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• Give you a brief intro to dark matter

• Pieces of Evidence

• Example dark matter candidate, weakly 
interacting massive particle (WIMP)

• Experimental approaches to find dark 
matter 

Talk Goals
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v(r) / 1/
p
r

Only luminous stuff

New dark stuff

⇢dark(r) ⇠ 1/r2

Observations
pioneered by Vera Rubin 

v(r) ⇠ constant

Hint that we are
surrounded in a
dark matter halo
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Weighing space by gravitational 
lensing

hubblesite.org

General Relativity
predicts that light will be

bent by gravity

Thus, galaxies can be
lensed, allowing mass

distribution to be inferred



7

Bullet Cluster - Collision of Two Galaxy Clusters

Pink - Distribution of Hot Gas in Clusters (majority of visible mass)
Blue - Mass distribution from Gravitational Lensing

Interpretation:  Dark Matter has passed through without interactions
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Evidence on size of Universe
Cosmic microwave background

Planck Satellite Map of
Cosmic Microwave 

Background Temperature
Anisotropy

Power Spectrum 
(essentially Spherical 

Harmonic amplitudes) 
has distinctive peaks

 
Size of peaks consistent

with dark matter
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Dark matter is a consistent theory
passing several different checks 

However,  only dark matter’s gravitational
interactions have been confirmed

Next step is to understand its
fundamental particle nature (if any)
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Early Universe was a hot plasma (soup)

Particles that we now produce in colliders 
were in great abundance

E.g. Muons 

were produced by scattering processes 
when temperature was high enough so they were 

energetically favorable 

µ� + ⌫̄µ $ e� + ⌫̄e
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Dark Matter Recipe (WIMP)

Assumption:  dark matter was in thermal equilibrium in
the early universe
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χ

χ

SM

SM

Thermal equilibrium set by
Dark Matter annihilation

into Standard Model particles

� + �� SM + SM

As universe expands, it cools to temperature where
dark matter is no longer energetically favorable

Rate of this process determines how much dark matter
remains in the universe, this prediction then leads to

estimate of signals to detect dark matter
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Three Approaches

• Indirect Detection - Cosmic Rays

• Direct Detection - Dark Matter scattering 
on Target Nuclei

• Colliders - Production of Dark Matter at 
Colliders

15



Indirect Detection
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χ

χ

SM

SM

Through this process, 
dark matter could be annihilating
into distinctive Standard Model

particles

E.g. antiparticles such as 
antielectrons, antiprotons

Energetic gamma rays or neutrinos



Antielectrons (aka positrons)
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Satellite experiments
looking for antielectrons

Positron Fraction =

Ne+

Ne� +Ne+

Rising fraction is consistent
with dark matter, but

also pulsars

Stay tuned...



Photons
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Weniger analysis of Fermi data

Evidence for a gamma ray 
line in Fermi satellite’s data

If confirmed, would tell us
mass of dark matter

Unfortunately, could be an
instrumental effect



Direct Detection:
DM-nuclei scattering
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χ

SM

χ

SM
Xe Xe

Turning the process on its
side, we could have scattering
off nuclei though interactions

with quarks
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Backgrounds for Direct

Detection Experiments

Pb shielding to reduce EM backgrounds from radioactivity

Polyethylene contains hydrogen needed to moderate neutrons from radioactivity

Depth is necessary to reduce flux of fast neutrons from cosmic ray interactions

(although active veto may partially substitute for depth)

Detector

Shielding (Pb, Poly)

Veto (active)

U/Th/K/Rn

!,",#,n

U/Th/K/Rn

x

RockRock

n

µ µ Bauer

Events are rare, so need to go underground
and shield against backgrounds

Can probe dark matter in the Milky Way,
by looking for interactions with target nuclei

Schematic
of an 

experiment



Direct Detection Technologies
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Several sophisticated ways to measure
tiny, tiny recoil energies

and be sure that it wasn’t some
background process

Example experiments:  CDMS, XENON, DAMA

Dark matter in galaxy is nonrelativistic, v ~ 10-3 c
Leads to nuclear recoils of O(10) keV
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For electrons, µ ~ m ~ .5 MeV,
so ER ~ .5 eV
For protons ER ~ keV
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Dirty Business
4

