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Dark Matter
CMB Supernova

Structure Lensing

• Measurements on many 
length scales, ranging from 
cosmological distances to 
the scale internal to galaxies, 
inform us as to how our 
Universe evolves.

• Combined with Einstein’s 
theory of gravity, these 
measurements can be used 
to infer the quantities of 
energy, matter, and radiation 
that the Universe contains.



Dark Matter

Ordinary Matter
Dark Matter
Dark Energy

• This variety of measurements 
leads to a strikingly consistent 
picture of a Universe which today 
is dominated by about 70% 
vacuum energy, 30% matter, and a 
small amount of radiation.

• The consistency of the 
measurements is a triumph of 
modern cosmology, indicating a 
very precise understanding of our 
Universe.



Not Ordinary Matter20. Big-Bang nucleosynthesis 3
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Figure 20.1: The abundances of 4He, D, 3He and 7Li as predicted by the standard
model of big-bang nucleosynthesis. Boxes indicate the observed light element
abundances (smaller boxes: 2σ statistical errors; larger boxes: ±2σ statistical and
systematic errors). The narrow vertical band indicates the CMB measure of the
cosmic baryon density. See full-color version on color pages at end of book.

20.2. Light Element Abundances

BBN theory predicts the universal abundances of D, 3He, 4He, and 7Li, which are
essentially determined by t ∼ 180 s. Abundances are however observed at much later

July 14, 2006 10:37

The abundance of light elements allows us 
to independently measure the fraction of 
the matter that is in the form of baryons 

(protons and neutrons).  The 
measurements indicate that only about 1/5 

of the matter in the Universe is in this 
form.  The remainder is something more 

exotic: dark matter!

Primordial black holes remain a possible candidate, 
but would need some kind of mechanism to explain 

their production and mass distribution.



So what is Dark Matter?
• It’s remarkable that measurements on 

very different scales all indicate a self-
consistent picture of a Universe 
containing dark matter.

• As a particle physicist I want to know 
how dark matter fits into a particle 
description.

• What do we know about it?

• Dark (neutral)

• Massive

• Still around today (stable or with a 
lifetime of the order of the age of the 
Universe itself).

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



Physics Beyond the SM
• The Standard Model has nothing 

with the right properties:

• Photons, leptons, Ws, hadrons all 
shine too brightly.

• Neutrinos are too light.

• Ws, Zs, and Higgs bosons are all 
too short-lived.

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

• Without knowing what it is and 
how it fits into the table, our 
understanding of particle physics is 
woefully incomplete.  But what is it?

H 
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The Dark Matter Questionnaire
  Mass: ______

  Spin : ______

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No

Thermal Relic?



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 supersymmetric extensions with R-parity.

• In addition to their nice theoretical 
motivations, WIMPs are a form of dark matter 
which we can search for using particle physics 
detectors — such as PAMELA!

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.

•  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.

• While in equilibrium at temperatures below its 
mass, the WIMP number density follows the 
Boltzmann distribution:

χ

χ
SM Particles

neq = g

(

mT

2π

)3/2

Exp [−m/T ]



Freeze-Out
• If this were the whole story, the dark matter 

would just keep diluting as the Universe 
cools, and would be irrelevant today.

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

• At the “freeze-out” temperature, the WIMPs 
are sufficiently diluted that they can no 
longer find each other to annihilate and they 
cease tracking the Boltzmann distribution.

• The temperature at which this occurs 
depends quite sensitively on σ(χχ -> SM): 
more strongly interacting WIMPs will stay in 
equilibrium longer, and thus end up with a 
smaller relic density than more weakly 
interacting WIMPs.

Universe 
Expands



Relic Density

• The observed quantity of dark matter is suggestive of a cross section for 
annihilation into the thermal bath (the SM + ....).

x=m/T increasing
is

T decreasing
is

time increasing



Searching for Dark 
Matter with PAMELA



Particle Probes of DM

• The common feature of particle searches for WIMPs is that what they 
could see is determined by how dark matter interacts with the Standard 
Model.

Indirect Detection

χ

χ
SM ParticlesDM

Direct Detection

χ χ

SM Particles

DM

Collider Searches

χ

χ
SM Particles DM



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.

• 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 would be noticeable.

χ

χ
SM

Indirect Searches

Search for the byproducts of dark matter annihilation/decay

Very rich search strategy, multi-messenger and multi-wavelength

Via Lactea II (Diemand et al. 2008)

+
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Anti-Matter from DM
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⌫
e
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⌫
e
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Indirect Detection
• The rate in a detector is described by a 

cross section which depends on the WIMP 
model, and the density of WIMPs squared, 
at the place where they are annihilating.

• Models of galaxy formation suggest which 
directions to look as well as the magnitude 
of the line of sight integral, (with some 
uncertainty). 

dN

E
=

d⟨σv⟩

dE

∫
dl ρ2

DM (l)

DM density

Distance along line of sight
Microphysics

7

FIG. 5. Full-sky map, in Galactic coordinates, of the number of photons (above 3 GeV) produced by DM annihilation
(benchmark A). The left (right) panel shows the predicted flux in the Aquarius (Via Lactea II) setup.

FIG. 6. Same as Fig. 5, but with the two simulation setups rescaled to the same local density, same total mass and same
fraction of mass in substructures.

tional to the density squared, i.e. [⇢Aq

sm

(�)/⇢V L2

sm

(�)]2 =
[0.57/0.42]2 = 1.84. An additional source of discrep-
ancy is the fact that the total mass of the MW in the
Via Lactea II simulation is smaller than in Aquarius, as
reported in Tab. I. However, as shown in Fig. 6, the
two predictions can be brought in agreement by requir-
ing that (i) both Via Lactea II and Aquarius have the
same local density ⇢� (we have taken the recent estimate
⇢� = 0.385 GeV/cm3 from [74, 75]), (ii) the same sub-
halo mass fraction (f tot

sub

= 0.18) is adopted and (iii) the
same mass profile is assumed.

