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Outline of Lecture 2
• Characteristics of a Dark Matter Candidate Particle

• Stabilization

• Relic Density

• WIMPs

• R-parity:  The SUSY WIMP

• Relic Density

• Indirect Signals

• Direct Detection

• Colliders



Dark Matter
Ordinary Matter
Dark Matter
Dark Energy

CMB Supernova

Structure Lensing

Evidence for dark matter is overwhelming…



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…

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 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)

neqh�vi ⇠ H

(mT )3/2e�m/T g4
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⇠ T 2
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m

�
...and that’s how much dark 

matter we get!
m ⇠ 100 GeV :
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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.
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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



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

T
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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

July 14, 2006 10:37
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Thermal Relic?
What does that mean for DM?

We understand the Universe back to the time of 
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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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A typical WIMP had already frozen 
out through annihilation

MeV



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



Particle Probes of  WIMPs

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

Indirect Detection

χ

χ
SM ParticlesDM

Direct Detection

χ χ

SM Particles

DM

Collider Searches

χ

χ
SM Particles DM



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



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

supersymmetric particle.

• You are now all experts on SUSY and the MSSM 
thanks to Yael’s lectures.

• 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: Yael’s lectures or 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.

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



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.

• 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
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fW3 + N13
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1 + N14
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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

./&012&33 4526&&Q]
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Jungman, Kamnionkowski, Griest, 
Physics Reports’95



A Plethora of Processes
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Better to use a code!
For example:
MicrOMEGAs 

[Belanger, Boudjema, Pukhov, Semenov]



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.

• Fermi searches for bb spectra...

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

• A “smoking gun” signal!

3

d
N

W γ
/d

x

x = Eγ/mχ
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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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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
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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
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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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A Window to Winos!4
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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.



• 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).
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Direct Detection
• The rate of a direct detection experiment 

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

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

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

• An interesting handle on the signal is an 
expected annual modulation.
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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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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!

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.

We gratefully acknowledge support from NSF, DOE,
SNF, the Volkswagen Foundation, FCT, and STCSM.
We are grateful to the LNGS for hosting and supporting
the XENON program. We acknowledge the contributions
of T. Bruch (UZH), K. Lung (UCLA), A. Manalaysay
(UZH), and M. Yamashita (U. Tokyo).

� guillaume.plante@astro.columbia.edu
[1] E. Komatsu et al. (WMAP), Astrophys. J. Suppl. 180,

330 (2009).
[2] G. Bertone, D. Hooper, and J. Silk, Physics Reports 405,

279 (2005).
[3] J. Angle et al. (XENON), Phys. Rev. Lett. 100, 021303

(2008).
[4] A. Lansiart et al., Nucl. Instrum. Methods 135, 47

(1976).
[5] E. Aprile et al. (XENON) (2010), arXiv:1001.2834.
[6] E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006).
[7] E. Aprile et al., Phys. Rev. C 79, 045807 (2009).
[8] A. Manzur et al., Phys. Rev. C 81, 025808 (2010).
[9] F. Arneodo et al., Nucl. Instrum. Methods A 449, 147

(2000), R. Bernabei et al., EPJ direct 3, 11 (2001),
D. Akimov et al., Phys. Lett. B 524, 245 (2002), E. Aprile
et al., Phys. Rev. D 72, 072006 (2005), V. Chepel et al.,
Astropart. Phys. 26, 58 (2006).

[10] P. Sorensen et al. (XENON), Nucl. Instrum. Methods A
601, 339 (2009).

[11] T. Doke, Nucl. Instrum. Methods 196, 87 (1982).
[12] F. Donato, N. Fornengo, and S. Scopel, Astropart. Phys.

9, 247 (1998).
[13] Z. Ahmed et al. (CDMS II), Science 327, 1619 (2010).
[14] R. Trotta et al., J. High Energy Phys. 12, 024 (2008).
[15] C. E. Aalseth et al. (CoGeNT) (2010), arXiv:1002.4703.
[16] C. Savage et al., JCAP 0904, 010 (2009).

h0 q~



Neutralino Composition
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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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Figure 3: Contours of the tree-level cross-sections for SI (solid red) and SD (dashed blue)

scattering of bino/Higgsino DM. The brown band denotes regions with ⌦(th)

� 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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Collider Production

• If  WIMPs couple to quarks or gluons, 
we should also be able to produce 
them at high energy colliders.

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

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

many, many (many!) subsystems:
But no WIMP detectors.



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

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

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

Χ

Χ

SM Particles

Radiation from the SM 
side of the reaction.

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

Missing 
Momentum

Χ

Χ
SM Particles }

Visible radiation



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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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: m�̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and �̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14



3rd Generation Squarks

• Naturalness requires SUSY to have light(ish) stops.  This should be balanced by 
the fact that in the MSSM, the Higgs mass is calculable, suggesting the stops 
aren’t too light.

• Searches for stops are starting to reach 600-700 GeV, and carving out the 
natural regions of supersymmetry!

We’re also starting to 
see searches for 

electroweak 
superpartners from 

the LHC.



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
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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 
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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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Recap of Lecture IIa
• There are many ideas for what dark matter could be. 

• Dark, Neutral, and Stable [Symmetry!].

• WIMPs are a particularly attractive class of dark matter.

• Their relic density explains the ballpark dark matter abundance.

• Large interactions give us handles to search for them.

• Supersymmetry is an attractive, representative theory of dark matter.

• We can explore the features of a Majorana fermion WIMP.

• Interesting regions with the correct relic density.

• Distinctive signals of direct, indirect, and collider searches.

• We’ll see contrasting features when we discuss other visions for DM, including 
Universal Extra Dimensions.



Dark Matter: 
Particle Properties II

Tim M.P.  Tait
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Outline for Lecture IIb
• KK parity: UED Dark Matter

• 5d UED Dark Matter

• The 6d Chiral Square

• T-parity

• Super-WIMPs:
• Gravitinos,
• Axions
• Sterile Neutrinos

• “Designer” Dark Matter

• Complementarity of Searches



Sardinia

Universal Extra Dimensions
• Our next entry in the catalogue has 

“Universal Extra Dimensions”

• The basic premise is that in addition to 
the large dimensions we are familiar with, 
there is one or more small, curled up 
dimensions.

• R smaller than (a few hundred GeV)-1.

• All of the quantum fields are functions of 
the four large (ordinary) coordinates x as 
well as the extra (compact) coordinates y.

• We’ll take a look at both 5d and 6d 
versions.

4 large dimensions

5th 
dimension



Field Theory in 5 Dimensions
• To begin with, imagine our extra dimension is a circle (S1), requiring 

wave functions to be periodic as one traverses the extra dimension.

• Mathematically, this is the particle-in-a-box problem familiar from 
basic QM.

• The 5th component of Momentum (p5) is quantized in units of 
1 / R.

•  States with p5 different from zero appear massive to an observer 
who does not realize the extra dimension  is there.  

• We (and all low energy physics) are composed of the lowest (n=0) 
modes.

• Each SM field comes with a tower of massive states with the same 
charge and spin as the zero mode, but with masses given by  n / R. 



Kaluza-Klein Particles
• The translational invariance along the extra 

dimensional direction implies conservation 
of p5, or in other words, of KK mode 
number.

• Clearly, all fields must “live” universally in the 
extra dimension for there to be 
translational invariance -- this is not a brane 
world.

• The conserved KK number implies that the 
Lightest Kaluza-Klein Particle is stable.

• Usually the n=1 KK “Photon”.

• From the extra dimensional point of view:          
a photon is massless and cannot be dark 
matter, but if one is circulating around in a 
hidden dimension, to an outside observer, it 
appears to be a massive particle at rest.

Sample Interactions



Why Universal Extra Dimensions?

