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Dark Matter: Where to Look

Mass scale of dark matter

(not to scale)

QCD axion WDM limit unitarity limit
1022eV Sl keV GeV 1w00Twv My 10 Mo
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|| 1 T [ v

“Uleralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc)
non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal

Lin 2019 arXiv:1904.07915

Astrophysical searches probe across different mass scales



Indirect Searches for Dark Matter

X SM

SM = qq,
WW-, ZZ, I*,...

X SM

Standard model particles
hadronize, decay, radiate

Gamma rays, neutrinos, p*/p;, et/e

Astrophysical signal from or to standard model particles
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Weakly Interacting Massive

Mass scale of dark matter

(not to scale)

QCD axion WDM limit unitarity limit
102eV  nw keV GeV _1001ev  Mp 10 M

“Uleralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc)
non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal

Appealing to consider

particle

“WIMP Miracle”

(ov) ~ 3x1026 cm3s!

Particles
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Feng 2010 arXiv:1003.0904
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Indirect Searches with Gamma Rays and Neutrinos

ys and vs point back to sources

Gamma rays
e = They point to thelr sources, but they
oles can be absorbed and are created by »
multiple emission mechanisms.
SN 2 . A
-

SM = qq,
W*W-, ZZ, I,...

X SM

They are charged particles and
are deflected by magnetic fields.

Standard model particles

hadronize, decay, radiate
l IceCube Collaboration

* X

, , pt/p, et/e

Look for an excess above astrophysical backgrounds



Gamma-ray Targets

Galaxy clusters -7 - Isotropic contributions

- Galactic center

Credit: M. Hiitten

Milky Way satellites | Dark matter clumps



Neutrino Targets

Galaxy clusters Isotropic contributions

] Galactic halo

- Galactic center

Milky Way satellites Dark matter clumps




Targets: Advantages and Disadvantages

Isotropic contributions

Galaxy clusters
(&) High DM content
(&) Relatively distant
(&) Astrophysical background

discuss later)

(&) High DM content
() Closel

(&) Large angular extension

g Galactic center

(&) Astrophysical background

Milky Way satellites
(&) Relatively close

Dark matter clumps
(&) Relatively close
(&) Low astrophysical background (&) Low astrophysical background
(&) Modest angular extension (&) Modest angular extension

&) Modestly high DM content (&) Very modest/uncertain DM content
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More on Galactic Center

Bright in gamma rays!
12 years of Fermi-LAT data, >1 GeV




More on Galactic Center

il
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Bright in gamma rays!
? years of H.E.S.S. data, >1 TeV
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More on Galactic Center

 Resolved sources of gamma rays

Pulsar wind nebulae
Gamma-ray binaries
Supernova remnants/
molecular clouds

Pulsars
Fermi bubbles
TeV halos

o Diffuse/isotropic emission

Cosmic ray/gas hadronic
interactions
Interaction of cosmic rays

with CMB & infrared/optical

light via inverse Compton

Galactic Latitude (deg) Galactic Latitude (deg) Galactic Latitude (deg) Galactic Lati e (deg)

Z+0 8

Il Il | Il Il il Il | Il il Il I |
275 270
Galactic Longitude (deg)



More on Dwarf (Spheroidal) Galaxies

Cvn 118 ®Com
CVvnl O Boo I Leo I11@®
Boo III ® Boo II Leo V

@1Lco 1V gSes 1
Leo I

Sex

o Milky Way satellites: nearby (~20-200 kpc)

e Classic (thousands of bright stars) and Ultrafaint (tens of bright stars)
e Multiple objects = less sensitivity to mis-modeling of single object
e Many more expected with Vera Rubin Observatory

* Large mass to light ratios: ~O(1000) Ms/Lo

* Low astrophysical background (no known gamma-ray emitters)

e Modest angular extension

12



Predicted Signal (Annihilation)

d*® ((owv), J) 1|(ov) dN; ,
p— B T
dEd2 4|2 M2 Z Ry /l.o.s. pom(r(s,0)) ds

Mx =1TeV
= 10° e Assuming branching ratio of 1 to a
5] . .
w given final state
= Y
Y —ww  Spectral shape is a key input!
= e Continuum emission from xx —
::b quark pairs, lepton pairs, W*W,,
e'e’ ZZ
=RiE o Cut-off at My (assuming
o annihilation)
e T S e “Line” emission from xx = yX, X

E [TeV] =h 7 y

Cirelli et al. 2011 arXiv:1012.4515
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https://arxiv.org/abs/1012.4515

Predicted Signal (Annihilation)

d*® ((ov), J) de
B
d Edf) T Ar 2M2 Z Ry /I.O.S IODM( (s,0)) ds

e Jfactor depends on
e Dark matter distribution in target
* Distance to target
* Instrument response (point spread function)

e Significant source of uncertainty in extracted limits on (ov)
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Predicted Signal (Decay)

29 (J) _ -2 BR | oot 0)ds

dEdS) 47T Ty M

l.o0.s.

