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detection
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étection searches

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




Direct detection
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pp > DM X

detection
DM DM — y X, e*e~... (annihilation)
DM — v X, e*X... (decay)
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Indirect dark watter searches

General idea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons or

(anti-)neutrinos.
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Indirect dark watter searches

General idea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons or

(anti-)neutrinos.

2) These particles propagate through the galaxy and through the
Solar System. Some of them will reach the Earth.




Indirect dark watter searches

General idea:

1) Dark matter particles annihilate or decay producing a flux of
stable particles: photons, electrons, protons, positrons, antiprotons or

(anti-)neutrinos.

2) These particles propagate through the galaxy and through the
Solar System. Some of them will reach the Earth.

3) The products of the dark matter annihilations or decays are detected
together with other particles produced in astrophysical processes

(for example, cosmic ray collisions with nuclei in the interstellar medium).
The existence of dark matter can then be inferred if there 1s a significant
excess 1n the fluxes compared to the expected astrophysical backgrounds.



Indirect dark watter searches

Production ) ( Antimatter

Propagation > of < Gamma-rays

Detection (Neutrinos



Antimatter



Production

The production 1s described by the source function: number of particles
produced at a given position per unit volume, unit time and unit energy.
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Propagation

A h=100 pc
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Propagation

1-15 kpc



Propagation

L=1-15 kpc

0=~ KAV ]+ elo(T7) 1]~V [Vi(F) f] — 2h6() o f + QT )

f : number density of antiparticles per unit kinetic energy

interstellar antimatter flux:

dN v

IS _ _
PHT) = dtdS dT dQ) 4 (T)




Propagation

L=1-15kpc

0= -V K@AV 4 BT 1]~V V(7 f] — 28 oo [ QT 7
1 p2(7) dN o
5 - (ov) -7 dark matter annihilation
Source term  Q(T,7) = < o
() dark matter decay
\ '"'DM TDM dE




Propagation

| L=1-15 kpc

0= 2L — V(K (T.AVS) + BT ]~ V- V() ]~ 20

L p*(7)
2 My

dN

(ov) - dark matter annihilation

p(r) 1 dN
mpw TDM dE

dark matter decay



Propagation

| L=1-15 kpc

0= -V K@AV 4 BT 1]~V V(7 f] — 28 oo [ QT 7
1 p*(7) dN o
5 - (ov) T dark matter annihilation

Source term  Q(7,7) =
p(r) 1 dN

‘ — dark matter decay




Propagation

0= — [KTAV {4 (T 7] —vmm@(m .

Negligible for positrons.

Annihilation term :
For antiprotons,

Cann = (nu + 4%/ EHHE]D';;HUﬁ .

661 (1 +0.0115 T7%7 — 0.948 T*"51) mbarn , T < 15.5 GeV |

o (T) = { 36 T—°5 mbarn , T>155GeV. Tan Ne



Propagation

0= VKTV TR 1 V-V 1] | 205 P + QT

Convection term  ® Due to the Milky Way galactic wind.
e [t drifts particles away from the Galactic disk.
e Difficult to model. Assume:

V.(7) = Ve sign(2) k



Propagation

0=~ KTAVI | (TR 1] T Vi) 1]~ 256() o f + QT )

* Due to inverse Compton scattering on the interstellar
radiation field (starlight, thermal radiation of dust, CMB)
and synchrotron radiation.

e Negligible for antiprotons and antideuterons
e Can be modelled

Energy loss term



e Energy loss due to Inverse Compton scattering: ey — e'y

00 Elﬂa-x :[C
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of photons in ISRF
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01=0.67 barn — Compton scattering cross section energy [eV]
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in the Thomson limit,
e Energy loss due to synchrotron radiation:
4 B?
2 B = 6pGexp(—|z|/bkpe — r/20kpc)

bsync(Ee: F) - gO'T"]/e 7




e Energy loss due to Inverse Compton scattering: ey — e'y
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in the Thomson limit. Porter et al.



df ad
0=% AV [K(T,)V 1] 5 BT, f] ~ V- [Vo(7) 1]~ 26()Caanf +QUT, 7).

