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So what is this stuff?

As a particle physicist, my job is to 
explore how dark matter fits into the 
bigger picture of particles.

What do we know about dark matter?

Dark (neutral)

Massive

Still around today 

Stable or with a lifetime of the 
order of the age of the Universe 
itself).

Nothing in the Standard Model of 
particle physics fits the description.“Cold Dark Matter: An Exploded View” by Cornelia Parker



Physics Beyond the SM

The Standard Model of particle 
physics has nothing with the right 
properties to be dark matter:

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

Neutrinos are too light.

Z and Higgs bosons are too 
short-lived.

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



Many Ideas...

3.  Dark Matter Candidates 
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Figure 20: The locus of various dark matter candidate particles on a mass versus interaction cross-
section plot35
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(Quasi) Stable

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

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

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

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

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

χ decays.

The number of χ’s is conserved.



WIMPs

One of the most attractive proposals for dark matter 
is that it is a Weakly Interacting Massive Particle.  

WIMPs naturally can account for the amount of 
dark matter we observe in the Universe.  

WIMPs automatically occur in many models of 
physics beyond the Standard Model, such as i.e. 
supersymmetric extensions.

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

Are we looking under the lamp post?

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

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

$59.99 for 20 servings



The WIMP Miracle

One of the primary motivations for WIMPs is the 
“WIMP miracle”, an attractive picture explaining 
the density of dark matter in the Universe today.

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

 The picture starts out with the WIMP in 
chemical equilibrium with the Standard Model 
plasma at early times.

Equilibrium is maintained by scattering of WIMPs 
into SM particles, χχ -> SM and vice-versa.

χ

χ
SM Particles

DM SMχ



Boltzmann Equation

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

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

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

(Almost) Nothing would be left!

dn

dt
+ 3Hn = −�σv�

�
n

2 − n
2
eq

�

neq = g

!

mT

2!

"3/2

Exp [!m/T ]

SM 
Particles

χ

χ



Freeze-Out

However, the expansion of the Universe 
eventually results in a loss of equilibrium.

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

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

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

Universe 
Expands

dn

dt
+ 3Hn = −�σv�

�
n

2 − n
2
eq

�



Relic Density

So the basic picture is:

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

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

We track the equilibrium density 
until freeze-out:

!"#$%&#'' ()&*####!+

(,--.-#/012#3/,-#40561715178-

9 1:)#;<=>?@A&&#
)B%A>C<&2

DC=%>C<&#EF<@
)GHA&IC<&

!"! !"!

9 &# #&)B %&>C=#C&>)FAJ>C<&#FA>)#
KF<HI#L)=<M#)GHA&IC<&#FA>)2

9 3C*:>#)GH)J>#EF))?)#<%>#A>#1#N#@O#
L%>#>:)#%&CP)FI)#)GHA&KI##$%&$'Q##
(CFI>#*%)II2#@R1#N#=&#S3T=R@UV#N#W"

Feng, ARAA (2010)

neq�σv� ∼ H

(mT )3/2e−m/T g4

m2
∼ T 2

MPl

m

T
∼ log

�
MPl

m

�
...and that’s how much dark 
matter we get!

m ∼ 100 GeV :
m

T
∼ 40



Relic Density

So the basic picture is:

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

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

We track the equilibrium density 
until freeze-out:

!"#$%&#'' ()&*####!+

(,--.-#/012#3/,-#40561715178-

9 1:)#;<=>?@A&&#
)B%A>C<&2

DC=%>C<&#EF<@
)GHA&IC<&

!"! !"!

