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The messengers of DM annihilation
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Weakly Interacting Massive particles — WIMPs — could be the ma-
jor component of the haloes of galaxies. Their mutual annihilations
would produce extra high—energy cosmic rays : the DM messengers




The messengers of DM annihilation
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Photons & Neutrinos

‘Sources on LOS are probed
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A large portioﬁ of t_he MW is probed *




Mostly sensitive to the local region
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Neutralino annihilations lead to
e A continnous spectrum of photons through the hadronization of quark—antiquark pairs :

X+X—=q,WW—, ... —=y+...

e Monochromatic y—rays through box—diagrams :

X+x—+v+7&y+2°

The corresponding flux at the Earth is

Bergstrom, Ullio & Buckley, Astropart. Phys. 9 (1998) 137




Black hole at the center of the Milky Way
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e The angular momentum L = 7 A ¥ is always conserved.

e If the black hole formation is slow — adiabatic — compared to the orbital

period, the radial action is also conserved
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FIG. 12: Dark matter density as a function of distance from the galactic center, showing spikes, cusps, and cores. Four
density models are shown: canonical (“can”), Persic—Salucci (“PS”), Navarro-Frenk—White (“NFW”) and Moore-et-al.
(“M&”). The models are normalized to the same rotation velocity and the same density at the Sun’s position (marked

by a cross). 9 _ 9~
efory>0and 1<a<2 = %pzél—j
—

efory=0and 1<a<2 =

e Fory=0and a =2 = Mag, = B2



Halo profile is unknown

Halo model |a (kpc)|ro (kpe)| o B~ | J(10°sr)
isothermal cored| 3.5 8.5 2 2 0 30.4
NFW 20.0 8.0 1 3 1 |1.26 x 10*
NFEFW+ac 20.0 8.0 0.8 2.7 1.45|1.02 x 107
Moore 28.0 8.0 1.5 3 1.5]9.68 x 10°
Moore+ac 28.0 8.0 0.8 2.7 1.65|3.12 x 10°

Various models for the DM distribution within the Milky Way
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FIG. 1: The joint probability distribution for the y-—ray flux ¢, from the Galactic center vs. the neutralino mass m, for
some popular halo profile models. The inner (outer) solid contours delimit the predicted regions containing 68% and 95% total
probability, respectively. We also plot the expected reach of GLAST after 1 year of operation.

p(d|&)m(m)
p(d)

Bayesian approach p(m|d) =



Various foregrounds need to be considered

e A yray diffuse emission from the -\“H".\' ‘\,\-il_\' itself is ;Jl'tulllrl‘il as ])]'illl;l]'l\' COSMIC
rays interact on the atoms of the interstellar medium. This foreground results from the

convolution

P | — In(E,s) nu(s)ds

lH.“:
between the gamma-ray emissivity per hydrogen atom and the hydrogen density.

, o W .
In(E,,8) = £ opp (Ep) E ¢, (Ep, 8) dE;

Figure [, EGRET all-sky map in continuum ~-ray emission for energies =100 MeV
(A. W. Strong, unpublished).
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FIG. 2: Predicted y-rays energy spectrum, for the parameter region encompassing 68% of probability for the neutralino mass
(values given by the color coding). This spectrum is for an NF'W profile with adiabatic compression, all other cases can be
obtained by rescaling it by the factors .J given in Table [. The normalization of the 7° background has been normalized here

to the EGRET data but it is otherwise arbitrary.



