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Outline

• Dark Matter from Particle Physics
• Particle Physics in Extra Dimensions

• Universal Extra Dimensions: the KK “photon”
• Warped Extra Dimensions: the KK “neutrino”
• Extra dimensional “Gravity”: the light radion

• Little Higgs with T Parity
• Outlook

No discussion of axions... we’ll hear about them on Saturday!
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The Dark Side
The supernova data combined 
with the CMB points to a 
universe which is roughly 73% 
dark energy, 23% cold matter, 
and only a few % baryons.

What is this stuff?
Particle physics as we know it has no answer.

“Cold Dark Matter: An Exploded View” 
by Cornelia Parker
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Miracle and Mystery
• It is both miraculously easy and mysteriously difficult to 

get dark matter out of a typical theory of physics beyond 
the SM.

• The miracle is related to the relic density.  We expect 
there is new structure to explain EWSB at the TeV mass 
scale.  If we put in a typical gauge coupling of order one, 
we arrive at a non-relativistic cross section of order:

• Leading to a thermal relic density of order:               !
• The mystery is the fact that to be dark matter, such a 

new state must be stable at least on the order of the 
lifetime of the Universe.  Generically, such massive 
objects would have decayed away long ago.

4

〈σv〉 ∼ g2

m2
∼ pb

Ωh2 ! 0.1
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Extra Dimensions?
• In recent years, HEP theory has begun to explore theories with weak scale extra 

dimensions.

– The picture is that our familiar large 3 + 1 dimensions may be supplemented 
with more space-like directions.

– An immediate question is: why do the force laws we observe scale like 1 / r2 ? 
In more dimensions, they should fall off more quickly.

– This forces us to consider extra dimensions which are small (of order TeV-1 ~ 
10-17cm), or a brane world scenario.

• How to define a model with extra dimensions..
– Number of Extra Dimensions

– Topology: Line, circle, torus,…
– Geometry : Flat, warped,… 5th dimension

y

4 large dimensions

xµ
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Field Theory in 5 Dimensions
• To begin with, imagine our extra dimension is a circle (S1).
• This requires wave functions of any states to be periodic as one 

traverses the extra dimension.
• Mathematically, this is the particle-in-a-box problem familiar from 

basic Quantum Mechanics.
• 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 modes.
•  Each field has a tower of massive states with the same charge and 
spin as the zero mode, but with masses given by  n / R. 
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Orbifold
• 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.

• Chiral fermions result from boundary 
conditions:
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KK Decomposition
• We expand fields in KK modes:

• Even fields (Aµ, ΨL) have zero modes:

• Odd fields (A5, ΨR) don’t:

• Each SM field has a tower of “partner fields” 
with mass n / R but the same charge and spin.
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Universal Extra Dimensions
• The framework is that all fields live in all dimensions:

– Quarks & Gluons
– Leptons
– Photons and Gauge Bosons
– Higgs
– Gravity

• This is unlike the “brane world” scenario where 
everything except gravity is stuck to some point.

• This universality implies a translational invariance along 
the 5th dimension, and thus conservation of momentum 
in that direction.

• The result is a stable particle, necessary to have a dark 
matter candidate.
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Why Universal Extra Dimensions?
• Proton Decay

– Generically, extra dimensional models are non-renormalizable, and have a 
low cut-off scale.

– Dangerous operators mediating proton decay can be automatically 
suppressed by considering UED models in 6d.

• TeV extra dimensions provide a natural setting for top 
seesaw models:
– A theory without a Higgs can still exhibit spontaneous symmetry-

breaking driven by KK modes of gluons.
– At high energies, the bound state Higgs breaks into quarks and 

gluons with no quadratic divergences.

• Number of generations:
– Cancellation of anomalies in six dimensions requires the number 

of families to be a multiple of three!