•  String Theory:

•  String theories require supersymmetry and extra 
dimensions to be consistent.  So extra dimensions 
are (from a low energy point of view), the “other 
half” of stringy phenomenology.

•  Number of generations:

•  Cancellation of anomalies in six dimensions 
requires the number of families to be a multiple of 
three!

•  Dark Matter!
Dobrescu, Poppitz  

PRL87, 031801 (2001)



Orbifold
• Our circular extra dimension is not quite realistic.  

It contains unwanted zero-mode degrees of 
freedom:

• 5d vector bosons contain a 4d vector Vμ and 
scalar V5.

• Massless 5d spinors have 4 components, leading 
to mirror fermions at low energies.

• Orbifold boundary conditions project out the 
unwanted degrees of freedom:

• Instead of a circular extra dimension, we fold the 
circle, identifying y with –y.

• This results in a line segment, with the points                   
0 and πR at the end-points.

• Boundary conditions forbid the unwanted zero   
modes.



Orbifolds are Opaque

• Even theories without localized fields have 
terms living on their boundaries.

• The orbifold, identifying (y and –y), implies 
the theory can’t tell one direction from 
another.

• Loops of bulk fields generate p5 non-
conserving terms.

• In position space, these are equal size 
terms living on the boundaries.

• The loops are log-divergent, indicating that 
they are not calculable -- they are 
parameters of the effective theory.

Georgi, Grant, Hailu, PLB506, 207 (2001)  
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Opaque Orbifolds

The boundary terms modify the 
KK expansion, reshuffling modes in 

the expansion.

This has the effect of changing the 
KK mass spectrum.

It breaks conservation of KK 
number down to a KK parity 
under which odd KK number 

modes are odd.

Much like R-parity, the lightest odd 
mode is stable, and odd modes are 

produced in pairs.
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KK Mode Spectrum
Cheng, Matchev, Schmaltz
PRD66, 036005 (2002)
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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)

mSUGRA

Look familiar?!



Identity of the LKP
• Boundary terms play a role similar to 

SUSY soft masses, determining masses 
and couplings for the entire KK tower.

• If we imagine the terms are zero at 
the cut-off, they will be induced at 
loop size.

• Since α1 << α2 << α3, we imagine 
the smallest corrections will be to the 
U(1) gauge boson.

• Since δM ~ 1 / R >> v, the LKP is 
(almost) purely a KK mode of the 
U(1) gauge boson, Bμ

(1).

• Following this line of reasoning, the 
NLKP is the right-handed electron, 
e(1)

R.

B(1) – W3(1) Mass2 matrix



LKP Annihilations

• For a pure B(1) LKP, we know couplings are 
controlled by the hypercharges.

• There are annihilations into SM fermions and 
Higgs bosons.

• 59% Charged Leptons

• 35% Hadrons

• 4% Neutrinos

• 2% Higgs/Goldstone bosons

• As bosons, there are no restrictions from 
Fermi statistics: cross sections are generally 
larger than for SUSY bino WIMPs.



LKP Relic Density

With no helicity suppression 
for annihilation, the LKP 
realizes the correct relic 
density for larger WIMP 

masses.

The 6d curve is for a 2-torus 
with equal radii (2 LKPs):

y1

y2

G. Servant, TMPT, NPB650, 351 (2003)



Co-annihilation
• Just like in SUSY, nearby particles can 

affect the relic density.  In particular, 
we saw that the mass of e(1)R is close 
to B(1) in mUED.

• However unlike SUSY, both particles 
interact with roughly with the same 
cross section, and the freeze-out 
temperature is basically unchanged,

• Some e(1)R  are left over after freeze-
out, and eventually decay into B(1) and 
e(0).  The net relic density of B(1) is 
increased, rather than reduced.



Relic Density with Co-annihilation

Δ is the splitting between the
 B(1) and e(1)R masses.

Coannihilation leads to an 
increase in the number of 
LKPs after freeze-out.  To 
compensate, we dial down 

the mass of the LKP so 
that the correct energy 

density results.

G. Servant, TMPT, NPB650, 351 (2003)



Gamma Rays from UED
• There is a large rate for continuum 
γ’s with a harder (than, say, SUSY) 
spectrum, because the LKP likes to 
annihilate into e⁺e⁻.

• There are γγ, γZ, and γ Higgs lines.

• Over-all, the lines are relatively faint, 
and tend to merge into the 
continuum photons from WIMP 
annihilations.

• Resolving them is possible for a 
very light LKP, and would require a 
next- (or next to next) generation 
gamma ray observatory.

Bertone, Jackson, Shaughnessy, 
TMPT,  Vallinotto  1009.5197FIG. 6: The gamma ray flux as a function of the photon’s energy for a WIMP of mass 300 GeV.

Shown are three different experimental energy resolutions.

the ∼ 10% resolution typical of current experiments, to an aggressive 0.5% resolution which

might be possible in future experiments. We find that at 10% energy resolution, lines in

the 5d UED model are very difficult to distinguish from the continuum. At a 5% energy

resolution, broad lines may appear for LKP masses around 300 GeV, slightly above the lower

bound from colliders. At 0.5%, well separated lines for γγ, γZ, and γH are visible for light

LKPs, and some structure related to the γH line is visible for an LKP mass of around 500

GeV.

In principle, we should compare our predicted flux with gamma ray observations, since

data are available from a variety of gamma-ray telescopes, such as the Fermi LAT and Air

Cherenkov Telescopes like HESS and MAGIC. The comparison is however made complicated

by the aforementioned uncertainties on the normalization of the predicted flux on one side,

16

γγ

Zγ
hγ



Direct Detection
• Much like the case of SUSY 

models, UED dark matter interacts 
with nuclei largely by exchanging 
Higgs (zero mode) bosons.

• KK quarks also contribute, but are 
expected to be heavier and thus 
less important.

For 1 TeV WIMP mass, typical values are σscalar
p,n ∼ 10−10 pb and σspin

p,n ∼ 10−6 pb. (For
comparison, nucleon-neutralino cross sections are in the range 10−12 − 10−6 pb for scalar
interactions and 10−9 − 10−4 pb for spin-dependent interactions). ¿From Fig. 5 we see
that the cross sections may vary upward by about one order of magnitude if mB(1) is at
the lower end of its favored range, 600 GeV, and by two orders of magnitude if in addition
B(1) and q(1) are more degenerate, ∆ ∼ 5%. The dependence on the zero-mode Higgs
mass is presented in Fig. 5. Note that theories in which the top and/or bottom quarks
propagate in extra dimensions [21] generically have additional contributions to electroweak
observables through the oblique parameters S and T [4], and thus the preference in the
precision electroweak data for a light SM-like Higgs may be misleading in theories with
universal extra dimensions. Thus, we consider a wider range of Higgs masses than one
would naively expect from the electroweak fits. Finally, in Fig. 6, we show a scatter plot
of spin-dependent and spin-independent cross sections, varying 600 GeV ≤ mB(1) ≤ 1200
GeV, 5% ≤ ∆ ≤ 15%, and 100 GeV ≤ mh ≤ 200 GeV.

In any case, these cross sections are below the reach of any currently running experi-
ment. However, larger mass detectors composed of heavier nuclei and improved efficiencies
will most likely change this situation in the foreseeable future. Since precise event rates
will depend on experimental issues such as efficiencies and background rates and rejection,
it is important to include nuclear effects in the theoretical predictions, and worthwhile to
study kinematic distributions such as dR/dEr.

10
-12
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-11

10
-10

100 120 140 160 180 200 220 240 260 280 300

Δ = 15%

Δ = 10%

Δ =  5%

mh  (GeV)

σ
S(

B(1
) n 
→

 B
(1

) n)
   

(p
b)

Figure 5: Scalar WIMP-nucleon cross section as a function of the Higgs mass for mB(1) = 1
TeV and (top to bottom) ∆ = (mq(1) − mB(1))/mB(1) = 5, 10, 15%.
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UED at the LHC
• At the LHC, one can expect 

cascade decays very much 
like we find in SUSY models, 
where we produce colored 
KK particles and they decay 
down through the weakly 
interacting ones into the LKP.

