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@ Existence by now essentially
mey  impossible to challenge!

72%
Qcpv = 0.233 £ 0.013
electrically neutral
non-baryonic

, cold - dissipationless and negligible

TODAY R
free-streaming effects
; - collisionless
Neutrinos Dar
10 % Matter
63%
Photons
15%
Atoms
12%
13.7 BILLION YEARS AGO
(Universe 380,000 years old)
credit WMAP
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rk matter

Atoms

Dark
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
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= Qcpv = 0.233 £ 0.013

)

@

@ Existence by now essentially
impossible to challenge!

electrically neutral

non-baryonic

cold - dissipationless and negligible
free-streaming effects

O

- collisionless

WIMPS are particularly

good candidates:

7 well-motivated from particle physics
[SUSY, EDs, little Higgs, ...]
/ thermal production “automatically”

leads to the right relic abundance
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Freeze-out # decoupling !

¢ WIMP interactions with
heat bath of SM particles:

X SM X X
X>::< SM SM >::< SM

(annihilation) (scattering)
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Freeze-out # decoupling !

¢ WIMP interactions with
heat bath of SM particles:

X SM X X
X>::< SM SM >::< SM

(annihilation) (scattering)

W

Tyoq ~ My /25

chemical decoupling

v
{2y
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Freeze-out # decoupling !

&)

2 WIMP interactions with

heat bath of SM particles:

ol
X(annihilation)SM
7

Tyoq ~ My /25

chemical decoupling

v
{2y

ol
SM SM
(scattering)

v

Tia ~ M, /(10%..10°)

kinetic decoupling

<
Mcut
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? T. Bringmann, 2009

size of
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TB, NJP 09

typical” Myt ~ 107° My, but highly model-dependent
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Strategies for DM searches

at colliders

e

: fi, W 3

k3 = N
et G ; 3
WO T bR

directly indirectly
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Strategies for DM searches

at colliders

lk:

e —

directly irectly

——

= all complementary!

UH
Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 6



Indirect DM searches

,i_ti
n

v
\ _att o

/ sj "
G
DM has to be (quasi-) against decay...

... but can usually pair- into SM particles
Try to spot those in cosmic rays of various kinds

1 1)

©

©

The . i) absolute rates
~~ regions of high DM density

ii) discrimination against other sources
~~ low background; clear signatures
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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 to look for
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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 <= maybe mostimportant!
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Gamma-ray flux

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

Ao,

Al <UU> ann B dN"yf
dE,,

Brm2 <= dE,

(E% A¢) :

df
— 1f4 %(r
/Aw A¢ l.o.s (w)p ( )
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Gamma-ray flux

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

dd., AN
—1(E,,A Janm § 2
dEW( Yo ¢ 7rm2 de /Aw ¢)P (I‘)

l.o.s

partlcle physics

(0V) ann - total annihilation cross section

my, ‘WIMP mass (50GeV <m, < 5TeV)

By  :branching ratio into channel f
i .

1 : number of photons per ann.
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Gamma-ray flux

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

dq)v ann de 2
—(E,, A
dEfy( Yo ¢ 7_‘_m2 Z de /Aw w)p (I')

l.o.s

partlcle physics

(0V) ann - total annihilation cross section

my, ‘WIMP mass (50GeV <m, < 5TeV)

B¢ :branching ratio into channel f rangular res. of detector
: distance to source

N,{ : number of photons per ann.
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Gamma-ray flux

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

dd., AN
— E A ann 2
dEfy ( Yo ¢ 7_‘_m2 E : J dE /A¢ w)p (I')

l.o.s

partlcle physics

(0V) ann - total annihilation cross section

my, ‘WIMP mass (50GeV <m, < 5TeV)

By  :branching ratio into channel f rangular res. of detector
: distance to source

N,{ : number of photons per ann.

Wy, g

g

V

high accuracy
spectral information
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Gamma-ray flux

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

7

particle physics

(0V) ann - total annihilation cross section

My ‘WIMP mass (50 GeV < m, < 5TeV)

B¢ :branching ratio into channel f rangular res. of detector
: distance to source

N,{ : number of photons per ann.

