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Experimental results: antiprotons
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Fairly good agreement between the measurements and
the theoretical predictions from spallation.
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Annihilating dark matter: Lightest SUSY particle
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Decaying dark matter
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Experimental results: positrons
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Positron fraction
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Fig. 6. Positron fraction data corrected for solar modulation effects ac-
cording to the Galprop conventional model. PAMELA data have been
corrected based on the charge-sign dependent model, the weighted
mean of the previously published data has been corrected based on a
charge-symmetric model using ¢ = 442 MV.
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PAMELA excess at high energies?
Theoretical calculation of the background positron fraction:
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PAMELA excess at high energies?
Theoretical calculation of the background positron fraction:
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PAMELA excess at high energies?
Theoretical calculation of the background positron fraction:
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Present situation:
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Evidence for a primary component of positrons
(possibly accompanied by electrons)

Astrophysical sources? Pulsars, SN remnants
New particle physics? DM annihilation, DM decay
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Annihilating dark matter
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Decaying dark matter

Democratic decay W —f™ ¢y
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the electron/positron excesses could be explained

by the annihilation/decay of dark matter particles.

Is this the first non-gravitational evidence of dark matter?

"Extraordinary claims require extraordinary evidence"
Carl Sagan
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High energy positrons are difficult to discriminate from protons.
And there are many more protons in cosmic rays than positrons!




Instrumental problem? @
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High energy positrons are difficult to discriminate from protons.
And there are many more protons in cosmic rays than positrons!
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Positron Fraction

» Fermi-LAT has confirmed the positron excess! Fermi coll. arXiv:1109.0521
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Astrophysical interpretations I

© Mark A. Garlick / space-art.co.uk

Atoyan, Aharonian, Volk;
Chi, Cheng, Young;
Grimani




Pulsar explanation |: Geminga + Monogem

Geminga Monogem (B0656+14)

T=370 000 years T=110 000 years
D=157 pc D=290 pc



Pulsar explanation |: Geminga + Monogem
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Nice agreement. However, it is not a prediction!
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* Energy output in e+e- pairs: 40% of the spin-down rate (!)




Pulsar explanation Il: Multiple pulsars [kl
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More later about
the dark matter explanations to

the electron/positron excesses



Gamma rays



Production of gamma-rays

The gamma ray flux from dark matter annihilation/decay has two components:

* Inverse Compton Scattering * Prompt radiation of gamma rays
radiation of electrons/positrons produced in the annihilation/decay
produced in the annihilation/decay. (final state radiation, pion decay...)

» Always smooth spectrum. * May contain spectral features.



Inverse Compton Scattering radiation

The inverse Compton scattering of electrons/positrons from
dark matter annihilation/decay with the interstellar and
extragalactic radiation fields produces gamma rays.
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E
Ees1TeV ET*SZL( e) Ef}x
Me

Interstellar radiation field (starlight,

thermal radiation of dust, CMB) This produces

E,n< 100 GeV



Production rate of gamma rays due to IC scattering of ¢* on the ISRF:
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Production rate of gamma rays due to IC scattering of ¢* on the ISRF:
et 1+ v — et + o4

dRX(7) > > do'“(E,, €)
N ue | ak 29 ¢ (o, 7) fisrr(e, 7
T | e/ T et (B ) (7

Number density of
photons of the ISRF

Dust radiation
CMB Starlight

/. ISRF

Energy Density

— PR TR | PRI . T |

0.1 1 10

10-% 0001 001

energy [eV]



Production rate of gamma rays due to IC scattering of ¢* on the ISRF:
et 1+ v — et + o4
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Production rate of gamma rays due to IC scattering of ¢* on the ISRF:

6i—|—')/—>ei—|—’}/*

dR(7) > > ar.—;r"i(E €)
! — d dF, (E.. ™) fispr(e. T

Number density of
electrons/positrons.
— Transport equation.

J
OF,

0= OJe =V [I{(EE:avfe*] + [b(EEv F)fe*] -V [ﬁﬂ(ﬂfei] - ghﬁ(z)rannfei + QoM (Eﬂw r)

ot

For electrons with E>10 GeV, the transport equation is dominated by the
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Production rate of gamma rays due to IC scattering of ¢* on the ISRF:
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Production rate of gamma rays due to IC scattering of e* on the ISRF:
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Finally, the differential flux in the direction (/, b)
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Prompt radiation
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Prompt radiation
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Prompt radiation: Effect of substructures
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Prompt radiation

d.J dJ.
——({) )
dE, dE,

Halo component

Summary:
* Depends on the dark matter
profile. Strong dependence in the
direction of the galactic center
and mild at high latitudes (|b|>10°)
e Even if the profile is spherically
symmetric, the flux at Earth depends on
the direction of observation.



