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Indirect Detection of 
Dark Matter



Indirect Detection
• Indirect detection tries to see dark matter 

annihilating.

• Dark Matter particles in the galaxy can 
occasionally encounter one another, and 
annihilate into SM particles which can make their 
way to the Earth where we can detect them.

• In particular, photons and neutrinos interact 
sufficiently weakly with the interstellar medium, 
and might be detected on the Earth with 
directional information.

• Charged particles will generally be deflected on 
their way to us, but high energy anti-matter 
particles are rare enough that an excess of them 
could be noticeable.
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Indirect Detection
• The rate of production is described by a 

cross section which depends on the WIMP 
model, and the density of WIMPs along the 
line of sight, squared.

• Simulations of the dark matter density 
provide clues as to where to look.  The 
center of the galaxy has the largest 
concentrations of dark matter (but also     
the most ferocious backgrounds).  There are 
also dwarf galaxies and perhaps dark sub-
haloes.
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Gamma Rays
• I’ll focus on gamma rays:

• Gamma rays do not get highly scattered over galactic distances, so 
they generally point back to their source.

• Unlike charged particles, which get scattered by galactic magnetic 
fields, we can ask if gamma rays come from regions of the sky 
where we expect dark matter, and what the backgrounds in that 
region are expected to look like.

• Gamma rays are produced from almost any SM final states, and offer 
some hope of reconstructing the primary annihilation products.

• The Fermi/GLAST satellite is rapidly increasing our understanding of 
the gamma ray sky in the energy range from a few MeV to 100’s of 
GeV!



Continuum Gammas
• Since WIMPs are neutral, they don’t couple directly 

to photons.  The rates into photons can be expressed 
as a convolution of the rates into other particles with 
the rate for those particles to produce gammas.

• The final Eγ are complicated and smeared out:

• Some gammas are produced as radiation from 
charged final states.

• Hadronic final states undergo corrections from 
parton showering.

• Heavy particles share energy among many final 
state decay products.
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fγ/F (Eγ/EF)
• WIMPs which annihilate into pairs 

of leptons produce a relatively 
hard spectrum of gammas from 
FSR.  (e’s and μ’s are even 
somewhat harder than τ’s).

• Annihilation into quarks ultimately 
produces π0s which decay into 
pairs of γs.

• Heavy particles (W, Z, h, t, b) 
produce a mix, ending up looking 
much like hadronic final states.

• The mapping from final state to 
signal is computed from a 
showering Monte Carlo, like Pythia; 
parameterized forms exist in 
micro-omegas or the PPPC4DM.
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Figure 7: Comparison of the electron (left) and proton (center) fractions and photon
(right) fluxes produced by possible DM annihilation channels, for M = 1 TeV.

is sometimes considered as favored, but we do not attach a statistical meaning to this
sentence.

Marginalizations over nuisance parameters and other statistical operations are per-
formed as described in Appendix B of [37]. We will show plots of the ⌅2 as a function of
the DM mass: an interval at n standard deviations corresponds (in Gaussian approxima-
tion) to ⌅2 < ⌅2

min + n2, irrespectively of the number of data points. We will not report
the value of ⌅2/dof as it is a poor statistical indicator; furthermore the number of dof
is not a well-defined quantity when (as in the present case) data-points with accuracies
much smaller than astrophysical uncertainties are e�ectively irrelevant.

5 PAMELA positron data

We start our data analysis considering only the PAMELA e+/(e+ + e�) observations (16
data points) [3].

Taking into account the DM distribution and positron propagation e�ects in the
Galaxy, the energy spectra of the positron fraction originating from di�erent DM an-
nihilation channels is plotted in the left panel of Fig. 7 for the DM mass M = 1 TeV.
As expected, the most energetic positrons come from the pure leptonic channels and the
softest spectra are produced in quark annihilation channels.

