Dark Matter Annihilation Signal
IN Gamma Rays

— the importance of radiative corrections

Torsten Bringmann, Stockholm University

based on:

® TB, Bergstrom & Edsj0,

B 8 Bergstrom, TB, Eriksson & Gustafsson,
PRL 95 (2005) 241301 [hep-ph/0507229]
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ﬁ Outline

Myth 1 “Usually, radiative corrections to
leading order results can safely be

neglected in DM physics”
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ﬁ Outline

Myth 1 “Usually, radiative corrections to
leading order results can safely be

neglected in DM physics”

Myth 2 “All DM annihilation spectra look

more or less the same”
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Evidence for dark matter (1)

For a long time the most
convincing evidence:
galactic rotation curves

(but historically the first evidence: velocity

dispersion of galaxies in the COMA cluster)
Zwicky '33

M33 rotation curve

Direct evidence for DM from
the “Bullet” cluster: gravita-
tional potential clearly dis-
placed from the plasma (the -
main baryonic component)

Clowe et al, '06

£
e
Suwhze Q

Torsten Bringmann, Stockholm New Gamma-Ray Contributions — p.3/33



Gravitational lensing can even be used to map the large-scale

distribution of the dark matter:
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Figure 5 |30 reconstruction of the dark matter distribution, The thres axas correspond to Right
Ascansion, Declination, and radshift: with distance from the Earth increasing towards ths bottem. The
radshift scals is highly comprassad, and the suresy volume is really an slongated cons. An isedansity
contour has bean drawn at a leval of 1.6:10™ M within a circle of radius 700 fpe and 42=0.05. This
was chosen arbitrarily to highlight the filamentary strucmre. The faint background shows the fall
distribution, with the level of the grey scals corresponding to the local density. Additional views are

. providad in supplameantary Fig. 7.
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Evidence for dark matter (2)

An intersecting net-
work of fillaments
IS found, consistent
with the predictions
from  gravitationally
iInduced structure
formation.

Massey et al, Nature '07
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Evidence for dark matter (3)

In order to reconcile the matter distribution observed in large
scale structure surveys with that of N-body simulations, the
universe has to be dominated by a and cold

(free-streaming effects are negligible) matter component.
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Evidence for dark matter (4)
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On even larger scales,
the cosmic microwave
background provides fur-
ther evidence that the
total matter content is
dominated by a non-
baryonic component.

Furthermore, the inferred baryonic
matter component is consistent with

the predictions from
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ﬁ Dark Matter

By now, we definitely know it’s there!

® QOcpy = 0.233 £ 0.013 (update after )

# electrically neutral
and dissipationless

°

non-baryonic

°

cold, I.e. negligible free-streaming effects
# collisionless
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ﬁ Dark Matter

By now, we definitely know it’s there!

® QOcpy = 0.233 £ 0.013 (update after )

# electrically neutral
and dissipationless

°

non-baryonic

°

cold, I.e. negligible free-streaming effects
# collisionless
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i. WIMPs

w I M P s are particularly
well-motivated DM candidates as they

# naturally give the
(through thermal production in the early universe)

# appear in all kinds of
(introduced for independent reasons, connected to new
physics that is expected at the TeV scale)
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ﬁ The WIMP “miracle”

In the early universe, the

number density n Is determined by oy

the Boltzmann equation

dn 9 9
P +3Hn = —(ov) (n® — neq)
Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic

density is then given by:
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Jungman, Kamionkowski & Griest, PR '96

QWIMP h2 ~ (o0) =0 (O. 1) [for interaction strengths of the weak type]
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ﬁ WIMP candidates

A viable WIMP dark matter candidate is thus obtained in any
SM extension that

# contains a new, particle
# which couples to SM particles, but has and
#® andis to the ~ boson

(constraint from direct DM searches).

— The required mass scale is then simply obtained by solving
the Boltzmann equation.

