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Outline
Prelude ‒ WIMP dark matter 
Thermal production and freeze-out
General principle of (in)direct detection
Dark matter distribution

Gamma rays
targets: galactic center + halo, dwarf galaxies, galaxy clusters, ... 
signals: continuum vs.  “smoking gun” spectral features

Neutrinos
from galactic halo + sun/earth

Charged cosmic rays
propagation of cosmic rays
positrons, antiprotons, [antideuterons]
multi-wavelength signals

[Complementarity with direct and collider searches]
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Please do interrupt!
NB: Outline is preliminary...

1st

2nd

3rd
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Dark matter all around
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overwhelming evidence on all scales! 

See 
lectures 

by 
S. Sarkar!
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Dark matter properties
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credit: WMAP

Existence by now (almost) impossible to challenge!
  
electrically neutral 
non-baryonic
cold ‒ dissipationless and negligible 

                 free-streaming effects
‘collisionless’

�CDM = 0.233± 0.013 (WMAP)

(dark!)

(BBN, CMB)

(structure formation)

(bullet cluster)

Two options: 
Modify gravity
Invoke some elementary(?) particle

But what is DM... ???

Evidence for physics beyond the SM!
No candidate in standard model

(but some people still try…)
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Candidates
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A good DM candidate 
should 
explain ‘all’ observations
have an independent 
motivation from particle 
physics

4 H. Baer and X. Tata

amongst themselves, leading to the so-called “concor-
dance” model for the universe, the ΛCDM model.
(Here, Λ stands for Einstein’s cosmological constant,
which may be the source of the DE). In the ΛCDM
model, the universe is composed of about 70% DE, 25%
DM, 4% baryons with a tiny fraction of neutrinos and
radiation. The measured abundance of CDM in our
universe[ 5],

ΩCDMh2 = 0.111+0.011
−0.015 (2σ), (1)

where ΩCDM = ρCDM/ρc, with ρCDM the CDM mass
density, ρc the critical closure density and h is the scaled
Hubble parameter, serves as a severe constraint on all
particle physics theories that include a dark matter can-
didate. Since DM may well consist of more than one
component, strictly speaking the relic density serves as
an upper bound ΩXh2 ≤ 0.122 on the density of any
single component X . We now turn to a discussion of
some of the particle physics candidates for the DM par-
ticle X .

3. DM candidates

While the evidence for the existence of DM in the
universe is now very convincing, and while the density
of dark matter in the universe is becoming precisely
known, the identity of the dark matter particle(s) is
a complete mystery. None of the particles in the Stan-
dard Model have the right properties to make up CDM.
Many candidates, however, have been proposed in the
theoretical literature. To appreciate the variety of can-
didate particles proposed, we list a number of possibil-
ities. The range of masses and interaction strengths of
many of these candidates is shown in Fig. 2.• Neutrinos: Massive neutrinos are weakly inter-

acting neutral massive particles and so are nat-
ural candidates for the DM in the universe[ 6].
It is now known that the usual active neutrinos
are so light that they could not give rise to the
observed structure in the Universe because these
would move faster than the typical galactic escape
velocity, and so cannot cause the clumping that
large scale structure simulations require. They
are usually referred to as hot DM, or HDM, and
are likely to be a subdominant component of the
DM in the Universe. There are, however, pro-
posals for much heavier, cold dark matter gauge
singlet neutrinos that are not part of the Stan-
dard Model[ 8].

• Planck mass black hole remnants: It is possible
many tiny black holes (BHs) were produced in the
early universe. Ordinarily, these BHs would de-
cay via Hawking radiation. However, it has been
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Some Dark Matter Candidate Particles

neutrinos 
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KK photon 
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Figure 2. Dark matter candidates in the mass versus in-
teraction strength plane, taken from Ref.[ 7].

suggested that once they reach the Planck mass,
quantum gravity effects forbid further radiation,
making them stable, and hence good CDM can-
didates[ 9].

• Q-balls: These objects are topological solitons
that occur in quantum field theory[ 10, 11].

• Wimpzillas: These very massive beasts were pro-
posed to show that viable DM candidates could
have masses far beyond the weak scale[ 12].

• Axions: The symmetries of the QCD Lagrangian
allow the term – L " θQCD

32π2 FµνF̃µν– which gives
rise to CP violation in the strong interactions.
However, measurements of the neutron electric

dipole moment (EDM) require θQCD
<∼ 10−10.

Why this parameter is so much smaller than its
natural value of ∼ 1 is referred to as the strong
CP problem. The most compelling solution
to the strong CP problem – the Peccei-Quinn-
Weinberg-Wilczek solution[ 13] – effectively re-
places the parameter θQCD by a quantum field,
and the potential energy allows the field to re-
lax to near zero strength. However, a remnant
of this procedure is that a physical pseudoscalar
boson – the axion a – remains in the spectrum.
The axion is an excellent candidate for CDM in
the universe[ 14]. Its favored mass range is ma ∼
10−5 − 10−3 eV, where the lower bound gives too
high a relic density, and the upper bound comes

In principle many 
options... 

Baer & Tata,  arXiv: 0805.1905

WIMPs are particularly well-suited candidates:
well-motivated: quasi ‘by-products’ in attempts to cure problems of SM
[SUSY, EDs, little Higgs, ...]
thermal production ‘automatically’ leads to right relic abundance

See lectures by 
P. Gondolo!



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

The WIMP “miracle”
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Torsten Bringmann, Stockholm

The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −〈σv〉

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

〈σv〉 = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

The number density of Weakly Interacting Massive 
Particles in the early universe:

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

n�eq

time

increasing��v⇥

a3
n

�

Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

“Freeze-out” when annihilation 
rate falls behind expansion rate

Relic density (today):

for weak-scale 
interactions!

(⇥ a3n� � const.)

��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)
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Co-annihilations
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Typically, the DM particle is not the only new particle

n ⌘
NX

i=1

ni
Eventually, everything will decay 
into the lightest state �

m� ⌘ m1  m2  ...  mNOrder them such that  

Since these particles will eventually decay to the DM particle (which is as-
sumed to be protected against decay by an internal symmetry), their initial
abundances also contribute to the DM relic density today and we have to
study the full set of (coupled) Boltzmann equations that govern their evo-
lution. Assuming that there are N new particles, we order them such that
mχ ≡ m1 ≤ m2 ≤ ... ≤ mN . In a similar way as we did above for the
case of a single annihilation mode, one can now derive the following set of
(momentum-averaged) Boltzmann equations:

ṅi + 3Hni = −
N∑

j=1

2

gj
〈σijvij〉

(

ninj − neq
i neq

j

)

−
∑

X

∑

j !=i

neq
X [〈σ′Xijvij〉 (ni − neq

i ) − 〈σ′Xjivij〉
(

nj − neq
j

)

]

−
∑

j !=i

[Γij (ni − neq
i ) − Γji

(

nj − neq
j

)

] (98)

where the total annihilation cross sections, the inclusive scattering cross sec-
tions, the inclusive decay rates and the ’relative velocities’, respectively, are
given by

σij =
∑

X

σ(χiχj → X) (99)

σ′Xij =
∑

Y

σ(χiX → χjY ) (100)

Γij =
∑

X

Γ(χi → χjX) (101)

vij =

√

(pi · pj)2 − m2
i m

2
j

EiEj
. (102)

In the above expressions, X and Y denote all (sets of) standard model par-
ticles that appear in the interactions. The processes with i, j '= 1 are known
in the literature as coannihilations.

Relatively shortly after freeze-out, all particles will decay into the DM
particles χ and we are thus only interested in the total number density n ≡
∑N

i=1 ni. Summing Eq. (98) over i then results in

ṅ + 3Hn = −
N
∑

i,j=1

2

gj
〈σijvij〉

(

ninj − neq
i neq

j

)

. (103)

Note that the terms on the second and third lines in Eq. (98) do not change
the total number n of (heavy) particles and thus cancel in the sum. There is,

3

h�e↵vi =
X

ij

h�ijviji
neq

i

neq

neq
j

neq

neq =
X

i

neq
i '

X

i

gi

Z
dp

(2⇡)3
e�

Ei
Twhere

ṅ + 3Hn = �h�e↵vi(n2 � n2
eq)
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Co-annihilations (2)
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Freeze-out = decoupling !
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WIMP interactions with 
heat bath of SM particles:
� SM

(annihilation)
� SM

�

(scattering)

�

SMSM

kinetic decoupling

Mcut

Tkd � m�/(102..105)
chemical decoupling

��

Tcd � m�/25
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!! !!!! !! !!!!! !! !!!! !!!!!!!!!! !!!!!!!!! !!!!!!!!!!!!!!!!

! !!!!
!
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T. Bringmann, 2009

mχ [GeV]
M

cu
t/

M
!

Higgsino (Zg < 0.05)
mixed (0.05 ≤ Zg ≤ 0.95)
Gaugino (Zg > 0.95)

K′

I′

J∗

F∗

50 100 500 1000 5000

10−4

10−6

10−8

10−10

10−12

Cut-off value highly model-dependent                        

size of 
smallest 
subhalos

[In principle values as large as the scale of dwarf-galaxies possible! van den Aarssen+ PRL’12]

   a window into the particle-physics nature of dark matter!?                       
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WIMPs do interact with the SM!
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� SM

� SM

d
ir

e
ct
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e

te
ct

io
n

collider searches

indirect detection

See 
lectures by 
J. Gascon

See also lectures by 
A. Melchiorri, J. Conrad, D. 
Boersma and F. Donato...



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

Indirect detection in one slide
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a

i

e+

DM

DM
a

e

p
_

+

DM has to be (quasi-)stable against decay...
… but can usually pair-annihilate into SM particles
Try to spot those in cosmic rays of various kinds

i) absolute rates
       regions of high DM density

ii) discrimination against other sources 
       low background; clear signatures

The challenge:
�
�
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Distribution of dark matter
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�CDM = 0.233± 0.013

Annihilation sensitive to DM density squared
need to know this quantity very well!

⌦local

� 6= ⌦
CDM

!!!

on large scales

NB: in general

[For comparison: decaying DM directly proportional to density]
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Dwarf galaxies
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Use Jeans equation to relate observed velocity 
dispersion of stars to total mass distribution 

highest known mass-to-light ratios!18 Simon & Geha

Fig. 15.— Total mass-to-light ratios (in solar units) as a function of absolute magnitude for Local Group dwarf spheroidals. The red
symbols represent the ultra-faint dwarfs from this paper (including Leo T, which is not really a dSph, and UMa II, which may be tidally dis-
rupted, as an open red circle in the upper left). The open black squares represent all of the dSphs with previously-published kinematic data,
including satellites of M31 as well as the Milky Way. The dashed gray lines are curves of constant dark matter halo mass (1, 2, 4, 8×107 M!

from bottom to top), assuming a stellar mass-to-light ratio of 2.5 M!/L!,V . For the previously-known Milky Way dwarfs, we recomputed
luminosities from Irwin & Hatzidimitriou (1995) using the most up-to-date distance measurements, and then adjusted the mass-to-light ra-
tios from the literature accordingly. References for distance measurements are: Fornax (Saviane, Held, & Bertelli 2000; Mackey & Gilmore
2003; Gullieuszik et al. 2007), Leo I (Bellazzini et al. 2004), Sculptor (Mateo 1998), Leo II (Bellazzini, Gennari, & Ferraro 2005), Sextans
(Lee et al. 2003), Carina (Dall’Ora et al. 2003), Ursa Minor (Mighell & Burke 1999), and Draco (Bonanos et al. 2004). References for
M/L measurements are: Fornax (Walker et al. 2006a), Leo I (Sohn et al. 2007; Koch et al. 2007a), Sculptor (Westfall et al. 2006), Leo II
(Koch et al. 2007b), Sextans (Walker et al. 2006b), Carina (Muñoz et al. 2006a), Ursa Minor (Wu 2007), Draco (!Lokas, Mamon, & Prada
2005), And II (Côté et al. 1999), Cetus (Lewis et al. 2007), And IX (Chapman et al. 2005), And XIV (Majewski et al. 2007), and Boötes
(Muñoz et al. 2006b).

dark matter velocity dispersion is expected to be larger
than the stellar velocity dispersion, so the Q values we de-
rive are upper limits on the true Q values for these galax-
ies. Nevertheless, these Q values will further restrict the
allowed parameter space for Warm Dark Matter parti-
cles, and may have an impact on the meta-CDM scenario
proposed by Strigari, Kaplinghat, & Bullock (2007a).

5. SUMMARY AND CONCLUSIONS

We have obtained Keck/DEIMOS spectra of significant
samples of stars in 8 of the new, ultra-faint Milky Way
satellite galaxies recently discovered in the Sloan Digital
Sky Survey. Using a large spectroscopic data set of radial
velocity standard stars observed with DEIMOS, repeat
DEIMOS measurements of stars in dwarf spheroidals and
globular clusters, and DEIMOS and HIRES spectra of
the same stars, we demonstrated that both our velocity

measurements and our derived uncertainties are accu-
rate. We then measured the velocities of 18−214 stars in
each galaxy, with typical uncertainties of ∼ 3.4 km s−1.

From our measurements of individual stellar velocities,
we calculated velocity dispersions for each of the ultra-
faint dwarfs. The velocity dispersions, which are listed
in Table 3, range from 3.3 ± 1.7 km s−1 for Leo IV up
to 7.6 ± 0.4 km s−1 for CVn I, and we showed that the
velocity dispersions are correlated with luminosity (in-
versely correlated with absolute magnitude). Under a set
of simple assumptions, we calculated the total masses of
the ultra-faint dwarfs, finding that these objects are the
lowest-mass galaxies currently known. From the equiv-
alent widths of the Ca triplet absorption lines we mea-
sured the metallicities of the red giant branch stars in the
new dwarfs and derived mean metallicities ranging from
[Fe/H] = −2.0 to [Fe/H] = −2.3; several of these galaxies

J.~D.~Simon, M.~Geha,  ApJ 670, 313 (2007)
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Galactic rotation curves

14Figure 2: Rotation curve of NGC 6503. The dotted, dashed and dash-dotted lines are
the contributions of gas, disk and dark matter, respectively. From Ref. [50].

Rotation curves are usually obtained by combining observations of the 21cm
line with optical surface photometry. Observed rotation curves usually exhibit
a characteristic flat behavior at large distances, i.e. out towards, and even far
beyond, the edge of the visible disks (see a typical example in Fig. 2).

In Newtonian dynamics the circular velocity is expected to be

v(r) =

√
GM(r)

r
, (37)

where, as usual, M(r) ≡ 4π
∫

ρ(r)r2dr, and ρ(r) is the mass density profile,
and should be falling ∝ 1/

√
r beyond the optical disc. The fact that v(r) is

approximately constant implies the existence of an halo with M(r) ∝ r and
ρ ∝ 1/r2.

Among the most interesting objects, from the point of view of the observa-
tion of rotation curves, are the so–called Low Surface Brightness (LSB) galaxies,
which are probably everywhere dark matter-dominated, with the observed stel-
lar populations making only a small contribution to rotation curves. Such a
property is extremely important because it allows one to avoid the difficulties
associated with the deprojection and disentanglement of the dark and visible
contributions to the rotation curves.

Although there is a consensus about the shape of dark matter halos at large
distances, it is unclear whether galaxies present cuspy or shallow profiles in their
innermost regions, which is an issue of crucial importance for the effects we will
be discussing in the following chapters.

Using high–resolution data of 13 LSB galaxies, de Blok et al. [179] recently
showed, that the distribution of inner slopes, i.e. the power–law indices of the
density profile in the innermost part of the galaxies, suggests the presence of

16
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spiral galaxy example:

Fig. 2.— Rotation curve for our favorite models A1

(no exchange of angular momentum) and B1 (with the
exchange). Note that the dark matter dominates only
in the outer part of the Milky Way. Symbols show
observational data from HI measurements of Knapp et
al. (1985) (circles) and Kerr et al.(1986) (triangles).

tuning, our models are consistent with observa-
tions of the dynamical mass of the MW over this
huge range.

Finding an acceptable model for M31 was rel-
atively easy because there are much less data. In
particular, we do not have kinematic constraints

Fig. 3.— Mass distribution of the MW galaxy for
Model A1 (full curve) and model B1 (dashed curve).
The large dots with error bars are observational con-
straints. From small to large radii the constraints are
based on: stellar radial velocities and proper motions
in the galactic center; radial velocities of OH/IR stars;
modeling of the bar using DIRBE and stellar veloci-
ties; rotational velocity at the solar radius; dynamics
of satellites.

for the disk, which would be equivalent to con-
straints at the solar position in our Galaxy. Our
model seems to reproduce reasonably well the dy-
namical mass of M31 from 100 pc to ≈100 kpc.
Our model does not produce the very large wig-
gles exhibited by the observed rotation curve. The
wiggles at 5 kpc and 9 kpc are likely due to non-
circular motions induced by the bar and, thus, as
discussed before, cannot be reproduced by any ax-
isymmetric model. The bulge of M31 is almost
twice as massive as the bulge of our Galaxy. It
is also slightly (30%) more compact. The disk
of M31 is also more massive, but it is more ex-
tended. As a result, in the central 5 kpc of the
M31 the bulge is a much more dominant compo-
nent as compared with the bulge of our Galaxy.

The surface brightness profile in the R-band,
shown in figure 5, is used as an additional con-
straint. An accurate fit (the same as for the mass
modeling) is obtained for stellar mass-to-light ra-
tios of M/L = 0.93 M!/L! and M/L = 3 M!/L!
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Standard Newtonian dynamics:

Observational determination of (inner) DM profile for MW ~ impossible!
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Inner halo profiles
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  CDM N-body simulations Fits to rotation curves?�
�NFW =

c

r(a + r)2
�Burkert =

c

(r + a)(a2 + r2)

�iso =
c

(a2 + r2)

Cuspy inner density profiles 
predicted by simulations not 
found in (all) observations
Situation a bit unclear;        
effect of baryons?

    (But could also lead to a steepening of the 
     inner profile!)

(� � 0.17)
�Einasto(r) = �s e�

2
� [( r

a )��1]

See lectures by 
M. Vogelsberger!

6 de Blok et al.

Fig. 2.— Histogram of the values of the inner power-law slope α of the mass density profiles presented in Fig. 1. We distinguish between
well-resolved (hatched histogram) and unresolved (blank histogram) galaxies. The unresolved galaxies generally have higher values of α.

Fig. 3.— Value of the inner slope α of the mass density profiles plotted against the radius of the innermost point. Black dots are from the
dBMR sample, stars are from the de Blok & Bosma (2001) sample, open circles represent the four LSB galaxies from the Verheijen (1997)
sample. Over-plotted are the theoretical slopes of a pseudo-isothermal halo model (dotted lines) with core radii of 0.5 (left-most), 1 (canter)
and 2 (right-most) kpc. The full line represents a NFW model (Navarro, Frenk & White 1996), the dashed line a CDM r−1.5 model (Moore
et al. 1999). Both of the latter models have parameters c = 8 and V200 = 100 km s−1, which were chosen to approximately fit the data points
in the lower part of the diagram.

Blok et al., ApJ ’01
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Substructure

16

Dark Matter Candidates 5

Figure 1. Illustration of the volumes in the solar neigbourhood entering the
calculation of the average boost factor in the dark matter halo. Here we have in
mind a dark matter particle of mass around 100 GeV annihilating into, from left to
right, positrons, antiprotons, and gamma-rays. The difference in size for antiprotons
and positrons depends on the different energy loss properties, as positrons at these
energies radiate through synchrotron and inverse Compton emission much faster than
do antiprotons.

the influence of baryons could give an enhanced density through adiabatic contraction

processes).

The computation of the boost factor in realistic astrophysical and particle physics

scenarios is a formidable task, which has so far only been partially addressed. It may be
anticipated that this will be one of the main problem areas of future indirect detection

studies of dark matter. For direct detection, there is no corresponding enhancement of

the scattering rate. However, the detailed small-scale structure of the local region of

the dark matter halo may play a role [21].

1.2. Axions

Although at times not very much in focus of dark matter phenomenologists and

experimentalists, the axion remains one of the earliest suggestions of a viable particle

candidate for dark matter, and in fact one of the most attractive. This is not least due

to the fact that its existence was motivated by solving the strong CP problem in particle

physics, and its possible role for dark matter comes as an extra bonus. A disadvantage

in the cosmological context is, however, that the axion needed to solve the CP problem
only solves the dark matter problem for a small range of masses – thus some fine-tuning

Fig.: Bergström, NJP ’09

important to include realistic value for         !Mcut

“Boost factor”
each decade in Msubhalo contributes very roughly the same

depends on uncertain form of microhalo profile (     ...) and       
(large extrapolations necessary!)

cv dN/dM

e.g. Diemand, Kuhlen & Madau, ApJ ’07

Indirect detection 
effectively involves an 
averaging:

N-body simulations: The DM halo contains not only a 
smooth component, but a lot of substructure!

�SM � ⇥�2
�⇤ = (1 + BF)⇥��⇤2
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Prelude ‒ WIMP dark matter 
Thermal production and freeze-out
General principle of (in)direct detection
Dark matter distribution

Gamma rays
targets: galactic center + halo, dwarf galaxies, galaxy clusters, ... 
signals: continuum vs.  “smoking gun” spectral features

Neutrinos
from galactic halo + sun/earth

Charged cosmic rays
propagation of cosmic rays
positrons, antiprotons, [antideuterons]
multi-wavelength signals

[Complementarity with direct and collider searches]
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Indirect DM searches
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Gamma rays:

Rather high rates
No attenuation when propagating through halo
No assumptions about diffuse halo necessary
Point directly to the sources: clear spatial signatures
Clear spectral signatures to look forClear spectral signatures
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given by�

astrophysics

�� : angular res. of detector

D : distance to source

for point-like sources:
�

�
D2�⇥

⇥�1
⇤

d3r �2(r)

particle physics

m�

��v⇥ann

Bf

Nf
�

: total annihilation cross section

: WIMP mass

: branching ratio into channel

: number of photons per ann.

f

(50 GeV � m� � 5 TeV){
high accuracy 

spectral information

{
angular information

+ rather uncertain normalization

d��
dE�

(E� ,� ) =
Z

� 

d⌦
� 

Z

l.o.s
d`( )⇢2(r)

h�vi
ann

8⇡m2

�

X

f

Bf
dNf

�

dE�
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Halo profiles (2)
Large uncertainties “only” in 
the very central region. 

⇢� ⇠ 0.4 GeV/cm3

10-3 10-2 10-1 1 10 102
10-2

10-1

1

10

102

103

104

10¢¢ 30¢¢1¢ 5¢ 10¢ 30¢ 1o 2o 5o10o20o45o

r @kpcD

r D
M
@Ge

V
êcm

3 D

Angle from the GC @degreesD

NFW

Moore

Iso

Einasto EinastoB

Burkert

r
ü

r
ü

DM halo ↵ rs [kpc] ⇢s [GeV/cm3]

NFW � 24.42 0.184
Einasto 0.17 28.44 0.033
EinastoB 0.11 35.24 0.021
Isothermal � 4.38 1.387
Burkert � 12.67 0.712
Moore � 30.28 0.105

Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of r

s

(⇢
s

):
this precision is su�cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters r
s

(a typical scale radius) and ⇢
s

(a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be ⇢� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2 ! 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌘ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di↵er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a↵ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].

6

local DM density:

Difference in annihilation flux 
several orders of magnitude 
for the galactic center 

Situation much better for e.g. 
dwarf galaxies

Cirelli et al., JCAP’11
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Figure 15: J(✓) for annihilating (left) and decaying (right) Dark Matter, for the di↵erent
DM profiles. The color code individuates the profiles (Burkert, Isothermal, Einasto, EinastoB,
NFW, Moore from bottom to top in the inset).

J̄(�⌦) =
�R

�⌦
J d⌦

�
/�⌦. The following simple formulæ hold for regions that are disks of

aperture ✓max centered around the GC, annuli ✓min < ✓ < ✓max centered around the GC or
generic regions defined in terms of galactic latitude b and longitude ` 23 (provided they are
symmetric around the GC):

�⌦ = 2⇡

Z
✓max

0

d✓ sin ✓, J̄ =
2⇡

�⌦

Z
d✓ sin ✓ J(✓), (disk)

�⌦ = 2⇡

Z
✓max

✓min

d✓ sin ✓, J̄ =
2⇡

�⌦

Z
d✓ sin ✓ J(✓), (annulus)

�⌦ = 4

Z
bmax

bmin

Z
`max

`min

db d` cos b, J̄ =
4

�⌦

ZZ
db d` cos b J(✓(b, `)), (b⇥ ` region)

(36)
where the integration limits in the formulæ for J̄ are left implicit for simplicity but obviously
correspond to those in �⌦. For the ‘b ⇥ ` region’ the limits of the integration region are
intended to be in one quadrant (e.g. the b > 0�, 0 < ` < 90� one for definiteness), hence
the factor of 4 to report it to the four quadrants.

The values of the J̄ factors and �⌦ for some popular observational regions are reported
in table 2, for the cases of annihilating and decaying DM and for the di↵erent halo profiles.
Any other region can be computed by using the formulæ in eq. (36) and the J(✓) functions
provided above.

23Galactic polar coordinates (d, `, b) are defined as

x = d cos ` cos b, y = d sin ` cos b, z = d sin b

where the Earth is located at ~x = 0 (such that d is the distance from us); the Galactic Center at x = r�,
y = z = 0; and the Galactic plane corresponds to z ⇡ 0. Consequently cos ✓ = x/d = cos b · cos `.

34

[NB: figure does not take into account cut-off 
due to self-annihilation! ]
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0.30 ± 0.05
Wydrow, Pim & Dubinski, ApJ ’08

Catena & Ullio, JCAP ’10

0.39 ± 0.03

0.43 ± 0.11 ± 0.10
Salucci et al, A&A ’10

...

⇢DM
� ⇠ 0.3! 0.4

GeV
cm3

standard value: Gaia (ESA mission, launch 11/13) 
will collect position and 
radial velocities of ~108 stars 

will settle the issue…!

...



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

Annihilation spectra
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WIMP annihilation
(the quantum field theory view)

1) Calculation of hard process requires evaluation of dozens, sometimes hundreds, of 
Feynman diagrams (see QFT book of your choice).

2) Fragmentation, hadronization and decay are calculated using Monte Carlo 
simulations of individual processes.

Examples:

(large momentum transfer)

[hep-ph/9506380]
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GAMMA RAYS FROM NEUTRALINO

ANNIHILATIONS

In most models, the lightest stable supersymmetric
particle is the lightest neutralino, henceforth just “the
neutralino”, which is a linear combination of the super-
partners of the gauge and Higgs fields,

χ ≡ χ̃0
1 = N11B̃ + N12W̃

3 + N13H̃
0
1 + N14H̃

0
2 . (1)

In order not to overclose the universe, a TeV-scale neu-
tralino must generally have a very large higgsino frac-
tion, Zh ≡ |N13|

2 + |N14|
2, if the usual GUT condition

M1 ∼ M2/2 is imposed; otherwise a heavy wino would
also be acceptable. In the following, we therefore focus on
higgsino-like neutralinos, with Zh ≈ 1 and N13 ≈ ±N14

[26]. For the high masses we are interested in, the anni-
hilation rate into charged gauge bosons often dominates.
Internal bremsstrahlung in these final states are there-
fore of great interest to investigate. Moreover, we note
that all our results are almost independent of the relative
velocity v of the annihilating neutralino pair. Analytical
expressions are therefore presented in the limit of vanish-
ing velocity, but should be applicable both at the time of
freeze-out (v/c ∼ 1/6) and to annihilating neutralinos in
the galactic halo today (v/c ∼ 10−3).

χ

χ

χ

χ

χ

χ

χ−
1

χ−
1

χ−
1

χ−
1

W−W−

W− W−

W+

W+

W+W+

γ
γ

γ

FIG. 1: Contributions to χχ → W +W−γ for a pure higgsino-
like neutralino (crossing fermion lines are not shown).

For a pure higgsino, the only contribution to the low-
est order annihilation cross section into charged gauge
bosons comes from a t-channel exchange of a chargino; it
is given by

(σv)WW =
g4

32π

(

m2
χ − m2

W

)

√

1 − m2
W /m2

χ

(

m2
χ + mχ±

1

2 − m2
W

)2
, (2)

where mχ±
1

and mW are the lightest chargino and W
masses, respectively.

Let us now consider radiative corrections with a photon
in the final state in addition to the W pair. Just as at
lowest order, the potential s-channel exchanges of Z and
Higgs bosons vanish, and the only Feynman diagrams
that contribute are shown in Fig. 1. To zeroth order in
ε ≡ mW /mχ, and retaining a leading logarithmic term,
the resulting photon multiplicity is given by

dNW
γ

dx
≡

d(σv)WWγ/dx

(σv)WW

%
αem

π

[

4(1 − x + x2)2 ln(2/ε)

(1 − x)x

−
2(4 − 12x + 19x2 − 22x3 + 20x4 − 10x5 + 2x6)

(2 − x)2(1 − x)x

+
2(8 − 24x + 42x2 − 37x3 + 16x4 − 3x5) ln(1 − x)

(2 − x)3(1 − x)x

+ δ2

(

2x(2 − (2 − x)x)

(2 − x)2(1 − x)
+

8(1 − x) ln(1 − x)

(2 − x)3

)

+ δ4

(

x(x − 1)

(2 − x)2
+

(x − 1)(2 − 2x + x2) ln(1 − x)

(2 − x)3

) ]

,

(3)

where x ≡ Eγ/mχ and δ ≡ (mχ±
1

− mχ)/mW .

Several interesting features can be identified in this
expression. For large mass shifts δ the last two terms
dominate. They originate from longitudinally polarized
charged gauge bosons in the final state, which are forbid-
den in the lowest order process because of the different
CP properties of the initial and final state [21]. Remem-
ber that in the limit of vanishing relative velocity, the ini-
tial state must be an S-wave with pseudoscalar quantum
numbers due to the Majorana nature of the neutralino.
The emission of a photon, on the other hand, will open up
this channel in the 1S0 partial wave, potentially leading
to very large cross sections [27]. However, in supersym-
metric scenarios with a heavy higgsino-like neutralino one
usually expects a mass shift δ < ε [17, 21], in which case
the longitudinal part (last two terms) can be neglected.

For small mass shifts, the cross section is instead dom-
inated by the production of transversely polarized gauge
bosons. This results in a peak in the spectrum at high
energies that becomes more and more pronounced for
higher neutralino masses. The appearance of this peak
can be understood by observing that for very heavy neu-
tralino masses the transversely polarized W bosons can
be treated as light and thus behave in the same way as
infrared photons radiated from the neutralino/chargino
line in Fig. 1. The mechanism that takes place is, in other
words, an amusing reflection of QED infrared behaviour
also for W bosons: The kinematical situation when the
photon and one of the W s leave the annihilation point
each with maximal energy, gets an enhancement, since it
is automatically accompanied by a very soft W . This is
also reflected in the symmetric appearance of the x → 0
and x → 1 poles in the first terms of Eq. (3).