Note differences from flux for annihilation

d*® ((ov),J) 1 de/
- = BR s,0))
dEdQ 4 ’ d los‘

Order of ppm affects target choice:
good targets for decay searches
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J factor [logqo(GeV2.cm™.sr)]

Jtactor Calculations: Highly Non-Trivial

Example: (Milky Way satellites)

o Different choices for DM density profile, velocity anisotropy, light profile,
consideration of systematics
* Choice of stars to include has significant impact
e Particularly for ultra faint systems with tens of stars

Kerszberg et al., in prep

— Seque | —_ Seque ||
Sculptor = g = g
0 204 ]
e a2
| | | :
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Different calculations can yield very different results!
16



Jtactor Calculations: Highly Non-Trivial

Example:

e Profiles motivated by N-body
simulations

o Attempts to use observations of
tidal streams to probe profiles

e Assumed dark matter density
profile strongly affects extracted
upper limits on dark matter
annihilation cross section

pom [GeV/em® ]

S

S
o

Angle from the GC |degrees]|
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r [kpc]

Cirelli et al. 2011 arXiv:1012.4515
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https://arxiv.org/abs/1012.4515

» Water Cherenkov Technique

Detecting Gamma Rays « E~1-100TeV
o * Large duty-cycle

* Energy range: 20 e Large field of view

MeV to 1 TeV g

m » Large duty-cycle

* Full-sky coverage

e Imaging Atmospheric Cherenkov

Telescopes (IACTs) .
« E ~100 GeV to > 30 TeV ' i
* Precise energy & angular )
reconstruction ] |

 High sensitivity
e Limited duty-cycle/FOV

e Multiple detection methods
e E7<1TeV-1PeV
e Large duty-cycle
. Lqrge field of view




Impact of differing sensitive energy ranges

E? dN/dE [GeV]
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Kerszberg et al., in prep
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Detecting Gamma Rays

Incoming gamma ray

Collision with atmospheric
nucleus

Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE

DETECTOR ARRAY ¢ DETECTION Tegy,

Q(’é‘

Particle from air
shower

Detector tank
4-5km -

Water

Cherenkov
Light

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE

1373 D3s anoqo JybIaH

Photosensors detect
Cherenkov light

RS

----- 1-3km

Shower image, 100 GeV yray adapted from: F. Schmidt, J. Knapp, "CORSIKA Shower Images", 2005,

https://www-zeuthen.desy.de/~jknapp/fs/showerimages.html Not to scale

PoS(ICRC2019)785
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Detecting Neutrinos

/

R

ICECUBE

SouT PoLE NEUTRING O BESERVATORY

IceCube Laboratory 86 strings of DOMs,

et rt
Data is collected here and PR F PP

sent by satellite to the data
warehouse at UW-Madison

managed research facili

!

60 DOMs
on each
string

1450 m

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

Antarctic bedrock

See Anna Franckowiak’s lectures last week!
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Targets

Galaxy clusters Isotropic contributions

; Galactic halo

Galactic center

Milky Way satellites Dark matter clumps

22



Galactic Center Excess

e Excess observed at high
significance in Fermi-LAT
diffuse emission towards
Galactic Center

e Significant backgrounds:
dominated by hadronic
interactions + bremsstrahlung,
inverse Compton scattering

e Spectrum and morphology
have been studied by many
groups

arXiv:1704.03910
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https://arxiv.org/abs/1704.03910

Galactic Center Excess

102
* <+ Thermal relic, Steigman et al. 2012 ~ HE Gordon & Macias 2013
— MW satellites, Albert et al. 2017 Hmm Daylan etal. 2014
W Calore etal. 2015
Abazajian & Keeley 2016 ;&
B Abazajian etal. 2014
® Karwinetal 2017
:: 10725 - { i—
E 1
N L
g
4
e deeecececesasccccsescscsasesccsssescsassssnsnns 1 hf-fps://doi.org/"0.1146/
ok annurev-nucl-101916-123029
20 . . . . . . . ‘I(I)O
My (GeV)

e Galactic Center excess consistent with a dark matter signal
e In mild tension with limits from other dark matter searches

e Modeling of interstellar emission has large uncertainties

 Signal consistent with other explanations

Y  Population of millisecond pulsars
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https://doi.org/10.1146/annurev-nucl-101916-123029
https://doi.org/10.1146/annurev-nucl-101916-123029

Annihilation in the Galactic Center: Continuum Emission

Galactic latitude [°]

Center

e Deep survey observations of inner region of Galactic

J-factor [Ge\\/‘2 cm’S] per 0.02x0.02 deg ?

halo (546 hours, 5 telescopes)

