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Outline

¢ Prelude - WIMP dark matter

- Thermal production and freeze-out
- General principle of (in)direct detection
- Dark matter distribution

¢ Gamma rays
- targets: galactic center + halo, dwarf galaxies, galaxy clusters, ...
- signals: continuum vs. “smoking gun” spectral features

2nd

2 Neutrinos | A
3rdg - from galactic halo + sun/earth “NB: Outline is preliminary...

{ ¢ Charged cosmic rays " = Please do interrupt! &
# - propagation of cosmic rays = ] 8
- positrons, antiprotons, [antideuterons]
- multi-wavelength signals

1o [Complementarity with direct and collider searches]

UH B
n
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Dark matter all around

observed

expected

from
luminous disk

Multipole moment [
10 100 500 1000

T T T T T T T T

See
lectures
S. Sarkar!

Temperature Fluctuations [uK?]

="

===

=) overwhelming evidence on all scales!

UH
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Dark matter properties

¢ Existence by now (almost) impossible to challenge!

-~ Qcpv = 0.233 +0.013

- electrically neutral

- non-baryonic

- cold - dissipationless and negligible
free-streaming effects

- ‘collisionless’

But what is DM... 2??
¢ Two options:

#es= (but some people still try...)

- Invoke some eIementary(’) particle

No candidate in standard model
:> Evidence for physics beyond the SM!

Torsten Bringmann, University of Hamburg

Atoms
Dark
0
4.6% Energy
72%
Dark
Matter
23%
TODAY
Neutrinos Dark
10 % Matter
63%
Photons
15%
Atoms
12% _
13.7 BILLION YEARS AGO
(Universe 380,000 years old)
credit: WMAP
Indirect detection of dark matter - 4



.1 | Baer & Tata, arXiv: 0805.1905

neutrinos #
j neutralino
i KK photon

% branon
\ TP -

4 axino
Super WIMPs :

gravitin
KK

s

07101071010 ™°10™10° 10° 10° 10° 10° 10° 10° 10" 10" 10"

mass (GeV)
particularly well-suited candidates:

l-motivated: quasi ‘by-products’ in attempts to cure problems of SM
USY EDs, little Higgs, ...]

UH 7 thermal production ‘automatically’ leads to right relic abundance

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 5
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assive

dn,

dt

X x €9

+ 3Hn, = —(ov) (n2 i )

(ov): xx — SM SM (thermal average)
<>

il

~ “ 20" when annihilation

rate falls behind expansion rate
(— a°n,, ~ const.)

for weak-scale
interactions!

~ 0(0.1)

3-107%"cm?/s
(o)

Indirect detection of dark matter - 6




T 3Hn = —<O'eff'U> (n2 = ’I’qu) <O'eff’U> = Z<O‘Z’j?}ij>ni J

)

g Where Neq — Zn Zgi
2

UH
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dA/dp¢ [em3 s Gev'

mX? =76.3 GeV

m. 0= 96.3 GeV
2

m, + = 89.2 GeV
1

1 037 L | L | L | L | L | L | L | L | L | L
0 10 20 30 40 50 60 70 80 90 100

D [GEV] ——> WIMP

momentum

:  Total differential annihilation rate per unit volume, dA/dp.g =
_eﬁcKl (pett, I')Wes, for the same model as in Fig. 4.1. We have chosen to evaluate
/dpeg for T' = m,, /20 which is a typical value at freeze-out. The Boltzmann suppression

at higher peg should be evident. g
from Edsjo, hep-ph/9704384

Torsten Bringmann, University of Hamburg Indirect detection of dark matter -
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T. Bringmann, 2009

(9

size of
Yvvvvvvvvy Smallest

NYVVVVVVYY

YYYVVVVVY subhaIOS

VVVVVVVVVVYY -
VVYVVVVVVVYY
VYVVVVVVVVVVVVS 3
VVVVVVVVVKVVYY
VVYVVVVVVVVVVVVVYVA
VVYVVVVVVVVVVVY XX
VV;VVVVVVVVV

¥

Toq ~my /25 Tid ~ m,,/(102..10%)]

~ A Higgsino (Z, < 0.05)
‘ - @ mixed (0.05 < Z, <0.95)
' v Gaugino (Z, > 0.95)

500
my [GeV]

value highly model-dependent

principle values as large as the scale of dwarf-galaxies possible! van den Aarssen+ PRL|2]

= a window into the Horiicle-bhysics nature of dark matter!?

UH
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WIMPs do interact with the SM!

indirect detection 1 See also lectures b
| A. Melchiorri, ). Conrad, D. |

Boersma and F. Donato...

=

S8
lectures by §
). Gascon |

SM

direct detection

SM

collider searches

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 10



Indirect detection in one slide

®
‘
T 0 ©
{
¢ DM has to be (quasi-) against decay...
@ ... but can usually pair- into SM particles
2 Try to spot those in cosmic rays of various kinds
¢ The 1 i) absolute rates

~~ regions of high DM density

ii) discrimination against other sources
~~ low background; clear signatures

"1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 11




matter

M density
is quantity very well!

= Heavy Elements:
- . 0.03%

< ) ‘ ® ® Nlj‘l:l;-fIHOSI
\\\ ’” 0.3%
\
. u

NB: in general

4%

R Qcpm = 0.233 = 0.013| on large scales

70%

@ [For comparison: decaying DM directly proportional to density]

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter -

local
E e iiynkogen QX # QCDM ! ! .
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MV

@D Dwarf Galaxies
(post-2005)

@ Dvarf Galaxics
(pre-2005)

Sextans

—
30 kpe =
100,000 light years

J.~D.~Simon, M.~Geha, Ap] 670, 313 (2007)

Indirect detection of dark matter - 13



—spiral galaxy example:
NGC 6503

/ observed

Vi(km/s)
o
S

(o))
o

Klypin, Zhao & Sommerville, Ap)

|:> __.crvational determination of (inner) DM profile for MW ~ impossible!

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - |4



| See lectures b);
M.Vogelsberger! |

Inner halo profiles

ACDM N-body simulations Fits to rotation curves!?
il C > C
PNEW = PRuskert = 30 (a? 1 12)
C
_2((r\*_1 e
pEinasto(T) & s€ [( a) ] e (CL2 + 7“2)
(=~ 0.17) Blok et al., Ap) 01

X

@ Cuspy inner density profiles
predicted by simulations not
found in (all) observations

¢ Situation a bit unclear;

effect of !
(But could also lead to a of the
inner profile!)

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 15



Substructure

¢ N-body simulations: The DM halo contains not only a
smooth component, but a lot of !

¢ Indirect detection
effectively involves an
averaging:

(1+BF){px)’

Dspp oc (py)

e* 0] Y
Fig.: Bergstrom, NJP 09

Q “Boost factor”

- each decade in Msubhalo contributes very roughly the same
e.g. Diemand, Kuhlen & Madau, Ap) '07

—> important to include realistic value for M, !
- depends on uncertain form of microhalo profile (Cy ...) and dN/dM
(large extrapolations necessary!)

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 16



+ halo, dwarf galaxies, galaxy clusters, ...
. “‘smoking gun” spectral features

alactic halo + sun/earth

arged cosmic rays
¥ propagation of cosmic rays
¥ positrons, antiprotons, [antideuterons]
¥ multi-wavelength signals

8 [Complementarity with di

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 17
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Indirect DM searches

\ o

Gamma rays:

¢ Rather

Q when propagating through halo

g about hecessary

Q directly to the clear spatial signatures
Q

Clear spectral signatures to look for

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 18



Gamma-ray flux

The expected gamma-ray flux [GeV-'cm2s-'sr'] from a
source with DM density p is given by

d(I)q, dS? 2 <0-U>ann dN.
— (B, AyY) = — d/¢ B -
dEfy ( o w> /A¢ Aw e (w)P (I') 87Tm?< Z f dEfY

particle physics

(0V) ann - total annihilation cross section

My ‘WIMP mass (50 GeV < m, < 5TeV)
:angular res. of detector . a
: By : branching ratio into channel f
: distance to source
N,{ : number of photons per ann.

g
-_—

high accuracy
+ rather uncertain spectral information

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 19



Angle from the GC [degrees]
10” 30”1’ 57107 307 1° 22 5°10920°45°

ppm [GeV/em?]

. Cirelli et al., JCAP’I |
1072 107! ‘
r [kpc]

10%10°10*4 1072 1

Moore
NFW
EinastoB
Einasto
Iso
Burkert

30 60 90 120 150
6 (degrees)
ngmann, University of Hamburg Indirect detection of dark matter - 20




Local DM density

¢ standard value: ¢ Gaia (ESA mission, launch 11/13)
GoV will collect position and
pot ~ 0.3 — 0.4 : " 8
cm3 radial velocities of ~10° stars
0.30 £ 0.05

Wydrow, Pim & Dubinski, Ap] '08

0.39 £ 0.03
Catena & Ullio, JCAP’10

043 +0.11 £0.10
Salucci et al, A&A ’10

=> will settle the issue...!