Popular examples (nice for LHC!): SUSY, extra-dimensional scenarios,
Little-Higgs models,...
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ﬁ DM searches

Possible ways to unveil the DM nature:

9o
~ usually missing energy as a signal, but also the spectrum of other
new particles provides valuable information

~» measure the recoil of DM particles impinging on the nuclei of
terestrial detectors

~ ook for DM annihilation products in the galactic halo

All these approaches are complementary!
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Indirect DM detection

The basic idea:

o ¢
T~ . — o
‘/ s “
€
# Dark matter has to be against decay...
# ...but can usually Into SM particles.

#® These annihilation products can then potentially be
spotted in cosmic rays of various kinds.

#® The challenge: a clear against background
and astrophysical sources.
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Why gamma rays 7

Rather

Almost when propagating through the halo
directly to the sources

© o o o

about diffusive halo necessary
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% Why gamma rays 7

Rather

Almost when propagating through the halo
directly to the sources

© o o ©

about diffusive halo necessary

» Clear spectral signatures to look for
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ﬁ ~v rays from DM annihilations

The expected gamma-ray flux [GeV~lem

source with DM density p Is given by

Ao, (00 ann dN?
E.. A By
dE., a5, (B AY) = 8mm?2 Zf: dE,

X

g Torsten Bringmann, Stockholm
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~v rays from DM annihilations

The expected gamma-ray flux [GeV tem 25~ sr—1] from a
source with DM density p Is given by

o, ) ann de ds)
2 : 2
Ay DY Jlos
particle physics

(0v)ann - total annihilation cross section

My . DM particle mass (for WIMPs: 50 GeV < m, < 5TeV)

By . Branching ratio into channel f

N{ . Number of photons per annihilation
\m?‘a’w»
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~v rays from DM annihilations

The expected gamma-ray flux [GeV tem 25~ sr—1] from a
source with DM density p Is given by

o, ) ann de
particle physics
oV)ann . total annihilation cross section
(o)
My . DM particle mass (for WIMPs: 50 GeV < m, < 5TeV)
By . Branching ratio into channel f
N,{ . Number of photons per annihilation

angular resolution of detector

Distance to point-like source
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DM annihilation spectra

(~ entirely determined by the underlying microphysics!)

3 types of contributions:

# Secondary photons from fragmentation of decay products

& mainly through 7° — ~~

$» resultina spectrum

# Line signals from xyx — v, Z~, Hy
® necessarily loop-suppressed: @, (042)

9 signature

# |[nternal bremsstrahlung (IB)
® appears whenever charged final states are present, O (Oz)

9 , usually at high energies
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% Secondary photons

Quark and gauge boson fragmentation give essentially
degenerate phOtOI’] SpeCtra: (Figs. from Bertone et al., astro-ph/0612387)

' 1000
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r=FE/m, 100
rescale Q3
\ = 10}
- o>
dNT»res dnt fe 1
gw (z) = Ay dxﬂy (fo) %
0.1
0.01:
N.B.: Bf ~ 1 — 1.5
0005502 005 01 02 0.5 i
r=E/m,
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ﬁ Secondary photons (2)

Thus, If only these contributions are taken into account,

# “all DM annihilation spectra look the same”

only exception: a large branching ratio into =+~
(only p g g

# the kinematical at £, = m, will be
to a (very) high accuracy:

» observationally challenging due to a considerable drop in the
spectrum already at « ~ 0.5.
» theoretical uncertainty in the inferred value of m, up to 50%

(unless exact branching ratios are known independently)
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ﬁ Secondary photons (2)

Thu@nly these contributions are taken into account,

# “all DM annihilation spectra look the same”

(only exception: a large branching ratio into 77 77)

# the kinematical at £, = m,, will be
to a (very) high accuracy:

» observationally challenging due to a considerable drop in the
spectrum already at x ~ 0.5.