Diffusion term * Due to the tangled magnetic field of the Galaxy.
e Difficult to model. Assume

B 5 B = velocity
KT =Ho AR [7{ - rigidity}



L [kpc]

K, 0,V (as well as L) must be determined with measurements

of other cosmic ray species (mainly B/C ratio).
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Propagation inside the Solar System

In the “force field approximation”,the flux
at the top of the atmosphere (TOA)
is related to the interstellar flux (IS) by

E2
OO (Eroa) = ETDA L (Fig)
IS

Eis = Evoa + OF

,

solar modulation parameter
$=500 MV — 1.3 GV
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Cosmic ray proton spectrum as measured
by BESS, AMS-01 and PAMELA

Galprop unmodulzted local interstellar spectrum
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Experimental results: antiprotons
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PAMELA collaboration
arXiv:1007.0821

Fairly good agreement between the measurements
and the theoretical predictions from collisions of
cosmic rays on the interstellar medium p p — p X




Expectations from theory

A concrete example 1n the minimal supersymmetric standard model.
TeV %1072 cm’s~!
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Expectations from theory

A concrete example 1n the minimal supersymmetric standard model.
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Expectations from theory

A concrete example 1n the minimal supersymmetric standard model.
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Expectations from theory

A concrete example 1n the minimal supersymmetric standard model.
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Experimental results: positrons
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Expected from “secondary production”,
namely collisions of cosmic rays on the
interstellar medium (p p — ¢* X).
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Experimental results: positrons

o(e) 1 (d(e)* d(e))

Positron fraction
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Experimental results: positrons

(€)1 (p(e’)+ dle )

Positron fraction
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Experimental results: positrons
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Movre puzzles: the electron+positron flux

[ T T T T 1 | T T T T T T T T |
o AMS (2002)
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| % PPB—BETS (2008) A Kobayashl (1999) 4
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@ FERMI (2009) & BETS (2001) -

100

E*J(E) (GeV*m™s'sr™)

_ _ _ _ conventional diffusive model

10 100 1000
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Abdo et al.
ArXiv:0905.0025



E*J (E) (Ge\"zm"zs"'sr_1)

Present situation:

r HEAT Eznm; ¥ HESS (2009)
L A BETS

O AMS-01 (2002)
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7 HESS (2008)
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Evidence for a primary component of positrons
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(possibly accompanied by electrons)
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Dark matter interpretation

An electron/positron excess could arise from dark matter annihilations ...

XX — ptp
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... or dark matter decays

“Democratic” decay y—f { "y
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Al, Tran, Weniger
arXiv:0906.1571



DM DM - u*p~, Einasto profile DM - u*u, Einasto profile

10 1077 ¢ ELA and FERMI
. [
2 10%0 |
= L
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5 E 102
E dl.} E
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radio E 1[}24
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Zﬁr Il B B B B BB =B = = 1 1023
1{}_ 1 1 1 L1 1 1111 1 1 L1 1 1111 1 1 E

102 10° 104
DM mass in GeV DM mass in GeV

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

"Extraordinary claims require extraordinary evidence"
Carl Sagan



Beware of backgrounds!
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Pulsars are sources
of high energy
electrons & positrons

Atoyan, Aharonian, Volk '95
Chi, Cheng, Young '95
Grimani '04




Pulsar explanation |: Geminga + Monogem

1 arcmin

Geminga

T=370 000 years
D=157 pc

Monogem (B0656+14)

T=110 000 years
D=290 pc



Grasso et al.

Pulsar explanation |: Geminga + Monogem
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Nice agreement. However, 1t 1s not a prediction!
« dN /dE oc E " exp(-E /1100 GeV)

 Energy output in e'e” pairs: 40% of the spin-down rate



Pulsar explanation Il: Multiple pulsars [kl

| HEAT Ezum
| A BETS (2001
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«dN/dE ocE “exp(-E/E ), 1.5 <a <1.9,800 GeV <E <1400 GeV

 Energy output in e'e” pairs: between 10-30% of the spin-down rate



The origin of the positron excess
is still unclear:
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The origin of the positron excess
is still unclear:

m Dark matter? Probably not.
m Pulsars? Perhaps yes.
m Something else? Perhaps yes.

m Regardless of the origin of the positron
excess, the positron data can be used to set
limits on the dark matter parameters.
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Latest limits from the positron fraction:
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Gamma-rays



Production of gamma-rays

The gamma ray flux from dark matter annihilations/decays has two components:

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

e Always smooth spectrum. e 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.

/

et from dark matter
annihilation/decay
Ee < 1TeV

Energy Density

Interstellar radiation field (starlight,
thermal radiation of dust, CMB)

e_t—|—"}/—>€:

Dust radiation

CMB | Starlight
/. ISRF

10-4 0001 001 0.1 1 10
energy [eV]  porter et al.
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N