Wy, g

T &

high accuracy
spectral information

+ rather uncertain
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Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 9



Halo profiles

ACDM N-body simulations Fits to rotation curves!?
a C > C
PNEW = (@ +1)2 PBurkert = (r ¥ a) (a2 + 12)
C
_2(z\*_1 _
,OEinasto(T) — 108 e (e [( a,) ] IOlSO (CLZ + 7«2)
(= 0.17)

R T er <table result ~~ conflicting observational claims
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Halo profiles

ACDM N-body simulations Fits to rotation curves!?
a C > C
PNEW = (@ +1)2 PBurkert = (r ¥ a) (a2 + 12)
C
_2(z\*_1 _
,OEinasto(T) — 108 e (e [( a,) ] IOlSO (CLZ + 7«2)

(a = 0.17)

R T er <table result ~~ conflicting observational claims

2 Situation a bit unclear; effect of ?
(But could also lead to a of the profile!)

Q@ Difference in annihilation flux several orders
of magnitude for the galactic center

@ Situation much better for e.g. dwarf galaxies
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Y
Fig.: Bergstrom, NJP '09
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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 about 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!)
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Bringmann & Weniger (2012)
T T

AE/E = 0.15
......... AE/E = 0.02

020
x=E/m,

¢ =

005 0.10

Gamma-ray signals from DM - 12



Bringmann & Weniger (2012)
T T

AE/E = 0.15
......... AE/E = 0.02

020
x=E/m,

0.10

] feie:;:s & model-independent
- difficult to distinguish from astro BG
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Bringmann & Weniger (2012)
T T

i - - o ] romatic lines
iy
S R s ] 2
| LYY i)
<
Z ,,,,,,,,,
qq.2Z . WW l
‘?g 01. ,_\(Virtual) Internal
| Bremsstrahlung
| XX = ffv, WW ™y
0.01- O(aem)
00 o0 a0 oM T 0% 10 200
x=E/m,
//’ .
photons @ Primary photons
photons but ¢ direct annihilation to photons
- & model-independent ¢ model-dependent ‘srmolking gur’
- difficult to distinguish from astro BG spectral features near £, = m,,
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Bringmann & Weniger (2012) —
] ] romatic lines

X — vv,vZ,vH
(9((12 )

e

AE/E = 0.15
e AEJE = 0.02

,:\ (Virtual) Internal
| Bremsstrahlung

XX — ff,WTW ™y
O(ctem)

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

’ry 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

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

o4, H
O(a2 )

e
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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
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inal state radiation

¢ usually dominant for m, > my

¢ mainly collinear photons

~» model-independent spectrum

Birkedal, Matcheyv, Perelstein
& Spray, hep-ph/0507194

¢ important for high rates into
leptons, e.g. Kaluza-Klein or
“leptophilic” DM

UH
Torsten Bringmann, University of Hamburg
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Internal bremsstrahlung

[ £ X £) [x f
- -
X f X f] f
\. =/
Final state radiation [TB, Edsi® & Bergstrom, JHEP '08]
2 usually dominant for m, > my 2 dominantin

i) f bosonic and t-channel

5 . : :
mainly collinear photons mass degenerate with m

~~ model-independent spectrum Bergstrom, TB, Eriksson
Birkedal, Matcheyv, Perelstein » & Gustafsson, PRL'05
& Spray, hep-ph/0507 194 ii) symmetry restored for
¢ important for high rates into 3-body state  Bergstrom, PLB '89

©

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

spectrum

¢ important e.g.in mSUGRA
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ton (m, = 141 GeV)

Total r E
— — — - Secondary gammas
------ Internal Bremsstrahlung

~ 0T~ (VIB) -

0.2 0.4 0.6 0.8 1

x = Ey/my

region (m, = 565 GeV)

Total K’ N
— — — - Secondary gammas
------ Internal Bremsstrahlung

~ qq (incl. FSR)

z =B, /my

orsten Bringmann, University of Hamburg

focus point region (m, = 1926 GeV) bulk reg
T T T T T T T T T T T T T T T T T 1
Lr Total BM4 | L
— — — —  Secondary gammas
------ Internal Bremsstrahlung
8 0.1 1
= s o0l
& &
;ZS 001 . Z
5 B . Bop01t
Lo - + - T ~ _ L
0.001 ~WT™W ¥ \\\
T O S A S S SRR
0.2 0.4 0.6 0.8 1
x = Ey/my
coannihilation region (m, = 233 GeV) funnel
10 + - o - E 1
Total BM3
— — — - Secondary gammas B
Lo Internal Bremsstrahlung |
8
= 8
~ 3
8 0.1 1 o 0l
K A
= , =
& 001F ~ : ~
8 TN 1
BN 0.01 -
0.001 - g ~ |
0.2 0.4 0.6 0.8 1

