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detection

DM nucleus — DM nucleus

étection searches

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



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




Direct detection
DM nucleus — DM nucleus

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



DM nucleus — DM nucleus

Collider
searches

pp > DM X

detection
DM DM — y X, e*e~... (annihilation)
DM — v X, e*X... (decay)
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Fifteen years ago...

Cosmic antiprotons Collider experiments

G. Jungman et al. [Physics Reports 267 (1996) [95-373
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Kinetic Energy (GeV)

Year | Beam energy | Maxi- | Total Average
[GeV] mum | lumi- | luminosity
g nosity rate
[pb"] | [pb/day]
1994 456 0.045 64 0.31
1995 45.6-70.0 0.050 47 0.23
1996 80.5-86.0 0.040 25 0.17
1997 901.0-920 0.055 75 0.66
1998 045 0.075 200 1.16
1999 | 96.0—-101.0 | 0.083 254 1.35
2000° | 100.0-104.3 | 0.055 71 0.96




Today

Cosmic antiprotons Collider experiments
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Beam energy: 4000 GeV
Integrated luminosity: 23.26 fb™!



End of this decade

Cosmic antiprotons Collider experiments
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Kinetic Energy (GeV)

Beam energy: 6500 GeV
Integrated luminosity: 500 fb™!



Dark matter
distribution



The universe 1us after the Big Bang












Density distribution of dark matter particles:

e Assume spherical symmetry (in a first approximation).

e Radial distribution:

NFW, Isothermal, Moore
(r) = 20
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e Normalized such that the local DM density 1s
p(r=8.5 kpc) = 0.38 GeV/cm?



Indirect
Dark Matter
Searches




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

Y do™~ (E,, €
bics(Ee, T) —/ dE/ dE.,(E, — ¢€) d(E )fISRF(Gs’F)
0 € i

T

Number density
of photons in ISRF
do'®(Fe,€) 3 o [ 2 1 (q)?
= ——— X |2glng+14+9g—2¢" + = l—q] . .
Ay 4 Téa € 21+ qF( ) iy Dust radiation
E CMB _ Slﬂrliﬁh[
Y.~ E./m, — Lorentz factor. ?:5 \ ISRF ,ﬁ
' =4y, e/m, E | |
4=E/T(E,E) o o oo o1
01=0.67 barn — Compton scattering cross section energy [eV]
: . ' Porter et al.
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




=

Cosmic ray proton spectrum as measured
by BESS, AMS-01 and PAMELA

Galprop unmodulzted local interstellar spectrum
Galprop modulated BES5S 93
Galprop modulated BESS 97
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