Appelquist, Dobrescu, Ponton, Yee PRL87, 181802 (2001)

Arkani-Hamed, Cheng, Dobrescu, Hall PRD62, 096006 (2000)

Dobrescu, Poppitz PRL87, 031801 (2001)
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KK Mode Spectrum
1/R = 500 GeV
Λ R = 20

Cheng, Matchev, Schmaltz
PRD66, 036005 (2002)

Terms living on  the
boundaries of the 
extra dimension 
modify the 
spectrum.  Such 
terms will be 
induced at the loop 
level, even if they 
vanish at some 
fundamental scale.



5/10/2007 - The Hunt for Dark MatterTim Tait 12

KK Parity
• Conservation of KK number is broken to conservation of 

KK parity: (-1)n by the boundary terms.

• KK parity requires odd KK modes to couple in pairs:
– The lightest first level KK mode is stable.
– First level KK modes must be pair-produced.

• The Lightest Kaluza-Klein Particle plays a crucial role in 
phenomenology, similar to the LSP of SUSY:
– All relic KK particles decay to LKPs.
– Any first level KK mode produced in a collider decays to zero 

modes and an LKP.
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Identity of the LKP
• Boundary terms play a role similar to 

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.
B1 – W3

1 Mass2 matrix
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LKP as Dark Matter
• We know how much dark matter the universe seems to require.
• The question, then, is for which regions of parameter space the 

LKP is a good dark matter candidate.
• The couplings of the LKP to matter are fixed by the structure of the 

theory.
• The LKP couples to one zero-mode matter particle, and one KK 

mode matter particle, with coupling given by the (measured) U(1) 
coupling of the Standard Model, g1, times the corresponding hyper-
charge, Y.

• What remains is to explore the mass spectra which lead to a relic 
abundance consistent with observation.
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Thermal Production & Freeze Out

59% charged leptons
35% hadrons
4% neutrinos 
2% Higgs

xf ~ 25 
For mKK ~ 1 TeV  : Tf ~ 40 GeV

• To estimate the relic density of the LKP, we assume it was originally in thermal 
equilibrium in the early universe.

• As the universe expands, eventually the density is small enough that they can no longer 
interact with one another, and fall out of equilibrium.

• Below this freeze-out temperature, the density of WIMPs per co-moving volume is fixed.

xf

From Kolb & Turner, “The Early Universe”
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Co-annihilation
• If the mass of e(1)

R (or any other level 1 KK mode) is close 
to B(1), it may substantially affect the relic density.

• They interact roughly with the same efficiency, 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!
• This is quite different from SUSY, where the neutralino is 

usually so feeble compared to everything else that 
coannihilation keeps it in equilibrium longer, and reduces 
the relic density.
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Relic Density

Δ is the splitting between the
 B(1) and e(1)

R masses.

e1R Coannihilation favors the
5d range 600-900 GeV.

The 6d range is
425-625 GeV.

G. Servant, T. Tait, NPB650, 351 (2003)
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More Complete Calculations...

18

Kong, Matchev JHEP 0601, 038 (2006) Burnell, Kribs PRD73, 015001 (2006)
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Figure 2: Relic abundance of KK dark matter as a function of mass after including coannihilation
of B(1) with all non-strongly interacting particles and quarks (blue), and all level one particles
(red) assuming in each case that all coannihilating particles have the same mass mγ(1)(1 + δ).
The solid and dashed lines show the values for δ = 0.01, and δ = 0.05.

11

Quasi-degenerate KK gluons and quarksFigure 6: The same as Fig. 4 but illustrating the effects of varying the SU(2)W -doublet KK electron
mass. From top to bottom, the solid lines show Ωh2 as a function of R−1, for ∆eL1

= 0.01, 0.001, 0.
The dotted line is the nominal UED case from Fig. 3.

eR1 is then too heavy to participate in any relevant coannihilation processes. The effective

cross-section (3.9) then receives no contributions from processes with eR1. Nevertheless,

the mass of eR1 enters σeff through the cross-section for the process γ1γ1 → e+e− (see

eqs. (4.3) and (4.5)). Then as we lower meR1
, σ(γ1γ1 → e+e−) is increased and this leads

to a corresponding increase in aeff as seen in Fig. 5b. This trend continues down to

∆eR1
∼ 0.1, where coannihilations with eR1 start becoming relevant. This can be seen in

