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• KK parity: UED Dark Matter

• 5d UED Dark Matter
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• 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.
0

0.5

1

1.5

2

2.5

3

3.5

4

0 10 20 30 40 50 60 70 80 90 100

n=4

n=3

n=2

n=1

Two branes, r1 = r2

r1 / R

M
as

s (
 1

 / 
R

 )

M. Carena, TMPT, C. Wagner, 
APP B33, 2355 (2002) 



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 )

⎛
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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.
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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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G. Servant, TMPT, NJP 4, 99 (2002)



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

of the weak mixing angle.
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The corresponding leading terms in the non-relativistic expansion are
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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 =
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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
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+ , 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
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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)
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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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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
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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.
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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
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Figure 2. The search reach of the ADMX RF-cavity experiments over the next 3 years. The first decade of
allowed axion mass will be explored at “definitive” sensitivity to QCD axions over the next year. The middle
decade will be explored at over the following two years. These two decades are expected to encompass the
mass of the dark matter axion.

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

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

Community Planning Study: Snowmass 2013

1310.8642

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

4.7 Superheavy dark matter

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

Community Planning Study: Snowmass 2013

1310.8642

Possible X-ray Signal
(mentioned by Tracy)
[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.

10

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

9
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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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Self-Interacting DM?
• As Tracy explained yesterday, 

comparisons of observations with 
simulations for galaxy formation 
reveal tensions which could be 
ameliorated by positing dark matter 
which is strongly self-interacting.

• For example, dark matter with large 
enough self-interactions could retain 
the successes describing large scale 
structure, but show measurable 
differences at the smallest scales.

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

• Nonetheless, astronomy provides a 
unique perspective on properties that 
particle searches cannot probe.

CDM

SIDM
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�

�

�

�

Markevitch et al; Clowe et al

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



Example: A Dark SU(N)
• We can engineer large self interaction by 

considering a dark sector which is pure gauge 
theory hidden sector SU(N).

• If any matter charged under the hidden gauge 
group and the SM is extremely heavy, there is no 
relevant interaction between the dark sector and 
the SM.

• At high energies, the theory is described by 
weakly coupled dark gluons.

• At low energies, the dark gluons confine into 
massive dark glueballs.

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

M
as

s ⇠ 7⇤

Boddy, Feng, Kaplinghat, 
Shadmi, TMPT 2014



Glueball Interactions

• In this theory, nothing can be computed very reliably 
in perturbation theory.

• Lattice gauge theory may be able to help.

• Nonetheless, the self-interactions of the glueballs will 
be roughly given by the geometric cross section for 
strongly coupled objects of size ~ 1 / Λ.

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

Amusingly close to ΛQCD…

� (gb gb ! gb gb) ⇠ 4⇡

⇤2N2 ⇠ ⇤�1{



Glueball Parameter Space

• The relic density of the glueballs depends on the temperature of the hidden 
sector relative to the SM (ξ = Τh / ΤSM).  An interesting parameter space has ~ 
observable self-interactions and the correct relic density.
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FIG. 3: Glueball dark matter in the case of a non-supersymmetric pure gauge SU(N) hidden sector. The
self-interaction cross section and relic density are given in the (⇠

⇤

,⇤) plane, where ⇤ is the confinement
scale in the hidden sector, and ⇠

⇤

⌘ Th/T is the ratio of hidden to visible sector temperatures at the time
that Th = ⇤. The self-interaction cross section is in the range h�T i/mX = 0.1 � 1 cm2/g in the shaded
region. The glueball relic density is ⌦

gb

= ⌦
DM

' 0.23 on the diagonal contours for the number of colors N
indicated.

IV. GLUEBALLINO SELF-INTERACTIONS

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

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

1

2
mXv2 � ⇤ , (5)

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

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

• In the limit where any particle mediating 
interaction between the SM and the DM is 
extremely heavy, all models flow to a 
universal set of effective field theories.
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Example: Majorana WIMP

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

• There are 10 leading operators 
consistent with Lorentz and gauge 
invariance that describe WIMPs 
coupling to quarks or 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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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.

Goodman, Ibe, Rajaraman, Shepherd, TMPT, Yu 1005.1286 & PLB
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models. Colliders can also access interactions which are
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what lighter than any other particles in the dark sec-
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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]
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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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• The various types of interactions 
are accessible to different kinds of 
experiments.

• Spin-independent elastic 
scattering

• Spin-dependent elastic scattering

• Annihilation in the galactic halo

• Collider Production



Annihilation
• We can map each interaction into a 

prediction for WIMPs annihilating.

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

• We can use this simple sketch of a 
theory of dark matter to translate 
the results from direct and collider 
searches into the same parameter 
space.

• Colliders continue to do better for 
lighter WIMPs whereas direct 
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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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.

• Within this theory framework, there is a lot of complementarity in coverage of 
the parameter space.

• Covering the space is not enough.  If we see conflicting information from two 
types of searches, it really means that we are seeing a break-down of our 
theoretical assumptions, which in this case means more light particles.



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~
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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:

�dR
SI =

1

64⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Md̃

◆4 ✓
2� Z

A

◆2

(13)

�dR
SD =

3

64⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Md̃

◆4

(�dN +�sN )2 (14)

�qL
SI =

9

64⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Mq̃

◆4

(15)

�qL
SD =

3

64⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Mq̃

◆4

(�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
SD =

3

16⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Md̃

◆4

(�dN +�sN )2 (18)

�qL
SD =

3

16⇡

M2
NM2

�

(MN +M�)2

✓
gDM

Mq̃

◆4

(�uN +�dN +�sN )2

(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.



12

(a)

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

and Direct Detection bounds for Majorana Dark Matter
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FIG. 12: The predicted maximum annihilation cross
section from the combined Collider and Direct

Detection bounds for Dirac Dark Matter

uR Model: Forecasts~

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

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

• We can also ask where in parameter 
space this simple module would lead to 
a thermal relic with the correct relic 
density (σv ~ 10-26 cm3/s).

Dirac

Majorana



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.


