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The nature of dark matter

Observational evidence indicates:
. Dark Matter
*  non-baryonic
o neutral

e virtually collisionless

Dark Energy

Credit: Planck Collaboration
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The nature of dark matter

Observational evidence indicates:
. Dark Matter
*  non-baryonic
o neutral

e virtually collisionless

Dark Energy

Credit: Planck Collaboration

Additional assumptions for this talk:
e dark matter is a weakly-interacting massive particle (WIMP)
e GeV -TeV mass scale

®* can pair annihilate or decay to produce standard model particles
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Indirect dark matter signals

Low-energy photons Positrons

Quarks \/\/\/\/\—» P

| ” e
. Medium-energy Electrons
\ gamma rays
' Neutrinos

‘ Antiprotons
Supersymmetric

IS nes Bosons Wrotons

Decay process mmmmmmmm)p

Credit: Sky & Telescope / Gregg Dinderman
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Indirect detection experiments __
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Indirect messengers

Instruments Advantages Challenges
Gamma'ra)’ Fermi,ACTs (HESS, point back to source, backerounds. attenuation
photons VERITAS, MAGIC, CTA) spectral signatures 5 ’

|lceCube/DeepCore/PINGU,
Neutrinos ANTARES, KM3NET,
Super-K, Hyper-K

point back to source,

. low statistics, backgrounds
spectral signatures

Crarged |, PEANSO |t | | 400
articles ’ ’ ’ ’ astrophysically ’ P
P CALET back to sources
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Indirect messengers

Instruments Advantages Challenges
Gamma'ra)’ Fermi, ACTs (HESS, point back to source, backerounds. attenuation
photons VERITAS, MAGIC, CTA) spectral signatures 5 ’

|lceCube/DeepCore/PINGU,

Neutrinos ANTARES, KM3NET, point back to source,

. low statistics, backgrounds
spectral signatures

Super-K, Hyper-K
g W o
5

7 PAMELA, AMS(-02 diffusi i
harged , (-02), : iffusion, propagation
Cha & e ATIC,ACTs, Fermi, CTA, antimatter hard o produce uncertainties, don’t point
astrophysically

particles "’ CALET back to sources
C I B
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Gamma-ray and neutrino indirect signals

(particles that propagate directly to the observer without deflection,
attenuation, or secondary production)

differential intensity = particle physics term “K” ¢ astrophysics term “J”

particles Caution: definition of “J”” is not
standardized! Watch for

factors of 2,411, ro, po, and

integration over solid angles!

[differential intensity] =

time ¢ area ¢ solid angle * energy

ANNIHILATION:

dN (ov) 1
Kann = = ann — :
iF 2 Tan(0) = 1= [ ds 2(s,0)
DECAY: . 1
Kdecay — C.-N ! Jdecay(w) — 4_/ ds 10(87?7b)
dE m, 7, T Jlos
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Gamma-ray and neutrino indirect signals

(particles that propagate directly to the observer without deflection,
attenuation, or secondary production)

differential intensity = particle physics term “K” ¢ astrophysics term “J”

particles Caution: definition of “J”” is not
[differential intensity] = . : standardized! Watch for
time ¢ area ¢ solid angle * energy factors of 2, 47T, ro, Po, and

integration over solid angles!

ANNIHILATION:

1
Tan(0) = 1= [ ds 2(s,0)

\

spectrum of particles produced

—~~—

DECAY: A 1 ; (w) i 1 (S w)
Kdecay — decay A . P\S;

dE/m, 7,
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Gamma-ray and neutrino indirect signals

(particles that propagate directly to the observer without deflection,
attenuation, or secondary production)

differential intensity = particle physics term “K” ¢ astrophysics term “J”

particles Caution: definition of “J”” is not
standardized! Watch for

factors of 2,411, ro, po, and

integration over solid angles!

[differential intensity] =

time ¢ area ¢ solid angle * energy

ANNIHILATION:

N (ov) -1
Ka,nn CE Q@ Jann(w) — E /lOS ds p2(3>¢)

N\

dark matter particle mass

DECAY: . 1
Kdecay ﬂ ! Jdecay (w) — 4_/ dS 10(87 ¢)
dFE X T Jlos
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Gamma-ray and neutrino indirect signals

(particles that propagate directly to the observer without deflection,
attenuation, or secondary production)

differential intensity = particle physics term “K” ¢ astrophysics term “J”

particles Caution: definition of “J”” is not
standardized! Watch for

factors of 2,411, ro, po, and

integration over solid angles!