0.2 0.4 0.6 0.8 1

z = Ey/my

enchmarks taken from TB, Edsjo & Bergstrom, JHEP ’08 and Battaglia et al., EPJC '03)
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Bergstrom et al.,’06
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Kuhlen & Madau, Ap) ‘07

b /1
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and, Kuhlen & Madau, Apj '07

b/}

Galactic center

< brightest DM source in sky
¢ large background contributions
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and, Kuhlen & Madau, Ap| ’07

b |

formation

Galactic center

< brightest DM source in sky
< large background contributions
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er;and, Kuhlen & Madau,Ap) '07

formation

~
e

e

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

Galactic center

< brightest DM source in sky
¢ large background contributions
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P Diemand, Kuhlen & Madau, Ap| 07

L

formation

e

=

- Dwarf Galaxies

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

. DM clumps
Galactic center ¢ easy discrimination

¢ brightest DM source in sky (once found)
< large background contributions ¢ bright enough?
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P Diemand, Kuhlen & Madau, Ap| 07

L

formation

=

=

- Dwarf Galaxies

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

Extrasalactic backeround DM clumps
> . . L
- 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?
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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?
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http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm

9—tel. at 2000 m ==
41—tel. system ===

4 large + 85

)

integral flux (photons em™ s

Integral ﬂﬁx

10 events

o e . 0.1

threshold energy (MeV)

- (from the LAT webpage) Energy [ TeV |

Bernlohr et al.,’07
Gamma-ray signals from DM - 18
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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

[E—

<
[\S)
[\

20 V> [cm3 s1]
p—
o
b

[E—
|

[\

=~

= "

Galactic center
observations
with HESS

Abramowski et al, PRL [ |
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= Indirect searches start to be very competitive!
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WIMP Mass [GeV]

Almost as
constraining:

(NB: much better
discovery potential!)

Ackermann et al, JCAP’10
Tl [Fermi-LAT collaboration]
"1 Torsten Bringmann, University of Hamburg

& diff. BG

Gamma-ray signals from DM - 20



10| = (=M =107 M
oma -
/_/
20%,M_=10"M__ )
— 10 ¢ M =10'M - -
T -
Q 2 -
— 10 -
= e
-
4 X
Voo

10"

I(J;,. PR T S TS |

\
\
RO B

100

WIMP Mass [GeV]

Almost as
constraining:

(NB: much better
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Torsten Bringmann, University of Hamburg

Constraints from the diffuse

gamma-ray background depend
] strongly on subhalo model

Abdo et al, JCAP’10
[Fermi-LAT collaboration]

MSII-Res BulSub
10-22 Conservative limits — MSII-Sub1 = = MSII-Sub2 Stringent limits
10—23
T R 0
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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

UH
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UCMHs

Itra 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

W|th Scott & Sivertsson, PRL *09
Lacki & Beacom,Ap] ’10
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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

W|th Scott & Sivertsson, PRL *09
Lacki & Beacom,Ap] ’10

¢ Required density contrast Ap
at horizon entry: ; p

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

~107° @ z> Ze
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New constraints on P (k):

Cluster
abundance
*
1
' 4
e
=

I Flg M‘."I'égmarlk

Density fluctuations

0.01
F 1CIroVv
E background
SDSS -
0.001 ¢ galaxy 3
E % F - =
F clustering
B —&
0.0001 \ -
= [ +—=— 3
1 lllll 1 1Ll llllll 1 1 Illllll 1 1 lllllll 1 1 lllllll L
10 100 1000 10000 108

Scale (millions of lightyears)

UH
Torsten Bringmann, University of Hamburg

¢ Primordial (linear) power spectrum
well measured at ‘large’ scales
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Cluster
abundance
17 *

Intergalactic

|\

hydrogen

clumping T
AI % Gravitational
lensing

] :
Cosmic

-
microwave N » ‘ P P e r
background
- >~

SDSS
galaxy
clustering
[ ]

I I I I I I _10—1

100 1000 10000
Scale (millions of lightyears)

=l1n-2
10-3}— WIMP kinetic decoupling 10

0" — 1073

Allowed regions

p— —4
g 10777 \\\\ — Ultracompact minihalos (gamma rays, Fermi-LAT) . . g
& 10~ T~ T —— _ ___ — 7 Ultracompact minihalos (reionisation, WMAP5 7.) -1 &(2
107 }— \ =— = Primordial black holes —10°
10-8 [(_)b, my = 1TeV] = CMB, Lyman-a, LSS and other cosmological probes —107"
N I — 10—8

| ‘
| i I I I I I I R I N I I O I 10

S 10 40 10 10" 100 10° 10T 108 10 10 10" 107 10" 10t 10 10 10V 10 10"

= —1
| UH k (Mpc™) TB, Scott & Akrami, PRD *12
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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...