A. Experimental detectability

In order to assess the detectability of the �-ray anni-
hilation flux with the Fermi-LAT satellite, we have to
specify what the signal, background or noise are.

If we are interested in finding a signal above the as-
trophysical backgrounds, the signal is contributed by the
sum of all the aforementioned components of the anni-
hilation flux (MW smooth mass distribution + galactic
subhalos + extragalactic halos and subhalos). We fo-
cus on photons with energies larger than 3 GeV and we
assume an exposure time of 1 year, which corresponds
to about 5 years of data taking with Fermi, and we as-
sume an e↵ective detection area of 104 cm2. We don’t
consider here any dependence on the photon energy nor
on the incidence angle. The background or noise is
contributed by the di↵use Galactic foreground and the
unresolved extragalactic background. As mentioned in
Sect. I, to model such contributions we have rescaled
the EGRET data at E > 3 GeV by 50%. We remind
that this reduction reflects the fact that the Fermi data
do not confirm the so-called galactic excess measured
by EGRET. The expected sensitivity is simply given by

Pieri et al arXiv:0908.0195

d



PAMELA and Dark Matter
• As we have already heard earlier, PAMELA 

combines excellent particle identification with 
precise measurement of kinetic energy.

• This gives it an excellent ability to identify 
anti-matter particles at high energies.

• If the dark matter annihilates into 
(anti-)quarks and/or anti-leptons, or particles 
which decay into them (such as weak bosons), 
it can see an excess of such particles over the 
expected rate from high energy astro-physical 
processes. 

• Because of galactic magnetic fields, the 
direction to the origin of such particles is 
very difficult to determine.

FIG. 5: Positron Event display. A 68 GeV positively-charged particle selected as positron. The

bending (x) view is shown. The signals as detected by PAMELA detectors are shown along with the

particle trajectory (solid line) reconstructed by the fitting procedure of the tracking system. The

calorimeter shows the typical signature of an electromagnetic shower (plane 19 of the calorimeter

x-view was malfunctioning).

16
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The Dark Matter Questionnaire
  Mass: ______

  Spin : ______

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No

Thermal Relic?

PAMELA can help 
us understand 

these properties!



Anti-Protons
• Anti-protons are relatively rarely 

produced in high energy astrophysical 
processes.

• Because they are relatively heavy, they 
retain their directional information 
longer than e.g. positrons.

• A signal from DM annihilation 
producing anti-protons could 
reasonably be observed by PAMELA.

• Beautifully measured points as a 
function of kinetic energy are in 
reasonable agreement with previous 
measurements (extending them 
dramatically in energy), and consistent 
with expectations from astrophysical 
production as secondaries.

kinetic energy [GeV]
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FIG. 2: The antiproton-to-proton flux ratio at the top of the payload obtained in this work

compared with contemporary measurements [21–24, 28] and theoretical calculations for a pure

secondary production of antiprotons during the propagation of cosmic rays in the galaxy. The

dashed lines show the upper and lower limits calculated by Simon et al. [6] for the Leaky Box

Model, while the dotted lines show the limits from Donato et al. [30] for a Diffusion Reacceleration

with Convection model. The solid line shows the calculation by Ptuskin et al. [27] for the case of

a Plain Diffusion model.

secondary production takes place in the same region where cosmic rays are being acceler-

ated [11]. An increase in the antiproton [32] and secondary nuclei abundances [33] are also

predicted in this model. The solid line in Figure 3 shows the prediction for the high-energy

antiproton-to-proton flux ratio. While this theoretical prediction is in good agreement with

the PAMELA data, in this energy region it does not differ significantly from the expecta-

tion for standard secondary production models. Comparisons with experimental secondary

cosmic-ray nuclei data are needed along with higher energy antiproton measurements. New

data on the boron-to-carbon ratio measured by PAMELA will soon become available, while

the antiproton spectrum is likely to be probed at higher energies by AMS-02 experiment [34]

which will soon be placed on the International Space Station.

8

Adriani et al 1007.0821



Constraints & Impact
• Lack of an anti-proton signal is 

currently a powerful constraint on any 
dark matter particle which annihilates 
into quarks or gauge bosons.

• For example, there is currently an 
excess of ~GeV γ rays observed by 
the Fermi LAT from the direction of 
the galactic center.

• A hypothesis which fits the data is 
dark matter of mass ~40 GeV 
annihilating into bottom quarks, which 
ultimately result in γ rays (as well as 
anti-protons!)

• For many propagation models, anti-
proton limits strongly constrain this 
DM interpretation.
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Figure 6. 3-� exclusion contours on h�vi for 100% DM annihilation into bb̄, for the three approaches

to solar modulation discussed in the text. Left panels: the five benchmark propagation setups. Right

panels: alternative choices for the scale height zt that defines the THN setup (THN2, dashed; THN3,

dotted). The gray area is the best-fit region identified in Sec. 3.
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FIG. 3: The fiducial case of a 1 TeV LSP annihilating into a W +W− pair is featured. In the left panel, the positron signal
which this DM species yields has been increased by a factor of 400, hence the solid curve and a marginal agreement with the
PAMELA data. Positron fraction data are from HEAT [37], AMS-01 [38, 39] and PAMELA [40]. If the so–called Sommerfeld
effect [36] is invoked to explain such a large enhancement of the annihilation cross section, the same boost applies to antiprotons
and leads to an unacceptable distortion of their spectrum as indicated by the red solid line of the right panel.

and antiproton fluxes have different behaviors toward a
change in the propagation parameters. For example, the
primary p flux could be easily decreased by an order of
magnitude without violating B/C data, allowing a Som-
merfeld boost of the cross section of 400.