[differential intensity] =

time ¢ area ¢ solid angle * energy

ANNIHILATION:

dN 1
Koy = — !lll — 2
dE 2m2 \ Jann(w) A /los ds P (va)

pair annihilation cross section
times average relative velocity

DECAY: AN 1 1

Kaecay = Jdeca (w) — _/ ds 10(87,(7b)
decay dFE TN Ty 0 Am los
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Gamma-ray and neutrino indirect signals

(particles that propagate directly to the observer without deflection,
attenuation, or secondary production)

differential intensity = particle physics term “K” ¢ astrophysics term “J”

particles Caution: definition of “J”” is not
standardized! Watch for

factors of 2,411, ro, po, and

integration over solid angles!

[differential intensity] =

time ¢ area ¢ solid angle * energy

ANNIHILATION:

dN (ov) 1
Kann — ann = — 2
DECAY: . 1
dN 1 L
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Gamma-ray and neutrino indirect signals

(particles that propagate directly to the observer without deflection,

attenuation, or secondary production)

differential intensity = particle physics term “K” ¢ astrophysics term “J”

particles
[differential intensity] =

time ¢ area ¢ solid angle * energy

ANNIHILATION:

K. — dN (ov)
DECAY: .
Kiecay = C_hN L Jdecay(w)
> dE My Ty

J. Siegal-Gaskins

Caution: definition of “|” is not
standardized! WVatch for
factors of 2,411, ro, po, and
integration over solid angles!
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Gamma-ray and neutrino indirect signals

(particles that propagate directly to the observer without deflection,
attenuation, or secondary production)

differential intensity = particle physics term “K” ¢ astrophysics term “J”

particles Caution: definition of “J”” is not
standardized! Watch for

factors of 2,411, ro, po, and

integration over solid angles!

[differential intensity] =

time ¢ area ¢ solid angle * energy

ANNIHILATION:

dN (ov) 1
Kann = = ann — :
iF 2 Tan(0) = 1= [ ds 2(s,0)
DECAY: . 1
Kdecay — C.-N ! Jdecay(w) — 4_/ ds 10(87?7b)
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Indirect dark matter signals

Mass

Flux

Profile

Annihilation Channel

d
Energy
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Dark matter photon spectra

® “soft” channels: 1.0000
produce a continuum
gamma-ray spectrum
primarily from decay of 0.1000
neutral pions

® “hard channels”: include
final state radiation
(FSR) associated with
charged leptons in the

final states 0.0010

® direct annihilation to
photons = line emission

0.0100

x*dN/dx

(Y, ZY) 0.0001 e e e
0.001 0.010 0.100 1.000
x=E/m
energy spectrum cuts off at the DM mass for X

Spectra calculated with PPPC 4 DM ID [Cirelli et al. 2010]

annihilation, half the DM mass for decay
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The dark matter spatial distribution

Credit: Springel et al. (Virgo Consortium)
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Dark matter annihilation signal

Image credit: JSG 2008



Instruments and analyses:
Fermi Gamma-ray Space Telescope



The Fermi Gamma-ray Space Telescope

the Large Area Telescope (LAT)
e 20 MeV to > 300 GeV
® large FOV ~ 2.4 sr

the Gamma-ray Burst Monitor (GBM)

® |2 sodium iodide (Nal)
detectors: 8 keV to | MeV

® 2 bismuth germanate (BGO)
detectors (200 keV to 40
MeV)

° observes entire unocculted
sky

Fermi data and analysis
tools are public!

Credit: NASA/General Dynamics
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The Fermi Gamma-ray Space Telescope

the Large Area Telescope (LAT)
e 20 MeV to > 300 GeV
® large FOV ~ 2.4 sr

the Gamma-ray Burst Monitor (GBM)

® |2 sodium iodide (Nal) I e -
detectors: 8 keV to | MeV 4 | 'R - @m)
' 1 iR = N dete«oﬂi 12)
® 2 bismuth germanate (BGO) A | SR - }
detectors (200 keV to 40 B (N TR - ‘7"8";'350 AT
MeV) P i 3 ¢ 2 1

° observes entire unocculted
sky

Fermi data and analysis
tools are public!