Fig. 5c, where we plot geff (xF ) as a function of ∆eR1
. From its defining equation (3.10) we

see that geff (x) starts to deviate from a constant only when the exponential terms (which

signal the turning on of coannihilations) become non-negligible. The exponential terms are

all positive and increase geff . At the same time, there are new cross-section terms entering

the sum for σeff , so we expect the numerator in (3.9) to increase as well. This is confirmed

in Fig. 5d, where we plot the numerator of (3.9) simply as aeff (xF )g2
eff (xF ). From Figs. 5c

and 5d we see that both the numerator and the denominator of (3.17) increase at low ∆eR1
,

and so it is a priori unclear how their ratio will behave with ∆eR1
. In this particular case,

geff wins, and aeff (xF ) is effectively decreased as a result of turning on the coannihilations

with eR1. This feature was also observed in Ref. [6].

We are now in position to repeat the same analysis, but for the case of the SU(2)W -

doublet KK leptons #L1. In Fig. 6, in complete analogy to Fig. 4, we illustrate the effects on

the relic density from varying the SU(2)W -doublet KK electron mass. From top to bottom,

the solid lines show Ωh2 as a function of R−1, for ∆eL1
= 0.01, 0.001, 0. The dotted line is

again the MUED reference model. We see that the case of SU(2)W -doublet KK leptons is

different. Unlike #R1, they have weak interactions, and the extra terms which they bring

into the sum (3.9) are larger than the main annihilation channel. The increase in geff is

similar as before. As a result, this time the increase in the numerator of (3.9) wins, and the

– 17 –

Quasi-degenerate KK e1L

Δ = 0.01 (solid),   
      0.05 (dashed)
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KK Gravitons

19

mG1 > mB1 : A new source of B1!
(ratio of the actual required KK mass to
the value without gravitons contributing)

mG1 < mB1 : Super-WIMPs!

 (TeV)WGm
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

 
W

G
/m

K
K

m

0.7

0.75

0.8

0.85

0.9

0.95

1

 (TeV)WGm
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

 
W

G
/m

K
K

m

0.7

0.75

0.8

0.85

0.9

0.95

1

 (TeV)WGm
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

 
W

G
/m

K
K

m

0.7

0.75

0.8

0.85

0.9

0.95

1
C = 0.1

C = 1

C = 0.01

KK = 20mRT

Figure 4: Values of the ratio of the LKP mass consistent with ΩDM = 0.23 to the one obtained
in the absence of gravitons, mWG, for TR = 20 mKK, D = 5 and for C = 0.01, 0.1 and 1.

6.3 Additional Contributions to the Annihilation Cross Sec-

tion

Until now, we have only considered the effects induced by the annihilation of B1s
on the total relic density. However, several effects can change the density of the
B1s. For example, if we assume that the mass difference between the LKP and the
NLKP is less than about 10%, the NLKP is still thermally accessible to the LKP, and
the effective cross-section, including coannihilations must be used in Eq. (1). Also,
possible resonant effects induced by the second KK-level modes must be included [5,
6, 7, 8, 10]. Note that even though including these effects changes the mass of the
LKP consistent with the dark matter density without the inclusion of the gravitons,
mWG, and will certainly change any numerical results we obtain, the qualitative
picture we have presented here will remain unchanged.

16

Shah, Wagner PRD74, 104008 (2006)

FIG. 1: Bounds on the reheat temperature TRH as a function of mKK from the overclosure constraint

ΩG < 0.23 and the BBN constraint ζG < 10−12 GeV for D = 5, 7, as indicated. We assume
gKK
∗ = 200; the range in each bound arises from varying C from 0.001 to 0.1 (see text). In the

region with TRH < mKK/25, TRH is too low to generate the thermal relic abundance for WIMPs.