As an illustrative example, we have chosen a typi-
cal higgsino-like MSSM model, fulfilling all experimental
constraints, as specified in Table I (similar models are
found in, e.g., the focus point region of mSUGRA). The
resulting photon spectrum from internal bremsstrahlung
of W pair final states is shown in Fig. 2. The symme-
try around x ∼ 0.5 in the spectrum indicates the related

2

PRIMARY AND SECONDARY GAMMA RAYS

FROM B(1)B(1)
ANNIHILATIONS

We first consider primary gamma rays. At tree level,
with all other first level KK modes degenerate in mass,
B(1) pairs annihilate into quark pairs (35%), charged
lepton pairs (59%), neutrinos (4%), charged (1%) and
neutral (0.5%) gauge bosons, and Higgs bosons (0.5%).
These branching ratios agree with those obtained by
Servant and Tait [10] (however, they do not take into
account electroweak symmetry breaking). In this Let-
ter we only consider photons radiated from charged lep-
tons !±. We do not concern ourselves with the radia-
tive processes which electrons and positrons encounter
during their propagation through the Galaxy, as these
give mostly low-energy photons. The exception may
be inverse Compton scattering on infrared photons and
starlight, but generally this is expected to be only a small
correction [20].

!+

!+!+!+

!−!−
!− !−

!(1)

!(1)

!(1)

!(1)

B(1)

B(1)

B(1)

B(1)

B(1)

B(1)

γγ
γ

FIG. 1: Contributions to B(1)B(1)
→ !+!−γ.

The tree level Feynman diagrams which contribute to
the process B(1)B(1) → !+!−γ are shown in Fig. 1. The
computation of the cross section is straightforward and
we find that the differential photon multiplicity is well
approximated by

dN !
γ

dx
≡

d(σ!+!−γv)/dx

σ!+!−v

#
α

π

(x2 − 2x + 2)

x
ln

[

m2
B(1)

m2
!

(1 − x)

]

, (2)

where x ≡ Eγ/mB(1) . From the electromagnetic coupling
and the phase space difference between two- and three-
body final states, one would expect an answer of the or-
der of α/π times a large logarithm, which is related to
a collinear divergence. Our calculation shows that there
is indeed such a leading logarithmic term, giving large
contributions for high photon energies Eγ . Restricting
ourselves to these energies (at lower energy, quark frag-
mentation dominates anyway), the radiative correction,
although large, is not more than some five percent of the
lowest order cross section. Therefore, there is no need in
this first treatment of the problem to sum leading loga-
rithms, but this could eventually be done [21].

We would like to emphasize that our result (2) is al-
most entirely due to the very large mass of the B(1)

and practically independent of the initial state spin. Ex-
pressed in the scaling variable x, it is furthermore quite

x
2
d
N

e
ff

γ
/d

x

x = Eγ/mB(1)

1

0.1

0.1

0.03

0.01

0.01

FIG. 2: The total number of photons per B(1)B(1) annihila-
tion (solid line), multiplied by x2 = (Eγ/mB(1) )2. Also shown
is what quark fragmentation alone would give (dashed line),
and adding to that the contribution from τ leptons (dotted
line). Here we have assumed a B(1) mass of 0.8 TeV and a
5% mass splitting at the first KK level, but the result is quite
insensitive to these parameters.

insensitive to the B(1) mass and the mass splitting at the
first KK level. This result therefore applies not only to
KK DM, but to any weakly interacting massive parti-
cle (WIMP) candidate with nonsuppressed couplings to
charged leptons.

Let us now consider secondary gamma rays. As already
mentioned, cascading decays of qq̄ final states have been
studied previously [14, 18]. Here, we also include the
semihadronic decays of τ leptons, which are important in
KK DM models since they have a fairly hard spectrum
and a branching ratio of around 20%. We will use the re-
cent results of Fornengo, Pieri, and Scopel [22], who have
used the Pythia Monte Carlo code [23] to parametrize
dN q,τ

γ /dx for quarks and τ leptons with a center of mass
energy of 1 TeV. We neglect the few percent going into
W , Z, and Higgs final states.

The total number of photons per B(1)B(1) annihilation
is given by dN eff

γ /dx ≡
∑

i κidN i
γ/dx, where the sum is

over all processes that contribute to primary or secondary
gamma rays, and κi are the corresponding branching ra-
tios. The result is shown in Fig. 2. Previous analyses
of the photon flux correspond to the much softer and
sharply falling spectrum from quark fragmentation alone.
Also shown is the more important contribution from τ de-
cays, and of course the radiative direct process which is
the main topic of this Letter.

GAMMA-RAY FLUX FROM THE

GALACTIC CENTER

The details of the Galactic halo profile are to a large
extent unknown. High resolution N-body simulations fa-
vor cuspy halos, with radial density distributions ranging
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Figure 11: Feynman diagrams contributing to the annihilation channel χχ → Zeē. For

a singlet dark matter particle χ the diagrams corresponding to final state radiation (a)

and virtual internal bremsstrahlung (b) contribute. Note that only their sum is gauge

invariant. For a doublet dark matter particle χ, also the diagrams (c) where the Z-boson

is emitted from the initial state have to be taken into account in addition to (a) and

(b). Here χ1 and χ2 refer to the two neutral mass eigenstates as explained in section 2.2.

Their mass splitting is assumed to be negligibly small in Eq. (A.6).
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Final state radiation
usually dominant for 

mainly collinear photons
          model-independent spectrum

important for high rates into 
leptons, e.g. Kaluza-Klein or 
“leptophilic” DM 

m� � mf

�
Birkedal, Matchev, Perelstein 
& Spray, hep-ph/0507194

“Virtual” IB
dominant in two cases:

     i)  f bosonic and t-channel
         mass degenerate with
 
     ii) symmetry restored for 
         3-body state

model-dependent spectrum

important e.g. in mSUGRA

m�

Bergström, PLB ’89

Bergström, TB, Eriksson 
& Gustafsson, PRL’05
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Collinear photons

propagator for f :

∝ 1
(k+p)2−m2

f
= 1

2k·p
k

p

For collinear photons, the virtual f is almost on-shell
→ Logarithmic enhancement of the cross section (x ≡ Eγ/mχ):

dN
dx ∼ σ(χχ→ ff̄) · αQ2

π F(x) log s
m2

f
(1 − x)

(see, e.g., Birkedal et al., hep-ph/0507194)

Example: LKP in UED
mB(1) ∼ 1TeV
high branching ratio
into leptons (∼ 60 %)

Bergström et al., PRL ’05a

x
2
dN

eff γ
/d

x

x = Eγ/mB(1)
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qq̄

qq̄, τ+τ−

total

Gamma-ray spectra from dark matter annihilations – p.9/17

propagator for f:
/ 1

(k + p)2 �m2
f

=
1

2k · p

For collinear photons, virtual 
particle f almost on-shell

Logarithmic enhancement of cross section: (x ⌘ E�/m�)

dN

dx

⇠ �(��! f

¯

f) · ↵Q

2

⇡

F(x) log

s

m

2
f

(1� x)

depends only on spin of f: 
model-independent 

Example:              
Lightest Kaluza-Klein 
particle (LKP) in UED

(annihilation ~60% into leptons)

Bergström, TB, Eriksson & 
Gustafsson, PRL’05

2

PRIMARY AND SECONDARY GAMMA RAYS

FROM B(1)B(1)
ANNIHILATIONS

We first consider primary gamma rays. At tree level,
with all other first level KK modes degenerate in mass,
B(1) pairs annihilate into quark pairs (35%), charged
lepton pairs (59%), neutrinos (4%), charged (1%) and
neutral (0.5%) gauge bosons, and Higgs bosons (0.5%).
These branching ratios agree with those obtained by
Servant and Tait [10] (however, they do not take into
account electroweak symmetry breaking). In this Let-
ter we only consider photons radiated from charged lep-
tons !±. We do not concern ourselves with the radia-
tive processes which electrons and positrons encounter
during their propagation through the Galaxy, as these
give mostly low-energy photons. The exception may
be inverse Compton scattering on infrared photons and
starlight, but generally this is expected to be only a small
correction [20].

!+

!+!+!+

!−!−
!− !−

!(1)

!(1)

!(1)

!(1)

B(1)

B(1)

B(1)

B(1)

B(1)

B(1)

γγ
γ

FIG. 1: Contributions to B(1)B(1)
→ !+!−γ.

The tree level Feynman diagrams which contribute to
the process B(1)B(1) → !+!−γ are shown in Fig. 1. The
computation of the cross section is straightforward and
we find that the differential photon multiplicity is well
approximated by

dN !
γ

dx
≡

d(σ!+!−γv)/dx

σ!+!−v

#
α

π

(x2 − 2x + 2)

x
ln

[

m2
B(1)

m2
!

(1 − x)

]

, (2)

where x ≡ Eγ/mB(1) . From the electromagnetic coupling
and the phase space difference between two- and three-
body final states, one would expect an answer of the or-
der of α/π times a large logarithm, which is related to
a collinear divergence. Our calculation shows that there
is indeed such a leading logarithmic term, giving large
contributions for high photon energies Eγ . Restricting
ourselves to these energies (at lower energy, quark frag-
mentation dominates anyway), the radiative correction,
although large, is not more than some five percent of the
lowest order cross section. Therefore, there is no need in
this first treatment of the problem to sum leading loga-
rithms, but this could eventually be done [21].

We would like to emphasize that our result (2) is al-
most entirely due to the very large mass of the B(1)

and practically independent of the initial state spin. Ex-
pressed in the scaling variable x, it is furthermore quite

x
2
d
N

e
ff

γ
/d

x

x = Eγ/mB(1)

1

0.1

0.1

0.03

0.01

0.01

FIG. 2: The total number of photons per B(1)B(1) annihila-
tion (solid line), multiplied by x2 = (Eγ/mB(1) )2. Also shown
is what quark fragmentation alone would give (dashed line),
and adding to that the contribution from τ leptons (dotted
line). Here we have assumed a B(1) mass of 0.8 TeV and a
5% mass splitting at the first KK level, but the result is quite
insensitive to these parameters.

insensitive to the B(1) mass and the mass splitting at the
first KK level. This result therefore applies not only to
KK DM, but to any weakly interacting massive parti-
cle (WIMP) candidate with nonsuppressed couplings to
charged leptons.

Let us now consider secondary gamma rays. As already
mentioned, cascading decays of qq̄ final states have been
studied previously [14, 18]. Here, we also include the
semihadronic decays of τ leptons, which are important in
KK DM models since they have a fairly hard spectrum
and a branching ratio of around 20%. We will use the re-
cent results of Fornengo, Pieri, and Scopel [22], who have
used the Pythia Monte Carlo code [23] to parametrize
dN q,τ

γ /dx for quarks and τ leptons with a center of mass
energy of 1 TeV. We neglect the few percent going into
W , Z, and Higgs final states.

The total number of photons per B(1)B(1) annihilation
is given by dN eff

γ /dx ≡
∑

i κidN i
γ/dx, where the sum is

over all processes that contribute to primary or secondary
gamma rays, and κi are the corresponding branching ra-
tios. The result is shown in Fig. 2. Previous analyses
of the photon flux correspond to the much softer and
sharply falling spectrum from quark fragmentation alone.
Also shown is the more important contribution from τ de-
cays, and of course the radiative direct process which is
the main topic of this Letter.

GAMMA-RAY FLUX FROM THE

GALACTIC CENTER

The details of the Galactic halo profile are to a large
extent unknown. High resolution N-body simulations fa-
vor cuspy halos, with radial density distributions ranging

qq̄

qq̄, ⌧+⌧�
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Annihilation to “light” charged bosonic final states 
is enhanced for t-channel particles degenerate in 
mass with DM:

  

small      or             high 
[Note that the contraction of fermionic final legs                                                    
leads to an additional    in the numerator...]

T. Bringmann, Universität Hamburg

Charged virtual particles (1)

“Light” charged bosonic final states receive an enhancement
from t-channel diagrams if the internal particles are degenerate
in mass with the DM particles:

M ∝ 1
k1·p1

1
k2·p2

≈ 1
m2

χE1E2

small E1 or E2 ! high Eγ

(Note that the contraction of fermionic final legs
leads to an additional Ef in the numerator)

Example: Higgsino
TeV mass
high b.r. to W+W−

Bergström, TB, Eriksson & Gustafsson ’05
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Towards the nature of dark matter – p. 13/37
T. Bringmann, Universität Hamburg

Charged virtual particles (1)

“Light” charged bosonic final states receive an enhancement
from t-channel diagrams if the internal particles are degenerate
in mass with the DM particles:

M ∝ 1
k1·p1

1
k2·p2

≈ 1
m2

χE1E2

small E1 or E2 ! high Eγ

(Note that the contraction of fermionic final legs
leads to an additional Ef in the numerator)

Example: Higgsino
TeV mass
high b.r. to W+W−

Bergström, TB, Eriksson & Gustafsson ’05
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Towards the nature of dark matter – p. 13/37

Example: Higgsino
 TeV mass 
high branching ratio to 

 m� � mW

W+W�

Bergström, TB, Eriksson & 
Gustafsson, PRL’05

M / 1
k1 · p1

1
k2 · p2

⇡ 1
m2

�E1E2

E1 E2 E� 
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Annihilation helicity suppressed: ⇥�v⇤ � m2
⇥

m2
�

�em

⇥
possible!⇥�v⇤3�body � ⇥�v⇤2�body

Neutralinos are Majorana fermions, 

TB, Edsjö & Bergström, JHEP ’08
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FIG. 3: Integrated internal bremsstrahlung flux from supersymmetric dark matter, above 0.6 mχ, as compared to the “standard”
continuum flux produced by secondary photons (left) and the flux from both line signals (right). As for the following figures (4
and 5), two symbols at the same location always indicate the whole interval between the values corresponding to these symbols.
Every model considered here features a relic density as determined by WMAP and satisfies all current experimental bounds.
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FIG. 4: The observationally relevant quantity S ≡ Nγ
〈σv〉

10−29cm3s−1
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for IB (left panel) and the line signals (middle

and right panel). See text for more details.

In Fig. 4 we show the quantity S, which is dS/dE inte-
grated above 0.6 mχ. In the left panel, we show the yields
S for the IB contribution, in the middle for monochro-
matic γγ and on the right for Zγ. In the regions where
the IB contribution was the largest in Fig. 3, we typi-
cally have lower absolute yields. However, there are very
pronounced regions, especially at small and intermediate
masses, where the IB yields are very high even in ab-
solute terms. We also note that, for neutralino masses
in the TeV range, we expect a sizeable increase of the
annihilation rate due to non-perturbative effects related
to long-distance forces between the annihilating particles
[31]. These effects have not been taken into account here
and would result in a considerable enhancement (by a

similar factor) of the quantity S for both line signals and
IB.

In Fig. 5 we focus on the mSUGRA case and show the
contribution relative to the secondary yield of gamma
rays for various final states separately. In the left panel,
we show the IB yield from the W+W− channel, in the
middle from the τ+τ− channel and in the right from the
tt̄ channel. Large IB contributions for the W+W− chan-
nel occur when a chargino is almost degenerate with the
neutralino, as is the case for the focus point region. Note
that due to the grand unification condition, M1 ≈ 1

2
M2,

a large gaugino fraction Zg always means that the neu-
tralino is a Bino, with vanishing annihilation rates to
W+W− or W+W−γ final states. The large yields from
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FIG. 3: Integrated internal bremsstrahlung flux from supersymmetric dark matter, above 0.6 mχ, as compared to the “standard”
continuum flux produced by secondary photons (left) and the flux from both line signals (right). As for the following figures (4
and 5), two symbols at the same location always indicate the whole interval between the values corresponding to these symbols.
Every model considered here features a relic density as determined by WMAP and satisfies all current experimental bounds.
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In Fig. 4 we show the quantity S, which is dS/dE inte-
grated above 0.6 mχ. In the left panel, we show the yields
S for the IB contribution, in the middle for monochro-
matic γγ and on the right for Zγ. In the regions where
the IB contribution was the largest in Fig. 3, we typi-
cally have lower absolute yields. However, there are very
pronounced regions, especially at small and intermediate
masses, where the IB yields are very high even in ab-
solute terms. We also note that, for neutralino masses
in the TeV range, we expect a sizeable increase of the
annihilation rate due to non-perturbative effects related
to long-distance forces between the annihilating particles
[31]. These effects have not been taken into account here
and would result in a considerable enhancement (by a

similar factor) of the quantity S for both line signals and
IB.

In Fig. 5 we focus on the mSUGRA case and show the
contribution relative to the secondary yield of gamma
rays for various final states separately. In the left panel,
we show the IB yield from the W+W− channel, in the
middle from the τ+τ− channel and in the right from the
tt̄ channel. Large IB contributions for the W+W− chan-
nel occur when a chargino is almost degenerate with the
neutralino, as is the case for the focus point region. Note
that due to the grand unification condition, M1 ≈ 1

2
M2,

a large gaugino fraction Zg always means that the neu-
tralino is a Bino, with vanishing annihilation rates to
W+W− or W+W−γ final states. The large yields from
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mSUGRA spectra
focus point region (mχ = 1926 GeV)
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[benchmarks taken from TB, Bergström & Edsjö, ’08 and Battaglia et al., ’03]

DM annihilation signals – p.13/19

(benchmarks taken from TB, Edsjö & Bergström, JHEP ’08 and Battaglia et al., EPJC ’03)
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Comparing DM spectra
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(Very) pronounced cut-off at                
Further features at slightly lower energies
Could be used to distinguish DM candidates!

E� = m⇥
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), � (red), ⇥ = (⇥e+⇥µ+⇥⇥ )/3

(black).

15

FSR of     and       :
can  open new channels like 

      (     leptophilic models!) 
sizable changes in spectrum 

      for large       (mostly at small      )

�

W±Z

m�

Bell, Dent, Jacques & Weiler, PRD ’08
Kachelriess, Serpico & Solberg, PRD ’09
Ciafaloni & Urbano, PRD ’10

Ciafaloni et al., 1009.0224

�
with 

w/o 

Z, W

Z, W

p̄

p̄
E�

VIB lifts helicity  suppression 
      (just like for photons, but 
       numerically larger effect!) 

Ciafaloni et al., 1104.2996 
Bell et al., 1104.3823
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where αW ≡ g2/(4π) . The Spence function (or “dilogarithm”) is defined as Li2(z) ≡ −
∫ z
0

dζ
ζ ln |1− ζ| =

∑∞
k=1

zk

k2 .
If we take the limit mW → 0 and replace αW with 2αem, then Eq. (20) reproduces the cross section for

bremsstrahlung of photons, namely2
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FIG. 2. The ratio R = v σ(χχ → e+νW−)/v σ(χχ → e+e−)
as a function of µ = (mη/mχ)

2, for mχ = 300 GeV. We have
used v = 10−3c, appropriate for the Galactic halo.

The successful recovery of the photon bremsstrahlung
result in the massless W limit provides a check

1 Informative discussions of the meaning of v are given in [21], and
the inclusion of thermal averaging is covered in [22].

2 Note that Eq.2. of Ref. [15] is larger by an overall factor of two,
and also has the opposite sign for the (1+µ)[...] term, while Eq.1.
of Ref. [15] is consistent with our results.
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FIG. 3. The ratio R = v σ(χχ → e+νW−)/v σ(χχ → e+e−)
as a function of the DM mass mχ, for µ = 1.2 GeV. We have
used v = 10−3c, appropriate for the Galactic halo.

on the rather complicated expression for massive W
bremsstrahlung given above in Eq.(20).

Since we are working in the limits v = 0 and mf = 0,
the nonzero results in Eqs.(20) and (21) imply that
the leading terms are neither helicity nor velocity sup-
pressed. Not clear from the mathematical expressions
is the sensible fact that the cross sections fall monoton-
ically with increasing mη (or µ). This monotonic fall
is shown in Fig. 2, where we plot the ratio of the W -

µ =
m2

�

m2
⇥

= 1.2

e+
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Much more involved than for photon IB:

“s − channel”
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NB: in total 
these are 134 
diagrams!

Impact on photon spectrum:
various enhancement effects (helicity 
suppression, resonances, longitudinal d.o.f) 
Low-energy yield increases by up to ~100 
Change in this part of the spectrum almost 
universal: no spectral features added

Figs. from F. Calore
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Gluon emission
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Subset of photon 
IB diagrams

Photon spectrum very similar to      final statesq̄q

sufficient to consider total cross section!

q̄

q

g

χ

χ

q̃R/L

q̄

q

g

χ

χ

q̃R/L

q̄

q

g

χ

χ

q̃R/L

Figure 1: Feynman diagrams contributing to χχ → q̄qg in the limit
of vanishing quark mass and neutralino velocity.

We will in the following focus on the supersymmetric
neutralino, but note that we expect qualitatively very sim-
ilar results for other DM candidates where the annihilation
rate into fermions is helicity suppressed. The annihilation
of neutralinos into q̄q two-body final states, in particular, is
typically strongly suppressed (at least for mb ! mχ < mt

or mχ " mt), so that the dominant contribution to the
total annihilation cross section into quarks is given by the
process χχ → q̄qg. In the mq → 0 limit, only the squark-
exchange t-channel diagrams shown in Fig. 1 contribute
and we find

(σv)χχ→q̄qg
v→0 =

αs |g̃R|
4

16π2m2
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×

{

3+4µR
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}

+
(
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)

, (1)

where µR,L ≡ m2
q̃R,L

/m2
χ and g̃RPL (g̃LPR) is the coupling

between neutralino, quark and right-handed (left-handed)
squark; Li2(z) =

∑

∞

k=1 zk/k2 is the dilogarithm. This
result is consistent with the differential cross section pre-
sented in Ref. [17]; for comparison, it can also be obtained
by the corresponding expressions for photon final states
q̄qγ [18] by simply replacing Q2αem → (4/3)αs, where Q
is the electric charge of q.1

If the neutralino is a pure Bino with mb ! mB̃ < mt,
the total annihilation cross section is well approximated by
Eq. (1) as long as the mass-splitting µ remains small. This
is thus the minimal neutralino annihilation cross section
we can expect; in the exactly degenerate case, µR = µL =
1, it is largest and becomes

(σv)B̃B̃→q̄qg
v→0 =

2αsα2
Y

3m2

B̃

(

21 − 2π2
) (

6−4 + Q4
)

. (2)

For other neutralino compositions, e.g. if the neutralino is
a Wino, one can find higher total cross sections—mainly
because annihilation into W+W− and ZZ final states be-
comes effective (but also because the neutralino-(s)quark
couplings in Eq. (1) can be larger). However, these sce-
narios tend to be more constrained than Bino neutralinos,
and we will here concentrate on the latter.

Figure 2: Differential number of antiprotons, per annihilation, from
various channels and as function of the antiproton kinetic energy T .
Red (black) curves show the result from three-body (two-body) final
states containing up-quarks (solid lines) and bottom-quarks (dashed
lines), respectively. For thick lines, the DM mass is set to 200 GeV,
for thin lines to 20GeV. We adopted a mass splitting of µ = 1.2, but
the spectra are practically independent of µ in the range µ = 1 . . . 4.

3. Antiproton production and propagation

The fragmentation of quarks and gluons into color sin-
glets leads to the production of a sizable amount of an-
tiprotons. We derived the antiproton energy spectrum
dNp̄/dT (with T denoting kinetic energy) from DM an-
nihilation using Monte Carlo methods. To this end, we
simulated the distribution of hard partons from χχ → q̄qg,
following our above analytical results, and used the event
generator Pythia 6.4.19 [20] to perform the subsequent par-
ton showering, fragmentation and particle decay.

Our results for the antiproton energy spectra are shown
in Fig. 2 for different DM annihilation channels and µ =
1.2 (assuming that µ ≡ µL ≡ µR); for other values of µ
we obtain very similar results. We find that, in the phe-
nomenologically relevant low energy region, the additional
hard gluon in q̄qg final states leads to an enhancement
of antiproton production by a factor of up to ∼ 2 rela-
tive to the q̄q final states commonly considered in indirect
DM searches. Note that while final state electroweak gauge
bosons at first sight can lead to a much larger enhancement
of dNp̄/dT for low-energy antiprotons [21], this is only be-
cause final state radiation of gluons is already included in
the commonly adopted ’two-body’ result obtained from
Pythia—while that of electroweak gauge bosons is not.
Fig. 2 also shows that the amount of antiprotons increases
with decreasing quark mass, as is expected for final state
radiation (which is dominated by collinear gluons).

Once produced, antiprotons do not travel along straight
lines like, e.g., gamma rays, but scatter on randomly dis-
tributed galactic magnetic field inhomogeneities. Their
propagation can thus nicely be described in terms of a
phenomenological diffusion model, the free parameters of

1Note that there is a typo in Eq. (2) of Ref. [18]—see also Ref. [19].

2

very strong limits from 
gamma ray observations 
with Fermi 

Limits from 
antiprotons are even 
stronger in this case

Asano, TB & Weniger, PLB ’12

(See also Garny, Ibarra & Vogl, JCAP ’12)
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Air Cherenkov Telescopes
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Backup: VHE �-ray detection technique

�-ray detection
I very high energy (> 100 GeV)

�-rays hit atmosphere
I electromagnetic shower
I Cherenkov light pool
I direction, energy from

shower image, light yield / E�

I current: HESS, MAGIC, VERITAS

Gamma
ray

~ 10 km

Particle
shower

~ 1o

C
h
er

en
ko

v 
lig

h
t

~ 250 m

Cherenkov light
I (mainly) blue light pulse, duration ⇠ 10 ns
I ⇠ 1000 Cherenkov photons per 13m telescope for E� = 100 GeV

(cf. J Hinton, NJP 2009)

B. Opitz, Univ. Hamburg: DM & HESS 26/23

Use the atmosphere as a 
calorimeter:
High-energy gamma rays                 
hit the atmosphere at high altitudes
this induces an electromagnetic 
shower of energetic charged particles
Resulting Cherenkov light pool,          
total light yield 

(E� � 10 GeV)

/ E�Backup: Imaging with PMT cameras

0 6 15 30 60 150 300 p.e. 0 6 15 30 60 150 300 p.e.

2.6 TeV proton shower1.0 TeV gamma shower

“Main” challenge: background rejection
I hadronic CR events outnumber �-rays by ⇠ 102...4

I rejection by image properties and shower direction
B. Opitz, Univ. Hamburg: DM & HESS 27/23

Background rejection
CR    vastly outnumber   -rays 
rejection efficiency                   
(use image properties & direction, 
improved for stereoscopic systems)
irreducible BG from CR      ! 

�p
✏p ⇠ 10�1..10�3

e±
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Operating and planned ACTs
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Current gamma-ray experiments
GeV to TeV energy range

Fermi LAT
since 2008

MAGIC
since 2004

H.E.S.S.
since 2002

VERITAS
since 2007

Space based:
(Pair conversion detector) Ground based:

(Atmospheric Cherenkov 
Telescopes)

A
eff

~1m2

T~<10yr
20 MeV – 300 GeV A

eff
~1km2

T~<100h
>10 GeV

Fluxes are falling rapidly with 
increasing energy
High energy measurements require 
huge collection areas

Current gamma-ray experiments
GeV to TeV energy range

Fermi LAT
since 2008

MAGIC
since 2004

H.E.S.S.
since 2002

VERITAS
since 2007

Space based:
(Pair conversion detector) Ground based:

(Atmospheric Cherenkov 
Telescopes)

A
eff

~1m2

T~<10yr
20 MeV – 300 GeV A

eff
~1km2

T~<100h
>10 GeV

Fluxes are falling rapidly with 
increasing energy
High energy measurements require 
huge collection areas

major 
upgrade 

2012

Current gamma-ray experiments
GeV to TeV energy range

Fermi LAT
since 2008

MAGIC
since 2004

H.E.S.S.
since 2002

VERITAS
since 2007

Space based:
(Pair conversion detector) Ground based:

(Atmospheric Cherenkov 
Telescopes)

A
eff

~1m2

T~<10yr
20 MeV – 300 GeV A

eff
~1km2

T~<100h
>10 GeV

Fluxes are falling rapidly with 
increasing energy
High energy measurements require 
huge collection areas The Cherenkov Telescope Array

planned open observatory,    
construction from 2015 ?
~10 times better sensitivity than any 
existing instrument 
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Space-based telescopes
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Going to space allows to very efficiently discriminate 
the CR background! 
but of course one cannot build arbitrarily satellites...

1) Anticoincidence 
detector: plastic scintillator 
tiles which produce flashes 
of light when hit by charged-
particle cosmic rays. 

2) Tracker: 
! rays interacts with one of 
the thin tungsten foils and 
converts into an e+/e-. 
The silicon strips alternate 
in the X and Y directions, 
allowing the progress of the 
particles to be tracked.

3) Calorimeter: the 
particles are stopped by a 
cesium iodide calorimeter 
which measures the total 
energy deposited.

The instrument
The LAT is a pair-
conversion telescope; 
individual ! rays convert to 
e+e! pairs, which are 
recorded by the instrument. 
By reconstructing the e+e! 
pair we can deduce the 
energy and direction of the 
incident ! ray. 

1) Anticoincidence 
detector: plastic scintillator 
tiles which produce flashes 
of light when hit by charged-
particle cosmic rays. 

2) Tracker: 
! rays interacts with one of 
the thin tungsten foils and 
converts into an e+/e-. 
The silicon strips alternate 
in the X and Y directions, 
allowing the progress of the 
particles to be tracked.

3) Calorimeter: the 
particles are stopped by a 
cesium iodide calorimeter 
which measures the total 
energy deposited.

The instrument
The LAT is a pair-
conversion telescope; 
individual ! rays convert to 
e+e! pairs, which are 
recorded by the instrument. 
By reconstructing the e+e! 
pair we can deduce the 
energy and direction of the 
incident ! ray. 

Searches for WIMP 
dark matter with the 

Fermi LAT

for the Fermi-LAT collaboration

Gabrijela Zaharijas 
(ICTP & INFN, Trieste)

The LAT onboard Fermi is a 
pair-conversion telescope 
anti-coincidence detector: plastic 
scintillator that produces flashes of 
light to veto charged CRs
reconstructing      tracks allows to 
deduce direction of incoming    -ray
Calorimeter measures total energy

leading instrument today: the 
Fermi gamma-ray space telescope: 

e±

�
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Ground-based
large eff. Area (~km2)
small field of view
lower threshold    40 GeV�

suggests an economic optimum in the cost per source-hour at
around a FoV of 6–8!.

Detailed studies related to dish and mirror technology and
costs, and the per-channel cost of the detection system, justify
the FoV and pixel size for the various telescope designs shown in
Figs. 1–5.

The detailed design of these telescopes, their structures, reflec-
tors and cameras, is largely based on well-proven technologies
developed for the telescopes of H.E.S.S., MAGIC and VERITAS, yet,
significantly improved in terms of reliability, availability, main-
tainability and safety (RAMS). Some novel design features are
extensively tested and benefit greatly from the general experience
gained in current projects.