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 21



Bringmann & Weniger (2012) P i i
T ] onochromatic lines

o4, H
O(a2 )

e

AEJE =0.15
R AEJE = 0.02

,:\ (Virtual) Internal
| Bremsstrahlung

XX — ff,WTW ™y
O(ctem)

002 005 0.0 020 050 100 200
x=E/m,

on/dary photons @ Primary photons

-~ many photons but < direct annihilation to photons
- & model-independent < model-dependent ‘simoling sun’
- difficult to distinguish from astro BG spectral features near £, = m,,

—) good constraining potential =) discovery potential

.i.ti.
n

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 22
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Internal bremsstrahlung

(X f X P X £

Il -

|
P

(=
k#—hl

Final state radiation

¢ usually dominant for m, > my ¢ dominant in -
i) f bosonic and t-channel
¢ mainly collinear photons mass degenerate with m
~~ model-independent spectrum SeiEtom, 1B, Erilsson

& Gustafsson, PRL’'05

Birkedal, Matchey, Perelstein ”) symmetr)' restored for

& Spray, hep-ph/0507194
important for high rates into 3-body state  Bergstrom, PLB '89

leptons, e.g. Kaluza-Klein or spectrum
“leptophilic” DM

©

©

¢ important e.g.in mSUGRA

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 24



Final state radiation

z pf r propagator for f:
1 1

k X =
(k+p)?2—m$ 2k-p

For collinear photons, virtual

particle f almost on-shell

—> of cross section: (z = E,/m,)

depends only on spin of f:
model-independent

0.1 -

¢ Example:
Lightest Kaluza-Klein
particle (LKP) in UED

(annihilation ~60% into leptons) 0.01 |

Bergstrom, TB, Eriksson & 0.01 T T T e
Gustafsson, PRL05 z = Ey/mga
n

"1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 25




¢ Example: Higgsino
< TeV mass ~» m, > mwy
< high branching ratio to W~

: 2 Bergstrom, TB, Eriksson &
£, [TeV] Gustafsson, PRL'05

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 26
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Indirect detection of dark matter

TB, Edsjo & Bergstrom, JHEP ’08
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( bulk reg

focus point region (m, = 1926 GeV)

ton (m, = 141 GeV)

Lr Total BM4 | L Total v ]
— — — - Secondary gammas — — — - Secondary gammas
------ Internal Bremsstrahlung ------ Internal Bremsstrahlung
8 0.1 1 g8
§ 3 0.1 E
& &
% 0.01 . %
Q! 3]
= 8 0.01 1
0.001 E |
O B S R S S S SRR T R B P |
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
x = Ey/my x = Ey/my
coannthilation region (m, = 233 GeV) funnel region (m, = 565 GeV)
1o¥ Total BM3 1 ' - o
t
-———- S:c(?ndary gammas r Total K’ N
------ Internal Bremsstrahlung — — — - Secondary gammas
1 T R Internal Bremsstrahlung
3 3
~ = E
3 0.1 . > 0l
z IS 1
= p =
NH 0.01 - ~ '\,\’\ d o’z
RN 0.01 ]
0.001 b g ~~__ |
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
z = Ey/my z = Ey/my

enchmarks taken from TB, Edsjo & Bergstrom, JHEP '08 and Battaglia et al., EPJC ’03)

sten Bringmann, University of Hamburg Indirect detection of dark matter - 28



Be;gkabshBet al.,’06

Indirect detection of dark matter - 29




ur at M = 3000 GeV

with Z, W e—l—

T T TTTTI T 177171

dN/dInE
S
L

1072

107! 1 10 102 103
E in GeV

Ciafaloni et al.,, 1009.0224

¢ VIB lifts helicity suppression
(just like for photons, but

numerically larger effect!)

Ciafaloni et al., 1 104.2996
Bell et al., 1 104.3823

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 30



“S — Channel” _______________ SONE N

NB: in total
these are
diagrams!

“t /u — channel”

f f f 1% !
- N -0 V
W MV X(l]\'/'/ 2 e ) X1 i 7
h 1% 2l S _ F

; AN fi | fi) F ~ o

N X It o " i/
F F v ot F v

Figs. from F. Calore

on- Pectrum: of s BIRN
ement effects (helicity

N, resonances, longitudinal d.o.f)
2nergy yield increases by up to ~100
< Change in this part of the spectrum almost
universal: oo cotures added 0|

A
-1

- 10

10™ 10 o

10
X

UH
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inal states
ross section!

—. very strong limits from
gamma ray observations
with Fermi

—
1
DN
(S
|

—_

<
[N
(=2}

| —— 5 PAMELA |

Limits from

07)>xx—>ﬁug[cm3 S_l ]

~ 107 — — LAT | antiprotons are even
- Bino DM |; stronger in this case
10 102 (See also Garny, Ibarra & Vogl, JCAP ’12)
m, [GeV]

Asano, TB & Weniger, PLB ’12
21 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 32




ir herenkov elescopes

amma

¢ Use the atmosphere as a

calorimeter:
- High-energy gamma rays (£, > 10 GeV)
hit the atmosphere at high altitudes
-~ this induces an electromagnetic
shower of energetic charged particles
- Resulting Cherenkov light pool,
total light yield o< £,

¢ Background rejection
< CR p vastly outnumber y-rays
¢ rejection efficiency e, ~ 1071..107"
(use image properties & direction,
: s ki improved for stereoscopic systems)
ee0goee. ve0coee.. g BG from CR !

1.0 TeV gamma shower 2.6 TeV proton shower

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 33




Operating and planned ACTs

MAGIC

since 2004 £

e
> "’;;;,*::(I'
‘f’?,&'kf«%':ﬁ?f‘r? e HES.S.
: 2 R A MAGIC o since 2002

r“ .ﬁ"ﬂ' (9 M
& Xy W) ¢ : wosy
W) Py - %
v r y ':);ﬁ.- -
o ‘; F - ~ ¥
« o

major

¢ The Cherenkov Telescope Array

~4 Telescopes M Area 1km?2 ) Areal(‘)‘ﬁr"‘n“2

~ Planned ’ T <10 - 100GeV. . ~30 Telescopes : ~20>Telesco'p'e's’
. = 3 >10TeV--
construction from 2015 ? e Do
" | F =i \
. than any e ‘é N 255
eXIStlng Instrument > .-_j ==z =1
"1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 34




Space-based telescopes

¢ Going to space allows to very efficiently discriminate
the CR background!

- but of course one cannot build arbitrarily satellites...

- leading instrument today: the
Fermi gamma-ray space telescope:

@ The LAT onboard Fermi is a

-~ anti-coincidence detector: plastic
scintillator that produces flashes of
light to veto charged CRs

2 reconstructing e tracks allows to
deduce direction of incoming -y-ray

< Calorimeter measures total energy

——
| @ 'e

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 35



ARG B y
‘.;'.\" v
8 v URMeSa

«+ extragal
- 10x extragal
— 100x extragal

.
g
2
8
g
=]
2,
&
¥
3
=
g
o0
L
2
g

5 : 10" 10 107 10"
i Energy (eV)

threshold energy (MeV)

(from the LAT webpage)  integrated sensitivity: Acharya et al,AP’13
Fermi: ly IACTs: 50hrs

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 36



http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm

Diemand, Kuhlen & Madau, Ap| 07

formation

s

(/ . t.
/I-’ mlna on

nulti-wavelerfik
e ?
p ubs ucture boost!

/ .
Dwarf Galaxies

~ DM dominated, M/L~1000
-~ fluxes soon in reach!

Extrasalactic backeround DM clumps
. . . o
- DM contribution from all z Galactic center

- background difficult to model

- substructure evolution?
UH
_iﬁ

¢ easy discrimination
< brightest DM source in sky (once found)
< large background contributions ¢ bright enough?

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 37



Possible targets (2)

¢ NB: the reality looks quite different...

Fermi two-year all-sky map

Credit: NASA/DOE/Fermi/LAT Collaboration

- Astrophysical processes certainly present
significant backgrounds for DM searches!

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 38
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= "

Galactic center
observations
with HESS

Abramowski et al, PRL [ |

[
[\S)
(9

= Einasto (this work)
m m m  NFW (this work)
—— = Sgr Dwarf

—— = Willman 1

— = Ursa Minor
——— = Draco

[E—

<
N
O

I

f—

<
—

[E—

m [Tev] 1°

= Indirect searches start to be very competitive!

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 39



o

<ov> [cm's |

o

-
- .
- - -
- -
— .

I -
-

P | ' 1 P B S B
100 1000

WIMP Mass [GeV]

10"

Almost as
constraining:

(NB: much better
discovery potential!)
Ackermann et al, JCAP’I0
[Fermi-LAT collaboration]

Torsten Bringmann, University of Hamburg

Expected DM signal

Getting close: the
Milky Way halo

(NB: limits improved by factor of
~5 when including model for Astrophysical
astrophysical emission) signal

Ackermann et al, Ap) ’12
[Fermi-LAT collaboration]

xy — bb, NFW
10—21’:IIIIII Y ' o
e 30, w/o background modeling, pp=0.2-0.7 GeV cm™>
|~ W/obackground modeling
10 : — constrained free source fits
—_ F====" 30, po=043 GeV cm™3
«lf" 10-23?— 50, py=0.43 GeV cm™3
E E
S,
g 107%
\ A,
10—25 -
Laevt O WIMP freeze—out
0B
10 10° 10° 10
m [GeV]

Indirect detection of dark matter - 40



T
MAGN Calore et al. 2013
SF Ackermann et al. 2012
FSRQ Ajello et al. 2012
BL Lac Abdo et al. 2010
MSPs Calore et al. 2012

Fermi EGB +—%— |

-
o,
[

N

E2 dN/JE [MeV/em?/s/sr]

i
S
S

107

E, [MeV]

TB, Calore, Di Mauro & Donato, 1303.3284

10722
Significant systematic "~
in 2w

modeling gwE
contributions to EGB! "
10=%7

(—>» see poster!)

