃ + βW̃ 3 + γH̃1 + δH̃2 (51)

The solution for the coefficients α, β, γ and δ for neutralinos that make up
the LSP can be found by diagonalizing the mass matrix

(W̃ 3, B̃, H̃0
1 , H̃0

2 )

⎛

⎜⎜⎜⎝

M2 0 −g2v1√
2

g2v2√
2

0 M1
g1v1√

2
−g1v2√

2
−g2v1√

2
g1v1√

2
0 −µ

g2v2√
2

−g1v2√
2

−µ 0

⎞

⎟⎟⎟⎠

⎛

⎜⎜⎝

W̃ 3

B̃
H̃0

1

H̃0
2

⎞

⎟⎟⎠ (52)

K. Olive, 
astro-ph/0301505

mSUGRA

LSP



Neutralino Dark Matter
• In the MSSM, the 4 neutralinos are 

Majorana fermions which are 
mixtures of the superpartners of W3, 
B, and the two neutral Higgses.

• As a result, their interactions are a 
little complicated: it depends on 
what admixture of each state is 
present in the lightest neutralino.

• The RGEs typically result in an LSP 
which is mostly Bino, with a small 
amount of Higgsino and W3ino.

• Specific models of SUSY breaking 
may upset these expectations.

• AMSB:  W3ino WIMP

e�0
1 = N11

eB + N12
fW3 + N13

eH0
1 + N14

eH0
2

Mixing Parameters N1i

Gauge Eigenstates
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Annihilation
• Now we have everything we need to 

look at neutralino annihilations.  This is a 
complicated process... but we can 
understand some general features.

• Neutralinos are Majorana fermions.

• In the non-relativistic limit, they are 
Pauli-blocked from an initial S=1 state.

• No annihilation through an s-
channel vector particle.

• Sfermion exchange likes to produce 
SM fermions of like-chirality, (S=1) and 
is suppressed by mf for an S=0 initial 
state.

⇠
m2

f

m2
�

~ Higgsino
or

W3ino

~ Higgsino x Gaugino

Bottom Line:   Suppressed <σ v>
leads generically to too many Binos.



A Plethora of Processes
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Jungman, Kamnionkowski, Griest, 
Physics Reports’95



Relic Density: Small Tan β
mSUGRA

3 Results

Our first results in Fig. 1 show regions of Ω!Z1

h2 in the m0 vs. m1/2 plane in the minimal supergravity

model for A0 = 0, tanβ = 10 and for µ < 0(left) and µ > 0(right).
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Figure 1: Regions of neutralino relic density in the m0 vs. m1/2 plane for A0 = 0 and tanβ = 10.
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Figure 2: Thermally averaged cross section times
velocity integrated from T = 0 to TF , for var-
ious subprocess. The thick light-grey(light-blue)
curve denotes the total of all annihilation and co-
annihilation reactions; m1/2 = 300 GeV, µ > 0,
A0 = 0 and tanβ = 10.

theoretical constraints (lack of REWSB on the right,
a charged LSP in the upper left). The unshaded
regions have Ω!Z1

h2 > 1, and should be excluded,
as they would lead to a universe of age less than
10 billion years, in conflict with the oldest stars
found in globular clusters. The medium shaded
(green) region yields values of 0.1 < Ω!Z1

h2 < 0.3,
i.e. in the most cosmologically favored region. The
light shaded (yellow)(Ω!Z1

h2 < 0.1) and black(blue)

(0.3 < Ω!Z1

h2 < 1) correspond to regions with in-
termediate values of low and high relic density, re-

spectively. Points with m1/2

<∼ 150 GeV give rise
to chargino masses below bounds from LEP2; the
LEP2 excluded regions due to chargino, slepton and
Higgs searches are not shown on these plots. The
structure of these plots can be understood by ex-
amining the thermally averaged cross section times
velocity, integrated from zero temperature to TF .
In Fig. 2 we show this quantity for a variety of con-
tributing subprocesses plotted versus m0 for fixed
m1/2 = 300 GeV, µ > 0, and all other parameters as
in Fig. 1. At low values of m0, the neutralino annihi-
lation cross section is dominated by t-channel scat-
tering into leptons pairs, as shown by the black solid
curve. However, at the very lowest values of m0, the
annihilation rate is sharply increased by neutralino-
stau and stau-stau co-annihilations, leading to very
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Figure 5: Thermally averaged cross section times velocity evaluated at TF for various subprocesses. The
thick light-grey(light-blue) curve denotes the total of all annihilation and co-annihilation reactions. Left:
m1/2 = 600 GeV, µ < 0, A0 = 0 and tanβ = 45. Right: m1/2 = 300 GeV, µ > 0, A0 = 0 and tanβ = 45.

even when the reactions occur off resonance. In this case, the widths of the A and H are so large (both
∼ 10− 40 GeV across the range in m0 shown) that efficient s-channel annihilation can occur throughout
considerable part of the parameter space, even when the resonance condition is not exactly fulfilled. The
resonance annihilation is explicitly displayed in this plot as the annihilation bump at m0 just below 1300
GeV. Another annihilation possibility is that !Z1

!Z1 → bb̄ via t and u channel graphs. In fact, these
annihilation graphs are enhanced due to the large b Yukawa coupling and decreasing value of mb̃1

, but we
have checked that the s-channel annihilation is still far the dominant channel. Annihilation into τ τ̄ is the
next most likely channel, but is always below the level of annihilation into bb̄ for the parameters shown
in Fig. 5(left). At even higher values of m0 where the higgsino component of !Z1 becomes non-negligible,
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Cosmic Neutralino Signals
• We’ve already learned a fair amount 

about how neutralinos annihilate by 
studying the relic density.

• The same physics controls the search for 
them annihilating in the halo.

• As Majorana particles, they tend to 
annihilate into heavier fermions and/
or W bosons.

• Indirect searches for bb spectra 
are motivated by this observation...

• Loops of charged particles allow them 
to annihilate into γγ or γZ.

• A “smoking gun” signal!
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FIG. 2: The photon multiplicity for the radiative processes
χχ → W +W−γ. The dots represent the MSSM model of
Table I, as computed with the FormCalc package [22] for a
relative neutralino velocity of 10−3. The thick solid line shows
the full analytical result for the pure higgsino limit of the
same model but with zero relative neutralino velocity. The
thin solid line is the corresponding approximation as given in
Eq.(3). Also shown, as dashed and dotted lines, are two pure
higgsino models with a lightest neutralino (chargino) mass of
10 TeV (10 TeV) and 1.5 TeV (2.5 TeV), respectively.

M2 µ mA mf̃ Af tanβ mχ m
χ±
1

Zh W± Ωχh2

3.2 1.5 3.2 3.2 0.0 10.0 1.50 1.51 0.92 0.39 0.12

TABLE I: MSSM parameters for the example model shown
in Fig. 2-4 and the resulting neutralino mass (mχ), chargino
mass (m

χ±
1

), higgsino fraction (Zh), branching ratio into W

pairs (W±) and neutralino relic density (Ωχh2), as calculated
with DarkSusy [3] and micrOMEGAs [4]. Masses are given
in units of TeV.

nature of the peak and the infrared divergence. For com-
pleteness, we have also included a very high mass (10
TeV) higgsino model which has received some attention
recently [17, 23] (even though thermal production of such
a neutralino in general gives a too large ΩCDM, unless one
allows for finetuning of parameters like the psedudoscalar
Higgs mass [24]). In addition, the case of a hypothetical
model with a very large mass shift is shown (where the
contributions from longitudinal W bosons dominate at
high energies).

Let us now consider those contributions to the gamma-
ray spectrum from the decay of heavy neutralinos that
have been studied earlier. Secondary gamma rays are
produced in the fragmentation of the W pairs, mainly
through the decay of neutral pions. In addition to the
secondary spectrum, there are line signals from the direct
annihilation of a neutralino pair into γγ [14] and Zγ [15].
Due to the high mass of the neutralino, these lines cannot
be resolved but effectively add to each other at an energy
equal to the neutralino mass.
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FIG. 3: The total differential photon distribution from χχ
annihilations (solid line) for the MSSM model of Table I. Also
shown separately is the contribution from radiative processes
χχ → W +W−γ (dashed), and the W fragmentation together
with the χχ → γγ, Zγ lines (dotted).
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FIG. 4: The same spectra as in Fig. 3, as seen by a detector
with an energy resolution of 15 percent.

For comparison, again using the model of Table I,
Fig. 3 shows the contributions from secondary photons
[17] and the line signals, as well as the new source of
photons from the internal bremsstrahlung diagrams of
Fig. 1.

The practical importance of the latter contribution can
be appreciated even more, when considering a finite de-
tector resolution of 15 %, which is typical for atmospheric
Cherenkov telescopes in that energy range; the result is a
smeared spectrum as shown in Fig. 4. One can see that,
although the strength of the γγ and Zγ lines already are
surprisingly large [7], the contribution from the internal
bremsstrahlung further enhances this peak by a factor of
2. The signal is also dramatically increased at lower en-
ergies, thereby filling out the “dip” just below the peak;
this latter effect will of course become even more pro-
nounced for better detector resolutions.

Bergstrom, Bringmann, Eriksson,  
Gustafsson hep-ph/0507229

1.5 TeV  (Mostly) Higgsino LSP
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pleteness, we have also included a very high mass (10
TeV) higgsino model which has received some attention
recently [17, 23] (even though thermal production of such
a neutralino in general gives a too large ΩCDM, unless one
allows for finetuning of parameters like the psedudoscalar
Higgs mass [24]). In addition, the case of a hypothetical
model with a very large mass shift is shown (where the
contributions from longitudinal W bosons dominate at
high energies).
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have been studied earlier. Secondary gamma rays are
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For comparison, again using the model of Table I,
Fig. 3 shows the contributions from secondary photons
[17] and the line signals, as well as the new source of
photons from the internal bremsstrahlung diagrams of
Fig. 1.

The practical importance of the latter contribution can
be appreciated even more, when considering a finite de-
tector resolution of 15 %, which is typical for atmospheric
Cherenkov telescopes in that energy range; the result is a
smeared spectrum as shown in Fig. 4. One can see that,
although the strength of the γγ and Zγ lines already are
surprisingly large [7], the contribution from the internal
bremsstrahlung further enhances this peak by a factor of
2. The signal is also dramatically increased at lower en-
ergies, thereby filling out the “dip” just below the peak;
this latter effect will of course become even more pro-
nounced for better detector resolutions.
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FIG. 2. Left panel: Our NLL+SE cross section for �0�0 annihilation to line photons from �� and �Z, compared to earlier
results. Right panel: current bounds from H.E.S.S and projected reach of 5 hours of CTA observation time, overlaid with our
(and previous) cross section predictions, for an NFW profile.