The main design drivers for these telescopes are the following:
LSTs: The desire to rapidly repoint the telescopes for rapid GRB

follow-up motivates the choice of a light-weight structure of stiff
carbon tubes holding a 23 m diameter reflector, similar to the MA-
GIC design. At most, four of these telescopes will be used in each
CTA observatory. Their design is optimised to reach the best perfor-
mance with lowest-possible energy threshold. The baseline design
has a parabolic mirror with 27.8 m focal length, 4.5! FoV and 0.1!
pixels using PMTs (see Fig. 2).

MSTs: The MST design is a blend between the H.E.S.S. and VERI-
TAS concepts for a 12 m diameter Davies–Cotton reflector, opti-
mised for reliability, simplicity and cost-saving, given that of the
order of 30 such telescopes will be used at each site. The optical

design foresees 16 m focal length, 7–8! FoV and 0.18! pixels
(Fig. 3). Currently a full-scale prototype is under construction. In
addition to these telescopes, CTA is exploring a design for a dual-
mirror MST. This design might become a first extension of the
southern CTA array, where as many as 36 telescopes could comple-
ment the baseline MST array. It has a Schwarzschild-Couder optics
providing a 10! FoV and a very small plate scale. The latter allows
for much finer pixelation and the use of much cheaper photo sen-
sors (either multi-anode photomultiplier tubes or Silicon photo-
multipliers) in the camera. This is a completely new concept for
IACTs and a prototype to prove its viability is being constructed
(Fig. 4).

SSTs: A rather large number (35–70, depending on cost) of
small-size telescopes spread out over a large area are needed to
reach the desired sensitivity at the highest energies. Therefore,
the cost per telescope is one of the strongest drivers in the choice
of the technology. In principle the SSTs could be designed as a sim-
plified and downscaled version of the MSTs. However, the need for
a large FoV due to the large inter-telescope spacing, would lead to
the cost of the camera dominating the total SST cost. Therefore, dif-
ferent solutions are being explored (Fig. 5). Possibilities are, for in-
stance, the use of compact dual-mirror Schwarzschild–Couder (SC)
optical design, with a very small plate scale (allowing for a small
and thus inexpensive camera) or Davies–Cotton telescopes with
cameras using the same new and inexpensive photosensor tech-
nologies that are proposed for the SC MST design. At present, dif-
ferent prototypes of both options are being developed to evaluate
the feasibility and cost.

B

1 km

C E

Fig. 6. Different possible array layouts with estimated construction costs within the assumed budget. The circle sizes (not to scale) identify LSTs (large circles), MSTs (mid-
size circles) and SSTs (small circles). The array with the most balanced performance in MC production 1 was array E.

Fig. 7. Differential sensitivity (in units of the energy-dependent flux of the Crab
nebula) for array E (50 h, 5r, 5% background, 10 events, alpha = 0.2, i.e. intervals of
the decimal exponent of 0.2 meaning 5 logarithmic bins per energy decade). Thin
lines with small symbols illustrate the limited impact of a reduced dynamic range
of the readout electronics (clipped at 1000 photoelectrons). The dashed black line
with diamonds, shows the sensitivity if there was no electron background.

Fig. 8. Integral sensitivity for CTA from MC simulations, together with the
sensitivities in comparable conditions (50 h for IACTs, 1 year for Fermi-LAT and
HAWC) for some gamma-ray observatories.

14 B.S. Acharya et al. / Astroparticle Physics 43 (2013) 3–18

Acharya et al., AP ’13

Space-borne
small eff. Area (~m2)
large field of view
upper bound on 
resolvable E�

(from the LAT webpage)

Fermi

integrated sensitivity:
Fermi: 1y IACTs: 50hrs

http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
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Possible targets
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Diemand, Kuhlen & Madau, ApJ ’07 

Extragalactic background
DM contribution from all z
background difficult to model
substructure evolution?

Galaxy clusters
cosmic ray contamination
better in multi-wavelength?
substructure boost?

Galactic center
brightest DM source in sky
large background contributions

DM clumps
easy discrimination 
(once found)
bright enough?

Dwarf Galaxies
DM dominated, M/L~1000
fluxes soon in reach!

Galactic halo
good statistics, angular information
galactic backgrounds?
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Possible targets (2)
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Indirect searches with 
gamma rays

NB: the reality looks quite different... 

Astrophysical processes certainly present 
significant backgrounds for DM searches!
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Constraints: current state
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Indirect searches start to be very competitive!
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FIG. 3. Top panel: Reconstructed differential flux FSrc/Bg,
weighted withE2.7 for better visibility, obtained for the source
and background regions as defined in the text. The units are
TeV1.7 m−2 s−1 sr−1. Due to an energy-dependent selection
efficiency and the use of effective areas obtained from γ-ray
simulations, the reconstructed spectra are modified compared
to the cosmic-ray power-law spectrum measured on Earth.
Bottom panel: Flux residua Fres/∆Fres, where Fres = FSrc −
FBg and ∆Fres is the statistical error on Fres. The residual
flux is compatible with a null measurement. Comparable null
residuals are obtained when varying the radius of the source
region, subdividing the data set into different time periods
or observation positions, or analyzing each half of the source
region separately.

the latter case, apart from a displacement with regard to
the DM particle mass scale, the limits shift up (down) if
the γ-ray energy is overall under(over)estimated.

SUMMARY

A search for a VHE γ-ray signal from DM annihilations
was conducted using H.E.S.S. data from the GC region.
A circular region of radius 1◦ centered at the GC was cho-
sen for the search, and contamination by astrophysical
γ-ray sources along the Galactic plane was excluded. An
optimized background subtraction technique was devel-
oped and applied to extract the γ-ray spectrum from the
source region. The analysis resulted in the determination
of stringent upper limits on the velocity-weighted DM an-
nihilation cross-section 〈σv〉, being among the best so far
at very high energies. At the same time, the limits do not
differ strongly between NFW and Einasto parametriza-
tions of the DM density profile of the Milky-Way.
The support of the Namibian authorities and of the

University of Namibia in facilitating the construction and
operation of H.E.S.S. is gratefully acknowledged, as is the
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FIG. 4. Upper limits (at 95% CL) on the velocity-weighted
annihilation cross-section 〈σv〉 as a function of the DM par-
ticle mass mχ for the Einasto and NFW density profiles.
The best sensitivity is achieved at mχ ∼ 1 TeV. For com-
parison, the best limits derived from observations of dwarf
galaxies at very high energies, i.e. Sgr Dwarf [10], Will-
man 1, Ursa Minor [15] and Draco [9], using in all cases
NFW shaped DM profiles, are shown. Similar to source re-
gion of the current analysis, dwarf galaxies are objects free
of astrophysical background sources. The green points rep-
resent DarkSUSY models [32], which are in agreement with
WMAP and collider constraints and were obtained with a
random scan of the mSUGRA parameter space using the
following parameter ranges: 10 GeV < M0 < 1000 GeV,
10 GeV < M1/2 < 1000 GeV, A0 = 0, 0 < tanβ < 60,
sgn(µ) = ±1.
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Fermi dSph 
1yr

thermal valueFermi comb. 
dSph 2yr

Dwarf galaxy 
observations 
by Fermi-LAT

Galactic center 
observations 
with HESS
Abramowski et al, PRL ’11Ackermann et al, PRL ’11

Look for secondary photons from DM
[typical assumption: 100% annihilation into     ]b̄b
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More constraints

40

Almost as 
constraining: 
galaxy clusters

Ackermann et al,  JCAP ’10
[Fermi-LAT collaboration]

(NB: much better 
discovery potential!) 

•  Including modeling of the astrophysical emission improves the 
DM constraints by a factor of ~5 

•  With inclusion of astrophysical backgrounds, the limit constrains 
a canonical thermal annihilation cross section into b-quarks to a 
WIMP mass � 30 GeV 

•  Marginalizes over many different diffuse emission models to take 
into account uncertainties in astrophysical foreground 
subtraction 29 

Ackermann et al,  ApJ ’12
[Fermi-LAT collaboration]

Getting close: the 
Milky Way halo 
(NB: limits improved by factor of 
~5 when including model for 
astrophysical emission) 

•  two 10o bands 5o off the plane 
–  minimize astrophysical 

background 
–  mitigate uncertainties from 

inner DM density profile 
•  Two approaches to set limits: 

1. more conservative: assume 
emission only from DM 

2. more accurate: fit the DM 
and astrophysical emission 
simultaneously 

•  Explores systematics of diffuse 
emission modeling 

Expected DM signal 

Astrophysical 
signal 
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Diffuse gamma-ray BG 
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MAGN Calore et al. 2013
SF Ackermann et al. 2012

FSRQ Ajello et al. 2012
BL Lac Abdo et al. 2010
MSPs Calore et al. 2012

Fermi EGB

FIG. 1: The diffuse γ-ray fluxes predicted for various unre-
solved point-source populations, along with the IGRB data
from the Fermi-LAT Collaboration based on high galactic
latitude (|b| > 10◦) observations [15]. The displayed con-
tributions to the IGRB and corresponding uncertainty bands
arise from: MAGN [27] (solid dark-green curve and light-
green band), MW model for SF galaxies [39] (dot-dashed red
line and orange band), MSPs [17] (dot-dashed red line and or-
ange band), BL Lacs [34] (dotted dark-grey line and light-grey
band), and FSRQs [35] (purple dotted line and pink band).

uncertainty band, the IGRB data can be saturated by
multiple combinations of the above fluxes. Alternatively,
only little room is left to other unknown γ-ray sources
as, e. g., DM.

III. DIFFUSE γ-RAY EMISSION FROM DARK
MATTER IN THE GALACTIC HALO

The self-annihilation of DM particle pairs in the haloes
of galaxies may give birth, among other species, to γ-
rays. The intensity of these energetic photons depends
on the elementary process at stake and on the spatial dis-
tribution of DM. The flux Φγ(Eγ ,ψ) of γ-rays produced
by WIMP pair annihilation in the angular direction ψ is
given by [41–43] :

Φγ(Eγ ,ψ) =
1

4π

〈σv〉

m2
χ

dNγ

dEγ

1

2
I(ψ), (1)

where mχ is the WIMP mass. The factor 〈σv〉 defines
the annihilation cross section times the relative velocity,
averaged over the galactic velocity distribution function,
while dNγ/dEγ is the γ-ray production source spectrum
per DM annihilation event. The last term I(ψ) is the in-
tegral performed along the l.o.s. of the squared DM den-
sity distribution:

I(ψ) =

∫

l.o.s.

ρ2(r(λ,ψ))dλ . (2)

Here ψ is the angle between the l.o.s. and the direction
towards the galactic center, defined as a function of the

galactic latitude b and longitude l (cosψ = cos b cos l).
When comparing with experimental data, Eq. (2) must
be averaged over the telescope viewing solid angle, ∆Ω:

I∆Ω =
1

∆Ω

∫

∆Ω

I(ψ(b, l))dΩ . (3)

The photon spectrum dNγ/dEγ depends on the elemen-
tary processes ruling the annihilation. For the continuum
γ-ray flux, we consider here i) prompt emission, where
the photons are found in final-state showers or hadronic
decays of the annihilation products, and ii) ICS by en-
ergetic electrons and positrons – produced in the same
way – off the interstellar radiation field (ISRF). We have
calculated the spectrum for the prompt emission of both
photons and e± with the Pythia Montecarlo code (ver-
sion 8.162) [44].
The ICS has been computed from those e± interacting
with ambient photons, following the prescription in [45].
Once produced, energetic electrons may diffuse due to
stochastic scatterings on galactic magnetic field inho-
mogeneities, and loose energy through interactions with
the ISRF. The ISRF is composed by the Cosmic Mi-
crowave Background (CMB) photons, the infrared radi-
ation (IR) produced by the absorption and the subse-
quent re-emission of starlight by the galactic dust, and
by the starlight (SL) originating from stars of the Galac-
tic disk. Given the energies at stake, galactic diffusion
may be safely neglected and only energy losses have been
included, as usually assumed in the literature [46]. Elec-
tromagnetic energy losses are treated here in the fully
relativistic Klein-Nishina regime. The photon density
distribution has been assumed as an average field with
different normalizations for different sky regions (the SL
and IR are concentrated along the galactic disk), follow-
ing Ref. [45]. Specifically, between 10◦ and 20◦ all the
three fields (CMB, IR, SL) are present, while for lati-
tudes |b| > 20◦ only CMB remains. Energy losses due
to synchrotron radiation have been taken into account in
the region of latitude 10◦ < |b| < 20◦, with a value of
B = 2µG for the galactic magnetic field, and neglected
above |b| > 20◦ given the very low intensity of B at high
latitudes [47–50]. Switching off the synchrotron radiation
would increase the ICS γ-ray flux from DM by less than
30%, resulting in a decrease of the upper limits on 〈σv〉
(shown in the following Sect. IV) by 10%.
The geometrical factor I(ψ) in Eq. (2) has been evalu-

ated adopting the Burkert model [51] for the radial DM
density distribution:

ρ(r) =
ρs

(

1 +
(

r
rs

)2
)

(

1 + r
rs

)

. (4)

The values of rs and ρs have been derived fixing the lo-
cal DM density ρ(r = r") = 0.4 GeV cm−3 (r"=8.33
kpc) and fitting the halo DM mass M(r < r0) contained
within a certain radius r0. Using available M(r < r0)
data for different values of r0 [52–60] we find a best fit
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Figure 5: Cross section ��v⇥ limits on dark matter annihilation into bb̄ final states. The
blue regions mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 �2(z) DM
structure scenario (and for the other structure scenarios only 95% upper limit lines). The
absorption model in Gilmore et al. [68] is used, and the relative e⇥ect if instead using the
Stecker et al. [69] model is illustrated by the upper branching of the dash-dotted line in
the MSII-Res case. Our conservative limits are shown on the left and the stringent limits
on the right panel. The grey regions show a portions of the MSSM7 parameter space
where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is > 80%.
See main text for more details.

It is not always direct to compare di⇥erent works on DM annihilation cross section
limits; di⇥erent physics assumptions, di⇥erent analysis methods and di⇥erent data sets
are often used. We will anyway make a comparison to a few other DM constraints, as to
put our cosmological DM results into context. With the MSII-Sub2 case our cross section
limits are among the strongest indirect detection limits presented to date, but this setup
is admittedly a WIMP structure scenario that might be overly optimistic. The structure
and substructure description applied in our BulSub scenario as well as the strict analysis
procedure is similar to what was used in the Fermi analysis of Galaxy clusters [13] and
(with the exception of no additional inclusion of substructure) the Fermi analysis of dwarf
galaxies [8], see also [7]). It is therefore worthwhile to compare those analyses with our
BulSub scenario with the strict upper limit calculation procedure. Our bb̄ cross section
limits are, in this perspective, comparable to the ones presented in the Fermi analysis
of dwarf galaxies [8] and somewhat stronger than the constraints from galaxy clusters
in [13]. For hadronic annihilation channels, cosmic-rays, especially antiproton data, can
provide comparable limits [82]. Such limits are, however, associated with additional un-
certainties due the uncertainties related to charged particle propagation in the Galaxy.
In the preparation of this paper, Fermi-LAT data was used in [10, 11] to set cross section
limits on Galactic DM induced gamma-rays. In these two papers, their data analysis

18

Constraints from cosmological 
dark matter annihilation 
also depend strongly on 
subhalo model

Abdo et al,  JCAP ’10
[Fermi-LAT collaboration]

(contribution from all halos at all redshifts)

TB, Calore, Di Mauro & Donato, 1303.3284

Significant systematic 
uncertainties in 
modeling source 
contributions to EGB!

(      see poster!)
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UCMHs

42

Ultracompact Minihalos are DM halos that form 
shortly after matter-radiation equality
isolated collapse
formation by radial infall

! ⇢ / r�9/4
(Bertschinger,  ApJS ’95)

Ricotti & Gould, ApJ ’09

Excellent targets for indirect detection 
with gamma rays Scott & Sivertsson, PRL ’09

Lacki & Beacom, ApJ ’10

Required density contrast 
at horizon entry:
PBH: 
typical observed value: 

� ⌘ �⇢

⇢
⇠ 10�3 @ z � zeq

� & 0.3
at ‘large’ scales� ⇠ 10�5
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bounds available...  
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Recall:

44

We like distinct spectral features 
because they

make the discrimination of a signal from possible 
astrophysical backgrounds much more 
straightforward  

provide (potentially) very detailed information 
about the particle nature of dark matter
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Line signals@ early 2012

45

Fermi all-sky search for line signals:

Abdo et al, PRL ’10

not (yet) probing too much of WIMP parameter space
   (NB: natural expectation                                                      )

NB: 1y data, simple choice of target region... 

Vertongen & Weniger, JCAP 2011

⇤⇥v⌅�� � �2
em⇤⇥v⌅therm ⇥ 10�30cm3s�1

Figure 5: Upper bounds on the annihilation cross section into gamma-pairs, 〈σv〉ψψ→γγ , as
a function of the dark matter mass mψ, derived from the center region fluxes assuming the
NFW dark matter profile. The gray-solid line shows the 95% C.L. limits as directly derived
from the line flux limits shown in Fig. 3. The black dots show the weakest limits obtained in
the adopted energy bands and are listed in Tab. 3. For comparison, the previous Fermi LAT
limits from Ref. [52] as well as the limits derived from EGRET observations of the Galactic
center [53] are also shown by the red-dashed and the black-dotted lines, respectively. The blue
bands illustrate how the bounds change when using the isothermal or Einasto dark matter
profiles instead.

2.3 Discussion

One crucial assumption underlying our analysis is that the background flux in the different
considered energy windows can be well approximated by a power-law. This assumption
is most likely to break down in cases where the statistics is very good. In order to check
the validity of a power-law ansatz, we show in Fig. 6 the χ2/d.o.f. of the background-only
(green lines) and of the background-plus-signal (red lines) fits, as function of the gamma-
ray line energy.11 The grey band corresponds to a p-value of ≥ 5%. For the center region
the fits are essentially in agreement with the data over the whole energy range. However,
p-values significantly smaller than 5% occur at energies between 1 and 10 GeV (as well as
at high energies close to 300 GeV) when considering the halo region, which has a three
times larger statistics than the center region. Assuming that the astrophysical gamma-
ray fluxes follow smooth bended power-laws, this tension points to an instrumental effect,
presumably related to the energy reconstruction of gamma-ray events.

11The smallness of the differences between the χ2/d.o.f. of the background-plus-signal and background-
only fit at high energies comes from the fact that the χ2 values are actually dominated by the background
and not by the narrow signal.

12

No significant changes after 24 months of data... 
Ackermann et al, 1205.2739
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Other spectral features

46

Searching for other signatures like sharp steps or 
IB “bumps” could be more promising:

3

FIG. 2: Thick lines: Expected 2σ upper limits on 〈σv〉 for selected DM models, DM profiles (Einasto only; NFW gives similar
results) and observational scenarios; bands indicate the variance of these limits. Thin lines: Spectral feature of DM signal has
S/B ≈ 1% (after convolution with energy dispersion). In the central panel the gray band indicates the expected 〈σv〉 for KK
DM, the black part being compatible with the observed relic density. In the right panel we indicate the adopted neutralino
benchmark points, and the dotted lines show the projected 5σ sensitivity; see text for further details.

center of the sliding energy window Ē; this choice op-
timizes the resulting limits for the adopted instrument
specifications and background model.

In the following, we will discuss three types of typi-
cal endpoint features that result from radiative correc-
tions to the tree-level annihilation process. The most
striking spectral signature, in terms of a possible dis-
crimination from a power-law background, is a gamma-
ray line at Eγ = mχ (Eγ = mχ[1 −m2

Z/H/m2
χ]), which

would result from the direct annihilation of DM into γγ
(Zγ or Hγ) [7]. Generically, for thermal cross sections,
the annihilation rate is expected to be of the order of
〈σv〉line ∼ α2

em × 〈σv〉tree ∼ 10−30cm3s−1, but there are
examples for much stronger line signals [26].

As an example for a step-like feature we use the
gamma-ray spectrum [9] expected from annihilating
Kaluza-Klein (KK) DM in models of universal extra di-
mensions [27]. In the minimal version of these models,
the DM particle is the B(1), i.e. the first KK excita-
tion of the weak hypercharge gauge boson, and the cor-
rect relic density is obtained for mB(1) ∼ 1.3TeV [28].
Its total gamma-ray annihilation spectrum dN/dx (with
x ≡ E/mχ) at high energies is dominated by final state
radiation off lepton final states and turns out to be essen-
tially independent of mB(1) and other model parameters.

Pronounced bump-like features at E ' mχ may arise
from internal bremsstrahlung (IB) in the annihilation of
neutralino DM [10]. While these spectra are in general
highly model-dependent, we follow here a simplified ap-
proach by defining two spectral templates dN/dx (which
we take to be independent of mχ) by referring to neu-
tralino benchmark models introduced in Ref. [10]. Here,

BM3 is a typical example for a neutralino in the stau
co-annihilation region, where photon emission from vir-
tual sleptons greatly enhances dN/dx; BM4 refers to a
situation in which IB from W± final states dominates.

Limits and discussion.— In Fig. 2 we show our re-
sults for the expected 2σ upper limits (thick lines) on
the above DM models as well as the variance of these
limits among the 200 mock data sets that we created for
this analysis. We find that in particular IB features in
the spectrum (right panel) have the potential to constrain
the annihilation rate at least down to values typically ex-
pected for thermal production, 〈σv〉 ∼ 3 · 10−26cm3s−1,
already for modest assumptions about the DM profile;
this is very competitive compared to corresponding lim-
its that do not explicitly take into account pronounced
spectral features (see, e.g., [29]). In case of an adiabat-
ically compressed profile these limits could improve by
two orders of magnitude, as demonstrated for γ-ray lines
in the left panel; under such conditions one could even
hope to constrain models with very small annihilation
rates like BM3 or BM4. As shown in the central panel
of Fig. 2, the future CTA should be able to improve cur-
rently possible limits by about one order of magnitude,
and the proposed DMA could improve the limits by an-
other factor of ten (in this last case we included non-zero
background curvatures in the fit to allow the use of en-
ergy windows larger than what is shown in Fig. 1).

When probing a specific DM model, the corresponding
S/B is a good measure for the level on which spectral
artefacts in the energy reconstruction of the instrument
must be understood. As can be inferred from Fig. 2 (thin
lines), most of our derived limits correspond to moderate

TB, Calore, Vertongen & Weniger, PRD ’10

HESS

CTA

DMA

Line signals Kaluza-Klein DM (step) Neutralino DM (IB bump)

Natural cross sections well within reach for ACTs!
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Searching for spectral features

47

Spectral Analysis – Likelihood analysis

Events in energy window

Energy spectrum in target region

The model:

convolved with energy dispersion and exposure

We perfrom a binned likelihood analysis, using the 

likelihood function

Event extraction:

where

(sketch)

Fig.: C. Weniger

Sliding energy window technique  
standard in line searches
window size: few times energy resolution
main advantage: background can well be 
estimated by power law!

Fit of 3-parameter model sufficient:  
dJ

dE
= S

dN signal

dE
+ �E��

expected events:

µi =
Z E1

E0

dE

Z
dE0D(E,E0)E(E0)

dJ

dE0

energy resolution exposure
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Likelihood analysis

48

‘binned’ likelihood  
NB: bin size       energy resolution        same as un-binned analysis!⌧  

L =
Y

i

P (ci|µi) P (ci|µi) =
µci

i e�µi

ci!

observed expected

Significance follows from value of test statistic:

TS ⌘ �2 ln
Lnull

LDM

best fit with 

best fit with 

S
!= 0

S � 0

significance (without trial correction):  ~
p

TS�
(95% Limits derived by profile likelihood method: increase    until                           , 
while refitting/ ‘profiling over’ the other parameters) 

S �(�2 lnL) = 2.71
DM

because we 
take one-

sided limits:Z p
2.71

�1
N(0, 1, x) = 0.95
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Target selection

49

Galactic center by far brightest source of DM 
annihilation radiation

Need strategy for large astrophysical backgrounds:  
early focus on innermost region (but now: strong HESS source)
define optimal (S/N) cone around GC
~same, but for annulus (excluding the GC)
exclude galactic plane
...

 ✓ ⇠ 0.1� � 5�

New idea: data-driven approach
estimate background distribution from observed 
LAT low-energy photons 
Define grid with 
Optimize total S/N pixel by pixel:  

1� ⇥ 1�
1 GeV  E�  40 GeV

RT ⌘
P

i2T µiqP
i2T c

E�40 GeV
i

target region

signal

⇢� / r�↵

TB, Huang, Ibarra, Vogl & Weniger, 
JCAP ’12
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Optimal target regions

50
Figure 3. Target regions used in our spectral analysis (solid black lines). From top left to bottom
right, Reg1, Reg2, Reg3 and Reg4 are respectively optimized for DM profiles with inner slopes of
α = (1.0, 1.1, 1.2, 1.4) as described in the text and in appendix A. The optimization maximizes
the signal-to-noise ratio. For comparison, the colors show the expected signal-to-background ratio,
normalized in each case to 1 for the central pixel.

profile; in order to select it, we estimate the expected spatial distribution of background noise
in our search for spectral features above 40 GeV by considering the actually measured events
below 40 GeV. The spatial distribution of signal photons, on the other hand, just follows
from Eq. (3.1). All details of the method are given in appendix A.

We adopt four reference values for the inner slope of the DM profile, α = 1.0, 1.1, 1.2
and 1.4, for which we obtain the target regions that are shown in Fig. 3 as solid black lines. In
this plot, the colors encode the expected signal-to-background ratio in different regions of the
sky, normalized to one for the pixel where this ratio is maximal (note that the actual value
of this quantity is a factor of 1.9 (3.9, 31) larger for Reg2 (Reg3, Reg4) than for Reg1). In
case of a standard NFW profile with α = 1.0, the target region includes besides the galactic
center also regions at higher and lower latitudes up to |b| ! 70◦; for steeper profiles the
optimal target regions shrink drastically to regions closer to the galactic center. The galactic
disc is strongly disfavoured in all cases. Southern regions are somewhat prefered, since the
diffuse gamma-ray emission from our galaxy is not perfectly north/south symmetric. From
these four regions we extract the measured spatially integrated gamma-ray energy spectrum
for our subsequent analysis.

– 9 –

Color scale: signal to background

⇢�/r�1.0 ⇢�/r�1.1

⇢�/r�1.2 ⇢�/r�1.4

‘NFW’

‘adiabatic 
contraction’
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IB limits from Fermi-LAT
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limits on              much stronger than for Fermi dwarfs!  `+`�(�)

NB: 3-body 
x-section!

GC and 
halo 

region
⇢� / r�↵

now let’s compare this to the limits one should expect... 
(to do so, generate large number of mock data sets from null model)
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Expected vs observed limits
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95% CL upper limits

expected limits (95% CL)

expected limits (68% CL)

observed limits 
(dashed: excluding data from 115 to 145 GeV)
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A tentative signal!

53

Best-fit values:
h�vi��!f̄f� = (5.7± 1.4 +0.7

�1.0) ⇥ 10�27cm3s�1

m� = 149± 4 +8
�15 GeV

NB: also very well fit by line with  
m� ⇠ 130 GeV, h�vi ⇠ 10�27cm3s�1

⇢� /
1

r↵(1 + r/rs)3�↵

↵ = 1.1Reg2:

peak value 
nominally 
corresponds 
to signal 
significance 
of 4.3�

TB, Huang, Ibarra, Vogl 
& Weniger, JCAP ’12
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Look-elsewhere effect

54

Need to take into account that many independent 
statistical trials are performed!
[i) scan over DM mass and ii) different test regions]

from subsampling 
analysis of galactic 
anticenter 
hemisphere

observed maximal TS 
value corresponds to 
significance of 3.1�

solve
P (�2

k < TS)t = P (�2
1 < �2)

t=4⇥ 4
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Subsequent line analyses

55

Weniger, 1204.2797

“A tentative gamma-ray line 
from DM @ Fermi LAT”
same data: 43 months Fermi LAT
very nice and extended description 
of (~same) method
extended discussion

Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.

– 4 –

4.6�(3.3�)
bottom line:
                    effect
 
 

ar
X

iv
:1

20
4.

27
97

v1
  [

he
p-

ph
]  

12
 A

pr
 2

01
2

MPP-2012-73
Prepared for submission to JCAP

A Tentative Gamma-Ray Line
from Dark Matter Annihilation
at the Fermi Large Area Telescope

Christoph Weniger
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indication for a gamma-ray line at Eγ ≈ 130 GeV. When taking into account the look-
elsewhere effect the significance of the observed excess is 3.3σ. If interpreted in terms of
dark matter particles annihilating into a photon pair, the observations imply a dark matter
mass of mχ = 129.8 ± 2.4+7

−13 GeV and a partial annihilation cross-section of 〈σv〉χχ→γγ =
(

1.27± 0.32+0.18
−0.28

)

×10−27 cm3 s−1 when using the Einasto dark matter profile. The evidence
for the signal is based on about 50 photons; it will take a few years of additional data to
clarify its existence.ar

X
iv

:1
20

4.
27

97
v1

  [
he

p-
ph

]  
12

 A
pr

 2
01

2

MPP-2012-73
Prepared for submission to JCAP

A Tentative Gamma-Ray Line
from Dark Matter Annihilation
at the Fermi Large Area Telescope

Christoph Weniger
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Abstract. The observation of a gamma-ray line in the cosmic-ray fluxes would be a smoking-
gun signature for dark matter annihilation or decay in the Universe. We present an improved
search for such signatures in the data of the Fermi Large Area Telescope (LAT), concentrating
on energies between 20 and 300 GeV. Besides updating to 43 months of data, we use
a new data-driven technique to select optimized target regions depending on the profile
of the Galactic dark matter halo. In regions close to the Galactic center, we find a 4.6σ
indication for a gamma-ray line at Eγ ≈ 130 GeV. When taking into account the look-
elsewhere effect the significance of the observed excess is 3.3σ. If interpreted in terms of
dark matter particles annihilating into a photon pair, the observations imply a dark matter
mass of mχ = 129.8 ± 2.4+7

−13 GeV and a partial annihilation cross-section of 〈σv〉χχ→γγ =
(

1.27± 0.32+0.18
−0.28

)

×10−27 cm3 s−1 when using the Einasto dark matter profile. The evidence
for the signal is based on about 50 photons; it will take a few years of additional data to
clarify its existence.Excess also seen by:

Tempel, Hektor & Raidal, 1205.1045
Rajaraman, Tait & Whiteson, 1205.4723
Su & Finkbeiner, 1206.1616
… use spatial templates to infer 

global significance         !>5�
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Signal profile

56

Compatible with Einasto/NFW profiles

ROI with variable size:

Signal not compatible with point 
source, but (almost) only with 
standard NFW or Einasto profile!
[Symmetry around GC checked by masking half ROIs]

[1σ band]

(~same as NFW)

(~same as point source)

ROI [Color scale: signal to background]

NB: decaying 
DM no option!
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Really a line?

57

Intrinsic signal width: <18%  @ 95% C.L.
not (yet) possible to distinguish between IB and line signal

Broken power-law 
gives no reasonable 
fit to data! 