The vertical bands delimit regions where the B1 thermal relic abundance is too low (ΩWIMP < 0.1),
approximately right, and too high (ΩWIMP > 0.3).

number of graviton states at different KK levels implies that the production of gravitons
after reheating is extremely efficient and extremely sensitive to the reheat temperature TRH.
For d extra dimensions, the energy density in gravitons, given in Eq. (86), is

ζG =
∑

!n

mG!n

nG!n

s
∼

m2
KK

M4

(

TRH

mKK

)2+ 3d

2

. (95)

This is to be contrasted with the case of gravitinos [28, 29], for which

ζG̃ = mG̃

nG̃

s
∼

m2
SUSY

M4

TRH

mSUSY

. (96)

The constraints on TRH are therefore extremely stringent. They are presented in Fig. 1 and
are of the order of TRH

<∼ 1 − 10 TeV for 100 GeV < mKK < 1 TeV.
The constraints derived here are robust, being independent of the gravi-scalar mass [33]

and applicable irrespective of which KK particle is the LKP. These constraints also apply
in the presence of KK-parity violating interactions, as these will only serve to increase the
primordial graviton production and lead to the decay of gravitons to SM particles. They

17

Feng, Rajaraman, Takayama  
PRD68, 085018 (2003)

10-3 < c < 10-1
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Direct Detection
• Direct detection of dark matter attempts to see WIMP-nuclei scattering.
• At the fundamental level, the LKP scatters with quarks.

• Form factors relate quark interactions to nucleon scattering.
• Nuclear physics relates nucleon scattering to nuclear interactions.
• Energy is deposited in the nucleus target: ρ  : WIMP halo density

v  : WIMP velocity
f   : WIMP v distribution
σ0 : nucleon σ
F  : nuclear form factor
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Germanium Detectors

Very precise calorimeter, in 
order to see a clear excess.

GENIUS       : 100 kg 73Ge
GENIUS-2    : 104  kg 76Ge
MAJORANA : 500 kg 76Ge

G. Servant, T. Tait, NJP 4, 99 (2002)
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H. Cheng, J. Feng, K. Matchev, 
PRL89, 211301 (2002) 

Indirect Detection: γ

• WIMPs can annihilate into high 
energy gamma rays.

• Rates are rather sensitive to the 
profile of dark matter along the 
line of sight.

• Energetic photons from 
synchrotron radiation of charged 
particles is also possible, though 
this further depends on galactic 
magnetic fields.

• This may be observable at 
GLAST, MAGIC, or VERITAS for 
the lower range of LKP masses.

Bertone, Servant, Sigl PRD68, 044008 (2003)

Different DM profiles…

See also: Line emission: Bergstrom, Bringmann, 
Eriksson, Gustofsson,  hep-ph/0412001
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Indirect Detection: e+

• WIMPs in the galactic halo can 
annihilate into e+ e-.

• The e+ can be detected by 
space-based experiments, such 
as AMS.

• LKPs prefer to annihilate into    
e+ e-, and produce mono-
energetic positrons.

• This is a striking signal, clearly 
visible against backgrounds for 
mKK less than about 500 GeV.

H. Cheng, J. Feng, K. Matchev, 
PRL89, 211301 (2002) 

Another interesting signal: neutrinos from the sun!  
Hooper, Kribs PRD67, 055003 (2003)

See also: Baltz, Hooper JCAP 0507, 001 (2005)
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More Dimensions?
• More dimensions allow for more 

complicated compactifications 
and orbifolds.

• An interesting 6d example is the 
“chiral square”.

• This theory has a different LKP 
(a scalar BH(1,1)  ).

• We still don’t have a complete 
relic density computation, or 
direct/indirect search prospects, 
though we have some collider 
results.

24

Burdman, Dobrescu, Ponton PRD74, 075008 (2006)
Dobrescu, Kong, Mahbubani hep-ph/0703231

Burdman, Dobrescu, Ponton
JHEP 0602, 033 (2006)
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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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Warped Extra Dimension?
• Another possibility is that the extra 

dimension is warped (Randall-Sundrum), 
with non-zero bulk curvature.

– Such theories naturally solve the hierarchy 
problem and lead to GUTs.

– However, they generically lead to much too 
rapid proton decay, requiring the imposition of 
more symmetries.

