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Dark matter all around 

2

overwhelming evidence on all scales! 

Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock

catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2

“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the

SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest

observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37

billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances

to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS

has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts

in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-

analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter

distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and

magnitude limits.

28
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Weakly Interacting Massive Particles

WIMP   miracle

� SM

(annihilation)
� SM chemical decoupling

��Tcd � m�/25

well-motivated from particle physics [SUSY, EDs, …]

25

for weak-scale σ

(“freeze-out”)

relic density

�

(scattering)

�

SMSM kinetic decoupling
McutTkd � m�/(102..105)

Freeze-out = decoupling/

~size of smallest 
subhalos

measurement!
“           ”

        strongly model-dependent	

                                   in SUSY	

up to dwarf-scale size for MeV-mediators!

Mcut
⇠ (10�11 � 10�4)M� i.e. not “~10-6” !
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Strategies for WIMP searches

directly indirectly

at colliders

all complementary!
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at colliders

indirectlydirectly

astrophysical probes of 
matter distribution

all complementary!

Strategies for WIMP searches

see talks by Brooks, Yu, 
Slatyer, Viel, Feng, Kersten, …

see also talks in ~8(!) 
dedicated parallel sessions!
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Indirect DM searches
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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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Indirect detection of WIMPs

7

a

i

e+

DM

DM
a

e

p
_

+DM indirect detection:

�SM � ⇥�2
�⇤ = (1 + BF)⇥��⇤2

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

Total flux:

(still) important to include realistic value for         !Mcut

“Boost factor”	

each decade in Msubhalo contributes roughly the same	


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

cv dN/dM
e.g. Diemand, Kuhlen & Madau, ApJ ’07

e+ p̄ �
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DM distribution
Large uncertainties “only” in 
the very central region. 
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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! ]

Much more details in 
talks by Read & Brooks…
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The ‘golden’ channel
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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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Gamma-ray flux
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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Annihilation spectra

VI
B

box

ΓΓ

q q , Z Z , W W

"E!E # 0.15
"E!E # 0.02
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x # E ! mΧ

x2
dN
!dx

Bringmann &Weniger !2012"

good constraining potential

Secondary photons	

many photons but 	

featureless & model-independent	

difficult to distinguish from astro BG

� �

?
W�/Z/q W+/Z/̄q

⇡0⇡0

� � � �

discovery potential
E� = m�

Primary photons	

direct annihilation to photons 	

model-dependent ‘smoking gun’ 
spectral features near 

Monochromatic lines

��! ��, �Z, �H

(Virtual) Internal 
Bremsstrahlung

��! f̄f�, W+W��

O(↵em)

O(↵2
em)
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More particle physics input
Sommerfeld effect	

strong enhancement of annihilation 
rates for light mediators / heavy DM	

(particularly relevant for line signals) Hisano, Matsumoto, Nojiri, Saito, … ’03 - ’06

tree level
internal bremsstrahlung U!1"

total

internal bremsstrahlung SU!2"

0.001 0.01 0.1 1
0.001

0.01

0.1

1

10

100

x ! EΓ#mΧ

x2
dN
#d
x

Bringmann & Calore !2013"

recent example: full calculation for MSSM

Radiative corrections	

strong enhancement possible           
(in particular if tree-level rates are suppressed)	


electromagnetic IB: line-like 
spectral signatures or sharp steps	

electroweak IB: enhancement of 
continuum part; can change 
composition of final stable particles	

[disclaimer: list of relevant papers would full the whole slide…] TB & Calore, PRL ‘13

These contributions are very model-dependent!
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Signal vs. Background
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Indirect searches with 
gamma rays

Diemand, Kuhlen & Madau, ApJ ’07 
Astrophysical processes present significant backgrounds:

Possible targets include	

The Galactic center: brightest source in sky, but large backgrounds	


The Galactic halo: good statistics, angular information; significant backgrounds	


Dwarf galaxies: DM dominated, M/L~1000; fluxes soon in reach	


DM clumps: easy discrimination (once found); bright enough?	


Galaxy clusters: large substructure boost;  good discovery potential, limits model-dependent  	


Extragalactic background: cosmological signal; hard to model, potentially very constraining
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Constraints: current status
Look for secondary photons from DM
[typical assumption: 100% annihilation into     ]b̄b

Indirect searches start to be very competitive!