A new calculation for the secondary cosmic antiproton
flux and the relevant uncertainties have been presented.
The ratio p̄/p has been derived after fitting recent pro-
ton data. Our predictions can explain the experimental
data, and in particular the recent PAMELA data, which
span more than two decades in energy. No exotic contri-
bution—as from annihilating dark matter in the galactic
halo—has to be invoked to reproduce experimental re-
sults. Analyzing the high energy part of the PAMELA
p̄/p we derive strong upper limits on possible enhance-
ments of the exotic p flux as a function of the WIMP
mass. Relying on standard assumptions the exotic an-
tiproton flux induced by a mWIMP = 100 GeV (1 TeV)
DM halo cannot be increased by more than a factor 6 (40)
without overrunning PAMELA data. Would the Som-
merfeld effect (W+W− channel) be invoked to explain
PAMELA leptonic data, the corresponding enhancement
of the p production would lead to an unacceptable dis-
tortion of the p̄/p spectrum.
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Positrons: The Anticipation

• After the launch, the dark matter community waited with bated breath 
to hear what it had to say about positrons…

• The anticipation was so intense that it was actually the subject of a 
practical joke by particle theorists!

• A fake text message claiming to leak an advance result in which the 
spectrum rose with higher energy (rather than falling with energy as 
expected) was sent to a prominent particle theorist…

• This lead to an all-night party at a conference hosted by the Kavli 
Institute of Theoretical Physics as particle theorists tried to understand 
what this would imply for theories of dark matter!

• When the joke was revealed, the anticipation did not waver…



Positrons: The Reality
• And of course when the results were first 

shown at conferences, they lived up to this 
speculation and more!

• The data showed an unexpected rise 
beginning around 10 GeV (where the effects 
of solar modulation die out) and rising 
steadily up to the largest energies for which 
the initial data set had statistics, ~ 100 GeV.

• Expectations from the (admittedly uncertain) 
background were for the fraction to fall off at 
higher energies.

• A photo of the plot taken by a particle 
theorist during a conference talk “went viral” 
and became an oft-referenced object in 
theory papers until official plots were 
available.
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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction

measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.

a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is
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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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A Puzzling Signal…
• While intriguing and exiting, this 

signal was also very puzzling.

• Because of the magnetic fields, we 
can only reasonably hope for 
positrons produced within about     
1 kpc to reach us.

• The magnitude of the PAMELA 
positron fraction suggests that if 
dark matter is its origin, either there 
is a large clump of dark matter very 
close to the solar system (which 
simulations indicate is unlikely), or its 
cross section for annihilation must 
be enormous, inconsistent with the 
cross section necessary for a 
thermal relic. 100 1000 10000300 3000 30000
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Figure 9: Values of Be ·�v (right axis) and of the boost factor Be (left axis, for the standard

�v = 3 10�26 cm3/sec) suggested by the PAMELA excess.

in Fig. 1.

6 PAMELA positron and anti-proton data

We address now the implications of the PAMELA p̄/p data [6] (17 data points). The
middle panel of Fig. 7 shows the p̄/p fractions produced by the various primary channels.
One can see that there are two basic features: i) annihilations into leptons do not give rise
to protons; ii) all other channels give rather similar proton energy spectra. Comparison
with the positron spectra reveals that the proton energy spectrum is softer than the
positron one produced in the leptonic and gauge boson annihilation channels.

The results of the fits are shown5 in Fig. 10.
Consistently with what anticipated, since no excess seems present in the p̄/p ratio,

annihilation into leptons are not constrained as they do not produce antiprotons. On
the contrary, all other annihilations into quarks, vector and Higgs bosons are significantly
constrained, and allowed only if the DM particle is heavier than almost 10 TeV. Only in
such a case the proton excess lays at energies above those explored currently by PAMELA,
while the low energy proton spectrum is consistent with the background (see Fig. 1 for
illustration). The bound dominantly comes from high energy data points where the solar

5In order to study how the fit of PAMELA data changes adding p̄/p data we assume equal boost factors
and propagation models for positrons and antiprotons, as discussed in Sec. 4. The second assumption
should be a good approximation, while the first one can easily fail when boost factors are very large,
allowing to relax all our results.
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One can see that there are two basic features: i) annihilations into leptons do not give rise
to protons; ii) all other channels give rather similar proton energy spectra. Comparison
with the positron spectra reveals that the proton energy spectrum is softer than the
positron one produced in the leptonic and gauge boson annihilation channels.

The results of the fits are shown5 in Fig. 10.
Consistently with what anticipated, since no excess seems present in the p̄/p ratio,

annihilation into leptons are not constrained as they do not produce antiprotons. On
the contrary, all other annihilations into quarks, vector and Higgs bosons are significantly
constrained, and allowed only if the DM particle is heavier than almost 10 TeV. Only in
such a case the proton excess lays at energies above those explored currently by PAMELA,
while the low energy proton spectrum is consistent with the background (see Fig. 1 for
illustration). The bound dominantly comes from high energy data points where the solar

5In order to study how the fit of PAMELA data changes adding p̄/p data we assume equal boost factors
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Figure 8: A fit of di↵erent DM annihilation channels to the PAMELA positron fraction

data only. The labels on each curve indicate the primary annihilation channel.

while annihilations into Z, t, q, b, h give a good fit for DM heavier than about 1 TeV. It
is perhaps interesting to note that, contrary to what commonly thought, the spectrum
from W+W� annihilations is not too flat to give a good fit of the quite steep PAMELA
rise. At small masses (see e.g. the upper-left panel of Fig. 1) a MIN configuration of the
propagation parameters (and a proper variation of the background curve within the limits
considered above) allows to fit the data. At large DM masses (see e.g. the lower-left panel
of Fig. 1) the low-x portion of the primary spectrum is steep enough to do the job (as
usual, x = E/M

DM

).
It is interesting to study if the PAMELA excess can be produced by supersymmet-

ric DM. Already at this stage one can see that it is necessary to give up some usual
assumptions, either the naturalness of supersymmetry (invoking multi-TeV DM) and/or
DM astrophysics (invoking very large boost factors, as in [18]) and/or that the DM is a
thermal relic (invoking some non-thermal DM cosmological production mechanism). In
this last case one interesting possibility emerges [38]. A pure Wino triplet annihilates
predominantly into transverse W+W� with

�v =
g4
2

(1�M2

W/M2)3/2

2⇡M2(2�M2

W/M2)2
,

that for M ⇡ 100GeV is precisely the value suggested by the PAMELA e+ excess, that
would therefore be naturally produced with the boost factor of order unity.