• This raises an interesting and 
important question: how do 
we measure the spins of 
particles when we can’t 
observe some of their decay 
products directly?

Figure 3: Cross section for the pair production of the lightest colored KK states at the√
s = 2 TeV Tevatron(top) and the LHC(bottom). In the top panel, from top to bottom on

the left-hand side, the curves correspond to the processes ii, v, iii, i and iv, respectively. In
the bottom panel, from top to bottom on the left-hand side, the curves correspond to the
processes ii, i, iv, iii and v, respectively. Antiquark contributions are included in reactions ii
and iv.
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6d UED: The Chiral Square
• Let’s look at another example of a 6d model.  

The Chiral Square is a UED theory with two 
extra dimensions.  

• The adjacent sides are identified as the same, 
which can be visualized as a square region 
folded along a diagonal.  This is another orbifold 
compactification with chiral fermions.

• There are three “fixed points”, where boundary 
terms can live which preserve KK parity.

• I’ll follow the usual practice and assume the size 
of the boundary terms is consistent with their 
being generated by loops -- ``minimal UED’’.

y1

y2

Burdman, Dobrescu, Ponton ’04, ’05

Ponton, Wang ’06

KK parity requires that 
two of the boundary 

terms at (0,R) and (R,0) 
are equal in size.



KK Decomposition
• In the case of a 6d UED model, KK modes are 

labelled by a pair of integers (j,k) indicating 
momentum flow in the extra dimensions.

• Masses are given (up to corrections from 
boundary terms) in terms of (j,k):

• KK parity leaves the lightest of the j+k = odd 
modes stable, providing our stable WIMP.

• The vector bosons have KK towers 
corresponding to 4d vector particles (which 
contain a zero mode) and a combination of the 
5 and 6 components which looks like a 4d 
scalar (without a zero mode).

M2
(j,k) �

1
L2

�
j2 + k2

⇥
y1

y2

VM � {Vµ, V5, V6}

One combination eaten
by massive Vμ, the other
combination is physical.



Spectrum
• As in the 5d theory, boundary 

terms modify the masses of 
the fields at a given (j,k) level. 

• The LKP is usually the scalar 
(1,0) KK mode of the 
Hypercharge gauge boson, BH.

• Colored states are the 
heaviest of a given (j,k).

• The (1,1) modes are KK even 
and many have masses above 
MB but below  2 x MB.

(1,1) Modes

Burdman, Dobrescu, Ponton ’06

6

600

650

700

750

800

850

900

950

1000

1050 1!R ! 500 GeVGΜ
!1,1"

WΜ
!1,1"

BΜ
!1,1"

GH
!1,1"

WH
!1,1"

BH
!1,1"

Q"
3 !1,1"

Q"
!1,1" T#

!1,1"

U#
!1,1"

D#
!1,1"

L"
!1,1"

$#
!1,1"

H!1,1"

M
as

s
[G

eV
]

FIG. 1: Mass spectrum of the (1,1) level for 1/R = 500 GeV.
Electroweak symmetry breaking effects are small, and have
not been included.

electroweak sector. As shown in [11], the KK-expansion
of the extra-dimensional field strength, F45, defines gauge
invariant linear combinations of A4 and A5 that are or-
thogonal to the would-be Nambu-Goldstone bosons eaten
by the vector modes at each KK level. Thus, only these
gauge invariant degrees of freedom, that we call spinless
adjoints, get a mass shift from the localized terms, given
in the third equation of (2.11). We obtain the following
values for the parameters defined by Eqs. (2.17):

AGH = 1 , AWH = −
17

8
, ABH = −

153

4
. (2.23)

Note that the (1, 1) SU(3)C spinless adjoints receive a
positive contribution to their masses, but are typically
lighter than the (1, 1) quarks. Similarly, the electroweak
spinless adjoints are lighter than the (1, 1) leptons. Their
masses are driven down by the contribution due to the
fermions.

Finally, the parameters that control the KK Higgs
masses in Eq. (2.19) are given by

AH ≃ Aη̃ ≃
33

32
+

λ2
t

2g2
, (2.24)

where we have not included the contributions from Higgs
self-interactions and from U(1)Y interactions.

The mass spectrum of the (1, 1) modes is shown in Fig-
ure 1 for 1/R = 500 GeV. Higher-loop contributions in-
volving colored KK modes may be important (see the end
of Section II B), and may shift the mass spectrum. This
uncertainty is larger than corrections coming from the
running of the coupling constants, or electroweak sym-
metry breaking. We ignored these effects in Figure 1,
and we used some rough estimates for the couplings at
the scale M1,1 =

√
2/R: (g/gs)2 = 0.34, (g′/gs)2 = 0.10,

(λt/gs)2 = 0.8, CG = 0.1. We also assumed that the
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FIG. 2: Mass spectrum of the (1,0) level. The lightest KK

particle is the B(1,0)
H spinless adjoint.

Higgs boson is much lighter than the compactification
scale.

We also point out here that at the (1, 0) level, the mass
corrections to the electroweak spinless adjoints are also
negative. The mass correction to the (1, 0) SU(3)C spin-
less adjoints happens to vanish at one-loop for the stan-
dard model field content, but one should keep in mind
that multi-loop contributions are expected to be impor-
tant for the strongly interacting particles. The corre-
sponding mass shifts for the spin-1 particles are positive
for the (1, 0) gluons, and negative for the (1, 0) W and B
vector modes. In fact, it is interesting that the lightest
KK particle is predicted to be the spinless hypercharge

mode, B(1,0)
H . Thus, in contrast to the case of five dimen-

sions, the natural dark matter candidate has spin-0. The
mass spectrum of the (1, 0) modes is shown in Figure 2
for 1/R = 500 GeV.

D. KK-number violating interactions

The ZKK
2 symmetry implies that for any interaction

among KK modes the sum over all j and k numbers
should be even. In particular, interactions involving two
zero modes and a (j, k) mode with j ≥ 1 and j + k even
is allowed. Such an interaction is not generated at tree
level by bulk interactions, but arises due to the localized
operators.

To be concrete, the effective 4D, KK-number violat-
ing couplings between zero-mode quarks and massive KK
gluons are given by

gsC
qG
j,k (qγµT aq)G(j,k)a

µ , (2.25)

where CqG
j,k are real dimensionless parameters, T a are the

SU(3)C generators in the fundamental representation, gs

is the QCD gauge coupling, and q stands for any of the
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Electroweak symmetry breaking effects are small, and have
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electroweak sector. As shown in [11], the KK-expansion
of the extra-dimensional field strength, F45, defines gauge
invariant linear combinations of A4 and A5 that are or-
thogonal to the would-be Nambu-Goldstone bosons eaten
by the vector modes at each KK level. Thus, only these
gauge invariant degrees of freedom, that we call spinless
adjoints, get a mass shift from the localized terms, given
in the third equation of (2.11). We obtain the following
values for the parameters defined by Eqs. (2.17):

AGH = 1 , AWH = −
17
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Note that the (1, 1) SU(3)C spinless adjoints receive a
positive contribution to their masses, but are typically
lighter than the (1, 1) quarks. Similarly, the electroweak
spinless adjoints are lighter than the (1, 1) leptons. Their
masses are driven down by the contribution due to the
fermions.

Finally, the parameters that control the KK Higgs
masses in Eq. (2.19) are given by

AH ≃ Aη̃ ≃
33

32
+

λ2
t

2g2
, (2.24)

where we have not included the contributions from Higgs
self-interactions and from U(1)Y interactions.

