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Outline

I was asked to talk about synergies between direct, indirect, and collider 
searches for dark matter.

Each of those topics is way too large for even a one hour talk...  So 
this discussion is going to be very incomplete and personalized.

Outline:

Effective theories as a language to describe dark matter interactions.

Gamma ray related examples.

Positron-inspired examples.

An inelastic dark matter example.

Outlook.



The Common Thread

The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.

Fitting these interactions into the context of the Standard Model involves 
formulating a quantum field theory of WIMPs.

Indirect Detection
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Categorizing WIMPs

WIMPs are physics beyond the SM:
Neutral, massive, and (at least 
approximately) stable.

That still leaves a lot unknown:
Spin
Electroweak charge
Real/Majorana or Complex/Dirac

The usual approach is to explore WIMPs 
that occur as a by-product of solutions to 
other problems.

That is probably going to be the case.
We  still need to be ready for a host 
of possibilities and variations.

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

Dark Matter is an experimental “problem”, and deserves its own theoretical description!



Effective Theory

For given choices of the WIMP spin, EW representation, etc, we can 
construct an effective theory describing interactions with the SM:

For example, a complex scalar WIMP that is an EW singlet:

This example has a conserved U(1)χ.

Each parameter Λ (and λ) is a (different) coupling, and in principle is 
something to measure in order to understand the particle physics of 
WIMPs.

The theory is a power series in 1 / Λ’s, descriptive for energies < Λ.
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“Model Independent”

There is a different effective theory for different choices of spin, 
complexity, EW representation, etc, for the WIMP.

Many important properties (such as spin-suppression) are evident 
even in the effective theory.

In principle, for any fundamental theory of WIMPs, I can map the 
parameters of the theory onto the effective interactions in our 
Lagrangian.
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A Dark Sector?

There may be an entire dark sector 
of particles, with the WIMP as the 
lightest stable new particle.

Anything with mass below the Λ’s 
needs to be included in our effective 
theory along with the WIMP.  

As we discover new particles, we 
can add them to the theory.

Our higher dimensional operators 
(hopefully) become resolved as 
renormalizable interactions of the 
WIMP with its dark sector cousins.

Five dimensional UED

Colored 
KK Modes

Lightest KK Particle 
(WIMP)

Cheng, Matchev, Schmaltz
PRD66, 056006 (2002) 

3

electroweak interactions are a few percent. We find that
the corrections to the masses are such that mgn

> mQn
>

mqn
> mWn

! mZn
> mLn

> m!n
> m"n

. The light-
est KK particle !1, is a mixture of the first KK mode
B1 of the U(1)Y gauge boson B and the first KK mode
W 0

1 of the SU(2)W W 3 gauge boson. (The possibility of
the first level KK graviton being the LKP is irrelevant
for collider phenomenology, since the decay lifetime of !1

to G1 would be of cosmological scales.) We will usually
denote this state by !1. However, note that the corre-
sponding “Weinberg” angle "1 is much smaller than the
Weinberg angle "W of the Standard Model [10], so that
the !1 LKP is mostly B1 and Z1 is mostly W 0

1 . The mass
splittings among the level 1 KK modes are large enough
for the prompt decay of a heavier level 1 KK mode to a
lighter level 1 KK mode. But since the spectrum is still
quite degenerate, the ordinary SM particles emitted from
these decays will be soft, posing a challenge for collider
searches.

The terms localized at the orbifold fixed points also
violate the KK number by even units. However, assum-
ing that no explicit KK-parity violating e!ects are put
in by hand, KK parity remains an exact symmetry. The
boundary terms allow higher (n > 1) KK modes to decay
to lower KK modes, and even level states can be singly
produced (with smaller cross sections because the bound-
ary couplings are volume suppressed). Thus KK number
violating boundary terms are important for higher KK
mode searches as we will discuss in Section IV.

III. FIRST KK LEVEL

Once the radiative corrections are included, the KK
mass degeneracy at each level is lifted and the KK modes
decay promptly. The collider phenomenology of the first
KK level is therefore very similar to a supersymmetric
scenario in which the superpartners are relatively close
in mass - all squeezed within a mass window of 100-200
GeV (depending on the exact value of R). Each level
1 KK particle has an exact analogue in supersymmetry:
B1 " bino, g1 " gluino, Q1(q1) " left-handed (right-
handed) squark, etc. The decay cascades of the level 1
KK modes will terminate in the !1 LKP (Fig. 3). Just
like the neutralino LSP is stable in R-parity conserving
supersymmetry, the !1 LKP in MUEDs is stable due to
KK parity conservation and its production at colliders
results in generic missing energy signals.

