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Introduction

Many pieces of evidence for particle dark matter. However, very little
1s known about the properties of the dark matter particle:

Spin: 0 or 1/2 or 1 or 3/2 (possibly higher 1f composite)

Parity: + or —
Mass: 107 GeV — 105 GeV
(axions) (WIMPzillas)

Interaction cross section with nucleons: 107* pb — 107 pb
(gravitinos) (neutralinos)

Self-annihilation cross section: 107* pb — 107 pb
(gravitinos) (neutralinos)

Lifetime: 10° years — infinity



DM nucleus — DM nucleus

DM DM — v X, e*e ... (annihilation) pp —> DM X
DM — v X, ¢*X... (decay)



DM DM — y X, e*e ... (annihilation)
DM — v X, ¢*X... (decay)




Dark matter annihilations?

Guaranteed for thermal relics (WIMPs)

EarIYUniverse 3 ]. I T TTTIII I T TTTITI I T TTTI
& 2
5 107
5 %8_5 increasing
Q 10‘2 <gv>
= 19 ¥
S 10-9
ap 1010 oY
£ 1071
5 10-1 b
E %8—14 | |||||||l | ||1|[||| NN
3 1 10t 10% 103

time——

m /T

3 % 107%%¢cm3g—1

Q[}Mhz ~0.11 %

<Uann U}




Dark matter annihilations?

Guaranteed for thermal relics (WIMPs)

Today

Typical value of the velocity weighted
annihilation cross-section

Target value for experiments




Note however that in some scenarios the annihilation cross section
today can be very different to the annihilation cross section at
the time of freeze-out.

Decompose the annihilation cross section as:
(ov) = a + bv”

Assume now that a = 0. Then, the cross section strongly depends
on the velocity of the dark matter particles
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Freeze-out (’U2>

Galactic center v ~ 1073
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e Consider the annihilation DM DM — f/, with DM a Majorana fermion
or a scalar particle
i Ju

— - - > J=

In the limit v — 0,
no preferred direction

J =0



e Consider the annihilation DM DM — f/, with DM a Majorana fermion
or a scalar particle
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Rate of DM DM — f f_ suppressed by (mf/mDM)2 if v=0. Otherwise by 1*.



e Consider the annihilation DM DM — f/, with DM a Majorana fermion
or a scalar particle

-< f L f L > J =1
—» - — {— g
In the limit v — 0, B
no preferred direction i ok
J =0 < > > J =0
& | < >

Rate of DM DM — f f suppressed by (m,/mpy,)* if v=0. Otherwise by v*.

e Relative contributions to the velocity weighted annihilation cross section
(ov) = a + bv* for annihilations into light fermions:

106 for electrons
2
For m=300 GeV, —

2 2 .2
bv MU

~ ¢ (0.1 for muons

107 for up-type quarks

\

) (0V)gc ~ 3 X 107%(ov)to. ~ 1077 cm’s™

Indirect detection hopeless?? Not really... higher order effects become important.



e Consider the annihilation DM DM — /¥, with DM a Majorana fermion
or a scalar particle and /" a vector

—
-
In the limit v — 0, —
no preferred direction J =0
J,=0 No suppression by mass insertion.

Suppressed, however, by the
extra coupling constant and by

the 3-body phase space. Bergstrom
Flores, Olive, Rudaz

For annihilations into light fermions, the dominant annihilation channel
today can be DM DM — f 1V, while at the time of freeze-out, DM DM — f1°

Target cross section for this class of scenarios, instead of 3x1072°cm’s™.



Dark matter decays?

No matter particle is guaranteed to be stable

particle Lifetime Decay channel Theoretical justification
. Accidental
proton |7>8.2x10° years p—et Baryon number conservation symmetry
electron |7>4.6x10% years e oYV Electric charge conservation Local
neutrino | 7z10'* years Vo vy Lorentz symmetry conservation || SY™Mery
neutron | 7=885.7+0.8s | n »p v, e |Isospin symmetry mildly broken.




Dark matter decays?

No matter particle is guaranteed to be stable

particle Lifetime Decay channel Theoretical justification
. Accidental
proton |7>8.2x10° years p—et Baryon number conservation symmetry
electron |7>4.6x10% years e oYV Electric charge conservation Local
neutrino | 7z10'* years Vo vy Lorentz symmetry conservation || SY™Mery
neutron | 7=885.7+0.8s | n »p v, e |Isospin symmetry mildly broken.
dark matter =10° years 77?7 ?7?7?

It 1s conceivable that the dark matter particle 1s long lived due to an
accidental symmetry of the renormalizable Lagrangian (as for the proton).