We now consider the PAMELA p̄ data, showing that this latter and many other
possibilities are excluded because they lead to large unseen p̄ excess, as already illustrated
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…Leads to New Directions 
in Model-Building!

• The intriguing signal prompted particle 
theorists to look into previously under-
explored corners of dark matter theory 
space.

• One very interesting possibility that has since 
received much attention is the idea that 
there could be a light force carrier with large 
interactions with the dark matter.

• This leads to large Sommerfeld-like 
enhancements in the annihilation cross 
section due to a mutually attractive potential 
between the two dark matter particles.

• Cross sections roughly consistent with a 
thermal relic can be consistent!

γ
d ...
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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
eff ei

R

x dx′keff(x
′). Note that for 1 ≪ x ≪ 1/ϵφ, the

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

the neighborhood of x ∼ 1/ϵφ we have k2
eff ∼ ϵφe−ϵφx, and

∣

∣

∣

∣

k′
eff

k2
eff

∣

∣

∣

∣

∼ √
ϵφe

1

2
ϵφx ∼

ϵφ

keff
(A40)

so the WKB approximation breaks down when keff ∼ ϵφ, where the WKB amplitude is ∼ ϵ−1/2
φ . 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

ϵφ
∼

αM

mφ
(A41)

We did this analysis for ϵv → 0, but clearly it will hold for larger ϵv, till ϵv ∼ ϵφ, at which point it matches smoothly

to the 1
ϵv

enhancement we get for the Coulomb problem. The crossover with ϵv ∼ ϵφ is equivalent to Mv ∼ mφ, 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 ϵφ 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 ∼ ϵφ/ϵ2v up to the point where it gets cut off

by finite width effects.

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 ϵφ and ϵv in Figs. 6 and 7.
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FIG. 6: Contour plot of S as a function of ϵφ and ϵv. 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

✏� ⌘
m

↵M
✏v ⌘

v

↵



Light Dark Forces
• A light (low mass) dark force carrier is 

now part of the standard tool kit for 
dark matter model-building.

• In addition to the Sommerfeld 
enhancement for annihilation, such a 
particle can lead to enhanced self-
scattering of the dark matter.

• A large scattering cross section may 
even be suggested by small scale 
measurements of dark matter 
distributions!

• In general, it reveals our ignorance 
about the possibility of very low mass 
particles which are very weakly coupled 
to the Standard Model.

...
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FIG. 4: The ratio of the thermally-averaged transfer cross section to dark matter mass h�T i/mX in the
(mX ,⇤) plane for ↵ = 1 and three di↵erent astrophysical systems: dwarf galaxies (V

max

= 40 km/s, solid),
LSBs (V

max

= 100 km/s, dashed), and clusters (V
max

= 1000 km/s, dotted). For each system, three values
of the cross section are shown: 0.1 cm2/g (top), 1 cm2/g (middle), and 10 cm2/g (bottom). The region
above the straight magenta lines show where inelastic processes may modify the picture based on elastic
scattering for each type of system.

thus, systems with larger characteristic velocities have smaller cross sections, all else being equal.
The LSB line at 0.1 cm2/g, for instance, lies below that for dwarfs, because a larger interaction
range (smaller ⇤) is needed to counter its larger velocity to give the same �T as the dwarfs.
Toward the lower values of mX , the scattering exhibits resonant behavior due to the formation of
quasi-bound states [82], analogous to Sommerfeld enhancements in annihilations.

The region below the straight magenta lines in Fig. 4 is where the dark matter typically has
(1/2)mXv2 > ⇤, and modifications from inelastic scattering processes can be important. We urge
the reader to keep in mind that while in this region the classical elastic scattering cross section
(for our assumed Yukawa potential) falls below about 3⇡/⇤2, we expect other energy-exchange
mechanisms to become important in dark matter halos. Note that for clusters (v ⇠ 3 ⇥ 10�3),
this is a substantial region of the interesting parameter space: (mX/TeV) & (⇤/10 MeV). This
suggests that the elastic glueballino scattering curves plotted for clusters in Fig. 4 and other figures
are far from the whole story. We expect new astrophysical phenomenology, especially in clusters
of galaxies, and this deserves separate consideration.

V. GLUEBALLINO RELIC DENSITY

One goal of supersymmetrizing the pure gauge hidden sectors considered in Sec. III is to revive
the possibility of dark matter with naturally the right relic density, as in the case of WIMPs,
but now for self-interacting dark matter. In this section, we first review the machinery required to
calculate a glueballino relic density from the freezeout of thermal relic gluinos. We then discuss the
possibility of realizing the correct thermal relic density through the WIMPless miracle in AMSB
models [12].
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A New Experimental Frontier!
• Once people realized that light dark 

force carriers were interesting and 
under-explored, they began to devise 
experiments to search for them.

• Since the target parameter space has 
low masses and very weak couplings, 
often low energy, high luminosity 
facilities provide the best limits.

• High luminosity electron accelerators 
can produce the dark force carrier, 
which eventually decays into e+e- or in 
some cases the dark matter itself.