It is known that supersymmetry with a stable neu-
tralino LSP is di"cult to discover at hadron colliders
if the superpartner spectrum is degenerate. Hence the
discovery of level 1 KK modes in MUEDs at first sight
appears problematic as well – the decay products result-
ing from transitions between level 1 KK states may be
too soft for reliable experimental observation at hadron
colliders. This issue is the subject of this Section.

Before we address the possible level 1 discovery chan-
nels in some detail, we need to determine the allowed

FIG. 3: Qualitative sketch of the level 1 KK spectroscopy de-
picting the dominant (solid) and rare (dotted) transitions and
the resulting decay product.

decays at level 1 and estimate their branching fractions.
For any given set of input parameters (3) the mass spec-
trum and couplings of the KK modes in MUEDs are
exactly calculable [10]. Hence one obtains very robust
predictions for the main branching ratios of interest for
phenomenology.

KK gluon.— The heaviest KK particle at level 1 is the
KK gluon g1. Its two-body decays to KK quarks Q1 and
q1 are always open and have similar branching fractions:
B(g1 # Q1Q0) $ B(g1 # q1q0) $ 0.5.

KK quarks.— The case of SU(2)-singlet quarks (q1)
is very simple – they can only decay to the hyper-
charge gauge boson B1, hence their branchings to Z1

are suppressed by the level 1 Weinberg angle "1 % "W :
B(q1 # Z1q0) $ sin2 "1 ! 10!2 & 10!3 while B(q1 #
!1q0) $ cos2 "1 ! 1. Thus q1 production yields jets
plus missing energy, the exception being t1 # W+

1 b0 and
t1 # H+

1 b0 (the latter will be in fact the dominant source
of H+

1 production at hadron colliders).
SU(2)-doublet quarks (Q1) can decay to W±

1 , Z1 or
!1. In the limit sin "1 % 1 SU(2)W -symmetry implies

B(Q1 # W±
1 Q"

0) $ 2B(Q1 # Z1Q0) (4)

and furthermore for massless Q0 we have

B(Q1 # Z1Q0)

B(Q1 # !1Q0)
$

g2
2 T 2

3Q (m2
Q1

& m2
Z1

)

g2
1 Y 2

Q (m2
Q1

& m2
"1

)
, (5)

where g2 (g1) is the SU(2)W (U(1)Y ) gauge coupling, and
T3 and Y stand for weak isospin and hypercharge, corre-
spondingly. We see that the Q1 decays to SU(2) gauge
bosons, although suppressed by phase space, are numeri-
cally enhanced by the ratio of the couplings and quantum
numbers. With typical values for the mass corrections
from Fig. 2, eqs. (4) and (5) yield B(Q1 # W±

1 Q"
0) !

65%, B(Q1 # Z1Q0) ! 33% and B(Q1 # !1Q0) ! 2%.

Spectrum of States/Decays



I was asked to talk about synergies 
between direct, indirect, and collider 
searches for dark matter.

Relic Density

Ordinary Matter
Dark Matter
Dark Energy

We usually infer the annihilation cross 
section from the relic density:

This constrains a hypersurface in 
the space of couplings and mass.

Still, we need to be ready for surprises.
The Universe may not have behaved 
at early times the way we infer.
The WIMP may not have been 
thermally produced.

Super-WIMPs
Asymmetric dark matter

!!v" # g4

M2
$ 1 pb



Examples of Synergies



Indirect Detection

WIMPs may still be  annihilating today, producing particles we can 
detect here.

For high energy photons and neutrinos, annihilation in our galaxy is 
described by a cross section which depends on the WIMP model, and 
the density of WIMPs along the line of sight, squared.

For charged particles, a slight complication is that they typically scatter 
on their way through the galaxy.  Propagation through the ISM needs to 
be accounted for.