"1 Torsten Bringmann, University of Hamburg

Co

nstraints from cosmological
dark matter annihilation

also depend strongly on
subhalo model

(contribution from all halos at all redshifts)

l [Fermi-LAT collaboration]

= MSIl-Res BulSub
- MSII-Sub1 == MSII-Sub2

L) T

Abdo et al, JCAP’10

Stringent limits

Conservative limits

WIMP mass [GeV] WIMP mass [GeV]

Indirect detection of dark matter - 4|



UCMHs

¢  ltra ompact ini alos are DM halos that form

shortly after matter-radiation equality ... s coud ap 09

- isolated collapse
- formation by radial infall (Bertschinger, ApJS 95)

—9/4

= 0 X7

¢ Excellent targets for indirect detection

with Scott & Sivertsson, PRL "09
Lacki & Beacom,Ap] ’10

¢ Required density contrast Ap
at horizon entry: . 0

- PBH: 6 = 0.3
- typical observed value: § ~ 107° at ‘large’ scales

~107° @ z> Ze

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 42



a3 Cluster
abundance
Intergalactic o8 *
h\dm en -‘

clum )IH,
I Gravitational

lensing
]

Cosmic
microwave
background

[ ]

SDSS
galaxy
clustering
[ ]

100 1000 10000 e I N I B e
Scale (millions of lightyears) h_-_—_—"'_—_—————————____._—
10—3 - WIMP kinetic decoupling ] 10_2
[ R 1 — 02
Allowed regions — 104
\\ ~/
S~ ~— — Ultracompact minihalos (gamma rays, Fermi-LAT) — 10-° ff_/
— — —_—— —_ _ . Q
Ultracompact minihalos (reionisation, WMAP5 7,) — 19-¢ Q.
— = Primordial black holes
— 10—7
[I_)b Mo — lTeV] — CMB, Lyman-«, LSS and other cosmological probes
* — 10~
l{ — 107
| I I I [N I [N [N I S N NN B
10402 10 10" 107 40° 10T 10° 10 10 10" 107 10" 10 10 10" 107 10" 10Y
—1
k (Mpc™) TB, Scott & Akrami, PRD '12

UH
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Recall:

o) We like

because they

- make the discrimination of a signal from possible
astrophysical backgrounds much more
straightforward

- provide (potentially) very detailed information
about the particle nature of dark matter

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 44



Upper limits on DM annihilation cross section into vy (center region)

® Our analysis
[|= = Fermi LAT 1-year
1026 M EGRET GC
3 i,
S = 107
- 107
e A —
m,, [GeV]
> et al, PRL’10 Vertongen & Weniger, JCAP 201 |
obing too much of WIMP parameter space

ral expectation (00)yy ~ g (0V)therm = 10 em?s ™" )

@ NB: I'y data, simple choice of target region...

2 No significant changes after 24 months of data...
Ackermann et al, 1205.2739
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RD’10

Qe X XX—YY Kaluza-Klein DM Neutralino DM

— T T g 107
Einasto IACT2, Einasto ;
- 4107
- - _ — E
HE!E/ 4 10
- =— == - e -

N / ] 10 o7
5 —— IACT1 E
o [T 7 Binasto — — IACT2 ° — B - BM4 ] ¢
o Ein.+AC (0.2°x0.2° ¥ ..... IACTS —@— BMS3 ]
10—29 L L il L L —— L L —a L L —— L L — L L —— 10—29
107 10° 10° 10° 10*
m, [GeV] m, [GeV] m, [GeV]
Line signals Kaluza-Klein DM (step) Neutralino DM (IB bump)

Natural cross sections well within reach for AC | s!
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Energy spectrum in target region

~  Events in energy window \

d Nsignal

+ BET

A °

/ dE / dE'D EE’)Q\E’)Z‘E],
N\

energy resolutlon exposure

= C;

(Isketlch)l
UH Fig.: C.Weniger
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 47



Likelihood analysis

¢ ‘binned’ likelihood

- NB: bin size < energy resolution ~~ analysis!
— | | Ci o= s
. Ci!
1 /
i
observed expected

¢ Significance follows from value of test statistic:

['null

TS =—2In
LoMm

!
«—— bestfitwith 5 = ()

——— best fit with S >0

—> significance (without trial correction): ~/T' S 5

o, . . . . . . . e t k -
(95% Limits derived by profile likelihood method: increase S until A(—21n /L)M ake one

while refitting/ ‘profiling over’ the other parameters)

UH
Torsten Bringmann, University of Hamburg

because we

D sided limits:

271
/ N(0,1,2) =0.95
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Target selection

¢ Galactic center by far brightest source of DM
annihilation radiation

2 Need strategy for large astrophysical backgrounds:

- early focus on innermost region (but now: strong HESS source)
- define optimal (S/N) cone around GC ~~ 0 ~ 0.1° — 5°
- ~same, but for annulus (excluding the GC)

- exclude galactic plane

Q idea: data-driven approach TB, Huang, Ibarra,Vogl & Weniger,

CAP’12
- estimate background distribution from observed J

LAT low-energy photons 1GeV < E., < 40 GeV
- Define grid with 1° x 1° e
- Optimize total S/N pixel by pixel: Rr = Py SE T

E., <40 GeV
- Viere!

UH
Torsten Bringmann, University of Hamburg target region Indirect detection of dark matter - 49
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>

Optimal target regions

b [deg]

—60—-40-20 0 20 40 60

¢ [deg]
20
10
=) —1.4
s 0 Py XT
=)
—10 ‘adiabatic
contraction’
-20 :
. 0.0
—30-20-10 0 10 20 30 -20 =10 O 10 20
¢ [deg] ¢ [deg]
Color scale: signal to background
.1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 50




! Upper 95% CL limits for different DM profiles, p=1.1
3 T ; — T T T T T T P
a=1.0 - a=1.2
a=1.1 GC and
halo
region

Py X T

«

-----

50 | | | IlOOIIII 200
m, |GeV]

its on /¢ () 1 cironcer than for Fermi dwarfs!

=

¢ now let’s compare this to the limits one should expect...

(to do so, generate large number of mock data sets from null model)

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 51



<Jv>xx—>3"f7 fer® 57

.i.ti.
n

Expected and observed limits

(95% CL)
its (68% CL)

ed limits

hed: excluding data from 115 to 145 GeV)

10—26 a=1.0
4
107 ~
: : : -
102 E a=1.1
e -
10—27 - 7 -
| N | |
26 | ! | | I
107 F a=1.2
-27
1077 E TN LS
10? I I I H
107 F a=14
10°28 /
10-29 | L L L L | I T W S I S S N S S '
50 100 200
m, [GeV]

95% CL upper limits

Torsten Bringmann, University of Hamburg

Counts

Counts-Model

140

120

100

80

60

40

20

20 |
10 E

10 F
-20 F

: —
B ; Signal counts: 85.1 (4.30)

Reg2, my, =149 GeV

——————
46.7 - 247.8 GeV ]|

Indirect detection of dark matter - 52



Statistical significance for VIB-like contribution, u=1.1
T ' ' L L L A

ue

—_— - Regl ...... Reg3 ‘ mi~n'a"y

20 — Reg2 -~ Regd "/corresponds
to signal

significance

of 4.30

TS value

100 |
m, [GeV]

m, = 149+ 4 T3, GeV

(OV)yymfiy = (8.7 1.4 00 x 1072 em3s ™!

=
B

NB: also very well fit by 1« with BERERARz Ibarra, Vog!

i _ & Weniger, JCAP ’12
Ut m, ~ 130 GeV, (ov) ~ 10" *"cm?s ™! ger.J
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 53




10° E

Histogram

10% k

— 4 trials over a x/_, distribution ]

7
\

from subsampling
analysis of galactic
anticenter
hemisphere

<

solve
2 o 2 2
P(xz <TS)\=P(x; <o)

\

. t=4x 4

<

5 10 15 20

max TS

UH
Torsten Bringmann, University of Hamburg

25 observed maximal TS

value corresponds to
significance of 3.10
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sequent line analyses

@“

@ Fermi LAT”

-~ same data: 43 months Fermi LAT
- very nice and extended description

of (~same) method

- extended discussion

¢ bottom line:
- 4.60(3.30) effect

)

2 My = 129.8 £2.477; GeV

-
~

R (127 =£ 0.32 " 35) x 10-27 cm® 57!

¢ Excess also seen by:

m
n

Tempel, Hektor & Raidal, 1205.1045
Rajaraman, Tait & Whiteson, 1205.4723
Su & Finkbeiner, 1206.1616 <€—

use spatial templates to infer
global significance>> Ho !