• There is now a whole family of 
experiments aimed at exploring 
different regions of mass / coupling.
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FIG. 1. Top: (a) A0 production from radiation off an incoming e�

beam incident on a target consisting of nuclei of atomic number Z.
APEX is sensitive to A0 decays to e+e� pairs, although decays to
µ+µ� pairs are possible for A0 masses mA0 > 2mµ. Bottom: QED
trident backgrounds: (b) radiative tridents and (c) Bethe-Heitler tri-
dents.

liders [5, 9, 12–14]. Hidden sector collider phenomenology
has also been explored in detail in e.g. [15]. Electron fixed-
target experiments are uniquely suited to probing the sub-GeV
mass range because of their high luminosity, large A0 pro-
duction cross section, and favorable kinematics. Electrons
scattering off target nuclei can radiate an A0, which then de-
cays to e+e�, see Fig. 1. The A0 would then appear as a
narrow resonance in the e+e� invariant mass spectrum, over
the large background from quantum electrodynamics (QED)
trident processes. APEX is optimized to search for such a
resonance using Jefferson Laboratory’s Continuous Electron
Beam Accelerator Facility and two High Resolution Spec-
trometers (HRSs) in Hall A [16].

The full APEX experiment proposes to probe couplings
↵0/↵ & 10�7 and masses m

A

0 ⇠ 50 � 550 MeV, a consid-
erable improvement in cross section sensitivity over previous
experiments in a theoretically interesting region of parame-
ter space. Other electron fixed-target experiments are planned
at Jefferson Laboratory, including the Heavy Photon Search
(HPS) [17] and DarkLight [10] experiments; at MAMI [18];
and at DESY (the HIdden Photon Search (HIPS) [19]).

We present here the results of a test run for APEX that took
place at Jefferson Laboratory in July 2010. The layout of the
experiment is shown in Fig. 2. The distinctive kinematics of
A0 production motivates the choice of configuration. The A0

carries a large fraction of the incident beam energy, Eb, is
produced at angles ⇠ (m

A

0/Eb)3/2 ⌧ 1, and decays to an
e+e� pair with a typical angle of m

A

0/Eb. A symmetric con-
figuration with the e� and e+ each carrying nearly half the
beam energy mitigates QED background while maintaining
high signal efficiency.

The test run used a 2.260 ± 0.002 GeV electron beam
with an intensity up to 150 µA incident on a tantalum foil
of thickness 22 mg/cm2. The HRSs’ central momenta were
'1.131 GeV with a momentum acceptance of ±4.5%. Dipole

Septum

Beam

Ta target

Electron, P = E /2

HRS−right

Sieve
Slit

Detectors

.

.

Positron, P = E /2
b

b

HRS−left

FIG. 2. The layout of the APEX test run. An electron beam (left-to-
right) is incident on a thin tantalum foil target. Two septum magnets
of opposite polarity deflect charged particles to larger angles into
two vertical-bend high resolution spectrometers (HRS) set up to se-
lect electrons and positrons, each carrying close to half the incoming
beam energy. The HRSs contain detectors to accurately measure the
momentum, direction, and identity of the particles. Insertable sieve
slit plates located in front of the septum magnets were used for cali-
bration of the spectrometer magnetic optics.

septum magnets between the target and the HRS aperture al-
low the detection of e� and e+ at angles of 5� relative to the
incident beam. Collimators present during the test run reduced
the solid angle acceptance of each spectrometer from a nomi-
nal 4.3 msr to ' 2.8 (2.9) msr for the left (right) HRS.

The two spectrometers are equipped with similar detector
packages. Two vertical drift chambers, each with two orthog-
onal tracking planes, provide reconstruction of particle trajec-
tories. A segmented timing hodoscope and a gas Cherenkov
counter (for e+ identification) are used in the trigger. A two-
layer lead glass calorimeter provides further offline particle
identification. A single-paddle scintillator counter is used for
timing alignment.

Data were collected with several triggers: the single-arm
triggers produced by the hodoscope in either arm, a double co-
incidence trigger produced by a 40-ns wide overlap between
the hodoscope signals from the two arms, and a triple coinci-
dence trigger consisting of the double coincidence signal and
a gas Cherenkov signal in the positron (right) arm. Single-arm
trigger event samples are used for optics and acceptance cali-
bration, described below. The double coincidence event sam-
ple, which is dominated by accidental e�⇡+ coincidences, is
used to check the angular and momentum acceptance of the
spectrometers. These e�⇡+ coincidences are largely rejected
in the triple coincidence event sample by the requirement of a
gas Cherenkov signal in the positron arm.

The reconstruction of e+ and e� trajectories at the target
was calibrated using the sieve slit method, see [16, 20]. The
sieve slits — removable tungsten plates with a grid of holes
drilled through at known positions — are inserted between
the target and the septum magnet during the calibration runs.
In this configuration, data were taken with a 1.131 GeV and a
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carries a large fraction of the incident beam energy, Eb, is
produced at angles ⇠ (m

A

0/Eb)3/2 ⌧ 1, and decays to an
e+e� pair with a typical angle of m

A

0/Eb. A symmetric con-
figuration with the e� and e+ each carrying nearly half the
beam energy mitigates QED background while maintaining
high signal efficiency.

The test run used a 2.260 ± 0.002 GeV electron beam
with an intensity up to 150 µA incident on a tantalum foil
of thickness 22 mg/cm2. The HRSs’ central momenta were
'1.131 GeV with a momentum acceptance of ±4.5%. Dipole

Septum

Beam

Ta target

Electron, P = E /2

HRS−right

Sieve
Slit

Detectors

.

.

Positron, P = E /2
b

b

HRS−left

FIG. 2. The layout of the APEX test run. An electron beam (left-to-
right) is incident on a thin tantalum foil target. Two septum magnets
of opposite polarity deflect charged particles to larger angles into
two vertical-bend high resolution spectrometers (HRS) set up to se-
lect electrons and positrons, each carrying close to half the incoming
beam energy. The HRSs contain detectors to accurately measure the
momentum, direction, and identity of the particles. Insertable sieve
slit plates located in front of the septum magnets were used for cali-
bration of the spectrometer magnetic optics.

septum magnets between the target and the HRS aperture al-
low the detection of e� and e+ at angles of 5� relative to the
incident beam. Collimators present during the test run reduced
the solid angle acceptance of each spectrometer from a nomi-
nal 4.3 msr to ' 2.8 (2.9) msr for the left (right) HRS.