χ

χ

dN

E
=

d!!v"

dE

!
dl "2

DM (l)
DM density

Distance along line of sight
Microphysics

d WIMPs could also decay... as 
Roni Harnik will explain shortly! 



A WIMP Forest?

WIMPs can annihilate into gamma rays 
which can be observed, e.g. by Fermi.

There is usually a continuum spectrum 
resulting from final state radiation, decays 
of π0’s, etc.

There may also be lines in the spectrum, 
caused by the two-body annihilation of 
WIMPS into a photon and another particle.

If the dark sector contains more exotic 
states which are kinematically accessible, 
there may a “forest” of lines.
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The 6d Chiral Square

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 a WIMP!

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

The (1,1) modes are KK even and have masses 
light enough that B(1,0) B(1,0) -> B(1,1)γ is allowed.

Bertone, Jackson, Shaughnessy TT, 
Vallinotto, arXiv:0904.1442 (PRD)
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Lines of the Chiral Square

γγ 

B(11)γ 
MLKP = 250 GeV

6d UED Model

10% Energy resolution

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

compressed profile

Hess Data

ΔΩ = 10-5

Zγ

For more details,
see Alberto 

Vallinotto’s talk 
on Tuesday!



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.

Gamma ray observations can observe the 
secondary line, and measure the mass - 
telling the LHC where to look. (Which 
given the narrow width may be important).  

The LHC is needed to fit the additional 
state into the big picture, measuring its 
spin, coupling to SM states.

Together, each brings 
more information than 
either can attain alone!
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Higgs in Space?!

In an RS model of dark matter (where the 
WIMP is a KK right-handed neutrino), it 
is possible to have annihilations  into a 
photon and the Higgs.

Fermi could potentially see the Higgs 
before the LHC does!

Of course, what Fermi sees is a line with 
a given energy.  The LHC itself will be 
necessary to understand the nature of  
the secondary line in the forest.

Knowing the hγ line is there reveals facts 
about the spin/statistics of the WIMP.
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Positrons from PAMELA
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FIG. 4: PAMELA positron fraction with theoretical models. The PAMELA positron

fraction compared with theoretical model. The solid line shows a calculation by Moskalenko &

Strong[39] for pure secondary production of positrons during the propagation of cosmic-rays in the

galaxy. One standard deviation error bars are shown. If not visible, they lie inside the data points.

a magnetic spectrometer consisting of a 0.43 T permanent magnet and a silicon microstrip

tracking system. The spectrometer measures the rigidity of charged particles through their

deflection in the magnetic field. During flight the spatial resolution is observed to be 3µm

corresponding to a maximum detectable rigidity (MDR) exceeding 1 TV. Due to the fi-

nite spatial resolution in the spectrometer, high rigidity (low deflection) electrons may ’spill

over’ into the positron sample (and vice-versa) if assigned the wrong sign-of-curvature. This
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The PAMELA satellite looks 
for high energy anti-matter 

(positrons and anti-protons).

Right now there is an 
interesting excess in the ratio:

that seems to grow at high 
energies. 

No corresponding excess is 
observed for anti-protons.

e+

e+ + e!

(But see Gordy Kane’s talk shortly...!)



PAMELA

If we take the PAMELA signal 
seriously, it requires large cross 
sections which seem at odds with 
the expectations of the relic density.

An interesting idea is to enhance the 
cross section by invoking medium-
range forces between WIMPs - a 
dark version of the Sommerfeld 
effect.

Various astrophysical observations 
provide interesting limits on the 
parameter space.

18

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
e! ei

R

x dx!keff(x
!). Note that for 1 ! x ! 1/!!, the

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

the neighborhood of x # 1/!! we have k2
e! # !!e!"!x, and

!

!

!

!

k"
e!

k2
e!

!

!

!

!

# $
!!e
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2
"!x #

!!

ke!
(A40)

so the WKB approximation breaks down when ke! # !!, where the WKB amplitude is # !!1/2
! . 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

!!
#

"M

m!
(A41)

We did this analysis for !v " 0, but clearly it will hold for larger !v, till !v # !!, at which point it matches smoothly

to the 1
"v

enhancement we get for the Coulomb problem. The crossover with !v # !! is equivalent to Mv # m!, 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 !! 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 # !!/!2v up to the point where it gets cut o!

by finite width e!ects.