» theoretical uncertainty in the inferred value of m, up to 50%

(unless exact branching ratios are known independently)
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ﬁ Direct annihilation into photons

Direct annihilation into photons (xx — v, Zv, H~) results in
(width ~ 103 due to Doppler shift).

||||| T T |||||||
T E

Neutralino continuum gamma ray
10’5 E flux towards galactic centre - =

NFW model, A0=10"% sr

particularly prominent

- OF include:

\ » almost pure Higgsinos

g N or Winos
- ' ] e.g. Hisano et al. '05
Sl S NG » Inert Higgs dark matter
wME N Gustafsson et al. '07

Photon energy [GeV]

Fig. from Bergstrom, Ullio & Buckley '97
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Line signals (2)

but_ e.g. the LKP in UED:

the signal is necessarily —

loop-suppressed, i.e. O (a?) e

~  energy  resolution E

(= 10%) and sensitivity =

of current detectors gener- - \

. . . 1t B1) = € \\ N

ICaI Iy not SufflCle nt to = (enfergy resolut%on as indica‘ted) ‘\. \\ |

discriminate the signal from T e T

the continuum part- Bergstrom, TB, Eriksson & Gustafsson '04
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4 Internal bremsstrahlung
- ,

# Whenever DM annihilates into charged final states f, this
is automatically, at O (o), accompanied by vy — f 7.

® Form; < m,, the spectrum is usually dominated by
photons emitted collinearly from the charged final states

— spectrum rather model-independent.

# Under the following circumstances, however, photons
radiated from can dominate:

s t-channel annihilation into bosonic f
s asymmetry violated by ff but not by ff~

— these contributions are highly
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Final state radiation

propagator for f:

k 1 1
X 5 —
(k+p)?—m% 2k-p

X f X f
For collinear photons, the virtual f is almost on-shell
— Logarithmic enhancement of the cross section (x = E.,/m,):

N~ o(xx — ff) 2L F(2)log iz (1 — )

(see, e.q., Birkedal et al., hep-ph/0507194)
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Final state radiation

propagator for f:

k 1 1
X 5 —
(k+p)?—m% 2k-p

X f X f
For collinear photons, the virtual f is almost on-shell
— Logarithmic enhancement of the cross section (x = E.,/m,):

N _ 2
N~ o(xx — ff) 2L F(2)log iz (1 — )
(see, e.q., Birkedal et al., hep-ph/0507194)

0.1 .

® Example: LKP in UED
®» Mpa ~~ 1 TeV

s high branching ratio .
Into (~ 60 %) on |

Bergstrom et al., PRL '05a

xszsﬁ'/dm

0.01 0.1 1

x=E/mpe
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ﬁ Charged virtual particles (1)

“Light” charged get an enhancement from
diagrams if the internal particles are degenerate in
mass with the DM patrticles:

P, 1 | 1
® M = k1-p1 k2-p2 ~ m§E1E2

s small £y or £ ~ high E,

® (Note that the contraction of fermion final legs

leads to an additional £, in the numerator)

4N

5 o)
2 £
Suwhze Q

Torsten Bringmann, Stockholm New Gamma-Ray Contributions — p.22/33



ﬁ Charged virtual particles (1)

“Light” charged

mass with the DM patrticles:

get an enhancement from
diagrams if the internal particles are degenerate in

1

p, 1 —~
» M ki1-p1 kapa

miEl E2

s small £y or £ ~ high E,

h

# Example: Higgsino
s TeV mass
s highbr.to WTWW—

Bergstrom et al., PRL '05b
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d(ov),/dE, [107*2cm®s 1 TeV ™!

10?

® (Note that the contraction of fermion final legs

leads to an additional £, in the numerator)

TWtW - :0.39

0.1

E,[TeV]

New Gamma-
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ﬁ Charged virtual particles (2)

f
The 3-body final state may be al-
lowed by a that I1s not
satisfied for the 2-body final state.