Treating Sommerfeld e↵ects at tree-level the ratio of cross
sections is given by the Sudakov form factors

�NLL+⇢⇢SE
�+��!X

�tree
�+��!X

= |⌃1|2,
�NLL+⇢⇢SE

�0�0!X

�tree
�+��!X

= |⌃1 � ⌃2|2 . (16)

This nonzero result for �0�0 ! ZZ, Z�, �� at short
distances starts at NLL in |⌃1 � ⌃2|2, and occurs be-
cause there is a Sudakov mixing between the W+W� and
W 3W 3 from soft gauge boson exchange. This is similar
in spirit to the Sommerfeld mixing of the initial states.

In Fig. 1 we plot |⌃1|2 and |⌃1 �⌃2|2 as a function of
m�. To obtain theoretical uncertainty bands we use the
residual scale dependence at LL and NLL obtained by
varying µm� = [m�, 4m�] and µZ = [mZ/2, 2mZ ]. The
one-loop fixed order results of [5] are within our LL un-
certainty band. Our NLL result yields precise theoretical
results for these electroweak corrections. To test our un-
certainties we added non-logarithmic O(↵2) corrections
to C1,2(µm�), of the size found in [5], and noted that the
shift is within our NLL uncertainty bands.

Indirect Detection Phenomenology Combining
Eqs. 8 and 14 with the standard Sommerfeld enhance-
ment (SE) factors s00 and s0±, we can now compute
the total cross section for annihilation to line photons
at NLL+SE and compare to existing limits from indirect
detection. We sum the rates of photon production from
�0�0 ! ��, �Z, as the energy resolution of current in-
struments is typically comparable to or larger than the
spacing between the lines (see e.g. [6] for a discussion).

In Fig. 2 we display our results for the line cross sec-
tions calculated at LL+SE and NLL+SE. Our theoretical
uncertainties are from µm� variation. (The µZ variations
are very similar. Since both cases are dominated by the
variation of the ratio of the high and low scales we do

not add them together.) In the left panel we compare to
earlier cross section calculations, including “Tree-level +
SE” where Sudakov corrections are neglected, the “One-
loop fixed-order” cross section where neither Sommer-
feld or Sudakov e↵ects are resummed (taken from [7]),
and the calculation in [5] where Sommerfeld e↵ects are
resummed but other corrections are at one-loop. At low
masses, our results converge to the known ones (except [5]
which focused on high masses and omits a term that be-
comes leading-order at low masses). At high masses, our
NLL+SE result provides a sharp prediction for the anni-
hilation cross section with ' 5% theoretical uncertainty.

In the right panel of Fig. 2 we compare the NLL cross
section to existing limits from H.E.S.S [23] and projected
ones from CTA. In the latter case we follow the prescrip-
tion of [6], based on [24], and in both cases we assume an
NFW profile with local DM density 0.4 GeV/cm3. We
assume here that the �0 constitutes all the DM due to a
non-thermal history (the limits can be straightforwardly
rescaled if it constitutes a subdominant fraction of the
total DM). For this profile, we see that H.E.S.S already
constrains models of this type for masses below ⇠ 4 TeV,
consistent with the results of [6] (which employed the
tree-level+SE approximation), and that five hours of ob-
servation with CTA could extend this bound to ⇠ 10
TeV. Any constraint on the line cross section should be
viewed as a joint constraint on the fundamental physics
of DM and the distribution of DM in the Milky Way [25].

The method we developed here allows systematically
improvable e↵ective field theory techniques to be applied
to DM, and enabled us to obtain NLL+SE predictions for
the DM annihilation cross section to photon lines. This
enables precision constraints to be placed on DM.

Note added: As our paper was being finalized two pa-
pers appeared [26, 27] which also investigate DM with

Ovanesyan, Slatyer, Stewart
 1409.8294 & PRL

H.E.S.S. limits on the line signal already largely exclude wino dark matter.



Direct Detection of Neutralinos

• The Majorana character also 
has important consequences for 
direct detection.

• No vector currents imply the 
Z exchange can only mediate 
spin-dependent interactions.

• The Higgs exchange requires 
both gaugino and higgsino 
admixture: the rate is very 
sensitive to the neutralino 
mixing angles.

• Direct detection is sensitive 
to MSSM parameter space!
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ment is > 90% above 4PE. The log10(S2/S1) upper and
lower bounds of the signal region are respectively chosen
as the median of the nuclear recoil band and the 300 PE
S2 threshold.
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FIG. 4: Distribution of all events (dots) and events below
the nuclear recoil median (red circles) in the TPC (grey line)
observed in the 8.7�32.6 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

A first dark matter analysis has been carried out, using
11.17 live days of background data, taken from October
20th to November 12th 2009, prior to the neutron calibra-
tion. Although this was not a blind analysis, all the event
selection criteria were defined on calibration data. The
cumulative software cut acceptance for single scatter nu-
clear recoils is conservatively estimated to vary between
60% (at 8.7 keVnr) and 85% (at 32.6 keVnr) by consider-
ing all events removed by only a single cut to be valid
events (Fig. 3). Within the 8.7� 32.6 keVnr energy win-
dow, 22 events are observed, but none in the pre-defined
signal acceptance region (Fig. 3). At 50% nuclear recoil
acceptance, the electronic recoil discrimination based on
log10(S2/S1) is above 99%, predicting < 0.2 background
events in the WIMP region. The observed rate, spec-
trum, and spatial distribution (Fig. 4) agree well with a
GEANT4 Monte Carlo simulation of the entire detector.
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FIG. 5: 90% confidence limit on the spin-independent elastic
WIMP-nucleon cross section (solid line), together with the
best limit to date from CDMS (dashed) [13], expectations
from a theoretical model [14], and the areas (90% CL) favored
by CoGeNT (green) [15] and DAMA (blue/red) [16].

An upper limit on the spin-independent WIMP-

nucleon elastic scattering cross section is derived based
on the standard halo assumptions [12], taking into ac-
count an S1 resolution dominated by Poisson fluctua-
tions, and with Le� from the global fit, assumed con-
stant below 5 keVnr. Fig. 5 shows the resulting 90% con-
fidence upper limit, with a minimum at a cross section of
3.4⇤ 10�44 cm2 for a WIMP mass of 55GeV/c2, using a
spectrum-averaged exposure of 170 kg · days. This limit
challenges the interpretation of the CoGeNT [15] and
DAMA [16] signals as being due to light mass WIMPs.
In the extreme case of Le� following the lower 90% con-
fidence contour in Fig. 1, together with the extrapola-
tion to zero around 1 keVnr, our a priori chosen thresh-
old of 4 PE rises from 8.7 keVnr to 9.6 keVnr and a frac-
tion of the CoGeNT parameter space remains. Yet, as
shown in Fig. 3, our cut acceptance is sizeable even at
a reduced threshold of 3 PE (8.2 keVnr in this case),
above which a 7GeV/c2 WIMP, at the lower edge of the
CoGeNT region, would produce about one event with
the current exposure. These initial results, based on
only 11.17 live days of data, demonstrate the potential of
the XENON100 low-background experiment to discover
WIMP dark matter.
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FIG. 3: Background model in the fiducial mass in a reference
region between the NR median and �2� quantile in cS2b,
projected onto cS1. Solid lines show that the expected number
of events from individual components listed in Table I; the
labels match the abbreviations shown in the table. The dotted
black line Total shows the total background model, the dotted
red line WIMP shows an m = 50 GeV/c2, � = 10�46cm2

WIMP signal for comparison.
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [27]
(red), PandaX-II [28] (brown), and XENON100 [23] (gray)
are shown for reference.

this, and therefore assume their rate is proportional to
the ER rate, at 0.10+0.10

�0.07 events based on the outliers ob-
served in the 220Rn calibration data. The physical origin
of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. No changes to either the event selection
or background types were made at any stage.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the lower Kr
concentration measured in the current science run. This
is the lowest ER background ever achieved in such a dark
matter experiment. A single event far from the bulk
distribution was observed at cS1 = 68.0 PE in the ini-
tial 4-day unblinding stage. This appears to be a bona

fide event, though its location in (cS1, cS2b) (see Fig. 2c)
is extreme for all WIMP signal models and background
models other than anomalous leakage and accidental co-
incidence. One event at cS1 = 26.7 PE is at the �2.4�
ER quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b). We propagate the uncertainties on
the most significant shape parameters (two for NR, two
for ER) inferred from the posteriors of the calibration
fits to the likelihood. The uncertainties on the rate of
each background component mentioned above are also
included. The likelihood ratio distribution is approxi-
mated by its asymptotic distribution [25]; preliminary
toy Monte Carlo checks show the e↵ect on the exclusion
significance of this conventional approximation is well
within the result’s statistical and systematic uncertain-
ties. To account for mismodeling of the ER background,
we also calculated the limit using the procedure in [26],
which yields a similar result.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sensitivity
band [29]. The final limit is within 10% of the uncon-
strained limit for all WIMP masses. For the WIMP en-
ergy spectrum we assume a standard isothermal WIMP
halo with v0 = 220 km/s, ⇢DM = 0.3 GeV/cm3, vesc =
544 km/s, and the Helm form factor for the nuclear
cross section [30]. No light and charge emission is as-
sumed for WIMPs below 1 keV recoil energy. For all
WIMP masses, the background-only hypothesis provides
the best fit, with none of the nuisance parameters rep-
resenting the uncertainties discussed above deviating ap-
preciably from their nominal values. Our results improve
upon the previously strongest spin-independent WIMP
limit for masses above 10 GeV/c2. Our strongest exclu-
sion limit is for 35-GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the



Collider Signals
• At hadron colliders like the LHC, the 

largest signals tend to come from 
producing the colored superpartners.

• There can be “Cascade” decays 
down to the LSP.

• The LSP passes through the 
detector, leading to missing 
momentum.

• Hard jets are also present.

• Depending on the decay chain, 
there may be hard leptons as well.