I N T R O

3

Summary of LAT DM Search ResultsSummary of LAT DM Search Results

arXiv:1110.6863

arXiv:1310.0828

Andrea Albert (SLAC)11/5/2013 31

arXiv:1310.0828

arXiv:1205.6474

arXiv:1002.4415

• no solid detections, but great progress with varied approaches!
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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

‘fu
nd

am
en

ta
l’ 

re
ac

h

 

[light: 100x10yr Fermi]
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A signal from the GC?

17

Excess emission in inner Galaxy 
and Galactic center region: 	

extremely high statistical evidence	

relatively sharp peak around 1-3 GeV	

rotationally symmetric	

roughly          emission profile	

extends at least from ~10pc to ~1kpc

6

FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2 Previous studies [8, 9] have taken the approach of fitting for the
spectrum of the Fermi Bubbles as a function of latitude, and then
subtracting an estimated underlying spectrum for the Bubbles
(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
the Bubbles spectrum. It was shown in Ref. [8] (and also in this
work, see Appendices B and D) that the excess is not confined
to the Bubbles and the fit strongly prefers to correlate it with a
dark matter template if one is available.

3 Throughout, we denote the quantity �2 lnL by �2.
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FIG. 10: The change in the quality of the fit, as performed in Sec. IV’s Inner Galaxy analysis (left frame) and Sec. V’s Galactic
Center analysis (right frame), when breaking our assumption of spherical symmetry for the dark matter template. The axis
ratio is defined such that values less than one are elongated along the Galactic Plane, whereas values greater than one are
elongated with Galactic latitude. The fit strongly prefers a morphology for the anomalous component that is approximately
spherically symmetric, with an axis ratio near unity.

FIG. 11: The change in the quality of the fit in our Galactic
Center analysis, for a dark matter template that is elongated
along an arbitrary orientation (x-axis) and with an arbitrary
axis ratio (y-axis). As shown in Fig. 10, the fit worsens if the
this template is significantly stretched either along or perpen-
dicular to the direction of the Galactic Plane (corresponding
to 0� or 90� on the x-axis, respectively). A mild statistical
preference, however, is found for a morphology with an axis
ratio of ⇠1.3-1.4 elongated along an axis rotated ⇠35� coun-
terclockwise from the Galactic Plane.

FIG. 12: To test whether the excess emission is centered
around the dynamical center of the Milky Way (Sgr A⇤), we
plot the ��2 of the fit found in our Galactic Center analysis,
as a function of the center of our dark matter template. The
fit clearly prefers this template to be centered within ⇠0.05�

degrees of the location of Sgr A⇤.

This seems strongly suggestive of a DM signal!

r�2.5

Goodenough & Hooper, 0910.2998 	

Hooper & Goodenough, PLB ’11	


Hooper & Linden,  PRD ’11	

Abazajian & Kaplinghat, PRD ’12	


Macias & Gordon, PRD ’14	

Hooper, PDU ‘13	


Hooper & Slatyer, , PDU ’13	

Huang,  Urbano & Xue, 1307.6862 	


Abazajian, Canac, Horiuchi &  Kaplinghat, 1402.4090	

Daylan et al.,  1402.6703

dedicated discussion 

section yesterday…
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DM interpretation
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Quark final states provide 
excellent spectral fit	

signal normalization depends on inner 
slope profile

Daylan et al.,  1402.6703
Γ=1.04

Γ=1.26

Constraints	

collider & direct detection experiments lead 
to highly model-dependent constraints	

indirect searches: model-independent       
(NB: astrophysical uncertainties smaller than typical 
because DM profile is ~fixed!) TB, Vollmann & Weniger, 1406.6027

Alves, Profumo, Queiroz & Shepherd, 1403.5027	

Berlin, Hooper & McDermott, 1404.0022	

Izaguirre, Krnjaic & Shuve, 1404.2018	

Kong & Park, 1404.3741	

Han, Liu & Su, 1406.1181

Astrophysical explanations face difficulties (so far)	

milli-second pulsars: need large population	

“recent” bursts injecting high-energy population of electrons or protons: 
spectral fit worse (at least for p); spherical symmetry out to kpc scales?	

… ?