X f

# Example: Leptons in SUSY
s helicity suppression o ()’

X

r
[ positrons

s suppression no longer efficient
for an additional photon in the
final state, with £, ~ m,,

Bergstrom, PLB '89

s even greater enhancement
when sleptons degenerate with TR TR TR TR T
neutralino! — mMSUGRA... nergy (GeV)

s S Torsten Bringmann, Stockholm New Gamma-Ray Contributions — p.23/33



IB and SUSY

TB, Bergstrom & Edsjo, JHEP '08

# Iidentify all relevant final states for neutralino annihilation:
o qqy, (Tl y, WIW—y, WEHTy, HYH

(L2
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IB and SUSY

TB, Bergstrom & Edsjo, JHEP '08

# Iidentify all relevant final states for neutralino annihilation:
o qiy, (T0—~, WHW =, WEHT~, HtH

# calculate amplitude, including =!I Feynman diagrams:

s use general, unspecified couplings at this step

s work in the v — 0 limit, which greatly simplifies
s the amplitude (insert an P:g, projector)
s the kinematics (now like the decay of a scalar)

o this allows to treat the annihilation rates
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IB and SUSY

TB, Bergstrom & Edsjo, JHEP 08
# Iidentify all relevant final states for neutralino annihilation:
o qiy, (T0—~, WHW =, WEHT~, HtH
# calculate amplitude, including =!I Feynman diagrams:

s use general, unspecified couplings at this step

s work in the v — 0 limit, which greatly simplifies
s the amplitude (insert an P:g, projector)
s the kinematics (now like the decay of a scalar)

o this allows to treat the annihilation rates
# Finally, include these contributions in
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IB and SUSY

TB, Bergstrom & Edsjo, JHEP 08
# Iidentify all relevant final states for neutralino annihilation:
o qiy, (T0—~, WHW =, WEHT~, HtH
# calculate amplitude, including =!I Feynman diagrams:

s use general, unspecified couplings at this step

s work in the v — 0 limit, which greatly simplifies
s the amplitude (insert an P:g, projector)
s the kinematics (now like the decay of a scalar)

s this allows to treat the annihilation rates
# Finally, include these contributions in

g e, il "iL |
Dﬁ‘k‘ ~"..| <~ NEW beta version

by the end of next week!
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scanning SUSY

® calculate IB from

possible

of neutralino annihilations
® scan mSUGRA and the MSSM

include ~ 10 models with Q, h? as determined by WMAP,

all accelerator constraints OK

log; Zg/(1 - Zg)

TB, Bergstrom & Edsjo, JHEP '08
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IB by components

TB, Bergstrom & Edsjo, JHEP '08

I 2 n T
ofl
3 3 3
2¢ 2t 2c
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| | I
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= > e
N b N 1 N i
=] o =1
= = =
%0 —2 %D —2r 4 QOD _9oL
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3 0.1 N <0.1 3 <0.1
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my, [GeV] my [GeV] my [GeV]

~» IB tmportant in phenomenologically particularly relevant

and regions!
# similar regions for all /¢~

# other channels always < 10% of total secondary flux

MSSM s WTIW~ and ¢t roughly as in mSUGRA
» W*HT contributes up to 100% for m, > 1 TeV

# wuu contributes up to 200% for heavy Binos
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Total 1B fluxes ‘
N TB, Bergstréom & Edsjo, JHEP '08
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Total 1B fluxes ‘
: TB, Bergstrom & Edsj6, JHEP '08

S=N,7—2u (" )" x signal at earth

10—2%¢cm?3s
5 :t 7; 5 ;7 E
4 3 4f 3
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2 & 8 3 2L 3
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for comparison: Moore or cNFW for gc ~~ HESS would need (50h, 50)
o §>210%ifm, ~1TeV
o S22 1ifm, ~ 100 GeV

Ae)
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TB, Bergstrom & Edsjd, JHEP '08