• Often pairs of leptons will have the 
same charge, a signal with small 
expected SM backgrounds. Talk by A. Taffard, EPS ‘11
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3rd Generation Squarks

• The best limits are on the colored super-particles, but those are often not the 
most important ones in terms of the physics of neutralino dark matter.



Reconstructing the MSSM
• While we can hope to eventually have 

many, many signals to measure, the 
parameter space is also very large.

• Even simplified versions like the 
“pMSSM” have ~20 parameters!

• Mapping from signal to parameter 
space is very complicated and not 
generally one to one: there is a 
complicated inverse problem.

• The connection to dark matter 
specifically is often not very clear, 
leading to statistical approaches 
based on simulating many (many) 
model points in the parameter 
space.

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

17

4

ment is > 90% above 4PE. The log10(S2/S1) upper and
lower bounds of the signal region are respectively chosen
as the median of the nuclear recoil band and the 300 PE
S2 threshold.
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FIG. 4: Distribution of all events (dots) and events below
the nuclear recoil median (red circles) in the TPC (grey line)
observed in the 8.7�32.6 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

A first dark matter analysis has been carried out, using
11.17 live days of background data, taken from October
20th to November 12th 2009, prior to the neutron calibra-
tion. Although this was not a blind analysis, all the event
selection criteria were defined on calibration data. The
cumulative software cut acceptance for single scatter nu-
clear recoils is conservatively estimated to vary between
60% (at 8.7 keVnr) and 85% (at 32.6 keVnr) by consider-
ing all events removed by only a single cut to be valid
events (Fig. 3). Within the 8.7� 32.6 keVnr energy win-
dow, 22 events are observed, but none in the pre-defined
signal acceptance region (Fig. 3). At 50% nuclear recoil
acceptance, the electronic recoil discrimination based on
log10(S2/S1) is above 99%, predicting < 0.2 background
events in the WIMP region. The observed rate, spec-
trum, and spatial distribution (Fig. 4) agree well with a
GEANT4 Monte Carlo simulation of the entire detector.
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FIG. 5: 90% confidence limit on the spin-independent elastic
WIMP-nucleon cross section (solid line), together with the
best limit to date from CDMS (dashed) [13], expectations
from a theoretical model [14], and the areas (90% CL) favored
by CoGeNT (green) [15] and DAMA (blue/red) [16].

An upper limit on the spin-independent WIMP-

nucleon elastic scattering cross section is derived based
on the standard halo assumptions [12], taking into ac-
count an S1 resolution dominated by Poisson fluctua-
tions, and with Le� from the global fit, assumed con-
stant below 5 keVnr. Fig. 5 shows the resulting 90% con-
fidence upper limit, with a minimum at a cross section of
3.4⇤ 10�44 cm2 for a WIMP mass of 55GeV/c2, using a
spectrum-averaged exposure of 170 kg · days. This limit
challenges the interpretation of the CoGeNT [15] and
DAMA [16] signals as being due to light mass WIMPs.
In the extreme case of Le� following the lower 90% con-
fidence contour in Fig. 1, together with the extrapola-
tion to zero around 1 keVnr, our a priori chosen thresh-
old of 4 PE rises from 8.7 keVnr to 9.6 keVnr and a frac-
tion of the CoGeNT parameter space remains. Yet, as
shown in Fig. 3, our cut acceptance is sizeable even at
a reduced threshold of 3 PE (8.2 keVnr in this case),
above which a 7GeV/c2 WIMP, at the lower edge of the
CoGeNT region, would produce about one event with
the current exposure. These initial results, based on
only 11.17 live days of data, demonstrate the potential of
the XENON100 low-background experiment to discover
WIMP dark matter.
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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.
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their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
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pMSSM at the LHCConstraints on DM-related quantities 

•  If a series of SUSY signals is observed, features of cascade 
decays will help to determine DM-related quantities. 

•  Demonstrated the influences of the CMS SUSY searches on 
DM-related quantities: 
–  CMS data slightly prefer lower densities. 
–  lower p-    scattering cross sections are marginally favored.  

Experimental summary of SUSY Dark Matter searches at the LHC (Yu Nakahama) 

           CMS-SUSY-13-020 

Neutralino relic density Spin-dependent direct DM  
detection cross-section 

Spin-independent direct  
DM cross-section 

PLANK Ωh2  
window 

€ 

1

0˜ χ 

14 

Posterior probabilities give an indication for how dense the 
coverage is of a given observable.

Note that this depends intimately on the model!



Beyond the MSSM
• As we have seen, the minimal model 

already contains a lot of interesting 
physics.

• But nothing tells us Nature has 
chosen something minimal!

• Simple extensions such as adding a 
gauge singlet (i.e. the NMSSM) can  
have a big impact on the picture of 
dark matter.

• New neutralinos

• New Higgs bosons

• New couplings

• New relations between parameters.

Gunion, Hooper, McElrath, hep-ph/0509024FIG. 4: We display contours in mA1
– m!χ0

1
parameter space for which Eq. (40) yields Ωh2 = 0.1.

Points above or below each pair of curves produce more dark matter than is observed; inside each set
of curves less dark matter is produced than is observed. These results are for a bino-like neutralino

with a small higgsino admixture (ϵ2
B = 0.94, ϵ2

u = 0.06). Three values of tan β (50, 15 and 3) have
been used, shown as solid black, dashed red, and dot-dashed blue lines, respectively. The dotted line
is the contour corresponding to 2m!χ0

1
= mA. For each set of lines, we have set cos2 θA = 0.6. The

tan β = 50 case is highly constrained for very light neutralinos, and is primarily shown for comparison
with the MSSM case.

respectively. Shown as a horizontal dashed line is the lower limit on the the MSSM CP-odd

Higgs mass from collider constraints. This figure demonstrates that even in the case of very

large tan β, the lightest neutralino must be heavier than about 7 GeV. For moderate values of

tan β, the neutralino must be heavier than about 20 GeV.

In Fig. 4, we show how this conclusion is modified within the framework of the NMSSM. Here,

we have considered a CP-odd Higgs which is a mixture of MSSM-like and singlet components

specified by cos2 θA = 0.6 and a neutralino with composition specified by ϵ2
B = 0.94 and

ϵ2
u = 0.06. These specific values are representative of those that can be achieved for various

NMSSM parameter choices satisfying all constraints. For each pair of contours (solid black,

dashed red, and dot-dashed blue), the region between the lines is the space in which the

neutralino’s relic density does not exceed the measured density. The solid black, dashed red,

and dot-dashed blue lines correspond to tanβ=50, 15 and 3, respectively. Also shown as a

dotted line is the contour corresponding to the resonance condition, 2m!χ0
1

= mA.

For the tanβ=50 or 15 cases, neutralino dark matter can avoid being overproduced for any

A1 mass below ∼ 20− 60 GeV, as long as m!χ0
1
> mb. For smaller values of tan β, a lower limit

on mA1
can apply as well.

For neutralinos lighter than the mass of the b-quark, annihilation is generally less efficient.

This region is shown in detail in the right frame of Fig. 4. In this funnel region, annihilations
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NMSSM
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tan β = 15
tan β = 3

Bino LSP

Curves of constant Ωh2 = 0.1



Super-WIMPs
• Dark matter could also be super-weakly interacting.

• In general, this allows us to consider a particle which 
can decay, as long as its lifetime is long enough that it 
lives for more than the current age of the Universe.

• This gives up the beauty of the WIMP miracle, but is 
still an interesting possibility.

• In fact, both SUSY and UED theories naturally have a 
particle which could be dark matter and falls into 
this category:

• SUSY:  spin 3/2 gravitino

• UED: spin 2 KK graviton

• I’ll focus on the gravitino here, but the generalization 
to the KK graviton is rather straightforward.

For more UED details, see:
Feng, Rajaraman, Takayama 

hep-ph/0302215 & 0307375
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Relic Gravitinos
• Though they are never in equilibrium, 

we can still produce relic gravitinos:

• One mechanism is to have them 
freeze-in.

• Since they fail to reach equilibrium and 
their interactions are non-
renormalizable, the quantity generated 
depends very sensitively on the 
reheating temperature at the end of 
inflation.

• This can be a problem -- if they are 
overproduced, we can end up with too 
much dark matter, leading to a bound 
on TR.

• For just the right TR, we get Ωh2 ~0.1.

Figure 4: The density parameter ΩG̃h2 for different gravitino masses mG̃ as function of

the reheating temperature TR. The gluino mass has been set to mg̃ = 700 GeV.

in the mG̃-mg̃ plane which is shown in fig. 5 for three different values of the reheating

temperature TR. The allowed regions are below the solid lines, respectively.

With respect to the BBN constraint, consider a nonrelativistic particle X decaying

into electromagnetically and strongly interacting relativistic particles with a lifetime τX .

X decays change the abundances of light elements the more the longer the lifetime τX

and the higher the energy density mXYXnrad are. These constraints have been studied in

detail by several groups [11, 12, 13]. They rule out the possibility of unstable gravitinos

with mG̃ ∼ 100 GeV for TR ∼ 1010 GeV.

For stable gravitinos the NSP plays the role of the particle X. The lifetime of a fermion

decaying into its scalar partner and a gravitino is

τNSP = 48π
m2

G̃
M2

m5
NSP

. (49)

For a sufficiently short lifetime, τNSP < 2 · 106 s, the energy density which becomes free in

NSP decays is bounded by mXYX < 4 · 10−10 GeV, which corresponds to ΩXh2 < 0.008.
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Late Decay

• A gravitino LSP can also be produced by the late decay of a more 
conventional WIMP, inheriting its relic density.

• The NLSP need not even be neutral!

• Some care is needed to have the decay not destroy light elements.

22 Jun 11 Feng  93

FREEZE OUT WITH SUPERWIMPS

SuperWIMPs naturally inherit the right density (WIMP miracle), share all 
the motivations of WIMPs, but are superweakly interacting

Mbut then decay 
to superWIMPs

WIMPs freeze 
out as usualM

MPl
2/MW

3 ~ 103-106 s

Feng, Rajaraman, Takayama (2003)

Feng, Rajaraman, Takayama
hep-ph/0306024



Axion Dark Matter
• The axion is motivated by the strong CP-problem, 

where the QCD θ term is cancelled by introducing 
a scalar field -- the QCD axion.

• The axion’s mass and coupling are determined by 
virtue of its being a pseudo-Goldstone boson and 
are characterized by the energy scale fa > 109 GeV.