@ No significant changes after 24 months ofAdkata... -
ckermann et al, ’
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|IB features with Fermi?

TB, Huang, Ibarra,Vogl & Weniger, JCAP ’12

¢ Introduce simplified toy model with minimal field
content to get strong IB signals

[~same as

1
2

1

L, ==X%idx — =m

2

xXCX

Ly = (Dun)"(D*n) —min'n

Lini = —yXW ) + i, 1, b

UH
Torsten Bringmann, University of Hamburg

in SUSY]

[Majorana DM particle]
[SU(2) singlet scalar]

[Yukawa interaction term]
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1 1

Ex — —Xc’i@X . _mxf(CX

2 2 ~MSSM:

t scalar] n — fLafR

kawa interaction term] YR,L couplings fixed!

X\/f X f X\/f
x/l\‘\f X/I\\f
solid: full 3-body

10"
'\ Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 24




1 1

Ly = SX1IX — 5my XX

5 9 ~MSSM:

scalar] n — fL, fR

awa interaction term] '/ oo e

. /K\ ) /'\,\ /{
solid: full 3-body

dotted: 2-body + FSR
(dashed: photons from bbg )

10"
'\ Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 24




1 1

Ly = =X%dx — =m, XX

article]
2 2

~MSSM:
‘ fsinglet scalar] N — fLa fR

[Yukawa interaction term] '/ .o e

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

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

107

> focus on this part!

'\ Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 24




Target selection

¢ Galactic center by far brightest source of DM
annihilation radiation

¢ 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

UH
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Target selection

¢ Galactic center by far brightest source of DM
annihilation radiation

¢ Need strategy for large astrophysical backgrounds:

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

exclude galactic plane

-

(8

©

idea: data-driven approach to optimize ROI

estimate background distribution from observed

LAT low-energy photons 1GeV < E, < 40GeV

- Define grid with 1° x 1° — > e i b g
- Optimize total S/N pixel by pixel: | %7 = Px XT

E.,<40 GeV
. \/ZieT ——

UH
Torsten Bringmann, University of Hamburg ~ target region (ROI) Gamma-ray signals from DM - 25
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>

Optimal target regions

TB, Huang, Ibarra,Vogl & Weniger, JCAP ’12

b [deg]

—60—-40-20 0 20 40 60

¢ [deg]
20
10
=) —1.4
£ Px OXT
—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 Gamma-ray signals from DM - 26




Energy spectrum in target region

(sketch)

Fig.: C.Weniger
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Energy spectrum in target region

d Nsignal
dE

+6E R

(sketch)
Fig.: C.Weniger
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Energy spectrum in target region

d_J - Sstignal
dE ~ dE

LAT energy resolution LAT exposure (sketch)

here: 43 months Qe veniger

'\ Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 27




Likelihood analysis

¢ ‘binned’ likelihood
- NB: bin size < energy resolution ~~

L=]]P(ci|pi)
L1

i

observed expected

UH
Torsten Bringmann, University of Hamburg

analysis!

quz e_lu’i

Pci|ps) =

Ci!

Gamma-ray signals from DM
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Likelihood analysis

¢ ‘binned’ likelihood

- NB: bin size < energy resolution ~~ analysis!
_— Ci o i
=11 P(cilu) Pleili) = 45
i
observed expected

¢ Significance follows from value of test statistic:

|
L 1 — best fit with S — ()
nu

TS = —2In

EDM — best fit with S Z 0

—> significance (without trial correction): ~\/ TS 5

(95% Limits derived by profile likelihood method: increase S until A(—21n L) = 2.71,
while refitting/ ‘profiling over’ the other parameters)
n

"1 Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 28




! Upper 95% CL limits for different DM profiles, p=1.1

3 T ; — T T T T T T
a=1.0 - .
a=1.1 : . C and

50 | | | IlOOIIII 200
m, |GeV]

(0= () b ctroncer than for Fermi dwarfs!

ospects also excellent for |ACTs: (TB, Calore,Vertongen & Weniger, PRD ’10) ]

UH
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! Upper 95% CL limits for different DM profiles, p=1.1
3 T ; — T T T T T T

a=10  ------ a=1.2
a=1.1

GC and
halo
region

Dy B

-----

50 | | | IlOOIIII 200
m, |GeV]

its on (0= () b ctroncer than for Fermi dwarfs!

