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Outline

® \WIMPs and beyond
® Gamma Rays

® (Neutrinos)

® Positrons

® Antiprotons
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Indirect Dark Matter Detection
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WIMPs

® in the early universe dark matter particles are in thermal

equilibrium with the radiation bath

annihilation rate
m
Ny (V) X exp {—?X}

expansion rate Increasing
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WIMPs

® in the early universe dark matter particles are in thermal

equilibrium with the radiation bath

annihilation rate
m
Ny (V) X exp {—?X}

expansion rate Increasing

H o T2/Mp <ov>
N .
® freeze-out for n,(ov) ~ H |
QX =~ QD \__ﬁ__ﬁ!__
\ eq

“WIMP miracle”
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Beyond Canonical WIMPs
CP

® p-wave annihilation ov ZX\"' UpV2

® Sommerfeld enhancement
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® resonance, non-thermal, asymmetric DM, freeze-in, decaying DM...
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Direct vs. Indirect Detection

WIMP O(pb)

inderect Q
SM ‘\ DM >
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direct .
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SM DM ©
> on
collider
Name Interaction Structure os1 Suppression osp suppression s-wave?
F1 X Xqq 1 g v? (S\I) No
F2 X~%Xaq q* (DM) ¢ “ (S‘\I) 2 (DM) Yes
F3 XXqv'q 0 q° (SM) No
F4 X~v°Xq1%q 0 ¢> (SM); ¢° (DM) Yes
F5 X" X v,y 1 g%“ (SM) Yes
(vanishes for Majorana X) q> (SM); ¢* or v=2 (DM)

F6 X"~ X Gy ,q v+? (SM or DM) q* (SM) No
F7 XA X Gy q g v? (SM); ¢° (DM) v? (SM) Yes
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F§ XM X gvuy®aq g o2 [S\I) 1 o mf; /m%
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F10 Xo"'~* X §o g q> (SM) v (SM) Yes
(vanishes for Majorana X) q° or v-% (DM)
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Direct vs. Indirect Detection
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Supersymmetry

"pure” higgsino perfectly viable dark matter candidate
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"Secluded" WIMPs

Portal
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(v \

(X) SM v
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suppressed direct detection unsuppressed indirect detection

HTH ¢'¢ Higgs Portal
FHY F;W Vector Portal

HLNg Neutrino Portal
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Gamma Ray Searches

Signal is approx. proportional to column square density of DM:

2
Extended or diffuse: X [ dS 1% DM Point-like:
.0.8S.

(for observations

(for observations with
with gamma rays)

gamma rays)

*good S/N : .Enfl'l:)t(?s; ELVI slc(Jurce |2 sky
edifficult backgrounds }”8 _‘ ?C grounds
e .: % \
L x T |

. DMclumps

- *w/obaryons

£ r-r’* *bright enough?
' *boost overall signal

*angular information

| ' . .

1 e .:- I.' _‘-,I:‘
“

Extragalactic

*nearly isotropic

*only visible close to
Galactic poles

*angular information et i e
*Galaxy clusters? . Dwarfspheroidal Galaxies
*harbor small number of stars
review on N-bocly simulations: Kuhlen, *otherwise dark (no gamma-ray
Vogelsberger & Angulo (2012) emission)
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Gamma Ray Searches

Signal is approx. proportional to column square density of DM:

2
Extended or diffuse: X /1 dS P DM Point-like:

(for observations with -S-80 (for observations
gamma rays) P Paisg\/S

o s gl
S g -
- # Galactic center (~8.5 kpc)

Galactic DM halo ¥ G |
*good S/N : 1 .Enfl'tl)tt?s; tD:,VI slc()urce |2 sky
*difficult backgrounds o ?_:r..lg' packgrounds

*angular information y T— \
[ sl

1

,ﬁl'" DM clumps
- ' *w/obaryons
~ *bright enough?

Extragalactic
*nearly isotropic

*only visible close to
Galactic poles

*angular information TR
*CGalaxy clusters?