• The axion is unstable, but its tiny mass and weak 
couplings conspire to predict that for much of the 
viable parameter space its lifetime is much greater 
than the age of the Universe itself.

• More generally, string theories often contain axion-
like particles which are long-lived and can play the 
role of dark matter but have less tight correlations 
between their masses and couplings.

ma ⇠ f⇡/fa ⇥m⇡

Natural Range from QCD
10-16

Peccei, Quinn ’77

Preskill, Wise, Wilczek ’83
Abbott, Sikivie ’83
Dine, Fischler ’83



Axion Conversion

• The axion has a model-dependent 
coupling to electromagnetic fields 
that is somewhat smaller than 1 / fa.

• There is a rich and varied program  
of axion searches based on this 
coupling.

• One particular search looks for 
ambient axions converting into EM 
signals in the presence of a strong 
background magnetic field.  

• Other very interesting new ideas 
are to look for time variation in the 
neutron EDM or the induced 
current in an LC circuit.

1306.6088 & 1310.8545
CF3 Report

4 The (incomplete) landscape of candidates 21
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Figure 2. The search reach of the ADMX RF-cavity experiments over the next 3 years. The first decade of
allowed axion mass will be explored at “definitive” sensitivity to QCD axions over the next year. The middle
decade will be explored at over the following two years. These two decades are expected to encompass the
mass of the dark matter axion.

“Shining Light Through Walls” experiments, polarized laser light is directed down the bore of a transverse
dipole magnet. The light is then blocked by an opaque wall. Some of the photons convert into axions,
and these axions easily pass through the wall and reconvert to photons in a second dipole magnet. The
photon-axion-photon conversion rate is very small, since the axion to two-photon coupling is so tiny, and
the entire photon-axion-photon process contains the product of two such tiny couplings. Such experiments
are unlikely to be sensitive to PQ type dark-matter axions and are less sensitive than the SN1987A bound.
These experiments are therefore more fully considered in the Intensity Frontier [149].

More recently, experiments are being proposed and are under construction that increase the conversion rate
by introducing a pair of locked Fabry-Perot optical cavities on either side of the wall. The conversion rate is
thereby enhanced by approximately the product of the cavity finesses, with the sensitivity improving as the
square-root of this rate [150]. A large experiment based on this locked pair of optical cavities is REAPR,
a project proposed for US funding, but not year approved. A second large experiment ALPS II (proposed
for construction in several phases) has started construction at DESY. These experiments have improved
sensitivity, but are unlikely to reach sensitivity to PQ type dark-matter axions.

Community Planning Study: Snowmass 2013

1310.8642
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Sterile Neutrino DM
• Dark matter may be connected to one of the 

other incontrovertible signals of physics 
beyond the SM: neutrino masses.

• The simplest way to generate neutrino masses 
in the SM is to add some number of gauge 
singlet fermions to play the role of the right-
handed neutrinos.

• If the additional states are light and not 
strongly mixed with the active neutrinos (as 
required by precision electroweak data), they 
can be stable on the scale of the age of the 
Universe and play the role of dark matter.

• Arriving at the right amount of dark matter 
via oscillations typically requires delicately 
choosing the mass and mixing angle, or 
invoking some other new physics.
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Figure 9. Bounds on the mass M1 and the mixing angle ✓1 of the sterile neutrino dark matter for the models,
discussed in Section I D: DM in the ⌫MSM (Panel a, see text for details); DM produced in the model with
entropy dilution (Panel b); and DM produced in the light singlet Higgs decays (Panel c).

Neutrinos in gauge multiplets – thermal production of DM neutrinos

In this model sterile neutrinos are charged under some beyond the SM gauge group [65]. A natural
candidate are here left-right symmetric theories, in which the sterile neutrinos are sterile only under
the SM S U(2)L gauge group, but are active with respect to an additional S U(2)R, under which the
left-handed SM particles are sterile. The steriles couple in particular to a new gauge boson WR,
which belongs to S U(2)R. One of the sterile neutrinos N1 is light and plays the role of dark
matter, entering in thermal equilibrium before freeze-out. Other sterile neutrinos N2,3 should dilute
its abundance up to the correct amount via out-of-equilibrium decays. This entropy production
happens if there are heavy particles with long lifetimes, which first decouple while still relativistic
and then decay when already non-relativistic [197]. The proper DM abundance is controlled by the
properties of this long-lived particle through the entropy dilution factor S ' 0.76 ḡ1/4

⇤ M2
g⇤ f
p
�MPl

, where
g⇤ is an averaged number of d.o.f. during entropy generation, and M2 is the mass of the sterile
neutrino, responsible for the dilution. The X-ray constraint here bounds the mixing angle ✓1 of the
DM neutrino in the same way as for the ⌫MSM. The mixing between new and SM gauge bosons is
also severely constrained. The structure formation from the Lyman-↵ analysis constraints the DM
neutrino mass:, M1 > 1.6 keV, because its velocity distribution is that of the cooled thermal relic
[65, 160]. At the same time, this implies that the DM in this model is cold (CDM).

All other constraints in this scenario apply to the heavier sterile neutrinos and to the new gauge
sector. The correct abundance of the CDM sterile neutrino requires entropy dilution. To properly
provide the entropy dilution, N2 should decouple while relativistic and has a decay width

� ' 0.50 ⇥ 10�6 g2
N

4
g2
⇤f

g2⇤
ḡ1/2
⇤

M2
2

MPl

 
1 keV

M1

!2

. (32)

At the same time, the heavy neutrino N2 should decay before BBN, which bounds its lifetime to
be shorter than approximately 0.1÷ 2 s. Then, the proper entropy can be generated only if its mass
is larger than

M2 >
✓ M1

1 keV

◆
(1.7 ÷ 10) GeV. (33)

The entropy is e↵ectively generated by out-of-equilibrium decays if the particle decoupled while
still relativistic. The bound on the decoupling temperature leads to a bound on the new gauge
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Y-axis: sin2 θ, mixing angle with
active neutrinos.



Sterile Neutrino Decay
• Though rare, sterile neutrinos can decay into ordinary neutrinos and a photon, 

resulting in (mono-energetic) keV energy photons.

• Constraints from the lack of observation of such a signal put limits in the plane 
of the mass versus the mixing angle.

4 The (incomplete) landscape of candidates 37
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Figure 4. Sterile neutrino parameters to the right of the solid red curve are excluded by the X-ray
observations, if the sterile neutrinos make up all of dark matter. If the sterile neutrino abundance is
determined by neutrino oscillations and no other mechanism contributes, then the excluded region is smaller
(shaded area). Lower bounds from structure formation depend on the production mechanism, because they
constrain the primordial velocity distribution whose connection to mass and mixing is model dependent.
Also shown is the range in which the pulsar velocities can be explain by anisotropic emission of sterile
neutrinos from a supernova.

4.7 Superheavy dark matter

In addition to primordial black holes, there are a number of dark matter candidates that have large masses
and, therefore, are expected to have very low number densities. The search strategies for these dark
matter candidates are different from the usual searches in that no laboratory experiment has big enough
acceptance to detect a sufficient number of events, even if these particles are strongly interacting. Detection
is nevertheless possible with the use of ingenious alternative techniques: for example, one can study tracks in
mica (which has small size but ∼billion years of exposure), or seismic detectors, or ultrahigh-energy cosmic
rays from massive particle decays. Direct detection of supermassive particles is possible with the use of
large-volume detectors, such as ANITA, HAWC, IceCube, Pierre Auger, Super-Kamiokande.

Community Planning Study: Snowmass 2013

1310.8642

Possible X-ray Signal
[Bulbul et al 2014]

(Extracted from 
Abazajian 2014)



Designer Dark Matter
• As our searches for dark matter mature, we 

hope to eventually see a hint for a signal.

• There is no completely compelling evidence 
for an observation, but there are some 
tantalizing hints for things we don’t 
understand.  They might even be WIMPs!

• We can hope to eventually construct a 
theory of dark matter from observation.

• Even if the hints don’t stand the test of 
time, they may inspire unconventional 
visions for how dark matter could work.  
They’re still valuable to inspire new 
experiments and analyses.
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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-

tion has been reported by earlier experiments: TS93 [16],Wizard/CAPRICE [17], HEAT [18],
AMS-01 [19], PAMELA [11, 20], and Fermi-LAT [12]. The new result extends the energy
range to 500 GeV and is based on a significant increase in the statistics by a factor of
1.7. Fig. 5 explores the behavior of the positron fraction at high energies (> 10 GeV) and
compares it with earlier measurements. We observe that above about 200 GeV the positron
fraction is no longer increasing with energy.

Figure 5: The positron fraction above 10 GeV, where it begins to increase. The present
AMS measurement (red points) extends the energy range to 500 GeV and demonstrates
that above about 200GeV the positron fraction is no longer increasing. Measurements from
PAMELA [11, 20] (the horizontal blue line is their lower limit), Fermi-LAT [12], and other
experiments [16, 17, 18, 19] are also shown.

To examine the energy dependence of the positron fraction quantitatively in a model
independent way, straight line fits were performed over the entire energy range with a
sliding energy window, where the width of the window varies with energy to have su�cient
sensitivity to the slope. Each window covers about 8 bins, at energies above 200 GeV it
covers 3 bins. Above 30 GeV the slope decreases logarithmically with energy and crosses
zero at 275 ± 32 GeV. This confirms our observation from Fig. 5 that above about 200
GeV the positron fraction is no longer increasing with energy. This is the first experimental
evidence of the existence of a new behavior of the positron fraction at high energy.

We present a fit to the data of a minimal model, where the e+ and e� fluxes are
parameterized as the sum of their individual di↵use power law spectrum and a common
source term with an exponential cuto↵ parameter, Es:

�e+ = Ce+E
��e+ + CsE

��s
e

�E/Es (2)

�e� = Ce�E
��e� + CsE

��s
e

�E/Es (3)

(with E in GeV). A fit of this model to the data with their total errors (the quadratic sum
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• Anti-matter is only rarely produced by 
astrophysical objects.  An excess is a 
possible signature of dark matter 
annihilation.

• Somewhat mysteriously, the fraction of 
positrons increases with energy up to 
~500 GeV as measured by AMS-02.

• This could be the output of a nearby 
pulsar, or it could be a signal of dark 
matter annihilation.

• If interpreted as dark matter, a cross 
section that is somewhat shockingly 
high compared to the thermal one 
would be required.