Upscattered photon
E.\”
E,. <4 (—) E,

TMe

This produces
Ey* < 100 GeV



Prompt radiation
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Prompt radiation

f —
Annihilation %/ (Oamnv) = 4N, X / PA(1) di
qu_r. 4 | 2miy, dE Jlos
N\ J \ J
Y Y
Source term Line-of-sight integral
(particle physics) (astrophysics)
A A
4 N/ \

d.J 1 1 dN/ J
Decay

dE., T Arm

TOn T d.E







o o 5 Baltz et al.
Where to look for annihilating dark matter i, -0s06 2911

0.5
0.0
-0.5

1.0F

-1.5

Kuhlen, Diemand, Madau



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

Kuhlen, Diemand, Madau



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

0.5

0.0

-1.5

Kuhlen, Diemand, Madau



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

Galactic halo g 1.0F

-1.5

Kuhlen, Diemand, Madau



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

Extragalactic
background

-0.5

1.0F -

-1.5

Kuhlen, Diemand, Madau



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

log N,
2.0

1.5
1.0
0.5
0.0
-0.5

1.0F

-1.5

Kuhlen, Diemand, Madau



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

Features in the
energy spectrum




Diffuse Galactic emission

Divide the sky in different regions:
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Diffuse Galactic emission

Divide the sky in different regions:

10° - 20° galactic latitude




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

S ermi

5 _. Te

AGN SNR
AGN-Blazar

| AGN-Non Blazar PSR PWN
' 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




Conservative approach: demand that the flux from dark matter annihilation
does not exceed the measured flux
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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 ggaﬁgﬁ@ 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 WIMP dark matter models
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arXiv:1001.4531
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Closing 1n on light WIMP scenarios from dwarf galaxy observations
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Gamma-ray features

“Smoking gun” for dark matter: no (known) astrophysical process can
produce a sharp feature in the gamma-ray energy spectrum

Three gamma-ray spectral features have been 1dentified:

Gamma ray line

Srednicki, Theisen, Silk '86
Rudaz '86
Bergstrom, Snellman '88

, _ 3
(ov)epected <1072 e g

Gamma ray box

o

7/
7’

N
~

K%

Al, Lopez Gehler, Pato '12

Internal bremsstrahlung

Bergstrom '89
Flores, Olive, Rudaz '89
Bringmann,Bergstrom, Edsjo '08

v — N5 - _
(ov)epected <1072 e 5!

. R a0
<JU>E}11}E-C1LEK_1 :i:.» 10 25 L'.I[ld g 1




Gamma-ray features

“Smoking gun” for dark matter: no (known) astrophysical process can
produce a sharp feature in the gamma-ray energy spectrum

Three gamma-ray spectral features have been 1dentified:

Gamma ray line Gamma ray box Internal bremsstrahlung

o

Bringmann & Weniger (2012)
T

AE/E = 0.15

e AE/E = 0.02

x> dN/dx

GTZZWW

0.01F

1 1
0.02 0.05 0.10




Searching for spectral features with the Fermi-LAT
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Bringmann, Huang,
Al, Vogl, Weniger
arXiv:1203.1312



Searching for spectral features with the Fermi-LAT
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Searching for spectral features with the Fermi-LAT

Beg?, iy, =149 GeV

b [deg]
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Searching for spectral features with the Fermi-LAT
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Fermi-LAT collaboration
Latest news on the 130 GeV excess " 505 5207

.;'t;‘)‘- 10_25 E T T LI I T T T T T T LI | I I%
“ E 3.7 year R3 NFWec Profile 3
o E -~ —=— Observed Upper Limit 7
o = ..l T Expected Limit
10° 2 107E 3 Expected 68% Containment =
> 35 E [ Expected 95% Containment 3
102 § C_I-) 1077 :? :
0 R = =
P = 3
& u N
210 =
10 N 3
v u N
10—29 = —
1 = 3
10—30 i L L L1 I 1 L L 1 L L1 1 I 1 ]

Significance reduced to 3.30" (1.60- with LEE)

The 130 GeV excess could be just a statistical fluke



Bright future for dark matter searches using gamma-rays!
H.E.S.S. I —n operation GAMMA 400 — Launch in 2018

CTA — Construction starting in 2017
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Direct dark matter searches

General idea:

1) The Sun (and the Earth) is moving through a “gas” of dark matter
particles. Or, from our point of view, there 1s a flux of dark matter particles
going through the Earth.

2) Once 1n a while a dark matter particle will interact with a nucleus.

3) The nucleus gains momentum and recoils. The existence of dark matter
can then be inferred 1f there 1s a significant excess in the number of recoils

compared to the expected recoils induced by natural radiactivity in your lab
or in your detector.



Simple idea ...

... but very challenging in practice!



Annual modulation
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Concluding remarks
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Concluding remarks

1- Zwicky's observations of 1933
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| | V what 1s producing this.

5000/.

70 20 30 40" 7 in 10° Parsek
Fig. 2.

2- If the dark matter is constituted by WIMPs, there are good chances
to observe new signals in this decade. Exciting times ahead!

3- BUT, the dark matter particle could not be a WIMP. Or perhaps
the astronomical observations of galaxies, clusters of galaxies, etc.
are explained by something completely different (not yet proposed).
Keep an open mind!



Thank you for your attention
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