9 &# #&)B %&>C=#C&>)FAJ>C<&#FA>)#
KF<HI#L)=<M#)GHA&IC<&#FA>)2

9 3C*:>#)GH)J>#EF))?)#<%>#A>#1#N#@O#
L%>#>:)#%&CP)FI)#)GHA&KI##$%&$'Q##
(CFI>#*%)II2#@R1#N#=&#S3T=R@UV#N#W"

Feng, ARAA (2010)

neq�σv� ∼ H

(mT )3/2e−m/T g4

m2
∼ T 2

MPl

m

T
∼ log

�
MPl

m

�
...and that’s how much dark 
matter we get!

m ∼ 100 GeV :
m

T
∼ 40



Relic Density

So the basic picture is:

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

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

We track the equilibrium density 
until freeze-out:

!"#$%&#'' ()&*####!+

(,--.-#/012#3/,-#40561715178-

9 1:)#;<=>?@A&&#
)B%A>C<&2

DC=%>C<&#EF<@
)GHA&IC<&

!"! !"!

9 &# #&)B %&>C=#C&>)FAJ>C<&#FA>)#
KF<HI#L)=<M#)GHA&IC<&#FA>)2

9 3C*:>#)GH)J>#EF))?)#<%>#A>#1#N#@O#
L%>#>:)#%&CP)FI)#)GHA&KI##$%&$'Q##
(CFI>#*%)II2#@R1#N#=&#S3T=R@UV#N#W"

Feng, ARAA (2010)

neq�σv� ∼ H

(mT )3/2e−m/T g4

m2
∼ T 2

MPl

m

T
∼ log

�
MPl

m

�
...and that’s how much dark 
matter we get!

m ∼ 100 GeV :
m

T
∼ 40



Relic Density

So the basic picture is:

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

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

We track the equilibrium density 
until freeze-out:

!"#$%&#'' ()&*####!+

(,--.-#/012#3/,-#40561715178-

9 1:)#;<=>?@A&&#
)B%A>C<&2

DC=%>C<&#EF<@
)GHA&IC<&

!"! !"!

9 &# #&)B %&>C=#C&>)FAJ>C<&#FA>)#
KF<HI#L)=<M#)GHA&IC<&#FA>)2

9 3C*:>#)GH)J>#EF))?)#<%>#A>#1#N#@O#
L%>#>:)#%&CP)FI)#)GHA&KI##$%&$'Q##
(CFI>#*%)II2#@R1#N#=&#S3T=R@UV#N#W"

Feng, ARAA (2010)

neq�σv� ∼ H

(mT )3/2e−m/T g4

m2
∼ T 2

MPl

m

T
∼ log

�
MPl

m

�
...and that’s how much dark 
matter we get!

m ∼ 100 GeV :
m

T
∼ 40



Relic Density

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

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



WIMP Interactions

Ideally, we would like to measure WIMP interactions 
with the Standard Model, allowing us to compute       
σ(χχ -> SM particles) and check the relic density.

If our predictions “check out” we have indirect 
evidence that our extrapolation backward to 
higher temperatures is working.

If not, we will look for signs of new physical 
processes to make up the difference.

The first step is to actually rediscover dark matter 
by seeing it interact through some force other than 
gravitational.

That tells us which SM particles it likes to talk to and 
in some cases something about its spin, mass, etc.

χ

χ
SM



WIMP Searches

WIMPs interacting with SM particles allow indirect searches for annihilation 
products, direct scattering searches, and production at colliders.

Indirect Detection
Collider Searches

Direct Detection

χ

χ
SM ParticlesWIMPs

χ χ

SM Particles

WIMPs

χ

χ
SM Particles WIMPs



Catalogue of Candidates

So here is how we’ll catalogue WIMPs:

Stability Mechanism

How they interact with the SM.

Relic density

Detection prospects

Direct

Indirect

Collider

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

G. Bertone



Supersymmetry (SUSY)

The most famous candidate for dark 
matter is a supersymmetric particle.

Supersymmetry is an extension of 
Poincare invariance to include fermionic 
generators

So in addition to the usual translations, 
rotations, and boosts, we have new 
transformations that ‘rotate’ fermions 
into bosons and vice versa.

Every particle needs a superpartner 
whose spin differs by 1/2.  If SUSY 
were exact, the superpartners would 
have the same masses as their SM 
counterparts.
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SUSY Interactions

If we break supersymmetry 
“softly”, the masses of the super-
partners will separate, but the 
interactions remain fixed by 
supersymmetry.