Torsten Bringmann, University of Hamburg

-80 -60 -40 -20 O 20 40 60 80
£ [deg]

E? ® [GeV em™%s s

6 [FeSees Regl
R i o B f
L. LXK
__________ gI-IIIrH_I'I— =
Yyt
~- . )l
7=2.28 S
v=2.57 -
Reg2

Weniger, 1204.2797

%%%‘zﬁfﬁ**ﬁ*ﬁ_ﬂﬁ
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Bringmann & Weniger (2012

o
—— Kinasto ]
— — Einasto (DM decay) -

- - Contracted o = 1,3(.:]~same as point source)

Fermi LAT data
[10 band]

------ Cored Isothermal

NB: decaying
DM no option!

10° 10*
Opening angle 6 [°]

- compatible with ~o it
-, but (almost) only with

standard NFWV or Einasto profile!

= [Symmetry around GC checked by masking half ROlIs]
Torsten Bringmann, University of Hamburg

b [deg)

~50 0 0
( |[deg)
RO [Color scale: signal to background]
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=, for E<130GeV -
- y=r, for E>130 GeV

Slgnal ocE77 with

me or astro-physical toy example:
=S from mono- -energetic e*]

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 57



N, / Nigogev

my [GeV]  (ov),x [107*cm?s™!]

129.8 + 2477, 1.27 4 0.32+018
1442 +2.2%%, 314+ 0.7910:40
155.1 + 2.176, 3.63 +0.9170:4

149 4 4735,

/,ﬁﬁl % ! ' 7|
120 130 140 5)
E. [GeV]

o 7;7 7];1'1';"; *,
11

Torsten Bringmann, University of Hamburg 95%CL upper limit

5.2 +1.3195

¢ DM spectroscopy !?

< usually at least two lines
(eff. operators...)

< relative rates provide
important constraints on
viable models

¢ currently very weak
(1.40) indication for
2nd line see also:

Rajaraman, Tait & Whiteson, JCAP ’12
Su & Finkbeiner, 1206.1616
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More DM model implications

¢ Need annihilation

- implies resonances and/or large couplings (see e.g. Buckley & Hooper, PRD '12)
- difficult to achieve for thermally produced DM!
- expect large secondary rates (optical theorem!)

\Nq\, X I I v
’ 1
1/,/'4 ; y )

.z 7 1.z’» Asano,TB, Sigl & Vollmann, PRD 13

—) Constraints from cont. Y-rays, antiprotons and radio!
Buchmiller & Garny, JCAP ’12

X

&0

- E.g.neutralino DM already ruled out!? Cohen et al, JHEP 12
Cholis, Tavakoli & Ullio, PRD ’12
¢ Possible exceptions: Huang et al, JCAP '12

Laha et al, PRD ’13
< only new particles in loop (independent model-building motivation?)

< cascade decays (fine-tuning to get narrow box!?)

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 59



Bringmann & Wenige

r (‘2‘012)

22 \\\\HH‘ I \\\HH‘ \\\\HH‘ \\\\HH‘ I \\\HH‘ \\\\HH‘ I \\\HH‘ H.U
- |
107 excluded ) (W)X
. - Einasto H 1
—23[ 7
Q 10 = v = _
en - 9q.ZZ,WW) Voot ] i
E - -, 1 continuum
S 10724 .l E
i = - - gamma-ray
= - B nscrain
> (D T - constraints
5 -25 | A P B
10725 . - -
X = /\ - E
—_ B AAN v ]
> 26| AAAANN \ 4 a
107" = VAVVAVAVAVAVA v E
- B A AAAAAANAAAARNN v 3
~ .ok AARAAAANANARNAANAN \ 4 =
I TWAYAVAV.VAVAVAVAVAVAVAVAVAVA v :
0!1047j Vo AN YAVAVAVAVAVAVAVAVAVAY v _
o E AAINRRAAANANANNNAN A v E
= AAAAANAAAANAANNRD A =
AN FVAVAVAVAVAVAVAVAVAWARLSLSES o oy v o .
aa) PNV W o vAVAYAY VAVAVAVAVAY
ot aVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAN -
3 ARARARARARARRARARA RS N > E
= AARNNNNNNNARARAREA @ 0.10<0/°<0.13 f
10295AAAAAAAAAAAAAAWAX Y Qh*<0.10 =
ANANAAAANAANAANANANN ) 3
ANANAAANARNARAANANN A OW*>0.13 ]
ANAAAAANAANN AN .
10—30 AN NAN Lol Lol Lol Lol Lo bl Ll

w
N

103" 103 1022 1022 10% 107

—
<
w
i
-
<
wW
w
—
o

3
Mine+1B X OV [cm™/s]

= VIB more likely explanation than lines?

(see also Bergstrom, PRD ’12; Shakya 1209.2427, Tomar+ 1306.3646,Toma 1307.6181, Giacchino+ 1307.6480...)
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A note on absolute rates

¢ For standard (SUSY) couplings, still a

of to obtain necessary rate

¢ Not possible to enhance signal by point-like

cuspy profiles, nor large substructure boosts

[both result in wrong signal profile; latter is also highly unlikely in light of simulations]

o Still

pY = 0.4GeV /cm®

(e.g. factor 2-3 claimed when including oblate
halo and ‘dark disk’: Garbari et al, MNRAS ’12)

- Enhanced DM profile due to effect

of baryons as in new ERIS simulation
Kuhlen et al, Ap) ’13

UH
Torsten Bringmann, University of Hamburg

through

- larger local DM density than

e LI

L. Bergstrom, 2012

™

e S Standard Einasto,

E———— fit €0~ with <ov>=1.310% | ]
e-08 ‘T T mr=.l. Mcm%‘l -
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Main caveats!?

appears from the

124.7 - 133.4 GeV
2 L _

©

Ny=13.99 TS=36.11

(dynamical) galactic center!
- possibility surprisingly little discussed in 10;
literature (but ~1.5° ~ is a lot)!

- Baryons affected by star formation & st
supernovae, shock during galaxy mergers

® for ‘realistic’ numerical simulations of 10 5 0 5 10
Gal | [ded]

late-type spiral galaxy formation Su & Finkbeiner, 1206.1616
¢ A contamination from the earth albedo!?

~ (weak?) indication by Su & Finkbeiner, confirmed by Fermi collaboration
- would be a serious challenge to the DM interpretation
< atm completely unknown what could cause such a line...

@ Analysis relies on public Fermi tools...
I:{> need independent confirmation by collaboration!

"1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 62




The incidence angle vs zenith angle plane

All events above 50 GeV

80 . . Earth limb photons

observed in normal
survey mode

L—

-—— —

70

60 Earth limb photons

observed when rocking
angle >50deg (pointed
observation)

/

\ . -
“Bad incidence

20

10F ..

160 léO
Z [deg] -+—
Events used in

Rocking angle Rocking angle standard analyses

before Sep 2009 since Sep 2009

* Red events: Galactic center line
* Blue events: a suspicious line in the Earth limb...

slide from
Christoph Weniger



Our analysis (P7V6), until jJuly 2013

expectation for signal

P7SOURCE_V6, Reg3

Accumulated significance [o]
Accumulated significance [¢]

| | | / 1'. ] ] ] ] ] ]
30 50 80 00 10 20 30 40 50 60 70 80
Tim;/f?noonths] expectation for Time [months]
——>» statistical fluctuation
Definition of signal Trial-free measurement
hypothesis
Bands: Analytical projection for £10 and 20 bands, assuming Gaussian noise 65-260 GeV.energy range;
with S/B~0.35 (details in CW 2013, 1303.1798); projections do not take into 129.8 GeV line energy;
account expected improvements with PASSS 1D PDF slide from

Christoph Weniger



Updated Fermi line search

Events /5.0 GeV

Resid. (o)

©

local

P7CLEAN R3 1D E, = 130.0 GeV
NG, = 24.8 evts n,,, =298.2 evts
Sioca =450

Ty, =278

ROI R3
(3° radius GC)

lllllllllllllllllllllllllllllllllll

L Tt

—> Line signal

Fermi LAT coll., 1305.5597

(for same 3.7 years of data)

Lot ot Lo M

—

4
2

RS IE R EREPS SRk
-2

4

‘+'+#+'f _+__+_l T | T |++—+-+
+ +

80

But...

~ use 3.7 yr re-processed data

(re-calibration of calorimeter)

- use 2D fit

100 120 140 160 180 200 220
Energy (GeV)

410

3.30

(add additional parameter Pt for energy dispersion)

< 3.7 yr > 4.4 yr of data

2.90

local significance: 4. 5%}

06
=

NB: relative
importance of
effects depends on
the ROI, but net
result is always
~the same...

—>there is ‘something’, but things look much worse than lyr ago...

.i.ti.
n

e

Torsten Bringmann, University of Hamburg

and nothing in the inverse ROI...!
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Future confirmation?

.i.ti.
n

¢ “Tentative evidence’ based on <|00 photons
—> need a more data to either confirm

or firmly rule out

- ...but maybe much faster if Fermi collaboration publishes PASSS8
event selection before and/or changes observation strategy!

¢ HESS Il is looking at GC as one of the first targets

¢ final word possibly by GAMMA-400

- launch around 2018

- greatly improved angular and energy resolution
(at the expense of sensitivity)

- signal significance !
Bergstrom et al., JCAP 12

—> may also provide further

information about the spectrum!
[NB: Similar performance expected by chinese DAMPE & HERD!]