• Anti-proton measurements show no 
excess over expectations.

Antiprotons 

In agreement with secondary production predictions (based on B/C 
measurements and antiprotons produced by CR interactions in the interstellar 
medium); consistent with primary source to explain positron fraction

Measurement of the antiproton fraction up to 450 GeV

Giesen et al, arXiv:1504.04276

Expectation



Light Mediators
• The PAMELA (and now Fermi and AMS02) 

positron excesses are an interesting signal that 
could be from dark matter annihilation/decay.

• A DM explanation runs into tension between 
the rate of annihilation required to produce a 
large enough signal compared with the relic 
density.

• A popular idea to reconcile the two is to 
introduce a light mediator (such as a dark 
photon) to invoke a Sommerfeld-like 
enhancement at small WIMP velocities.

• Summing up the effect of the mediator on the 
scattering can lead to a large enhancement 
factor compared to the leading order 
annihilation rate.

γ
d

...

Cirelli, Kadastik, Raidal, Strumia 0809.2409
Arkani-Hamed, Finkbeiner, Slatyer, Weiner 0810.0713

...
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determines the length scale the potential is varying over relative to the wavelength; so long as it is small, the WKB

approximation is good, and we have a waveform growing as k−1/2
eff ei

R

x dx′keff(x
′). Note that for 1 ≪ x ≪ 1/ϵφ, the

WKB approximation is manifestly good. Let us now take the arbitrarily low velocity limit, where ϵv → 0. Then in

the neighborhood of x ∼ 1/ϵφ we have k2
eff ∼ ϵφe−ϵφx, and

!

!

!

!

k′
eff

k2
eff

!

!

!

!

∼ √
ϵφe

1

2
ϵφx ∼

ϵφ

keff
(A40)

so the WKB approximation breaks down when keff ∼ ϵφ, where the WKB amplitude is ∼ ϵ−1/2
φ . The potential then

varies more sharply than the wavelength, and we have a reflection/transmission problem, with an O(1) fraction of the

amplitude escaping to infinity. The enhancement is then

S ∼
1

ϵφ
∼

αM

mφ
(A41)

We did this analysis for ϵv → 0, but clearly it will hold for larger ϵv, till ϵv ∼ ϵφ, at which point it matches smoothly

to the 1
ϵv

enhancement we get for the Coulomb problem. The crossover with ϵv ∼ ϵφ is equivalent to Mv ∼ mφ, when

the deBroglie wavelength of the particle is comparable to the range of the interaction. This is intuitive–as the particle

velocity drops and the deBroglie wavelength becomes larger than the range of the attractive force, the enhancement

saturates. Of course if ϵφ is close to the values that make the Yukawa potential have zero-energy bound states, then

the enhancement is much larger; we can get an additional enhancement ∼ ϵφ/ϵ2v up to the point where it gets cut off

by finite width effects.

In this simple theory it is of course also straightforward to solve for the Sommerfeld enhancement numerically. We

show the enhancement as a function of ϵφ and ϵv in Figs. 6 and 7.
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FIG. 6: Contour plot of S as a function of ϵφ and ϵv. The lower right triangle corresponds to the zero-mass limit, whereas the

upper left triangle is the resonance region.

4. Two-particle annihilation

Let us finally consider our real case of interest, involving two-particle annihilation. To keep things simple, let us

imagine that the two particles are not identical, for instance they could be Majorana fermions with opposite spins; we

✏v ⌘
v

↵
✏� ⌘

m

↵M



Dark Photon
• An attractive idea which has received a lot of attention is to postulate that the 

new light force carrier is a “dark photon”.

• The idea is that there is a new vector boson with a small mass (and thus a 
whole dark Higgs sector) under which dark matter is charged, but the SM is 
not:

• The kinetic mixing with hyper charge changes the mass basis of the states 
such that the usual massless photon remains unchanged.  However, the dark 
photon picks up a small coupling to the SM particles proportional to their 
electric charge times the kinetic mixing parameter ε:

• There is also some mixing with the Z, but for dark photon masses much less 
than the Z boson mass, this is extremely tiny and can usually be neglected.

L = �1

4
V µ⌫Vµ⌫ +

1

2
M2

V V
µVµ + i� ( 6@ � ig 6V )�+ ✏V µ⌫Bµ⌫

ge↵ ⇠
⇢

g �
eQ ✏  SM



A New Experimental Frontier!
• Once people realized that light dark force 

carriers were interesting and under-
explored, they began to devise experiments 
to search for them.

• Since the target parameter space has low 
masses and very weak couplings, often low 
energy, high luminosity facilities provide the 
best limits.

• High luminosity electron accelerators can 
produce the dark force carrier, which 
eventually decays into e+e- or in some cases 
the dark matter itself.

• There is now a whole family of experiments 
aimed at exploring different regions of mass / 
coupling.
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FIG. 1. Top: (a) A0 production from radiation off an incoming e�

beam incident on a target consisting of nuclei of atomic number Z.
APEX is sensitive to A0 decays to e+e� pairs, although decays to
µ+µ� pairs are possible for A0 masses mA0 > 2mµ. Bottom: QED
trident backgrounds: (b) radiative tridents and (c) Bethe-Heitler tri-
dents.

liders [5, 9, 12–14]. Hidden sector collider phenomenology
has also been explored in detail in e.g. [15]. Electron fixed-
target experiments are uniquely suited to probing the sub-GeV
mass range because of their high luminosity, large A0 pro-
duction cross section, and favorable kinematics. Electrons
scattering off target nuclei can radiate an A0, which then de-
cays to e+e�, see Fig. 1. The A0 would then appear as a
narrow resonance in the e+e� invariant mass spectrum, over
the large background from quantum electrodynamics (QED)
trident processes. APEX is optimized to search for such a
resonance using Jefferson Laboratory’s Continuous Electron
Beam Accelerator Facility and two High Resolution Spec-
trometers (HRSs) in Hall A [16].

The full APEX experiment proposes to probe couplings
↵0/↵ & 10�7 and masses m

A

0 ⇠ 50 � 550 MeV, a consid-
erable improvement in cross section sensitivity over previous
experiments in a theoretically interesting region of parame-
ter space. Other electron fixed-target experiments are planned
at Jefferson Laboratory, including the Heavy Photon Search
(HPS) [17] and DarkLight [10] experiments; at MAMI [18];
and at DESY (the HIdden Photon Search (HIPS) [19]).

We present here the results of a test run for APEX that took
place at Jefferson Laboratory in July 2010. The layout of the
experiment is shown in Fig. 2. The distinctive kinematics of
A0 production motivates the choice of configuration. The A0

carries a large fraction of the incident beam energy, Eb, is
produced at angles ⇠ (m

A

0/Eb)3/2 ⌧ 1, and decays to an
e+e� pair with a typical angle of m

A

0/Eb. A symmetric con-
figuration with the e� and e+ each carrying nearly half the
beam energy mitigates QED background while maintaining
high signal efficiency.

The test run used a 2.260 ± 0.002 GeV electron beam
with an intensity up to 150 µA incident on a tantalum foil
of thickness 22 mg/cm2. The HRSs’ central momenta were
'1.131 GeV with a momentum acceptance of ±4.5%. Dipole

Septum

Beam

Ta target

Electron, P = E /2

HRS−right

Sieve
Slit

Detectors

.

.

Positron, P = E /2
b

b

HRS−left

FIG. 2. The layout of the APEX test run. An electron beam (left-to-
right) is incident on a thin tantalum foil target. Two septum magnets
of opposite polarity deflect charged particles to larger angles into
two vertical-bend high resolution spectrometers (HRS) set up to se-
lect electrons and positrons, each carrying close to half the incoming
beam energy. The HRSs contain detectors to accurately measure the
momentum, direction, and identity of the particles. Insertable sieve
slit plates located in front of the septum magnets were used for cali-
bration of the spectrometer magnetic optics.

septum magnets between the target and the HRS aperture al-
low the detection of e� and e+ at angles of 5� relative to the
incident beam. Collimators present during the test run reduced
the solid angle acceptance of each spectrometer from a nomi-
nal 4.3 msr to ' 2.8 (2.9) msr for the left (right) HRS.

The two spectrometers are equipped with similar detector
packages. Two vertical drift chambers, each with two orthog-
onal tracking planes, provide reconstruction of particle trajec-
tories. A segmented timing hodoscope and a gas Cherenkov
counter (for e+ identification) are used in the trigger. A two-
layer lead glass calorimeter provides further offline particle
identification. A single-paddle scintillator counter is used for
timing alignment.

Data were collected with several triggers: the single-arm
triggers produced by the hodoscope in either arm, a double co-
incidence trigger produced by a 40-ns wide overlap between
the hodoscope signals from the two arms, and a triple coinci-
dence trigger consisting of the double coincidence signal and
a gas Cherenkov signal in the positron (right) arm. Single-arm
trigger event samples are used for optics and acceptance cali-
bration, described below. The double coincidence event sam-
ple, which is dominated by accidental e�⇡+ coincidences, is
used to check the angular and momentum acceptance of the
spectrometers. These e�⇡+ coincidences are largely rejected
in the triple coincidence event sample by the requirement of a
gas Cherenkov signal in the positron arm.

The reconstruction of e+ and e� trajectories at the target
was calibrated using the sieve slit method, see [16, 20]. The
sieve slits — removable tungsten plates with a grid of holes
drilled through at known positions — are inserted between
the target and the septum magnet during the calibration runs.
In this configuration, data were taken with a 1.131 GeV and a
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cays to e+e�, see Fig. 1. The A0 would then appear as a
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0 ⇠ 50 � 550 MeV, a consid-
erable improvement in cross section sensitivity over previous
experiments in a theoretically interesting region of parame-
ter space. Other electron fixed-target experiments are planned
at Jefferson Laboratory, including the Heavy Photon Search
(HPS) [17] and DarkLight [10] experiments; at MAMI [18];
and at DESY (the HIdden Photon Search (HIPS) [19]).

We present here the results of a test run for APEX that took
place at Jefferson Laboratory in July 2010. The layout of the
experiment is shown in Fig. 2. The distinctive kinematics of
A0 production motivates the choice of configuration. The A0

carries a large fraction of the incident beam energy, Eb, is
produced at angles ⇠ (m

A

0/Eb)3/2 ⌧ 1, and decays to an
e+e� pair with a typical angle of m

A

0/Eb. A symmetric con-
figuration with the e� and e+ each carrying nearly half the
beam energy mitigates QED background while maintaining
high signal efficiency.