[NB: prospects also excellent for IACTs: (TB, Calore,Vertongen & Weniger, PRD ’10) ]

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

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

Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 29




. B, Huang, Ibarra,Vogl & Weniger, JCAP 12
Expected and observed limits
. ———

expected limits (95% CL)

observed limits
(dashed: excluding data from 115 to 145 GeV)

50 100 200

m, [GeV]

10°%

95% CL upper limits
21 Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 30




<Jv>xx—>3"f7 fer® 57

.i.ti.
n

Expected and observed limits

.JCAP 12

(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 | |
6 | ! | | I
107" F o =1.2
27
107 E TN LS
10‘2i } : : —
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

20k

-20

10

-10

Reg2, my, =149 GeV

: —
B ; Signal counts: 85.1 (4.30)

——————
46.7 - 247.8 GeV ]|

50

100 150 200
E [GeV]
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DO
@)

—
Ot

TS value
S

Statistical significance for VIB-like contribution, u=1.1

T ' L L L T
Regl
—— Reg?2 - -

Torsten Bringmann, University of Hamburg

100 |
m, [GeV]

m, = 149+ 4 T3, GeV

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

to signal
significance

of 4.30

Gamma-ray signals from DM - 3|



Statistical significance for VIB-like contribution, u=1.1

25 T ' — 1 T T T T ue
— — Regl ...... Reg3 ml'na"y
Ll
20 I Reg?2 -~ Regd - corresponds

to signal
S 15 significance
G of 4.30
N -
- 10

100 |
m, [GeV]

m, = 149+ 4 T3, GeV

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

=
B

IB: also very well fit by 1= with

Ut m, ~ 130 GeV, (ov) ~ 10" *"cm?s ™!
Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 3|




L ook-elsewhere effect

—> Need to take into account that many
are performed!

[i) scan over DM mass and ii) different test regions]

UH
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4 trials over a y7_, distribution :

{from subsampling
analysis of galactic
anticenter
hemisphere

Histogram

N

max TS

Torsten Bringmann, University of Hamburg
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(e

E I I T E :
E — 4 trials over a y2_, distribution 1 = [from subsampling
10* HA ) analysis of galactic
3 5 anticenter
[ hemisphere
P 0
fgo i N ] &
2 10 F N / solve
; "N 1 P < TS)t\: P(x3 < %)
1 .
10° £ : 3 t=4x4
: _
|
107t | | | LI @
0 5 10 15 20 25

max TS

Torsten Bringmann, University of Hamburg

observed maximal TS
value corresponds to
significance of 3.10
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_analy5|§

Weniger, JCAP 12

e T

@ Fermi LAT” o

same data: 43 months Fermi LAT e

very nice and extended description
of (~same) method
- extended discussion

Q bottom line:

-4.60(3.30) effect
o m, = 129.8 4+ 2417, GeV

e <0U>XX—>77 = (1.27 -+ 0.32 fg:%g) PRS2 e s |

Excess indep. confirmed by:

Tempel, Hektor & Raidal, JCAP ’12
Rajaraman, Tait & Whiteson, JCAP ’12
Su & Finkbeiner, 1206.1616

UH
Torsten Bringmann, University of Hamburg

-80 -60 -40 -20 O 20 40 60 80
£ [deg]

E? & [GeV em 2s st

! ! !
20 50 100 200
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‘Strong evidence’

Su & Finkbeiner, 1206.1616

20

45

45—

920

Residual map

180

j° ¢ 120-140 GeV residual map
15 ~ - created by subtracting background
® | 5 estimate = E°dN/dFE average of
S (80-100,100-120, 160-180) maps
1% ° < all maps smoothed with FWHM=10°
. | . _?Z < no similar structure seen elsewhere

- ~no difference with(out) point sources

1 Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 34



‘Strong evidence’

Su & Finkbeiner, 1206.1616

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

|
—
o

estimate = F2dN/dFE average of

_ (80-100,100-120, 160-180) maps
1% ° < all maps smoothed with FWHM=10°

il
o
o

o
|
|
S | S WO N\OY

I
o
o

Line superposition «:«:-eeuee

—-0.5 X . .
. 1 - no similar structure seen elsewhere
160 % 0 %0 180 - ~no difference with(out) point sources
. 10'3§ T T T . T T T |
= analysis o oo
. o . o L FWHM of cusp 4° Simple disk
(fit linear combinations of spatial templates) [ Lo af 11 ClE DubDIe |

¢¢¢$¢ g

10 AP

il | ¢¢Iﬁ¢

90 100 120 140 160 180 200
Photon Energy [GeV]