The two spectrometers are equipped with similar detector
packages. Two vertical drift chambers, each with two orthog-
onal tracking planes, provide reconstruction of particle trajec-
tories. A segmented timing hodoscope and a gas Cherenkov
counter (for e+ identification) are used in the trigger. A two-
layer lead glass calorimeter provides further offline particle
identification. A single-paddle scintillator counter is used for
timing alignment.

Data were collected with several triggers: the single-arm
triggers produced by the hodoscope in either arm, a double co-
incidence trigger produced by a 40-ns wide overlap between
the hodoscope signals from the two arms, and a triple coinci-
dence trigger consisting of the double coincidence signal and
a gas Cherenkov signal in the positron (right) arm. Single-arm
trigger event samples are used for optics and acceptance cali-
bration, described below. The double coincidence event sam-
ple, which is dominated by accidental e�⇡+ coincidences, is
used to check the angular and momentum acceptance of the
spectrometers. These e�⇡+ coincidences are largely rejected
in the triple coincidence event sample by the requirement of a
gas Cherenkov signal in the positron arm.

The reconstruction of e+ and e� trajectories at the target
was calibrated using the sieve slit method, see [16, 20]. The
sieve slits — removable tungsten plates with a grid of holes
drilled through at known positions — are inserted between
the target and the septum magnet during the calibration runs.
In this configuration, data were taken with a 1.131 GeV and a

Abrahamyan et al, APEX 1108.2750
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Figure 2-9. Left: Existing constraints and future opportunities to search for dark photons with masses
above 1 MeV decaying visibly to Standard Model states (e.g. e+e�). Opportunities over the next decade
include experiments at JLab, Mainz, and VEPP-3, as well as Belle II and others. Right: Existing constraints
and future opportunities to search for dark photons with masses above 1 MeV decaying invisibly to light
dark-sector states, including sub-GeV DM, assumed to have a mass of 1 MeV. Opportunities over the next
decade include proton dumps (e.g. with MiniBooNE, LSND, NOvA, Project X), electron dumps (e.g. at
SLAC, JLAB, SuperKEKB, ILC), Belle II, ORKA, and electron fixed-target experiments (e.g. DarkLight
and VEPP-3). Note that existing constraints and prospects of di↵erent experiments can change drastically

for di↵erent masses of the dark-sector states, for di↵erent A’-to-dark-sector coupling, and for minor changes
in the model; this plot is thus not representative of the full parameter space that needs to be explored. See
text and [6] for more details.

(3) mA0 < MeV: Below an MeV, the A0 is unable to decay to e+e� and is thus long-lived. Existing
constraints and opportunities for future searches are shown in Fig. 2-10. Constraints arise from stellar
cooling, precision measurements of Coulomb’s law, and past light-shining-through-walls (LSW) exper-
iments. A large parameter space (shown in light green) remains accessible to future experimentation,
including regions in which the A0 itself could constitute all of the DM. Experiments searching for axions
and ALPs can take advantage of A0 $ � oscillations and probe low-mass dark photons.

2.7.4 Chameleons

Chameleon particles are new particles predicted in some theories that have properties that depend on their
environment. In particular, the chameleon is nearly massless in regions with low matter density and becomes
massive in regions of high matter density. Such particles have properties that could explain a possible scalar
field responsible for the accelerated expansion of the universe (dark energy) while avoiding constraints from
terrestrial laboratory and solar system fifth force experiments. The chameleon mechanism (m

e↵

/ ⇢) arises
naturally with a scalar coupling to the stress energy tensor within a wide range of possible potentials.
An afterglow experiment, GammeV-CHASE, set limits on the chameleon coupling to photons by using a
reconfigured LSW apparatus. Other experiments using neutrons and a torsion pendulum also constrain the
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17 MeV Boson
• These data fill in gaps in our knowledge, 

and have proven to be important in 
unexpected places.

• For example, there has recently been 
interest in a 8Be transition which 
appears to have a resonance in its decay 
to e+e- at around 17 MeV.

• While it remains possible that this result 
is due to experimental bias or unknown 
nuclear physics, it could also be a sign of 
new physics!

• The wealth of understanding we have 
about such objects is entirely due to the 
interest in studying them which 
followed from the PAMELA result!

4

its bounds are derived from X-bremsstrahlung from the
initial p beam and ⇡0 decays to X bosons [24]. Both
of these are suppressed in protophobic models. The
CHARM experiment at CERN also bounds the param-
eter space through searches for ⌘, ⌘0 ! X�, followed by
X ! e+e� [25]. At the upper boundary of the region ex-
cluded by CHARM, the constraint is determined almost
completely by the parameters that enter the X decay
length, and so the dark photon bound on " applies to
"e and requires |"e| > 2 ⇥ 10�5. A similar, but weaker
constraint can be derived from LSND data [26–28].

There are also bounds on the neutrino charge "⌫ . In the
present case, where "e is non-zero, a recent study of B�L
gauge bosons [29] finds that these couplings are most
stringently bounded by precision studies of ⌫̄ � e scat-
tering from TEXONO for the mX of interest here [30].
Reinterpreted for the present case, these studies require
|"⌫"e|1/2 . 7 ⇥ 10�5. There are also bounds from co-
herent neutrino-nucleus scattering. Dark matter experi-
ments with Xe target nuclei require a B�L gauge boson
to have coupling gB�L . 4⇥ 10�5 [31]. Rescaling this to
the current case, given Z = 54 and A = 131 for Xe, we
find |"⌫"n|1/2 < 2⇥ 10�4.

To explain the 8Be signal, "n must be significantly
larger than "e. Nevertheless, the ⌫̄ � e scattering con-
straint provides a bound on "⌫ that is comparable to or
stronger than the ⌫�N constraint throughout parameter
space, and so we use the ⌫̄ � e constraint below. Note
also that, given the range of acceptable "e, the bounds
on "⌫ are more stringent than the bounds on "e, and so
B(X ! e+e�) ⇡ 100%, justifying our assumption above.