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

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

See: Martin, hep-ph/9709356 for a 
complete introduction to SUSY.

e

e

γ

γ

e~

e~

e~
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γ

γ
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Motivations for SUSY

SUSY has a lot of good motivation 
independently from its being a theory of 
dark matter.

The original motivation was to address 
the gauge hierarchy problem: the fact 
that the Higgs VEV is very sensitive to 
quantum corrections.

If there is some heavy particle which 
couples to the Higgs (i.e. a GUT gauge 
boson), quantum corrections try to 
drive the Higgs mass to its own mass.

SUSY cancels these large corrections by 
adding additional diagrams containing 
the superpartners.

∼ g2
GUT

16π2
M2

X

∼ −g2
GUT

16π2
M2

eX

H H

H~

X~

HH

X

: No fine-tuning!|M2
X −M2

eX | � v2



Gauge Coupling Unification

A by-product of the Minimal 
Supersymmetric Standard 
Model is improved gauge 
coupling unification.

In the SM, the gauge couplings 
approach each other, but don’t 
actually converge.

Somewhat miraculously, adding 
the MSSM particle content at 
the ~ TeV scale deflects the 
running and produces a 
convergence of the couplings.

Is this a mirage or nature 
telling us something?

SM

MSSM



R-Parity

By itself, supersymmetry does not 
imply a stable massive particle.

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

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

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

It produces a stable particle!

RP ≡ (−1)3(B−L)+2S

SM particles:   +1
Superpartners: -1

u

u u
ūd

e+

{ {
p

π0

�s



Identity of the LSP

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

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

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

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

32

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

3.2. Neutralinos

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

" = #B̃ + !W̃ 3 + $H̃1 + %H̃2 (51)

The solution for the coe!cients #, !, $ and % for neutralinos that make up
the LSP can be found by diagonalizing the mass matrix

(W̃ 3, B̃, H̃0
1 , H̃0

2 )

!

"""#

M2 0 !g2v1"
2

g2v2"
2

0 M1
g1v1"

2
!g1v2"

2
!g2v1"

2
g1v1"

2
0 !µ

g2v2"
2

!g1v2"
2

!µ 0

$

%%%&

!

""#

W̃ 3

B̃
H̃0

1

H̃0
2

$

%%& (52)

K. Olive, 
astro-ph/0301505

mSUGRA



Neutralino Dark Matter

In the MSSM, the 4 neutralinos are 
Majorana fermions which are 
mixtures of the superpartners of 
W3, B, and the two neutral Higgses.

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

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

Specific models of SUSY breaking 
may upset these expectations.

AMSB:  W3ino WIMP

�χ0
1 = N11

�B + N12
�W3 + N13

�H0
1 + N14

�H0
2

Bino: Couples to g1 Y 
(interactions with the SM 
involve the sfermions)

�B
�f

f
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admixture of each state is present.
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Annihilation

Now we have everything we need to 
look at neutralino annihilations.  This is a 
complicated process... but we can 
understand some general features.

Neutralinos are Majorana fermions.

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

No annihilation through an s-channel 
vector particle.

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

∼
m2

f

m2
χ

~ Higgsino
or

W3ino

~ Higgsino x Gaugino

Bottom Line: Suppressed σv
leads to generically too many Binos.



A Plethora of Processes
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Relic Density: Small Tan β
mSUGRA

3 Results

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

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

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

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

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

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

h2 < 0.1) and black(blue)