UH
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‘Strong evidence’

Residual map

Su & Finkbeiner, 1206.1616

¢ 120-140 GeV residual map

- created by subtracting background

i
N
4

20

n
o

I
a1
I
|

| e [T

15 x
<
i - 1B 3 estimate = EQdN/dE average of
ER (80-100,100-120, 160-180) maps
o 41 ° < all maps smoothed with FWHM=10°
. _?: - no similar structure seen elsewhere
180 % 0 20 80 -~ ~no difference with(out) point sources
. 10'3§ T T T . T T T |
= analysis  pap e
(fit linear combinations of spatial templates) ol FAHMofcusp & wihole bubole __
E Line superposition «:«:-eeuee 3
Global significance in o llul | ;
one line two lines 8 L J/$J/ \L$$$ $ I
S 109 QLJ/ 4
Gauss 3.7 4.3 = : ;
: E’IHIH%II SEEEES
NFW 4.5 4.9 107k 1 \IL 3/1 q L]
Einasto 5.1 5.5 ol L | o \L

90 100 120 140 160 180 200
Photon Energy [GeV]
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Latest news

The fourth symposium will focts on new scentific
Irvestigations and resulls enabled by the Feay
Gammaray Space Tolescope, as well as mission

»

'z 5
-~

http:/fermi.gsfc.nasa.gov/science/mtgs/symposia/2012/

P b2 =m

UH
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P e ntiindbug ‘-,‘..“ & R

4" Fermi Symp‘oslum

4nterpretat:on of the GC |35 GeV feature originating from
a systematic error at this time” Elllot Bloom (30/10/12)

UH
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B o' Wﬂmm ‘-v- >y

4" ferm Symposlum

2 “The LAT collaboration does not have a consistent
interpretation of the GC |35 GeV feature originating from

. . . )
a systematic error at this time Elliot Bloom (30/10/12)
¢  some more details:
- updated calorimeter calibration: peak moves to 135 GeV For more details, see
- up to 30 in limb data, but nothing in ‘inverse ROI’ (disk) talks by E. Charles, E.
- local significance of 3.40 in 4°x4° box around GC Bloqm and'A.AIberts...
- no globally significant excess in own optimized ROI [t expected for

spring next year]

UH
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4" Fermi Symposium

@  “The LAT collaboration does not have a consistent
interpretation of the GC |35 GeV feature originating from

. o . (%)
a systematic error at this time Elliot Bloom (30/10/12)
¢  some more details:
- updated calorimeter calibration: peak moves to 135 GeV For more details, see
- up to 30 in limb data, but nothing in ‘inverse ROI’ (disk) talks by E. Charles, E.
- local significance of 3.40 in 4°x4° box around GC Bloom and.A.AIberts...
- no globally significant excess in own optimized ROI [BEhe ot expected for

spring next year]

¢ Bottom line:

the excess is there and o instrumental '
. ! . ¢ statistical
could at this point be either . eai o

UH
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b (degrees)

er, 1206.1616

Einasto

130 GeV Feature

&= Most likely position
----- 10 region
— 2 o region
110 GeV Feature

= Most likely position
----- 10 region
— 2 o region
1104130 GeV Feature

Y Most likely position
----- 10 region

— 2 O region

wIIII|IIII|IIII|IIII|IIII|IIII

1 2

3

| (degrees)
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Caveats for a DM interpretation?

Q appears from denamical galactic center!

Kuhlen et al., 1208. 4844

— 2 o region

110+130 GeV Feature

- What about SMBH?
Gorbunov & Tinyakov, 1212.0488

- Centered distribution also consistent? .
Rao & Whiteson, 1210.4934 | (degrees)

Tempel, Hektor & Raidal, 1205.1045;Su & Finkbeiner, 1206.1616

- possibility surprisingly little discussed in 3 7| Einasto | %%
A o K %"_) B Inasio 4= Most likely position

literature (but ~1.5° ~ isalot)l 824 ] 1o region

o C — 2 o region

- for ‘realistic’ simulations of late- 3 10 GeV Feature
o o o N o= Most likely position

type spiral galaxy formation like ERIS N\ |- torepin

Y Most likely position

o

===== 1o region

2 o region

“““““““““““““““““

L
QTTTT
r
L
o
-

o
N

Q@ A contamination from the earth limb?

< (weak?) indication for line(s) at same energy! Su & Finkbeiner, 1206.1616
- would be a serious challenge to the DM interpretation
< atm completely unknown what could cause such a line...