Hooper et al., 1305.0830	

Calore, Di Mauro & Donato, 1406.2706

Petrovic, Serpico & Zaharijas, 1405.7928	

Carlson & Profumo, 1405.7685
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Line searches
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No signals, but ever better limits	

Fermi:  5-300 GeV 	

even lower energies (Fermi data): 0.1-10 GeV	

HESS GC analysis: 0.5-25 TeV

Huge potential to improve limits:	

CTA, Gamma-400, CALET, DAMPE, …

Albert et al,, 1406.3430

Ackermann et al,, 1305.5597

Ackermann et al,, 1305.5597

Line-feature around 130 GeV:Time-evolution of significance

Dashed/dotted lines:
68% and 95% CL 
containment regions for 
true signal (green) and 
statistical fluke (red).

Bringmann+ 2012; CW 
2012; Su & Finkbeiner 
2012; Tempel+ 2012

Aug 2013

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

signal identification
Bringmann et al., 1203.1312	

Weniger, 1204.2797 

Consequences for the 130 GeV feature

P-value (assuming P7rep best-fit; 21.5±11.2 expected, -9.0 observed):

Using Fermi LAT data alone, the signal hypothesis can be excluded at more than 3 sigma.

Fi
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Tempel, Hektor & Raidal, 1205.1045	

Su & Finkbeiner, 1206.1616 

expectation 
for statistical 
fluctuation

expectation 
for signal

Signal interpretation 
now excluded at >3σ
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keV rather than GeV ?!

20

3.5 keV X-ray line seen in	

stacked cluster spectra	

Andromeda galaxy & Perseus cluster

Bulbul et al,  ApJ ’14

Boyarski, Ruchayskiy, Iakubovskyi & Franse,  1402.4119
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Figure 5. Top panels: 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the samples. The figures
show the energy band where the new spectral feature is detected. The Gaussian lines with maximum values of the flux normalizations of K
xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels (shown only for the full sample)
show the model and the excess emission. The blue lines show the total model after another Gaussian line is added, representing the new
line. Middle panels show the residuals before (red) and after (blue) the Gaussian line is added. The bottom panels show the e↵ective area
curves (the corresponding ARF). Redshift smearing greatly reduces variations of the e↵ective area in the high-z sample.

ments are consistent with each other and the constraints
placed by previous studies, e.g., the unresolved cosmic
X-ray background (CXB) in the Chandra Deep Fields
(Abazajian et al. 2007) and the XMM-Newton blank-
sky background spectrum (Boyarsky et al. 2006), Chan-

dra observations of the Milky Way (Riemer-Sørensen et
al. 2006), Chandra observation of the Bullet Cluster (Bo-
yarsky et al. 2008), Chandra observations of the dwarf
galaxy Draco (Riemer-Sørensen & Hansen 2009), and
XMM-Newton limits from M31 and Willman 1 and For-
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Table 2
Best-fit Temperature and Normalizations of line-free apec Model in 2 � 10 keV Fit to the Stacked MOS and PN Spectra for Various

Samples. The temperature (kT
i

) normalization (N
i

) are in the units of keV and (10�2 cm�5), respectively and the line fluxes of S xvi,
Ca xix, and Ca xx are in the units of 10�5 photons cm�2 s�1 at rest energies 2.63 keV, 3.90 keV, and 4.11 keV, respectively.

Full Coma Excluding

Sample + Centaurus Nearby Perseus

+ Ophiuchus Clusters

Parameters MOS PN MOS PN MOS PN MOS PN

kT1 5.9 ± 0.1 7.3 ± 0.2 3.9 ± 0.1 2.5 ± 0.2 3.5 ± 0.2 2.0 ± 0.3 3.6 ± 0.6 2.17 ± 0.9

N1 2.2 ± 0.1 1.1 ± 0.1 6.5 ± 0.1 5.4 ± 0.1 0.6 ± 0.1 0.3 ± 0.1 15.7 ± 7.8 10.2 ± 6.9

kT2 6.1 ± 0.1 2.3 ± 0.3 6.8 ± 0.1 6.5 ± 0.2 6.8 ± 0.1 9.4 ± 0.2 7.6 ± 0.7 6.25 ± 0.8