Gianfranco Bertone,! Torsten Bringmann,? Riccardo Rando,! Giovanni Busetto,! and Aldo Morselli®

arXiv:astro-ph/0612387v2 18 Dec 2006
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FIG. 1: Photon multiplicity for various final states. The FIG. 2: Same as Fig. 1 (for m, = 500 GeV and without
(blue,magenta,cyan,black,red) solid lines show the (uu/dd, ss, the eTe™ FSR case), but with spectra rescaled as in (5) and
cé, bb, tt) quark spectra, while the (green,blue) dotted lines scaling parameters as given in Tab. 1. The straight dotted
give the contributions from (WW, ZZ) gauge bosons. The line represents the extrapolated, asymptotic 1% behaviour
(black) dashed line, finally, is the FSR spectrum from ete™ of the photon spectrum from bb final states. The thick black
final states. All spectra are plotted for both m, = 500 GeV line shows the (not rescaled) bb spectrum that we will use for
and m, = 1000 GeV. reference.

bb || v | dd | s5 | cc | tt |WW|ZZ

Ar||1.00((2.74|2.74(1.83(1.38|1.36| 3.56 |3.02
B¢||1.00([1.47(1.47|1.16|1.07|1.05| 1.52 |1.45




Ground based imaging detectors
Air-shower Cerenkov Telescopes

MAGIC — Canaries

HESS — Namibia

N C

: VERITAS — Arizona




Detection principle

“J- Ray
~'(100 GeV)

Intensity
= Primary Energy

Image Axis
=» Shower Direction

Image Shape
= Type of Particle




Detection principle

- Ray
(100 GeV)

Stereoscopy:

v" Angular resolution

v Energy resolution

v Background rejection
v Sensitivity




Various foregrounds need to be considered

e A ~y-ray diffuse emission from the Milky Way itself is produced as primary cosmic
rays interact on the atoms of the interstellar medium. This foreground results from the

convolution

fbgiﬁ“m(E) = / IH(E,S) nH(s) ds

los

between the gamma-ray emissivity per hydrogen atom and the hydrogen density.

IH(E”N 8) = opp (Ep) dE. P (Ep, ) dE,
E, Y

]H(EH” o) — (2 X 10—3:’) Ge\r—i S—I b'l'_]') (E/l Tevr)—‘_).T:%
e In the case of atmospheric Cerenkov telescopes (ACT). the dominant foreground

arises from the CR high-energy electrons that impact on the upper atmosphere and

generate electromagnetic showers
: 2.5 U e O T o —3.3+0.2
P, = (6.4 X 107 GeV~"ecm™“s " sr ) (E/1GeV)

e CR hadrons cannot be completely rejected and a few hadronic showers are misinterpreted

as electromagnetic events

Dpag = (1.8 GeV'lem2s7'sr!) (E/1GeV) "



Detection principle
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Detection at the b o level means that



Galactic Center region

5 e o e e e gt e e e o >
: ~ 300 pc (=27)

Chandra GC survey
NASA/UMass/D. Wang et al.

v

Astrophysics: Bit more exotic:
full “zoo" of objects Supermassive BH Sgr A*
Pulsars and PWN INTEGRAL 511 keV line
Supernova remnants Even more exotic:
X-Ray binaries Dark Matter accumulation
Molecular clouds - Neutralino annihilation

]




HESS: Galactic Center

Galactic Centre is a very
crowded region in all
wave-lengths
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HESS]J1745-290: morphology

Angular distribution
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Well described by H.E.S.S. PSF for point ljke source

Source size: 0.12°
\ Diffuse component: 16%
H.E.S.S., PRL 97 (2006)




HESS]J1745-290: morphology
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Data 2003/2004:

(Ey, > 160 GeV)
'=2.25+0.04+£0.10
_ Exponential cut-off limit
E.e > 9 TeV (95% CL)
~ Diffuse emission included




HESS: Galactic Center

e Strong point-like source (0.1°) detected - HESSJ]1745-290
at the position of Sgr A* with spectral index ~ 2.2

e Important Diffuse emission associated with molecular
clouds spread over whole region with similar spectral index

e No line emission observed

e Need of uncomfortably high masses of neutralino or

Kaluza-Klein particles

e Contribution of Dark Matter below 10% cannot be excluded
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1. accumulation of GeV-TeV mass neutralinos by
the Sun and the Earth

X
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| | ‘.
I'a = §CAN2 = §Ctanh2(t/7) where 7 = (CCy) ™/



2. Neutralino-induced neutrinos

r N
4
vw—>< I'l > v
W, Z,H

3. Atmospheric background
— atm. pu:  absorbed by the Earth

— atm.v:  compare on/off source
angular regions



Large neutralino masses favored

p, X velocity TV = W) o< 8 & By o< Ty
distribution

v interactions

muon range o< £, o< my

Up—going muons lose 1 GeV as they cross 4 meters of ice or water.