< several indications for statistical fluctuation  Finkbeiner, Su & Weniger, 1209.4562

[e.g. only for very specific incident angles; no lines in astrophysical photons  Hektor, Raidal & Tempel, | 209.4548

at these angles]

1 Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 36




-

B and line signal

UH
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i n Y wi h " 71f1“E<130 GeV
v ;<130
,Slg I O(E” W}P””**f,2 fo 77 > 1307 ‘7
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=, for E<130GeV .
= %for E>130 GeV

Slgnal ocE77 with

=S from mono- -energetic e*]

Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 37



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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m, [GeV] (ov),x [107*em?s™!]

129.8 + 2.417, 1.27 4 0.32+018
144.2 4+ 2.275, 3.14 4 0.7910-40

155.1 +2.175, 3.63+£0.9170%

149 + 448, 5.2+ 1.370:8

UH
Torsten Bringmann, University of Hamburg
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N, / Nigogev

<U'U>fyH

my [GeV]  (ov)ox 10 Hemds™Y] fohe frthz (ot
129.8 £2.477, 1.27 4 0.3275:18 1 066755 <0.83
144.2 +£2.275, 3.14 £0.79106 < 0.28 1 < 1.08
155.1 2176, 3.63 4 0.9110-4 <017 <0.79 1

Bringmann & Weniger (2012)
T T ~

—rJ |
Lﬁ'f;": e I |

i20 130
E. [GeV]

11

Torsten Bringmann, University of Hamburg

1

1
40 5

95%CL upper limit

5.2+ 1.3798

¢ DM spectroscopy !?

¢

@

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

relative rates provide
important constraints on
viable models

currently weak (1.40)

indication for ’nd 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!)

=X

1/,/[/',7 [
7.2, h ~Z.1 Asano, TB, Sigl & Vollmann, 1211.6739

Ml}—‘

Ge

UH
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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!)

X

Ge

L™X

o -

RO

|
Loy, 4 hT
|

X I / )
1
QZEX

X I

! %z Asano,TB, Sigl & Vollmann, 1211.6739

—) Constraints from cont. Y-rays, antiprotons and radio!

Buchmiller & Garny, JCAP ’12

- E.g.neutralino DM already ruled out!? Cohen et al, JHEP 12

UH
Torsten Bringmann, University of Hamburg

Cholis, Tavakoli & Ullio, PRD ’12

Huang et al., 1208.0267
Laha et al., 1208.5488
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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!)

X pli \Nl’{ X I I "
| 1
L - %I/'c X I T :
' .20 : 7% Asano, TB, Sigl & Vollmann, 1211.6739

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

Ge

- E.g. neutralino DM already ruled out!? Cohen et al.,JHEP 12
Cholis, Tavakoli & Ullio, PRD ’12
¢ Possible exceptions: Huang et al., 1208.0267

Laha et al., 1208.5488
< only new particles in loop (independent model-building motivation?)

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

UH
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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
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= VIB more likely explanation than lines?

UH (see also Bergstrom, 1208.6082, Shakya 1209.2427, ...)
Torsten Bringmann, University of Hamburg Gamma-ray signals from DM - 4|



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]

UH
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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, 1206.0015)

- Enhanced DM profile due to effect

of baryons as in new ERIS simulation
Kuhlen et al., 1208. 4844

UH
Torsten Bringmann, University of Hamburg

through

- larger local DM density than

e LI

L. Bergstrom, 2012

™

T T T
“fit o - 2 | ]
I to - with <ov>=1.3-10 4
,ﬂ_';x\':_“_ -.e am o ey ;_:\ Cm3S'1 =

Standard Einasto,
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Future confirmation?

¢ “Tentative evidence’ based on ~50 photons
—> need a more data to confirm

¢ ... but maybe much faster if Fermi collaboration
publishes PASS8 event selection before!

UH
Torsten Bringmann, University of Hamburg Gamma-ray signals from DM
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Future confirmation?

¢ “Tentative evidence’ based on ~50 photons
—> need a more data to confirm

¢ ... but maybe much faster if Fermi collaboration
publishes PASS8 event selection before!

2 HESS Il will look at GC as one of the first targets
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Future confirmation?

¢ “Tentative evidence’ based on ~50 photons
—> need a more data to confirm

¢ ... but maybe much faster if Fermi collaboration
publishes PASS8 event selection before!