Credit: NASA/General Dynamics
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The Fermi Large Area Telescope (LAT)

"EISOENNE SR W

® pair-production detector: detects charged
particles as well as gamma rays

® excellent charged particle event identification
and background rejection

e 20 MeV to > 300 GeV

® angular resolution ~ 0.1 deg above 10 GeV
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101

Angular Resolution (68% Containment) (deg)

Current and future capabilities

Fermi-LAT HAWC

CTA
102 .
- (limit for IACTs)
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Funk et al.2012

NB: Fermi LAT effective area ~ 0.8 m2 vs ~ 10® m? for CTA
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The Fermi Large Area Telescope (LAT)

Fermi LAT sensitivity maps

100 Sec 1 Day

P
e standard observing e
strategy = sky survey 55’
i -
- Q.
® cach orbit takes ~ 90 106
. — [
minutes 5 =
1 8
® rocks to point North J A
2 Orbits 1 Year X
or South, changes - 10_75
each orbit =
® uniform sky 5 W SR
exposure of ~ 30 28 2

mins every 3 hrs
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The Fermi LAT gamma-ray sky

3-year all-sky map, E > | GeV

Image Credit: NASA/DOE/Internat ional LAT Team
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Radio Galaxies (12) -

Starburst Galaxies (4)

Globular Clusters (11)

SNR & PWN (68)

y-ray binaries (6)

Sun:; flares & CR interactions

Terrestrial Gamma-ray

HEERER

Summer Insti_tute 2013

Ackermann+ (LAT)
[arXiv:1108.1202]
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Fermi LAT dark matter search targets

Gamma rays from dark matter annihilation

Image credit: JSG 2008
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Fermi LAT dark matter search targets

The inner galaxy

The Milky Way
halo

Unassociated sources
(subhalos?)

Galaxy

I Dwarf
clusters galaxies
The Sun

Spectral
lines
Cosmic-ray
Gamma rays from dark matter annihilation . .
electrons and Anisotropies
positrons The isotropic gamma-ray

baC I(g roun d Image credit: JSG 2008
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The Fermi LAT gamma-ray sky

3-year all-sky map, E > | GeV
The inner galaxy

The Milky Way
halo

Unassociated sources
(subhalos?)

Galaxy

I Dwarf
clusters galaxies
The Sun

Spectral
lines
Cosmic-ray
Image Credit: NASA/DOE/International LAT Team . .
electrons and Anisotropies
positrons The isotropic gamma-ray

background
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Search for gamma rays from dwarf galaxies

Coma
Canes Venatici O

o ©

: . . Bootes |
Ursa Major 1
- 9. 2 >

Bootes 1]

Ursa Minor
° .
Draco b 4 v Hercul t'A\.’

©

® there are roughly two dozen known dwarf spheroidal galaxies (dSphs) of the Milky Way
® some of the most dark-matter--dominated objects in the Universe

® no non-DM astrophysical gamma-ray production expected
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DM limits from combined analysis of dSphs

Joint likelihood analysis of
Fermi LAT data:

|0 dwarf galaxy targets

2 years data, energy
range: 200 MeV - 100
GeV,P6_V3_diffuse

4 annihilation channels

incorporates statistical
uncertainties in the solid-
angle-integrated “|-
factor”

( = “astrophysical factor”
in the predicted signal,
set by the dark matter
distribution)

see also: Geringer-Sameth & Koushiappas, PRL 107, 241303 (2011);
Cholis & Salucci, arXiv:1203.2954
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WIMP cross section [cm? /s]

1020 :
107 |
10721
10722
1023
10724 :
1025

107°

Upper limits, bb channel

3x10°% — - Draco — - Sextans

Bootes | — - Fornax — - Ursa Major |l

Carina — Sculptor — Ursa Minor

Coma Berenices — Sequel === |oint Likelihood, 10 dSphs

10°
WIMP mass [GeV]

103

M. Ackermann et al. [Fermi LAT Collaboration],
PRL 107, 241302 (2011)
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DM limits from combined analysis of dSphs

J. Siegal-Gaskins

WIMP cross section [cm? /s]

Upper limits, Joint Likelihood of 10 dSphs

10— -
: 3x102° -~ " Channel
— bb Channel ... W* W~ Channel
1072 ¢ - - 77 Channel 3

10—23 I
10-24 I

10 |

107%° 1

10" 102 103
WIMP mass [GeV]
M. Ackermann et al. [Fermi LAT Collaboration],

PRL 107, 241302 (2011)
results exclude the canonical WIMP thermal relic cross-section
for annihilation to bb or zt7 for masses below ~ 30 GeV
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Future prospects for dwarf spheroidals

10-%3 ¢

F| —- Median Expected Prelimi j
. relimina
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. I i ,
impr d : _o5 -
prove due to ;w 10-25 E_ ,/, d
”~
”~
® increased E/ '——————————————————————————-—’;."_ _________________
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