(0.3 < !!Z1

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

spectively. Points with m1/2

<! 150 GeV give rise
to chargino masses below bounds from LEP2; the
LEP2 excluded regions due to chargino, slepton and
Higgs searches are not shown on these plots. The
structure of these plots can be understood by ex-
amining the thermally averaged cross section times
velocity, integrated from zero temperature to TF .
In Fig. 2 we show this quantity for a variety of con-
tributing subprocesses plotted versus m0 for fixed
m1/2 = 300 GeV, µ > 0, and all other parameters as
in Fig. 1. At low values of m0, the neutralino annihi-
lation cross section is dominated by t-channel scat-
tering into leptons pairs, as shown by the black solid
curve. However, at the very lowest values of m0, the
annihilation rate is sharply increased by neutralino-
stau and stau-stau co-annihilations, leading to very
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Large Tan β
mSUGRA
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Figure 4: Regions of neutralino relic density in th m0 vs. m1/2 plane for A0 = 0 and tan! = 45.
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Figure 5: Thermally averaged cross section times velocity evaluated at TF for various subprocesses. The
thick light-grey(light-blue) curve denotes the total of all annihilation and co-annihilation reactions. Left:
m1/2 = 600 GeV, µ < 0, A0 = 0 and tan! = 45. Right: m1/2 = 300 GeV, µ > 0, A0 = 0 and tan! = 45.

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

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

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

We’ve already learned a fair amount 
about how neutralinos annihilate by 
studying the relic density.

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

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

Fermi searches for bb spectra...

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

A “smoking gun” signal!

3

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

M2 µ mA mf̃ Af tan# m! m
!±
1

Zh W± !!h2

3.2 1.5 3.2 3.2 0.0 10.0 1.50 1.51 0.92 0.39 0.12

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

!±
1

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

pairs (W±) and neutralino relic density (!!h2), as calculated
with DarkSusy [3] and micrOMEGAs [4]. Masses are given
in units of TeV.

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

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

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

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

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

1.5 TeV  (Mostly) Higgsino LSP
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recently [17, 23] (even though thermal production of such
a neutralino in general gives a too large !CDM, unless one
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model with a very large mass shift is shown (where the
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secondary spectrum, there are line signals from the direct
annihilation of a neutralino pair into !! [14] and Z! [15].
Due to the high mass of the neutralino, these lines cannot
be resolved but e"ectively add to each other at an energy
equal to the neutralino mass.

E" [TeV]

d
($

v
) "

/d
E

"
[1

0!
2
9
cm

3
s!

1
T
eV

!
1
]

0.1

1

10

102

103

104

0.1 0.5 1 2

FIG. 3: The total di"erential photon distribution from !!
annihilations (solid line) for the MSSM model of Table I. Also
shown separately is the contribution from radiative processes
!! ! W +W!" (dashed), and the W fragmentation together
with the !! ! "", Z" lines (dotted).

E" [TeV]

d
($

v
) "

/d
E

"
[1

0!
2
9
cm

3
s!

1
T
eV

!
1
]

10

30

2
0.6 1 2

FIG. 4: The same spectra as in Fig. 3, as seen by a detector
with an energy resolution of 15 percent.

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

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

The Majorana character also 
has important consequences for 
direct detection.

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

The Higgs exchange requires 
both gaugino and higgsino 
admixture.

(MSSM has a light Higgs!)

Direct detection is sensitive 
to MSSM parameter space!

4

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

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

An upper limit on the spin-independent WIMP-

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

At hadron colliders like the LHC, the 
largest signals tend to come from 
producing the colored superpartners.

“Cascade” decays down to the LSP.

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

Hard jets are also present.

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

Often pairs of leptons will have the 
same charge, a signal with small 
expected SM backgrounds.
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miss Search Interpretation 

Best expected signal region per model point is chosen 
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Reconstructing the MSSM

While we can hope to 
eventually have many, 
many signals to measure, 
the parameter space is 
also very large.

Even “simplified” 
versions have ~20 
parameters!

Mapping from signal 
to parameter space is 
very complicated and 
not generally one to 
one.

Figure 17: Comparison of IC/DC and the ATLAS 4j0l (
√
s = 7TeV, 1 fb

−1
and 50% sys-

tematic uncertainty assumed) searches. Here “PASS” and “FAIL” denote discovered or not

discovered, respectively. We display all points in the flat-prior model set in grey, models that

are estimated to be discoverable by both the IC/DC solar WIMP search and the ATLAS

search are displayed in pink, those expected to be seen by IC/DC but missed in the ATLAS

search in green, those expected to be missed by IC/DC but seen in the ATLAS search in

purple and those which are estimated to be unobservable by either search are displayed in

black.
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Reconstructing SUSY DM

With enough measurement, we can 
reconstruct the SUSY model 
sufficiently to compute the relic 
density, and see if it checks out.