served in Detector 3 of Tower 5. These detectors were
near the middle of their respective tower stacks. Fig. 2
illustrates the distribution of events in and near the sig-
nal region of the WIMP-search data set before (top) and
after (bottom) application of the phonon timing criterion.
Fig. 3 shows an alternate view of these events, expressed
in “normalized” versions of yield and timing that are
transformed so that the WIMP acceptance regions of all
detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7⇥, 4.9⇥, and 5.1⇥. A study on possible leakage
into the signal band due to 206Pb recoils from 210Po de-
cays found the expected leakage to be negligible with
an upper limit of < 0.08 events at the 90% confidence
level. The energy distribution of the 206Pb background
was constructed using events in which a coincident � par-
ticle was detected in a detector adjacent to one of the 8
Si detectors used in this analysis.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [25]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [26], and the Helm form factor [27]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4� 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇥ 7%. In
addition, neutron calibration multiple scattering e�ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇥ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our
signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis,
including the event energies, in which the background
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FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the
exposure analyzed in this work alone (blue dotted line), and
combined with the CDMS II Si data set reported in [23, 28]
(blue solid line). Also shown are limits from the CDMS
II Ge standard [17] and low-threshold [29] analysis (dark
and light dashed red), EDELWEISS low-threshold [30] (long-
dashed orange), XENON10 S2-only [31] (dash-dotted green),
and XENON100 [32] (long-dash-dotted green). The filled re-
gions identify possible signal regions associated with data
from CoGeNT [33] (dashed yellow, 90% C.L.), DAMA/LIBRA
[10, 34] (dotted tan, 99.7% C.L.), and CRESST [12, 35] (dash-
dotted pink, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
light blue. The blue dot shows the maximum likelihood point
at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

rates were treated as nuisance parameters and the WIMP
mass and cross section were the parameters of interest.
We profiled over probability distribution functions of the
rate for each of our known backgrounds. The highest like-
lihood was found for a WIMP mass of 8.6 GeV/c2 and
a WIMP-nucleon cross section of 1.9�10�41 cm2. The
goodness-of-fit test of this WIMP+background hypoth-
esis results in a p-value of 68%, while the background-
only hypothesis fits the data with a p-value of 4.5%.
A profile likelihood ratio test finds that the data favor
the WIMP+background hypothesis over our background-
only hypothesis with a p-value of 0.19%. Though this
result favors a WIMP interpretation over the known-
background-only hypothesis, we do not believe this result
rises to the level of a discovery.

Fig. 4 shows the resulting best-fit region from this
analysis (68% and 90% confidence level contours) on
the WIMP-nucleon cross-section vs. WIMP mass plane.
The 90% C.L. exclusion regions from CDMS II’s Ge
and Si analyses and EDELWEISS low-threshold analy-
sis cover part of this best-fit region, but the results are
overall statistically compatible. There is much stronger
tension with the upper limits from the XENON10 and

Direct detection 
anomalies keep 

cropping up

Example: CDMS saw 2
events in latest release

(blue contours)

Ruled out by XENON 
expts (green lines)

Possibilities:
i) One or more expts are wrong

ii) Dark matter interpretation is incorrect 

CDMS
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Figure 4: The predictions for the elastic cross section, σel, as a function of mS, which

follows from the λ(mS) dependence dictated by the cosmic abundance. Also shown by

a dashed line is the exclusion limit from the CDMS experiment [6] .

falsify than are more complicated models, with much of the parameter space covered

by the next generation of experiments [4]. Most importantly, the projected sensitivities

of the CDMS-Soudan and Genius experiments will completely cover the range mS ≤ 50

GeV, for values of the Higgs mass between 110 and 140 GeV. As we show in the next

section, this range of masses and coupling constants has important implications for the

Higgs searches at colliders. On the other hand, there exists the possibility of completely

“hiding” the dark matter by choosing 0.4mh <∼ mS ≤ 0.5mh. In this case annihilation

at freeze-out is very efficient, requiring small λ’s which lead to elastic cross sections

suppressed to the level of 10−48 cm2. These levels of sensitivity to σel(nucleon) are not

likely to be achieved in the foreseeable future.

Our model of a singlet real scalar predicts a smaller signal for underground detectors

than does a model where the dark matter consists of N singlet scalars (including the

model considered in ref. [10], for which N = 2). This is because the abundance of every

individual species must be 1/N of the total dark matter abundance, Ωi = Ωtot/N . This

requires a larger annihilation rate at freeze-out for every species, and so an enhancement

14

Dark Matter Interacting
with Higgs

An upcoming frontier

Next Generation of 
Direct Detection Sensitivity

Burgess et.al.



Colliders
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Produce dark matter 
particles at Large 
Hadron Collider

Study and infer their 
properties

After two year LHC
shutdown we will get 

more data

p

p

DM

DM

Missing Energy Events ala 
Supersymmetry 



Conclusion

• Dark matter evidence is strong, but we still 
have to solve the puzzle of what it actually 
is

• Depending on the dark matter theory, 
there are ongoing tests to confirm or 
refute it

• The next decade should be extremely 
exciting for dark matter physics

26
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For more, I highly recommend
“Dark Matters” on PhD Comics

http://www.phdcomics.com/comics.php?f=1430

http://www.phdcomics.com/comics.php?f=1430
http://www.phdcomics.com/comics.php?f=1430