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 !! and !v in Figs. 6 and 7.
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FIG. 6: Contour plot of S as a function of !! and !v. 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

Arkani-Hamed, Finkbeiner, Slatyer, 
Weiner, arXiv:0810.0713

V = !!!
1
r
e!mr

force rangeforce strength

Hisano, Matsumoto, Nojiri, 
Saito, PRD71, 063528 (2005)

!v !
v

"
!! !

m

"M

See Fabio Iocco’s 
talk tomorrow...

8

a)

!

!

"

"

"
...

m" ! GeV

b)

!

!

"

"

FIG. 3: The annihilation diagrams !! ! "" both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/! exchange).

Because of the presence of a new light state, the annihilation "" " ## can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <! 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ! GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller $0 and p̄ signals. Consequently, an

important question is the tendency of # to decay to leptons. This is a simple matter of how # couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e! spectrum. A more promising approach would be to mix

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e! and µ+µ! give good fits to the PAMELA data,

while e+e! gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40% µ+µ! and 20%$+$!. At these masses, no direct decays into $0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ! m" [44].

Enhancement



Dark Forces?

PAMELA aside, it is also interesting to 
explore modified WIMP elastic scattering.

It’s hard to over-estimate how much 
colliders can contribute to our 
understanding of such a scenario.

The enhancement requires light states.  
Though they should have small couplings 
to the SM to have escaped detection so 
far, they can be produced at high 
luminosity colliders.

Another consequence could be weakly 
bound states of WIMPs : WIMPonium!

V = !!!
1
r
e!mr

force range

force strength

Bjorken, Essig, Schuster, Toro arXiv:0906.0580
See Philip Schuster’s talk after the break!

Shepherd, TT, Zaharijas
arXiv:0901.2125 [hep-ph]

m’s

Conditions for1s, 2s, and 2p States



WIMPonium at the LHC?

If  WIMPs couple to quarks and leptons, WIMPonia 
can be produced from a quark initial state and 
decay into leptons.  This looks like a Z’ search, 

appearing as a l+l- resonance at the LHC. 200 300 400 500 600 700 800 900
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WIMPonium at the LHC

Discovering WIMPonium at the LHC would 
be a sign that Sommerfeld effects in 
astrophysical processes (and maybe the 
relic density) may be important.

The spectrum of WIMPonium states tells us 
about the statistics (spin) of the WIMP, the 
inter-WIMP dynamics, and production and 
decay rates about couplings to the SM.

WIMPonium could also provide an 
excellent means to measure the mass of 
the WIMP, because the energy resolution 
on electrons and muons is far superior to 
that for jets, though probably larger than 
the WIMPonium binding energy.
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Direct Detection

The rate of a direct detection 
experiment depends on one power of 
the WIMP density (close to the Earth).

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

For roughly a decade, there has been 
an annual modulation signal seen by 
DAMA/Libra which is incompatible 
with the rate-driven experiments.
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Inelastic Dark Matter

Inelastic dark matter attempts to 
reconcile this discrepancy by postulating 
that WIMPs scatter inelastically.

This effectively enhances the annual 
modulation signal, because only the 
most energetic WIMPs have enough 
velocity to up-scatter.

It also favors higher mass targets (like 
Iodine).

If the mass of the WIMP is of order 100 
GeV and the mass difference is of order 
100 keV, we can expect a signal for 
DAMA while understanding why other 
experiments were not sensitive!
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Composite iDM

The natural question for a particle 
theorist is why one should have tiny 
(~100 keV) splittings among objects 
whose over-all mass scale is 100’s of 
GeV.

One interesting idea is that the WIMP 
may be a composite (from a new 
confined dark force), and the small 
mass scale associated with hyperfine 
splitting between its ground and 
excited states.

There may be production of  “dark 
quarks” followed by “dark showering” 
at the LHC!

!2 ! 16 and !2 ! 24 using the 12 half-keVee bins and
reported error bars between 2"8 keVee with 10 = 12"2
independent degrees of freedom. This model fits DAMA’s
reported rate and nuclear recoil spectrum remarkably
well.

We also compute constraints derived from the CDMS-
II[12], XENON10[14], CRESST-II[13], and ZEPLIN-
III[15] experiments. The limits for each experiment come
from averaging the cross section (9) over the reported
data runs and computing the 99% Poisson upper bounds
using each experiments’ observed rates.