Although not our main concern, there are also bounds
on second-generation couplings. For example, NA48/2
also derives bounds on K+ ! ⇡+X, followed by X !
e+e� [10]. However, this branching ratio vanishes for
massless X and is highly suppressed for low mX . For
mX = 17 MeV, the bound on "n is not competitive with
those discussed above [9, 11]. KLOE-2 also searches for
� ! ⌘X followed by X ! e+e� and excludes the dark
photon parameter " . 7 ⇥ 10�3 [32]. This is similar
numerically to bounds discussed above, and the strange
quark charge "s can be chosen to satisfy this constraint.

In summary, in the extreme protophobic case with
mX ⇡ 17 MeV, the charges are required to satisfy
|"n| < 2.5 ⇥ 10�2 and 2 ⇥ 10�4 < |"e| < 1.4 ⇥ 10�3,
and |"⌫"e|1/2 . 7⇥ 10�5. Combining these with Eqs. (5)
and (7), we find that a protophobic gauge boson with
first-generation charges

"u = �1

3
"n ⇡ ±3.7⇥ 10�3

"d =
2

3
"n ⇡ ⌥7.4⇥ 10�3

2⇥ 10�4 . |"e| . 1.4⇥ 10�3

|"⌫"e|1/2 . 7⇥ 10�5 (10)

FIG. 2. The 8Be signal region, along with current constraints
discussed in the text (gray) and projected sensitivities of fu-
ture experiments in the (mX , "e) plane. For the 8Be signal,
the other couplings are assumed to be in the ranges given in
Eq. (10); for all other contours, the other couplings are those
of a dark photon.

explains the 8Be anomaly by 8Be⇤ ! 8BeX, followed by
X ! e+e�, consistent with existing constraints. For |"e|
near the upper end of the allowed range in Eq. (10) and
|"µ| ⇡ |"e|, the X boson also solves the (g � 2)µ puzzle,
reducing the current 3.6� discrepancy to below 2� [9].
Conclusions. We find evidence in the recent obser-

vation of a 6.8� anomaly in the e+e� distribution of
nuclear 8Be decays for a new vector gauge boson. The
new particle mediates a fifth force with a characteristic
length scale of 12 fm. The requirements of the signal,
along with the many constraints from other experiments
that probe these low energy scales, constrain the mass
and couplings of the boson to small ranges: its mass is
mX ⇡ 17 MeV, and it has milli-charged couplings to
up and down quarks and electrons, but with relatively
suppressed (and possibly vanishing) couplings to protons
(and neutrinos) relative to neutrons. If its lepton cou-
plings are approximately generation-independent, the 17
MeV vector boson may simultaneously explain the exist-
ing 3.6� deviation from SM predictions in the anomalous
magnetic moment of the muon. It is also interesting to
note that couplings of this magnitude, albeit in an ax-
ial vector case, may resolve a 3.2� excess in ⇡0 ! e+e�

decays [33, 34].
To confirm the 8Be signal, the most direct approach

would be to look for other nuclear states that decay to
discrete gamma rays with energies above 17 MeV through
M1 or E1 electromagnetic transitions. Unfortunately,
the 8Be system is quite special and, to our knowledge,
the 8Be⇤ and 8Be⇤0 states yield the most energetic such
gamma rays of all the nuclear states.
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AMS-02  Weighs In

CF2 Report

tion has been reported by earlier experiments: TS93 [16],Wizard/CAPRICE [17], HEAT [18],
AMS-01 [19], PAMELA [11, 20], and Fermi-LAT [12]. The new result extends the energy
range to 500 GeV and is based on a significant increase in the statistics by a factor of
1.7. Fig. 5 explores the behavior of the positron fraction at high energies (> 10 GeV) and
compares it with earlier measurements. We observe that above about 200 GeV the positron
fraction is no longer increasing with energy.

Figure 5: The positron fraction above 10 GeV, where it begins to increase. The present
AMS measurement (red points) extends the energy range to 500 GeV and demonstrates
that above about 200GeV the positron fraction is no longer increasing. Measurements from
PAMELA [11, 20] (the horizontal blue line is their lower limit), Fermi-LAT [12], and other
experiments [16, 17, 18, 19] are also shown.

To examine the energy dependence of the positron fraction quantitatively in a model
independent way, straight line fits were performed over the entire energy range with a
sliding energy window, where the width of the window varies with energy to have su�cient
sensitivity to the slope. Each window covers about 8 bins, at energies above 200 GeV it
covers 3 bins. Above 30 GeV the slope decreases logarithmically with energy and crosses
zero at 275 ± 32 GeV. This confirms our observation from Fig. 5 that above about 200
GeV the positron fraction is no longer increasing with energy. This is the first experimental
evidence of the existence of a new behavior of the positron fraction at high energy.

We present a fit to the data of a minimal model, where the e+ and e� fluxes are
parameterized as the sum of their individual di↵use power law spectrum and a common
source term with an exponential cuto↵ parameter, Es:

�e+ = Ce+E
��e+ + CsE

��s
e

�E/Es (2)

�e� = Ce�E
��e� + CsE

��s
e

�E/Es (3)

(with E in GeV). A fit of this model to the data with their total errors (the quadratic sum

9

AMS02
1412.2482

PAMELA has now passed the torch to AMS, which illustrates the high quality 
of the earlier PAMELA results and extends a little higher in energy.



The PAMELA Legacy
• Looking at its accomplishments in 10 years, PAMELA’s impact on the science 

of dark matter strikes me as encapsulating the best aspects of the scientific 
process and international scientific collaboration.

• First, there is the signal itself, which is reproducible by other experiments 
and is clearly telling us something extremely interesting, even if it 
ultimately turns out not to be dark mater.