The fiducial volume for the neutrino—muon conversion increases with the neutrino energy.



Amundsen-Scott South Pole station
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The IceCube neutrino detector

AMANDA-B10(B13): 1997- 1999
e 302-428 OMs on 10-13 strings y

¢ diameter ~120m, height ~500m
AMANDA-II

AMANDA-II: 2000-... tee b AN il
e 677 OMs on 19 strings it
e diameter ~200m, height ~500m

IceCube: 2005-... vl
e 4800 OMs on 80 strings (when Completeg:)-""" i
e feb 2006: 9 strings deployed |
e diameter ~1000m, height ~1000m

th : 5 R e ok P X :
7" UCLA Symposium: S.c.)urues anq Detection of Dark ; ‘e Daan Hubert for the IceCube Collaboration
Matter and Dark Energy in the Universe .« ®

Los Angeles, USA, February 22nd — 24th 2006 VIR
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IceCube Deployment

M,

lceTop —

Air shower detector
Threshold ~ 300 TeV

T4sg,,

Inlce —— | .

planned 80 strings of 60
optical modules each

17 m between modules

T T —

125 m string separation .,

Completion by 2011

—="

L e e e

Wososceas - - 7.5 <erc-

Eiffeltornet

2006-2007:
13 strings deploved

22 strings
1320 digital modules
52 surface detectors

~ AMANDA

2005-2006: 8 strings

2004-2005 : 1 string

First data in 2005
first upgoing muon:
July 18, 2005

19 strings
677 modules




Neutrino detectors SuperK

Japan

AMANDA /IceCube - South Pole
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No excess of neutralino-

induced neutrinos

Earth 1997-1999 (subm. Astropart. Phys.) Sun 2001 (Astropart. Phys. (2006) 459-466)
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Muon flux limits — Earth '97-"99
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Muon flux limits - Sun 2001
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IceCube prospects

Earth Sun
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Conclusion & outlook

e No statistically significant excess of neutralino-
induced neutrinos from the center of the Earth or
the Sun observed

o Upper limits on the muon flux competitive with
other indirect searches

o Additional AMANDA-II statistics is being
analysed with improved techniques in searches for
neutralinos and Kaluza-Klein

* [ceCube analysis will soon start!

h - , f ate 1P )
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Salient features of COSHHC ray physics

Jdisintegration
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Cosmic—rays diffuse in space and energy

e Diffusion and convection in space

—

J = —KVU + UV,
e Second order Fermi mechanism
Jg = VS(E)V — Kgpp(E)opV
e Steady state holds with 9,¥ = 0 Thickness@
5 E2 4
A

0o.V — KAT + 95 {0™(E)V — Kpp(E)0p¥} = Q



THE ASTROPHYSICAL JOURNAL, 555:585-596, 2001 July 10
© 2001. The American Astronomical Society. All rights reserved. Printed in U.S.A.

D. Maurin et al.
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Fig. 3. This curve displays the computed ratio of (1"B+'"'B)/(2C+3C+C) for a configu-
ration giving a reduced y? ~ 1.3. The experimental points are from HEAO-3 (solid circles), ISEE
(triangles), IMP-8 (empty circle), VOYAGER (square) and balloons (crosses).
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F. Casse, M. Lemoine & G. Pelletier, PRD D65 (2002) 023002

k.
(2m)?