Prompt radiation

dJ dJyalo
—(Q) = Q)
dE,T( ) dE, ( %

Extragalactic component

e [sotropic



Prompt radiation

dJ th::LlD
— () = (2
dl, dl,
Extragalactic component
e [sotropic

» Redshifted

Annihilation @2 _ € (Tamn QDM’OC/ (EH 1 V, (1 + 2)E, o~ T(Eq.2)
E, 4m 2 M dE.,

Decay dJeg _ ¢ Qpmpe / d> 1 Ny (14 2) E,] o~ T(Ex.2)
dE-g,. 4 mMpMTDM - dFE .}.



12.8 Gyr ago 12 Gyr ago

10.3 Gyr ago 6.8 Gyr ago

3.4 Gyr ago




Prompt radiation
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Extragalactic component
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Prompt radiation

dJ th::LlD
—(Q) = 0
dET( ) dl, (
Extragalactic component
e [sotropic

» Redshifted
e Attenuated due to pair production yy—e'e”
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Prompt radiation

dJ dJyalo
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Extragalactic component

e [sotropic
 Redshifted
e Attenuated due to pair production yy—e'e”
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Impact of attenuation: decaying dark matter
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o o 5 Baltz et al.
Where to look for annihilating dark matter i, -0s06 2911
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o o . Baltz et al.
Where to look for annihilating dark matter i, -0s06 7911

log N,
2.0

1.5
1.0
o5

~ /0.0

-0.5

,, 1 ncer
Very good statistics
Source confusions
Uncertainties in diffuse
background modelling

-1.5

Kuhlen, Diemand, Madau




o o . Baltz et al.
Where to look for annihilating dark matter i, -0s06 7911
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Where to look for annihilating dark matter i, -0s06 7911
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o o . Baltz et al.
Where to look for annihilating dark matter i, -0s06 7911
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Diff ic emission

Divide the sky in different regions:
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Divide the sky in different regions:




Diff ic emission

Divide the sky in different regions:

- Galactic poles




But beware of backgrounds when searching for dark matter...

Background I: sources

-/ The Fermi LAT 1FGL Source Catalog

= el

Sonin Te

pre SNR
AGM-Blazar s ind
| AGN-MNon Blazar
' No Association ] Starburst Galaxy PSR w/iPWN
[] Possible Association with SNR and PWN Galaxy Globular Cluster
Possible confusion with Galactic diffuse emission > HXB or MQO

Credit: Fermi Large Area Telescope Collaboraticn



Background Il: modelling of the diffuse emission

Inverse compton

bremmstrahlung

n%-decay
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2

Conservative approach: demand that the flux from dark matter
annihilations does not exceed the measured flux
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DM DM = uu. Einasto profile
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Name Distance year of Mj;2/Li2 1 b Eef
(kpc) discovery ref 8

Ursa Major 1I 30+ 5 2006 40001370 15246 3744 12
Segue 2 35 2009 650 1494  -38.01 3
Willman 1 38+ 7 2004 770+530 15857  56.78
Coma Berenices 44+ 4 2006 llﬂﬂfgg[)g 2419 836 1.2
Bootes II 46 2007 1800077 35369 6887 6.7
Bootes I 62+3 2006 170071400 35808  69.62 6
Ursa Minor 66+ 3 1954 zgﬂjgg’g 10495 4480 45
Sculptor 79+ 4 1937 1878 28715 -83.16 45
Draco 76+ 5 1954 200780 8637 3472 459
Sextans 86+ 4 1990 1zﬂ35§ 2434 422 4.5
Ursa Major [ 07+4 2005 13&&1%}"“‘ 15943 5441 6
Hercules 13212 2006 14{1{111-%“‘ 2873 36.87
Fomax 138+ 8 1938 S.Tii-% 2371 657 45
Leo IV 16015 2006 lﬁﬂ‘m%’[" 26544 5651 6

200

High mass-to-light ratio:
dwarf galaxies contain large
amounts of dark matter

Relatively close



Assume a Navarro-Frenk-White dark matter halo profile inside

the tidal radius:

p ,
Ps '-'"f

o(r) = 4 7 2 for r <ry

k(] for r > r
Name Ds e JNEW

(M pe™ ) [(kpe) [(LOY GeVEemn™?)