CDMS-II reported a total of two events in the energy
range 10 to 100 keV with a total exposure in three data
runs of 19.4+34+121.3 kg-days [12]. All potential scat-
tering of dark matter is o! of 74Ge, and we derive a bound
by demanding at most 8 expected events. The threshold
velocity for inelastic scattering o! 74Ge is close to vesc,
rendering the sensitivity of CDMS-II highly uncertain.
This is reflected in the shaded green band in Fig 1. For
CRESST-II, we use the commissioning runs of the Verena
and Zora detectors, assuming scattering o! of 184W, with
a total e!ective exposure of 30.6 kg-days [13]. CRESST-
II reported a total of 7 events between 10 and 100 keV,
so we demand at most 16 expected events. XENON10
has an e!ective exposure for 131Xe of 316.4 kg-days and
reported 24 events in the range 4.5 " 45 keV [14]. Us-
ing reported e"ciencies, assuming a flat e"ciency of 0.35
above 26.9 keV, we demand at most 36 expected events
in the 4.5"45 keV range. ZEPLIN-III also uses 131Xe as
a target and has an e!ective exposure of 126.7 kg-days.
ZEPLIN-III reported 7 events in the range 10.7 to 30.2
keV [15], so we demand at most 16 expected events in
the same range.

Excluded by

XENON10+CRESST-II+ZEPLIN-III

M!d = 150 GeV
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FIG. 1: Values of fe!, defined in (10), and !, defined in
(5), that fit the DAMA/LIBRA signal for a benchmark point
of mA! = 1 GeV and M!d = 150 GeV are shown in light red
(!2 < 16) and dark red (!2 < 24). Regions currently excluded
by XENON10, ZEPLIN-III, and CREST-II are shown in grey.
We show the CDMS-II excluded region separately by a green
line with shaded band to highlight the impact of halo profile
uncertainties on CDMS-II exclusions of iDM.

COSMOLOGY

In the strongly coupled model of this letter, #H and
#L annihilate too e"ciently for their thermal abundance
to account for dark matter. Consequently, an asymmetry
must be generated for “dark meson number,” nM # nH"
nL. Dark mesogenesis could in principle be tied to the
Standard Model’s baryogenesis.

The "d meson is a simple iDM candidate. Here we
show that a dominant fraction of the dark meson num-
ber asymmetry resides in "d mesons rather than exotic
mesons, baryons, or #d mesons.

Exotic mesons and baryons are seeded by Coulomb-like
bound states of heavy quarks #H formed before confine-
ment, or created by merging of "d mesons after confine-
ment.

Before confinement, the gluon entropy exponentially
suppresses #H bound-state formation down to a tem-
perature T ! $ EB/ ln(s/nM) % EB/30, where s is
the entropy density of the Universe. For Nc & 4 and
M!d

<% O(104)$, T ! <% $ so gluon entropy prevents #H

bound-state formation with NH & 2 until confinement.
At confinement, #L quark-antiquark pairs nucleate to

screen the color charge of the #H . Confinement pref-
erentially leads to the formation of NH = 1 dark me-
son over higher-NH dark mesons or baryons. High-NH

dark meson formation is negligible because the #H are
dilute at the time of confinement. Formation of NH = 1
dark baryons is Boltzmann-suppressed for Nc

>% 4 be-
cause they have (Nc"2) more #L constituents than dark
mesons, so they are heavier.

After confinement, heavy-quark binding occurs via
"d + "d ' "d

(2) + G, where G is a glueball and "d
(2)

is an NH = 2 dark meson. For $ % O(1 GeV) and
mH % O(100 GeV), these reactions are endothermic be-
cause the glueballs have a mass mG = O($) >% EB . The
binding reactions of #H require large momentum trans-
fer pmin %

!
m!d(mG " EB) ( $, so the binding cross-

section is controlled by perturbative #H dynamics. The
thermally averaged "d binding cross-section is paramet-
rically

)$v* % e"(mG"EB)/T %2
t (pmin)
N2

c m2
H

, (13)

which is Boltzmann-suppressed for endothermic binding
reactions.