Torsten Bringmann, University of Hamburg

®

Galper et al, 1210.1457 ¢

1 | GAMMA | H.E.S.S.
-400

Energy range, | 0.1- |0.1-3000 >100
GeV 300

Angular 0.1 ~0.01 0.1
resolution, deg
(E,> 100 GeV)

Energy 10 ~1 15
resolution, %

(E,> 100 GeV)
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10-21
10-22
10-23
10-24
10—25
10-26
10-27

(ov) [em® s7!]

10°%°
1 0'30
1 0_31

Bringmann & Weniger (2012)

1070 ¢

1078 |

L » m, =1TeV
m m, =100 GeV
- < m, =10 GeV

~A
 -ABY

C

........ .
< B

' 1 1 EGRET Draco

1 2 Fermi Dwarfs

1 3 Fermi Dwarfs (x0.1)

] 4 Fermi Halo (CPS)

1 5 Fermi Halo (col.)

4 6 Whipple Draco

1 7 Veritas Willman |

1 8 Veritas Seque |

1 9 CTA Seqgue |

A HESS GC

> BCTAGC

{1 C EGRET v

O | DFerminyylyr

3 E Fermi vy 2yr (VW)

A F Fermi ~v 2yr (col.)
>31 G GAMMA-400 v

=<Vl
|

~A@AY

3 Fund. reach:
y ] w Space Dwarf
1 x Ground Dwarf

2004

2006 2008 2010
time [yr]

2012

e ! 1 y Space Lines
Near future Far future? z Space GC

¢ Roughly one order of magnitude improvement
during last decade, expect ~same for next decade

UH
Torsten Bringmann, University of Hamburg
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Bringmann & Wemger (2012)

1 EGRET Draco

2 Fermi Dwarfs

8 3 Fermi Dwarfs (x0.1)
| 4 Fermi Halo (CPS)
{ 5 Fermi Halo (col.)
il 6 Whipple Draco

il 7 Veritas Willman |
gl 8 Veritas Seqgue |

| 9 CTA Segue |

i A HESS GC

j B CTA GC

i} C EGRET ~y

B D Fermi vy 1yr

i E Fermi vy 2yr (VW)
| F Fermi 4y 2yr (col.)
G GAMMA-400 ~~

!
~A
 -ABY

i . mo o

F g D E
L » m, =1TeV '
m m, =100 GeV
- <4 m, =10 GeV

‘‘undamental’ reach

w Space Dwarf
| x Ground Dwarf
y Space Lines

2004 2006 2008 2010 2012 Near future Far future? 2 Space GC
time [yr] := systematics
under control

at 1% level
[light: 100x 10yr Fermi]

o further significant improvement possible with current technology

< in particular space-based instruments (but need very large exposures)
¢ . oocosoon cyctematics-limited » need to e.g. reject e-background!

.i.ti.
n
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Dark Universe 1 (2012) 194-217

Contents lists available at SciVerse ScienceDirect

Dark Universe
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2 L
FISEVIER  journal homepage: www.elsevier.com/locate/agee

Gamma ray signals from dark matter: Concepts, status
and prospects

Torsten Bringmann ®*, Christoph Weniger

211 Institute for Theoretical Physics, University of Hamburg, Luruper Chaussee 149, DE-22761 Hamburg, Germany
b Max-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Munich, Germany

ARTICLE INFO ABSTRACT

Weakly interacting massive particles (WIMPs) remain a prime can-
didate for the cosmological dark matter (DM), even in the absence of
current collider signals that would unambiguously point to new
physics below the TeV scale. The self-annihilation of these particles
in astronomical targets may leave observable imprints in cosmic
rays of various kinds. In this review, we focus on gamma rays which
we argue to play a pronounced role among the various possible mes-
sengers. We discuss the most promising spectral and spatial signa-
tures to look for, give an update on the current state of gamma-ray
searches for DM and an outlook concerning future prospects. We
also assess in some detail the implications of a potential signal iden-
tification for particle DM models as well as for our understanding of
structure formation. Special emphasis is put on the possible evi-
dence for a 130 GeV line-like signal that we recently identified in
the data of the Fermi gamma-ray space telescope.
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http://arxiv.org/abs/arXiv:1208.5481
http://arxiv.org/abs/arXiv:1208.5481

~tic halo + sun/earth

| rged cosmic rays

3 propagation of cosmic rays

¥ positrons, antiprotons, [antideuterons]
¥ multi-wavelength signals

/7

@ [Complementarity with direc
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Indirect DM searches

@
\ i e

/ sﬁh

propagation like for photons

¢ But signal significance (for the same target) usually
considerably worse

©

- signals
from the center of . /
sun or earth! |

UH =
e LJetectol
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 71
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Detection principle

. : Ly
¢ Array of optical modules in “*«rﬂ:’””
. . W, Z
transparent medium (ice/water)
to detect Cherenkov light from S\ hadronic
o« o o o sho
relativistic secondaries " ignatures
(mostly sensitive to muons because they have the longest tracks)
9 opening angle: ©,, ~0.7°(E, /TeV)™ ¢
|
— possible to do ! A\
VU,MLT o
@ tiny x-sections & fluxes: need HUGE volumes!
@ background muons: i
- down-going: atmospheric neutrinos s i
- up-going: also induced by cosmic rays N
(hitting the atmosphere the far side of the earth) Q +
|

~> look for excesses in any given direction
n

"1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 72




ICECUBE

IceCube Lab,

- e e e -

Q

< 80+6 strings and 5160 optical modules probe a
volume of ~| km3

< ~|00 GeV energy threshold (lower: Deep Core)
< ~1° angular resolution

UH
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be can see the MEON+

S

()
~—
R —

= 1000 T _——
8 0 > _cosmic-ray
b 1000 shadow of the

3 2 -1 0 1 2 3
(o, - ay,) cos(d,) [deg]

Aartsen et al., 1305.681 |

UH
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-.....,__.galactic Center (preliminary) ——
Galactic Halo s

.....,..... U/')'
.“."-/.’?/./Zy
.._... OU
..__.../701

<OpV> [cm3s'1]

2%
IceCube-40
natural scale

103
m, [GeV]

Ition to
ale problems!

~ not enough flattening
~ of cuspy profiles

ruled out by
astrophysics
larg(ish) velocity-
10 0.1
dependent self- Mcut S 107 Mg — g/, om? g ]

interaction 0,05 btmex [km s7']

van den Aarssen+,
PRL’12

'\ Torsten Bringmann, University of Hamburg



J. Edsj6, 2010

p—

SI scattering
SD scattering

Capture rate suppression
due to Jupiter

Including heavy elements

=
=
N
Q
&
=]
=}
K7
17/]
5
=
(=3
(=%
=
175}
)
~—)
<
=
@
=
=
N
=%
<
o

& Edsjo, PRD '04
emaine, 0806.2133
Peter, PRD ’09

WIMP mass (GeV)
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0.05 <Q,h* < 0.20 MSSM model scan

0g, < ol CDMS(2010)+XENON100(2010) — - CDMS (2010)
IceCube (bb —— COUPP (2008)
IceCube (W‘ZW',t"t' for m, <m,, = 80.4GeV) --- gllgg 3‘5‘2232)9)
IG80+DC6 sens.(180d) (bb) B

IC80+DC6 sens.(180d) (W
*lceCube PRELIMINARY*

W, 't for my <m,, =80.4GeV)

C?
£
2
c
L2
E=
[3]
Q
P
[7]
(7]
o
S
o
Q
(2]
c
<]
-
o
S
&
o
=
®
=
=]
(1]
2

(Lines are to
guide the eye )

10*
Neutralino mass (GeV)

Danninger et al, | 111.2738
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Neutrino signals

N = C _ CANQ -2 N ,:> Annihilai:ion rate: ;
P — Ty = §C’tanh2

capture rate QFA % C AC

] , C'/2 in equilibrium

¢ Neutrino signal from center =maximal signal)
of 10— o
with direct detection 1040 BN IT -

(equilibrium typically not yet reached)

¢ Neutrino signal from
sun leads to very
competitive limits on
spin-dependent
scattering rates

10-52 | :-'E_":

-54
107

56 1l excludable
10 i 30 excludable

10—58 || @ 5Hoexcludable
XENON100 2012 Limit

10° 10° 10*
Lightest neutralino mass m, (GeV)

Silverwood et al, JCAP ' 13
i1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 78

Not excludable I

Sl neutralino-proton cross-section o, (cm?)

10—60
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+ halo, dwarf galaxies, galaxy clusters, ...
. “'smoking gun” spectral features

alactic halo + sun/earth

arged cosmic rays
~ propagation of cosmic rays
- positrons, antiprotons, [antideuterons]
- multi-wavelength signals

8 [Complementarity with di

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 80
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Charged cosmic rays

e

¢ GCRs are confined by galactic magnetic fields

2 After propagation, is left
2 Also the tends to get

Q

Equal amounts of matter and antimatter
—> focus on antimatter (low backgrounds!)

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 8l



soRr galactic extragalactic

Foc E77

/

l |(l"n.2 I"'I -
Y )
N\

LHC cms) =4

v

) 9 I 13 15 17 19 21
o] 10° 10" 10”10 107 10”10

'\ Torsten Bringmann, University of Hamburg E (eV) Indirect detection of dark matter - 82

@ = .