Higher dimensional operators may induce the dark matter decay (as for the proton).
For a dimension six operator suppressed by a large scale M,

e [ TeV '\’ Mo\
1 ~ 10%%s
DM i (-m.w) (1015(‘;@\/)




Indirect dark watter searches
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Production of gamma-rays

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

e Prompt radiation of gamma rays e [nverse Compton Scattering
produced in the annihilation/decay radiation of electrons/positrons
(final state radiation, pion decay...) produced 1n the annihilation/decay.

e May contain spectral features. e Always smooth spectrum.



Prompt radiation
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Prompt radiation
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Prompt radiation: Effect of substructures

dJ dJ,
—(©) -
dE, dE.,

Halo component

"-Tannt d \’ f Y T M
“(1)dl
2miyy ffE : .L.S.ﬂ ©

(& J \ J
Y Y

Source term Line-of-sight integral
(particle physics) (astrophysics)

A A
4 W4 \

Annihilation dJ l
qu_r. 47

d.J 1

Decay dE., T 4 [’TDM MpM ; E,




Prompt radiation

d.J dJ.
——= () -
dE, dE,

Halo component

Summary:
e 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 1s spherically
symmetric, the flux at Earth depends on
the direction of observation.



Prompt radiation
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Prompt radiation
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Prompt radiation
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Prompt radiation
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Extragalactic component

e [sotropic
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Prompt radiation

dJ o d.J, halo
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Extragalactic component

e [sotropic
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Impact of attenuation: decaying dark matter
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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.

_i: j: K
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. . Baltz et al. arXi1v:0806.2911
Targets for indirect dark matter searches .. = .. i 07002200
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Targets for indirect dark matter searches .. = . .1 i 07002200
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. . Baltz et al. arXiv:0806.2911
Targets for indirect dark matter searches .. = . .1 i 07002200
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. . Baltz et al. arXiv:0806.2911
Targets for indirect dark matter searches .. = . .1 i 07002200

Spectral features

. No astrophysical uncertainties
“§&8 “Smoking gun”
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Diffuse Galactic emission

Divide the sky in different regions:
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Diffuse Galactic emission

Divide the sky in different regions:

- 10°x20°




Diffuse Galactic 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

5 _. 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 II: modelling of the diffuse emission

Inverse compton

bremmstrahlung

n’-decay




Conservative approach: demand that the flux from dark matter
annihilations does not exceed the measured flux
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av [em®fs]

DM DM = uu. Einasto profile
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Diffuse Galactic emission

“Adaptative method”
< maximize S/B
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Limits on the dark matter lifetime from measurements of the

diffuse gamma-ray background
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Dwarf spheroidal galaxies




Name Distance year of Mi;2/L12 1 b Eef
(kpc) discovery ref 8

Ursa Major II 30+ 5 2006 400073]% 15246 3744 12
Segue 2 35 2009 650 1494  -38.01 3
Willman 1 38+ 7 2004 770+530 15857  56.7%

Coma Berenices ~ 44= 4 2006 11ﬂﬂf§gﬁg 2419 836 1.2
Bootes II 46 2007 1800077 35369 6887 6.7
Bootes I 62+3 2006 170071400 358 08  69.62 6

Ursa Minor 66+ 3 1954 gga1§§3 10495 4480 45
Sculptor 79+ 4 1937 18+9 28715 -83.16 45
Draco 76+ 5 1954 200+50 8637 3472 459
Sextans 86+ 4 1990 1zﬂ35§ 2434 422 45
Ursa Major I 97+4 2003 13ﬂﬂjf§,["ﬂ' 15943 5441 6
Hercules 132+12 2006 14{1&11-%"' 2873 3687
Fornax 138+ 8 1938 B.Tii-% 2371 -657 45
Leo IV 16015 2006 lﬁﬂ‘mﬁ'ﬂ' 26544  56.51 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:
( 38 ?":E? .
o) = 4 T(?‘Z e for v <r,
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) = f AW W)
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Constraints on annihilating WIMPs
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Closing 1n on light WIMP scenarios from dwarf galaxy observations
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DM lifetime [5]
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Limits on the dark matter lifetime from dwart spheroidal observations

3
Ln

/

1024

bb final state - constraints from dSph (M ,)

|

Ursa Minor
TUrsa Major I

Bootes I
Sextans

Tomax Galactic + EG

Sculptor Previous Constraints
Coma Berenices

100 1000
DM mass [GeV]

DM lifetime [s]

UHU— final state - dSph, withour IC

— Ursa Minor PAMELA

—— Ursa Major I

— Bootes 1
Sextans

IRRRRLLI
g8

—
=
13
L
\
I

1{}24 _E
| Galactic + EG = ]
o L Previous Constrainty ) OSSN
100 1000 10000

DM mass [GeV]