’ ';* e
Dwarf Spheroidal Galaxies
*harbor small number of stars
*otherwise dark (ho gamma-ray
o Mission)

review on N-body simulations: Kuhlen,
Vogelsberger & Angulo (2012)
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Galactic Center Gamma Ray Excess

Total Flux Residual Model (x3)

2.5°

® GeV excess in the Fermi

0.316 - 1.0 GeV

galactic center emission

-2.5°

2.5°

® confirmed by Fermi
collaboration in 2015

1.0 -3.16 GeV

-2.5°

2.5°

® also found in Andromeda

-2.5°

3.16 - 10 GeV

m°+Bremss ICS 2FGL Bubbles Isotropic Excess
template
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Spectrum
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Morphology

10* — -
; $ Hooper&Goodenough 2010 Calore+ 2014
| GleV excess emission ¢ Boyarsky+ 2010 Fermi coll. (preliminary)
e At E =2 GeV $  Hooper&Slatyer 2013 ++++ contracted NFW v = 1.26
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Galactic latitude |b| [deg], at £ = 0°

® follows contracted NFW profile
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Millisecond Pulsars

® neutron stars spun-up by accretion

of matter from star companion

® unresolved population can fit

excess spectrum

11 .8 e - - 11 .8 eV

+6°§ § 6

@® excess might be cor- | |
+3°f | L 39

related with bulge ol ‘ .

(rather than NFW) o

6° 3° 0° 357° 354° 6° 3° 0° 357° 354°

cNFW Bulge
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Millisecond Pulsars vs. Dark Matter

dark matter onl point sources onl

@® excess appears more clumpy
than from smooth DM dis-

tribution — dim point sources

® caveat?

unmodeled clumpy sources (in the

Fermi Bubbles)

® radio searches for millisecond pulsars

(e.g. MeerKAT)

Posterior Probability

If' H i
! AN Pl

4 6 8 10
Flux Fraction (%)
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Fermi Dwarf Galaxies
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® measure line-of-sight velocity of brightest stars

® dark matter density (— J-factor) inferred assuming steady

state, spherical symmetry, no rotation
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Fermi Dwarf Galaxies

DM Mass (GeV)

[ 84% Containment

Indus II
Tucana III
Reticulum IT
Tucana IV
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(Steigman et al. 2012) |

i

AT

DM Mass (GeV)

inconclusive for galactic center excess
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Dark Matter Capture

® dark matter gets trapped in the sun and annihilates,

neutrinos escape
C ~ Flux - Kinematics - p; - 0 (i=H,He,...)
[ = C/2 (in equilibrium)
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Neutrino Constraints

DAMA gy, =0.3
DAMA gy, =0.45

CoGeNT
— CDMS
cc
— bb
4r

® back in 2011: excluding common
explanation to GCE + DAMA

1 0—33

v

10—39
g 10 '
S mmm [ceCube (2011-2014)
S R N S "< A I S Super-K (1996-2012)
== Antares (2007-2012)
10—41
10—42_ S—WaVe

2.0 3.0 5.0 7.0 10.0 15.0 20.0
m ,[GeV]

® strong constraints on
spin-dependent DM-

proton coupling

Martin W. Winkler (Stockholm University) Indirect Dark Matter Signatures April 8, 2019



Charged Cosmic Rays

® propagation described by diffusion equation

V(—K VNF—) —+ Vc N|3) + aE((bdisc + bhalo) N|3 — KEE 8EN5) + rann Nr) — q|3
\ +

only for e

® two-zone diffusion

model
K07 57 L7 VC7 Va

® GALPROP, DRAGON
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Secondary Cosmic Rays

@® primary cosmic rays scatter on interstellar matter and produce

secondaries: some nuclei (Li, Be, B), antimatter | |,.cksr0und for

outgoing parton(s)

DM search

6" Hard radiation

proton 0 ¢ proton

D O a

spallation A e hadronization

..........