Signal proportional to
 
    also disfavored wrt  
    line by at least 3σ 

[same for astro-physical toy example:   
 ICS from mono-energetic e±]

E��
exp[�(E/Ecut)

2
]

Extremely difficult to 
achieve with astrophysics!
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Which line(s)?
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γX mχ [GeV] 〈σv〉γX [10−27cm3s−1] 〈σv〉γγ

〈σv〉γX

〈σv〉γZ

〈σv〉γX

〈σv〉γH

〈σv〉γX

γγ 129.8 ± 2.4+7
−14 1.27 ± 0.32+0.18

−0.28 1 0.66+0.71
−0.48 < 0.83

γZ 144.2 ± 2.2+6
−12 3.14 ± 0.79+0.40

−0.60 < 0.28 1 < 1.08

γH 155.1 ± 2.1+6
−11 3.63 ± 0.91+0.45

−0.63 < 0.17 < 0.79 1

Table 2: Upper limits at 95%CL (or best-fit value with ±1σ error) on the branching
ratios into the secondary line, assuming that the primary line at Eγ = 130 GeV is due to
annihilation into γX with X = γ, Z or H . Note that 〈σv〉γZ/〈σv〉γγ < 2.01 at 95%CL.

signals without being in conflict with constraints arising from tree-level an-
nihilations. In such a case, one would rather generically expect not only
one but at least two lines [189] and the observed ratio of photon counts (or
limits on those) can provide crucial information about the underlying par-
ticle model [189, 216]. In Fig. 5 we therefore provide significance contours
and upper limits for a second line besides the observed 130 GeV feature; for
convenience, we summarize these results in Tab. 2 in terms of limits on the
annihilation cross section (σv)γX under the assumption that the signal cor-
responds to DM annihilation into γY (for X, Y = γ, Z, h). Interestingly, as
observed earlier [168, 189], one can see a weak indication for a second line at
114 GeV – which coincides surprisingly well with the energy expected for a
γZ line if the 130 GeV feature can be attributed to DM annihilation into γγ;
for this case, we also state the best fit value for the ratio of cross sections.

6. Future prospects

6.1. Next decade

The next ten years will bring a plethora of new results in indirect DM
searches. It is right now that experiments start to probe vanilla WIMP DM
models and thus will either identify a signal or exclude many of the most com-
mon scenarios. Ongoing experiments like Fermi-LAT, HESS-II, VERITAS
and MAGIC will continue to take data, may identify new targets for DM
searches, profit from a better understanding of astrophysical backgrounds
and prepare the stage for planned instruments like CTA or GAMMA-400
with considerably improved characteristics for DM searches. Indirect detec-
tion with gamma rays will also profit from an interplay with upcoming results
from neutrino searches with IceCube, anti-matter searches with AMS-02, re-
sults from the LHC as well as from next-generation direct WIMP detectors.

25

DM mass and 
annihilation rate 
depend on channel IB 149± 4+8

�15 5.2± 1.3+0.8
�1.2

DM spectroscopy !?
usually at least two lines 
(eff. operators...)

relative rates provide 
important constraints on 
viable models
currently very weak 
(1.4σ) indication for     
2nd line

1σ2σ

3σ

4σ

95%CL upper limit

Rajaraman, Tait & Whiteson, JCAP ’12
Su & Finkbeiner, 1206.1616

see also:
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More DM model implications
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(see e.g. Buckley & Hooper, PRD ’12)

Need rather large annihilation rate
implies resonances and/or large couplings
difficult to achieve for thermally produced DM!
expect large  secondary rates (optical theorem!)

Possible exceptions:
only new particles in loop (independent model-building motivation?)

cascade decays (fine-tuning to get narrow box!?)

Internal Bremsstrahlung

Cohen et al., JHEP ’12
Cholis, Tavakoli & Ullio, PRD ’12

Constraints from cont. γ-rays, antiprotons and radio!
E.g. neutralino DM already ruled out!?

Huang et al.,  JCAP ’12

Buchmüller & Garny, JCAP ’12

Laha et al., PRD ’13

Asano, TB, Sigl & Vollmann, PRD ’13

!
I

γ

γ, Z, h

p1p1

p2

= 1
2
∑

χ

χ

×
I

γ

γ, Z, h

I

Ī

χ

χ

I
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A SUSY scan
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continuum 
gamma-ray 
constraints

[cMSSM + MSSM-7; keep only models with correct mass and line-like spectra]

VIB more likely explanation than lines?
(see also Bergström, PRD ’12; Shakya 1209.2427, Tomar+ 1306.3646,Toma 1307.6181, Giacchino+ 1307.6480...)
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A note on absolute rates

61

For standard (SUSY) couplings, still a missing factor 
of         to obtain necessary rate  . 10

Not possible to enhance signal by point-like 
cuspy profiles, nor large substructure boosts  
[both result in wrong signal profile; latter is also highly unlikely in light of simulations]

Still maybe possible through
larger local DM density than

       (e.g. factor 2-3 claimed when including oblate
           halo and ‘dark disk’: Garbari et al, MNRAS ’12)

Enhanced DM profile due to effect 
of baryons as in new ERIS simulation

⇢�
� = 0.4 GeV/cm3

NR prediction, <v> 
= 1.010-28 cm3s-1 

 using standard 
Einasto DM only 
halo 

L. Bergstrom, 2012 

M. Kuhlen et al., 2012 

Gives factor 6-8 enhancement of rate: NR prediction, <v> 
= 1.010-28 cm3s-1 

Using ERIS DM 
plus baryons  halo 
distribution 

Standard Einasto, 
with <v> = 1.310-27 
cm3s-1 

ERISDARK, DM 
only halo 
distribution 

Only factor 2-3 missing  Rate 
problem essentially solved! 

Kuhlen et al., ApJ ’13

fit to data
DM + baryons

DM only
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Main caveats?
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Signal appears offset from the 
(dynamical) galactic center!
possibility surprisingly little discussed in 
literature (but ~1.5° ~ 200 pc  is a lot)!
Baryons affected by star formation & 
supernovae, shock during galaxy mergers
OK for ‘realistic’ numerical simulations of 
late-type spiral galaxy formation ?!?

Analysis relies on public Fermi tools...
need independent confirmation by collaboration!

A contamination from the earth albedo?
(weak?) indication by Su & Finkbeiner, confirmed by Fermi collaboration
would be a serious challenge to the DM interpretation
atm completely unknown what could cause such a line... 

11
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Fig. 15.— Profiles for both ! and b. Even though the high-incidence-angle photons (θ > 40◦; right) panels have half the exposure (9.7%
vs. 19% for the left panels), they have more than half of the photons, and nearly the same TS due to lower off-line background leaking in.
This demonstrates the statistical power of the high-incidence photons for line detection. See section 5 for a discussion of the significance.

Figure 15).
In the latitude direction, the fit is complicated by the

concentration of conventional continuum emission in the
plane. The cusp is not significantly offset in the b direc-
tion, but sits in the region of highest background, so ad-
dition of the cusp is not demanded as strongly by the fit.
We introduce two new degrees of freedom, the amplitude
and FWHM of a Gaussian centered at b0 = 0. This yields
TS = 28.4 and p = 6.8×10−7, corresponding to 4.8σ (lo-
cal significance). The maximum likelihood parameters of
the Gaussian are Fb = 3.9+1.5

−0.7 and Ab corresponding to
16.1 photons. Both the " and b fits are roughly compati-
ble with FWHM=3◦, but there is a slight preference for
an elongation of the cusp in the b direction. A careful
study of this will require much more data.
In Figure 15 (right panels) we also display the same

plots for the high-incidence sample (θ > 40◦). See Figure
16 for such plots in 30 energy bins. The high-incidence-
angle subsample contains half of the exposure time (9.7%
vs. 19%) but due to better energy resolution (∆E/E ∼
0.06) has less background on the line, and therefore yields
a TS almost as large as the full data. In this sense, most

of the TS results from high θ events. This subsample
would have yielded TS = 32.6(p = 3.9× 10−7, 4.93σ) for
the " profile, and TS = 26.1(p = 2.2×10−6, 4.59σ) for the
b profile. Although these are slightly worse p values than
for the full data, they may actually be more persuasive
due to the lower background.
The fact that the cusp appears to be significantly off

center implies that our spectral fit in the previous section
erred by using a centered cusp template. In Figure 17
we show the measured energy spectrum of a 3◦ FWHM
cusp template, centered at " = −1.5◦ and b = 0◦. The
local significance of this fit is 5.5σ relative to the null
hypothesis of zero intensity. This improvement is heart-
ening; however, because of the extra parameter, the trials
factor is now larger, diluting the significance.

6. VALIDATION TESTS

6.1. Assessment of line profile

In section 4, we investigated the cusp emission by ana-
lyzing maps in various energy bins. This allowed a sepa-
ration of spectral components by morphology, but relied
on an arbitrary choice of binning. The result – that there

Su & Finkbeiner, 1206.1616
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Slide title
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● Red events: Galactic center line
● Blue events: a suspicious line in the Earth limb...

Rocking angle 
since Sep 2009

Rocking angle 
before Sep 2009

Earth limb photons 
observed in normal 
survey mode

Events used in 
standard analyses

The incidence angle vs zenith angle plane

Earth limb photons 
observed when rocking 
angle >50deg (pointed 
observation)

“Bad incidence 
angles”

slide from 
Christoph Weniger

The Earth limb

Earth

Cosmic rays

γ

Limb photons (Z~112 deg)

θ

Z

Rocking angle is

50 deg in survey mode

Parameters:
● Θ (incience angle): Polar coordinate of event 

in instrumental frame (w.r.t. LAT boresight)
● Z (zenith angle): angle between event and 

LAT zenith axis
● Rocking angle: angle between LAT boresight 

and zenith of LAT

Earth Limb:
● Photons from cosmic-ray - atmosphere 

interaction have Z~112 deg, which implies

θ >~ 112 deg – 50 deg ~ 62 deg

in standard survey mode
● Θ<60 deg possible during ToO 

observations with larger

rocking angle rocking angle

In
ci

d
e

n
ce

 a
n

gl
e

Zenith angle
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Slide title
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Our analysis (P7V6), until July 2013

65-260 GeV energy range; 
129.8 GeV line energy; 
1D PDF

Bands: Analytical projection for ±1σ and ±2σ bands, assuming Gaussian noise 
with S/B~0.35 (details in CW 2013, 1303.1798); projections do not take into 
account expected improvements with PASS8

Trial-free measurementDefinition of signal 
hypothesis

slide from 
Christoph Weniger

expectation for signal

expectation for 
statistical fluctuation
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Updated Fermi line search
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Fermi LAT coll., 1305.5597

• 4.5σ (local) 1D fit at 130 GeV with 3.7 year unreprocessed data
1D PDF (no use of PE), P7CLEAN data As Weniger’s 

significance 4.6σ

ROI R3 
(3° radius GC)

Fermi-LAT Line search near 130 GeV
31

Line signal confirmed!
(for same 3.7 years of data)

   there is ‘something’, but things look much worse than 1yr ago...                       

local significance: 4.5�
But...

2.9�3.7 yr      4.4 yr of data

4.1�use 3.7 yr re-processed data             
(re-calibration of calorimeter)

3.3�use 2D fit                                       
(add additional parameter PE for energy dispersion)

NB: relative 
importance of 
effects depends on 
the ROI, but net 
result is always 
~the same...

and nothing in the inverse ROI...!
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Future confirmation?
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need a few years more data to either confirm 
or firmly rule out signal...

HESS II is looking at GC as one of the first targets

final word possibly by GAMMA-400 
launch around 2018 
greatly improved angular and energy resolution 
(at the expense of sensitivity)
         signal significance after 10 months !
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Table 1. A comparison of basic parameters of space-based and ground-based instruments 

 
 SPACED-BASED GROUND-BASED 
 EGRET 

 
AGILE 

 
Fermi 

 
CALET 

 
GAMMA
-400 

H.E.S.S. 
 

MAGIC 
 

VERITAS 
 

CTA 
 

Energy range, 
GeV 

0.03- 
30 

0.03- 
50 

0.1-
300 

10- 
10000 

0.1-3000 >100 >50 >100 >10 

Angular 
resolution, deg 
(EȖ > 100 GeV) 

0.2 
EȖ ~ 0.5 GeV 

0.1 
EȖ ~ 1 GeV 

0.1 0.1 ~0.01 0.1 0.1 0.1 0.1 

Energy 
resolution, % 

(EȖ > 100 GeV) 

15 
EȖ ~ 0.5 GeV 

50 
EȖ ~ 1 GeV 

10 2 ~1 15 20 15 15 

 

may also provide further 
information about the spectrum!

Galper et al., 1210.1457

Bergström et al., JCAP ’12

[NB: Similar performance expected by chinese DAMPE & HERD!]

⇠5�

‘Tentative evidence’ based on <100 photons 

...but maybe much faster if Fermi collaboration publishes PASS8 
event selection before and/or changes observation strategy!
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(Far) future of DM searches

Roughly one order of magnitude improvement 
during last decade, expect ~same for next decade 
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(Far) future of DM searches

further significant improvement possible with current technology 
in particular space-based instruments (but need very large exposures)
earth-based soon systematics-limited     need to e.g. reject e--background! 

:= systematics 
under control 
at 1% level
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[light: 100x10yr Fermi]
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Gamma ray signals from dark matter: Concepts, status
and prospects

Torsten Bringmann a,*, Christoph Weniger b

a II. Institute for Theoretical Physics, University of Hamburg, Luruper Chaussee 149, DE-22761 Hamburg, Germany
b Max-Planck-Institut für Physik, Föhringer Ring 6, 80805 Munich, Germany

a r t i c l e i n f o a b s t r a c t

Weakly interacting massive particles (WIMPs) remain a prime can-
didate for the cosmological dark matter (DM), even in the absence of
current collider signals that would unambiguously point to new
physics below the TeV scale. The self-annihilation of these particles
in astronomical targets may leave observable imprints in cosmic
rays of various kinds. In this review, we focus on gamma rays which
we argue to play a pronounced role among the various possible mes-
sengers. We discuss the most promising spectral and spatial signa-
tures to look for, give an update on the current state of gamma-ray
searches for DM and an outlook concerning future prospects. We
also assess in some detail the implications of a potential signal iden-
tification for particle DM models as well as for our understanding of
structure formation. Special emphasis is put on the possible evi-
dence for a 130 GeV line-like signal that we recently identified in
the data of the Fermi gamma-ray space telescope.

! 2012 Elsevier B.V. All rights reserved.

1. Introduction

Evidence for a sizable non-baryonic and cold dark matter (DM) component in the universe derives
from an impressive range of unrelated cosmological observations [1], covering distance scales from
tens of kpc to several Gpc and leaving very little room for alternative explanations. On cosmological
scales, DM contributes a fraction of Xv= 0.229 ± 0.015 to the total energy density of the universe
[2]. Weakly interacting massive particles (WIMPs) provide a theoretically particularly appealing class
of candidates for the so far obscure nature of DM [3], with the lightest supersymmetric neutralino
often taken as a useful template for such a WIMP. It is often argued that the thermal production of

2212-6864/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.dark.2012.10.005

* Corresponding author.
E-mail addresses: torsten.bringmann@desy.de (T. Bringmann), weniger@mpp.mpg.de (C. Weniger).

Dark Universe 1 (2012) 194–217

Contents lists available at SciVerse ScienceDirect

Dark Universe

journal homepage: www.elsevier .com/locate /agee

want to read up on 
gamma rays from 

DM? 

Check out a dedicated 
recent review!

 [arXiv:1208.5481] 

http://arxiv.org/abs/arXiv:1208.5481
http://arxiv.org/abs/arXiv:1208.5481
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Prelude ‒ WIMP dark matter 
Thermal production and freeze-out
General principle of (in)direct detection
Dark matter distribution

Gamma rays
targets: galactic center + halo, dwarf galaxies, galaxy clusters, ... 
signals: continuum vs.  “smoking gun” spectral features

Neutrinos
from galactic halo + sun/earth

Charged cosmic rays
propagation of cosmic rays
positrons, antiprotons, [antideuterons]
multi-wavelength signals

[Complementarity with direct and collider searches]
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a
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Neutrinos:
Unperturbed propagation like for photons
But signal significance (for the same target) usually 
considerably worse

Fig. from J.Edsjö

New feature: signals 
from the center of 
sun or earth!
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Array of optical modules in 
transparent medium (ice/water) 
to detect Cherenkov light from 
relativistic secondaries   

Array of optical modules in a transparent 

medium to detect the light emitted by 

relativistic secondaries produced in 

charged-current ν-nucleon interactions

number of photons due to Cerenkov 

radiation: ~ 300 /cm  in water/ice

 θνµ ~ 0.7o/Eν(TeV)0.6   => degree resolution

Need ns timing resolution

Need HUGE volumes (tiny Xsects & fluxes)

ν

neutrino detection principle

e+- :electromagnetic shower

τ+-  : hadronic showerµ tracks >100m at E>100 GeV

(mostly sensitive to muons because they have the longest tracks) 

neutrino detection in ice/water 

7.0)TeV/(7.0 −⋅°≈Θ νµν E

longer absorption length → larger effective volume

longer scattering length → better timing, (ie pointing resolution)

event reconstruction by Cherenkov light timing:  
 need array of PMTs with ~1ns resolution

 optical properties of the medium of prime importance

absorption length scattering length

South Pole ice

(IceCube)
110 m (@ 400nm) 20 m (@ 400nm)

Lake Baikal 25 m (@ 480nm) 59 m (@ 480nm)

 Mediterranean

(ANTARES/NESTOR)
~60 m (@ 470nm) 100-300 m (@ 470nm)

neutrino astronomy possible since

            O(km) long 
muon tracks 

O(10m) cascades, 
νe ντ  neutral current

signatures

opening angle:    

neutrino detection in ice/water 

7.0)TeV/(7.0 −⋅°≈Θ νµν E

longer absorption length → larger effective volume

longer scattering length → better timing, (ie pointing resolution)

event reconstruction by Cherenkov light timing:  
 need array of PMTs with ~1ns resolution

 optical properties of the medium of prime importance

absorption length scattering length

South Pole ice

(IceCube)
110 m (@ 400nm) 20 m (@ 400nm)

Lake Baikal 25 m (@ 480nm) 59 m (@ 480nm)

 Mediterranean

(ANTARES/NESTOR)
~60 m (@ 470nm) 100-300 m (@ 470nm)

neutrino astronomy possible since

            O(km) long 
muon tracks 

O(10m) cascades, 
νe ντ  neutral current

signatures

possible to do neutrino astronomy!

background muons: 
down-going: atmospheric neutrinos 
up-going: also induced by cosmic rays      
(hitting the atmosphere the far side of the earth)
 look for excesses in any given direction

tiny x-sections & fluxes: need HUGE volumes!
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4 Km to 
shore 

the ANTARES neutrino telescopethe ANTARES neutrino telescope

2.5 Km deep in the Mediterranean

12 lines

25 ‘storeys’ with 3 PMTs each

350 m long strings (active height)

~70 m inter-string separation

14.5 m vertical storey separation

0.04 km3 instrumented volume

⌫
NT-200

- - 8 strings with 192 optical modules

- - 72 m height, 1070 m depth

- - µ  effective area >2000 m2 (Eµ>1 TeV)

- - Running since 1998

NT-200+

- - commisioned April 9, 2005.

- 3 new strings, 200 m height
- 1 new bright Laser for time 
calibration      
      imitation of 20TeV-10PeV cascades, 
       >10^12 photons/pulse w/ diffusor,

- new DAQ
- 2 new 4km cables to shore

4 Km to 
shore 

the Baikal neutrino telescopethe Baikal neutrino telescopeSearches with    telescopes

ANTARES

BAIKAL
ICECUBE

ANTARES / 

 NEMO/NESTOR

BAIKAL

searches with neutrino telescopes

IceCube
80+6 strings and 5160 optical modules probe a 
volume of ~1 km3
~100 GeV energy threshold (lower: Deep Core)
~1° angular resolution 
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At such high energies, the sun is not visible in 
neutrinos...

… but IceCube can see the MOON! 11
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FIG. 7. Contour plot of the value of ns in the (∆α,∆δ) coordinate system for on-source regions of the IC40 (left) and IC59
datasets (right).
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FIG. 8. Contour plot for the position of the minimum of the Moon shadow in the IC40 (left) and IC59 data (right) in the
(∆α,∆δ) coordinate system. The reconstructed position for the Moon shadow from the maximum likelihood analysis is shown
as a black point, while the expected position of the Moon shadow after accounting for magnetic deflection is shown as a white
circle.

absolute pointing capabilities of IceCube are smaller than
about 0.2◦.

The average angular resolution of both data samples
was estimated by fitting a Gaussian function to the
shadow profile. In both cases, the 1σ width of the Moon
shadow was found to be about 0.7◦, which is in good
agreement with the expected angular resolution based
on simulation studies of down-going muons.

The total number of shadowed events estimated using
the unbinned analysis is also consistent with expectations
for IC40 and IC59. This provides an indirect validation
of the angular uncertainty estimator obtained from the
reconstruction algorithm. This is especially relevant for
the MPE analysis, where simulation studies indicate that

the uncertainty estimator has to be rescaled in order to
avoid underestimating the true angular error. Applying
this correction factor to the data results in a number of
shadowed events compatible with expectation.

Note that the value of the average angular resolution
determined in this analysis is not a direct measurement of
the point spread function to be used in searches for point
sources of high-energy neutrinos. Rather, the agreement
of this value with the value estimated from our simula-
tions should be seen as an experimental verification of our
simulation and the methods used to estimate the angu-
lar uncertainty of individual track reconstructions. This
angular uncertainty depends on several factors, in par-
ticular on the energy with which the muon traverses the

Aartsen et al., 1305.6811

cosmic-ray 
shadow of the 

MOON! 
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32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

Figure 3: Relative expected neutrino flux in the northern
hemisphere from self-annihilation in the Milky Way halo.
The on–source region (solid line) is centered around largest
the flux expectation at �RA = 0, while the off–source
region is shifted by 180

� in RA.

ing equations (2) and (3), a limit on the self-annihilation
cross section has been calculated and is shown in figure 4
compared with the limits from the Galactic Center analy-
sis, described in the next section. As the analysis uses the
outer halo, the uncertainty on the choice of halo model is
small as indicated by the error band on the limits.

5 Galactic Center Analysis with IceCube–40

The 40–string configuration of IceCube was taking data
from April 2008 to May 2009, yielding a total detector live-
time of 367 days.
The highest neutrino flux from WIMP annihilation is ex-
pected to come from a relatively wide region centered at
the direction of the Galactic Center which, at the location of
IceCube, is always about 30� above the horizon. Data from
this direction is dominated by atmospheric muons, there-
fore this analysis is based on the identification of events
with an interaction vertex inside the detector (atmospheric
muons produce incoming tracks) and it relies on the on-
source/off-source method; based on Monte Carlo simula-
tions, the width of a declination band (centered at the lo-
cation of the Galactic Center) is optimized to maximize
signal/

p
background, assuming the NFW-profile. In this

declination band, a window in right ascension is optimized.
The optimum window sizes both in right ascension and
declination were found to be ±8

�. After correction for
uneven exposure, as well as signal quality cuts, the un-
certainty on the background prediction is reduced to the
0.1%-level. Based on the above mentioned background es-
timation, the expected number of background events in the
signal region was 798819. The number of observed events
was 798842. The difference of 23 events is compatible with
the null-hypothesis, therefore a 90%C.L.-limit on the num-
ber of signal events has been calculated (1168), following
the Feldman-Cousins approach [13]. Using equations (2)
and (3), a limit on the self-annihilation cross-section has
been calculated and is shown in figure 4 along with the lim-

<
σ

A
v>

 [
cm

3
s−

1
]

mχ [GeV]

natural scale

unitarity bound

Galactic Center (preliminary)
Galactic Halo

10−26

10−24

10−22

10−20

10−18

102 103 104

Figure 4: 90% C.L.-limits on the h�
A

vi from the IceCube–
22 halo analysis (blue-shaded lines) [12], and the limits ob-
tained from the IceCube–40 Galactic Center analysis (sim-
ple lines). For both analyses the lines from top to bottom
correspond to the b¯b, W+W�, µ+µ� and ⌫⌫̄ annihilation
channels. The IceCube–40 limits are preliminary.

its from the previous analysis. Figure 5 shows the obtained
limits for the ⌧ channel, compared to the PAMELA/Fermi
regions [14].
The IceCube–40 limits are preliminary, since they do not
include signal acceptance systematic uncertainty due to op-
tical ice properties.

6 Outlook on the Galactic Center Analysis
with IceCube–79

For IceCube–79, a dedicated Galactic Center data filter has
been implemented and was taking data from June 2010 to
May 2011. The filter consists of two parts. A so-called
high energy part accepts all events with a reconstructed ar-
rival direction within an angular window of ±10

� in decli-
nation and ±40

� in RA with respect to the direction of the
Galactic Center and if their brightness exceeds a zenith-
dependent threshold. The so-called low-energy part ac-
cepts events from a 15� wide zenith band around the Galac-
tic Center, but applies a pre-scale factor of 3 on events from
the zenith band, which have a distance of more than 20� to
the Galactic Center in right ascension. Further restrictions
for the low energy filter are a top veto defined by the upper
5 DOMs, in which no hits are allowed, and a side veto. The
side veto consists of the outer layer of IceCube strings; the
earliest pulse is not allowed in this veto region. These fil-
ter conditions allow for a preselection of tracks, which ap-
pear to start within IceCube. Figure 6 shows a comparison
of the effective area at filter level for IceCube–40 and for

17

Neutrinos from GC usually not 
competitive with photons
expect factor ~10 better for IceCube-79

bb̄

W+W�

µ+µ�

⌫⌫̄

Bissok et al, 
1111.2738

IceCube-40

Only interesting for very large 
annihilation rates into neutrinos!

Such a model was recently 
proposed as possible solution to 
all             small-scale problems!⇤CDM
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Is a particle with            captured?
Jupiter may give it a ‘kick’ to throw it out of 
the solar system
[in principle also reverse possible, but 
smaller(?) effect]

Jupiter effects on solar capture

• Traditionally, if a WIMP scatters to below the escape velocity (at that 
point in the Sun), it is considered captured. 

• Peter & Tremaine showed that if the WIMP after its first scatter reaches 
out to Jupiter, Jupiter can disturb the orbit so that it no longer passes 
through the Sun and eventually gets thrown out of the solar system.

• This reduces the solar capture rate, especially for heavy WIMPs

v

v0

v0 < vesc

New capture rate suppressions

Work in progress to include a “complete” set of elements by Edsjö, 
Savage, Scott & Serenelli, based on solar models in Asplund et al,  2009
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Figs. from 
J. Edsjö

Lundberg & Edsjö, PRD ’04
Peter & Tremaine, 0806.2133

Peter, PRD ’09
no!

Sivertsson & Edsjö, PRD ’12
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�A =
1
2
C tanh2 t�

CAC

Ṅ = C � CAN2

⇤ ⇥� ⌅
2�A

�CEN
capture rate [evaporation rate]

Annihilation rate:

C/2 in equilibrium 
(=maximal signal)Neutrino signal from center 

of earth not competitive 
with direct detection
(equilibrium typically not yet reached)

Neutrino signal from 
sun leads to very 
competitive limits on 
spin-dependent 
scattering rates

M. DANNINGER, E. STRAHLER et al. INDIRECT SOLAR DARK MATTER SEARCH WITH ICECUBE AND DEEPCORE
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Figure 3: (left plot) Limits on the LKP-proton SD scattering cross-section from IceCube [3] (dashed line) and the final
sensitivity for IceCube-86 (solid line) compared to the theoretically allowed region of m

�

(1)

and �

q

(1)

. The region below
m

�

(1)

= 300 GeV is excluded by collider experiments [15]. The upper bound on m
�

(1)

corresponds to the over-closure
limit for each individual LKP model [16]. The darker regions (blue in on-line version) indicate the overlap with two
different ⌦CDMh2 intervals [17]. (right plot) Sensitivity to � on proton spin-dependent cross section at 90% confidence
level with respect to � mass. IceCube current best limits [3] are shown in solid markers, IceCube-86 sensitivity is shown
in non-filled markers and compared to other experiments. Soft WIMP models are indicated by the dashed lines, whereas
hard models are shown in solid lines. The indicated model space represents a scan over the allowed MSSM parameter
space, accounting for all current experimental constraints.

crimination is difficult and well reconstructed signal event
rates are low.

4 Outlook

Construction of the IceCube telescope was completed in
December of 2010, creating a sensitive platform for the
discovery of Dark Matter candidates in the energy range
of 50 GeV to 1 TeV. The co-located DeepCore subarray
pushes the energy threshold of IceCube into the 10 GeV
regime and allows for the possibility to extend searches to
the southern hemisphere. For searches of dark matter an-
nihilation in the center of the Sun, this effectively doubles
the experimental livetime while greatly improving the sen-
sitivity for low mass WIMP models where the bulk of the
neutrinos and daughter muons are at these very low ener-
gies.
We have conducted a detailed simulation-based sensitivity
study utilizing the full 86 string detector geometry to better
understand the possible physics reach of the detector and
have shown that with only 180 days of livetime, we will
improve the limits on the spin-dependent WIMP-nucleon
scattering cross section by an order of magnitude. In addi-
tion, this study shows that the inclusion of the DeepCore
detector significantly improves the reach at low WIMP
mass, allowing IceCube to probe the full range allowed by
current models.
Data-taking with the 79 string configuration of the detector
has concluded in May of 2011 and analysis of this dataset
has begun. Many improvements in the detector configura-
tion, extraction of useful information from the data, and in

analysis techniques for maximizing the WIMP signal lead
us to believe that we can substantially improve upon the
predictions described in the above sensitivity study. With
these improvements in mind, in the coming months we will
be able to set the most stringent limits to date on the WIMP-
proton spin-dependent scattering cross section, rule out in-
dividual models, or potentially detect an excess neutrino
flux from the Sun, strongly indicating the capture and an-
nihilation of dark matter in its core.
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Silverwood et al, JCAP ’13
Figure 1. Spin-dependent (SD) neutralino-proton cross-section �SD,p (left), and spin-independent (SI)
neutralino-proton cross-section �SI,p (right) as functions of lightest neutralino mass m�, for points derived
from explorations of the MSSM-25 parameter space. In the left panel 90% CL spin-dependent WIMP-proton
cross-section limits from SIMPLE [41] and COUPP [42] direct detection experiment are displayed as magenta
and yellow lines respectively. In the right panel the 90% CL spin-independent WIMP-nucleon cross-section
limit from 225 live days of XENON100 direct detection experiment data is displayed as a yellow line [43].
Above m� = 1TeV the XENON100 limit is based on points from the XENON100 collaboration. Colour coding
indicates predicted IceCube-86 model exclusion CL. The areas of cyan and blue points show that IceCube-86
has the ability to exclude models beyond the reach of current direct detection experiments such as SIMPLE,
COUPP, and XENON100.