The mass spectrum of the (1, 1) modes is shown in Fig-
ure 1 for 1/R = 500 GeV. Higher-loop contributions in-
volving colored KK modes may be important (see the end
of Section II B), and may shift the mass spectrum. This
uncertainty is larger than corrections coming from the
running of the coupling constants, or electroweak sym-
metry breaking. We ignored these effects in Figure 1,
and we used some rough estimates for the couplings at
the scale M1,1 =

√
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We also point out here that at the (1, 0) level, the mass
corrections to the electroweak spinless adjoints are also
negative. The mass correction to the (1, 0) SU(3)C spin-
less adjoints happens to vanish at one-loop for the stan-
dard model field content, but one should keep in mind
that multi-loop contributions are expected to be impor-
tant for the strongly interacting particles. The corre-
sponding mass shifts for the spin-1 particles are positive
for the (1, 0) gluons, and negative for the (1, 0) W and B
vector modes. In fact, it is interesting that the lightest
KK particle is predicted to be the spinless hypercharge

mode, B(1,0)
H . Thus, in contrast to the case of five dimen-

sions, the natural dark matter candidate has spin-0. The
mass spectrum of the (1, 0) modes is shown in Figure 2
for 1/R = 500 GeV.

D. KK-number violating interactions

The ZKK
2 symmetry implies that for any interaction

among KK modes the sum over all j and k numbers
should be even. In particular, interactions involving two
zero modes and a (j, k) mode with j ≥ 1 and j + k even
is allowed. Such an interaction is not generated at tree
level by bulk interactions, but arises due to the localized
operators.

To be concrete, the effective 4D, KK-number violat-
ing couplings between zero-mode quarks and massive KK
gluons are given by

gsC
qG
j,k (qγµT aq)G(j,k)a

µ , (2.25)

where CqG
j,k are real dimensionless parameters, T a are the

SU(3)C generators in the fundamental representation, gs

is the QCD gauge coupling, and q stands for any of the

(1,0) Modes
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BH Annihilations
• Both the regions of parameter space and the continuum gamma ray 

emission spectra and rates are controlled by the tree level LKP 
annihilation channels.

• BH is a real scalar and an electroweak singlet:

• BH BH into fermions is suppressed by the final state fermion mass 
(more like what we saw in the MSSM than the 5d UED model).

• Annihilation into weak boson and Higgs pairs are mediated by the 
Higgs boson itself.

W+

W−

BH

BH

h

Figure 1: The only tree-level contribution to BHBH annihilation into W+W−. The same diagram
with the W bosons replaced by Z bosons describes annihilation into Z pairs.

As we will see in this section, the only other (1,0) particles that affect the annihilation

cross section of BH are the KK modes of the top quark: T (1,0)
− , which is an SU(2)W -singlet

vectorlike quark, and T (1,0)
+ , which together with B(1,0)

+ forms an SU(2)W -doublet vectorlike

quark. The masses of other (1,0) quarks are necessary for computing the elastic scattering

cross section of BH with nucleons (see Section 4). The masses of the (1,0) leptons and vector

bosons are largely irrelevant for our present study. Nevertheless, we show in Table 1 the full

(1,0) spectrum from Ref. [21], which turns out to include sufficiently large mass splittings so

that coannihilation effects may be neglected. We loosely refer to all (1,0) particles as ‘level-1’

modes in what follows, and we label them using the superscript (1, 0).

2.1 Annihilation into boson pairs

The interaction of the BH with the Standard Model Higgs boson, h, is given by

Lh = −
g2
Y

8
BHBHh (h + 2v) , (2.1)

where gY is the hypercharge gauge coupling and v ≈ 246 GeV is the electroweak scale. There

are no tree-level interactions of the type BHH(1,0)h, ∂µBHH(1,0)0Zµ, or ∂µBHH(1,0)∓W µ±.

The annihilation cross section into a W+W− pair (see Fig. 1) is given by

σ(BHBH → W+W−) =
g4
Y (s2 − 4m2

W s + 12m4
W )

64πs
!

s − m2
h

"2

#

s − 4m2
W

s − 4M2
B

$1/2

, (2.2)

and the same expression with the W boson mass replaced by the Z boson mass yields the

cross section for BHBH annihilation into a ZZ pair

σ(BHBH → ZZ) =
1

2
σ(BHBH → W+W−)

%

%

%

%

mW →mZ

, (2.3)

where the factor of 1/2 results from having two identical particles in the final state. Here

s is the center-of-mass energy of the collision, while mW , mZ and mh are the the Standard

Model masses.

Expanding the cross section in powers of the relative speed between the BH bosons, vr,

gives

vr σ
!

BHBH → W+W−
"

= aW + v2
rbW + O

!

v4
r

"

. (2.4)

– 4 –
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BH

Figure 2: Tree level diagrams for BHBH annihilation into hh (the u-channel diagram is not shown).

The first two terms in this non-relativistic expansion are

aW =
2πα2M2

B

c4
w

(

4M2
B − m2

h

)2

(

1 −
m2

W

M2
B

+
3m4

W

4M4
B

)(

1 −
m2

W

M2
B

)1/2

, (2.5)

and

bW =
−aW

4
(

M2
B − m2

W

)

(

M2
B

4M2
B + 3m2

h − 16m2
W

2
(

4M2
B − m2

h

) +
3m4

W

(

2M2
B − m2

W

)

4M4
B − 4M2

Bm2
W + 3m4

W

)

, (2.6)

where α is the fine structure constant evaluated at the scale MB and cw = cos θw is the cosine

of the weak mixing angle.

The annihilation cross section into a hh pair (see Fig. 2) is given by

σ(BHBH → hh) =
g4
Y

16πs

[

(

(s + 2m2
h)2

8(s − m2
h)2

+
m4

Zs4
w

m4
h + M2

B(s − 4m2
h)

)(

s − 4m2
h

s − 4M2
B

)1/2

+
m2

Zs2
w

s − 4M2
B

(

s + 2m2
h

s − m2
h

−
2m2

Zs2
w

s − 2m2
h

)

ln

⎛

⎝

s − 2m2
h −

√

(s − 4M2
B)(s − 4m2

h)

s − 2m2
h +

√

(s − 4M2
B)(s − 4m2

h)

⎞

⎠

⎤

⎦ . (2.7)

The corresponding leading terms in the non-relativistic expansion are

ah =
πα2

√

M2
B − m2

h

4c4
wM3

B

(

2M2
B + m2

h

4M2
B − m2

h

+
2m2

Zs2
W

2M2
B − m2

h

)2

(2.8)

and

bh =
ah

2M2
B + m2

h

(

−
8M6

B + 10M4
Bm2

h − 29M2
Bm4

h + 2m6
h

8
(

4M2
B − m2

h

) (

M2
B − m2

h

)

+
4

3
M2

BM2
Zs2

w
16M6

B − 18M4
Bm2

h + 15M2
Bm4

h − 4m6
h

(

2M2
B − m2

h

)2 [

4M4
B − m4

h − 2M2
Zs2

w

(

4M2
B − m2

h

)]

)

. (2.9)

In the limit in which all the Standard Model particles are much lighter than BH , the equiva-

lence theorem holds for the boson final states:

σhh = σZZ =
1

2
σW+W− =

g4
Y

256πM2
Bvr

(

1 −
1

8
v2
r + · · ·

)

. (2.10)
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Relic Density
• Because of the s-channel 

Higgs-mediated graphs, the 
annihilation cross section is 
very sensitive to the 
interplay between the LKP 
and Higgs masses.

• This is another example 
of a funnel region, like the 
ones we saw in the MSSM.

• The Higgs discovery at the 
LHC has severely collapsed 
the parameter space down 
to LKP masses around 200 
GeV.

