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Indirect detection: 2010
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New era of precision cosmic-ray physics!

Order-of-magnitude more precise & consistent than past data



Cross-Checks + Extensions

—*— Fermi 2011
—*— PAMELA 2009
—8— AMS 2007

|
i @t —a— HEAT 2004 4_{_’*1 1
107 %a t-'- f ;
F qL — :
[ R, t :
2 . O Y e o | . .

10
Energy (GeV)

Positron Fraction

M P |
107

Fermi checks, extends
PAMEILA e+ fraction

[1109.0521]

Adriani et al. - PRL 106, 201101 (2011)

107

10

- ] PAMELA
Ovt 5 HEAT94+95
oY o AMS
== v CAPRICES4
~ n MASS9
% o v ATIC
" Kobayashi
I i BETS
T C Fermi
) 4 HESS
aaal P S R EET BT
T 2 34 10 20

L] III

Spectrometric
measurement

Calorimetric

measurements

'S WY BT W T T T E—
100 200 10002000

Energy (GeV)

PAMEILA checks
Fermi/HESS e flux

[Adrian1, EPS2011]

new limits from Fermi on anisotropy, solar component, ...




What’s the new source of positrons?

Qualitative features i

a CAPRICE (2000) g ATIC=1,2 (2008)
o8 -

1. Comparable new e+ and e~ fluxes

2. No similar rise in anti-protons (nor £,
gamma-ray signals) S
=> decays to hadrons, W, Z (low-mass 2ok Eérmi
source) " (Fluxofer+e)
3. Rate 1s a few hundred times larger than T e 10
expected for annihilation of a 100-1000 ¥ -
R R ‘ KN
TeV thermal WIMP :s o PAMELA %,

7lux of g*)/(Flux,of e)
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Candidate explanations il v

1. Local(ish) astrophysical sources

e.g. pulsars | §
2. New propagation eftects ol Em
3. Dark matter annihilation, but not a S b~

vanilla thermal WIMP 1n vanilla halo



WIMP annihilation through dark forces

[ Arkani-Hamed, Finkbeiner, Slatyer, Weiner; Pospelov and Ritz]

Qualitative features

1. Comparable e+ and e~ fluxes at high E

This is the easy part for DM — symmetric
annihilation

2. No similar rise 1n anti-protons (nor
gamma-ray signals)
Kinematically constrained decays to
charged particles lighter than ma/2

3. Rate 1s a few hundred times larger than
expected for annihilation of a 100-1000
TeV thermal WIMP

Long-range attractive force mediated by
A" = Sommerfeld enhancement to

annihilation rate

mar/(ampy)

B e P = LT
v/(ac)
[Slatyer 2009]
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Testing the Light-Mediator Hypothesis

Distant galaxies
(diffuse)

Dwarf galaxies

Dark matter 1s everywhere, and signals should be too!

Quantitative comparisons depend greatly on velocity-dependence

of Sommerteld enhancement, and the structure of DM halos 5



OUTLINE

e DM Motivation
e (Constraints

e Uncertainties
— Distribution of starlight for ICS
— Backgrounds
— Distribution of DM:
— halo shape

— substructure



Inner Galaxy

Two sources of photons:

Final-state radiation (FSR) Inverse Compton-Scattering (ICS)
high
/y Ige' grn gigy low energy
\ 16' or et
O\ NN\ high energy
starlighf'\'\N gamma-ray
Constraints depend on diffusion model and halo profile
DM DM - 4y, isothermal profile DM DM - 4u, NFW profile
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[Papucci, Strumia 2009]
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“Whole-sky”

Optimized generalization of inner-galaxy studies:
assume a halo profile, and optimize constraint. But
still driven by the ‘“inner” part

Xx —up IS0

vvvvv

IC+FSR, w/o background modeling
= FSR, w/o background modeling
IC+FSR, constrained free source fits_ 7.2

10x more light from ICS
(but more uncertain)

<V |cm3s ' |

Background model —
factor of 4 reduction

TWIMP freers -out

10 107 10° 10*
m |GeV]

1205.6474
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“Whole-sky”

Optimized generalization of inner-galaxy studies:
assume a halo profile, and optimize constraint. But
still driven by the ‘“inner” part
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More whole-sKky -+
results Su
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More whole-sky A
results 8
[1205.2739]
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Diffuse y Rays
(from outer Milky Way ha
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WIMP cross section [em’ /s]

Annihilation 1n

Dwart Galaxies and Nearby Clusters
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Diffuse vy Rays

(from unresolved distant galaxies)

: 1103.077
oo 11030776] —_—Fermi RO — 1
— Limit (low-substructure)
10.00 ¢
£ Limit (high-substructure)
3 & .00
§
10728} . 3
: 0.10F
w m{Ge) o 0.01 | R il —a e e =2
0.01 0.10 1.00 10.00
. . E(GeV
(y flux hmlt)/ (Expected flux)
Caveats:

— relies on modeling of blazar and star-forming galaxies (86% of flux)
— Relies on extrapolating Millenium II simulation from 10° Me
resolution to 10-®* M halos and subhalos = large uncertainty in ~log?

enhancement
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Testing the Light-Mediator Hypothesis

Distant galaxies
(diffuse)

Dwarf galaxies

Dark matter 1s everywhere, and signals should be too!

Quantitative comparisons depend greatly on velocity-dependence

of Sommerfeld enhancement, and the structure of DM halos 17



Sommerfeld Enhancement

Origin: long-range attractive force between non-
relativistic particles.

At low velocity, attractive potential enhances
annihilation rate by S(v) =~ map /v

Mass of mediator shuts off force at large distances,

regulates low-velocity boost: ¢ Lo A TaD ma
0, Y

° o
............

o ® .
. .