ﬁ MmSUGRA spectra

~ largest IB contributions expected in and
regions:
L ———  Total BM4 . .
I e focus point region
5 o mo ‘ my /o ‘tanﬁ‘ Aog ‘ sgn H My ‘ 1_2%
8 g
| 3-10*| 10* | 32 [6-10%| +1 | 1926 | 10~
N&
oooLl - IB/sec. =10.8
’ IB/lines = 2.1
10+
—— %ttldlénnll g M3 coannihilation region
L sstrahlun,
£ mo | my/2 | tanp Aog sgn || My 1_Z%g
] 01
S 101 576 3.9 28.3 +1 233 220
51: 0.01F \\>:\
0.001 = \\\\\\\\\ i |B/S€C. == 2.3 ¢ 103
T IB/lines = 5.0
0.2 0.4 0.6 0.8 1
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ﬁ mSUGRA spectra (2)

What about other relevant mSUGRA regions?
~ take benchmarks from Battaglia et al., hep-ph/0306219:

1

< 0l

~

-

2

=

Z

3

o~

8 0.01

L 1 L L L 1 L '\' L 1 L L L 1 L L L |
0.2 0.4 0.6 0.8 1
r=E,/my
1
Total K’
— — — - Secondary gammas
- - Internal Bremsstrahlung

<

~ 0.1

-

2

=

Z

3
o~

8

0.01F

0.2 0.4 0.6 0.8 1

r=E,/my

Torsten Bringmann, Stockholm

bulk region

mo ‘ my /o ‘tanﬁ‘ Aog ‘ sgn H My ‘ =7,

181 | 350 | 35 | 0 | +1 || 141 | 72

IB/sec. = 3.7
IB/lines = 3.6

funnel region

mo ‘ my /o ‘ tan 3 ‘ Ag ‘ sgn H My ‘ =

1001 | 1300 | 51 | O | -1 || 565 | 703

diagrams completely dominate
~» "Nn0”" IB contributions
(apart from FSR, already included in PYTHIA)
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Comparing IB spectra

# all spectra share a pronounced cutoff...
# ... but also show further features at slightly lower energies

® |n some cases, this could even be used to
between different !

(see, e.g., the spectra shown before)

&
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Comparing IB spectra

# all spectra share a pronounced cutoff...
# ... but also show further features at slightly lower energies

® |n some cases, this could even be used to
between different !

(see, e.g., the spectra shown before)

s further example: Bergstrom et al., astro-ph/0609510

BY vs. Higgsino

(assume same mass and

)

2
~

E2 d(ov)~/dE, [10-*cm?®s™ ! TeV]
=

—
@)

0.5 1 2
E,[TeV]

e
—
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S
ﬁ umimary

Internal bremsstrahlung

# In many situations completely the spectrum for
E. 2 0.6 m, (not only for heavy DM particles!)

# provides unique and
# allows a precise determination of the DM mass due to a

® can even be used to between different
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S
ﬁ umimary

Internal bremsstrahlung
# In many situations completely the spectrum for
E. 2 0.6 m, (not only for heavy DM particles!)
# provides unique and
# allows a precise determination of the DM mass due to a

® can even be used to between different

~~ should be regarded as at least equally
immportant for the indirect detection of DM
as line signals!
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outlook

What about from neutralino annihilations?

~» enormous enhancements for e*e~~ final states possible:
Bergstrom, TB, Edsj0, in prep.

flux at TOA, after propagation:
e No radiative corrections
e Adding only ete~~ channel

e Including radiative corrections
to all channels

but: large boost factors still necessary...

(5 x 103 in the above figure)
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outlook (2)

Further, obvious next steps include (in descending priority):

o prospects for like
the galactic center

dwarf galaxies

DM clumps or IMBHSs

extragalactic gamma rays

e o o @

with colliders
effect on Qepu”?
than positrons
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