Figure 2. Spin-dependent neutralino-proton cross-section �SD,p (left) and spin-independent neutralino-proton
cross-section �SI,p (right) against muon flux in IceCube from neutralino annihilations, for points derived from
explorations of the MSSM-25 parameter space. Colour coding indicates predicted IceCube-86 model exclusion
CL.

exclusion CL, and so the former can obscure the latter. An area of cyan or blue on Figure 1 means
that IceCube has exclusion (or detection) capability of 3� (99.7% CL) or better, for a certain range of
interaction cross-sections, neutralino masses, and other MSSM-25 parameters. Nevertheless, one can
see in the areas of blue and cyan points that IceCube has the ability to exclude models at better than

– 6 –

IceCube predictions
MSSM-25 scan
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See lecture by 
 D. Boersma…!

More about 
neutrinos from DM:
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Prelude ‒ WIMP dark matter 
Thermal production and freeze-out
General principle of (in)direct detection
Dark matter distribution

Gamma rays
targets: galactic center + halo, dwarf galaxies, galaxy clusters, ... 
signals: continuum vs.  “smoking gun” spectral features

Neutrinos
from galactic halo + sun/earth

Charged cosmic rays
propagation of cosmic rays
positrons, antiprotons, [antideuterons]
multi-wavelength signals

[Complementarity with direct and collider searches]
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Charged cosmic rays
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a

i

e+

DM

DM
a

e

p
_

+

GCRs are confined by galactic magnetic fields
After propagation, no directional information is left
Also the spectral information tends to get washed out
Equal amounts of matter and antimatter
     focus on antimatter (low backgrounds!)
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Spectrum and origin of CRs
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galactic extragalacticsolar

“knee”

“ankle”

DM searches

�
=

2.7

�
=

3.0

�
=

2.7LHC (CMS!)

F � E��

mostly 
protons!
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Cosmic ray propagation
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Little known about Galactic magnetic field distribution
Magnetic fields confine CRs in galaxy for
Random distribution of field inhomogeneities

        propagation well described by diffusion equation�
⇥�

⇥t
�⇥ · (D⇥� vc)� +

⇥

⇥p
bloss� �

⇥

⇥p
K

⇥

⇥p
� = qsource

often set to 0 
(stationary config.)

Diffusion coefficient, 

often D � �(E/q)�

convection 

energy 
losses

diffusive 
reacceleration
K � v2

ap2/D

Sources
(primary & 
secondary)

E � 103 TeV
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Analytical vs. numerical
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How to solve the diffusion equation?
Numerically

3D possible
any magnetic field model
realistic gas distribution, full energy losses
computations time-consuming
for most users a “black box” 

+
+
+
‒
‒

Strong, Moskalenko, … 

DRAGON
Evoli, Gaggero, Grasso & Maccione

e.g.

(Semi-)analytically
Physical insight from analytic solutions
fast computations allow to sample
full parameter space
only 2D possible
simplified gas distribution, energy losses

+
+

‒
‒

e.g.  Donato, Fornengo, Maurin, Salati, Taillet, ...

2h

R = 20kpc

ISM

L � 1kpc

vc
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GCR composition
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! !

Abundances: GCR vs Solar System 
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(secondary species to “calibrate” propagation)

II. Facts and questions

Fig. from D. Maurin

Primary species
present in sources
element distribution 
following stellar 
nucleosynthesis
accelerated in supernova 
shockwaves

C

Secondary species 
much larger relative 
abundance than in stellar 
environments
produced by interaction of 
primary cosmic rays with 
interstellar medium

B
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E.g. secondary antiprotons

86

Propagation parameters                      of two-zone 
diffusion model strongly constrained by B/C

This can be used to predict fluxes for other species:
Maurin, Donato, Taillet & Salati, ApJ ’01

(K0, �, L, va, vc)

very nice test for 
underlying diffusion model!

TB & Salati, PRD ’07

excellent agreement 
with new data:

BESSpolar 2004

PAMELA 2008

Ê

Ê

Ê
Ê

Ê
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ÊÊ

Ê

Ê

Ê

Ê
Ê
Ê
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Adriani et al., PRL ’10

Abe et al., PRL ’08
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Fig. 7.— Models with different values of δ are shown. As in the previous figures, for each value

of L and K0/L, only the best χ2 value is retained when the other parameters Vc and Va/
√

K0

are varied. The figure in the left panel displays the contour levels for χ2 < 40 for the indicated

values of δ. It is possible to scale the K0/L values by a function f(δ) to superimpose the contours

corresponding to different values of δ (see text). This is displayed in the right panel.

Maurin, Donato, Taillet & Salati, ApJ ’01

B/C analysis leaves large 
degeneracies in propagation 
parameters that
(almost) do not affect standard CR fluxes 
(~everything produced in the disk)

but can have a large impact on, e.g., 
antiprotons from DM annihilations: 15

case δ K0 L Vc VA χ2
B/C rw(kpc) rsp(kpc)

(kpc2/Myr) (kpc) (km/sec) (km/sec) [1GeV/10GeV] [1GeV/10GeV]

max 0.46 0.0765 15 5 117.6 39.98 29./73. 26./57.
med 0.70 0.0112 4 12 52.9 25.68 2.4/9.2 4.4/15.
min 0.85 0.0016 1 13.5 22.4 39.02 0.33/1.8 0.69/3.1

TABLE I: Astrophysical parameters giving the maximal, median and minimal supersymmetric antiproton flux and compatible
wih B/C analysis (χ2

B/C < 40). It is also given in unit of rw, rsp (kpc) for two kinetic energies 1 GeV and 10 GeV.

FIG. 11: Interstellar primary fluxes calculated as a function
of the antiproton kinetic energy. The fluxes are calculated
for the median set of astrophysical parameters. Solid, long
dashed, short dashed and dotted lines correspond to mχ= 60,
100, 300, 500 GeV, respectively. The fluxes correspond to the
representative differential antiproton spectra shown in Fig. 6.

[13]:

Cprop
susy (Tp̄) =

Φp̄(R!, 0, Tp̄)

Υg(Tp̄)
(20)

where Φp̄(!, Tp̄) is the interstellar antiproton flux after
propagation, normalized to supersymmetric elementary
production term. The propagation function Cprop

susy (Tp̄) is
a measure of how the source fluxes are deformed by prop-
agation and diffusion before reaching the solar position
in the Galaxy and is shown in Fig. 12 for the same rep-
resentative spectra of Fig. 6. The energy dependence is
steeper for low–mass neutralinos, and it becomes some-
how more symmetric around a maximal values for neu-
tralinos of increasing mass. The steep rise of Cprop

susy (Tp̄)
near the end of the antiproton production phase space
at Tp̄ = mχ is due to reacceleration: while the source
factor g(Tp̄) is rapidly vanishing, the propagated flux
Φp̄(R!, 0, Tp̄) decreases in much milder way because of
reacceleration effects. This effect is more pronounced for
the maximal astrophysical configuration, were VA is max-

FIG. 12: Propagation function Cprop
susy of the primary super-

symmetric antiproton fluxes as a function of the antiproton
kinetic energy, calculated for the reference fluxes of Figs.
6,11. Dotted lines refer to mχ = 10 GeV, short–dashed to
mχ = 60 GeV, long–dashed to mχ = 100 GeV, dot–dashed
to mχ = 300 GeV and solid to mχ = 500 GeV. For each set
of curves, the upper, medium and lower line refer to the max-
imal, median and minimal set of astrophysical parameters.

imal and it disappears if VA is set to zero. Fig. 12 also
shows that the maximal, median and minimal set of as-
trophysical parameter affect not only the absolute mag-
nitude of the fluxes but also their energy dependence:
the distorsion of the original flux differs depending on
the values of the propagation parameters, as it has been
discussed in the previous Sections. In particular, the en-
ergy of maximal transfer for neutralino masses above 60
GeV shifts from about 1-2 GeV for the maximal set, to
5-6 GeV for the minimal set. Fig. 12 shows, at low ki-
netic energies, a hierarchy in the behaviour of Cprop

susy (Tp̄)
which follows the hierarchy of the neutralino masses: the
propagation function is larger at low enegies for heavier
neutralinos, i.e. for harder antiproton fluxes.

The propagation function Cprop
susy (Tp̄) can be directly

used to estimate the propagation effects once the super-
symmetric production term Υg(Tp̄) is known.

Donato, Fornengo, Maurin, Salati & Taillet, PRD ’04

change in predicted    flux from DM!p̄O(102)
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Antiprotons
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Rather straightforward      
to handle:
no significant astrophysical sources
for                   completely diffusion 
dominated

Ep̄ � 10 GeV

p̄Uncertainties in    flux from 
DM annihilation much larger 
than for secondaries!
up to ~100 from DM profile
up to ~40 from range of propagation 
parameters compatible with B/C
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Antiprotons
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‒ Cannot be used to 
discriminate between 
DM candidates...

+ …but are quite efficient 
in settings constraints!
light SUSY DM

non-standard DM profile 
proposed by deBoer

DM explanations for the 
PAMELA             excess

“Evidence” for DM seen in 
Fermi data towards the GC
...

e+/e�
Donato et al., PRL ’09

Bottino et al., PRD ’98+05

Bergström et al., JCAP ’06

TB, 0911.1124
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Antiproton constraints
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Updated limits on annihilation cross section: 16

FIG. 8: Constraints for the Wino model as function of the particle mass. The black line corresponds to the cross section given
in Eq. 1. Colors are as in Fig. 2 (solid: Einasto profile, dotted: NFW, dashed: Burkert).

FIG. 9: Constraints for the heavy DM candidate in µµ channel. Colors are as in Fig. 2 (solid: Einasto profile, dotted: NFW,
dashed: Burkert). The orange shaded region is the Fermi e+ + e− data 3σ fit region, and the green shaded region is the
PAMELA positron fraction 3σ fit region[44]. The black line gives the HESS 2σ upper limits [103].

regions of annihilation cross sections connected to the favored/excluded spin-independent elastic scattering cross
sections through Eq. 7. The couplings of the DM scalar φ to the quarks cq -by contact interaction terms- are
proportional to the Yukawa couplings. We show the equivalent region to the 90% C.L. favored region by CoGent in
the data released in 2010 [6] and their more recent 2011 results [7], as well as the region favored by DAMA/LIBRA [5]
(without channeling). Independent studies have also analyzed the region favored by the CoGent dataset where an
hint of annual modulation effect has been found, see, e.g., [50–52, 106]. For instance, the results of Ref. [106] suggest
a slightly higher WIMP-nuclear scattering cross section, which would also give in a slightly higher annihilation cross
section; in Fig. 10 we present only the lower overall region related to [7]. Finally we give the equivalent to the recent

16

FIG. 8: Constraints for the Wino model as function of the particle mass. The black line corresponds to the cross section given
in Eq. 1. Colors are as in Fig. 2 (solid: Einasto profile, dotted: NFW, dashed: Burkert).

FIG. 9: Constraints for the heavy DM candidate in µµ channel. Colors are as in Fig. 2 (solid: Einasto profile, dotted: NFW,
dashed: Burkert). The orange shaded region is the Fermi e+ + e− data 3σ fit region, and the green shaded region is the
PAMELA positron fraction 3σ fit region[44]. The black line gives the HESS 2σ upper limits [103].

regions of annihilation cross sections connected to the favored/excluded spin-independent elastic scattering cross
sections through Eq. 7. The couplings of the DM scalar φ to the quarks cq -by contact interaction terms- are
proportional to the Yukawa couplings. We show the equivalent region to the 90% C.L. favored region by CoGent in
the data released in 2010 [6] and their more recent 2011 results [7], as well as the region favored by DAMA/LIBRA [5]
(without channeling). Independent studies have also analyzed the region favored by the CoGent dataset where an
hint of annual modulation effect has been found, see, e.g., [50–52, 106]. For instance, the results of Ref. [106] suggest
a slightly higher WIMP-nuclear scattering cross section, which would also give in a slightly higher annihilation cross
section; in Fig. 10 we present only the lower overall region related to [7]. Finally we give the equivalent to the recent
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FIG. 10: Constraints for the light DM candidate in bb̄ channel. Colors are as in Fig. 2 (solid: Einasto profile, dotted: NFW,
dashed: Burkert). Also shown for comparison the favored regions of annihilation cross sections connected to the 90% C.L.
favored spin-independent elastic scattering cross sections regions from CoGent [6, 7], DAMA/LIBRA [5] and the recent 90%
C.L. limit from Xenon100 [49].

limit 90% C.L. from Xenon100 [49]. Our limits provide complementary constraints to direct detection limits below
masses of 7 GeV. We note that, like Xenon100, our limits from all the models apart from the THN (thin halo) exclude
the favored regions by CoGent and DAMA, while the THN model excludes only the DAMA region. This result is
similar (but more constraining) to the result in [60] For a case where the DM particle is a vector, having also couplings
to the Yukawa the CoGent and DAMA regions move down by a factor of 3, which are still strongly constrained by the
data (for another analysis cross correlating antiproton and direct detection data for light WIMPs, see also [107–109]).
Also recently, [110–112] have suggested the possibility of reconciling the CoGent and DAMA favored regions with

the limits from CDMS and Xenon by having the coupling of DM to the proton vs the neutron different. This is done
either from violation of isospin [110, 111], or by having scatterings via both photon and Higgs echange [112]. These
works suggest that the preferred by the data, value for the ratio of the effective coupling of the DM particle to the
neutron fn, to the proton fp, is fn/fp ∼ −0.7 (−0.71 for [112]). Yet since in all these models, the suggested scattering
cross section to the proton (that agrees with all the data) is higher by about 2 orders of magnitude compared to that
for a scalar DM with fn/fp = 1 as shown in Fig. 10, these models are strongly disfavored by the p̄ constraints.

VI. MORE ON ASTROPHYSICAL UNCERTAINTIES

The constraints shown in section V already give a clear evidence of the relevance of the associated uncertainties.
On the one hand, predictions of DM antiprotons suffer from uncertainties due to the unknown density distribution
of the DM toward the galactic center. On the other hand, the effective propagation models determined by fitting the
nuclear CR components lead to different predictions for DM originated and, to less extent, astrophysics generated
antiprotons.
Moreover, we should remark that even a very precise determination of the local effective propagation parameters in

Table II would leave large uncertainties on the propagation conditions in the inner Galaxy, where the DM production
rate is also maximal (unlike the standard astrophysical p̄). Therefore, the predicted p̄ flux from DM is overall more
uncertain than the astrophysical p̄ flux, or, for that matter, any CR spectrum from the conventional astrophysical
sources. Yet we remark that predictions of electron and positron spectra from dark matter are instead less sensitive
to these uncertainties, because the electron/positron mean free path at high energy is shortened by strong energy
losses.
In order to better discuss these points, we show in the following the resulting effect of either modifying the CR

propagation properties in the inner Galaxy or introducing a disklike structure in the DM density distribution.

Wino DM µ+µ� bb̄

HESS upper limit

Evoli et al., PRD ’12

L
need to constrain propagation parameters 

better, in particular the halo height 
more in 

lecture by
 F. Donato…!

[reference model in red]
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Positrons
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Excess in cosmic ray positron data has triggered great 
excitement:

Are we seeing a DM signal ???
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By Fermi (!):
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FIG. 4: Energy spectra for e+, e−, and e+ + e
− (control re-

gion). In the control region where both species are allowed,
this analysis reproduces the Fermi LAT results reported pre-
viously for the total electron plus positron spectrum [20, 21]
(gray). Previous results form HEAT [9] and PAMELA [38]
are shown for reference. The bottom panel shows that the
ratio between the sum and the control flux is consistent with
1 as expected.
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FIG. 5: Positron fraction measured by the Fermi LAT and
by other experiments [7, 14, 16]. The Fermi statistical uncer-
tainty is shown with error bars and the total (statistical plus
systematic uncertainty) is shown as a shaded band.

electron plus positron spectrum (3.08±0.05) [20, 21].
Conclusion. We measured the CR positron and elec-

tron spectra separately between 20 and 200 GeV, using
a novel separation technique which exploits the charge-
dependent displacement of the Earth’s shadow due to
the geomagnetic field. While the positron fraction has
been measured previously up to 100 GeV [15, 16] and
the absolute flux has been measured previously up to
50 GeV [9, 39], this is the first time that the absolute CR
positron spectrum has been measured above 50 GeV and
that the fraction has been determined above 100 GeV.

We find that the positron fraction increases with en-
ergy between 20 and 200 GeV, consistent with results
reported by PAMELA [15, 16]. Future measurements
with greater sensitivity and energy reach, such as those
by AMS-02 [40], are necessary to distinguish between the
many possible explanations of this increase.
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50 GeV, indicating a predominantly decreasing positron
fraction with increasing energy. However, a small excess
in the positron fraction above ≈ 7 GeV was detected by
HEAT and also seen in CAPRICE data, as well as by
AMS-01 [14]. Recently, the PAMELA instrument has
measured a positron fraction that increases with energy
above ∼10 GeV [15, 16] with high precision, confirming
the indications seen in the earlier data.
The best established mechanism for producing CR

positrons is secondary production: CR nuclei interact
inelastically with interstellar gas, producing charged pi-
ons that decay to positrons, electrons, and neutrinos.
However, this process results in a positron fraction that
decreases with energy [4, 17]. The origin of the rising
positron fraction at high energy is unknown and has been
ascribed to a variety of mechanisms including pulsars,
CRs interacting with giant molecular clouds, and dark
matter. See [18, 19] for recent reviews.
The Large Area Telescope (LAT) is a pair-conversion

gamma-ray telescope onboard the Fermi Gamma-ray
Space Telescope satellite. It has been used to measure
the combined CR electron and positron spectrum from
7 GeV to 1 TeV [20, 21]. The LAT does not have a mag-
net for charge separation. However, as pioneered by [22]
and [23], the geomagnetic field can also be used to sepa-
rate the two species without an onboard magnet. Müller
and Tang [23] used the difference in geomagnetic cut-
off for positrons and electrons from the east and west
to determine the positron fraction between 10 GeV and
20 GeV. As reported below, we used the shadow im-
posed by the Earth and its offset direction for electrons
and positrons due to the geomagnetic field, to separately
measure the spectra of CR electrons and positrons from
20 GeV to 200 GeV. In this energy range, the 68% con-
tainment radius of the LAT point-spread function is 0.1◦

or better and the energy resolution is 8% or better.
Region selection and exposure calculation. The Earth’s

magnetic field significantly affects the CR distribution in
near-Earth space. At energies below ∼10 GeV, a signifi-
cant fraction of the incoming particles are deflected back
to interplanetary space by the magnetic field (“geomag-
netic cutoff”). The exact value of the geomagnetic cutoff
rigidity depends on the detector position and viewing
angle. In addition to the geomagnetic cutoff effect, the
Earth blocks trajectories for particles of certain rigidities
and directions while allowing other trajectories. This re-
sults in a different rate of CRs from the east than the
west (the “east-west effect”) [24–26].
Figure 1 shows example trajectories for electrons and

positrons. Positive charges propagating toward the east
are curved outward, while negative charges are curved
inward toward the Earth (Figure 1). This results in a
region of particle directions from which positrons can ar-
rive, while electrons are blocked by the Earth. At each
particle rigidity there is a region to the west from which
positrons are allowed and electrons are forbidden. There
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(blue) trajectories arriving at the detector, for 28 GeV parti-
cles arriving within the Equatorial plane (viewed from the
North pole). Forbidden trajectories are solid and allowed
trajectories are dashed. Inset: the three selection regions
(electron-only, positron-only, and both-allowed) for the same
particle energy and spacecraft position as the trajectory traces
(viewed from the instrument position in the Equatorial plane).

is a corresponding region to the east from which electrons
are allowed and positrons are forbidden. The precise size
and shape of these regions depend on the particle rigidity
and instrument location.

We used a high-precision geomagnetic field model (the
2010 epoch of the 11th version of the International Ge-
omagnetic Reference Field [27]) and a publicly available
code [28] to trace charged particle trajectories in the mag-
netic field and determine allowed vs. forbidden regions
for each species. We previously used the same magnetic
field model and tracer code to perform a precise compar-
ison between predicted and measured geomagnetic cutoff
rigidities for the Fermi LAT orbit, finding that the tracer
code accurately predicts the geographical distribution of
the geomagnetic cutoff [29]. We used a static 2010 model
for all of the data analyzed here, which were recorded be-
tween June 2008 through April 2011.

Each particle trajectory is traced backward from the
spacecraft until it reaches 20 Earth radii from the Earth
center or reaches the Earth’s atmosphere, which we ap-
proximate with a 60 km thickness (Figure 1). If the tra-
jectory reaches 20 Earth radii, it is an allowed trajec-
tory. If it reaches the atmosphere, it is a forbidden tra-
jectory. We calculate electron-only, positron-only, and
both-allowed (control) regions for each 30 s time step us-
ing the instantaneous spacecraft latitude and longitude
and the nominal orbital altitude of 565 km. The regions
are determined for each energy bin, with 10 logarithmi-
cally spaced energy bins spanning 20–200 GeV. The 30 s
time step (in which the spacecraft travels ∼ 2◦ longitude)
is sufficient to achieve a finely sampled distribution of

Ackermann et al., PRL ’12

By AMS:

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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“Over the coming months, AMS 
will be able to tell us conclusively 
whether these positrons are a 
signal for dark matter, or whether 
they have some other origin”

S. Ting:
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Alpha Magnet Spectrometer
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installed on ISS in 05/11,             
first data release 03/13
uses a 0.14 T permanent magnet
designed for CR spectra precision 
measurements for the next 18 yrs
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Fig. 5. Left: Spatial distribution models for SNRs and pulsars. Middle: Corresponding halo functions defined in Eq. (53) and that
characterize the transport probability as a function of the propagation scale λ, which decreases with energy. Right: Ratio of flux
predictions to their associated exponential disk approximations.
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Fig. 6. Fraction of the signal reaching the Earth as a function
of the integrated radius, for different energies and different spa-
tial distribution models, using full relativistic energy losses. The
Thomson approximation result is reported in dashed line.

terms of fluxes: for different spatial distributions, we plot
the ratio approximated flux / exact flux for our three bea-
con propagation setups. We can see that the exponential
disk approximation is quite good above a few GeV for the
min and med cases, as expected, having an accuracy better
than 5%. Errors are obviously larger in the max case be-
cause of the larger spatial gradients exhibited by the spatial
distributions within L = 15 kpc.

A final useful exercise regarding the smooth spatial dis-
tribution modeling consists of checking the cumulative frac-
tion of the IS signal received at the Earth as a function of
the radial integration distance. In Fig. 6, we report this frac-
tion for spatial model L04 at different energies, assuming an
injection spectrum ∝ E−2, and for both the Thomson ap-

proximation and the relativistic energy losses. We see that
this fraction increases more quickly at high energy than at
low energy, as expected from energy losses. This is consis-
tent with the result obtained in Delahaye et al. (2009) for
secondary positrons. Nevertheless, above ∼10 GeV, we can
observe that relativistic effects come into play and a dif-
ference appears between the Thomson approximation case
and the relativistic case. Indeed, the latter induces a longer
propagation scale at high energy, and consequently softens
the rise of the cumulative fraction. This would be slightly
less significant for a magnetic field of 3 µG instead of 1 µG,
though still observable.

Another important piece of information that we can
derive from Fig. 6 is that the cumulative signal fraction
is ! 95% (80%) for r ! 2 kpc and E ! 100 (10) GeV.
This helps us to define consistent means of including local
sources in our predictions, as we discuss later in Sect. 4.4.2.
Indeed, we know at present that if we replace the smooth
spatial distribution within 2 kpc with discrete sources, these
latter can affect the whole available energy range quite sig-
nificantly: if powerful enough, local sources will dominate
above a few tens of GeV, otherwise, flux predictions will be
significantly depleted compared to a smooth-only descrip-
tion of sources, for a given normalization pattern.

4.3. Sizing the uncertainties for local sources

Before discussing the contribution of local known SNRs to
the CR electron flux (see Sect. 4.4.2), it is essential to re-
view the impact of uncertainties in the main parameters
describing the source. They are only a few, but their effects
on the flux are shown to be important and degenerate.

Apart from the propagation modeling and related pa-
rameters that were presented in Sects. 2.2 and 2.5, theo-
retical errors may originate from uncertainties (i) in the
spectral shape and normalization, (ii) in the distance esti-
mate, (iii) in the age estimate and (iv) in our understanding
of the escape of cosmic rays from sources. The last point is
actually still debated and poorly known in detail (see e.g.
Caprioli et al. 2009), though it is clear that the release of
cosmic rays in the ISM is a time- and energy-dependent pro-
cess which takes place over ∼ 103−5 yr, i.e. the lifetime of
the source. Since this timescale is still almost always much

e±     can also be described in same framework as    !
Delahaye et al., PRD ’08, A&A ’09, A&A ’10

Main difference to nuclei: 
energy losses are dominant

mainly locally produced 
(~kpc for 100 GeV leptons)
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Fig. 14. Template calculation including all primary (discrete local and smooth distant) and secondary electrons and positrons in
a self-consistent modeling, using the med propagation setup. Top left: electron flux. Top right: electron and positron flux. Bottom
left: positron flux. Bottom right: positron fraction.

of the spectrum, above ∼ 50 GeV, is actually dominated
by our local SNR sample. This cannot be considered as a
robust prediction, since we could have obtained a dominat-
ing pulsar contribution by slightly modifying the injection
parameters. For instance, we could have reduced the local
SNR yield, both depleted the supply from Geminga and in-
creased that from Vela, and finally allowed a larger fraction
of ∼ 2% of pair conversion.

We point out that the current constraints on sources are
far too weak to ascertain the predictive power of our tem-
plate calculation. Nevertheless, it is clear that the source
modeling is the key point in the understanding of the high
energy CR electrons, at least for identifying more clearly

those few sources which may set most of the local flux.
We also underline that it is important to challenge any CR
electron prediction with the separate electron and positron
data, since reproducing the sum does not necessarily en-
sure the relevance of the model. It will be important in the
future to have independent sets of far higher quality data;
PAMELA and AMS-02 carry many hopes.

6.2. Positron fraction

Measurements of the positron fraction contribute ad-
ditional constraints that should be fulfilled consis-
tently with the previous data. In the bottom right

propagation uncertainties: 
secondaries ~ 2-4
primaries ~5

need for local primary source(s) to 
describe data well above ~10 GeV

p̄

[synchrotron + inverse Compton]
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Model-independent analysis:
strong constraints on hadronic 
modes from     data
                                 favoured
large boost factors generic ‒  

Bergström, Edsjö & Zaharijas, PRL ’09highly non-conventional DM! 

p̄
��� e+e� orµ+µ�

O(103)

and: many good astrophysical candidates for primary 
sources in the cosmic neighbourhood:

pulsars Grasso et al., ApP ’09
Yüksel et al., PRL ’09
Profumo, 0812.4457

old SNRs Blasi, PRL ’09
Blasi & Serpico, PRL ’09

and further 
proposals...

Positrons are certainly not the best 
messengers for DM searches!

take home 
message: 

+ significant radio/IC constraints, see later!



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 96

(...



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

“A theory of dark  matter”

97

Arkani-Hamed, Finkbeiner, Slatyer & Weiner, PRD ’09

idea: introduce new force in dark 
sector, with
large annihilation rates (Sommerfeld enhancement)
later decay:

m� � 1 GeV
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��

�

�� e+e� orµ+µ� (kinematics!)

but: strong constraints from   (IB) and radio (synchroton)!�
Bertone, Bergström, TB, Edsjö & Taoso, PRD ’09
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Sommerfeld effect
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Arkani-Hamed, Finkbeiner, Slatyer & Weiner, PRD ’09 Kinematical situation:

non-relativistic DM particle 

light exchange particle, 

�

m� ⌧ m�

each ‘rung’ of ladder contributes at 

resummation necessary!

O(↵/v)

long range interaction, 
potential distorts wave function:

short range interaction, 
standard QFT result: 
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Coulomb potential
analytic solution 
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5.3 Annihilation and the enhancement factor
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Figure 5.5: Left: Full numerical Sommerfeld factor as a function of e

f

for different values ev. It can be seen
that the enhancement factor increases for smaller values of ev and e

f

. Resonances appear for specific values of e

f

and sufficiently small values of ev. Right: Plotting the Sommerfeld factor as a function of ev one can clearly see
the saturation of the factor for small enough values of ev, in contrast to the analytical solution for the Coulomb
potential (black, dashed). For large enough values of ev the numerical solution is well approximated by the Coulomb
enhancement. Off resonance (blue, yellow) the enhancement factor grows like 1/v for v! 0, whereas on a resonance
(green) it follows a 1/v2 behavior. When the configuration is near, but not precisely on resonance, there is a transition
from 1/v to 1/v2 behavior when ev decreases (red).

In reality, the finite lifetime of the bound state, i.e., the annihilation part of the potential
Eq. (5.46) that we did not consider in our discussion above, places a limit on the magnitude of
the Sommerfeld factor such that it does not diverge as v! 0. Considering a potential well with
a depth equal to the range of the Yukawa potential, V 0 µ am

f

, the annihilation rate is saturated
for [196]

v . mV 0G⇠ am
f

mG , (5.68)

For annihilation into photons, the absorptive part is given by G = pa

2/m2, such that a saturation
occurs for [230]

v . a

3 m
f

m
=) ev . e

cut,on
v ⌘ a

3
e

f

. (5.69)

To take this saturation into account, it is therefore advisable to use S(ev < e

cut,on
v ) = S(ecut,on

v ).
If we are not near or exactly on a resonance, it is clear that the full numerical solution to S

does not obtain such high values for v! 0 as in the case of a resonance. The solution therefore
saturates already for much larger velocities, as can nicely be seen in the right hand plot in
Fig. 5.5, and stays constant for [117]

ev . e

cut,off
v ⌘ 0.5e

f

, (5.70)

where the numerical factor 0.5 was obtained empirically. The reason for this can be understood
if we look again at the Taylor expansion of the Yukawa potential; the total effective energy
as seen by a Coulomb-like potential, Eeff ⇠ am

f

+ mv2, essentially no longer depends on the
velocity in this regime.

Finally, we consider for completeness the more general case, where the annihilating particles
can exchange more than one type of force carrier in the ladder. Each will result in its own
characteristic potential that has taken into account by summing over the various contributions

67

✏� ⌘ ↵�1m�/m�

Yukawa potential
numerical solution
appearance of resonances

!
v!0

⇡↵

v
⌘ ⇡

✏v

5.3 Annihilation and the enhancement factor

10-2 10-1 100100100100 101
100100100100

101

102

103

104

105

106

ef

S

ev=10
-4

ev=10
-3

ev=10
-2

ev=10
-1

ev=1

10-6 10-5 10-4 10-3 10-2 10-1 100100100100 101
100100100100

102

104

106

108

1010

ev

S
Coulomb

ef=0.5953

ef=0.0099
ef= 5¥10

-4

ef=10
-1

Figure 5.5: Left: Full numerical Sommerfeld factor as a function of e

f

for different values ev. It can be seen
that the enhancement factor increases for smaller values of ev and e

f

. Resonances appear for specific values of e

f

and sufficiently small values of ev. Right: Plotting the Sommerfeld factor as a function of ev one can clearly see
the saturation of the factor for small enough values of ev, in contrast to the analytical solution for the Coulomb
potential (black, dashed). For large enough values of ev the numerical solution is well approximated by the Coulomb
enhancement. Off resonance (blue, yellow) the enhancement factor grows like 1/v for v! 0, whereas on a resonance
(green) it follows a 1/v2 behavior. When the configuration is near, but not precisely on resonance, there is a transition
from 1/v to 1/v2 behavior when ev decreases (red).