– A particular SO(10) model splits the families 
among three 16s of SO(10), with different Z3 
charges.  The lightest Z-odd particle is stable! 

– This turns out to be the right-handed neutrino 
(KK mode) which lives in the same multiplet 
as the right-handed top quark (zero mode).

– It can have the correct thermal relic density 
for a wide range of masses.  The processes 
maintaining equilibrium can proceed either 
through the ordinary Z or a Z’ KK mode from 
the broken part of SO(10).

– Preferred coupling is to the LZP’s GUT 
partner, the ordinary RH top quark.

Agashe, Servant PRL93, 231805 (2004)
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Light Radion?
• Any theory with an extra dimension contains a scalar field, the radion, 

which is the modulus describing the size of the extra dimension.

• In 5d, the KK modes of g55 are eaten by the massive spin-2 modes.
• The massless mode is a physical degree of freedom, but it must gain 

a mass to stabilize the size of the extra dimension.

• Its couplings are gravitational,                                                                        
and thus highly suppressed,                                                                     
allowing for the possibility that                                                                            
it is long lived.                  

• It can be produced non-thermally                                                                         
through a coherent misalignment                                                                               
during inflation (like the axion).

Kolb, Servant, Tait
JCAP0307, 008 (2003)
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Little Higgs with T-Parity
• A class of models solves the little 

hierarchy problem by proposing that the 
Higgs is a pseudo-Nambu-Goldstone 
boson.  

• The idea is beautiful, but early efforts were 
strongly constrained by precision EW data, 
because of tree level effects from heavy 
states.

• A cure is to introduce a new discrete 
symmetry, T-parity, which forces the new 
states to couple in pairs, and thus leads to 
pair production at colliders, and the 
lightest of them to be stable: dark matter!

• Some UV completions may not respect T-
parity, and would affect collider physics 
and remove the dark matter candidate...

27

Figure 1: We plot a sample spectrum for the littlest Higgs with T-parity. The top quark
mass and two values of the Higgs mass are plotted as a reference. The spectrum of heavy
particles is plotted for f = 1 TeV. The Φ mass is plotted for two different values of the
Higgs mass, MH = 115, 130 GeV. A value of sλ = 1√

2
is used to determine the masses of t′+

and t′−.

One should immediately note that in this class of models with a third set of gauge groups
which is neutral under T-parity, there will be new T-even heavy gauge bosons. In addition,
there will also be T-even heavy scalars. Having T-even heavy gauge bosons and scalars is a
rather dangerous prospect given that EWPT normally require the scale f to be large, which
reintroduces a fine tuning [13, 15]. In this class of model with three sets of SU(2) × U(1)
gauge groups the problem of raising the scale f is avoided by taking the gauge couplings gr

of the third set to be gr ∼ 4π, which decouples the heavy T-even gauge bosons. The new
heavy T-even scalars can be decoupled by introducing strongly coupled plaquette operators
which raise the scalar masses to O(10 TeV).

If one is willing to take the limits just described to avoid the constraints of EWPT,
the resulting theory will be identical in the gauge and scalar sectors (around the TeV scale
and below) to the littlest Higgs with T-parity discussed in Section 2.1. The only difference
between the implementation discussed in Section 2.1 and the (SU(5)×Gr)/SO(5) models
arises in the fermion sector. All of the implementations of the fermion sector have a mirror
fermion type implementation of the SM fermions (e.g. (2.20)). The type of Σ or ξ fields
available in the particular model [19] will dictate the number of fermions required to write
down a heavy Yukawa to lift the mass of one set of fermions as in (2.20). One thing that
must be pointed out is that in the top sector, all three types of littlest Higgs with T-parity
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5/10/2007 - The Hunt for Dark MatterTim Tait

T-parity, Little Higgs:  Dark Matter!
• Annihilation is (mostly) through 

Higgs bosons, implying a 
strong correlation between the 
Higgs mass and the relic 
density.

• When MH ~ 2 MAH , there is a 
resonant enhancement of the 
annihilation, and the relic 
density is highly damped.