©

©

final word possibly by GAMMA-400

Galper et al., 1210.1457

- launch around 2018
- greatly improved angular and energy resolution
(at the expense of sensitivity)

- signal significance !
Bergstrom et al., 1207.6773

—> may also provide further

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

"1 Torsten Bringmann, University of Hamburg

HESS Il will look at GC as one of the first targets

-
,/y
Fermi | 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)
Gamma-ray signals from DM - 43



Bringmann & Weniger (2012)

>
6
o
| S
1 B BN R
S =
..i::::‘ -
2 4
-------- m
< 3 LR
» m, =1TeV . E
m m, =100 GeV
v =10 GeV

m‘iv

<Vl
!

~A@AY

2006 2008 2010 2012
time [yr]

UH
Torsten Bringmann, University of Hamburg

Near future

1 1 EGRET Draco

1 2 Fermi Dwarfs

1 3 Fermi Dwarfs (x0.1)
1 4 Fermi Halo (CPS)

1 5 Fermi Halo (col.)

6 Whipple Draco
7 Veritas Willman |

| 8 Veritas Segue |
1 9 CTA Seqgue |

A HESS GC

1 B CTA GC

{1 C EGRET v

] D Fermi ~y 1yr

3 E Fermi vy 2yr (VW)
{1 F Fermi ~v 2yr (col.)
1 G GAMMA-400 ~y

1 Fund. reach:

1 w Space Dwarf
1 x Ground Dwarf
1 y Space Lines

Far future? z Space GC

Gamma-ray signals from DM - 44



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
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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
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Bringmann & Wemger (2012)
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- <4 m, =10 GeV
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i 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!

‘fundamental’ reach

.i.ti.
n
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XENON100 (2012)
= observed limit (90% CL)
Expected limit of this run:
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XENON100 (2012)
= observed limit (90% CL)
Expected limit of this run:
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+ 2 o expected
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Conclusions and Outlook

Exciting times for dark matter searches

¢ Gamma-ray experiments seriously start to probe
the parameter space of realistic WIMP models

UH
Torsten Bringmann, University of Hamburg Gamma-ray signals from DM

- 48



Conclusions and Outlook

Exciting times for dark matter searches

¢ Gamma-ray experiments seriously start to probe
the parameter space of realistic WIMP models

©

* They do so in a way that is

to both direct and accelerator searches
- especially when combined with multiwavelength/-messenger techniques
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Conclusions and Outlook

Exciting times for dark matter searches

¢ Gamma-ray experiments seriously start to probe
the parameter space of realistic WIMP models
Q

¢ They do so in a way that is
to both direct and accelerator searches

- especially when combined with multiwavelength/-messenger techniques

¢ Distinct in gamma rays
- help to identify a DM annihilation signal
- could reveal a lot about the nature of the DM particles
> (rather than exclusion) !
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Conclusions and Outlook

Exciting times for dark matter searches

¢ Gamma-ray experiments seriously start to probe
the parameter space of realistic WIMP models

¢ They do so in a way that is

to both direct and accelerator searches
- especially when combined with multiwavelength/-messenger techniques

¢ Distinct in gamma rays
- help to identify a DM annihilation signal
- could reveal a lot about the nature of the DM particles

> (rather than exclusion) !

¢ Have we already seen a signal?

- based on O(50) photons ~~ need more data...
< If confirmed, first BSM particle maybe detected in space - not at the LHC!
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CMB constraints

¢ DM annihilation at

injects energy that effects
the CMB photons by

- ionizing the thermal gas

- inducing Ly-a excitations of H
- heating the plasma
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An mdependent confirmation

Tempel, Hektor & Raidal, I205 1045

¢ Slightly different statistical

technique
: - kernel smoothing instead of sliding
107} energy window
e o oo N e e
— e highly consistent with power law

E[GeV]

- small adaptive kernel size to look for
spectral features: line-like feature
found at 130GeV!

high significance of signal
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‘confirmation

Tempel, Hektor & Raidal, 1205.1045

¢ Slightly different statistical

technique
8 kernel smoothing instead of sliding
Lo : energy window

[ 130 GeV peak signifcance: 4.50 0l wide kernel for background estimate:
- Central region (=-1.0, b=-0.7): r=3deg i it g i .
e highly consistent with -2.6 power law

small adaptive kernel size to look for

E[GeV]
spectral features: line-like feature
found at 130GeV!

w

N

—_

@ high significance of signal

'
—_

'
N

o
130 GeV relative signal intensity [o]

@ |dentify signal regions

b

'
w

¢ several
o w10 o o s m ¢ no correlation with Fermi bubbles!

UH I [deg]
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Limits on annihilation cross-section, b, =0°

Limits on annihilation cross-section, £,=0°
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