• Of course, this signal could turn out to be the first sign of particle dark 
matter.  To establish this probably requires seeing a correlated signal in 
some other experiment to help convince us it is due to dark matter.

• The signal has motivated theoretical particle physicists to think outside of 
the standard paradigms, leading to the discovery of beautiful and interesting 
models which were not widely considered before.

• New directions in theory have lead to an entire program of searching for 
dark force carriers in a variety of channels at different facilities.

• The PAMELA legacy for dark matter research is profound and endures!



To echo what Igor Said:

“Brilliant Job! 
Congratulations, PAMELA!”



Bonus Material



SM 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 new physics to explain the 
difference.

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

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

χ

χ
SM
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• 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.

• These searches are rapidly advancing, 
with orders of magnitude improvements 
in sensitivity every few years!

WIMP

Target Nuclei

Signal

Direct Detection
Χ Χ

Nucleus Nucleus



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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dE
= σ0

ρ

m

∫
dvf(v) F (E)
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Nuclear Physics
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Lots of Activity
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Cushman et al, 
Snowmass CF1 Report



Collider Production

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

• By studying its production in 
collisions of SM particles, we are 
seeing the inverse of the process 
which kept the WIMPs in 
equilibrium in the early Universe.

• Provided they have enough energy 
to produce them, colliders may 
allow us to study other elements of 
the “dark sector”, which are no 
longer present in the Universe 
today.

Very sophisticated devices with 
many, many (many!) subsystems:

But no WIMP detectors.



Seeing the Invisible?

• Dark matter is expected to interact so weakly that it is expected to 
pass through the detector components without any significant 
interaction, making them effective invisible (much like neutrinos).

• We can try to “see” it nonetheless:

Χ

Χ
SM Particles

Χ

Χ

SM Particles

Radiation from the SM side 
of the reaction.

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

} Missing 
Momentum

Visible radiation



Gamma Ray GeV Excess
• A simplified model allows us to put a 

(possible) discovery into context and ask 
what a theory that could explain it 
should look like.

• As an example:  there are hints for what 
could be a dark matter signal in the 
Fermi data from the galactic center.

• After subtracting models of the diffuse 
gamma ray emission, known point 
sources, etc, an excess remains with a 
distribution peaking around a few GeV, 
consistent with the expectations of a 40 
GeV dark matter particle annihilating 
into bottom quarks.
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FIG. 18: The spectrum of the dark matter template found in our Inner Galaxy analysis when performing the fit over di↵erent
regions of the sky (|b| > 1�, b < �1�, |b| > 5�, and b < �5�). All fits employ a single template for the Bubbles, the p6v11
Fermi di↵use model, and a dark matter motivated signal template with an inner profile slope of � = 1.26. In the left frame,
we have applied our standard cuts on the Fermi event parameter CTBCORE (as described in Sec. III). In the right frame, no
such additional cuts have been applied. The CTBCORE cut substantially hardens the spectrum of the excess below 1 GeV
for the |b| > 1� fits, bringing the spectral shapes found in di↵erent regions of the sky into much better agreement, as well as
significantly reducing the north-south asymmetry that had been previously reported.

dark matter annihilating to tau leptons, or by pulsars –
can in large part be traced to the same uncertainties in
the di↵use background modeling. The CTBCORE cut
applied in this study, however, appears to have largely
removed this contamination, at least in our analysis of
the Inner Galaxy.

Appendix B: A Simple Test of Spherical Symmetry

Probing the morphology of the Inner Galaxy excess is
complicated by the bright emission correlated with the
Galactic Plane. In Ref. [8], it proved di�cult to ro-
bustly determine whether any signal was present outside
of the regions occupied by the Fermi Bubbles, as the re-
gions both close to the Galactic Center and outside of
the Bubbles were dominated by the bright emission from
the Galactic Plane. The improvement in angular resolu-
tion resulting from our CTBCORE cut, however, greatly
mitigates this issue.

In addition to the detailed study of morphology de-
scribed in Sec. VI, we perform here a fit dividing the sig-
nal template into two independent templates, one with
|l| > |b| and the other with |b| > |l|. The former tem-
plate favors the Galactic Plane, while the latter contains
the Fermi Bubbles. As previously, the fit also includes a
single template for the Bubbles in addition to the Fermi

di↵use model and a isotropic o↵set. The extracted spec-
tra of the signal templates are shown in Fig. 19. For en-
ergies below 10 GeV, where the claimed signal is present,
they both show a clear spectral feature with consistent
shape and normalization.

Appendix C: Sensitivity of the Spectral Shape to
the Assumed Morphology

In our main analyses, we have derived spectra for the
component associated with the dark matter template as-
suming a dark matter density profile with a given inner
slope, �. One might ask, however, to what degree uncer-
tainties in the morphology of the template might bias the
spectral shape extracted from our analysis. In Fig. 20,
we plot the (central values of the) spectrum found for
the dark matter template in our Inner Galaxy analysis,
for a number of values of �. The shapes of the spectra
are highly consistent, almost entirely independent of this
choice, for energies above 600 MeV, although they di-
verge at lower energies. For the range of slopes favored
by our fits (� = 1.2 � 1.3), however, the extracted spec-
tra are always consistent within the 1� error bars. We
note that this conclusion is also true for the data with-
out additional cuts on CTBCORE, although the degree
of variation in the spectra below 600 MeV is considerably
greater in that case.

Appendix D: Modeling of Background Emission in
the Inner Galaxy

1. The Fermi Bubbles

The fit described in Sec. IV is a simplified version of
the analysis performed in Ref. [8], where the spectrum
of the Bubbles was allowed to vary with latitude. From
the results in Ref. [8], it appears that this freedom is
not necessary – the spectrum and normalization of the
Bubbles varies only slightly with Galactic latitude.
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

Daylan, Finkbeiner, Hooper, Linden, Portillo, Rodd, Slatyer  1402.6703
see also: Abazajian, Canac, Horiuchi, Kaplinghat 1402.4090
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