W+

W−

BH

BH

h

Figure 1: The only tree-level contribution to BHBH annihilation into W+W−. The same diagram
with the W bosons replaced by Z bosons describes annihilation into Z pairs.

As we will see in this section, the only other (1,0) particles that affect the annihilation

cross section of BH are the KK modes of the top quark: T (1,0)
− , which is an SU(2)W -singlet

vectorlike quark, and T (1,0)
+ , which together with B(1,0)

+ forms an SU(2)W -doublet vectorlike

quark. The masses of other (1,0) quarks are necessary for computing the elastic scattering

cross section of BH with nucleons (see Section 4). The masses of the (1,0) leptons and vector

bosons are largely irrelevant for our present study. Nevertheless, we show in Table 1 the full

(1,0) spectrum from Ref. [21], which turns out to include sufficiently large mass splittings so

that coannihilation effects may be neglected. We loosely refer to all (1,0) particles as ‘level-1’

modes in what follows, and we label them using the superscript (1, 0).

2.1 Annihilation into boson pairs

The interaction of the BH with the Standard Model Higgs boson, h, is given by

Lh = −
g2
Y

8
BHBHh (h + 2v) , (2.1)

where gY is the hypercharge gauge coupling and v ≈ 246 GeV is the electroweak scale. There

are no tree-level interactions of the type BHH(1,0)h, ∂µBHH(1,0)0Zµ, or ∂µBHH(1,0)∓W µ±.

The annihilation cross section into a W+W− pair (see Fig. 1) is given by

σ(BHBH → W+W−) =
g4
Y (s2 − 4m2

W s + 12m4
W )

64πs
!

s − m2
h

"2

#

s − 4m2
W

s − 4M2
B

$1/2

, (2.2)

and the same expression with the W boson mass replaced by the Z boson mass yields the

cross section for BHBH annihilation into a ZZ pair

σ(BHBH → ZZ) =
1

2
σ(BHBH → W+W−)

%

%

%

%

mW →mZ

, (2.3)

where the factor of 1/2 results from having two identical particles in the final state. Here

s is the center-of-mass energy of the collision, while mW , mZ and mh are the the Standard

Model masses.

Expanding the cross section in powers of the relative speed between the BH bosons, vr,

gives

vr σ
!

BHBH → W+W−
"

= aW + v2
rbW + O

!

v4
r

"

. (2.4)

– 4 –

Figure 5: The region (shaded) of the mh vs. MB plane in which the BH thermal relic abundance is
within the range measured by WMAP (0.096 < ΩBH

h2 < 0.122).

denominator, in comparison with the a-term. Even near the resonance, however, the effect of

the b-term contribution on the relic abundance is suppressed by the velocity (v2
r ∼ 0.1) and

impacts the dark matter density at about the 10% level or less.

As shown in the left frame of Fig. 4, there are two regions consistent with WMAP around

the Higgs resonance, MB ∼ 180 GeV and MB ∼ 350 GeV. Note that in contrast to the 5D

case [3, 6] a light range of dark matter masses is preferred by data. This difference is to a

large extent due to the spin of the dark matter candidate. The dominant annihilation channel

of the spin-1 dark matter candidate in 5D is to fermion pairs, whereas annihilation of spinless

photons to pairs of light fermions is helicity suppressed. The multiplicity of light fermion

final states allows the former to annihilate more efficiently, leading to an increase in its mass

in order to remain consistent with data.

The relative contributions to the total annihilation cross section from different final states

are plotted for a large Higgs mass in the right frame of Fig. 4. We see that annihilation

to boson final states is dominant for a spinless photon mass above the boson production

threshold. As expected from the Goldstone boson equivalence theorem, the a-term for the

W+W− final state is twice that for the ZZ and hh final states in the limit of large MB. The

top quark final state is only significant for a small range of parameters; it is below threshold

for MB ! 170 GeV and helicity suppressed for large values of MB .

Note that the results in this figure are not reliable in the region of MB ≈ 250 GeV

as this corresponds to a spinless photon mass that is exactly half the Higgs mass and the

– 11 –
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Chiral Square: γ-Rays

• In the case of a 6d UED model, the LKP is a scalar 
(1,0) KK mode of the hypercharge boson.

γγ 

B(11)γ 
MLKP = 250 GeV

6d UED Model

10% Energy resolution

Bertone, Jackson, Shaughnessy TMPT, 
Vallinotto, arXiv:0904.1442 (PRD) Adiabatically 

compressed profile

Hess Data

ΔΩ = 10-5

Zγ



B(1,1) at the LHC
• At the LHC, B(1,1), can be produced 

from a q qbar initial state (with 
reduced but substantial couplings 
proportional to hypercharge).

• It decays into ordinary leptons and 
quarks, providing a classic Z’ signature.

• γ-ray observations can observe the 
secondary line, and measure the mass 
- telling the LHC where to look.   

• LHC data severely constrains the 
potential size of the brane terms, 
limiting the coupling of the (1,1) state 
to zero mode (SM) fermions.

Z'→ e+e- (MZ'=600GeV, gz=0.05)

Mll  (GeV)

dσ
/d

M
  (

pb
/G

eV
)

Total cross section
No interference
SM background
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T-Parity
• Another symmetry which can stabilize dark matter 

is “T-parity”.

• T-parity is a phenomenological symmetry which 
can be invoked to protect precision measurements 
from large contributions from new physics.

• If one requires the new particles to couple in pairs, 
they can’t contribute to SM processes at tree level, 
and first appear at loop level.

• This implies the lightest new particle is stable.

• R-parity and KK-parity are both examples!

• We can still address the hierarchy problem which,  
as you know from Michael’s lectures, is a problem 
with loop diagrams.

Cheng, Low  hep-ph/0308199

Forbidden

Allowed (but a lot smaller)

⇠ g2

M2

⇠ g2

16⇡2

g2

M2



Little Higgs with T-parity
• Little Higgs theories attempt to 

create a gap between whatever 
stuff solves the hierarchy 
problem and the Higgs itself by 
engineering the Higgs to be a 
pseudo-Goldstone boson.

• It’s a very nice idea, but it 
faltered in practice when it was 
found that precision electroweak 
data made it difficult to realize in 
practice.

• T-parity allows the extra new 
particles (“partners”) to have 
light enough masses to make the 
Little Higgs idea workable.

Hewett, Petriello, Rizzo
hep-ph/0211218

See Also: Terning et al 
hep-ph/0211124

Figure 3: Fit to the EW precision data varying sin (θt) and δ, for mH = 115 GeV (upper)
and mH = 200 GeV (lower). The diagonal line indicates the bound δ/

√
2 ≤ tan (θt), the

horizontal line denotes the 95% CL bound from Bh production at the Tevatron. The series
of curved lines indicates the t

′

mass mt′ as a function of δ and sin (θt); from top to bottom,
they represent mt′ = 5, 7.5, 10, 15, and 20 TeV. The shaded regions are allowed by the EW
fit. For the remainder of our discussion, we label g and g′ as gSM and g′

SM , respectively, in
the figures.
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Less fine-tuned theories result,
with new states coupling in pairs -- 
the Lightest T-odd Particle is DM!
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LTP
• A simple LH model with dark matter is the 

“Littlest Higgs with T-parity”.

• The lightest particle is often a U(1) gauge 
boson, very similar to the LKP.

• The key difference is that the model only 
needs light partners for particles which 
couple strongly to the SM Higgs.

• The t, W, Z, h partners are all light.

• All other partners are assumed very heavy.

• As a result, the cross section away from 
the SM Higgs funnel is always way too 
small to give us the correct relic density 
for a Standard Cosmology.

• This simplest model is ruled out by the LHC 
because the SM Higgs is too light.