This is a precision measurement!

Strong dependence on the 
composition of the LSP.

(Perhaps) strong dependence on 
slepton masses.

The funnel region depends on 
the Higgs couplings.

A precision collider such an ILC can 
help a lot...

Figure 7: Particle spectrum for point LCC1. The lightest neutralino is predominantly bino,
the second lightest neutralino and light chargino are predominantly wino, while the heaviest
two neutralinos and heavy chargino are predominantly Higgsino.

reference points. We will present the qualitative features of the analysis at each point
and display relevant projections of the MCMC data. Our final quantitative results
for the predictions of !!h2 and other WIMP properties are collected in Tables 11 and
12 in Section 9.

We begin with the point LCC1. The supersymmetry spectrum at this point is
shown in Fig. 7. The model contains light sleptons, with masses just above the mass
of the lightest neutralino. The most important annihilation reactions for determining
the relic density are those with t-channel slepton exchange. To predict the relic
density, we will need to make accurate measurements of the masses of the sleptons,
including the !! .

Many other e"ects must be controlled to obtain the cross sections relevant to
WIMP detection. The direct detection cross section is dominated by H0 boson ex-
change, and the annihilation cross section at zero energy, which enters the rates for
gamma ray and positron observations, is dominated by annihilation to bb.
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Baltz, Battaglia, Peskin, Wizansky, hep-ph/0602187

LCC1: Model with light sleptons.



Reconstructing SUSY DM

With enough measurement, we can 
reconstruct the SUSY model 
sufficiently to compute the relic 
density, and see if it checks out.

This is a precision measurement!

Strong dependence on the 
composition of the LSP.

(Perhaps) strong dependence on 
slepton masses.

The funnel region depends on 
the Higgs couplings.

A precision collider such an ILC can 
help a lot...

Figure 8: Relic density measurement for point LCC1. Histograms in this and all following
figures give the probability distribution dP/dx of the quantity on the x-axis, given the three
di!erent sets of accelerator constraints. Where the x axis is plotted logarithmically, the
probability plotted is actually dP/d log10 x. All histograms integrate to unity. Results for
the LHC make use of the assumption that the underlying physics model is supersymmetry.
This might not be clear from the LHC data alone.

The tail in the !!h2 distribution from the 500 GeV ILC is also a surprise. Its
explanation is given in Fig. 9(c), which shows the correlation between !!h2 and the
mass of the A0 boson in this likelihood function. The s-channel process involving
the A0 boson actually makes a small contribution to the annihilation cross section
at LCC1, and this must be fixed to determine the cross section to a level below 1%.
When we learn the mass of the A0 at the 1000 GeV ILC, this uncertainty in the
prediction of !!h2 is removed.

4.3 Relic density at SPS1a!

Nojiri, Polesello, and Tovey (NPT) [11] have also estimated the capability of
the LHC data to predict the neutralino relic density. Their analysis was done at a
point quite similar, but not identical to, LCC1. By adjusting the parameters of our
simulation, we can make a direct comparison of our results to those of NPT. In this
section, we will describe our analysis of the point considered in [11] and show that
our results are in good agreement. Since NPT used a di"erent method to arrive at
their estimate, this comparison provides a nontrivial check of the two methods.
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LCC1: Model with light sleptons.



Reconstructing SUSY DM

With enough measurement, we can 
reconstruct the SUSY model 
sufficiently to compute the relic 
density, and see if it checks out.

This is a precision measurement!

Strong dependence on the 
composition of the LSP.

(Perhaps) strong dependence on 
slepton masses.

The funnel region depends on 
the Higgs couplings.

A precision collider such an ILC can 
help a lot...