N2 1.8 ± 0.1 0.6 ± 0.1 8.9 ± 0.1 6.1 ± 0.1 0.8 ± 0.1 0.1 ± 0.1 44.0 ± 6.8 50.2 ± 14.1

kT3 7.3 ± 0.2 18.7 ± 0.2 10.7 ± 0.2 15.4 ± 0.6 10.3 ± 0.3 4.4 ± 0.7 � �
N3 1.6 ± 0.1 0.4 ± 0.1 8.9 ± 0.1 7.2 ± 0.2 0.7 ± 0.1 0.1 ± 0.02 � �
kT4 10.9 ± 0.5 6.9 ± 0.1 7.4 ± 0.2 4.0 ± 0.2 6.9 ± 0.2 � � �
N4 0.9 ± 0.1 1.0 ± 0.1 6.9 ± 0.1 4.6 ± 0.2 0.6 ± 0.1 � � �
Flux of S xvi 7.9 ± 0.1 3.9 ± 0.1 39.1 ± 6.6 13.1 ± 0.9 2.9 ± 0.1 2.8 ± 0.1 49.1 ± 7.3 55.5 ± 4.9

Flux of Ca xix 2.4 ± 0.1 0.9 ± 0.2 13.5 ± 4.8 4.6 ± 0.6 0.7 ± 0.1 0.6 ± 0.1 25.6 ± 1.5 11.9 ± 2.9

Flux of Ca xx 1.7 ± 0.1 0.4 ± 0.2 8.5 ± 0.5 1.8 ± 0.6 0.5 ± 0.1 0.4 ± 0.1 14.7 ± 1.2 11.1 ± 7.3
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Figure 4. Left Panel: Eetimated line fluxes of the K xviii at the rest energies 3.47 keV, 3.51 keV, the Ar xvii at the rest energy 3.68 keV,
and the K xix at the rest energy 3.71 keV as a function of plasma temperature.The line fluxes are calculated based on the observed fluxes
of S xvi, Ca xix, and Ca xx from the stacked XMM-Newton MOS observations of the full sample. The flux detection and 90% errors on
the flux of the unknown spectral feature measured from the stacked MOS observations of the full sample are shown with the red shaded
area. Right Panel: Comparison of emissivities of the Ar xvii triplet lines at 3.12 keV and Ar xvii DR line at 3.62 keV. The figure shows
that the ratio of the Ar xvii DR line at 3.62 keV to the Ar xvii line at 3.12 keV could at most be 1% at the lowest temperature we observe
in our fits (T ⇠ 2 keV indicated with the dashed line). This fraction was used as an upper limit to the flux of the Ar xvii DR line in our
spectral fits and given in Table 3 for each sample.

the lines from AtomDB, we estimated the flux as

�l = �r

iX
Normi"l(Te)/"r (Te), (2)

where subscripts l and r represent the lines of inter-
est (K xviii and Ar xvii) and reference lines (S xvi, Ca
xix, and Ca xx), respectively, � is the flux in the line,
"(Te) is the calculated emissivity from AtomDB at the

electron temperature Te, and the sum over i represents
the di↵erent temperature components listed in Table 2
with their normalizations Normi. We use 0.1 and 3 times
the maximum values of these fluxes as lower and upper
bounds, respectively, for the normalizations of the Gaus-
sian lines in the XSPEC fitting. The lower limits of 0.1
is set to avoid the lines vanishing and posing problems
for the minimization routine. The factor three represents
a conservative allowance for variation of the relative el-

instrumental lines “removed” through stacking 	

known atomic transitions cannot account for the 
strength of the signal 
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Figure 3. Left Panel: stacked XMM-Newton MOS and PN background-subtracted source spectra and particle background spectra of the
full sample. The spectrum of each observation was scaled to the rest frame prior to stacking. The total filtered exposure time was 6 Ms for
MOS and 2 Ms for PN. The background MOS (in blue) and PN (in green) spectra show the e↵ect of smearing of instrumental lines, such
as Cr, Mn, Fe, and Ni, as well as Al-K and Si-K fluorescent lines. The e↵ect is due to the stacking of background spectra that are scaled
by di↵erent cluster redshifts. Right Panel: close-up view of 5.0 � 8.0 keV band of the background XMM-Newton MOS and PN spectra of
the Perseus Cluster compared to the stacked XMM-Newton MOS and PN background spectra. The background lines are less prominent
in the stacked background spectra than in the single-source background spectra.