Magnetic turbulence dB(x) = / e~** §B(k) whose power

spectrum is defined by
(SB(k)SBI(K)) = (27)° 3(k — K) Ssalk)
and follows between k., and k..« the power law
Saa(k) ox k—°

The level of turbulence wrt to the homogeneous field By is defined by

~ (6B?)
- Bl + (6B?)

n
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GALPROP code

Space Diffusion & Diffusive Reacceleration

Table 1. Allowed values for diffusion and reacceleration model propagation

parameters.
par./val. 2K pe] Dglem?s™1] o ¥ va[Kms 1]
minimal 3.0 5.2 10%° 0.25 2.35 29
best fit 4.0 5.8 1048 0.29 2.47 26
maximal 5.0 6.7 10°%° 0.36 2.52 35

Space Diffusion & Convective Wind

Table 2. Allowed values for the propagation parameters for diffusion convection

model.
ﬂ@z M m
par./val. z[ K pe] Do [*] 02 d;’;c ipc] g4 V2
minimal 3.0 2.3 10%8 0.48 5.0 2.42 2.14
best fit 4.0 2.5 1028 0.55 6.0 2.48 2.20
maximal 5.0 2.7 10%8 0.62 7.0 2.50 9 99
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Space diffusion dominates in the master equation

Ved, U — KAV + 9p {V(E)V — Kgg(FE)ogV} = Q

Poisson equation K AV + @ = 0

|

L th GP(r) = —2
ong range with G5 (1) e

e Evaporation at the vertical boundaries &=L

e Leakage at the radial boundaries R = 20 kpc
e Evaporation from convective wind V¢

e Annihilations inside the MW gaseous disk

e Fnergy losses and mild diffusive reacceleration



Exercise — Level [3] : Solving the previous CR diffusion equation with the Bessel expansion

method allows to naturally implement a vanishing antiproton density at the radial boundary r = R

o0
@u¢E):§:RmEpm%um. (1)
i=1]

where «v; is the ith zero of the Bessel function J,. Show that each Bessel transform P; fulfills the

relation
|) s H
roap _wp ol lp =2 1 ekla X it BN i
. 8,P; A¢R+R{W}R_QJWE_R?HMJArl%mR)QuMmdu (2)

when energy losses and diflusive reacceleration are neglected. Integrate this equation along the

vertical axis assuming that (); is an even function of z and establish that

Vez

‘ L :

Rwﬂﬁiij(&@ujheﬂfﬂm. (3)
i 0

The coeflicients A; that appear in the previous expression are given by

2

sk
Am:w+mwm(-)1 (4)

where S? = (Vo /K)? + (2a;/R)?, and the vertical functions JF;(z) are defined as

g S; B S;
Fi(z) = smh{ 5 (L — .-;)} /bmh{EL}




Exercise — Level [4] . A completely different approach to describe the antiproton propagation
through the diffusive halo relies on the existence of a Green function G]—). Such a function translates
the probability for an antiproton produced at point S(xg,ys, zs) to travel to the observer located at

point M(z,y, z). The antiproton energy spectrum is given by the convolution of the Green function

Gp with the production rate Q
V(M,E) = /d”xs Gp(M — 5, E) Q(S, E) . (1)

The construction of the Green function for antiprotons is inspired from the positron case — sec in
particular the next section — with the difference that the antiproton energy does not change and that
time is integrated out. Because the Milky Way is now pictured as an infinite slab of half-thickness
L with a gascous disk in the middle at z = 0, the antiproton propagation is invariant under a
translation along the horizontal axis x or y. Neglect energy losses and diffusive reacceleration to

show that y
e 28/ Tw +oo 1 . - r
m Z (—,” Dn(0) on(zs) Ko (Z \/:) . (2)

=1

(}'I—)(a_'_ij_l — S, E)=
The vertical functions ¢,, are defined by

¢n(2) = sin {E.,., (1 = %)} . (3)

where the coefficients €,, are solutions to the equation &, = nm — tan ! (pé&,). The parameter p is

related to the convective scale r,, = 2K(FE)/V¢ through p = r, L whereas the scale C,, is defined by