The test run used a 2.260 ± 0.002 GeV electron beam
with an intensity up to 150 µA incident on a tantalum foil
of thickness 22 mg/cm2. The HRSs’ central momenta were
'1.131 GeV with a momentum acceptance of ±4.5%. Dipole

Septum

Beam

Ta target

Electron, P = E /2

HRS−right

Sieve
Slit

Detectors

.

.

Positron, P = E /2
b

b

HRS−left

FIG. 2. The layout of the APEX test run. An electron beam (left-to-
right) is incident on a thin tantalum foil target. Two septum magnets
of opposite polarity deflect charged particles to larger angles into
two vertical-bend high resolution spectrometers (HRS) set up to se-
lect electrons and positrons, each carrying close to half the incoming
beam energy. The HRSs contain detectors to accurately measure the
momentum, direction, and identity of the particles. Insertable sieve
slit plates located in front of the septum magnets were used for cali-
bration of the spectrometer magnetic optics.

septum magnets between the target and the HRS aperture al-
low the detection of e� and e+ at angles of 5� relative to the
incident beam. Collimators present during the test run reduced
the solid angle acceptance of each spectrometer from a nomi-
nal 4.3 msr to ' 2.8 (2.9) msr for the left (right) HRS.

The two spectrometers are equipped with similar detector
packages. Two vertical drift chambers, each with two orthog-
onal tracking planes, provide reconstruction of particle trajec-
tories. A segmented timing hodoscope and a gas Cherenkov
counter (for e+ identification) are used in the trigger. A two-
layer lead glass calorimeter provides further offline particle
identification. A single-paddle scintillator counter is used for
timing alignment.

Data were collected with several triggers: the single-arm
triggers produced by the hodoscope in either arm, a double co-
incidence trigger produced by a 40-ns wide overlap between
the hodoscope signals from the two arms, and a triple coinci-
dence trigger consisting of the double coincidence signal and
a gas Cherenkov signal in the positron (right) arm. Single-arm
trigger event samples are used for optics and acceptance cali-
bration, described below. The double coincidence event sam-
ple, which is dominated by accidental e�⇡+ coincidences, is
used to check the angular and momentum acceptance of the
spectrometers. These e�⇡+ coincidences are largely rejected
in the triple coincidence event sample by the requirement of a
gas Cherenkov signal in the positron arm.

The reconstruction of e+ and e� trajectories at the target
was calibrated using the sieve slit method, see [16, 20]. The
sieve slits — removable tungsten plates with a grid of holes
drilled through at known positions — are inserted between
the target and the septum magnet during the calibration runs.
In this configuration, data were taken with a 1.131 GeV and a

Abrahamyan et al, APEX 1108.2750



FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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ε parameterizes the
coupling, which is

εeQ in “dark photon”
models.
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Simplified Models
• Rather than studying complete theoryies we can also 

consider a simplified 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.

• Minimal flavor violation suggests we consider 
mediators with a flavor index corresponding to 
{uR,cR,tR},{dR,sR,bR}, or {Q1,Q2,Q3} and/or 
combinations.

• This theory looks kind of like a little part of a SUSY 
model, but has more freedom in terms of choosing 
couplings, masses, 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~

M
as

s

Standard
Model

Dark
Matter

Mediator

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



• 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.

Simplified Model



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.

• (This is just a simple starting point!)

• 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.

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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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.
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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 recently LUX 
has improved these limits by about a factor of 
two...).

• Elastic scattering does not rule out any 
parameter space, but it does impose stricter 
constraints on the allowed size of 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

Majorana versus Dirac

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.



TeVPA 2013 - DiFranzo 11

Dirac:  dominated by 
Xenon100 SI bounds

But LHC can exclude some 
parameter space

Majorana: 
dominated by 
LHC bounds!

Majorana DM

Majorana versus Dirac

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.

We really 
need to go to 
one loop to 
understand 

this properly.
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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 (σv ~ 
10-26 cm3/s).

Dirac

Majorana
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FIG. 11: The predicted maximum spin-dependent
proton-DM cross section from the combined Collider
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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 (σv ~ 
10-26 cm3/s).

Dirac

Majorana

For the Majorana case, 
radiative corrections can be 

very significant...

Garny, Ibarra, Rydbeck, Vogl 1403.4634



S-Channel : Vector
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• Vector models have more parameters consistent with 
MFV.  

• uR, dR, qL, eR, lL all have family-universal but distinct 
charges, as does H.

• We would like to be able to write down the SM 
Yukawa interactions.

• Quarks need not have universal couplings.

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

• There is a dark Higgs sector.  It may or may not be 
very important for LHC phenomenology.

• Gauge anomalies must cancel, which also may not be 
very important for LHC phenomenology.

Parameters: + ....{MDM, g,MZ0 , zq, zu, zd, z`, ze, zH , ⌘}
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• In ATLAS (L=3.2 fb-1), observed (expected) limit on Mediator mass  
at 1.0 TeV (1.2 TeV)  for WIMP mass below 250 GeV (300 GeV) at 95% CL

• In CMS (L=12.9 fb-1), observed (expected) limit on Mediator mass  
at 1.95 TeV (1.7 TeV) for WIMP mass below 450 GeV (600 GeV) at 95% CL
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Axial	vector	mediator	gq=0.25,	gDM=1.0

Osamu Jinnouchi, DM@LHC 2017

Axial Vector:
Monojet Searches
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Axial	vector	mediator	gq=0.25,	gDM=1.0

for WIMP masses below 10 GeV with 90% CL, 

• In ATLAS, WIMP-nucleon spin dependent cross sections above 10-42cm2 excluded

• In CMS, WIMP-proton spin dependent cross sections above 10-43cm2 excluded

LUX :          Phys. Rev. Lett. 116, 161302 (2016),      XENON100 : Data, Phys. Rev. Lett. 1110 21301 (2013)

PICO-2L :  Phys. Rev. D93 (2016) 061101,                                 PICO-60 : Phys. Rev. D 93, 052014 (2016)

IceCube : JCAP 04 (2016) 022,                              Super Kamiokande : Phys. Rev. Lett. 114 (2015) 141301

excluded	regionexcluded	region

Osamu Jinnouchi, DM@LHC 2017

Axial Vector:
Monojet Searches



Dijet Searches

Mediator	Search:	V/A,	Spin-1

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

gDMgq

gq gq

Mono-jet	search	for	DM	

Dijet	search	for	mediator

DM	searches	for	a	Spin-1	V/AV	mediator	

àresonance	searches	for	a	leptophobic Z’

Mediator	width:	

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

to	resonance	search

• gSM *	gDM too	large:	peak	too	wide	for	

resonance	search	

+	if	MDM >	Mmed /	2:	

no	branching	ratio	to	DM	à just	Z’	search

Dijet	search:	Results

04/04/2017 Yangyang	Cheng	|	DM@LHC2017 8

Model-independent	limits:	
σ x	BR	x	acceptance	vs resonance	mass
àinterpreteted as	limits	on	new	physics	models	
(take	into	account	look-elsewhere-effects!)
àleptophobic Z’	search:	gq coupling vs Z’	mass
(assume	narrow	width	approximation)

Upper	bound	on	gq ranges	from	
(0.1,	0.35)	for	mZ’	~	(0.6,	3.5)	TeV
• gq too	small	

à limited	by	xsec
• gq too	big	(>~0.5)	

ànarrow	width	approximation	
no	longer	valid

CMS-EXO-16-056

arXiv:	1703.09127

Low-mass	Dijet	search:	Results

04/04/2017 Yangyang	Cheng	|	DM@LHC2017 10

ßModel-independent	limits	for	narrow-width	
resonances	from	ATLAS	TLA	analysis	(13TeV)

Limits	on	leptophobic Z’	from	ATLAS	TLA	(13TeV)	
&	CMS	data-scouting	(8TeV;	13TeV	results	
combined	shown	earlier	on	p8)	

y*	=	(y1-y2)/2,	select	central	jets

ATLAS-CONF-2016-069

arXiv:1604.08907

Yangyang Cheng, DM@LHC 2017



Dark Matter Coupled to Gluons
• An interesting variation is possible when both 

the dark matter and the colored mediator 
are scalars.

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

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

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

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

�d |�|2|�|2

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

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

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

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

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

couplings are distinct from the supersymmetric case.

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

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

masses, the resulting terms in the Lagrangian are,

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

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

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

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

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

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

the mass of �3.

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

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

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

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

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

scalar with couples to uRcR with coupling y2.

(a) Annihilation

�?� ! gluons at one

loop.

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

production followed by de-

cay of the mediator into top

and an unflavored jet.

(d) Pair productoin

of mediators fol-

lowed by decay into

two fermions.

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

colored-scalar that we will explore.

3 Annihilation Cross Section

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

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

– 4 –

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

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

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

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

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

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

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

additional couplings.

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

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

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

�d↵sTr

48⇡

X

i

1

m2
�i

|�|2Ga
µ⌫G

aµ⌫ , (4.1)

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

to introduce the masses added in parallel,

1

m2 ⌘
X

i

1

m2
�i

, (4.2)
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Mediator Searches
• The physics of the mediators is model-

dependent, depending on the color and 
EW representation.

• As a starting point, we considered 
mediators of charge 4/3 coupling to 2 uR 
quarks.

• In this case, a MFV theory can be obtained 
by coupling anti-symmetrically in flavor 
indices:

• There are interesting searches for pairs of 
dijet resonances and also potential impacts 
on top quark physics.

• All of these constraints are rather weak.

y✏ijk�iūju
c
k + h.c.

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

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

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

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

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

couplings are distinct from the supersymmetric case.

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

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

masses, the resulting terms in the Lagrangian are,

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

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

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

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

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

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

the mass of �3.

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

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

couplings and two masses,

{y1, y2, m�1 , m�3} , (2.6)

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

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

scalar with couples to uRcR with coupling y2.

(a) Annihilation

�?� ! gluons at one

loop.

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

production followed by de-

cay of the mediator into top

and an unflavored jet.

(d) Pair productoin

of mediators fol-

lowed by decay into

two fermions.

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

colored-scalar that we will explore.

3 Annihilation Cross Section

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

the prospects for observing it via indirect detection methods, and also determining its relic
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Decays into unflavored jets are 
bounded by mφ > 350 GeV.
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Figure 4: Excluded region of the plane of m�1,2 and y1 from searches for anomalously

large production of tt+one jet (solid blue region) and tt+two jets (purple shaded region).