In reality, the finite lifetime of the bound state, i.e., the annihilation part of the potential
Eq. (5.46) that we did not consider in our discussion above, places a limit on the magnitude of
the Sommerfeld factor such that it does not diverge as v! 0. Considering a potential well with
a depth equal to the range of the Yukawa potential, V 0 µ am

f

, the annihilation rate is saturated
for [196]

v . mV 0G⇠ am
f

mG , (5.68)

For annihilation into photons, the absorptive part is given by G = pa

2/m2, such that a saturation
occurs for [230]

v . a

3 m
f

m
=) ev . e

cut,on
v ⌘ a

3
e

f

. (5.69)

To take this saturation into account, it is therefore advisable to use S(ev < e

cut,on
v ) = S(ecut,on

v ).
If we are not near or exactly on a resonance, it is clear that the full numerical solution to S

does not obtain such high values for v! 0 as in the case of a resonance. The solution therefore
saturates already for much larger velocities, as can nicely be seen in the right hand plot in
Fig. 5.5, and stays constant for [117]

ev . e

cut,off
v ⌘ 0.5e

f

, (5.70)

where the numerical factor 0.5 was obtained empirically. The reason for this can be understood
if we look again at the Taylor expansion of the Yukawa potential; the total effective energy
as seen by a Coulomb-like potential, Eeff ⇠ am

f

+ mv2, essentially no longer depends on the
velocity in this regime.

Finally, we consider for completeness the more general case, where the annihilating particles
can exchange more than one type of force carrier in the ladder. Each will result in its own
characteristic potential that has taken into account by summing over the various contributions
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Significant effects on thermal history
Factor 2-3 changes in relic density possible           
(despite                              )
New era of annihilation after kinetic decoupling 
possible
Substructure cut-off can be as large as the scale of 
dwarf spheroidals

v ⇠
p

3/xcd ⇠ 0.3

No simple ‘factorization’ of particle physics 
and astrophysics in gamma-ray flux
E.g. much larger ‘boost-factors’ from substructure    
than for s-wave annihilators!

Introduced in DM context long before PAMELA
TeV neutralinos can annihilate resonantly to gauge bosons! 

Change of DM profiles

E.g. Bovy, PRD ’09

Hisano et al., PLB ’07
Cirelli, Strumia & Tamburini, NPB ’07
March-Russell et al., JHEP ’08
...

Dent, Dutta & Scherrer, PLB ’10
Zavala, Vogelsberger & White, PRD ’10
Feng, Kaplinghat & Yu, PRD ’10
van den Aarssen, TB & Goedecke, PRD ’12
...

van den Aarssen, TB & Pfrommer, PRL ’12

Feng, Kaplinghat & Yu, PRL ’10
Loeb & Weiner, PRL ’11
Vogelsberger, Zavala & Loeb, MNRAS ’12

Hisano, Matsumoto, 
Nojiri, Saito, ... ’03 - ’06
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Charged cosmic rays
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a
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e+

DM

DM
a

e

p
_

+

GCRs are confined by galactic magnetic fields
After propagation, no directional information is left
Also the spectral information tends to get washed out
Equal amounts of matter and antimatter
     focus on antimatter (low backgrounds!)

Also the spectral information tends to get washed out

Is that actually always true???

Positrons are certainly not the best 
messengers for DM searches!

take home 
message: 
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FIG. 1. The e± spectrum from annihilating DM, after
propagation, for different annihilation final states, assum-
ing 〈σv〉= 3 × 10−26 cm3s−1. Solid lines refer to refer-
ence diffusion zone (L=4kpc) and energy loss assumptions
(Urad + UB = 1.7 eV cm−3). Dashed (dotted) lines show the
effect of a different scale height L=8 (2) kpc. The dash-dotted
line shows the impact of increasing the local radiation plus
magnetic field density to Urad + UB = 2.6 eV cm−3.
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FIG. 2. The AMS positron fraction measurement [2] and
background+signal fit for DM annihilating directly to e+e−,
for mχ = 10GeV and 100GeV. The normalization of the DM
signal in each case was chosen such that it is barely excluded
at the 95% CL. For better visibility, the contribution from
DM (lower lines) has been rescaled as indicated.

of the spectrum depends only marginally on L, it may be
reduced by up to a factor of ∼2 when increasing the as-
sumed local energy losses via synchrotron radiation and
inverse Compton scattering by 50%. In Fig. 2, we show a
direct comparison of the DM signal with the AMS data,
for the case of e+e− final states contributing at the max-
imum level allowed by our constraints (see below) for two
fiducial values of mχ. Again, it should be obvious that
the shape of the DM contribution differs at all energies
significantly from that of the background.
Statistical treatment. We use the likelihood ratio

test [60] to determine the significance of, and limits on,

a possible DM contribution to the positron fraction mea-
sured by AMS. As likelihood function, we adopt a prod-
uct of normal distributions L =

∏
iN(fi|µi,σi); fi is the

measured value, µi the positron fraction predicted by the
model, and σi its variance. The DM contribution enters
with a single degree of freedom, given by the non-negative
signal normalization. Upper limits at the 95%CL on the
DM annihilation or decay rate are therefore derived by
increasing the signal normalization from its best-fit value
until −2 lnL is changed by 2.71, while profiling over the
parameters of the background model.

We use data in the energy range 1–350GeV; the vari-
ance σi is approximated by adding the statistical and
systematic errors of the measurement in quadrature,
σi = (σ2

i,stat + σ2
i,sys)

1/2. Since the total relative error is
always small (below 17%), and at energies above 4GeV
dominated by statistics, we expect this approximation to
be very reliable. The binning of the published positron
fraction follows the AMS energy resolution, which varies
between 10.4% at 1GeV and 1.5% at 350GeV. Although
we do not account for the finite energy resolution of AMS
in our analysis, we have explicitly checked that this im-
pacts our results by no more than 10%.

As our nominal model for the part of the e± spec-
trum that does not originate from DM, henceforth sim-
ply referred to as the astrophysical background, we use
the same phenomenological parameterization as the AMS
collaboration in their analysis [2]. This parameterization
describes each of the e± fluxes as the sum of a common
source spectrum – modeled as a power-law with expo-
nential cutoff – and an individual power-law contribution
(only the latter being different for the e+ and e− fluxes).
After adjusting normalization and slope of the secondary
positrons such that the overall flux reproduces the Fermi
e++e− measurements [61], the five remaining model pa-
rameters are left unconstrained. This phenomenological
parameterization provides an extremely good fit (with a
χ2/d.o.f. = 28.5/57), indicating that no fine structures
are observed in the AMS data. For the best-fit spectral
slopes of the individual power-laws we find γe− & 3.1
and γe+ & 3.8, respectively, and for the common source
γe± & 2.5 with a cutoff at Ec &800GeV, consistent with
Ref. [2]. Subsequently, we will keep Ec fixed to its best-fit
value.

Results and Discussion. Our main results are the
bounds on the DM annihilation cross section, as shown
in Fig. 3. No significant excess above background was
observed. For annihilations proceeding entirely to e+e−

final states, we find that the “thermal” cross section is
firmly excluded for mχ ! 90GeV. For mχ ∼ 10GeV,
which is an interesting range in light of recent results
from direct [62–66] and indirect [67–69] DM searches, our
upper bound on the annihilation cross section to e+e− is
approximately two orders of magnitude below 〈σv〉therm.
We also show in Fig. 3 the upper bounds obtained for
other leptonic final states. As expected, these limits are
weaker than those found in the case of direct annihilation
to electrons – both because part of the energy is taken

Simple observation #1:

Sharp spectral features do exist,  
for leptonic channels, even after 
propagation!

Simple observation #2:

positron fraction as a function of energy decreases by an
order of magnitude from 20 to 250 GeV.

Primary sources of cosmic ray positrons and electrons
may induce some degree of anisotropy of the measured
positron to electron ratio, that is, the ratio of the positron
flux to the electron flux. Therefore, a systematic search for
anisotropies using the selected sample is performed from
16 to 350 GeV.

Arrival directions of electrons and positrons are used to
build a sky map in galactic coordinates, (b,l), containing
the number of observed positrons and electrons. The fluc-
tuations of the observed positron ratio are described by
using a spherical harmonic expansion

reðb; lÞ
hrei

# 1 ¼
X1

‘¼0

X‘

m¼#‘

a‘mY‘mð!=2# b; lÞ; (3)

where reðb; lÞ denotes the positron ratio at (b,l), hrei is the
average ratio over the sky map, Y‘m are spherical harmonic
functions, and a‘m are the corresponding weights. The
coefficients of the angular power spectrum of the fluctua-
tions are defined as

C‘ ¼
1

2‘þ 1

X‘

m¼#‘

ja‘mj2: (4)

They are found to be consistent with the expectations for
isotropy at all energies, and upper limits to multipole
contributions are obtained. We obtain a limit on the am-
plitude of dipole anisotropy on the positron to electron

ratio, " ¼ 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1=4!

p
, for any axis in galactic coordinates

of " & 0:036 at the 95% confidence level.
In conclusion, the first 6:8' 106 primary positron and

electron events collected with AMS on the ISS show the
following: i. At energies <10 GeV, a decrease in the
positron fraction with increasing energy. ii. A steady
increase in the positron fraction from 10 to (250 GeV.
iii. The determination of the behavior of the positron
fraction from 250 to 350 GeV and beyond requires more
statistics. iv. The slope of the positron fraction versus
energy decreases by an order of magnitude from 20 to
250 GeV, and no fine structure is observed. The agreement
between the data and the model shows that the positron

1 10 210

AMS-02 

-1
10

Fit to Data 

FIG. 6 (color). The positron fraction measured by AMS fit
with the minimal model. For the fit, both the data and the model
are integrated over the bin width. Even with the high statistics
and high accuracy of AMS, the spectrum shows no fine structure.

TABLE I. Representative bins of the positron fraction as a function of energy. Errors due to stat., statistical error; acc., acceptance
asymmetry; sel., event selection; mig., bin-to-bin migration; ref., reference spectra; c.c., charge confusion; and syst., total systematic
error. For the complete table, see [13].

Energy[GeV] Neþ Fraction #stat #acc #sel #mig #ref #c:c: #syst

1.00–1.21 9335 0.0842 0.0008 0.0005 0.0009 0.0008 0.0001 0.0005 0.0014
1.97–2.28 23 893 0.0642 0.0004 0.0002 0.0005 0.0002 0.0001 0.0002 0.0006
3.30–3.70 20 707 0.0550 0.0004 0.0001 0.0003 0.0000 0.0001 0.0002 0.0004
6.56–7.16 13 153 0.0510 0.0004 0.0001 0.0000 0.0000 0.0001 0.0002 0.0002
09.95–10.73 7161 0.0519 0.0006 0.0001 0.0000 0.0000 0.0001 0.0002 0.0002
19.37–20.54 2322 0.0634 0.0013 0.0001 0.0001 0.0000 0.0001 0.0002 0.0003
30.45–32.10 1094 0.0701 0.0022 0.0001 0.0002 0.0000 0.0001 0.0003 0.0004
40.00–43.39 976 0.0802 0.0026 0.0002 0.0005 0.0000 0.0001 0.0004 0.0007
50.87–54.98 605 0.0891 0.0038 0.0002 0.0006 0.0000 0.0001 0.0004 0.0008
64.03–69.00 392 0.0978 0.0050 0.0002 0.0010 0.0000 0.0002 0.0007 0.0013
74.30–80.00 276 0.0985 0.0062 0.0002 0.0010 0.0000 0.0002 0.0010 0.0014
86.00–92.50 240 0.1120 0.0075 0.0002 0.0010 0.0000 0.0003 0.0011 0.0015
100.0–115.1 304 0.1118 0.0066 0.0002 0.0015 0.0000 0.0003 0.0015 0.0022
115.1–132.1 223 0.1142 0.0080 0.0002 0.0019 0.0000 0.0004 0.0019 0.0027
132.1–151.5 156 0.1215 0.0100 0.0002 0.0021 0.0000 0.0005 0.0024 0.0032
151.5–173.5 144 0.1364 0.0121 0.0002 0.0026 0.0000 0.0006 0.0045 0.0052
173.5–206.0 134 0.1485 0.0133 0.0002 0.0031 0.0000 0.0009 0.0050 0.0060
206.0–260.0 101 0.1530 0.0160 0.0003 0.0031 0.0000 0.0013 0.0095 0.0101
260.0–350.0 72 0.1550 0.0200 0.0003 0.0056 0.0000 0.0018 0.0140 0.0152

PRL 110, 141102 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
5 APRIL 2013

141102-8

AMS provides data 
i) with extremely high statistics
ii) for which a simple (5 param) smooth  
   BG model provides an excellent fit{

Let’s try a spectral fit!
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~same procedure as for gamma rays...
[profile likelihood; no sliding energy window, 5 params for BG instead of 2]

4

101 102

mχ [GeV]

10−29

10−28

10−27

10−26

10−25

10−24

10−23

〈σ
v
〉[
cm

3
s−

1
]

dashed: Fermi LAT

WMAP7solid: AMS-02 (this work)

τ+τ−

µ+µ−

e
+
e
−
γ

e+e−

Bergström et al. (2013)

FIG. 3. Upper limits (95% CL) on the DM annihilation cross
section, as derived from the AMS positron fraction, for various
final states (this work), WMAP7 (for !+!−) [43] and Fermi
LAT dwarf spheroidals (for µ+µ− and τ+τ−) [42]. The dot-
ted portions of the curves are potentially affected by solar
modulation. We also indicate 〈σv〉therm ≡ 3× 10−26 cm3s−1.
The AMS limits are shown for reasonable reference values of
the local DM density and energy loss rate, and can vary by a
factor of a few, as indicated by the hatched band (for clarity,
this band is only shown around the e+e− constraint).

away by other particles (neutrinos, in particular) and be-
cause they feature broader and less distinctive spectral
shapes. These new limits on DM annihilating to µ+µ−

and τ+τ− final states are still, however, highly competi-
tive with or much stronger than those derived from other
observations, such as from the cosmic microwave back-
ground [43] and from gamma-ray observations of dwarf
galaxies [42]. Note that for the case of e+e−γ final states
even stronger limits can be derived for mχ ! 50GeV by
a spectral analysis of gamma rays [70]. We do not show
results for the b̄b channel, for which we nominally find
even weaker limits due to the broader spectrum. In fact,
due to degeneracies with the background modeling, lim-
its for annihilation channels which produce such a broad
spectrum of positrons can suffer from significant system-
atic uncertainties. For this reason, we consider our limits
on the e+e− channel to be the most robust.
Uncertainties in the e± energy loss rate and local DM

density weaken, to some extent, our ability to robustly
constrain the annihilation cross sections under consid-
eration in Fig. 3. We reflect this uncertainty by show-
ing a band around the e+e− constraint, corresponding
to the range Urad + UB = (1.2 − 2.6) eV cm−3, and
ρ"χ = (0.25− 0.7)GeV cm−3 [59, 71]. Uncertainty bands
of the same width apply to each of the other final states
shown in the figure, but are not explicitly shown for clar-
ity. Other diffusion parameter choices impact our lim-
its only by up to ∼10%, except for the case of low DM
masses, for which uncertainties in the modeling of solar
modulation may be important [51, 72]. We reflect this in
Fig. 3 by depicting the limits derived in this less certain

mass range, where the peak of the signal e+ flux falls
below 5GeV, with dotted (rather than solid) lines.

For comparison, we have also considered a collection
of physical background models in which we calculated
the expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all
galactic pulsars. While this leads to an almost identical
description of the background at high energies as in the
phenomenological model, small differences are manifest
at lower energies due to solar modulation and a spec-
tral break [53, 73, 74] in the CR injection spectrum at a
few GeV (both neglected in the AMS parameterization).
We cross-check our fit to the AMS positron fraction with
lepton measurements by Fermi [61]. Using these physical
background models in our fits, instead of the phenomeno-
logical AMS parameterization, the limits do not change
significantly. The arguably most extreme case would be
the appearance of dips in the background due to the su-
perposition of several pulsar contributions, which might
conspire with a hidden DM signal at almost exactly the
same energy. We find that in such situations, the real lim-
its on the annihilation rate could be weaker (or stronger)
by up to roughly a factor of 3 for any individual value of
mχ. We refer to the accompanying material in the Ap-
pendix for more details and further discussion of possible
systematics that might affect our analysis.

Lastly, we note that the upper limits on 〈σv〉(mχ) re-
ported in Fig. 3 can easily be translated into upper limits
on the decay width of a DM particle of mass 2mχ via
Γ % 〈σv〉ρ"χ /mχ. We checked explicitly that this sim-
ple transformation is correct to better than 10% for the
L =4 kpc propagation scenario and e+e− and µ+µ− final
states over the full considered energy range.

Conclusions. In this Letter, we have considered a
possible dark matter contribution to the recent AMS cos-
mic ray positron fraction data. The high quality of this
data has allowed us for the first time to successfully per-
form a spectral analysis, similar to that used previously
in the context of gamma ray searches for DM. While we
have found no indication of a DM signal, we have derived
upper bounds on annihilation and decay rates into lep-
tonic final states that improve upon the most stringent
current limits by up to two orders of magnitude. For
light DM in particular, our limits for e+e− and µ+µ− fi-
nal states are significantly below the cross section naively
predicted for a simple thermal relic. When taken together
with constraints on DM annihilations to hadronic final
states from gamma rays [42] and antiprotons [22], this
new information significantly limits the range of models
which may contain a viable candidate for dark matter
with mχ ∼ O(10)GeV.

The AMS mission is planned to continue for 20 years.
With the total data set, we expect to be able to
strengthen the presented limits by at least a factor of
three in the energy range of 6–200GeV, and by more in
the likely case that systematics and the effective accep-
tance of the instrument improve.

Most stringent existing limits on (light) leptonic states!

}represents uncertainty in
i) local DM density
ii) local radiation density

NB: this method 
gives very robust 
limits ‒ but only 
for spiky signals!

Bergström, TB, Cholis, Hooper & Weniger, 1306.3983
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Bergström, TB, Cholis, Hooper & Weniger, 1306.3983

No signal this time...
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FIG. 4. Left panel: Limits obtained when different propagation models for the DM signal are adopted, using the power-law
background model adopted in the main text. Right panel: Limits derived using different, physically motivated, background
models. In both frames, the results are for the case of DM annihilations to e+e−.
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FIG. 5. The black line shows our nominal limit on e+e−

final states, obtained by adopting the power-law background
model. The gray lines, in contrast, show limits obtained when
the contribution from many pulsars is taken into account (for
15 different realizations).

calculated with the same galactic propagation model as
used in determining the spectrum of CR leptons from
DM. Keeping the background as described by the AMS
parametrization, and changing the diffusion conditions
(L = 2 − 8 kpc) in the Galaxy only affects our lim-
its by O(10%), while allowing for higher-energy losses
(Urad + UB = 2.6 eV cm−3) can alter our limits by a
factor of ∼2, with higher losses resulting in weaker limits
(see also Fig. 1). Once we replace the AMS background
parametrization with models in which we calculate sep-
arately the primary e−, secondary e± and pulsar origi-
nated e±, our results can be further altered by a factor
of up to ∼3. The reason for this change is that our phys-
ically motivated models describe the individual compo-
nents by power-laws with breaks. These spectral features
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FIG. 6. Significance for a contribution from a e+e− DM signal
to the AMS-02 positron fraction, for different DM energies,
in units of Gaussian sigma. Negative values correspond to
negative (but unphysical) signal normalizations.

in the background can be the result of different energy
loss mechanisms kicking in2, or from individual local and
recent supernovae affecting the high energy e− spectrum.
Also, observations at microwave and radio frequencies
suggest a different spectral power-law for the CR e± at
∼1GeV [54, 56, 73] compared to CR e± flux measure-
ments at higher energies [4, 78]. While changes in the
spectral power-law describing these components are mo-
tivated by the reasons just described, sharp breaks used

2 At few GeV the e± energy losses due to bremsstrahlung emis-
sion dominant at lower energies, equal locally those due to syn-
chrotron radiation and ICS (dominant at higher energies). Since
the energy loss rate dE/dt due to bremsstrahlung radiation scales
as E while the dE/dt due to synchrotron and ICS as E2 (at the
Thompson cross-section regime), a spectral change in the prop-
agated e± around that energy is expected.

Using ‘physical’ background 
models (GALPROP)                 
+ varying diffusion parameters: 
no big effect on limits
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FIG. 4. Left panel: Limits obtained when different propagation models for the DM signal are adopted, using the power-law
background model adopted in the main text. Right panel: Limits derived using different, physically motivated, background
models. In both frames, the results are for the case of DM annihilations to e+e−.
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FIG. 5. The black line shows our nominal limit on e+e−

final states, obtained by adopting the power-law background
model. The gray lines, in contrast, show limits obtained when
the contribution from many pulsars is taken into account (for
15 different realizations).

calculated with the same galactic propagation model as
used in determining the spectrum of CR leptons from
DM. Keeping the background as described by the AMS
parametrization, and changing the diffusion conditions
(L = 2 − 8 kpc) in the Galaxy only affects our lim-
its by O(10%), while allowing for higher-energy losses
(Urad + UB = 2.6 eV cm−3) can alter our limits by a
factor of ∼2, with higher losses resulting in weaker limits
(see also Fig. 1). Once we replace the AMS background
parametrization with models in which we calculate sep-
arately the primary e−, secondary e± and pulsar origi-
nated e±, our results can be further altered by a factor
of up to ∼3. The reason for this change is that our phys-
ically motivated models describe the individual compo-
nents by power-laws with breaks. These spectral features
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FIG. 6. Significance for a contribution from a e+e− DM signal
to the AMS-02 positron fraction, for different DM energies,
in units of Gaussian sigma. Negative values correspond to
negative (but unphysical) signal normalizations.

in the background can be the result of different energy
loss mechanisms kicking in2, or from individual local and
recent supernovae affecting the high energy e− spectrum.
Also, observations at microwave and radio frequencies
suggest a different spectral power-law for the CR e± at
∼1GeV [54, 56, 73] compared to CR e± flux measure-
ments at higher energies [4, 78]. While changes in the
spectral power-law describing these components are mo-
tivated by the reasons just described, sharp breaks used

2 At few GeV the e± energy losses due to bremsstrahlung emis-
sion dominant at lower energies, equal locally those due to syn-
chrotron radiation and ICS (dominant at higher energies). Since
the energy loss rate dE/dt due to bremsstrahlung radiation scales
as E while the dE/dt due to synchrotron and ICS as E2 (at the
Thompson cross-section regime), a spectral change in the prop-
agated e± around that energy is expected.

Largest effect (~factor 3): high 
energy part of e+ fraction is 
superposition of many pulsars 
and dip in BG conspires with 
DM signal at same place 

[BG only: χ2/d.o.f. = 28.5/57]
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Prelude ‒ WIMP dark matter 
Thermal production and freeze-out
General principle of (in)direct detection
Dark matter distribution

Gamma rays
targets: galactic center + halo, dwarf galaxies, galaxy clusters, ... 
signals: continuum vs.  “smoking gun” spectral features

Neutrinos
from galactic halo + sun/earth

Charged cosmic rays
propagation of cosmic rays
positrons, antiprotons, [antideuterons]
multi-wavelength signals

Complementarity with direct and collider searches

more in lecture by
 F. Donato…!
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In principle, high-energy positrons (and electrons!) 
from DM annihilations could induce further signals:

Inverse Compton
Synchrotron

CMB or starlight

e±

e±

radio 
(or soft X-ray)Gamma rays 

(or hard X-ray) Magnetic field
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E.g. the Galactic 
Center:
Gamma rays not 
necessarily most 
constraining!

Regis & Ullio, PRD ’08

T. Bringmann, Universität Hamburg

Multi-messenger/-wavelength approach

With the increasing wealth of observational data, it becomes
more and more important to combine different methods and
focus on possible correlations!
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Example for multi-messenger approach:
AH-szenario – signal in e±, important constraints from radio, γ, p,...

Example for multi-wavelength study: the galactic center
Regis & Ullio, PRD ’08

Towards the nature of dark matter – p. 26/37

Can also be used to 
constrain size of 
diffusive halo:

L=1kpc

L=4kpc

L=15kpc

Important for constraining 
(in particular light) DM !

TB, Donato 
& Lineros, 
JCAP ’12
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Fornengo, Lineros, Regis, Taoso (2011)

B
0
 = 6 µG

GSM North pole

GSM South pole

Surveys North pole

Surveys South pole

Figure 4. Temperature versus frequency calculated for the galactic poles (b = ±90�) for µ+

µ

� and
bb̄ annihilation channels, M

DM

= 10, 100 GeV. The DM profile and the galactic magnetic field are as
in fig. 2 and the propagation model is the MED one, table 1. The data points are the temperature at
north and south galactic poles averaged in a 10� circle. Green dashed lines are linked to observations
and have been obtained with the software developed in [78] (see text for more details).

notice that the constraints drastically weaken for the isothermal profile, which presents a
much lower DM density in a large region around the Galactic center. This e↵ect has also
been shown in Fig. 5. Still, for this profile and for the µ+

µ

� and e

+
e

� annihilation channels,
thermal values of (�v) are excluded for MDM . 4� 6 GeV.

Despite the morphology of the emission is quite di↵erent for the three propagation
models, the derived bounds are instead similar (except when cutting away |b| < 15�), as it
is shown in Fig. 6, where the case of DM annihilations into muons is considered. This is
because in the most constraining patches (i.e., low latitudes) the average DM emission is
similar for the three cases.

Similar conclusions can be drawn about the GMF model. Indeed, changing the magnetic
field profiles does not dramatically alter the constraints, since at low latitudes the di↵erent
models considered for the GMF are similar. The example shown in Fig. 6 is for the MED
model. Similar results are obtained for the MAX setup while in the MIN case bounds are
weaker, but within a factor of less than 1.5.

We also study the constraints inferred individually from each survey (upper–right panel
of Fig. 6 ). As discussed in Sec. 5, the lowest frequencies are more constraining for low
DM masses (MDM . 10 GeV) while O(GHz) frequencies becomes relevant for heavier DM
candidates. Let us remark that the constraining power of a single survey also depends on
the fraction of sky covered and on the sensitivity of the map, as it is shown in Fig. 6 where
the 820 MHz survey provides worse constraints than the 1420 MHz one.

As commented in Sec. 3, additional energy losses than those we have considered here
might become relevant in the galactic plane. We estimate that this e↵ects might reduce our
predictions on the synchrotron fluxes in the region |b| . 1�, so their impact on the bounds
would be rather small, since they are derived considering patches of the sky with significantly
larger angular sizes. Still, we decide to compute the bounds by cutting a large region around
the galactic plane by imposing |b| < 15� (lower–left panel in Fig. 6), which in our case is
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Galactic halo: low 
frequencies are 
most constraining
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Figure 7. Upper bounds on the annihilation cross section (�v) as a function of the DM mass
for di↵erent annihilations channels: e

+

e

� (Upper–left), ⌧+⌧� (Upper–right), bb̄ (Lower–left), and
W

+

W

� (Lower–right). In most of the cases, the thermal cross section value, orange solid line, is
reached at M

DM

⇠ 10 GeV.

30 degrees), and should appear as a spherical feature related to the (approximately) spherical
shape of the DM profile. This is opposite to what is expected for the CR emission, which
typically shows a “disky” shape, following from the confinement of CR sources to the stellar
disc. Therefore, we perform a search where the signal to background ratio is expected to be
larger, i.e. in maps at low frequencies and in the inner part of the Milky–Way. We choose
the 45 MHz map [28] where the central region is better sampled, but analogous analysis can
be done with the 22 MHz map [27].

We consider the Haslam et al. map [29] at 408 MHz as a template for galactic syn-
chrotron emission. This is commonly done also in CMB studies since the Haslam map is the
radio full–sky map with the best angular resolution and sensitivity, at a frequency where the
emission is thought to be dominated by synchrotron radiation. We estimate the emission at
45 MHz in each angular pixel as T est

i

= T408,i · (45MHz/408MHz)↵ + T

0, where i is the pixel
index, and the 408 MHz map is smoothed down at the angular resolution of the 45 MHz
map [28]. ↵ and T

0 are derived from the best–fit of the observed temperature T

obs in the
map of Ref. [28], by minimizing the �–square function �

2 =
P

i

(T est
i

� T

obs
i

)2/�2, where �

is the noise–level reported in Table 3, and in the sum we include all available pixels in the
map except for the disc (|b| < 5�). We include T 0 in the fit to account for a possibly di↵erent
spectral index in the extragalactic emission, or for possible experimental issues associated to
the absolute normalization of the flux. However, it is nearly irrelevant since its best–fit value
comes out to be at the level of noise. We found ↵ = �2.56, confirming our expectation, and
suggesting that this search technique can be indeed useful for DM candidates inducing a syn-
chrotron spectrum softer than ⇠ ⌫

�2.5. The residuals (T est
i

� T

obs
i

)/T obs
i

are shown in Fig. 8
for the central 30�⇥30� box, and in the full-sky. Note that this technique is similar to the one
employed for the “WMAP haze” [19, 20, 22], namely a possible foreground excess found in
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constraints rather 
competitive

Fornengo, Lineros, Regis & Taoso, 
JCAP ’12

GC constraints much 
more stringent ‒ but 
strongly dependent on 
DM profile for r<1 pc!

Bertone, Sigl & Silk,  MNRAS ’01
Bertone, Cirelli, Strumia & Taoso, JCAP ’09

...
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4

The CR background instead is expected to lie mostly
along the galactic plane where the astrophysical sources
are located.

The lower left panel shows the DM synchrotron emis-
sion in units of brightness temperature (T ∝ ν−2Fν)
10◦ away from the GC compared with the galactic back-
grounds. We use the WMAP background maps (CMB
subtracted) and their decomposition into synchrotron,
free-free and dust (Gold et al. 2008)3. For illustration
the frequency spectra in the plot are extrapolated also
outside the WMAP frequency coverage. We also show for
comparison the background synchrotron emission calcu-
lated with Galprop which, indeed, exhibits a close match
with the WMAP synchrotron spectrum in the 20-100
GHz range. It has to be noticed that the synchrotron
galactic CR emission dominates the background only up
to a frequency of ∼ 60 GHz, then there is a small fre-
quency window which is dominated by free-free (ther-
mal bremsstrahlung) emission, while above ∼100 GHz
the background is dominated by dust emission. The
fluctuations of the CMB dominates around ∼100 GHz
depending on the galactic latitude. The high quality
data from WMAP, however, allow to efficiently clean
this further “background”. The DM synchrotron radi-
ation would exhibit in principle a peak with respect to
the synchrotron background around a frequency ∼ 105

GHz( as shown in (Zhang et al. 2008)), where, however,
the dust background is dominating by many orders of
magnitude. Restricting the analysis in the more in-
teresting frequency range < 1000 GHz, the DM sig-
nal has an almost power law behavior with a slope
slightly harder than the background, while the spatial
distribution has a circular shape. These characteris-
tics indeed correspond to what is found in the WMAP
Haze (Dobler and Finkbeiner 2007; Hooper et al. 2007;
Cumberbatch et al. 2009) whose signal we also report
in the plot for comparison. Notice, however, that the
Haze feature has still to be firmly established and that
at the moment it is very much dependent on the method
employed to separate the foregrounds (Gold et al. 2008).
Interestingly, we find that, for the GMF model employed,
the DM signal exceeds the Haze for a factor of ∼ 3 simi-
larly to the IC case. The theoretical signal, on the other
hand is affected by the uncertainties on the GMF and
it is difficult to normalize reliably. Moreover, further
uncertainties come from the systematics involved in the
separations of the measured signal into the various com-
ponents, synchrotron, dust, free-free and DM, hence it
would be difficult to asses the real significance of this
excess.