Segue 1 1.65 0.05 0.97
Ursa Major 11 0.17 0.25 0.57

Segue 2 0.61 0.06 0.1
Willman 1 0.417 0.17 0.84
Coma Berenices 0.232 0.22 0.42
Usra Minor 0.04 0.97 0.35
Sculptor 0.063 0.52 0.12
Draco 0.13 0.50 0.43
Sextans 0.079 0.36 0.05
Fornax 0.04 1.00 0.11

\

JW) = [ AW IW)



Flux upper limits
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Fermi coll.
arXiv:1001.4531



Constraints on annihilating WIMPs

MELGRA — Ua === Diraco
10° \"T'}H"-LW“LF::'E Coma Baenices === Sesdans
10*

51‘1 0
E .
‘01 02 T
o
=
=10k
A
>
v o1
10
10*
103"
E
g | M2 0 = Ohraco
r Coma Berenices »an Sextans
10° UM Fomax
i Soulplor " Bootes |
— [ == aluza-Klein Models
ni’"1 o E e
E L L et
(%] _
o106
_: =
>
=
V12
| =

307 4107 5107
My, (GeV)

MSEM
WHAP compatible
bedow WHAP

My, (GeV)

| a0l = irgen
Coma Berenices sem Saxtans
— UMi
Sculiptor
= AMSE Models

===Fomax

nmBaetes |

10*

Fermi coll.
arXiv:1001.4531



{u*v}[f_lﬂ'“cmas"]

Closing in light WIMP scenarios from dwarf galaxy observations
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Gamma-ray features

Strategy: search for a feature in the gamma-ray spectrum which
cannot be mimicked by any (known) astrophysical source:

* If not observed — strong limits on models
(background substraction very efficient)
o |If observed, unequivocal sign of dark matter

Virtual Internal

Gamma-ray lines Gamma-ray boxes Bremsstrahlung



Produced in the annihilation DM DM - yy

Predicted to be fairly intense in some concrete models

e Inert Higgs

x2d N, /' dax

001 01
x = FE,/myo

8
EE -9
— 0L

! ! ! ! | ! ! ! ! ! ! ! ! | ! ! ! ! | ! ! ! !
f IDM: NFW, -_mxm‘j, ¢T5f=?% 1
- i ]
- |I I| 50 GeV, boost ~10% .

70 GeV, boost ~100

HESS:AN=10""]

I1III2IIII3IIII4
Log(E-, [CGeV])

Gustafsson, Lundstrom, Bergstrom, Edsjo



Produced in the annihilation DM DM - yy

Predicted to be fairly intense in some concrete models

 Dirac fermion coupled toa Z

1071 i M,=100 CeV (g, T =g =3y M,=105 CeV (g, =g =1 i 10 M=140 GeV (g, =g =0 M.=161 CeV (g " =g =1.i
- Fy Tr— Mp=220Ge¥W y b- M=140 GV y I 3 - Mp=220GeV y b- M=1T1GeV 7 T
v AN Wy T T ' { wp T ' "
1 B
Z' HESS : HEZS ;
AT ]
v/, N h

Jackson et al.
arXiv: 0912.0004



Counts / (1.42 GeV)
w
==
()

Ty

100
0 T TSN S T TR AP DU TT. Lok i ik AL LTS PO AR ST TS TUY S IO T DO ]
30 35 40 45 50
Energy (GeV)
10% £
E, 95%CLUL (ov)vy [¥Z] (1077 em®s™ 1) C Bl NFW
(GeV) (1077 em ™3™ 1) NFW Einasto Isothermal C B Einasto