1.0 ‘ : c
c Ne + Mg + Si K)
o o
N U
_5 0.8 \ 5
S
=) O O
O 06 a
g_ =
0.4 _8
5 o
2 . =
o 4+
0 —
©

0.0 .

1 5 10 50 100 0.5 5 50 500

T [GeV] T [GeV]
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Positron Excess

® 2008: PAMELA observes rise of the positron fraction

@© 041 .
.e_
;_l: 03 X i
K
S 02f ﬁ 17 1 unexpected from
= EH % 1ﬂ T ) secondary production
S il i SNy
- ’ - © Muller & Tang 1987 I | ]
2 [ = wmassiose . : |
® - A TS93 MU .
-— — @ —
c | ¢ HEAT94.95 4 . |
g ® CAPRICE94 :
7] O AMS98 ' h
o
o A HEATO0

0.02} .

* Clem & Evenson 2007 "
® PAMELA
| | 11 1111 | | I I | | | | L1 1111 I
0'06.1 1 10 100

Energy (GeV)
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Dark Matter Explanation

® dark matter interpretation requires large boost (Sommerfeld?),

challenged by complementary searches (v, p , CMB)

® spectrum not well fit by DM at the precision level (AMS-02)

10-22 T
; — Secondary component

10-23 - -t + +
N 073 — bb ]
) - — Primary component
mE 10‘245 — Total
o . ¢ AMS02 data
Q 1 0-25 :_ \\ g
© c —4| '
v - 0

== CMB constraints

10 100 1000 10000 1 10 100
DM mass (GeV) Positron Energy E [GeV]
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Pulsar Explanation

® pulsars might significantly

23
| contribute to e* flux

—_
@)

® ¢~ extracted from surface by

Dec. [deg]

strong electric fields create elec-

13 tromagnetic cascades

® extended y-ray emission indicates

109 104 99

R.A. [deg] that energetic e* are emitted

-4 -2 0 2 4 6 8 10 12 14 from pulsar

significance [sigmas]
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Pulsars and HAWC

10?

® HAWC claims pulsars do not

10! |

contribute to positron excess

10° |

® based on assumption that

E® J(E) [GeVP m~?s 1 sr7]

o | diffusion around pulsar and in

§=0.31 = = Fit param. syst.

107? Hommm §=0.33 (base) = =

§=0.35 30 range (base) . .
et L R LN ISM are identical
Energy [TeV]
problems:
. ) Khadron
® |eptons and hadrons would diffuse differently Kiepton ~ 00

® |eptonic diffusion so inefficient that multi-TeV electrons would

have to come from within ~30 pc, but no sources!
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Pulsars and HAWC

® escaping CRs generate Alphen waves — diffusion locally affected

0.07 30
t=34200 yr
r=250 pc
0.06 7 25 ==~ Bir)++e* Secondary Flux
=== 8(r
0.05 A . —e- +e™ Secondary Flux
. . . ' 20 AMS-02 e+
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L 0.04 o 1444 .
g I ’_..m-' e .
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- > e ,.r" \\ \
< 0.031 3 i pH o RN
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n -1 - \
— 0(r i N
0.02 (r) w - N
~e=- tan~(r) 6 =0.01pc e i\
- \
—— tan~}(r) 6 =5pc e ——e W
0.01 A 3 - e Xl
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———————— ‘\\
e —— tan~!(r) 6 =100pc B B v
0.00 T T T T 0 T
0 50 100 150 200 250 100 1000
r [pcl E IGeVI
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Constraints from Positrons

1023 ————— | Bergstrom et'm’. (2013)
- dashed: Fermi LAT _ -
1024 _ solid: AMS-02 (this work) _ - *‘\ﬁMAP'T
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AMS-02 Antiprotons

® 2015: surprisingly hard p spectrum observed by AMS-02

L I L L L L L L L L L L B L BN
B e AMS-02 |

10 Dark Matter Uncertainties:

cross section,

~

propagation

Secondary production

L Donato et al., PRL 102, 071301 (2009); my = 1 TeV
10_5|IIIIII I IIIIIIIlIIIIIII IIII