~ % 2

Cn 1 (8ing,

— =1 - : ; 4
L % p ( €n ) (4)

In the argument of the modified Bessel functions of the second kind Ky in Eq. (2). the ratio r/L is
multiplied by a factor \/€,, where €, = £2 + (L/r,)?.
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Fig. 1. Compiled data from direct measurements.
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rs Y r & [}
pcoM(r) = ps (?) {1 + (7) }
Halo model a |B] v ||ps [10°Mgskpe ™3] |rs [kpc]
isothermal sphere|| 2 |2| O 7.90 4
NFW 97 [37] 1 (3] 1 5.38 21.75
Moore 04 [38] 1 13]1.16 2.54 32.62
Moore 99 [39] 1.5(3]| 1.5 1.06 34.52

Case|| 0 |Ko [kpc®/Myr]|L [kpc]|Ve [km/s]| Ve [km/s]

max |{0.46 0.0765 15 5 117.6

med (|0.70 0.0112 4 12 52.9

min [|0.85 0.0016 1 13.5 22.4
DM model|| m |{gannv)| tt bb | c¢c | ss|wu |dd|ZZ |\WTW—|HH| gg
LSP1.0 1.0| 0.46 - -1 - 1-1-1-1- 100 - | -
LKP1.0 LO| 1.60 [LO800.71EL 0.7 LL1L T Q8 iy 0.5 10.5
LSP1.7 L7 102 - -1 - 1-1-1-1201f 79.9 - | -
LKP1.7 L7 0.55 [11.0{0.711.1)0.7|11.1{0.7| 0.5 0.9 0.5 (0.5
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o . Energy losses dominate
Ot Ve IC on stellar light & CMB — synchrotron — D E)

0
K (E) = K, {EE} —Kyed 4 < b(Eo+) =1071°E2 s~
0 r




Baltz & Edsio trick

=€ and Q=€2°Q and {(E)=r1g {U(E) = dills }
o

pseudo-time ¢

L




Positron propagator
Fq¢ =500 GeV — FE =450 GeV

L TE =~ /. =~ =
G€+ (f@,E<—Q?,E3) — E[)E€2 G(ZU@,t<—.CC,tS)

Ry = 20 kpc

Milky Way seen from above




Positron propagator

Fq¢ =500 GeV — FE =450 GeV

G€+ (f@? B fa ES)

Typical rangé A\p = VA Ky T




Positron propagator

FEq =500 GeV — FE =100 GeV

Vs increases as E decreases




Positron injected at E

Observed at E| or E,

S
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Positron diffusion length A,
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T T T T T T T T T

L2

4 ¢ < 1

E. = 100 GeV .

10 100
Positron Energy E at the Earth [GeV]



annihilations to b quarks
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F1G. 6. The positron fraction in the cosmic ray spectrum
from dark matter annihilations to b quark pairs. WIMP
masses of 50, 100, 300 and 600 GeV were considered. A
dark matter distribution with BF = 5 (see section [II),
p(local) = 0.43GeV /em? and an annihilation cross section
of ov = 107" em® /s was used.
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FIG. 8. The positron fraction in the cosmic ray spec-
trum from dark matter annihilations to eTe™ pairs. WIMP
masses of 50, 100, 300 and 600 GeV were considered. A
dark matter distribution with BF' = 5 (sce section I1I),
p(local) = 0.43GeV /em® and an annihilation cross section
of ov = 1072¢ em? /s was used.



A consistent investigation is necessary !

E2 positron flux (particle / (m2 sr s GeV))

= CAPRICE 94
MASS 91

¢ HEAT 94

4 MASS 89

10" 1 10 10°

kinetic energy (GeV)

Figure 8. Total uncertainties of positron fluxes and spectra that correspond to
the parameters of the best B/C fit for DC model (solid lines around the best
fit curve, also solid), DR model (dashed lines around the best fit curve, also
dashed) and DRB model (dotted lines around the best fit curve, also dotted).
Experimental data are taken from [52]
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