30 35 0.3 2.0 0.2 [1.0] 0.5 [4.5] B !!If'““““"'
40 45 0742 0.5 [3.0] 1.2 [7.2] . A
50 2.4 0.6 [2.7] 0.4 [1.9] 1.0 [4.6]
60 3.1 1142 0.8 [3.0 1.8 [7.3] .
70 1.2 D 6 [2.0] 0.4 [1.4] 1.0 [3.4] —~10% —
80 0.9 5 [1.7] 0412  0.9][29 » -
90 2.6 2 0 [6.0] 1.5 [4.3] 3.5 [10.3] E -
100 1.4 1 [3.8] 1.0 [2.8] 2.4 [6.6] = -
110 0.9 10[ 7] 0.7 [1.9] 1.7 [4.6] oL
120 1.1 6 [4.0] 1.1 [2.9] 2.7 [6.9] >
130 1.8 30 [7.3] 2.1 [5.3] 5.1 [12.6] ¥
140 1.9 5 [8.4] 2.5 [6.0] 6.0 [14.3] 107 =
150 1.6 5 [8.2] 2.5 [5.9] 6.0 [14.1] -
160 1.1 7 [6.3] 2.0 [4.5] 4.7 [10.9] -
170 0.6 7 [4.0] 1.3 [2.9] 30 [6.8] -
180 0.9 7 [6.1] 1.9 [4.4] 16 [10.4]
190 0.9 2 [7.1] 2.3 [5.1] 5 [12.2] i
200 0.9 3 [7.3] 24 [5.2] "T[l?_‘a] 10-28|||||||||||||||||||||||||||||||||||||||||

20 40 60 80 100 120 140 160 180 200
) Energy (GeV)
Fermi coll.

arXiv:1001.4836
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A Tentative Gamma-Ray Line
from Dark Matter Annihilation

at the Fermi Large Area Telescope
Christoph Weniger

Max-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Miinchen, Germany

E-mail: weniger@mppmu.mpg.de
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arXiv:1204.2797
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A Tentative Gamma-Ray Line
from Dark Matter Annihilation
at the Fermi Large Area Telescope

Christoph Weniger

Max-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Miinchen, Germany

E-mail: weniger@mppmu.mpg.de
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A Tentative Gamma-Ray Line
from Dark Matter Annihilation
at the Fermi Large Area Telescope

Christoph Weniger

Max-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Miinchen, Germany

E-mail: weniger@mppmu.mpg.de

Annihilation cross-sections (ULTRACLEAN)
| | | | | |
Contr. «=1.15

For Einasto halo profile,

my = 129.8 +2.471], GeV
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Consider the cascade decay: DM DM - ¢ ¢
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Consider the cascade decay: DM DM - ¢ ¢
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internal Bremsstrahlung Bersstom

Flores, Olive, Rudaz

\// \rq \/
R N SRy

— pp () (my/my)? = 1.1

Bringmann et al.
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. Bertone et al.
Where to look for decaying dark matter i, 0709 2299

A priori, same targets as for annihilating dark matter:

 Diffuse galactic background (galactic center, galactic halo)
» Dwarf galaxies.

e Clusters of galaxies.

e Isotropic (“extragalactic”) background.

 Gamma-ray lines.
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A priori, same targets as for annihilating dark matter:

 Diffuse galactic background (galactic center, galactic halo)
» Dwarf galaxies.

e Clusters of galaxies. <

» Isotropic (“extragalactic”) background. <
 Gamma-ray lines.
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& Sreckumaret al. 1998
B SME 2004
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m=3000 GeV, 1=2.1x10% s.

Average flux, excluding galactic disk



10%

DM —= "y u DM —= u™ g™

10°°

Ty sl
Ty [s]

TIT}"

10° 10° 10*
my [GeV] m, [GeV]

Zhang et al.



T

Il

10°

10°

Lower limits on DM decay

rate; 95% C.L.

2 Tln'l-’ }IEJ‘EF

| — — Combined A1060 — NGC4636
[ —— Tornax —_ AWDMT NGC5813
L —— (Coma — Sf36 0 m--- EGBG i
[—— A1367 ]
1 1 1 1 11 1 I 1 1 1 1 1 11 1 I 1 1 1 1 1 11 1
10° 10* 10

iy, GeV|

107"
0
e
0%
10%

Lower limits on DM decay rate; 95% C.L.

;— - Combined A1060 — NGC4636 ;
[—— Fornax —_— ATWNT NGCHRLS ]
[—— Coma — S35 000 m--- EGBG ]
—_— AL3GT
1 I 1 1 1 1 1 1 1
10* 10"

my, [GeV]
Huang et al.