Dugger, Jeltema, Profumo



DM lifetime [5]
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Galaxy clusters

Cluster RA Dec. J (10" GeV? em—5)
AWM 7 13.6229 41.5781 0.0172 - g
Fornax 51.6686 -35.3103 0.0046 6.8119
M49 187.4437  7.9956  0.0033 ¥t
NGC 4636 190.7084  2.6880  0.0031 43703
Centaurus (A3526) 192.1995 -41.3087 0.0114 g
Coma 194.9468 27.9388  0.0231 B e

Flux upper limits
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Constraints on the WIMP annihilation cross section
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Constraints on the dark matter lifetime

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

e If not observed — strong limits on models
(background substraction very efficient)

e [f observed, unequivocal sign of dark matter

am

Gamma-ray lines Gamma-ray boxes Virtual Internal

Bremsstrahlung



Gamma-ray lines

Produced 1n the annihilation DM DM — vy

On general grounds, fairly suppressed in dark matter annihilations.
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Gamma-ray lines

Produced 1n the annihilation DM DM — vy

Predicted to be fairly intense in some concrete scenarios

o Inert Higgs

0.1
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Gamma-ray lines
Produced 1n the annihilation DM DM — vy

Predicted to be fairly intense in some concrete scenarios

e Dirac fermion coupled to a Z'

el M,=100 GV (5T =g =3 M, =105 GV (g, =g =1 |
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arxXiv: 0912.0004



Gamma-ray lines
Produced also in the decay DM — y v

Predicted to be fairly intense in some concrete scenarios. No suppression.

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

Sreekumar et al. s
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Gamma-ray lines

Produced also in the decay DM — y v

Predicted to be fairly intense in some concrete scenarios. No suppression.

e Vector of a hidden SU(2)

1>;1|:r5§ &

5%10°° - i
— I
[ m=600 GeV
— -6 .
_1x10 [I =1.1%x10%g
S5x107°r ]
S1x107F
5% 107 Arina, Hambye,

Al Weniger
ot L N L arXivi0912.4496
0.1 1 10 100 1000 10*
Energy |GeV]
nm hn  hh N A vh Zh

Branching Ratios| - 0.04 062 0.002 0.003 0.15 0.18




ma-ray lin
Produced also in the decay DM — y v

Predicted to be fairly intense in some concrete scenarios. No suppression.

e Vector of a hidden SU(2)
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amma-rayv lin

The Fermi collaboration has searched
for lines in the region |b[>10° plus

a 20°x20° square centered at the
Galactic Center

Flux upper limits from DM DM — yy
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-+ annihilation cross section (enr's—1)

Gamma-ray lines

Limits on the annihilation cross section DM DM — y vy, Zy
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amma-rayv lin

Limits on the annihilation cross section DM DM — y vy, Zy
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Gamma-ray lines

Limits on the lifetime DM — y v
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amma-rayv lin

Limits on the lifetime DM — yv
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Gamma-ray lines
Produced also in the decay DM — y v

Predicted to be fairly intense in some concrete scenarios

e Gravitino in general SUSY models
(without imposing R-parity conservation)
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Gamma-ray lines. A hint for a signal?
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Gamma-ray lines. A hint for a signal?

Reg?, wmy, =149 GeV
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Gamma-ray lines. A hint for a signal?

Annihilation cross-sections (ULTRACLEAN)

, fnd =17
<G"L>XX Ly (CIMT S

107
1072
10720

10-2?

107"

1072° !

=+« FKinasto I
: ¢

I S R

= = Cored Isothermal =+ Contr. «a=1.15
= = NFW —  Contr. «=1.3

R e - (= N D cuu &
AREE e T T K= J
S et S i Tt
[ | ! I | P
— ! I_'_ -
| I ¢ =
| o | ! Il
L | | | L |
Regl Reg2 Reg3 Regd Regh prev. UL

For Einasto halo profile,

m, = 129.8 + 24717, GeV

(o) = (1.27 £ 0.3210-8) x 10-% cm? 57!

4.6 o (3.3 o including LEE)

Weniger
arXiv:1204.2797



Consider the cascade decay: DM DM — ¢ ¢
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ma-rav ‘box

Consider the cascade decay: DM DM — ¢ ¢
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ma-ray “box
Consider the cascade decay: DM DM — ¢ ¢
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1 internal Brem

]

Bergstrom
Flores, Olive, Rudaz

In the case of Majorana dark matter annihilations into light fermions,
the 2 — 3 process can have a larger cross section than the 2 — 2 one.
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Conclusions

m We have entered an era where indirect searches provide strong constraints
on the dark matter properties.

m Experiments are starting to probe regions of the parameter space
where a signal could be expected. Discovery potential?

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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