included in our model at their rest energies are Al xiii
(2.05 keV), Si xiv (2.01 keV and 2.51 keV), Si xii (2.18
keV, 2.29 keV, and 2.34 keV), S xiv (2.62 keV), S xv

(complex at 2.45 keV, 2.88 keV), Ar xvii (triplet at 3.12
keV, 3.62 keV, 3.68 keV), K xviii (3.47 keV and 3.51
keV), K xix (3.71 keV), Ca xix (complex at 3.86 keV,
3.90 keV, 4.58 keV), Ar xviii (3.31 keV, 3.93 keV), Ca xx
(4.10 keV), Cr xxiii (5.69 keV), Fe xxiv (complex at 6.62
keV), Fe xxv (complex at 6.70 keV, 8.29 keV, 7.81 keV,
7.88 keV), Fe xxvi (6.95 keV, 8.3 keV, and 8.70 keV),
and Ni xxvii (7.79 keV). Initially, a total of 28 Gaussian
model components were included in the 2–10 keV energy
band. Individual Gaussian components were then re-
moved if they were not required to accurately model the
spectra (to improve convergence of the fit). The widths
of Gaussians were left free, but restricted to the range 0
< �E/E < 10�2. The energies of the Gaussian compo-
nents were allowed to vary by up to 5 eV to account for
residual uncertainties in the gain and in the energies in
the atomic database. This way, we were able to model
the continuum emission and strong known emission lines
accurately, leaving a clean residual spectrum to search
for any unidentified lines.
We also fit a power-law model in the full band to repre-

sent the residual soft-proton background contamination
(see Section 2.2), and we used these power law indices
and normalizations for further narrower-band fits (see
Section 3.1). The spectral counts in each energy bin
were su�ciently high to allow the use of the Gaussian
statistics in this analysis (Protassov et al. 2002).

3.1. Stacked Spectra of the Full Cluster Sample

After the stacking process, we obtained a total of
8.5⇥ 106 source counts in the 6 Ms MOS spectra, while
the 2 Ms PN stacked spectra have a total of 5.1⇥ 106

source counts. The line-free apec model with Gaussian
lines produces an acceptable fit to the stacked MOS and
PN spectra with �2 values of 564.8 for 566 dof (MOS)
and 510.5 for 564 degrees of freedom (dof) (PN). Af-
ter modeling all the known thermal plasma lines in the

stacked spectrum, we examined the residuals in each 1
keV band carefully. We found one significant unidenti-
fied residual emission feature at E ⇡ 3.55 � 3.57 keV,
which is not associated with any plasma emission lines
in the band. Near this line, there are four tabulated weak
thermal emission lines of K xviii (1s1 2s1 ! 1s2) at a
rest energy of 3.47 keV, K xviii (1s1 2p1 ! 1s2) at 3.51
keV, a dielectronic recombination (DR) line of Ar xvii

at 3.62 keV, Ar xvii (1s1 3p1 ! 1s2) at 3.68 keV, and K
xix (2p1 ! 1s1) at 3.72 keV.
In order to separate the excess emission feature from

these weak contaminating K and Ar lines, we make con-
servative estimates of their flux using AtomDB. Ideally,
line flux measurements would be based on other lines of
the same ions; however, there are no other strong K xviii

and K xix lines in the spectrum. Therefore, we use the
lines from the relatively clean part of the band, namely,
the S xvi (2p1 ! 1s1), Ca xix (1s1 2p1 ! 1s2), and Ca
xx (2p1 ! 1s1) lines at 2.63 keV, 3.90 keV, and 4.11
keV, respectively, to estimate the flux of the 3.47 keV,
3.51 keV, 3.68 keV and 3.72 keV lines. The best-fit flux
measurements of these S xvi, Ca xix, and Ca xx lines
are given in Table 2.
We assume that the relative abundances of S, Ca, Ar,

and K are proportional to their abundances in the so-
lar photosphere (Anders & Grevesse 1989). While this
may not be exactly true, it gives a reasonable starting
point (we will relax this assumption below). Then, using
AtomDB, we calculated the relative emissivity of the K
xviii, K xix, and Ar xvii lines compared to the S xvi,
Ca xix, and Ca xx lines based on the equilibrium colli-
sional plasma conditions at the various temperatures of
our line-free apec components. In practice, the emissiv-
ities of K xviii, K xix, and Ar xvii lines are stronger
at the lowest temperatures of each model, so the other
components can be ignored. The curves in Figure 4 rep-
resent the emissivities of K and Ar lines as a function of
plasma temperature for the normalizations of the lowest
temperature components measured in our spectra.
Having obtained the relative theoretical emissivity of