Cosmic ray propagation

about Galactic magnetic field distribution
Magnetic fields CRs in galaxy for E < 10° TeV

Random distribution of field inhomogeneities
~~ propagation well described by diffusion equation

O ©

©

O 9 5 0
8_ N (Dv_vc)¢+a_ w_ a_Ka_QpZQSource
b 4 A p P4 OD
often set to 0
(stationary config.) :
ources
Diffusion coefficient, diffus:ve (primary &
often D x 3(E/q)° o reacceleration = 2sary)
K x v2p?/D
i1 Torsten Bringmann, University of Hamburg
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Analytical vs. numerical

How to solve the diffusion equation?

¢ Numerically o ey
< 3D possible "ﬁ':f'%‘;é?
& any magnetic field model G

o . : Strong, Moskalenko, ...
& realistic gas distribution, full energy losses 5

computations time-consuming
for most users a “black box”

DRAGON

Evoli, Gaggero, Grasso & Maccione

= (Semi')anal)'tical |)’ €.g. Donato, Fornengo, Maurin, Salati, Taillet, ...
& Physical insight from analytic solutions

k
@ fast computations allow to sample I?L A?l %F ? ? ?
full parameter space ‘ 33 “v 3 3

only 2D possible |
simplified gas distribution, energy losses = R = 20kpc

UH
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present in sources

- element distribution
following stellar
nucleosynthesis

- accelerated in supernova

shockwaves

Relative Abundances

@ Secondary species

o 5 0 15 2 2 2 < much larger relative
Atomic Number (Z) abundance than in stellar
Fig. from D. Maurin enVironmentS

¢ produced by interaction of
primary cosmic rays with
interstellar medium

UH
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T. Bringmann & P. Salati (2006)
T T — T T Ty

10°® e : ,

[m-2 s=! sr-! GeV?]

TOA
¢ 3

—

o

&

3
TP
—
(=]

10~ L Solar Minimum with ¢, = 500 MV

i Scan with B/C compatible data and ALL &
10-7 T BT R Ll

BESS 95+97 BESS 98 AMS 98 CAPRICE 98 E

0.1 1 10 100 1000

TI*  [GeV]
UH . ’
| B TB & Salati, PRD "07
21 Torsten Bringmann, University of Hamburg

104

o, Taillet & Salati,Ap) 'Ol
other species:

i

excellent agreement
with new data:

BESSpolar 2004
Abe et al., PRL '08

PAMELA 2008
Adriani et al., PRL’10

=> very nice test for

underlying diffusion model!
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0.5

\ ‘ [ ‘ \ [ ‘
0.002 0.004 0.006 0.008

K, /L [kpc M yr'l]

- N WA OO N O

.1 Torsten Bringmann, University of Hamburg

analysis leaves large
In propagation
parameters that

(almost) do not affect standard CR fluxes
(~everything produced in the disk)

but can have a large impact on, e.g.,
antiprotons from DM annihilations:

Donato, Fornengo, Maurin, Salati & Taillet, PRD '04
T N

case | O Ko ‘ Ve Va
(kpc® /Myr) § §| (km/sec) | (km/sec)
max|0.46] 0.0765 § 15§ 5 117.6
med [0.70| 00112 || 4 § 12 52.9
min |0.85] 0.0016 R 1 J| 135 22.4

Maurin, Donato, Taillet & Salati,Ap] Ol 0(102) change in predicted P flux from DM!
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Torsten Bringmann, University of Hamburg

[m=2 st sr~! GeV!]
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-
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[ &)
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|
n
T
12}
b
g
=

TOA
4 »

-
o
&

-
o
&

T. Bringmann & P. Salati (2008)

BESS 95+97 BESS 98 AMS 98 CAPRICE 98

LSP candidate 1.0 TeV
Diffusion model MED

Solar Minimum with ¢, =

10 100
T [GeV]

T. Bringmann & P. Salati (2008)

BESS 95+97 BESS 98 AMS 98 CAPRICE 98

LSP candidate 1.0 TeV
NFW DM halo profile

10 100
TIA [GeV]
P
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[m=2 s=! sr! GeVZ]

TOA
P

3
P

T

10!

100 |-

10-! F

T. Bringmann & P. Salati (2008)
T T T T T T 17T

BESS 95+97

CAPRICE 98

L | T T L B R |
PAMELA 07

1.0 TeV WIMP

/ _
S/econdary P ------

AMS 08

privhary p (LSP) — — —- \

/ total B (LSP)

/ total p (LKP) ————-

/
/  NFW DM halo profile

/Solar Minimum with ¢, = 500 MV
1 1 I 1 1 1 1 1 11 I

\

10 100
TIOA [GeV]

UH
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didates...

...but are quite efficient

in settings !

2 light SUSY DM
Bottino et al., PRD ’98+05

< non-standard DM profile

proposed by deBoer
Bergstrom et al., JCAP ’06

< DM explanations for the

PAMELA e" /e~ excess
Donato et al., PRL '09

¢ “Evidence’” for DM seen in

Fermi data towards the GC
g TB,0911.1124
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® PAMELA

100
Energy (GeV)

Adriani et al., Nature '09
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LI I T T T UL I T T T T 1T 11T I T T T
LI I T I
—=— Fermi 2011 i ° AMS-02 ]
—e— PAMELA 2010 - “ PAMELA .
c —8— AMS 2007 A Fermi
2 —&— HEAT 1997 c L -
E o
: ; H
5 E
2 5 gl HHW 1
& 51007, o, £ -
8 B ° CEI u] W 1
L a yd w 4
- OoB w -
ol i 0B gy go080F i
1111 I 1 1 1 11 1 11 I 1 1 1 11 111 I 1 1 1
1 10 10
e* energy [GeV]
Aguilar et al., PRL’13
90° longitude = LAT position
TN ;fao”r%\ﬁjetn(lje?e' S Ting-
‘ . . " '.\‘2

“Over the coming months, AMS
will be able to tell us conclusively
whether these positrons are a
signal for dark matter, or whether
they have some other origin”

0° longitude
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The Alpha Magnetic Spectrometer (AMS) Experiment Transition

©

UH
iti

h 2
pha agnet pectrometer s

Radiation
Detector

A
\‘ |

Upper Time-of-

Fﬁghl > :f.':" ]
D o >
Lo, Pa
Star tracker il e st
W .
Silicon -
tracker

Super-
conducting
Magnel

Anti-coincidence
Counter

installed on ISS in 05/ I I 'f&/ﬂwk}‘;\“zg_,.w
first data release 03/13 e | T A
uses a 0.14 T permanent magnet i F
designed for CR spectra o

for the next I8 yrs e
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1GeV
10 GeV
100 GeV
500 GeV
1TeV

o
o

o
o

, Full model
— — —  Thomson regime

Delahaye, Lavalle, Lineros, Donato & Fornengo (2010)
N

+ -
e"+e flux

HEAToss - Hessople™d | 7 I distance [kpc]

1

R aries e

] dl's‘a“ta'ﬁes auSO195, | HESS 09 (e
ocal I ATIC 08 (™) * Fermi 10 (e

aries
Il

Fries CAPRICE 94 © Fermi 0

-
°

¢ propagation uncertainties:

< secondaries ~ 2-4
< primaries ~5

=> need for local primary source(s) to
describe data well above ~10 GeV

E%) [ Geviem?s'sr]
3

10 10°

10°
E [GeV]

UH
Torsten Bringmann, University of Hamburg
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DM explanations

000
e
: : 2000 -
- strong constraints on hadronic 1000}
modes from P data " s
- XX — 6+6_ or ,LL+,u_ favoured 500
e Iarge boost factors generic - 0(103) e S
1 2 3 4
. g c ' Mpy [TeV]
=> highly non-conventional DM! BERESETBIERSS & Zaharijs, PRL 09

+ significant radio/IC constraints, see later!

@ and: many good astrophysical candidates for primary
sources in the cosmic neighbourhood:
- pulsars Grasso et al,ApP’09 ¢ old SNRs Blasi, PRL 09 2 and further

Yiiksel et al., PRL °09 Blasi & Serpico, PRL "09 r s,
Profumo, 0812.4457 proposals

take home

message: Positrons are certainly not the best
messengers for DM searches!

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 95
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LT

E? dN/dE [TeV cm™ s7']

Model N3 + NFW profile

ov=23x10%cm

Energy [GeV]

n Bringmann, University of Hamburg

1 0—20

1072 —

1 0726 [

1 0728

100

1000
mye [GeV]

Indirect detection of dark matter

ynchroton)!
Edsjo & Taoso, PRD 09




Sommerfeld effect

Arkani-Hamed, Finkbeiner, Slatyer & Weiner, PRD ’09

X & ¢ Kinematical situation:
- non-relativistic DM particle X

~ light exchange particle, my < m,

0
—> each ‘rung’ of ladder contributes at
5 O(a/v)
long range interaction, short range interaction,
potential distorts wave function: standard QFT resuit:

Xy

o = S(0)og S() = [1:(0)]?