6 Conclusions

A model in which the dark matter interacts primarily with the Standard Model via the

gluons (and not appreciably with the quarks) is an interesting corner of dark matter theory

space, one worthy of both theoretical and experimental exploration. We construct an

appealing renormalizable simplified model in which the dark matter is a scalar particle,

whose coupling to gluons is induced through a quartic interaction connecting it to exotic

colored scalars. A large number of choices for color and flavor representations of the scalars

exist, though all share some common features. In particular, the strongest constraints

(for m� & 10 GeV) typically come from direct searches for dark matter scattering with

nuclei, with missing energy signals at the LHC strongly suppressed. The colored scalars

themselves typically decay into a number of quarks, motivating searches at the LHC for

multi-jet signals of resonantly produced pairs of particles with QCD-sized production cross

sections.

It is perhaps surprising that some models of dark matter may manifest themselves at

a hadron collider most readily through a signature without any missing transverse momen-

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

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

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

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

the mass of �3.

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

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless
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{y1, y2, m�1 , m�3} , (2.6)
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colored-scalar that we will explore.

3 Annihilation Cross Section

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

the prospects for observing it via indirect detection methods, and also determining its relic
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DM Searches
• Direct detection generally provides a 

strong bound unless the dark matter 
mass is particularly small.

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

• As a result, prospects at the LHC are 
not particularly hopeful, though for large 
enough r and λ, it is possible to see 
something with a very large data set.

• A 100 TeV pp collider would do 
better…

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

�dTr
p

Nf/m
2
�

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

line is excluded.

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

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

5.2⇥ 10�44cm2 (�dTr)
2
⇣ µ� m�

10 GeV2

⌘✓200 GeV

m

◆4

, (4.3)

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

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

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

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

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

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

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

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

Nf ⇠ 1, mediator masses of order 200 GeV

remain consistent with observations.

5 Collider Constraints

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

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

ing scalars do not themselves decay into the dark matter, the associated phenomenology is
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Figure 1: Representative diagrams for the subprocesses contributing to pp ! j��⇤ at a hadron collider.

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

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

1
We choose a small dark matter mass m� = 1 GeV as an illus-

trative choice. Results are typically insensitive to this particular

choice for masses much less than the cut on the mono-jet pT .

2
Technically, m� = 10 GeV is excluded by cosmological consider-

ations and the running of ↵S [31]. Nonetheless, it illustrates the

behavior for very low m� and is useful as a benchmark.

channel takes over the gg channel at relatively smaller
pjT scale. On the other hand, the qq̄ contribution re-
mains small throughout due to the s-channel propagator
suppression.

B. Comparison with EFT

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

p
s = 8 TeV andp

s = 13 TeV, respectively. As expected, at small energy
scales the EFT approximation over-estimates the cross
section by a factor which scales as m�4

� . It is interest-
ing to note that the cross section calculated with loops
becomes equal to that calculated in the EFT when the
mediator mass is close to half the value of cut on jet
transverse momentum (m� ⇠ pjT /2). At scales compa-

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

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

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

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

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

the ATLAS run-I data with a pjT � 350 GeV.

B. Constraints from 13 TeV

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

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

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

C. Future Prospects

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

p
S +B ' S/

p
B as a function of the integrated

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

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

V. SUMMARY

A scalar gauge singlet dark matter particle allows for
the possibility of a renormalizable connection to the SM



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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Thermal Relic?

But what do we know about the 
history of the Universe?

We all love the WIMP miracle.
We have to admit that this is 
really why we love WIMPs.



Thermal Relic?

But what do we know about the 
history of the Universe?

We understand the Universe back to the time of 
Nucleosynthesis from the abundance of H, He, and Li.
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Figure 20.1: The abundances of 4He, D, 3He and 7Li as predicted by the standard
model of big-bang nucleosynthesis. Boxes indicate the observed light element
abundances (smaller boxes: 2σ statistical errors; larger boxes: ±2σ statistical and
systematic errors). The narrow vertical band indicates the CMB measure of the
cosmic baryon density. See full-color version on color pages at end of book.

20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially determined by t ∼ 180 s. Abundances are however observed at much later
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Thermal Relic?
What does that mean for DM?

We understand the Universe back to the time of 
Nucleosynthesis
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Figure 20.1: The abundances of 4He, D, 3He and 7Li as predicted by the standard
model of big-bang nucleosynthesis. Boxes indicate the observed light element
abundances (smaller boxes: 2σ statistical errors; larger boxes: ±2σ statistical and
systematic errors). The narrow vertical band indicates the CMB measure of the
cosmic baryon density. See full-color version on color pages at end of book.

20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially determined by t ∼ 180 s. Abundances are however observed at much later
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Lots Could Happen

We understand the Universe back to the time of 
Nucleosynthesis

T

A typical WIMP had already frozen 
out through annihilation

Some other particle could decay into SM 
stuff, diluting the dark matter we had.

Some other particle could 
decay into DM

Dark Matter could have 
a primordial asymmetry
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Lots Could Happen

We understand the Universe back to the time of 
Nucleosynthesis

T

A typical WIMP had already frozen 
out through annihilation

Some other particle could decay into SM 
stuff, diluting the dark matter we had.

Some other particle could 
decay into DM

Dark Matter could have 
a primordial asymmetry

This is a feature!

Understanding the annihilation 
cross section could verify the 

WIMP miracle and push back our 
understanding of the Universe to 

earlier times.

MeV



Indirect Detection
• Indirect detection tries to see dark matter 

annihilating.

• Dark Matter particles 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

• The rate of production is described by a cross 
section which depends on the WIMP model, 
and the density of WIMPs along the line of 
sight, squared.

• Simulations of the dark matter density provide 
clues as to where to look.  The center of the 
galaxy has the largest concentrations of dark 
matter (but also     the most ferocious 
backgrounds).  There are also dwarf galaxies 
and perhaps dark sub-haloes.

dN

E
=

d⟨σv⟩

dE

!
dl ρ2

DM (l)
DM density

Distance along line of sightMicrophysics

d Via Lactea II  (Diemand et al. ‘08)



Gamma Rays
• I’ll focus on gamma rays:

• Gamma rays do not get highly scattered over galactic distances, so they 
generally point back to their source.

• Unlike charged particles, which get scattered by galactic magnetic 
fields, we can ask if gamma rays come from regions of the sky where 
we expect dark matter, and what the backgrounds in that region are 
expected to look like.

• Gamma rays are produced from almost any SM final states, and offer 
some hope of reconstructing the primary annihilation products.

• The Fermi/GLAST satellite is rapidly increasing our understanding of the 
gamma ray sky in the energy range from a few MeV to 100’s of GeV!



Continuum Gammas
• Since WIMPs are neutral, they don’t couple directly to 

photons.  The rates into photons can be expressed as a 
convolution of the rates into other particles with the 
rate for those particles to produce gammas.

• The final Eγ are complicated and smeared out:

• Some gammas are produced as radiation from 
charged final states.

• Hadronic final states undergo corrections from 
parton showering.

• Heavy particles share energy among many final state 
decay products.

d⇥�v⇤
dE�

=
⇤

F

d⇥�v(⇥⇥ � F )⇤
dEF

f�/F

�
E�

EF

⇥

Sum over perturbative final states F Gamma yield from final state F



fγ/F (Eγ/EF)
• WIMPs which annihilate into pairs of 

leptons produce a relatively hard 
spectrum of gammas from FSR.  (e’s 
and μ’s are even somewhat harder 
than τ’s).

• Annihilation into quarks ultimately 
produces π0s which decay into pairs 
of γs.

• Heavy particles (W, Z, h, t, b) 
produce a mix, ending up looking 
much like hadronic final states.

• The mapping from final state to 
signal is computed from a showering 
Monte Carlo, like Pythia; 
parameterized forms exist in micro-
omegas or the PPPC4DM.
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Figure 7: Comparison of the electron (left) and proton (center) fractions and photon
(right) fluxes produced by possible DM annihilation channels, for M = 1 TeV.

is sometimes considered as favored, but we do not attach a statistical meaning to this
sentence.

Marginalizations over nuisance parameters and other statistical operations are per-
formed as described in Appendix B of [37]. We will show plots of the ⌅2 as a function of
the DM mass: an interval at n standard deviations corresponds (in Gaussian approxima-
tion) to ⌅2 < ⌅2

min + n2, irrespectively of the number of data points. We will not report
the value of ⌅2/dof as it is a poor statistical indicator; furthermore the number of dof
is not a well-defined quantity when (as in the present case) data-points with accuracies
much smaller than astrophysical uncertainties are e�ectively irrelevant.

5 PAMELA positron data

We start our data analysis considering only the PAMELA e+/(e+ + e�) observations (16
data points) [3].

Taking into account the DM distribution and positron propagation e�ects in the
Galaxy, the energy spectra of the positron fraction originating from di�erent DM an-
nihilation channels is plotted in the left panel of Fig. 7 for the DM mass M = 1 TeV.
As expected, the most energetic positrons come from the pure leptonic channels and the
softest spectra are produced in quark annihilation channels.

Fitting data as described in the previous section, Fig. 8 shows how well the possible
DM annihilations into two SM particles can fit the PAMELA positron excess. Fig. 9
shows the boost factor Be (with respect to the cross section suggested by cosmology,
⇥v = 3 10�26 cm3/sec) and Be · ⇥v that best fits the PAMELA excess. We see that DM
annihilations into e, µ, ⇤,W can reasonably well reproduce the data for any DM mass,

14

M = 1 TeV

Cirelli, Kadastik, 
Raidall, Strumia ’09

e

μ

q
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Challenges

• While the signals for WIMPs annihilating into gamma rays can have large 
rates, observing a signal is challenging.

• Backgrounds (especially from the galactic center) are complicated, coming 
from many different kinds of objects, and the spectrum and distribution of 
these objects are not always well understood.

• The WIMP signal has a cut-off at the mass of the WIMP, but, especially 
without knowing which final states the compromise the primary 
annihilations, the shape of the signal, and the prominence of the cut-off is 
difficult to know.

• Most of the experimental searches currently focus on a bb final state, 
motivated by supersymmetry.



Gamma Ray Lines

• The spectrum of gamma rays may also contain 
spectral lines.  They occur when WIMPs 
produce gammas in a two-body final state.