We also consider the case of electrons arising from
WIMP decay considering a DM signal following linearly
the halo profile and with the same electron injection spec-
trum as for the µ+µ− channel. Formally, at the solar po-
sition, up to diffusion effects, exactly the same positron
fraction and electron spectrum can be obtained setting
the DM decay rate to Γ = ρ0 〈σAv〉 /2mχ. The ICS ra-
diation from the Halo is however significantly reduced
although Fermi can still discriminate this possibility as
shown in Fig.2 and Fig.3. At this level, however,the
confusion with a not well understood background could

3 Data are available at the Lambda web site:
http://lambda.gsfc.nasa.gov/

Fig. 3.— Top panel: Background and DM (either annihilat-
ing and decaying) latitude gamma profiles averaged in a strip of
60◦ along l = 0 compared with the EGRET data. Bottom panel:
same as above, but with the errors expected with a 1yr survey
from Fermi. At high latitudes the error bars appear artificially to
increase for the geometry of the 0.5◦ < |l| < 30.5◦ strip (which is
effectively shrinking along b).

become more problematic although the peculiar circu-
lar shape of the ICS Haze, present also in this case (see
Fig.2), can help to distinguish the DM signal from the
astrophysical background.

Finally, in Fig.3 we report another forecast example
of the excellent Fermi ability to discriminate among the
astrophysical and annihilating DM scenario considering
the latitude profile and a strip of 60◦ width along l = 0.
We also show in the upper panel the EGRET data in
the same region and energy range (as derived with the
Galplot package (see also (Strong et al. 2004b))). Com-
pared with the EGRET data the annihilation model
seems to produce a too much broad peak to fit the data,
beside producing an excessively high normalization. The
decaying model is instead difficult to separate from the
background within the EGRET error bars. With the up-
coming Fermi data at hands, the analysis can be easily
generalized to exploit the full angular shape of the IC
Haze. This would clearly offer the optimal sensitivity to
disentangle the different scenarios.

In summary, we have shown that Fermi has the poten-
tial to test the DM interpretation of Pamela/ATIC ba-
sically in a model independent way thanks to the strong
IC signal which the Pamela/ATIC electrons would them-
selves produce in the galactic halo. The EGRET data
seems, indeed, already to disfavor the DM annihilation
interpretation. Further, the IC signal give rise to a strik-
ing “IC Haze” feature peaking around 10-100 GeV which
would provide a further mean to discriminate the DM sig-
nal from the astrophysical backgrounds and/or to check
for possible systematics.

Borriello, Cuoco & Miele, PRL ’09

Already EGRET data in some tension with 
annihilating WIMP explanation of PAMELA
Prediction for Fermi: 
even decaying DM could be excluded!
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Figure 4: Similarly to figure 2 but for decaying Dark Matter. The vertical axis reports here the
half-life ⇥dec in seconds. The exclusion contours are due to Fermi observations of the ‘10⇥ � 20⇥

strip’ (red dashed line), the |b| > 60⇥ ‘Galactic Poles’ region (black long dashed line) and the
isotropic flux (magenta dotted line). We also report the regions that allow to fit the PAMELA
positron data (green and yellow bands, 95% and 99.999% C.L. regions) and the PAMELA positron
+ Fermi and HESS data (red and orange blobs, 95% and 99.999% C.L. regions) in terms of decaying
Dark Matter. We here report only the case of an Einasto galactic DM profile: the cases of an
Isothermal or a NFW profile are essentially identical (see text for details).

4 Discussion and Conclusions

In this article, we have provided a first assessment of the power that new data on the di�use
emission from the Fermi Gamma-ray Space Telescope have in constraining Dark Matter indirect
signals. Even under the very brutal approximation of neglecting any astrophysical background
contributing to the signal and using conservatively 3 � exclusion criteria, current data from the
inner Galaxy (e.g. ‘3⇥ ⇥ 3⇥’) exclude a benchmark DM mass m� ⇧ 100 GeV if its annihilation
is larger than a factor 5÷30 (depending on the channel) of the typical ⌃�v⌥ ⇧ 3 ⇥ 10�26 cm3/s,
when profiles suggested by N-body simulations are employed. Higher-latitude constraints are a
factor ⌅ 10 weaker and comparable to constraints for cored profiles. It is remarkable that already
such a simplified analysis is powerful enough to explore regions of parameter space not excluded
otherwise, providing better constraints than those obtained e.g. by the Fermi collaboration by
analyzing dwarf spheroidals, see e.g. [39]. This confirms, if needed, the Galactic halo as the “targer
of excellence” for constraining or detecting gamma rays DM.

On the other hand, the absence of astrophysical background is an extremely (unrealistically)
conservative assumption as visual inspection of the plots in Fig. 1 confirms. In the pre-Fermi
era, some studies have been performed showing the possible improvement in sensitivity when
accounting for pointlike and di�use sources in the Galactic Center region (see e.g. [40]). The
current high-quality data certainly allow one to improve over these exploratory studies to forecast
the ultimate Fermi sensitivity to DM. While a proper treatment of this problem goes beyond our
current purposes, in Fig. 5 we present for illustration the exclusion plots that would follow from the
current ‘10⇥ � 20⇥ strips’ data if its bulk could be robustly attributed to astrophysical processes,
as in the adjusted propagation model shown in [25] and the exclusion criterion is relaxed from 3�
to 2�. The ‘improvement’ is about a factor of 2. Likely, intermediate-latitude DM bounds could
be made competitive with current conservative inner-galaxy constraints. In turn, the latter could
improve significantly if maps were cleaned from further astrophysical sources contaminating the
total flux: notice that the ‘3⇥ ⇥ 3⇥’ degree field data are not corrected for pointlike sources [24],

12

Cirelli, Panci & Serpico, NPB ’10
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‘Indirect detection at early times’
Preliminaries

Results

Background
Theory
Simulations

The idea in a nutshell (cartoon version)

Pat Scott – MCTP Dark Stars Workshop – Ann Arbor Dark stars at the Galactic centre and the DARKSTARS codeFig.: Pat Scott

Stars in dense environments may 
collect so many WIMPs that their 
annihilation starts to fuel the star 

or

the first stars in the universe might 
have been supported by DM 
annihilation rather than fusion 

The original Pop III Dark Stars
The first stars to form in the universe may have been powered 
by dark matter annihilation instead of nuclear fusion. 

They were dark-matter powered stars or for short Dark Stars

• Explain chemical elements in 
old halo stars

• Explain origin of supermassive 
black holes in early quasars

Artist’s impression

Spolyar, Freese, Gondolo 2008
Freese, Gondolo, Sellwood, Spolyar 2008
Freese, Spolyar, Aguirre 2008
Freese, Bodenheimer, Spolyar, Gondolo 2008
Natarajan, Tan, O’Shea 2009
Spolyar, Bodenheimer, Freese, Gondolo 2009

Preliminaries
Results

Background
Theory
Simulations

The idea in a nutshell (cartoon version)

Pat Scott IDM 2008 Main sequence dark stars at the Galactic Centre

Salati, Silk 1989
Moskalenko, Wai 2006
Fairbairn, Scott, Edsjo 2007
Spolyar, Freese, Aguirre 2008
Iocco 2008
Bertone, Fairbairn 2008
Yoon, Iocco,  Akiyama 2008
Taoso et al 2008
Iocco et al 2008
Casanellas, Lopes 2009

Galactic center example courtesy of Scott

Dark Matter Burners
Stars living in a dense WIMP environment may gather enough 
WIMPs and become Dark Stars

• Explain young stars at 
galactic center?

• Prolong the life of Pop III 
Dark Stars?
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DM annihilation at high z 
injects energy that effects 
the CMB photons by 
ionizing the thermal gas
inducing Ly-a excitations of H
heating the plasma

8 Gert Hütsi, Jens Chluba, Andi Hektor, Martti Raidal: CMB constraints on annihilating DM

Table 1. 1-sigma and 2-sigma values of r in Eq. (1) and
their uncertainties for WMAP, Planck, and CVL CMB ex-
periments.

r
1-sigma 2-sigma

WMAP 0.073
+0.021

−0.013 0.191
+0.066

−0.031

Planck 0.0160
+0.0055

−0.0022 0.0326
+0.0096

−0.0055

CVL 0.0071
+0.0020

−0.0013 0.0137
+0.0031

−0.0032

ations due to changing (1 − fν)) can thus be given in the
form

(1− fν)
〈σAυ〉

[

3× 10−26 cm3s−1
]

mDM [GeV]
< r , (1)

where the values of r for 1-sigma and 2-sigma bounds are
given in Table 1. One can see that the approximate bounds
we provide are typically accurate at about the 20 − 30%
level. We tested that, indeed, the ranges of r given in
Table 1 fully cover the values of r for all of the channels con-
sidered in this work. Two examples for the case of 1-sigma
upper bounds are shown in Fig. 5. Here the upper panel
corresponds to the µ-channel (fν % 0.61) and the lower one
to the e-channel (fν % 0.02). We chose the above two chan-
nels because these are the two extreme cases among all
of the channels treated in this paper. Consequently, they
bracket the expected results for any realistic annihilating
DM, given as a superposition over the basis channels. The
solid lines show the bounds calculated directly through the
MCMC analysis, while the shaded regions represent the
ranges as obtained from Eq. (1) and Table 1. Indeed, the
solid lines are fully covered by the shaded regions, as it
should be. The vertical gray stripe indicates the range of
WIMP masses (mDM = 6− 8 GeV) that provide a good fit
to CoGeNT and DAMA/LIBRA data (Hooper et al. 2010).
The vertical dotted line marks the lowest DM particle mass
5 GeV used in our PYTHIA simulations. This cut-off is not
physical, but occurs because PYTHIA does not work be-
low that energy. Therefore, the extrapolations of our results
are shown below 5 GeV DM mass. Note that directly cal-
culated lines for the µ- and e-channel have slightly steeper
slopes than given by the shaded regions, which increase as
∝ mDM. As the f -parameters generally fall off more slowly
for lower mDM, this behavior is also typical of the other
channels. Thus, for lower mDM values, one should actually
get slightly stronger bounds than calculated directly from
Eq. (1), and so our extrapolations shown in Fig. 5 are some-
what conservative.

We see that for WMAP7, depending on the annihilation
model, the limiting DM particle mass below which the up-
per bound on the annihilation cross section drops below the
standard thermal production value is in the range 4.5− 10
GeV, while the corresponding numbers reachable for the
Planck and CVL experiment are 19−43 GeV and (45−100)
GeV, respectively. Since the µ-channel represents our most
conservative case, one can instead say that, according to
currently available CMB data, the annihilation cross sec-
tion should be below the standard value of 3×10−26 cm3s−1

as long as mDM ! 5 GeV. 12 Thus, for the CoGeNT and
DAMA/LIBRA best-fit mass region 6 − 8 GeV, the stan-
dard thermal production cross section is still compatible

12 The numbers given here correspond to the 1-sigma upper
bounds.
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Fig. 5. WMAP, Planck, and CVL 1-sigma constraints on
the 〈σAυ〉 − mDM plane for µ (upper panel) and e (lower
panel) annihilation channels. The solid lines show the up-
per bounds on annihilation cross section as determined di-
rectly through full MCMC calculations. The shaded re-
gions around solid lines show the results from the sim-
ple recipe of Eq. (1) with values of r taken from Table 1.
The vertical gray stripe shows the range of WIMP masses
(mDM = 6 − 8 GeV) that provide a good fit to CoGeNT
and DAMA/LIBRA data (Hooper et al. 2010). The vertical
dotted line marks the lowest DM particle mass 5 GeV avail-
able for PYTHIA simulations. Extrapolations are shown
below that value.

with the CMB measurements. This could quite possibly be
changed soon as Planck results become available. Of course
one should keep in mind that the cross section bounds given
here directly apply to redshifts of z ∼ 1000, and if the cross
section depends on velocity (as in the case of P-wave anni-
hilation or Sommerfeld-enhanced scenario), one should be
careful in converting these numbers to the values relevant
at z = 0. Also, note that the standard annihilation cross
section 3×10−26 cm3s−1, with respect to what we are com-
paring our CMB bounds to, provides the desired thermal
relic density (i.e., ΩDM ∼ 0.3) only if WIMPs are annihi-
lating through S-wave processes.

Except for a typical assumption of S-wave anni-
hilation our results are largely model-independent,
so all the particle-physics scenarios motivated by
DAMA/LIBRA and CoGeNT results (Fitzpatrick et al.
2010; Andreas et al. 2010; Chang et al. 2010; Foot
2010; Barger et al. 2010b; Hooper et al. 2010;
Fitzpatrick & Zurek 2010; Essig et al. 2010; Barger et al.
2010a; Cline et al. 2011; Buckley et al. 2011) including
theoretically well-motivated particle physics models that
predict light DM, such as the MSSM (Feldman et al. 2010;
Kuflik et al. 2010; Fornengo et al. 2011; Bottino et al.

~direct detection?

Hütsi, Chluba, Hektor & Raidal, AA ’11

Significant constraints on 
light DM!
(other channels bracketed by 
the two cases shown)
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Prelude ‒ WIMP dark matter 
Thermal production and freeze-out
General principle of (in)direct detection
Dark matter distribution

Gamma rays
targets: galactic center + halo, dwarf galaxies, galaxy clusters, ... 
signals: continuum vs.  “smoking gun” spectral features

Neutrinos
from galactic halo + sun/earth

Charged cosmic rays
propagation of cosmic rays
positrons, antiprotons, [antideuterons]
multi-wavelength signals

Complementarity with direct and collider searches
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Constraints very powerful 
but model-dependent

Hard to unambiguously 
identify WIMP in 
accelerator-only approach!

T. Bringmann, Universität Hamburg

Accelerator searches

“Signal”: missing (transverse) energy
! try to extract information from other particles
produced along the way
constraints model-dependent, but powerful
(already now! – FCNC, limits on new charged/colored particle, EW precision test, ...)

! LHC will test numerous models!

however, it can be hard to
unambiguously identify DM
candidates in an accelerator-
only approach

Fig. from Baltz et al., PRD ’06

Towards the nature of dark matter – p. 30/37

Baltz et al., 
PRD ’06

SUSY

EDs
(though shapes of invariant mass 
distributions help)

Process: SM SM! ��

WIMP Signal: missing (transverse) energy 
extract additional information from other produced particles
NB: also SM processes!

ET/

+X

Searching for SUSY at the LHC

LHC is a proton-proton collider
• Large cross-section of colored sparticle

production (depending on mass)
• Cascade decays from squarks/gluinos

Final states are characterized by: multi-jet + ET
miss + X

Here we will discuss:
squark-squark production (heavy gluino):

17/04/2012 4Michele Bianco (Spring-2012)

squark-squark production (heavy gluino):
final states with 2 or more jets →  0-lepton analysis

gluino-gluino and squark-gluino production (heavy squark,  chargino→ neutralino):
long decay chains, many jets and (possibly) leptons. → 0 and 1 -lepton+multijet

Direct sbottom production:      
exactly  2b-jets and ET

miss from the neutralinos → 2 b-jets only (veto on third jet)
Direct stop production :

several  t or b quarks and neutralinos → 2 same-flavor leptons + jets + ET
miss

Gauge mediated stop and  sbottom production:

several  t or b quarks and neutralinos → b-jets,  one or several leptons, light jets
Long-lived particle / Disappearing track:

distinguish signals by a strange object or mass → ET
miss trigger/muon trigger
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Extremely difficult to confirm that WIMP=DM even for 
very constrained frameworks like the CMSSM! Baltz et al., PRD ’06

T. Bringmann, Universität Hamburg

Model reconstruction at the LHC

Prospects very model-dependent,
even within a highly constrained framework (here: mSUGRA):

Baltz et al., PRD ’06

“nice model”
SPS1a’ – bulk (/coann.), mχ = 96GeV

“bad model”
LCC3 – coannihilation , mχ = 143GeV

Towards the nature of dark matter – p. 31/37T. Bringmann, Universität Hamburg

Model reconstruction at the LHC

Prospects very model-dependent,
even within a highly constrained framework (here: mSUGRA):

Baltz et al., PRD ’06

“nice model”
SPS1a’ – bulk (/coann.), mχ = 96GeV

“bad model”
LCC3 – coannihilation , mχ = 143GeV

Towards the nature of dark matter – p. 31/37

choose 
model

create fake 
data

reconstruct 
model 

parameters

calculate 
relic density

already excluded 
by LHC...

need in any case 
independent 
confirmation 

from direct and/or 
indirect searches

!!!
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So far, no sign for new physics at LHC...
...but impressive limits on new particles (e.g. SUSY)!
These are model-dependent! 
All limits but for gluinos and squarks 
are derived/follow in minimal setups
...

degenerate 1st and 2nd generation...

1st & 2nd geneneration 
squark limits
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-
ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and
second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of
MSUGRA/CMSSM for tan � = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the
dashed-blue lines the median expected limits, and the dotted blue lines the ±1� variation on the expected
limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on the full dataset (4.7 fb�1) recorded by the ATLAS
experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the
data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-
tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan � = 10,
A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-
low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of
m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks
and gluinos are excluded below 1400 GeV in both scenarios.
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Indirect searches could probe the small mass 
differences not accessible by colliders:
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Figure 1: Feynman diagrams contributing to �� ! q̄qg in the limit
of vanishing quark mass and neutralino velocity.

We will in the following focus on the supersymmetric
neutralino, but note that we expect qualitatively very sim-
ilar results for other DM candidates where the annihilation
rate into fermions is helicity suppressed. The annihilation
of neutralinos into q̄q two-body final states, in particular, is
typically strongly suppressed (at least for mb ⌧ m� < mt

or m� � mt), so that the dominant contribution to the
total annihilation cross section into quarks is given by the
process �� ! q̄qg. In the mq ! 0 limit, only the squark-
exchange t-channel diagrams shown in Fig. 1 contribute
and we find

(�v)��!q̄qg
v!0 =

↵s |g̃R|4
16⇡2m2

�

⇥
(
3+4µR

1+µR
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"
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6
�
✓
log
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2µR

◆2

� 2Li2

✓
µR+1
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+
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log
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)
+
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R $ L

⌘
, (1)

where µR,L ⌘ m2
q̃R,L

/m2
� and g̃RPL (g̃LPR) is the coupling

between neutralino, quark and right-handed (left-handed)
squark; Li2(z) =

P1
k=1 z

k/k2 is the dilogarithm. This
result is consistent with the di↵erential cross section pre-
sented in Ref. [17]; for comparison, it can also be obtained
by the corresponding expressions for photon final states
q̄q� [18] by simply replacing Q2↵em ! (4/3)↵s, where Q
is the electric charge of q.1

If the neutralino is a pure Bino with mb ⌧ mB̃ < mt,
the total annihilation cross section is well approximated by
Eq. (1) as long as the mass-splitting µ remains small. This
is thus the minimal neutralino annihilation cross section
we can expect; in the exactly degenerate case, µR = µL =
1, it is largest and becomes

(�v)B̃B̃!q̄qg
v!0 =

2↵s↵2
Y

3m2
B̃

�
21� 2⇡2

� �
6�4 +Q4

�
. (2)

For other neutralino compositions, e.g. if the neutralino is
a Wino, one can find higher total cross sections—mainly
because annihilation into W+W� and ZZ final states be-
comes e↵ective (but also because the neutralino-(s)quark
couplings in Eq. (1) can be larger). However, these sce-
narios tend to be more constrained than Bino neutralinos,
and we will here concentrate on the latter.

Figure 2: Di↵erential number of antiprotons, per annihilation, from
various channels and as function of the antiproton kinetic energy T .
Red (black) curves show the result from three-body (two-body) final
states containing up-quarks (solid lines) and bottom-quarks (dashed
lines), respectively. For thick lines, the DM mass is set to 200GeV,
for thin lines to 20GeV. We adopted a mass splitting of µ = 1.2, but
the spectra are practically independent of µ in the range µ = 1 . . . 4.

3. Antiproton production and propagation

The fragmentation of quarks and gluons into color sin-
glets leads to the production of a sizable amount of an-
tiprotons. We derived the antiproton energy spectrum
dNp̄/dT (with T denoting kinetic energy) from DM an-
nihilation using Monte Carlo methods. To this end, we
simulated the distribution of hard partons from �� ! q̄qg,
following our above analytical results, and used the event
generator Pythia 6.4.19 [20] to perform the subsequent par-
ton showering, fragmentation and particle decay.

Our results for the antiproton energy spectra are shown
in Fig. 2 for di↵erent DM annihilation channels and µ =
1.2 (assuming that µ ⌘ µL ⌘ µR); for other values of µ
we obtain very similar results. We find that, in the phe-
nomenologically relevant low energy region, the additional
hard gluon in q̄qg final states leads to an enhancement
of antiproton production by a factor of up to ⇠ 2 rela-
tive to the q̄q final states commonly considered in indirect
DM searches. Note that while final state electroweak gauge
bosons at first sight can lead to a much larger enhancement
of dNp̄/dT for low-energy antiprotons [21], this is only be-
cause final state radiation of gluons is already included in
the commonly adopted ’two-body’ result obtained from
Pythia—while that of electroweak gauge bosons is not.
Fig. 2 also shows that the amount of antiprotons increases
with decreasing quark mass, as is expected for final state
radiation (which is dominated by collinear gluons).

Once produced, antiprotons do not travel along straight
lines like, e.g., gamma rays, but scatter on randomly dis-
tributed galactic magnetic field inhomogeneities. Their
propagation can thus nicely be described in terms of a
phenomenological di↵usion model, the free parameters of

1Note that there is a typo in Eq. (2) of Ref. [18]—see also Ref. [19].

2

Figure 4: Constraints on squarks degenerate with a Bino LSP, as
function of the Bino mass and the mass splitting. The colored areas
are excluded by di↵erent collider searches as described in the text
and the areas below the black lines are constrained by cosmic-ray
antiproton observations (for the ’MED’ propagation model). Dotted
lines correspond to light right-handed up-type squarks, dashed lines
assume degeneracy between all d, u, c and s-type squarks. The red
lines show how the limits strengthen in case of the ’MAX’ propaga-
tion model.

pure Bino DM, as function of the neutralino mass m� and
the mass splittings µ. Depending on the value of µ, we
find that DM masses up to ⇠ 50 GeV can be excluded by
antiproton and gamma-ray limits; this will be confronted
with collider limits in the next section.

5. Collider constraints on new colored particles

In general it is di�cult to directly constrain the DM
mass with collider experiments. On the other hand, light
charged and colored particles can be searched for with
many experiments, and in the recent past the LHC has put
strong lower limits on squark masses, reaching up to ⇠ 900
GeV [3]. However, these constraints are highly model de-
pendent and, in the case of supersymmetry, depend cru-
cially on the supersymmetric particle mass spectrum: very
heavy gluinos, e.g., would suppress the squark production
in hadron colliders. Additionally, in the parameter re-
gion in which the mass di↵erence between squarks and
the lightest superpartner (which is the DM candidate) is
very small, the constraints from collider experiments are
evaded since the energy of QCD jets and missing transverse
momentum that stem from q̃ ! q� are small, and these
events therefore cannot pass triggers and cuts. In general,
for light squarks with masses less than ⇠ 100 GeV, the
constrains are very severe because such light particles are
produced at LEP experiments. Even if the mass splitting
is relatively small, ⇠ 5-10 GeV, a large parameter region
of the squark mass in which it can be pair produced is
constrained [9, 10, 11, 12, 13]. For squarks that are lighter
than ⇠ mZ/2, the Z boson decay width generally gives
the strongest constraints [40].

Light squarks are also indirectly constrained by exper-
iments due to the contribution of loop diagrams; con-

tributions of these particles have e.g. a large e↵ect on
electroweak precision measurements and flavor changing
neutral currents [41]. However, since these limits on the
squark mass are generically very model-dependent, we will
not discuss them in this Letter.

In Fig. 4 we show the constraints on squarks degenerate
with a Bino LSP that derive from collider null searches,
compared with the constraints from cosmic-ray antiproton
observations. In particular, we show the following limits:
squark and sbottom mass constraints from the LEP exper-
iments [11, 13], sbottom mass constraints from the Teva-
tron D0 experiment [42] and constraints from the LHC
ATLAS experiment on squark and sbottom masses [5, 43]
(for constraints from the CMS experiment, see also [44]).
Concerning the antiproton constraints, we consider two
limiting cases: (1) only the right-handed up-type squark
is light (dotted lines), (2) d, u, c and s-type squarks are
mass degenerate and light (dashed lines). The areas below
the corresponding curves are excluded by antiproton mea-
surements with PAMELA, where we adopted the ’MED’
propagation model (for the black curves).

As expected, these limits are strongest for small mass
splittings and are hence constraining the parameter space
from a direction that is complementary to the collider lim-
its. As can be seen from Fig. 4, in case of light up-type
squarks and small mass-splitting, we can exclude Bino
masses up to 45 GeV (the ’KRA’ propagation model gives
limits that are about 10 GeV stronger); under favorable
astrophysical conditions (the ’MAX’ model) these limits
could strengthen to above 60 GeV. If all d, u, c and s-type
squarks are mass degenerate, the lower limits on the Bino
mass increase to around 55–80 GeV, depending on the as-
trophysical scenario. Hence, we find that cosmic-ray obser-
vations, in particular the observations of antiprotons, can
be a powerful probe of a parameter region of DM models
that is generically di�cult to access directly with colliders.

6. Discussion

While we have demonstrated that favorable astrophysi-
cal conditions, in particular a large di↵usive halo like in the
’MAX’ model, could significantly improve the constraining
power of indirect DM searches with antiprotons, we would
like to stress that prospects could be even better when tak-
ing into account the possibility that the DM distribution
does not follow a smooth Einasto profile. For an adiabat-
ically compressed profile as in Refs. [45, 46], which has
been argued to result from the gravitational impact of the
observed galactic distribution of baryons on the DM pro-
file, e.g., we find a further enhancement of the antiproton
flux by a factor of about 4–5 at 1 GeV, which corresponds
to an improvement for the lower bounds on the DM mass
by about 20–30 GeV. Another rather large enhancement
could result from the fact that DM is not expected to be
distributed smoothly, but to cluster in the form of small
subhalos [47]. The resulting e↵ective ’boost-factor’ of the
antiproton flux could in principle be quite large [24, 48, 49],
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FIG. 6: 95% CL exclusion regions on the mass splitting vs
dark matter mass plane for the case of up-quark couplings
and fixing f = 1. The solid red, thin dashed yellow and thick
dashed green contours correspond to the regions of the pa-
rameter space excluded by direct detection, antiprotons and
collider searches, respectively. The upper solid contour shows
the reach of sensitivity of XENON1T.

certainties, but it is nevertheless clear that antiprotons
lag significantly behind direct detection, a fact that can
be attributed mainly to the extreme sensitivity of un-
derground searches to mass degeneracy. Fine degenera-
cies are conclusively discarded by current direct detection
data. This is precisely the range that escapes detection
at collider searches. Accordingly, we find that the in-
terplay between antiprotons, direct and collider searches
will be of crucial importance in closing in on simple mass-
degenerate dark matter models over the coming years.
Further work is needed to study the implications of this
complementarity in the framework of more complicated
particle physics realisations.
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Direct scattering rate with degenerate squarks 
enhanced through s-channel resonance

         maybe even more constrained: Hisano, Ishiwata & Nagata, PLB ’11
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Figure 2: SD scattering cross section of Wino DM with a proton as a function of Wino-
like neutralino mass. Parameters in this plot and line contents are the same as Fig. 1.
Preliminary IceCube bound [8] is also shown in bold line.

the degeneracy. In the calculation for Fig. 1, we found that the ‘twist-2’ contribution
with coefficient g(1)q in Eq. (3) is the main contribution as expected from Eq. (9). When
∆m = 50 GeV, the Wino mass of less than 200 GeV is excluded by the XENON100
result. Even in the case of ∆m = 200 GeV the SI cross section is 10−46–10−47 cm2

for M = 100 GeV–1 TeV. Such a value of the cross section would be tested by future
experiments.

We can also consider the case where other squarks, e.g., the third generation squarks,
are degenerate with the lightest neutralino in mass instead of the first generation squarks.
In such cases, the scattering cross section tends to be rather small because the tree-level
contribution is suppressed. However, in some parameter region, the SI cross section could
be large enough to be accessible in the future direct detection experiment.

Next we show the SD scattering cross section of Wino DM with a proton as a function
of Wino mass in Fig. 2. In the plot the parameters are taken to be the same values
as those for the SI cross section evaluated above. We observe the similar enhancement
due to the mass degeneracy of DM with squarks in the SD scattering cross section, as is
expected. When ∆m ! 100 GeV, the SD cross section is comparable to the sensitivity of
IceCube experiment, σSD

<∼ 10−(40−41) cm2 [8].
So far we have discussed the pure Wino DM scenario. To end this section, we give some

comments on the extension to more general neutralino DM. When µ is not extremely large
compared to the weak scale, the lightest neutralino is no longer a pure Wino state, rather
the mixed state of Bino, Wino and Higgsinos. For example, the Wino-like neutralino

6
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Figure 1: SI scattering cross section of Wino DM with a proton as a function of Wino-like
neutralino mass. Each line corresponds to ∆m = 50, 100, 150 and 200 GeV from top to
bottom, and upper bound from XENON100 [5] is shown in bold line.

100 GeV in their masses is enough to conceal the missing energy signals at the present
stage of the data analysis at the LHC experiments.1 Even when the mass difference is
200–300 GeV, it is hard to probe the signature by using the current approach.2

For simplicity, we assume the first generation squarks to be degenerate with Wino and
the other squarks to be heavy enough to evade the current bound. Gluino is assumed to
be either degenerate with Wino or much heavier than the present limit. The degeneracy
is parametrized as

∆m ≡ m̃q̃L,q̃R −M . (10)

Considering the above discussion, we carry out the calculation with the parameter ∆m
up to 200 GeV.