Figure 2: The AH annhilates predominantly to SM gauge and Higgs bosons. These are the
diagrams which give the largest contributions to the annihilation coefficient ⟨σAv⟩ for the
ranges of f and mH that we examine.

sizable, although approximately a factor of 4 smaller. The annihilation to Higgs pairs is
also quite large when allowed by phase space, and dominates over annihilation to Z bosons,
though the W± channel still gives the largest contribution. The dominant diagrams from
the primary channels are shown in Figure 2.

There are regions of parameter space in which the AH is nearly equal to half the
mass of an s-channel exchanged particle. In this scenario, there are s-channel poles in the
annihilation cross section, and the diagrams which include such exchanges dominate the
cross section. In this case, the annihilation rate is given by

σAv ≈
γ2s

(m2 − s)2 + m2Γ2
(3.46)

where Γ is the decay width of the exchanged particle, s is the center of mass energy squared,
and γ2 is a prefactor that is dependent on the couplings of the AH to the exchanged particle.
This is quite important in this model, due to the lightness of the AH in comparison with
the breaking scale, f . Many of the annihilation diagrams involve s-channel Higgs exchange,
so when the Higgs has twice the mass of the heavy photon, the cross section will become
quite large.

The resulting relic density is plotted in Figure 3.∗ It is conceivable that there is another
relic in addition to the little Higgs dark matter, so we do not consider as ruled out regions
where the AH does not account for all of the dark matter. In the black regions, there is too
much dark matter left over. This is generically a worse scenario, since it would overclose
the universe, and we consider these regions to be ruled out if the heavy photon is stable.
Interestingly, we find that small values of the Higgs mass are disfavored if the AH is indeed
the WIMP. Looking at Figure 3, one sees the importance of the s-channel Higgs exchange
along the line mh = 2mAH

. Along this contour, the pole in the annihilation amplitude
dominates the behavior of the annihilation cross section.

There are regions of parameter space where standard model particles are slightly heav-
ier than the AH , but there are still AH particles on the high velocity end of the Boltzmann

∗We are grateful to Maxim Perelstein and Andreas Birkedal for pointing out a factor of 4 error in our
original calculation of the relic density.
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Figure 3: This plot depicts the variation of the relic density with respect to the Higgs mass
and the symmetry breaking scale, f . In order from lightest to darkest regions, the AH

makes up (0 − 10%, 10 − 50%, 50− 70%, 70 − 100%, 100%, > 100%) of the observed relic
abundance of dark matter.

distribution, and which are thus energetic enough to be able to pair produce these slightly
heavier particles, thus slightly increasing the thermally averaged cross section just below
thresholds. In general, taking these corrections into account will smooth out the thermally
averaged cross section as the mass of the AH approaches such annihilation thresholds. It
does strongly affect the overall fit, thus we neglect the threshold corrections in this paper.

The steep gradient of the relic density at MAH
≈ 80 GeV is due to the threshold for

annihilating to standard model W bosons. Below 80 GeV, the only available channels are
to light fermions. These channels have very small associated amplitudes, as they require
either the s-channel Higgs exchange which is suppressed by Yukawa couplings, or T -channel
T-odd fermion doublet exchange. The T -channel fermion exchange diagrams are suppressed
since the relevant couplings AHΨSMΨ− are given by g′/10 ≈ .03.

In the model that we have outlined, the strongest search constraints would come from
nuclear recoil experiments and high energy solar and terrestrial neutrino searches. Other
astrophysical searches, such as anomalous cosmic ray searches, would not likely be fruitful.
This is because the dominant channels for such events require t-channel exchange of the
heavy fermions, which, as mentioned above, involve small couplings g′/10, suppressing
the relevant cross sections. In nuclear recoil experiments, however, because of the high
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LHC Signals
• The LHC signals are dominated by the 

light colored partner (the top-partner).

• It turns out there are two: 

• A T-odd one which decays into         
t + LTP.

• A T-even one which decays to W + b, 
Z + t, and/or h + t.

• The cross section for pair production 
of the top partners is QCD : depends 
on the mass & αS.

• Single production of the T-even partner 
can dominate.

Figure 7: We plot the branching fractions for t′+ decay as a function of sλ, which parame-
terizes the ratio of masses of the t′+ and t′−. This plot was generated for f = 1 TeV

of the t′+. The existence of the t′− which is always required to be less massive then the
t′+ from (2.34) and (2.33) opens a new decay channel for the t′+. In Figure 7 we plot the

branching fractions of the t′+ as a function of sλ =
mt′−

mt′
+

. The branching fraction is essentially

independent of f . As one can see from Figure 7, for most of parameter space the t′+ has a
sizeable invisible width from decay to t′−AH . In reality though to solve the little hierarchy
problem one is only interested in the region around sλ = 1√

2
where mt′+

=
√

2f . For either
direction in sλ, mt′+

increases which causes a fine tuning of the Higgs mass if mt′+
is larger

than ∼ 2 TeV. The existence of this new sizeable invisible width of the t′+ does not let
one apply the analysis of [22] for the t′+ in T-parity models. In [22] it was hoped that one
could test the little Higgs mechanism for the t′+ by measuring the couplings of the t′+ and
f independently, since they must satisfy a particular relationship to cancel the one-loop
quadratically divergent contributions to the Higgs mass from the top quark. In T-parity
type models one first has a difficulty with measuring f because one cannot obtain f from
the gauge boson sector as in [20]. In addition, the new sizeable partial width of the t′+,
which is hard to determine, makes measuring the couplings of the heavy partner of the top
quark at the LHC virtually impossible.
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FIG. 5: Total cross sections for T T̄ production (dashed) and T+jet production (solid and dotted)
via t-channel W -exchange versus mass MT at the LHC. The solid line is for the couplings λ1 = λ2;

the dotted are for λ1/λ2 = 2 (upper) and 1/2 (lower). The number of events expected per 300 fb−1

luminosity is indicated on the right-hand axis. The scale f corresponding to λ1 = λ2 is given on the

top axis.

gauge bosons at higher energies. In Fig. 5 the cross sections of pair production of T T̄ (dashed
line) and the single T plus a jet production (solid and dotted) are presented versus its mass
MT at the LHC energy. We see that T+jet production dominates throughout the mass range
of current interest. The solid line is for the choice λ1 = λ2, while the dotted are for λ1/λ2 = 2
and 1/2. We see that for a T with a 3 TeV mass, the cross section can be about 0.23 fb. With
an integrated annual luminosity of 300 fb−1, this corresponds to about 70 events per year, as
indicated on the right-hand axis. The other processes of single T production qq̄′ → b̄T via
s-channel W -exchange and the associated production gb → WLT are both much smaller.

Because of the unsuppressed coupling of the heavy top T to the Higgs boson, and the en-
hanced couplings to the longitudinally polarized gauge bosons (Goldstone bosons)1, the partial
decay widths of T are

Γ(T → tH) = Γ(T → tZ) =
1

2
Γ(T → bW ) =

κ2

32π
MT , (51)

with the coupling κ = λ2
1/

!

λ2
1 + λ2

2. Other decay channels are effectively suppressed by v2/f 2.

1 We thank M. Perelstein [25] for drawing our attention to this point.
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Super-WIMPs
• Dark matter could be super-weakly interacting.

• 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, 
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
• As we learned from Michael, 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.
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Axion dark matter can be produced by a 
misalignment mechanism, in which its 
original value at the time of inflation 

converts into a particle density once its 
mass turns on.



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

27
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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

sin θ

m
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(any cosmology)
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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
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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



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

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

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

• After subtracting models of the diffuse 
gamma ray emission, known point sources, 
etc, an excess remains with a distribution 
peaking around a few GeV, consistent with 
the expectations of a 40 GeV dark matter 
particle annihilating into bottom quarks.