Fitting data as described in the previous section, Fig. 8 shows how well the possible
DM annihilations into two SM particles can fit the PAMELA positron excess. Fig. 9
shows the boost factor Be (with respect to the cross section suggested by cosmology,
⇥v = 3 10�26 cm3/sec) and Be · ⇥v that best fits the PAMELA excess. We see that DM
annihilations into e, µ, ⇤,W can reasonably well reproduce the data for any DM mass,
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Challenges
• While the signals for WIMPs annihilating into gamma rays can have large 

rates, observing a signal is challenging.

• Backgrounds (especially from the galactic center) are complicated, 
coming from many different kinds of objects, and the spectrum and 
distribution of these objects are not always well understood.

• The WIMP signal has a cut-off at the mass of the WIMP, but, especially 
without knowing which final states the compromise the primary 
annihilations, the shape of the signal, and the prominence of the cut-off is 
difficult to know.

• Most of the experimental searches currently focus on a bb final state, 
motivated by supersymmetry.



Gamma Ray Lines
• The spectrum of gamma rays may also 

contain spectral lines.  They occur when 
WIMPs produce gammas in a two-body final 
state.

• Since WIMPs are thought to be highly non-
relativistic in the galaxy, energy conservation 
predicts the energy of the photon in the 
reaction χχ -> γX to be:

• This is a feature that conventional 
astrophysics has great difficulty producing, 
perhaps compensating for a loop level rate.
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Direct Detection of 
Dark Matter



• Before looking at direct detection of neutralinos, 
let’s review some basic features of the searches.

• The basic strategy of direct detection is to look 
for the low energy recoil of a heavy nucleus 
when dark matter brushes against it.

• Direct detection looks for the dark matter in 
our galaxy’s halo, and a positive signal would be 
a direct observation.

• Heavy shielding and secondary characteristics of 
the interaction, such as scintillation light or 
timing help filter out backgrounds.

• In the non-relativistic (v -> 0) limit, the DM-
nucleon interaction can either be a constant 
(Spin-Independent scattering) or the dot 
product of their spins (Spin-Dependent 
scattering).

WIMP

Target Nuclei

Signal

Χ Χ

Nucleus Nucleus

Direct Detection



Direct Detection
• The rate of a direct detection 

experiment depends on one power of 
the WIMP density (close to the 
Earth).

• The energy spectrum of the recoiling 
nucleus depends on the WIMP mass, 
its coupling to quarks, and nuclear 
physics.

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

• An interesting handle on the signal is 
an expected annual modulation.
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From Quarks to Nuclei
• In a particle theory, we usually know how the 

dark matter interacts with quarks and gluons.

• However, in direct detection, the momentum 
transfer is so tiny that the dark matter does 
not see the individual quarks and gluons, but 
just the entire nucleus. 

• The SI interaction is thus enhanced by the 
total number of protons or neutrons (or 
both), and is larger for heavier nuclei with 
larger atomic number.

• The SD interaction is larger for nuclei with 
larger spin.

• Connecting the scattering rate with a nucleus 
to quarks/gluons requires hadronic matrix 
elements and nuclear form factors (these are 
largely taken from experiments).

Spin-independent

Spin-dependent



DAMA / Libra
• DAMA/Libra looks for this annual variation in 

scattering from an NaI target.  

• Data collected over more than a decade show a 
significant (~9σ) annual modulation of a few 
percent with a maximum in June.

• The signal is in tension with other      
experiments, but we still don't know how to 
explain it.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Dark Matter at 
Colliders



Collider Production

• If  dark matter couples to quarks or 
gluons, we should also be able to 
produce them at high energy colliders.

• To make the most of collider searches, 
we need to understand:

• How collider searches map on to 
our favorite theories of dark matter.

• It would also be nice to know what 
they tell us about dark matter’s 
properties more generally.

• E.g. How colliders fit in with the 
other kinds of searches for dark 
matter.



A Cartoon LHC Detector
• A typical collider detector is 

composed of different layers designed 
to identify different particles and 
measure their momenta.

• They all follow a similar plan:

• An inner layer of silicon detectors  
is used to detect particles which 
travel some distance from the 
interaction before decaying.

• An EM tracker measures the path  
of charged particles.

• Two calorimeters “stop” electrons
+photons and hadrons.