.
......
o . o
oooooooooo

Bound states near zero energy give parametrically large

contribution to annihilation = resonance “spikes”
[important only at factor-of-few level for most parameter space]



Substructure in Milky Way

Galaxy simulations (VL II, Aquarius) resolve >106 Mo subhalos
i ' . Via Lactea I

Fraction of dark matter in subhalos 1s
only <psu>/<p> ~ 10-3, but what
matters for annihilation is p-°.

Because subhalos are very dense, local g
A = <p?su>/<p?>~1 is possible. 2
Kamionkowski, Koushiappas, Kuhlen 2010, VL2

DM 1n subhalos 1s slow-moving

= larger Sommerfeld enhancement.
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Substructure in Milky Way

Galaxy simulations (VL II, Aquarius) resolve >106 Mo subhalos
i ' . Via Lactea I

Fraction of dark matter in subhalos 1s
only <psu>/<p> ~ 10-3, but what
matters for annihilation is p-°.

Because subhalos are very dense, local g
A = <p?su>/<p?>~1 is possible. 2
Kamionkowski, Koushiappas, Kuhlen 2010, VL2

DM 1n subhalos 1s slow-moving

= larger Sommerfeld enhancement.

A depends on:
— fraction of DM 1n subhalos
— mass distribution of subhalos > j40¢ extrapoiation from
—radial distribution of subhalos, simulation
— minimum size of subhalos ~70-6 (but depends on dark matter interactions)

— tidal disruption of subhalos baryonic physics, not well simulated
by some estimates, not important locally 19
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When local substructure 1s discounted, these results particularly
disfavor low mediator masses, where the Sommerteld effect in low-v
systems 1s much larger than in the local halo

100 MeV _mediator
1000 NS o 1
Boost 100 &
1 —— vie, \
A}
] CMB, Local Galactic
wart galaxies, halo center
extragalactic

sub-halos

1

‘,

Snow me me
Seat myv  GeV
AR ——

Constraints on <Ov>qa
imply much tighter
constraints on <OV>|ocal
1if mediator 1s light
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Preferred Dark-Photon Masses?

But....what if signals come from sub-halos in the Milky Way?

1000 100 MQV mediator

\S x 1/v S me M ‘

100 ~ ~
1} ! !V/C : : | ¥ R

10-6 10-3 1
ﬁ ﬁ Constraints on <Ov>gat
. imply much tighter
; (ij113 . Local Galactic constraints on <OV>|ocal
warl gadxIes,  halo center if mediator is light
extragalactic &
sub-halos

Milky-way subhalos
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Sommerteld DM with Substructure
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Sommerteld DM with Substructure
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Sommerfteld DM with

If A=1, then the <p>> from sub-halos is 1000

as large as from the smooth Milky Way
halo...

100

...but the Sommerteld boost factor might
be 10x larger!

Substructure

-------------

100 MeV. A=1 "+, § o 1/v

1V
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Local Galactic
halo center
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3 - For low my , CMB 1s For low my & O(1) A,
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Parameter Space

Contours: dark-sector self-coupling

104 103 102 01 1 10

required for PAMELA/Fermi (target Y AR |
boost factor of 100) i |
.. 01_ 002 0.1
Assume additional processes at freeze- o " ‘ g
out BUT NOT today to get correct relic & '
abundance. > [ T |
S 107 1072
Arrows: regions excluded by 150=a, _Joor [l oocs oo |
DM selt-interaction 1073k . e R . | | ()
CMB re-ionization by DM 0 107 10°% 9L & 40

reen line is not a constraint A
(2 ) (from 1107 3546 —

T. Slatyer, NT, N. Weiner)

PAMELA consistent with WMAP-5 for any mediator mass,if A>04
No significant constraints from self-interaction
(but PLANCK will be sensitive to 10x smaller signals...) 23



Parameter Space

Contours: dark-sector self-coupling
required for PAMELA/Fermi (target

boost factor of 100)

Assume additional processes at freeze-
out and today to get correct relic
abundance = smaller favored coupling.

Arrows: regions excluded by
DM self-interaction
CMB re-1onization by DM

(green region — not a constraint, but
region where WIMPonium matters)
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#*w” channel

Limit (low-substructure)

Limit (high-substructure)

_______

® EG and local fluxes depend on different parameters and no one
simulation has enough dynamic range to estimate both

e.g. local signal depends on radial profile of subhalo density, EG
signal depends on the distribution of main-halo sizes

¢ Limit= (Local/MW) x (MW/extragalactic) = 1/20

~1/6 —1/18 (Pieri et al 2009, Kamionkowski, Koushiappas, Kuhlen 2010)
~1-1/3-1/10 (Zavala, Springel, Boylan-Kolchin)
— Expected signal 1s certainly same order-of-magnitude as bound

— Fully consistent if star-forming galaxy BG 1s small, and
substructure distribution 1s favorable

Substructure & Extragalactic Limits
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Conclusions

® If PAMELA and Fermi are signs of enhanced DM annihilation,
the same physics should also leave imprints elsewhere

— No evidence so far = strong constraints

® Present constraints are subject to considerable uncertainties
— Most often talked about: uncertainties in the constraining signals
— gal. center: halo profile, ICS, backgrounds
— distant galaxies, outer galaxy, dwarves: substructure

— Velocity-dependence is important for light (200 MeV)
mediator models, affects local signals as well as constraints

— Local substructure = less annihilation in gal. center (fast

DM), comparable in CMB and dwarfs, extragalactic signals
(slow DM)

— CMB 1s robust but not decisive, extragal. 1s strong but not
robust.... PLANCK in 2013: x5 improved sensitivity!

— DM could have shown its face in many places, and
didn’t...but has wiggle-room left.
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