UH
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1

_ g=10""
_ g=5x10""
_ €=0.0099
_ €=0.5953

— — Coulomb

o 10° 106 105 10* 107 102
€p = O My/My
Figs.: van den Aarssen
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A rich and interesting phenomenology!
¢ Introduced in DM context long before PAMELA

- TeV neutralinos can to ! Hisano, Matsumoto,
Nojiri, Saito, ...’03 -’06

¢ No simple ‘factorization’ of particle physics

and astrophysics in gamma-ray flux

- E.g. much larger ‘boost-factors’ from substructure

than for s-wave annihilators! E.g. Bovy, PRD '09

@ Significant effects on thermal history

- Factor 2-3 changes in relic density possible Hisano et al, PLB ‘07
Cirelli, Strumia & Tamburini, NPB *07

(deSPite V ~ A/ 3/CUcd ~ 0.3 ) March-Russell et al., JHEP *08

- New era of annihilation after kinetic decoupling  Dent Dutta & Scherrer, PLB 10
Zavala,Vogelsberger & White, PRD ’10

POSSible Feng, Kaplinghat & Yu, PRD ’10
: van den Aarssen, TB & Goedecke, PRD ’12
= Substructure cut-off can be as large as the scale of ..
dwarf SpherOidaIS van den Aarssen, TB & Pfrommer, PRL ’12
Q Feng, Kaplinghat & Yu, PRL’10
2 Change of DM profiles ferg ipineracsre g
Vogelsberger, Zavala & Loeb, MNRAS ’12
.1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 100
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e

e

he best
searches!

> \ %
S GCRs are confined by galactic
¢ After propagation,
S aPAlISe the spectral information tends to get washed out
2 Equal amounts of matt

~ 'Is'that actually always true???

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 102
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mple observation #2:

: —— - 'B'ergé,trvél?ve%;d (2013) I — T . — T
L ote m, =100 GeV
- . (ov) = 3 x 10720 cm3s _ o AMS-02
a 100; - ef 7 IS — Fitto Data
2 §10'y g
S T . - i
g 101 " § B -
O, k= u -
< g | ]
5
g 07 ]
" Solid (dashed, dotted): L = 4(8,2) kpe Ll Ll e '
" Dot-dashed: Usaa +Up = 2.6 eV cm™ 1 10 102
10*13071 ST o 0 e* energy [GeV]
E [GeV]
AMS provides data
Sharp do exist, i) with extremely high statistics
for leptonic channels, even i) for which a simple (5 param) smooth
! BG model provides an excellent fit

Let’s try a spectral fit!

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 103
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Bergstrom et al. (2013)

e
-~

- dashed: Fermi LAT j
[ solid: AMS-02 (this work) _ - ’V\TMA‘ﬂ i

} represents uncertainty in

i) local DM density
ii) local radiation density

NB: this method
gives very robust
limits - but only
for spiky signals!

my, [GeV]

:> ool et existing lmits on (light) leptonic states!

Indirect detection of dark matter - 104
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Bergstrom et al. (2013)

[\V]

—_

:
-

Signal significance [Gaussian sigma]
|
—

|
N

Il Il
101 10?
m, [GeV]

| @ Largest effect (~factor 3): high

Positron fraction

.1 Torsten Bringmann, University of Hamburg

energy part of e* fraction is
superposition of many pulsars
and dip in BG conspires with
DM signal at same place
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lactic halo + sun/earth

' arged cosmic rays

@ propagation of cosmic rays ¢ r
¥ positrons, antiprotons, [antideuterons]

- multi-wavelength signals

more in lecture by ;
F. Donato...!

9@ Complementarity with dire

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 106
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Multi-wavelength approaches

¢ In principle, high-energy positrons (and electrons!)
from DM annihilations could induce further signals:

e:l: Inverse Compton €
Synchrotron

= ==

€ >y —C
B Vl/z/l/\ radio

s ma rays (or soft X-ray)
CMB or starlight (or hard X-ray) Magnetic field

210°% |

¢ Egnthlso be used to.. - -

constrain size of
diffusiverhado: T8 Dohaco 7 T e

: & Linerps, * =
necessarily most gerps, ,
i .y JCA?IO Ez o = Narayan et al.
constraining!

. -10“;
— Rimparantfoseonstraining s
(in particular light) DM ! ¢ 2107
0 100 107 0™ —90 —80 —70 —60 —50 —40 —30 —20 —10 0 10 20 30 40 50 60 70 80 90
b [deg]
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Torsten Bringmann, University of Hamburg
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10° }

108

T K] x (v/MHz)?5
50\

—
(=}
wu

Q

Fornengo, Lineros, Regis, Taoso (2011)

107 }

T
GSM North pole
GSM South pole
Surveys North pole
Surveys South pole

1 @ Galactic halo: low
1 frequencies are
most constraining

Fornengo, Lineros, Regis & Taoso,
JCAP’12

Q@ constraints rather

[ 1™ channel Mpy=10GeV —— T~ B
" bb channel —_— Mpy = 100 GeV —— —- <]
1 1 L .
log;o(v/MHz)

constraints much

more stringent — but
strongly dependent on
DM profile for r<I| pc!

Bertone, Sigl & Silk, MNRAS "0l
Bertone, Cirelli, Strumia & Taoso, JCAP *09

UH
Torsten Bringmann, University of Hamburg

N competitive

Fornengo, Lineros, Regis, Taoso (2011)

10722t bb GMF modell
MIN
MED

1023 . MAX ———

NFW — B
Isothermal  ------ ‘

10! 102 10
Mpy [GeV]
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sion with

=
107°F B 1ICS DM Dovey | 2260 deg s 1€ of PAMELA
- - Bkg
1 - — — — =
" - n EggET 0. <80.5 deg
T 4 GeV<E<10 GeV s
. :
- ould be excluded!
£ -
o o T \ \+\_\\\\H T T T T
- b : "y, Binasto PAMELA
10-7 :: 7777777777 ;: 1027 - + Ferml
- 5 : +Hess
I i
i i 1026 -
10-5 - Bkg+ICS DM Ann. | X — =
3 gtgHCS DM Decoy f} L60 deg bins 3 R
T - 0.5<111<30.5 deg ] o ”’
’75 I 4 GeV<E<10 GeV] D107 L= = -
L [ R - \Afeer Iyr
e K :
© "iiii“ - FERMI 10— 20" ———— | Fermi
—_ i) 24 | -
Y i"i!“ii'iiiii l: FERMI Gal. Poles — — — -
ovp e =ihh: - Isotropic - 4
I f " ~
I B |"| 102 | Lo L1113
-50 0 50 102 103 10*
b deg my [GeV]
Borriello, Cuoco & Miele, PRL '09 Cirelli, Panci & Serpico, NPB ’10

n = mostly important for heavy leptophilic DM
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Dark Sta I'S ‘Indirect detection at early times’

- Stars in dense environments may
collect so many WIMPs that their

% — o, (lots of) WIMPs

NN ° of © 5
Supermassive >rer y we annihilation starts to fuel the star
Black Hole _. T . Salati, Silk 1989
. ' o 2 e Moskalenko, Wai 2006
\ l / / e ° . * Fairbairn, Scott, Edsjo 2007
“ Spolyar, Freese, Aguirre 2008

locco 2008

Bertone, Fairbairn 2008
M Yoon, locco, Akiyama 2008
Taoso et al 2008

locco et al 2008

; ‘_/ Casanellas, Lopes 2009

Fig.: Pat Scott

- the first stars in the universe might
have been supported by DM

annihilation rather than fusion

Spolyar, Freese, Gondolo 2008
0 r Freese, Gondolo, Sellwood, Spolyar 2008
Freese, Spolyar, Aguirre 2008

Freese, Bodenheimer, Spolyar, Gondolo 2008
Natarajan, Tan, O’Shea 2009
Spolyar, Bodenheimer, Freese, Gondolo 2009

UH
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s

lo, dwarf galaxies, galaxy clusters, ...
oking gun” spectral features

ctic halo + sun/earth

harged cosmic rays

& propagation of cosmic rays

¥ positrons, antiprotons, [antideuterons]
¥ multi-wavelength signals

¢ Complementarity with direct and collider searches

Torsten Bringmann, University of Hamburg Indirect detection of dark matter - |13
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Accelerator searches '
¢ Process: SMSM — yy +X parees ;’:”’p
- q

¢ WIMP Signal: (transverse) Br * o

- extract additional information from other produced particles
- NB:also SM processes!

¢ Constraints very powerful

L2,

a.) ¢ -

but SUSY

q Vv
unambiguously b) /X-}//>

WIMP in | // /)Y

accelerator-only approach!

©

1

EDs

/ |>/ l_
W /
d) q, - » v, ‘Baltz et al,,

. . . 0
distributions help) i W, PRD "06

"1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - |14
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[ Lect aIreadye cluded ]
byl_ @i\m—moo ]

LHC+ILC—1000

% 600; . % ol )
-« need in any case 2

g indepe dent ‘5 10 |
a LHC+ILC—500

©  confirmation f i
~ from direct and/or j ¥ m‘mwh
0 L | L

LHC
P IS o i/ HL N o v S B 0 l***k““ ! I
“Indirect searches - - o005 01015 02
2 Q. h?
A :
- . ‘% 99
“nice model” bad model
SPS1a’ — bulk (/coann.), m, = 96 GeV LCC3 — coannihilation, m, = 143 GeV
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LHC limits on new particles

at LHC...
¢ ...but impressive limits on new particles (e.g. SUSY)!

(%)

So far,  sign for

degenerate |st and 2nd generation...