• Since WIMPs are thought to be highly non-
relativistic in the galaxy, energy conservation 
predicts the energy of the photon in the 
reaction χχ -> γX to be:

• This is a feature that conventional astrophysics 
has great difficulty producing, perhaps 
compensating for a loop level rate.

E� = M⇥

�
1� M2

X

4M2
⇥

⇥
Loops of 

charged particles



Direct Detection of 
Dark Matter



• Before looking at direct detection of neutralinos, 
let’s review some basic features of the searches.

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

• In the non-relativistic (v -> 0) limit, the DM-
nucleon interaction can either be a constant 
(Spin-Independent scattering) or the dot product 
of their spins (Spin-Dependent scattering).

WIMP

Target Nuclei

Signal

Χ Χ

Nucleus Nucleus

Direct Detection



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.

June: larger v

December: smaller v

Sun

Earth

DM

dN

dE
= σ0

ρ

m

!
dvf(v) F (E)

DM density

DM velocity
distribution

Nuclear Physics

Particle Physics



From Quarks to Nuclei
• In a particle theory, we usually know how the 

dark matter interacts with quarks and gluons.

• However, in direct detection, the momentum 
transfer is so tiny that the dark matter does not 
see the individual quarks and gluons, but just 
the entire nucleus. 

• The SI interaction is thus enhanced by the total 
number of protons or neutrons (or both), and 
is larger for heavier nuclei with larger atomic 
number.

• The SD interaction is larger for nuclei with 
larger spin.

• Connecting the scattering rate with a nucleus 
to quarks/gluons requires hadronic matrix 
elements and nuclear form factors (these are 
largely taken from experiments).

Spin-independent

Spin-dependent



DAMA / Libra
• DAMA/Libra looks for this annual variation in 

scattering from an NaI target.  

• Data collected over more than a decade show a 
significant (~9σ) annual modulation of a few percent 
with a maximum in June.

• The signal is in tension with other      experiments, 
but we still don't know how to explain it.

June: larger v

December: smaller v

Sun

Earth

DM
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Figure 5: Same as Fig. (4) except for future reach rather than current limits. The dashed green
lines show the projected SI reach of LUX, while the shaded regions give the projected reach
for XENON1T, both SI and SD. The shaded cyan region is the current Fermi exclusion, as in
Fig. (4).
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Because of the importance of the coupling to the 
Higgs, the contours of the SI cross section are highly 

dependent on the neutralino admixture.  A “blind 
spot” where the neutralino becomes entirely 

Higgsino occurs for M1+μ sin 2β = 0.
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� within ±3� of ⌦
obs

.
The black dashed line is the SI blind spot, ch�� = 0, arising from the relation M

1

+µ sin 2� = 0.
The central gray region is excluded by LEP.

bino-like or Higgsino-like DM is, at present, rather poorly constrained by direct detection on
account of the relatively small mixing, and therefore small couplings to the Higgs and Z. Con-
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Dark Matter at Colliders



Collider Production

• If  dark matter couples to quarks or 
gluons, we should also be able to 
produce them at high energy colliders.

• To make the most of collider searches, 
we need to understand:

• How collider searches map on to our 
favorite theories of dark matter.

• It would also be nice to know what 
they tell us about dark matter’s 
properties more generally.

• E.g. How colliders fit in with the other 
kinds of searches for dark matter.



A Cartoon LHC Detector
• A typical collider detector is composed 

of different layers designed to identify 
different particles and measure their 
momenta.

• They all follow a similar plan:

• An inner layer of silicon detectors  is 
used to detect particles which travel 
some distance from the interaction 
before decaying.

• An EM tracker measures the path  of 
charged particles.

• Two calorimeters “stop” 
electrons+photons and hadrons.

• A muon system at the outer radius 
measures the momenta of muons.

Hadronic 
Calorimeter

Electromagnetic 
Calorimeter

Tracker

Muon
 System

Silicon

Magnetic fields bend charged 
particles, providing another measure 

of their momentum.

(For a more sophisticated discussion, see Jon’s lectures!)



Photons & Leptons
• Electrons

• Electrons leave a track in the Silicon and tracker and deposit essentially all 
of their energy in the the EM calorimeter.

• Photons

• Photons (being neutral) leave no tracks, but deposit their energy in the EM 
calorimeter.  

• Muons

• Muons (being charged) leave tracks, but because of their large mass do not 
easily lose energy through radiation.  They typically make it through the EM 
and hadronic calorimeters and deposit their energy in the muon system.

• Neutrinos

• Neutrinos to zeroth order do not interact with a collider detector at all.



Jets

• A quark or gluon produced in a collision will 
evolve into a jet:

• First, there is a large probability to radiate 
more quarks and/or gluons in almost the same 
direction (collinear) as the original one.  This 
process is called “fragmentation”.

• Finally, the strong force neutralizes the color of 
each quark or gluon, producing a number of 
hadrons (“hadronization”).

• As a result, an energetic quark or gluon typically 
results in a cluster of hadrons moving in 
approximately the same direction.  This is called a 
jet.
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Jets
• A jet typically contains several hadrons, 

including both charged and neutral objects.

• The charged hadrons leave tracks in the 
tracker and silicon.

• They also deposit energy in the EM 
calorimeter.

• Neutral pions decay very quickly into 
photons, which also register as energy in 
the EM calorimeter.

• Particles which make it to the hadronic 
calorimeter are slowed down and their 
energies measured.

• So jets look like a cluster of activity in the 
tracker, EM & hadronic calorimeter.

EM
Calorimeter

Hadronic
Calorimeter

Muon
System

CMS

Tracks

Hadronic
Energy

EM Energy

Jet 1

Jet 2



B-Jets
• B-quarks are much the same as other 

quarks.

• The big difference is that they live a long 
time, because they have small interactions 
with the W and charm quark.

• As a result, they travel a finite distance of 
about ~ mm scale as hadrons before they 
decay.

• The silicon detector is able to see this finite 
distance, and thus can tag the bottom 
hadron decay from its displaced vertex.

• Otherwise, they story of fragmentation and 
hadronization is the same, resulting in a jet 
of hadrons in the detector layers (tracking 
and EM & hadronic calorimeters).

(Graphic courtesy of Matt Strassler)



Let’s analyze some 
events…
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EM
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Hadronic
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(This event was 
probably a W+W- pair 
which decayed into   

e-ν and μ+ν.)
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Anatomy of a Collision3/38 J. Reuter LHC Event Generators LHC Theory Workshop, TRIUMF, 29.4.2009

What is an event (theory)?

Protons come in as
color singlets.

Energetic partons
participate in the hard
scattering (controlled

by PDFs).

Proton remnants leave
behind hadronic debris.

Outgoing partons
fragment and hadronize

into jets.
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Fig. 14. MSTW-2008 pdf’s at Q2 = 10 GeV2 and 104 GeV2. The width of the lines indicates the error bars. From Ref.8

that, as Q is increased, new partons are added that come from collinear splittings of the original partons.
Since splitting always lowers x, this increases density at low x and suppresses it at high x. This effect can be
clearly seen in Fig. 14. Since splitting amplitudes are proportional to the QCD coupling constant evaluated
at the scale Q, the speed of the evolution decreases with Q due to asymptotic freedom of QCD.

3.2. Electroweak Gauge Boson Production

As an example of a hadron collider process, let us consider production of a single Z boson. We will first
compute the total production cross section of the Z at the Tevatron and the LHC, and then proceed to
discuss its kinematic distributions.

3.2.1. Cross Section

At leading (tree) level in perturbation theory, the Z can only be produced in qq̄ collisions, with cross section

σ(qq̄ → Z) =
4π2

3

Γ(Z → qq̄)

MZ
δ(ŝ−M2

Z) , (71)

where Γ(Z → qq̄) = ΓZ · Br (Z → qq̄) is the partial decay width of the Z in the qq̄ channel. At the hadron
level, this yields

σ(pp → Z +X) =
4π2

3

ΓZ

MZ

! 1

0
dx1

! 1

0
dx2

"

q

2fq(x1, Q)fq̄(x2, Q) Br (Z → qq̄) δ(x1x2s−M2
Z) . (72)

The same formula applies to pp̄ collisions, with the substitution

2fq(x1, Q)fq̄(x2, Q) −→ fq(x1, Q)fq(x2, Q) + fq̄(x1, Q)fq̄(x2, Q) . (73)

Note they have plotted x*f(x) and the gluons are divided by 10.



Missing Energy Signals
• Missing transverse energy (really: transverse 

momentum) signals are a big part of the new 
physics menu at colliders, largely because of 
the potential connection to dark matter.

• They are challenging, because to infer that 
momentum is missing, one needs to accurately 
measure everything visible!

• “To measure nothing you have to understand 
everything”.

• Colliders have the disadvantage that they aren’t 
looking for the ambient dark matter around us.

• They could easily discover a form of missing 
momentum that has nothing to do with DM.

• Limits are more robust.

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



Backgrounds
• There are important backgrounds to 

searches for missing momentum.

• Neutrinos also appear as a momentum 
imbalance in the detector.

• The Z boson decays ~20% into νν.

• W bosons decay into l+ ν.  If the detector 
misses the l+, this just looks like missing 
momentum.

• τ lepton decays also produce neutrinos.

• If jet energies are mis-measured a little bit, 
this is a fake source of missing momentum.  
(This is usually called the “QCD 
background”).

q̄

q

jet

ν

l+

W+

q̄

q

jet

ν

ν̄

Z



Physics Background

• The QCD background depends a lot 
on the detector performance and 
usually can’t be predicted — it must 
be measured.

• The neutrino backgrounds result in 
missing momentum which falls 
sharply above the masses of the W 
and Z bosons at ~ 100 GeV.

• Typical analyses ask for some 
amount of MET plus other 
interesting objects (jets, leptons, 
photons) in the event.

• Something must be there in addition 
to the MET to trigger on!
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LHC WIMP Production

χ
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Energy

LHC can’t produce WIMPs.}
}
} LHC can produce WIMP siblings,

which decay into WIMPs and 
other SM particles.

LHC can directly produce WIMP pairs.
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interaction with leptons is 
too strong to saturate the 

relic density.
????

  Mass: 350 +/- 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 composed of classic WIMPs and axions.

X

Veritas observes a faint 
gamma ray line at 350 GeV 

from the galactic center.
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