Inequivocal sign of dark matter. No (known) astrophysical source can
produce a gamma-ray line

Predicted to be fairly intense in some concrete models

e Gravitino in general SUSY models
(without imposing R-parity conservation)

Sreekumar et al. —e—|
Strong etal. —e—

107 ¢

m=200 GeV
T=7%10%s

“"‘I
~
-

b

E? dJ/dE [(cm? str ) GeV]

Buchmuller et al.
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Inequivocal sign of dark matter. No (known) astrophysical source can
produce a gamma-ray line

Predicted to be fairly intense in some concrete models

e Vector of a hidden SU(2).

1107 1 . . . &= .

5x10°5F i

2 | m=600 GeV
T 1x10°% 1

2 f ] =1.1x10% s
r_:.;;bxllil r
%wm 3
"35*1'1"3;‘ Arina, Hambye,
Al, Weniger
X 10 o T T 00 1000 —
Energy |GeV|
m  hn  hh YN Zn vh Zh

Branching Ratios| - 0.04 0.62 0.002 0.003 0.15 0.18




Inequivocal sign of dark matter. No (known) astrophysical source can
produce a gamma-ray line

Predicted to be fairly intense in some concrete models

e Vector of a hidden SU(2).

m=1550 GeV
ol 1=1.6x107 s

Arina, Hambye,
Al, Weniger

-8 L1 Lol | Lol Lo L
1x107 07 1 10 100

Energy [GeV]
Zn N Zh vh
Branching Ratios| 0.028 0.79 0.041 0.14




E, 95%CLUL T [vZ] (1078 5)
(GeV) (1072 em2s71) NFW Einasto Isothermal
30 35 17.6 [4.2] 17.8 [4.2] 17.5 [4.2]
40 1.5 10.1 [2.9] 10.3 [2.9] 10.0 [2.9]
50 2.4 15.5 [5.0] 15.7 [5.1] 15.4 [5.0]
60 3.1 9.8 [3.5] 10.0 [3.5] 0.7 [3.5]
70 1.2 21.6 [8.2] 21.9 [8.3] 21.5 [8.1]
80 0.9 26.0 [10.4] 26.4 [10.5] 25.8 [10.3]
90 2.6 7.7 [3.2] 7.8 [3.2] 7.6 [3.1] —
100 1.4 12.6 [5.4] 12.8 [5.4] 12.5 [5.3] 2
110 0.9 18.9 [8.2] 19.2 [8.3] 18.8 [8.2] =
120 1.1 13.3 [5.9] 13.5 [6.0] 13.2 [5.9] A
130 1.8 7.6 [3.4] 7.8 [3.5] 7.6 [3.4] -~
140 1.9 7.0 [3.2] 7.1 [3.3] 7.0 [3.2]
150 1.6 7.5 [3.5] 7.6 [3.5] 7.4 [3.4]
160 1.1 10.2 [4.8] 10.4 [4.8] 10.1 [4.7]
170 0.6 17.0 [8.0] 17.2 [8.1] 16.9 [7.9]
180 0.9 11.6 [5.5] 11.8 [5.6] 11.6 [5.4]
190 0.9 10.4 [4.9] 10.5 [5.0] 10.3 [4.9]
200 0.9 10.6 [5.1] 10.8 [5.1] 10.5 [5.0]

Fermi coll.

arXiv:1001.4836
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Lower limits on DM inverse decay width into v (halo region)

® Our analysis
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Inequivocal sign of dark matter. No (known) astrophysical source can
produce a gamma-ray line

Predicted to be fairly intense in some concrete models

e Gravitino in general SUSY models
(without imposing R-parity conservation)

Sreekumar et al. —e—
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Conclusions

m We have entered an era where indirect searches provide strong constraints
on the dark matter properties. Or from the optimistic point of view,
there exists (perhaps for the first time) a discovery potential.
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Conclusions

m We have entered an era where indirect searches provide strong constraints
on the dark matter properties. Or from the optimistic point of view,
there exists (perhaps for the first time) a discovery potential.

m A few anomalies have been reported, which can be interpreted

as originated from dark matter annihilations/decays. Very exciting,
but caution should prevail over excitement. Look for smoking guns
and for correlations in signals in different channels/energies.

m Bright future in indirect dark matter searches: AMS-02, IceCube,
CTA... New surprises (and new challenges) are surely awaiting us.
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