These are model-dependent! ——

Squark-gluino-neutralino model’ m
\\H\‘\;\\l‘\;\\\‘\\\\
| H 1 B
A [

©

N
o

- . . . = OO - = .,,;' g
- All limits but for gluinos and squarks & | s
. . o o %1800 [— e CL, Observed 95% C.L. limit —]
are derived/follow in minimal setups ¢ T \ ‘ oG nesan s
u _§ 1600 } ‘ ‘\\ |:|AT}_AS EPS 2(;1171 ) —:
¢ Have to cut on soft jets! i N —
C \ i ———
o o o . 1200 [— N T —
-~ Usually, limits are derived from high-E ; . .
' ’ ' B = T L e
jet + K’ signature, i.e. M% =0 5 o sa s og | S
E\ 300; CDF 2.65 fb R ‘1:ﬁ ;EO srcale”urlwc. ° 1 sv=1°°f§
250 - EMID05.2 1" . " ATLAS é ]
MGSS between COIOI‘ed 2005_ ’;\1.\?@@,— ILdt:zostb'.\sﬂ TeV —E SO[Ge%/inO
new states and lightest new state sE 3
generically to test with LHC! 100 - R |
50 E—- é
i1 Torsten Bringmann, University of Hamburg G0 150 200 25 300 50 ?T?o [é;'@fok matter - |16
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SLHA file

Fittino AstroFit DarkSUSY

’ Ax?- Astro 7
X>-minimization
AX _ { QDMhZ )
—— contri-
T | bution (I)(J)’ <GV>
exp. data
Os

in progress... etc.
[first application: Bechtle et al., JHEP ’12] caleularetheo: obsarvables

y TB, Nguyen, Horns
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LHC implications

¢ LHC limits on sparticles imply that new colored
states must be heavy

¢ Low-energy observables, in particular , indicate
necessity of new states coupling to
=> constrained SUSY scenarios already in some tension
' 0
Wlth data: Bechtle et al., ]HEP ’12
2 — 2D 95% CL LEO — 2D 95% CL LEO
X" /ndf 5532”2%}’2 cMSSM  p0m i Lic %ﬁéﬁi}’z cMSSM  eciine
ﬁ |3.|/9 1000;/’/,—- - il—: 68% C C : x*LE: 68% C C
LHC %: o Lre _ wl ':'%imc
5 fb"! T S g |
x 103/8 B s
LEO Op 700 2000 3000 4000 5000 0 70000

M, (GeV)
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FITTINO 2D 95% CL LHC m,,=126GeV 2D 95% CL LHC m,,=1 26GeV
‘ 1D 68% CL LHC m,,=126GeV 1D 68% CL LHC m,,=126GeV

susy| 0 2D 95% CL LHC Higgsbounds
SPRING 2012  aeeeeees 1D 68% CL LHC Higgsbounds SPRING 2012

K LHC m,;=126GeV Best Fit
i\( LHC Higgsbounds Best Fit

--------- 2D 95% CL LHC Higgsbounds
--------- 1D 68% CL LHC Higgsbounds

K LHC m,,=126GeV Best Fit
7,"( LHC Higgsbounds Best Fit

1000 2000 3000 4000 5000 6000 Soo
M, (GeV)

, FITTINO
- 10 Environment SUSY FIT"NO
2 Environment SPRING 2012
Best Fit Value

SPRING 2012
R Decay channels

M = 126 GoV will constrain

=3 GeV the cMSSM
even further...

4000 -2000 O 2000 4000 6000 8000 10000
A, (GeV)

Particle Mass [GeV]

0 AO IO It -0 0 0 O+ A+~ A~ ~ ~ /™ ~ ~N ~ ~ ~ ~
hAHHX1XzX3X4X1X2|R I % %49 b,b,t, 1, 9

1618
[ BROMSSM BRV

Y
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1D 68% CL LHC, XENON100
-------- 2D 95% CL LHC, XENON1T

U
% XENON100:

SPRING 2012 _;,. _3¢-28 cm’s"
bb

0B ogetisetopy T 1D 68% CL LHC, XENON1T
‘Tw —_
(3} -
E 102 —
Iﬂ |
A -
> |
v 102 —
= Y LHC, XENON100 Best Fit
10— % LHC, XENONI1T Best Fit
1 1 IIIIIII 1 1 IIIIIII 1 IIIIIIII 1 1 | I I I
102 10" 107 10° 10°

Og, (pb)

Torsten Bringmann, University of Hamburg

2D 95% CL LHC, XENON100 |

2D 95% CL LHC, Higgsbounds :
1D 68% CL LHC, Higgsbounds |

L]

Higgsbounds: _
SPRING 2012 m.=2706Gev 2D 95% CL LHC, mh.,_1 26GeV
Xy iaeeaa Y —
04'= 7.28e-10 pb 1D 68% CL LHC, m, 126GeV
Y LHC, Higgsbounds Best Fit
Y LHC, m =126GeV Best Fit
)
e
[
©

XENON100
B XENON100 goal
A XENON1T

2 3
10° m, (Gev) 10

oo (Fermi Dwarfs limits)
just start to touch this area from above

= complementarity
of direct and
indirect searches!
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XENON100 (2012)
= observed limit (90% CL)
Expected limit of this run:

[ + 1 o expected
+ 2 o expected

T

-
.-
-

-

-
-

-
T -

.. -
-
L e

_____
e =

.~

WIMP-Nucleon Cross Section [sz]

1 1 |
910 20 30 40 50 100 200  3( DO 1000

WIMP Mass [GeV/c?] |0W€ ' | i = it

e \_ to ogr!
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Spin independent cross section (pb)

Fermi-LAT

e

|III|_|,|,||]

|III|_|,|,||]

1e-06

“tobs ~5000 hrs

Torsten Bringmann, University of Hamburg

indirect detection|
1

0.0001 0.0\ 100

<ov>, /mx2 (1 0% cm’s ' Gev _2)

Bergstrom, TB & Edsjo, PRD | |
Bergstrom, 1205.4882

| health warning: this assumes

zero systematic uncertainty! |Indirect detection of dark matter - 124




P. Gondolo, J. Edsjo, P. Ullio, L. Bergstrom, M. Schelke,

p D a rk 1..] E.A.Baltz, T. Bringmann and G. Duda
P “X FREE .
: S U S Y - poWNLOA®

http://darksusy.org

I”

¢ Fortran package to calculate “al

-~ relic density + kinetic decoupling

- generic SUSY models + laboratory constraints implemented
cosmic ray propagation

~indirect detection rates: gammas, positrons, antiprotons, neutrinos
- direct detection rates

DM related quantities:

«

([

C

¢

=) new (more modular) version 6 to come!

1 Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 125


http://darksusy.org
http://darksusy.org

UH
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - 126



©

Observed structures in the
universe seeded by tiny
primordial inhomogeneities:

p(x, 1) = p(t) [1 +0(x.1)]

Density fluctuations

0.0001 £ \ =

llllll 1 llllllll 1 llllll 1 lllllll 1 llllllll

2 Gravity makes 0 grow... o

- only ‘inside the horizon’ (~ full 3] Scale (millions of lightyears)
) ] M. Tegmark
- Evolution of 0; depends on both ; Ina(t) for t < teq

a) background and b) componenti <& °x (s a(t)  fort > teq

¢ Spectrum usually assumed and
92 ¢ scale-free spectrum: Ps(k) o k"3
(O Ops ) = Fﬂ;(k) 6(k — k)| ¢ For n = 1, the mass variance <|5R(x)\2>

L at horizon crossing is independent of R
Torsten Bringmann, University of Hamburg Indirect detection of dark matter - |27



1 1

Ex = §>_Cci$X = §mx>ZcX

DM particle ~MSSM:

) singlet scalar n—=Jr, Ir

, 3 couplings
b Yukawa interaction term r.er! P,

/ X/\ f /\\ /{
e | | § solid: full 3-body

gl . ] dotted: 2-body + FSR
"""""" 1 /] (dashed photons from bbg)

107

> focus on this part!
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‘Strong evidence’

Su & Finkbeiner, 1206.1616

. e j© 2 120-140 GeV residual map
55 1K - created by subtracting background

L $ B estimate = E°dN/dFE average of
: (80-100,100-120, 160-180) maps
“E 1 - all maps smoothed with FWHM=10°

il |
o -
3] o
L_.IS l_S Z_U.JO A\

L
o
o

10 AP

¢$¢$$

Gauss 3.7 4.3

S R

Einasto 5.1 5.5 10,85| | | By \L

90 100 120 140 160 180 200
Photon Energy [GeV]
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—-0.5 X . .
. 1. < no similar structure seen elsewhere
180 % 0 %0 180 -~ ~no difference with(out) point sources
A 1()'3E T T T . T T T |§
= analysis o e
: . . . L FWHM of cusp 4° Simple disk ]
(fit linear combinations of spatial templates) [ L os af 111 "ole bubble ]
Line superposition «--+------
@ Global significance in o el A _j
]
one line two lines O] $$ ]
Z
©
m




Bergstrom, Bringmann & Edsjo (2008)

-+ PAMELA

H-  HEAT

BM5’ (my=132 GeV)

BM3 (m, =233 GeV)

background

10 20 50 100 200
E.+ [GeV]

Bergstrom, TB & Edsjo, PRD ’08
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