• A muon system at the outer radius 
measures the momenta of muons.

Hadronic 
Calorimeter

Electromagnetic 
Calorimeter

Tracker

Muon
 System

Silicon

Magnetic fields bend charged 
particles, providing another measure 

of their momentum.

(For a more sophisticated discussion, see Jon’s lectures!)



Photons & Leptons
• Electrons

• Electrons leave a track in the Silicon and tracker and deposit essentially 
all of their energy in the the EM calorimeter.

• Photons

• Photons (being neutral) leave no tracks, but deposit their energy in the 
EM calorimeter.  

• Muons

• Muons (being charged) leave tracks, but because of their large mass do 
not easily lose energy through radiation.  They typically make it through 
the EM and hadronic calorimeters and deposit their energy in the muon 
system.

• Neutrinos

• Neutrinos to zeroth order do not interact with a collider detector at all.



Jets

• A quark or gluon produced in a collision will 
evolve into a jet:

• First, there is a large probability to radiate 
more quarks and/or gluons in almost the 
same direction (collinear) as the original 
one.  This process is called “fragmentation”.

• Finally, the strong force neutralizes the color 
of each quark or gluon, producing a number 
of hadrons (“hadronization”).

• As a result, an energetic quark or gluon 
typically results in a cluster of hadrons moving 
in approximately the same direction.  This is 
called a jet.
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Jets
• A jet typically contains several hadrons, 

including both charged and neutral objects.

• The charged hadrons leave tracks in the 
tracker and silicon.

• They also deposit energy in the EM 
calorimeter.

• Neutral pions decay very quickly into 
photons, which also register as energy in 
the EM calorimeter.

• Particles which make it to the hadronic 
calorimeter are slowed down and their 
energies measured.

• So jets look like a cluster of activity in 
the tracker, EM & hadronic calorimeter.

EM
Calorimeter

Hadronic
Calorimeter

Muon
System

CMS

Tracks

Hadronic
Energy

EM Energy

Jet 1

Jet 2



B-Jets
• B-quarks are much the same as other 

quarks.

• The big difference is that they live a long 
time, because they have small interactions 
with the W and charm quark.

• As a result, they travel a finite distance of 
about ~ mm scale as hadrons before they 
decay.

• The silicon detector is able to see this 
finite distance, and thus can tag the bottom 
hadron decay from its displaced vertex.

• Otherwise, they story of fragmentation 
and hadronization is the same, resulting in 
a jet of hadrons in the detector layers 
(tracking and EM & hadronic calorimeters).

(Graphic courtesy of Matt Strassler)



Let’s analyze some 
events…



EM
Calorimeter

Hadronic
Calorimeter

Muon
System



EM
Calorimeter

Hadronic
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(This event was 
probably a W+W- pair 
which decayed into   

e-ν and μ+ν.)
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What is an event (theory)?

Protons come in as
color singlets.
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Anatomy of a Collision3/38 J. Reuter LHC Event Generators LHC Theory Workshop, TRIUMF, 29.4.2009

What is an event (theory)?

Protons come in as
color singlets.

Energetic partons
participate in the hard
scattering (controlled

by PDFs).

Proton remnants leave
behind hadronic debris.

Outgoing partons
fragment and hadronize

into jets.



Parton Distribution Functions
August 26, 2010 0:6 WSPC - Proceedings Trim Size: 9in x 6in tasi09˙ws˙v2
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Fig. 14. MSTW-2008 pdf’s at Q2 = 10 GeV2 and 104 GeV2. The width of the lines indicates the error bars. From Ref.8

that, as Q is increased, new partons are added that come from collinear splittings of the original partons.
Since splitting always lowers x, this increases density at low x and suppresses it at high x. This effect can be
clearly seen in Fig. 14. Since splitting amplitudes are proportional to the QCD coupling constant evaluated
at the scale Q, the speed of the evolution decreases with Q due to asymptotic freedom of QCD.

3.2. Electroweak Gauge Boson Production

As an example of a hadron collider process, let us consider production of a single Z boson. We will first
compute the total production cross section of the Z at the Tevatron and the LHC, and then proceed to
discuss its kinematic distributions.