DM interpretation	

Decaying 7 keV    
sterile neutrino	

decaying axions	

eXciting DM	

millicharged DM	

atomic DM	

…

Observational signature 

•  Line emission from dark matter dominated regions 

•  Phase space constraint ms > 0.5 keV –> X-ray 

Two body radiative decay   

(Barger et al. 1995, Dolgov et al. 2000)   
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Sgr A* region 
•  (l, b) = (359.944o, 
�0.04605o)  
• 8 arcmin ~ 0.02 kpc 

• Remove point sources 
(Fe line emission) 
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Expect to see a line even from the GC!	

Take Chandra observations, remove point-sources	

model continuum emission and known lines

Riemer-Sørensen, 1405.7943 6

FIG. 5. Mass-mixing angle constraints on sterile neutrino like dark matter candidates. Above/below the dashed black lines the
sterile neutrinos will be over/under produced relative to the observed dark matter density [22, 26]. The grey shaded regions
are X-ray exclusion lines from XMM-Newton and Chandra observations [54, 58, 59, with the first rescaled by a factor of two
due to mass estimate uncertainties as recommended in Boyarsky et al. [29]] and the coloured regions is the parameter space
ruled out by the results presented here. The cyan lines are for the case where the entire 2-9 keV interval is modelled, and the
purple lines are for the 3-6 keV interval. The solid lines are the total flux in line emission (including astrophysical lines) and
for the dotted lines both the continuum and the astrophysical lines in Tab. II have been excluded.
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Neutrino signals
�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

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

see talks by Rott, 
Bissok, deWith, 

Kennet…

/(     scattering x-section!)
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Charged cosmic rays
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GCRs are confined by galactic magnetic fields	

Random distribution of field inhomogeneities	


        propagation well described by diffusion equation	

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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Positrons
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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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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Excess in cosmic ray positron data has triggered 
some excitement:

Are we seeing a DM signal ???
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DM explanations
Model-independent analysis:	

strong constraints on hadronic 
modes from     data	

                                 favoured	

large boost factors generic ‒  

Bergström, Edsjö & Zaharijas, PRL ’09

highly 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...

+ significant radio/IC constraints…

Very challenging to probe DM with positrons…
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FIG. 1: The 2� contours in the enhancement factor - mass plane for a) annihilation to µ+µ�, b) the Nomura-Thaler model N3
and c) the Arkani-Hamed et al. model AH4. The contours are shown for PAMELA and Fermi, whereas the HESS data is only
used as an upper limit. The black dot is the example model shown in Fig.2.
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FIG. 2: Spectra for examples of good fit models in 1. The signal and background are shown for electrons (e+ + e�) together
with Fermi [9] and HESS data [11, 27]. The HESS data and the background model has been rescaled with a factor 0.85. In
the inset, the positron fraction as measured with PAMELA is shown together with the predicted signal for the same model.

towards the galactic centre and dwarf spheroidals were
investigated. For Einasto or NFW profiles, the best fit
models are excluded due to gamma rays from the galactic
centre. However, for less steep profiles, like an isothermal
sphere, our best fit models are not excluded by these
data.

For the N and AH models, constraints from gamma
rays and radio (including final state radiation photons)
were investigated in [18]. The same conclusion holds for
these models, if the halo profile is an Einasto or NFW
profile (or steeper), the models are already excluded.
However, for shallower halo profiles, like an isothermal
sphere, the models are still viable. One should note that
the electron and positron fluxes discussed in this paper
are not very dependent on the choice of halo profile, so
the best-fit models derived here, would be more or less
the same for an NFW profile instead of the isothermal
profile we used in our analysis.