• This signal is currently the most credible 
hint for particle dark matter we have!
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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-

Hooper, Goodenough, 2009 + 2010
Daylan, Finkbeiner, Hooper, Linden, Portillo, Rodd, Slatyer  1402.6703
see also: Abazajian, Canac, Horiuchi, Kaplinghat;          Macias, Gordon



• Let’s review the approach by Fermi LAT collaboration to develop a set of specialized 
models for the inner 15ox15o to extract the emission from the innermost ~1 kpc.

Modeling the Interstellar Emission

Fermi LAT collab. arXiv:1511.02938These slides adapted from
talks by Simona Murgia



Modeling the Interstellar Emission
• Let’s review the approach by Fermi LAT collaboration to develop a set of specialized 

models for the inner 15ox15o to extract the emission from the innermost ~1 kpc.

Fermi LAT collab. arXiv:1511.02938



Understanding the Gamma-ray Sky

= + +
data sources galactic interstellar 

emission
isotropic

+
dark matter??



• The interstellar gamma-ray emission in the Milky Way is produced by cosmic rays 
interacting with the interstellar gas and radiation field

Galactic Gamma-Ray Interstellar 
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LAT counts, 1-100 GeV

~ 1 kpc

Modeling the Interstellar Emission
• Let’s review the approach by Fermi LAT collaboration to develop a set of specialized 

models for the inner 15ox15o to extract the emission from the innermost ~1 kpc.
• Part of the complication is to extract the gamma rays coming from the galactic center, 

removing the contamination from the fore- and backgrounds.
• One must also account for the contribution from astrophysical point sources along the 

line of sight.
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➡This yields four variants for the fore/background IEM: 
- Pulsars, intensity scaled
- Pulsars, index scaled
- OB Stars, intensity scaled
- OB Stars, index scaled                            

6

5

4

3 2 1

• Two scaling procedures: one adjusting intensity of the rings only, the other also 
allowing spectral adjustment

~ 1 kpc

• Determine intensities for the innermost ring for 
π0, and inverse compton by fitting the data in the 
15ox15o region for each of the four fore/
background models (held constant in the fit)

• Point sources are determined consistently with 
these background models from the data (rather than 
using existing catalogues).



NFW Component Spectrum

Fermi LAT collab. arXiv:1511.02938

Masses favored in the 
10s-100s of GeV range

Preferred cross sections turn 
out to be around the thermal 

one or a bit smaller.



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

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

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

3.2 Generating �-Ray Spectra

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

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

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

3.3 Fitting the �-Ray Excess

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

simplified models that could work.

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

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

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

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

may contribute appreciably to dm annihilation,
0
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The prefactor accounts for the additional phase space and p-wave suppression. The ratio of the
dm mass to the freeze out temperature xf = m�/Tf ⇡ 20 is the appears when thermally averaging
the annihilation cross section at freeze out over a Maxwell–Bolztmann velocity distribution. This
factor is not especially large and so one expects the pseudoscalar annihilation cross section at
freeze out to be even larger than approximated with only the s-wave piece. This further reinforces
the observation that this class of mediator requires additional mechanisms to attain the observed
dm relic density. See [139–157] for a partial list of model-building tools for obtaining the correct
relic abundance without the standard freeze-out mechanism.

5.3 MSPs Can Save Freeze Out

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

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

5.4 Conditions for Thermal Equilibrium

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

6 Comments on UV Completions and Model Building

Simplified models, such as those presented here, are bridges between experimental data and explicit
uv models. In this section we highlight connections between our on-shell simplified models and
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Figure 7: Fits for on-shell annihilation through spin-0 mediators. Left: best fit values of �dm. Right:
fit significance highlighting the best (m�, mmed.) values. See text for details.

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

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

4 Experimental Bounds on the SM Coupling

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

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

to capture simple features of models 
of WIMPs that are not inspired by a 
particular paradigm.

• While perhaps not able to describe 
the whole story, these simplified 
models could potentially still capture 
the most important features of a 
theory of dark matter.

• We’ll see that they are useful to help 
us piece together what information 
we get from our different kind of 
searches, to understand how they 
complement one another.
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Contact Interactions
• On the “simple” end of the spectrum are 

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

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

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

• And it will fail to describe high energies, 
where one can produce more of the new 
particles directly.
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Contact Interactions
• On the “simple” end of the spectrum are 

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

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

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

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

�

�

q

q
eq

�

�

q

q
g2

M2
q̃

$ Geff

EFT

Z’ mediator

Squark
mediator

Higgs
portal

Random
Model #9



Example: Majorana WIMP

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

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

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

• In principle, a realistic UV theory will 
turn on some combination of them, 
with related coefficients.
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Constraints on Light Majorana Dark Matter from Colliders
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

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

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

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

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

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

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

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

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in this 
form by using Fierz transformations.
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irrelevant for direct detection (either because they lead
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assume interacts with the SM largely through higher
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what lighter than any other particles in the dark sec-
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tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
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the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
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ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
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ators, M1-M4, are proportional to the quark masses, in
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

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

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

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

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

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

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

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

Our effective theory description will break down at en-
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q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in this 
form by using Fierz transformations.
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duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
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Standard Model (SM) radiation from the initial state
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ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
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the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
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I. INTRODUCTION
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∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

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

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.
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the field strength of the gluon with G̃µν = ϵµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
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order to avoid large flavor changing neutral currents. We
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Collider Searches
• At colliders, one searches for this type of 

theory by producing the dark matter 
directly.

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

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

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

Beltran, Hooper, Kolb, Krusberg, TMPT  1002.4137 & JHEP
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Collider Results

 [GeV] T
missE

200 300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

25
 G

eV

1

10

210

310

410

510

610

710 νν→Z

νl→W

tt

t

QCD
-l+l→Z

 = 3δ= 2 TeV, DADD M

 = 1 GeV
χ

 = 0.9 TeV, MΛDM 

 = 2 TeVUΛ=1.7, UUNP d

Data

CMS Preliminary
 = 8 TeVs

-1L dt = 19.5 fb∫

Both CMS and ATLAS have made very nice 
progress interpreting mono-jet (etc) searches in 
terms of the interaction strengths of a number 

of the most interesting interactions as a function 
of DM mass.



Translation to Elastic Scattering

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

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

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



Annihilation

• We can also map interactions into 
predictions for WIMPs annihilating.

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

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

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

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

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

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

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

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

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

DM Complementarity, arXiv:1305.1605

Too Little DM

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

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

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

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



“EFT Doesn’t Work at LHC”
• One sometimes hears the statement that 

the EFT doesn’t work at the LHC.

• This is inspired to some extent by the 
fact that the EFT is the universal large 
mass limit of any simplified model.

• One should remember that the EFT is a 
superset of a limit of all simplified 
models: any one of them does not 
typically characterize all of them.

• It is logistically impossible to rule out 
application of the EFT in general based on 
one specific model.

• Instead, this reminds us that the EFT 
cannot itself describe all the possibilities!

EFT

Z’ mediator

Squark
mediator

Higgs
portal

Random
Model #9



1. “EFT Doesn’t Work at LHC”
• So what can we learn from the EFT itself?

• The EFT is an expansion in energy:  E / M*.  

• If E is too large, loop contributions to the 
observables will contribute as much as the 
tree level, and the theory ceases to be 
predictive.

• Where that happens for fixed M* is 
somewhere around:

• For the Run I limits of M* ~ 1 TeV, this 
forbids us from using events with energies 
larger than about 10 TeV.
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(We can argue about whether this should be 4π or 2π or some 

other number.  One is as indefensible as another.)

Not a big problem at Run I…
(even in the limit 4π -> ~1!)



A Composite WIMP?
• There are cases where an EFT still says 

something even when there is no 
perturbative simplified model that can 
describe the physics.

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

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

�

Colored Constituents

M�1
⇤



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

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

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

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

• (Neither really can be measured anyway).