• Direct detection will probably 
be similar to the LKP. (The 
LKP was also dominated by a 
Higgs exchange for most of 
parameter space).  It would be 
nice to have explicit 
calculations, results for indirect 
detection, and exploration of 
other models.

28
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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Outlook
• Many theories of physics beyond the Standard Model predict new 

massive weakly interacting particles.
• Many of them also invoke new symmetries, to avoid inconvenient 

effects such as proton decay, flavor-violation, or large contributions 
to precision electroweak data, leading to stable or long-lived 
particles.

• There is a rich interplay between potential signals from direct 
detection, indirect detection, and colliders.

• Most likely, we need a combination of all three to really unravel the 
identity of dark matter, and there is a lot of potential for one type of 
measurement to benefit from another one.

• Whatever the nature of dark matter, particle physics will expand to 
include it, and hopefully provide a context to understand it...
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Supplementary
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Orbifolds are Opaque
• Even theories without localized fields 

have terms on boundaries.
• The orbifold, identifying (y and –y), 

implies the theory can’t tell one 
direction from another.

• Loops of fields generate p5 non-
conserving terms.

• In position space, these are equal 
terms on both boundaries.

• The loops are log-divergent, indicating 
that they are incalculable parameters 
of the effective theory.
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Boundary Kinetic Terms
• The terms living on the boundaries change the physics.
• They alter the KK decomposition:

• KK wave functions satisfy:
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Opaque Orbifolds
The wave functions are:

With quantized masses:

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

The boundary terms change the masses
and wave functions.  Since each field
has a potentially different boundary
term, this splits the degeneracy between
the entire KK level and allows i.e., some 
KK modes of the first level to decay.
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Effective Theory for UED
• To define a model of UED, one must specify:

– Bulk Interactions, i.e.:

– Boundary terms, i.e.:

– Each field has a (potentially different) kinetic term living on the 
boundaries of the extra dimension.  These free parameters play 
an important role in the resulting phenomenology of the universal 
extra dimension.
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NaI Detectors

Search strategy is to see an 
annual modulation of events 
as the earth revolves around 
the sun.
DAMA: 100 kg NaI
LIBRA: 250 kg NaI

G. Servant, T. Tait, NJP 4, 99 (2002)
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Collider Signatures
• Another interesting avenue would 

be to discover LKPs (and other KK 
modes) at high energy colliders.

• Current precision bounds are       
1 / R > 200 GeV.

• One would expect Tevatron limits 
are on the same order, though no 
detailed analysis exists.

• Complicated cascade decays are 
possible, especially for coloured 
KK modes of q and g.

• In order to study the dark matter 
scenario more directly, I will focus 
on B(1) and e(1)

R, though cross 
sections may be smaller.

Fermilab
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Monojet Signature
• One could look for pairs of 

LKPs accompanied by initial 
state radiation.

• The LKPs themselves escape 
from the detector.

• Unfortunately, this is sensitive 
to the KK quark masses.

• Physics backgrounds come 
from Z + jet production, with Z 
decaying into neutrinos.

• Fake backgrounds are from 
missed jets, energy 
mismeasurement, etc.

• At an e+ e- collider: γ + missing 
energy.



5/10/2007 - The Hunt for Dark MatterTim Tait 38

Leptons + Missing Energy
• Another mode is pair production of e(1)

R, followed by its decay into   e(0) + B(1).

• This process is not sensitive to KK 
quark masses.

• Physics backgrounds are diboson 
production, dominantly W pairs.

• Fake backgrounds are from Drell-Yan 
+ missed jets, etc.

• A linear collider is limited by 
kinematics, but can also search 
effectively.

J. Hewett, T. Rizzo, T. Tait, in  progress
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e+e- Linear Collider
• One pressing question for 

particle physics is how we will 
be able to tell one theory from 
another.

• In particular, the theory with 
universal extra dimensions can 
be very similar to 
supersymmetry.

• Each theory has partner fields 
for each SM particle.  The 
difference is the spin of the 
partner.

• A high energy e+ e- collider 
can distinguish the spins.

J. Hewett, T. Rizzo, T. Tait, in progress