Ll Ll IIIIII
100 200 300

Ll I Ll
400 500
Kinetic Energy [GeV]
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What was missed

® background improvements

IIIII| 1 1 IIIIIII I I LI 1 "'I I I I
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1 — { ]
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)
O o
D, £
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..... MED *
{ NA49 { MS
Lol 1 Lo vl 1 | |||"1.1|| 1 Lol Lyl Lol
10" 10? 10° 10 100 1000

R [GV]

propagation update to fit B/C

\/; [GeV]

Cross
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High Energy Antiproton Flux
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High Energy Antiproton Flux

101 I I I 1 I 1 I I I

§ AMS-02

T e l ______ | updated

propagation

ﬂ2.8¢p [Gv1.8 m_23_1 Sr—‘l]

—
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High Energy Antiproton Flux

101 I I I 1 I 1 I I I i

§ AMS-02
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A new Antiproton Excess

MmMpm 70 GeV
3.1

(ov)g, ~ 3 x 107%®°cm’ s
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Antiproton Cross Section for Astro Background

scaling violation hyperons
E, [GeV]
. . 102 103 10% 105 106 107
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Proton Helium Scattering

® p-He scattering predicted from pp and p-C data

® confirmed by first LHCB measurement

200

; / my prediction
150

100}

p [ub/GeV]

da’/d
p

9)
o

pT = 0.6-2.8 GeV

O | 1 1 L ) ] ) ) 1 L ] L ) ) ] 1 1 1 1 1 "
20 30 40 50

p [GeV]
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Proton Helium Scattering

® p-He scattering predicted from pp and p-C data

® confirmed by first LHCB measurement

200

N pHe -» p+X :
> 150} H} ‘-
o [ g |
= ko N |
o 100 =~~i__ ) ; I |
Q DR o .
e | EPOg T~ T ——
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O . | , N B
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Antiproton + B/C Fit

antiproton flux boron/carbon

| ! UL L ! L L | ! L
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.
*
*
*
*
*
L2
*
.
'0
2 1 | I I I I |

RZ®D, [GV m2s™" sr7]
S
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Fit with Dark Matter

antiproton flux boron/carbon

| ! L ! L ' .
I Va = 15km/s -
% 0 = 0.50 |

—_—
<

R2D, [GV m2s7" sr7']
S

R [GV] R [GV]

local significance 2.20 (look-elsewhere » 1.10)
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Constraints on Dark Matter
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Update by Cuoco et al.

[Cuoco, Kramer, MK; 2017] 71.0 45.6 25.4

Restrict data to 43.6 23.0 20.6

R <300 GV

Change cross section 35.6 22.9 12.7 <= Eei\gpdiif?{:lft.
to Winkler [Cuoco, MK, +; 2019]
Include data R > 300 GV (include 50.7 35.6 15.1

CREAM) + fit of the break in diffusion

Ax? =10.7 (with xs uncertainties)
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Comparison
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Comparison

p/p

Martin W. Winkler (Stockholm University)
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Antideuteron Coalescence

@ coalescence model

po: coalescence

d3ngy 1 3 d6npn
dp; 8 oK |f>n —Peta momentum
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Antideuteron Sensitivity

@ antideuterons might provide a test for

B~ | dark matter interpretation
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Antihelium

Sam Ting's Alpha Magnetic Spectrometer was delivered to space in 2011 on the next-to-last space shuttle flight. ReB VENTURES/SUPERSTOCK/ALAMY STOCK PHOTO

SHARE " Giant space magnet may have trapped antihelium,

raising idea of lingering pools of antimatter in the
cosSmos
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Conclusion

® indirect dark matter searches have reached the sensitivity to

probe canonical thermal WIMPs

® astrophysical backgrounds (pulsars, secondary cosmic rays, ...)

pose severe challenge, but understanding is improving

® no conclusive evidence for dark matter yet, but excesses
(galactic center, antiproton) define interesting target for

future searches
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Solar Modulation
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Antiproton vs.Gamma Ray Excess
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Antihelium
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