To summarize, #H binding is suppressed by entropy
for T ! $, and by the endothermic Boltzmann factor for
T & $. In fact, NH += 1 dark mesons have spin-0 ground
states and similar scattering properties to "d, so their
abundances can be significant. Constraints arise only
from NH = Nc dark baryons, with potentially large elas-
tic scattering cross-sections. Baryon formation proceeds
through a sequence of #H -binding reactions, so a mild
suppression of the binding rate at each stage significantly

3

πd

πd

πd

πd
πd

Alves, Behbahani, Schuster, 
Wacker, arXiv:0903.3945
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Outlook

Collectively, indirect, direct, and 
collider searches for dark matter 
are orthogonal and interesting.

Each represents a unique 
perspective on dark matter, and 
together they enhance our ability to 
assemble a theoretical description 
of the dark sector.

The next years will see 
unprecedented data on all three 
fronts.

Dark secrets will be revealed!
(Maybe not by July 15th....)
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PAMELA : Anti-protons!"#$%&'#'"()*+,
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PAMELA observes no excess of anti-
protons over expectations.



ATIC Electron Spectrum



WIMPs at the LHC?

Which particles are accessible 
depends on the collider.

At a hadron collider like the 
Tevatron or LHC, rates to 
produce new colored particles 
are largest because of the 
strong coupling. 

These particles are often less 
important to understand dark 
matter, but they decay into the 
EW particles (ultimately the 
WIMP itself) which are 
important.

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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Seeing the Invisible?

WIMPs interact so weakly that they are expected to pass through the 
detector components without any significant interaction.

Thus, they are invisible.

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

ψ

ψ

SM Particles

Radiation from the SM side 
of the reaction.

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

ψ

ψ
SM Particles } Missing 

Momentum

Visible radiation



WIMPs

One of the most attractive proposals for dark matter is that it is a 

Weakly Interacting Massive Particle.

To construct a WIMP theory, we extend the SM by some new particle ψ 
that we assume is neutral and heavy.  

We further assume that some selection rule requires ψ to always 
interact in pairs, so that no interaction will allow it to decay all by itself 
into SM particles, rendering it stable.

One of the mysteries of dark matter is why it is very massive but (at 
least to very good approximation) stable.

ψ decays.
The number of
ψ’s is conserved.



Relic Density

The final energy density of ψ, as a non-relativistic particle, is just given by 
its mass m times its density in the Universe today.

To understand the final density of WIMPs, to see if it matches the 
requirements of cosmology, all we need to specify is how effectively two 
WIMPs can scatter into SM particles,              σ(ψψ -> SM):

At temperatures below m, while ψ is in equilibrium, its number density 
will follow the familiar Boltzmann distribution:

So as the Universe cools below m, the number density of ψ decreases 
exponentially.

ψ

ψ
SM Particles

neq = g

!

mT

2!

"3/2

Exp [!m/T ]



Crossed Sections

As with indirect detection, a positive result from a 
direct detection experiment would be an exciting sign 
of dark matter.

However, direct detection also does not provide 
enough information to verify the WIMP hypothesis by 
reconstructing the relic density.

The rate is sensitive only to the cross section into 
quarks, and further, the crossing of one WIMP and one 
quark from initial to final state can have a large effect 
which is difficult to extract if direct detection is the 
only DM signal at hand.

As an example of how this works, consider the 
supersymmetric case where neutralinos annihilate into 
quarks through an s-channel Higgs.

The annihilation rate can have a large enhancement 
when the Higgs is close to on shell.  The direct 
scattering cannot.
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WIMPonium in the Galaxy

Another take on WIMPonium could be: whether or not PAMELA is coming 
from WIMPs, we have no idea what governσ WIMP elastic scattering.  The 
relic density is only very weakly sensitive to this property, and so provides 
little guidance.  We should explore experimental probes of this property.

If  WIMPonium exists, it can lead to other interesting phenomena:

Some WIMPs in the galaxy will become bound into WIMPonia.  This may 
enhance their annihilation rate (i.e. to explain PAMELA).

Transitions between WIMPonium states may result in a forest of spectral 
lines characterized by the WIMPonium binding energy:

For masses in the 100-1000 GeV range and α’s in the 0.1-0.001 range, 
these energies are of order 100 KeV - 10 GeV.

EB ! !2
!M"



WIMPs at LHC