Given the large amounts of high-energy electrons and
positrons injected into the galaxy with these models, it
is also fair to wonder about secondary radiation from
inverse Compton scattering on the interstellar radiation
field [14, 15, 17, 28]. In [14] it is concluded that models
annihilating to µ+µ� are at tension with EGRET data

and that Fermi will be able to probe these models. Given
the new Fermi data, lower boost factors are needed than
those assumed in [14], so the tension with EGRET data is
less severe. However, Fermi should still be able to probe
these models. For the N3 and AH4 model, we get very
similar constraints [17] and these are also viable with a
shallow halo profile.

One should also note that we have chosen to work
with a rather standard halo and di↵usion model, but it is
rather straightforward to rescale our results via the en-
hancement factor introduced in Eq. (1). Note that the
dependence on ⇢0 and ⌧0 in Eq. (1) is a very good ap-
proximation for high energies. For lower energies (i.e. the
PAMELA range), it is more involved as the positrons at
these energies have propagated rather far. Keeping the
signal fixed at higher energies, it is possible to move the
signal from dark matter up at lower energies by having
a larger significant di↵usion region (by having a larger
di↵usion zone half height and a larger di↵usion coe�-
cient). Increasing ⌧0 will also increase the fluxes at low
energies slightly more than the linear relation in Eq. (1)
as positrons then sample a larger (and partly denser) re-
gion in the galaxy. These e↵ects are more pronounced
for steeper halo profiles, like a Navarro-Frenk-White [29]
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Re-assessing the e+ channel
3
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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

Fact #1:

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

Fact #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
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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
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AMS provides data 	

i) with extremely high statistics	

ii) for which a simple (5 param) smooth  	

   BG model provides an excellent fit{

Let’s do a spectral fit!
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Spectral fit with positrons 
~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 ℓ+ℓ−) [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 spectra!

Bergström, TB, Cholis, Hooper & Weniger, PRL ’13

see also Ibarra, Lamperstorfer & Silk, PRD’14 !
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Other wavelengths
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    also open up a large new window for indirect searches:e±

Inverse 
Compton

CMB or 
starlight

e±

Gamma rays  
(or hard X-
ray)

e±

Synchrotron

radio  
(or soft X-ray)Magnetic 

field

B
e±

GC region

408 MHz flux upper limit inside 4’’ cone gives 
particularly strong limits for spiky profiles	

NB: recent B-field measurement —                             — seems to make 
main assumption of ~instant energy losses very realistic!

B & 8mG@0.1 pc
Eatough et al., Nature ‘13

Gondolo, PLB ’00	

Bertone, Sigl & Silk, MNRAS ’01	

…
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Antiprotons
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Solar modulation with force field
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BêC range Hanuc=0, fF=500 MVL

PAMELA 2010

BG best fit HfF=765 MVL
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Small Background uncertainties:	

B/C fixes propagation parameters	

~same uncertainty from nuclear physics	


solar modulation well described by force-
field approximation for

(mostly                         )p+H ! p̄+X

Tp̄ & 0.1GeV

simple 3-parameter background model
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TB, Vollmann & Weniger, 1406.6027

DM limits:	

Increase       , while profiling 
over the other three params, 
until 	


h�vi

�(�2 lnL) = 2.71

see also talk by C. Evoli

KRA propagation model
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GC excess constraints
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TB, Vollmann & Weniger, 1406.6027

Model-independent way to test DM hypothesis: 
look for other messengers! 
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see talk by 

M. Vollmann!
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GC excess constraints

t+t-H80%L

antiprotons

radio

positrons
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G=1.04
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AMS positron 
limits

For leptonic channels, positron limits important	

“Democratic” scenarios completely excluded	


`+`�

see talk by 

M. Vollmann!

(i.e. same BR to all         )

“Signal around the corner”“Significant tension”

!
bottom line:

TB, Vollmann & Weniger, 1406.6027
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Conclusions

33

Indirect searches have become extremely competitive

The future will certainly see more claims	

risk for false alarms	

one of those might be real — so don’t dismiss them too easily!	


Very interesting current indications	

[130 GeV feature: faded away]	

GeV excess @ Galactic center	

keV-line

channel γ-rays antiprotons positrons radio (GC) …

        
probed for

…h�vitherm m� . 30GeV m� . 50GeV m� . 100GeV
[for e+e-]

Stay tuned !

m� . few⇥100GeV
[assumes cuspy profile 
down to ~0.1pc]

ID provides powerful complementary probes