In Fig. 1, we plot the SI scattering cross section of the Wino DM with a proton as a
function of the DM mass. Each line corresponds to the case where ∆m = 50, 100, 150 and
200 GeV from top to bottom. In the figure, the limit by the XENON100 experiment [5] is
depicted in a bold line. Here we take the other parameters as Au,d = 0, µ = M + 1 TeV,
tanβ = 10 and mh = 120 GeV in order to include the SM Higgs boson contribution to the
SI cross section. We have checked that the cross section has little dependence on those
parameters. The result given in the figure shows that the SI cross section is considerably
enhanced when squarks are degenerate with Wino in mass and it is quite sensitive to

1Here we note there are several works which investigate collider signature in the degenerate mass
spectrum scenarios by using initial state radiation in the MSSM [22, 23] and MT2 in the MUED [24].

2We thank S. Asai for his instruction in private communications.
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Systematic treatment: link numerical tools from 
particle physics and codes like DarkSUSY:

February 8, 2012 1:17 WSPC - Proceedings Trim Size: 9in x 6in nnguyen˙proceedings˙VO

4

Fig. 1. AstroFit flowchart: Minimization process taking place in Fittino, calculations
of theoretical observables using subroutines from DarkSUSY and comparison to astro-
physical observables done in AstroFit.

versal gaugino mass, A0 – the common trilinear coupling and tanβ – the
ratio of the vacuum expectation values of the two Higgs fields. We assume
the neutralino to be the DM particle and set µ = +1.

For our analysis, the data from CoGeNT has been used in one fit and
the data from Xenon100 and Xenongoal in two others (compare 18) . Ad-
ditionally, fits with data for Xenon1T and CRESST19 are in preparation.

While claimed DM signals from the CoGeNT experiment could not find
agreement with a CMSSM fit, upper limits from the Xenon experiment
give constraints in this scenario. In figure 2, fit results are shown using
only particle physics information (including latest 2fb−1 results from LHC)
and the relic density of CDM. Adding further constraints from indirect and
direct detection, i.e. photon flux upper limits and results from Xenon100
data, leads to the results shown in figure 3. In the fit, the bulk region
is already excluded by all other input conditions, while adding Xenon100
limits provides an additional constraint on both the coannihilation and the
funnel region.

Photon flux upper limits do not constrain the CMSSM parameter space
so far. However, using the latest joint likelihood results for dwarf spheroidal
galaxies from Fermi-LAT (see 20) could show first effects.

5. Conclusion and Outlook

Using all available results from DM searches can help confirm, constrain
or exclude regions in parameter space of DM models remarkably, making
it possible to edge closer to understanding physics beyond the Standard
Model in general and the nature of DM in particular. In this study, observ-
ables from particle physics have been combined with the relic density of

TB, Nguyen, Horns

in progress...
[first application: Bechtle et al., JHEP ’12]
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LHC limits on sparticles imply that new colored 
states must be heavy

Low-energy observables, in particular g‒2, indicate 
necessity of light new states coupling to leptons

constrained SUSY scenarios already in some tension 
with data! Bechtle et al., JHEP ’12
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Figure 7. Best-fit regions in the CMSSM including LHC results. Details about the LHC best-fit
points are given in Table 4. Results for the 1σ and 2σ regions are shown in comparison between
the LEO and LHC fits in (a) the (M0,M1/2) plane and in (b) the (A0, tanβ) plane. The parameter
projections and uncertainties are as in Fig. 6.

In contrast to the results from [64], and in contrast to the profile likelihood result from

Fig. 1 which uses the observable set and prediction codes from [64], the focus point region

at low M1/2 and high M0 is allowed within the 2-dimensional 2σ uncertainty range. This

is explained by the cut through the χ2 profile already shown in Fig. 4. The focus point

region is constrained to M1/2 < 200GeV by the presence of the cut on mχ± > 102.5GeV

described in Section 3.3.1. The minimal χ2 shape in Fig. 4 also explains why the 2σ allowed

region is so much larger than what would be expected from the 1σ region. The fit exhibits a

rather narrow minimum, where a good agreement with (g− 2)µ and ΩDM can be achieved.

For larger values of M0 and M1/2, there is an almost constant disagreement with both

measurements at the 2− 3σ level. Hence, no further discrimination is achieved and the χ2

profile becomes almost flat, still within the ∆χ2 < 5.99 range above the minimum.

4.2 Fits with LHC exclusions

In this section, we discuss the allowed CMSSM parameter space for different inputs from

the LHC. The inputs with the strongest impact are the inclusive direct searches for SUSY

at the ATLAS experiment described in detail in Section 3.3.3 and the search for Bs → µµ

described in Section 3.1.1. The additional very strong constraint stemming from a possible

measurement of the lightest Higgs boson mass is studied separately in Section 4.3. Fig. 7

shows the allowed parameter range of the LHC fit introduced in Table 4. The difference

between the LHC and the LEO fit is significant. The position of the best-fit point is lifted

outside of the directly accessible range of sparticle searches at low M0 andM1/2 ≈ 650GeV.

The focus point region is excluded by the LHC SUSY search up to our maximum value

of M0 = 3.5TeV of the LHC limit implementation. Also the LHC collaborations do not

publish search results for larger values of M0, but it can be assumed that a dedicated

interpretation at LHC would exclude large parts of the rest of the focus point region from

the fit (i.e. the two islands above M0 ! 3.5TeV in Fig. 7(a)). Due to the diminishing

– 21 –
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mH=126 GeV requires even higher mass scale 
(mainly from scalar top contribution)
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Figure 13. Predicted distribution of sparticle and Higgs boson masses from the CMSSM fit with
mh = (126± 2± 3)GeV in (a) and the NUHM1 fit to the same observable set in (b).
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Figure 14. Predicted 2σ range of Higgs branching fractions for the LHC fit of the CMSSM in (a)
and the CMSSM fit with mh = (126 ± 2 ± 3)GeV in (b). The results do include the theoretical
uncertainty of the Higgs boson mass of ±3GeV. Ratios of the potentially experimentally accessible
branching fractions at LHC are given in in (c) and (d) for the same fits as above.
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Figure 13. Predicted distribution of sparticle and Higgs boson masses from the CMSSM fit with
mh = (126± 2± 3)GeV in (a) and the NUHM1 fit to the same observable set in (b).
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Figure 14. Predicted 2σ range of Higgs branching fractions for the LHC fit of the CMSSM in (a)
and the CMSSM fit with mh = (126 ± 2 ± 3)GeV in (b). The results do include the theoretical
uncertainty of the Higgs boson mass of ±3GeV. Ratios of the potentially experimentally accessible
branching fractions at LHC are given in in (c) and (d) for the same fits as above.
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Figure 11. CMSSM parameter distributions in (M0,M12) and (tanβ, A0). (a) and (b) show the
fit results for mh = (126± 2± 3)GeV and fixed mt = 173.2GeV, compared to the LHC fit. (c) and
(d) show the fit with the same input observable set, but with mt = 173.2± 1.34GeV floating free
in the fit, in comparison to the fit with fixed mt.

floating in Fig. 11(c) and 11(d). The possible signal at mh ≈ 126GeV shifts the allowed

region strongly into regions of higher M0 and M1/2, as compared to the LHC fit. This is

due to the larger squark masses necessary to lift mh so strongly above the tree level bound

of mh ≤ mZ . Also, large tan β is clearly preferred, while again showing a flat profile in

tan β outside the 1σ region. As expected from the small effect which floating mt had on

the fit in Fig. 10, there is no significant difference between the allowed parameter ranges

for mt fixed and mt floating, albeit there is a significant jump in the best fit point due to

the flatness of the χ2 profile. Since mt is expected to have the strongest direct effect on

the prediction of all SM parameters, this confirms that with the current observable set the

SM parameters can be fixed in the fit, since their uncertainties decouple completely from

the SUSY parameter uncertainties.

Figure 12 shows the allowed parameter space of the NUHM1 model. Negative values for

M2
H can be considered because the relevant parameter combination for EWSB is |µ|2+M2

H ,

which we checked to be positive above the electroweak scale. Since this model reaches lower

χ2 for the same observable set as the LHC+mh =126 fit, its area of low χ2 is deep enough

– 25 –
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Figure 11. CMSSM parameter distributions in (M0,M12) and (tanβ, A0). (a) and (b) show the
fit results for mh = (126± 2± 3)GeV and fixed mt = 173.2GeV, compared to the LHC fit. (c) and
(d) show the fit with the same input observable set, but with mt = 173.2± 1.34GeV floating free
in the fit, in comparison to the fit with fixed mt.

floating in Fig. 11(c) and 11(d). The possible signal at mh ≈ 126GeV shifts the allowed

region strongly into regions of higher M0 and M1/2, as compared to the LHC fit. This is

due to the larger squark masses necessary to lift mh so strongly above the tree level bound

of mh ≤ mZ . Also, large tan β is clearly preferred, while again showing a flat profile in

tan β outside the 1σ region. As expected from the small effect which floating mt had on

the fit in Fig. 10, there is no significant difference between the allowed parameter ranges

for mt fixed and mt floating, albeit there is a significant jump in the best fit point due to

the flatness of the χ2 profile. Since mt is expected to have the strongest direct effect on

the prediction of all SM parameters, this confirms that with the current observable set the

SM parameters can be fixed in the fit, since their uncertainties decouple completely from

the SUSY parameter uncertainties.

Figure 12 shows the allowed parameter space of the NUHM1 model. Negative values for

M2
H can be considered because the relevant parameter combination for EWSB is |µ|2+M2

H ,

which we checked to be positive above the electroweak scale. Since this model reaches lower

χ2 for the same observable set as the LHC+mh =126 fit, its area of low χ2 is deep enough
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constrained SUSY scenarios in significant tension!
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Decay channels 
will constrain 
the cMSSM 

even further...
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Figure 17. Current and future limits from the Xenon experiment, when (a) using HiggsBounds

or (b) assuming a Higgs boson mass of mh = [126± 2± 3]GeV. In (a), the minima for the first two
fits are identical. See the text for further comments.

experiments will hardly improve with increased runtime (XENON100Goal) but would do

so with an increased target mass (XENON1T) – however at the cost of an increased χ2
min,

see the comment above. Note that our XENON1T allowed region extends into the regions

nominally excluded by the experiment. The reason for this is that we adopted the rather

conservative choice of assigning a theoretical uncertainty of 50% to the calculation of the

spin-independent scattering cross-section per nucleon σSI, see Section 3.2.2. Restricting the

Higgs boson mass to mh = [126±2±3]GeV instead, we see in Fig. 17(b) that the preferred

neutralino mass moves from 270GeV to 497GeV; this trend to higher masses is of course

expected because a large Higgs boson mass generally requires rather high values for the

SUSY breaking scale (at least in the minimal SUSY version considered here). Concerning

future prospects for direct detection, we can see that a large Higgs boson mass worsens the

situation as it pushes the best-fit σSI to lower values.

We find that our indirect detection upper limits from dwarf spheroidal galaxies, us-

ing gamma-ray observations by the Fermi satellite, are still too weak to give a noticeable

∆χ2-contribution for neutralino DM in the CMSSM. This is not a great surprise as the

limits barely touch the annihilation cross-section of ∼ 3 × 10−26cm3/s, which is naively

expected for thermally produced DM. Concretely, we used the photon flux upper limits

from Ref. [140], for Eγ > 100MeV, on neutralino pair annihilation into b̄b final states

– which very often gives the dominant contribution to the total flux (mostly from pho-

tons with Eγ # mχ). An improved treatment would also take into account the photons

from other final states. However we caution that this is not straightforward to imple-

ment in those regions of the parameter space where the photon spectra are very model-

dependent [143]. Further improvement is possible by using updated limits from a combined

(‘stacked’) analysis of all dwarf spheroidal galaxy data taken by Fermi [141]. We thus ex-

pect that a more accurate treatment of the combined gamma-ray limits in AstroFit, which

is planned for future fits, would actually impact the CMSSM parameter space (as also found

in e.g. Ref. [144]). This expectation is reflected in Fig. 18(a), where we show 〈σv〉χχ→b̄b
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Figure 18. 1σ and 2σ contours in the 〈σv〉χχ→b̄b vs.mχ̃1
plane (a), relevant for indirect dark matter

detection, slightly change when applying current and projected limits from direct searches for dark
matter. Also shown are the gamma-ray limits which we adopted here [140] (dashed horizontal
line) as well as the currently most stringent limits [141] (solid horizontal line) that will be used in
an update of this study. In (b) the annihilation cross-section vs. the spin-independent scattering
cross-section is shown in order to demonstrate the complementarity [142] of direct and indirect dark
matter searches.

vs. mχ̃1 : While the limits that we have implemented indeed do not touch the 2σ regions,

the improved limits from the joined dwarf spheroidal galaxy analysis [141] do. Those limits

were not available in AstroFit when the scans were set up. Let us also stress that we plot

here only the annihilation cross-section into b̄b final states. Future prospects for indirect

dark matter detection are thus actually much better than what is naively inferred from

this figure – especially when explicitly taking into account gamma-ray spectral features in

the analysis rather than only counting the number of photons [145].

In Fig. 18(b), we plot the neutralino annihilation cross-section against the spin-in-

dependent scattering cross-section, demonstrating that indirect and direct dark matter

searches indeed probe the parameter space from an orthogonal direction [142] and are

highly complementary even for very constrained scenarios like the CMSSM. In particular,

improving current gamma-ray limits by about one order of magnitude (as might be rather

straight-forward with future air Ĉerenkov telescopes [142]) would allow to probe models

that are completely out of reach even for XENON1T. Models in the upper right corner of

Fig. 18(b), on the other hand, would in principle allow for a future simultaneous detection of

dark matter with both direct and indirect methods which evidently would make any claim

for a corresponding signal much more convincing. We checked that adding the Higgs-mass

constraint mh = [126 ± 2± 3]GeV does not have a major impact on the 2σ region in this

plane. The 1σ region, on the other, hand blows up considerably. The best fit point moves

to σSI ∼ 10−11pb and 〈σv〉bb̄ ∼ 10−29cm3s−1. This again just reflects the overall worse

quality of the fit.

The relic density of cold dark matter remains a strong constraint on the fit. Indeed, it is

well known that only relatively small regions in the full parameter space of the CMSSM can
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observed limit (90% CL)
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 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Impressive improvements of direct detection limits 
in recent years:
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Figure 1: Illustration of the reach of direct and indirect dark matter detection experiments. Here
γ-ray detection towards the galactic center with the NFW profile is considered. Shown is the area
encompassing the approximate range of WMAP-compatible phenomenological MSSM model space,
and the reach of the upcoming Xenon 1t direct detection experiment, and the Fermi-LAT, CTA
and DMA indirect detection experiments. For details, see [63].

at the South Pole. On the other hand, the same pattern as that seen by DAM/LIBRA should
reveal itself if this is a genuine dark matter scattering effect.

The recent improvement of the upper limits on the WIMP-nucleon scattering cross section
reported by CDMS II [68] and, in particular, XENON100 [69] are truly impressive. Not only does
it cast some doubt on other reported experimental results, the sensitivity is also good enough to
start probing the parameter space of realistic supersymmetric models [8]. The new calibration of
the sensitivity to low-energy recoils of liquid Xenon, although not undisputed [95], would seem to
add to the credibility of the new upper limits [69] for the WIMP-nucleon scattering cross section.
The very good news is also that the installation of the next stage, a 1 ton liquid Xenon detector,
has already started in the Gran Sasso experimental halls in Italy [96].

An early possible indication of a dark matter signal in indirect detection was the EGRET excess
of GeV photons [76, 77]. However, this was not confirmed by the recent much superior data from
Fermi, more exactly the large area γ-ray telescope part of Fermi, Fermi-LAT, and was probably
due to instrument error [78].

Another possible indication of a dark matter signal was the discovery of by INTEGRAL of a
511 keV γ-line from the galactic centre region [79]. However, in this energy range positron emission
from other sources is possible, and the excess does not seem to have the spherical symmetry around

13
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P. Gondolo, J. Edsjö, P. Ullio, L. Bergström, M. Schelke, 
E.A. Baltz, T. Bringmann and G. Duda

http://darksusy.org

Fortran package to calculate “all” DM related quantities:
relic density + kinetic decoupling 
generic SUSY models + laboratory constraints implemented
cosmic ray propagation
indirect detection rates: gammas, positrons, antiprotons, neutrinos
direct detection rates
...

new (more modular) version 6 to come!

;) 

http://darksusy.org
http://darksusy.org
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Density perturbations
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Observed structures in the 
universe seeded by tiny 
primordial inhomogeneities: 

Spectrum usually assumed uncorrelated and isotropic:      

h�k�⇤k0i ⌘
2⇡2

k3
P�(k) �(k� k0)

M. Tegmark
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⇥
1 + �(x, t)

⇤

Gravity makes    grow... 
only ‘inside the horizon’ (    full GR!)
Evolution of     depends on both                        
a) background and b) component i

�
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scale-free spectrum: 
For          , the mass variance        
at horizon crossing is independent of  
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LAT data in Section 3 and also present our results there. In Section 4, we compare our
new limits to existing limits from dwarf galaxies, expectations for thermally produced DM,
collider constraints and limits from cosmic-ray anti-protons. We present our conclusions in
Section 5. Finally, we provide some additional technical information about our method of
selecting a target region optimized for the search of DM-related spectral features (Appendix
A) and how a bootstrap analysis of the full sky data can be used as a further test to confirm
the reliability of our statistical method (Appendix B).

2 Particle physics scenario

2.1 Toy model with large virtual internal bremsstrahlung

We will assume that the DM of the Universe is constituted by Majorana fermions χ, singlets
under the Standard Model gauge group, which couple to the Standard Model via a Yukawa
interaction with a scalar η that is not much heavier than the DM particle. The Lagrangian
of the model reads:

L = LSM + Lχ + Lη + Lint . (2.1)

Here, LSM is the Standard Model Lagrangian. Lχ and Lη are the parts of the Lagrangian
involving only the Majorana fermion χ and the scalar particle η, respectively, and are given
by

Lχ =
1

2
χ̄ci/∂χ −

1

2
mχχ̄cχ ,

Lη = (Dµη)†(Dµη) − m2
ηη

†η ,
(2.2)

where Dµ denotes the covariant derivative. Lastly, Lint denotes the interaction terms of the
new particles with Standard Model fields.

We will consider in this paper three toy models where the DM particle only couples
to the right-handed muons, tau leptons or bottom quarks, respectively, via a Yukawa inter-
action with the scalar η. We assume the latter to be an SU(2)L singlet in order to avoid
constraints from electroweak precision measurements. The gauge quantum numbers of the
intermediate scalar η are (1,1)1 for couplings with the muon or the tau (i.e. η is a SU(3)c
and SU(2)L singlet with hypercharge Y = 1), and (3̄,1)1/3 for couplings with the bottom
quark. Furthermore, to guarantee a coupling to just one generation of fermions we assign η
a muon number Lµ = −1, a tau number Lτ = −1 or a beauty number B = −1, respectively.
Then, the relevant part of the interaction Lagrangian reads

Lint = −yχ̄ΨRη + h.c. , (2.3)

with Ψ = µ, τ, b. Note that in principle additional couplings of the form H†Hη†η and (η†η)2

are allowed (where H denotes the Higgs doublet). We will neglect them throughout this work
since they do not directly influence the gamma-ray signature we are interested in.

In these scenarios, DM particles can annihilate into two fermions with a velocity-
weighted annihilation cross-section which can be decomposed into an s-wave and a p-wave
contribution. The s-wave contribution reads in lowest order of the relative center-of-mass
velocity v [48, 49]

(σv)s-wave
2-body =

y4Nc

32πm2
χ

m2
f

m2
χ

1

(1 + µ)2
, (2.4)
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Figure 2. Gamma-ray spectrum (N denotes the number of photons produced per annihilation) as
predicted by our toy model for different final-state fermions, assuming mχ = 200 GeV and a mass-
splitting of µ = 1.1. Solid lines show the full contribution from three-body final states, including the
VIB photons close to x = 1; dotted lines show contributions from the helicity-suppressed two-body
final states including FSR (in case of muons, the latter is strongly suppressed and not visible on the
plotted scales). Branching ratios are calculated according to Eqns. (2.4) and (2.6). In case of bottom-
quarks, we also include contributions from gluon VIB, χχ → b̄bg, following Ref. [45, 54] (dashed line).
Note that we convolve the spectra shown here with the Fermi LAT energy dispersion as derived from
the instrument response functions (about ∆E ∼ 10% at around 100 GeV [57]) before any fits to the
data are performed.

U(1) × SU(2) gauge as well as Higgs fields,

χ ≡ χ̃0
1 = N11B̃ + N12W̃

3 + N13H̃
0
1 + N14H̃

0
2 , (2.9)

and thus a Majorana fermion just like the DM particle in our toy model. As pointed out
above, the annihilation into fermion-antifermion pairs f̄ f is therefore helicity suppressed in
the limit of small velocities; this helicity suppression can be lifted if an additional photon is
present in the final state and annihilation happens via the t-channel exchange of a charged
particle. In the case of supersymmetry, this can only be achieved through the corresponding
left- and right-handed sfermions f̃L and f̃R which, in the limit of vanishing mf , couple to the
neutralino and fermions as

Lχf̃f
int = yLχ̄fLf̃L + yRχ̄fRf̃R + h.c. , (2.10)

where as usual fR/L ≡ 1
2 (1 ± γ5)f . Compared to Eq. 2.3, the sfermions thus play exactly

the same role as η and the main difference to our toy model is that i) there are two relevant
scalars for each fermion final state and that ii) the interaction strength y(R,L) is no longer
a free parameter but uniquely defined by gauge symmetry, and of course the composition of
the neutralino (see e.g. Ref. [59]):

yL = −
2Qf ∓ 1

√
2

g tan θWN11 ∓
g√
2
N12 , (2.11)

yR =
√

2Qfg tan θWN11 , (2.12)
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Figure 1. Feynman diagrams of the processes that contribute in leading order to the three-body
annihilation cross-section and produce internal bremsstrahlung. The first diagram very roughly cor-
responds to VIB, the second and third to FSR (but note that these contributions can be properly
defined and separated in a gauge-invariant way [19]).

mass-splitting of µ = 1.1. The spectra of secondary photons that stem from the subsequent
decay or fragmentation of the produced fermions are derived using Pythia 6.4.19 [53]. Note
that in case of bottom-quark final states we also take into account the production of VIB
gluons following Refs. [45, 54].1 For two-body annihilation, we cross-checked our results
with the analytical fits from Ref. [55, 56] and find very good agreement. From Fig. 2 it
is clear that for small enough mass-splittings the gamma-ray spectrum at high energies is
completely dominated by VIB photons, which show up as a pronounced peak at energies
close to the dark matter mass. Secondary photons and FSR only become relevant at lower
energies, or for larger values of µ. In our spectral analysis of galactic center fluxes presented in
Section 3, we will entirely concentrate on the spectral VIB feature and neglect the featureless
secondary photons. We will consider the range 1 < µ ! 2, because the VIB feature is most
important in the nearly degenerate case. In this range, the shape of the VIB spectrum is
almost independent of µ (it becomes slightly wider for larger µ), but its normalization can
vary rather strongly: for µ = 1.1 (µ = 2.0), the rate is already suppressed by a factor of 0.55
(0.05) with respect to the exactly degenerate µ = 1 case; for large µ, the rate scales as ∝ µ−4

(whereas the two-body annihilation rate scales like ∝ µ−2). For comparison with our main
results, we will also derive limits from dwarf galaxy observations (see Section 4.1); in this
case we will take into account both VIB and secondary photons.

2.2 Connection to the MSSM

Before continuing, let us briefly mention the connection between our toy model and the much
more often studied case of supersymmetry. The minimal supersymmetric extension to the
standard model (MSSM) is extremely well motivated from a particle physics point of view—
leading, in particular, to a unification of gauge couplings and strongly mitigating fine-tuning
issues in the Higgs sector—and the stability of the lightest supersymmetric particle (LSP)
is guaranteed by the conservation of R-parity; if it is neutral and weakly interacting, the
LSP thus makes for an ideal DM candidate (for a comprehensive and pedagogical primer to
supersymmetry and the MSSM see e.g. Ref. [58]).

In most cases, the lightest neutralino is the LSP, and thus a prime candidate for WIMP
DM [3]. It is a linear combination of the superpartners of the neutral components of the

1We use throughout the values αs = 0.118 and αem = 1/128 as evaluated at the mass of the Z boson. For
DM masses mχ = 40 to 300 GeV this approximation affects the VIB photon cross-section at the few percent
level, and the gluon VIB cross-section by ! 20%.

– 5 –

solid: full 3-body

dotted: 2-body + FSR
(dashed: photons from        )b̄bg

TB, Huang, Ibarra, Vogl & Weniger, JCAP ’12
Introduce simplified toy model with minimal field 
content to get strong IB signals

 [~same as sfermion co-annihilation region in SUSY]

focus on this part!
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Fig. 3.— All-sky CLEAN 3.7 year maps in 5 energy bins, and a residual map (lower right). The residual map is the 120− 140 GeV map
minus a background estimate, taken to be the average of the other 4 maps where the average is computed in E2dN/dE units. This simple
background estimate is sufficient to remove the Galactic plane and most of the large-scale diffuse structures and even bright point sources.
A cuspy structure toward the Galactic center is revealed as the only significant structure in the residual gamma-ray map. All of the maps
are smoothed with a Gaussian kernel of FWHM = 10◦ without source subtraction.

are available on the Internet, and it is from these files
that we build our maps.
The point spread function (PSF) is about 0.8◦ for 68%

containment at 1 GeV and decreases with energy as r68 ∼
E−0.8, asymptoting to ∼ 0.2◦ at high energy. The LAT
is designed to survey the gamma-ray sky in the energy
range from about 20 MeV to several hundreds of GeV.
We use the latest publicly available data and instru-

ment response functions, known as Pass 7 (P7 V6)4. For
most figures in this work we use the CLEAN event class,
which has larger effective area than ULTRACLEAN and
lower background than SOURCE. In a few cases, we show
figures made with ULTRACLEAN or SOURCE events as ev-
idence that this choice has no qualitative effect on our
results.
Photons coming from the bright limb at Earth’s

horizon, dominantly produced by grazing-incidence CR
showers in the atmosphere, are a potential source of con-
tamination. We minimize this background by selecting
events with zenith angle less than 100◦ as suggested in

4 Details at http://fermi.gsfc.nasa.gov/ssc/

data/analysis/documentation/Pass7 usage.html

the Fermi Cicerone5. We also exclude some time in-
tervals, primarily while Fermi passes through the South
Atlantic Anomaly.

2.2. Map Making

We generate full-sky maps of counts and exposure us-
ing HEALPix, a convenient equal-area iso-latitude full-
sky pixelization widely used in the CMB community.6

Spherical harmonic smoothing is straightforward in this
pixelization, and we smooth each map by the kernel re-
quired to obtain an approximately Gaussian PSF of some
target FWHM, usually 10◦. We generate maps for front-
and back-converting events separately, smooth them to
a common PSF, and then combine them.
We construct maps both with and without point source

subtraction. We subtract point sources listed in the Sec-
ond Fermi-LAT catalog (2FGL), which is based on 24
months of P7 V6 LAT observations.7 The PSF and ef-

5 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/.
6 HEALPix software and documentation can be found at

http://healpix.jpl.nasa.gov, and the IDL routines used in
this analysis are available as part of the IDLUTILS product at
http://sdss3data.lbl.gov/software/idlutils.

7 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2yr catalog,

120-140 GeV residual map
created by subtracting background 
estimate =                 average of 
(80-100,100-120, 160-180) maps
all maps smoothed with FWHM=10°
no similar structure seen elsewhere
~no difference with(out) point sources

E2dN/dE
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Fig. 10.— Left panel: Spectral energy distributions of the templates listed in the figure legend. In the left panel, we use CLEAN events with
|b| > 1◦ and all longitudes. Besides the disk-correlated emission (green), uniform emission (brown), and the Fermi bubble template (blue),
the cusp component modeled as a FWHM = 4◦ Gaussian in the GC (red) has been included. Vertical bars show the marginalized 68%
confidence range derived from the parameter covariance matrix for the template coefficients in each energy bin. Arrows indicate 1σ upper
limits. For reference, we overplot lines centered at 111 GeV and 129 GeV (dotted cyan) convolved with a three-Gaussian approximation of
the LAT instrumental response (Edmonds 2011), and their sum (dotted black). The line centers and amplitudes are determined from a fit
to the spectrum in the right panel (see text). Right panel: the same as the left panel but using data masking out |b| < 5◦ and |l| > 6◦.
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Fig. 11.— Same as right panel of Figure 10 but splitting the
bubble template into two regions one with |b| > 30◦ and the other
with |b| < 30◦.

The gamma-ray cusp appears to possess a symmetric
distribution around the Galactic center. To investigate
whether there is any more extended cusp component con-
tributing the excess at 120 − 140 GeV, we include an
extra “outer ring” template as shown in Figure 8. The
outer ring template is a FWHM=10◦ Gaussian with an
8◦ radius hole in the center. Even with this freedom,

E range (GeV) Energy cusp (CLEAN) cusp (SOURCE)
84.9− 89.5 87.2 -1.01 ± 4.42 -2.19± 4.30
89.5− 94.5 92.0 -0.79 ± 4.28 -1.53±4.29
94.5− 99.7 97.1 0.03 ± 4.64 4.37±5.26

99.7− 105.2 102.4 0.06 ± 5.04 3.05±5.77
105.2 − 111.0 108.1 7.37 ± 5.73 8.61±5.95
111.0 − 117.1 114.0 18.58 ± 7.25 21.80±7.57
117.1 − 123.6 120.3 7.18 ± 5.82 7.19±6.03
123.6 − 130.4 127.0 20.06 ± 7.75 19.78±7.61
130.4 − 137.6 134.0 17.91 ± 8.38 10.82±7.83
137.6 − 145.2 141.4 9.50 ± 6.78 16.71±7.50
145.2 − 153.2 149.2 4.07 ± 5.73 3.07± 5.36
153.2 − 161.7 157.4 1.70 ± 6.29 8.07± 7.14
161.7 − 170.6 166.1 3.11 ± 4.50 4.34± 4.88
170.6 − 180.1 175.2 3.08 ± 5.69 2.91± 5.90
180.1 − 190.0 185.0 10.11 ± 8.18 7.07± 8.34
190.0 − 200.5 195.2 3.99 ± 7.04 1.84± 6.46

TABLE 1

The template fitting coefficients and errors of the

diffuse gamma-ray cusp correspond to the right panel of

Figure 10 and right panel of Figure 12. The gamma-ray

luminosity in each energy range is shown in the unit of

keV cm−2s−1sr−1.

there is no significant change in the cusp spectrum (Fig-
ure 14). There was no significant improvement of the
likelihood for this model, and the spectrum of the outer
ring is consistent with zero. Our conclusion is that the
gamma-ray cusp is a distinct component, and is centrally
concentrated.

4.2. Trials factor

We use a trials factor of 300 for this bump. This is
based on the fact that the LAT energy resolution is ∼

(fit linear combinations of spatial templates)

Global significance 
one line two lines

Gauss

NFW

Einasto 5.5

in �

3.7 4.3

4.5 4.9

5.1
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thermal cross section... Bergström, TB & Edsjö, PRD ’08

Surprisingly hard 
spectra possible  
if                dominates!                   
[first attempt to connect PAMELA to DM]
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