Baltz, Battaglia, Peskin, Wizansky, hep-ph/0602187

LCC4: Annihilation through A0.
Figure 46: Particle spectrum for point LCC4. The lightest neutralino is predominantly bino,
the second neutralino and light chargino are predominantly wino, and the heavy neutralinos
and chargino are predominantly Higgsino.
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Reconstructing SUSY DM

With enough measurement, we can 
reconstruct the SUSY model 
sufficiently to compute the relic 
density, and see if it checks out.

This is a precision measurement!

Strong dependence on the 
composition of the LSP.

(Perhaps) strong dependence on 
slepton masses.

The funnel region depends on 
the Higgs couplings.

A precision collider such an ILC can 
help a lot...

Baltz, Battaglia, Peskin, Wizansky, hep-ph/0602187

LCC4: Annihilation through A0.
Figure 47: Relic density measurement for point LCC4. The wino peak at very small relic
density is clear. See Fig. 8 for description of histograms.

we find that the relic density can be predicted to 19% accuracy.

7.3 Annihilation cross section

In Fig. 49, we show the prediction of the neutralino annihilation cross section at
threshold from collider data. Because the resonant annihilation through the A0 is
a simple S-wave process, this cross section is highly correlated with the predicted
relic density discussed in the previous section. The form of the prediction is, again,
complete ignorance until the A0 width is measured, and a sharp value thereafter. The
prediction of the exclusive annihilation cross sections to !! and !Z follow the same
pattern; this is shown in Fig. 50.

Because the annihilation cross section at threshold is large at LCC4, the collider
data gives us a significant ability to interpret the counting rates from experiments
that measure gamma rays from neutralino annihilation. In Fig. 51, we show the
determinations of !J(!)" for the galactic center and the canonical halo object de-
scribed in Section 4.4. For the galactic center, we expect 128 signal photons, over
360 background; for the canonical halo object, we expect 100 signal photons, over 60
background. These signals are similar to those obtained at LCC2, and–using the very
well determined annihilation cross section provided by the data from the 1000 GeV
ILC—we obtain similarly powerful results on the clustering and halo profile of dark
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Beyond the MSSM

As we have seen, the minimal 
model already contains a lot of 
interesting physics.

But nothing tells us Nature 
chose something minimal!

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

New neutralinos

New Higgs bosons

New couplings

Gunion, Hooper, McElrath, hep-ph/0509024

FIG. 4: We display contours in mA1
– m!!0

1
parameter space for which Eq. (40) yields !h2 = 0.1.

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

with a small higgsino admixture (!2
B = 0.94, !2

u = 0.06). Three values of tan " (50, 15 and 3) have
been used, shown as solid black, dashed red, and dot-dashed blue lines, respectively. The dotted line
is the contour corresponding to 2m!!0

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

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

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

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

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

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

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

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

specified by cos2 "A = 0.6 and a neutralino with composition specified by #2
B = 0.94 and

#2
u = 0.06. These specific values are representative of those that can be achieved for various

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

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

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

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

dotted line is the contour corresponding to the resonance condition, 2m!!0
1

= mA.

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

A1 mass below ! 20" 60 GeV, as long as m!!0
1
> mb. For smaller values of tan !, a lower limit

on mA1
can apply as well.

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

This region is shown in detail in the right frame of Fig. 4. In this funnel region, annihilations
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NMSSM

tan β = 50
tan β = 15
tan β = 3

Bino LSP

Too Little 
DM

Too Much DM



Recap

There are many ideas for what dark matter could be. 

Dark, Neutral, and Stable  [Symmetry!].

WIMPs are a particularly attractive class of dark matter.

Their relic density explains the ballpark dark matter abundance.

Large interactions give us handles to search for them.

Supersymmetry is an attractive, representative theory of dark matter.

We can explore the features of a Majorana fermion WIMP.

Interesting regions with the correct relic density.

Distinctive signals of direct, indirect, and collider searches.

We’ll see contrasting features tomorrow when we discuss UED DM.



Not Likely to be Machos...