3.2.1. Cross Section

At leading (tree) level in perturbation theory, the Z can only be produced in qq̄ collisions, with cross section

σ(qq̄ → Z) =
4π2

3

Γ(Z → qq̄)

MZ
δ(ŝ−M2

Z) , (71)

where Γ(Z → qq̄) = ΓZ · Br (Z → qq̄) is the partial decay width of the Z in the qq̄ channel. At the hadron
level, this yields

σ(pp → Z +X) =
4π2

3

ΓZ

MZ

∫ 1

0
dx1

∫ 1

0
dx2

∑

q

2fq(x1, Q)fq̄(x2, Q) Br (Z → qq̄) δ(x1x2s−M2
Z) . (72)

The same formula applies to pp̄ collisions, with the substitution

2fq(x1, Q)fq̄(x2, Q) −→ fq(x1, Q)fq(x2, Q) + fq̄(x1, Q)fq̄(x2, Q) . (73)

Note they have plotted x*f(x) and the gluons are divided by 10.



Missing Energy Signals
• Missing transverse energy (really: transverse 

momentum) signals are a big part of the new 
physics menu at colliders, largely because of 
the potential connection to dark matter.

• They are challenging, because to infer that 
momentum is missing, one needs to 
accurately measure everything visible!

• “To measure nothing you have to understand 
everything”.

• Colliders have the disadvantage that they 
aren’t looking for the ambient dark matter 
around us.

• They could easily discover a form of 
missing momentum that has nothing to do 
with DM.

• Limits are more robust.
“Cold Dark Matter: An Exploded View” by Cornelia Parker



Backgrounds
• There are important backgrounds to 

searches for missing momentum.

• Neutrinos also appear as a momentum 
imbalance in the detector.

• The Z boson decays ~20% into νν.

• W bosons decay into l+ ν.  If the 
detector misses the l+, this just looks 
like missing momentum.

• τ lepton decays also produce neutrinos.

• If jet energies are mis-measured a little bit, 
this is a fake source of missing momentum.  
(This is usually called the “QCD 
background”).
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Physics Background

• The QCD background depends a 
lot on the detector performance 
and usually can’t be predicted — 
it must be measured.

• The neutrino backgrounds result 
in missing momentum which falls 
sharply above the masses of the 
W and Z bosons at ~ 100 GeV.

• Typical analyses ask for some 
amount of MET plus other 
interesting objects (jets, leptons, 
photons) in the event.

• Something must be there in 
addition to the MET to trigger on!
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LHC WIMP Production
χ

χ

χ

χ

Energy

LHC can’t produce WIMPs.}
}
} LHC can produce WIMP siblings,

which decay into WIMPs and 
other SM particles.

LHC can directly produce WIMP pairs.
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Recap: Searches for DM
• Particle physics offers many interesting opportunities to learn about the particle 

properties of dark matter.

• Indirect detection tries to observe dark matter annihilating around us.

• This technique is trying to see the dark matter where it is the most dense, and can 
help us map out its distribution (eventually).

• Many final states lead to interesting signals in gamma rays, anti-matter, and/or 
neutrinos.

• The big challenge is the astrophysical backgrounds, which are largely poorly known.

• Direct detection tries to see dark matter scattering with detectors on the Earth.

• Current experiments are mostly sensitive to coupling to quarks or gluons.

• Very sensitive devices currently have close to zero background and thus make 
rapid progress in constraining the parameter space.

• Eventually, they will become sensitive to neutrino scattering, which will make 
detecting dark matter much more challenging.



Recap: Searches for DM
• Collider production tries to produce dark matter at high energy accelerators.

• The control over the initial state and understanding of the Standard Model 
processes gives a lot of control over backgrounds.

• Collisions at an accelerator with fixed energy can only produce dark matter if it is 
light enough.

• The challenge will be establishing that a discovery is really the dark matter around 
us, and not some other kind of new physics, like a particle which looks like missing 
energy or some new physics in high energy neutrino scattering.

• Together, all of these particle physics searches provide complementary information!