• Events with Q larger than some cut value Qcut 

are excluded from the analysis bounding M*.

Truncation
�

� Q?

Q?
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• Probably the most useful way to present 
results would be to show the resulting 
bound on M* as a function of Qcut.

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

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

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

Truncation

Qcut

M*

All Events Included
in the Analysis

No Events Included
in the Analysis

Bound on a mediator 
of given mass



?

“s-channel” mediators are not protected by the WIMP 
stabilization symmetry.  They can couple to SM particles 

directly, and their masses can be larger or smaller than the 
WIMP mass itself.

“t-channel” mediators are 
protected by the WIMP 

stabilization symmetry.  They must 
couple at least one WIMP as well 
as some number of  SM particles.  
Their masses are greater than the 
WIMP mass (or else the WIMP 
would just decay into them).

Simplified Models?

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

included.
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Simplified Model
• Moving toward a more complete theory, we can 

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

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

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

Lots of Recent Activity:

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

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

M
as

s

Standard
Model

Dark
Matter

Mediator



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.

• 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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(13)

�dR
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64⇡
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(�dN +�sN )2 (14)

�qL
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3

64⇡

M2
NM2

�

(MN +M�)2
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(�uN +�dN +�sN )2

(16)

And likewise the cross sections for Majorana DM are also
computed for each model:

�uR
SD =

3

16⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Mũ

◆4

(�uN )2 (17)

�dR
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3
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(19)

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

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

at one-loop for this class of simplified model.

QCD production saturates 
the CMS limits, resulting in 

no allowed value of g.

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.
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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.
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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 Dark Matter.

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

Dirac

Majorana

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

(b)

(c)

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

(b)

(c)

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

and Direct Detection bounds for Majorana Dark Matter

(a)

(b)

(c)

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

Detection bounds for Dirac Dark Matter

uR Model: Forecasts~

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

• The Fermi LAT does not put very 
interesting constraints at the moment, 
but it is very close to doing so, 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



S-Channel : Scalar
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Dark
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• A singlet scalar could be real or complex.

• Scalar couplings are chirality flipping.  The scalar 
mediator consistent with MFV couples 
proportionally to Yukawa couplings.

• In the SM, the only relevant parameters are the 
masses, and the degree of mixing with the SM 
Higgs through electroweak breaking.

• If the SM is extended to a two (or more) Higgs 
doublet model, the coupling to up-quarks, down-
quarks, and/or leptons become decorrelated.

• Inside each sector, they still go like Yukawa 
couplings.

Parameters: or maybe{MDM, gDM,MS , ✓H} {MDM, gDM,MS , gu, gd, g`}



S-Channel : Vector

M
as

s

Standard
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Dark
Matter

Mediator

• 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 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 , ⌘}



The Dark Matter Questionnaire
  Mass

  Spin

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No

Thermal Relic?



A Possible Timeline

  Mass

  Spin

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

  Thermal Relic?
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A Possible Timeline

LUX sees a handful of elastic 
scattering events consistent 
with a DM mass < 200 GeV.

  Mass: < 200 GeV

  Spin

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons?

  Leptons?

  Thermal Relic?

?

2020

2015

2016

2017

2018

2019



A Possible Timeline

LUX sees a handful of elastic 
scattering events consistent 
with a DM mass < 200 GeV. Fermi observes a faint gamma 

ray line at 150 GeV from the 
galactic center.

  Mass: 150 +/- 15 GeV

  Spin

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons?

  Thermal Relic?

2020

2015

2016

2017

2018

2019



A Possible Timeline

LUX sees a handful of elastic 
scattering events consistent 
with a DM mass < 200 GeV. Fermi observes a faint gamma 

ray line at 150 GeV from the 
galactic center.

Two LHC experiments see a 
significant excess of leptons 

plus missing energy.

  Mass: 150 +/- 15 GeV

  Spin

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons?

  Thermal Relic?

?

?

Super-CDMS sees 
a similar signal.

2020

2015
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2020

2015

2016

2017

2018

2019

Super-CDMS sees 
a similar signal.

A Possible Timeline

LUX sees a handful of elastic 
scattering events consistent 
with a DM mass < 200 GeV. Fermi observes a faint gamma 

ray line at 150 GeV from the 
galactic center.

Two LHC experiments see a 
significant excess of leptons 

plus missing energy.

Neutrinos are seen coming 
from the 

Sun by IceCube.No jets 
+ MET

  Mass: 150 +/- 15 GeV  

  Spin: > 0

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons

  Thermal Relic?

X



A Possible Timeline

LUX sees a handful of elastic 
scattering events consistent 
with a DM mass < 200 GeV. Fermi observes a faint gamma 

ray line at 150 GeV from the 
galactic center.

Two LHC experiments see a 
significant excess of leptons 

plus missing energy.

Neutrinos are seen coming 
from the 

Sun by IceCube.No jets 
+ MET

A positive signal of axion 
conversion is observed at an 

upgraded ADMX.

  Mass: 150 +/- 15 GeV  

  Spin: > 0

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons

  Thermal Relic?

X

  Mass: 20 μeV

  Spin: 0

  Stable?

Couplings:

 Gravity

  Photon Interaction

  Higgs?

  Quarks / Gluons?

  Leptons?

  Thermal Relic?X

X

Super-CDMS sees 
a similar signal.
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A Possible Timeline

LUX sees a handful of elastic 
scattering events consistent 
with a DM mass < 200 GeV. Fermi observes a faint gamma 

ray line at 150 GeV from the 
galactic center.

Xenon sees 
a similar signal.

Two LHC experiments see a 
significant excess of leptons 

plus missing energy.

Neutrinos are seen coming 
from the 

Sun by IceCube.No jets 
+ MET

A positive signal of axion 
conversion is observed at an 

upgraded ADMX.

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

relic density.
????

  Mass: 150 +/- 0.1 GeV  

  Spin: > 0

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons

  Thermal Relic

X

  Mass: 20 μeV

  Spin: 0

  Stable?

Couplings:

 Gravity

  Photon Interaction

  Higgs?

  Quarks / Gluons?

  Leptons?

  Thermal Relic?X

X
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Super-CDMS sees 
a similar signal.

A Possible Timeline

LUX sees a handful of elastic 
scattering events consistent 
with a DM mass < 200 GeV. Fermi observes a faint gamma 

ray line at 150 GeV from the 
galactic center.

Two LHC experiments see a 
significant excess of leptons 

plus missing energy.

Neutrinos are seen coming 
from the 

Sun by IceCube.No jets 
+ MET

A positive signal of axion 
conversion is observed at an 

upgraded ADMX.

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

relic density.
????

  Mass: 150 +/- 0.1 GeV  

  Spin: > 0

  Stable?

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

 Quarks / Gluons

  Leptons

  Thermal Relic

X

  Mass: 20 μeV

  Spin: 0

  Stable?

Couplings:

 Gravity

  Weak Interaction

  Higgs?

  Quarks / Gluons?

  Leptons?

  Thermal Relic?X

A multi-pronged search strategy identifies a mixture of dark 
matter composed of classic WIMPs and axions.

X
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Recap
• In lecture 2, we saw more examples of theories of dark matter.

• The UED  WIMP serves to illustrate the case in which dark matter is a 
boson, either a vector (5d) or a scalar (6d).

• Little Higgs theories with T-parity also have a vector WIMP, but one which 
prefers to couple to massive particles.

• Both show big differences compared to a SUSY Majorana WIMP!

• Super-WIMPs are harder to search for, and may be a hint of a nonstandard 
thermal history.

• Designer dark matter tries to fit the dark matter to the observations, rather 
than the other way around.

• Eventually, we can hope to assemble a designer theory of dark matter into 
a more fundamental theory with connections to deep questions.