7
Msto profile

a-

b

2

1

SQr A

e Exclude Galactic plane and known gamma-ray

1 e H.E.S.S. location = good visibility for Galactic

_2; 1 . .
. ‘ — emitters Probe below thermal relic density
) S e e e o 1016
5 4 3 2 1 0o - —2 —3 4 —5 of o .
Galactic longitude [°] fOI’ GI'II’III”IIICI"IOI'I |'0 T+T-
10_23 = 10—23 _
§ —— Observed, this work § —— Observed, this work
C ——— Expected C -—- Expected
o m 68% Containment - mm 68% Containment
10~ 41 95% Containment 10~ 4= 95% Containment
g === Expected, no syst. E === Expected, no syst.
Tk -
n L L
™
10723 - -
= R W
\b/ L Thermal relic density L Tmal relic density
10—26 - L
= 546h, 2014-2020 = 546h, 2014-2020
C DMDM — WHW~— C DMDM — 77~
~ Einasto profile r Einasto profile
10—27 Lo Ll Lol R N 10—27 L ol I I I YT Lol
0.2 05 1 2 345 10 50 0.2 05 1 2 345 10 50
mMpmM (TGV) mMpM (TGV)

arXiv:2207.10471 25



Annihilation in the Galactic Center: Continuum Emission

Galactic latitude [°]

/

{
\

rr\'> (cm”s 1}

\

" Einasto profile

10—23
A 4
Sgr A
1 INEEE _24
3 2‘ 10 —‘1 10
G
—~
1072 = -7
= n
L ME
i O 10_2‘)
~—
10~ =

IIIIIII

T

|
L

T 1 IIIIIII

18
j 10 Nd

Strong dependence on
assumed dark matter profile

isibility for Galactic

Ts——=peeprsurvey opservanons of inner region of Galactic

546h, 2014-2020
DMDM — WHW~

Thermal relic density

lown gamma-ray
|

nermal relic density

lilation to T*T-
|

Dbserved, this work
E-\:l“” ted
B8 Ci

D57 Containment

ntalnment

2 345 10 50
Mpn (TGV)

546h, 2014-2020

DMDM — 777

Einasto 1)]“‘1}1‘

1

|4 o T
).2 0o 1

=

I | TN 2/l
50 10 0.2 0.5

arXiv:2207.10471

I I l_llll[l | 1 I_Ill
2 345 10 50

mpy (TeV)
26



Annihilation in the Galactic Center: Line Emission

e H.E.S.S. location = good visibility for Galactic Center

e Earlier survey observations of inner region of Galactic halo (254 hours, 4

telescopes)

e Gaussian “line” at Ey = My with width set by H.E.S.S. energy resolution @ E,

Approaching thermal relic cross section (note loop suppression)

B A *
254 h, DM DM — vy b .~ DM DM — yy A °
. . . A o°
10%kE Einasto profile 2 102 * A o
E - A, a 4 0%.
L i ..'..
1072 1072 = o o.
= = = : o9
(%) B mlw N v’
= B S L % ~
3 3 VVVW ()
=107 =107 . .
; = o) E %7 v W. o .~
~ - ~ - LAY o T
B vV ¥
WW
-28 -28|
10 - e Observed, this work 10 = v
E — Expected - ° This work, Einasto profile
B [ 68% Containment B This work, NFW profile
29 []95% Containment 29 4 MAGIC Segue 1
107 = HESS 112h(2013) 107 v  Fermi-LAT 5.8y, Pass 8
V\\H} | | \?W?H‘ 1 | | RSt S hE b 1 | | Licgg) 7\\\\‘ | | \\\\H‘ | | \\\\H‘ | | SRR S |
0.05 0.1 0.2 1 2345 10 20 0.05 0.1 0.2 1 2345 10 20
mpy, (TeV) mp,, (TeV)

arXiv:1805.05741




Annihilation in the Galactic Center: Neutrino Channel

95% containment

—e— Upper Limits (90% CL) 95% containment _—
. e o o ‘ —e— Upper Limits (90% CL)
21 ®- Sensitivity (90% CL) 68% containment - Sensitivity (90% CL) 68% containment
10 10—21
XX — VeV., Burkert
10722 1022
. T
C"ZE m(f)
©, 1023 ‘i 1023
B =
~ \9
1024 24 -
10 XX — T 7, Burkert
-25 25
10 10t 102 10° 104 10° 10 101 102 103 104 10°
m, [GeV]

m, [GeV]

Continuum search

Line search
Search for secondary neutrinos

Annihilation to 2 neutrinos

Strong sensitivity to assumed dark matter profile

|74 arXiv:2303.13663
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Line Searches in GC: Gamma/Neutrino Comparison

10—21

424

—e— Upper Limits (90% CL)
-@- Sensitivity (90% CL)

XX — VelVey, NEW

95% containment C A *
68% containment DM DM — yy A °
10-25 L A 4 &
= A °
= °
- A, a 4 o%
(J
-26 o..'.
10 E X0
— - o &
w - ~.
o’)g - o ™
by W . °
e = ° 5 °
~ - vV o’ .w
vV v
Yo%
107 ;WW
- ° This work, Einasto profile
E This work, NFW profile
yi 5 . A MAGIC Segue 1
10 10 107 v Fermi-LAT 5.8y, Pass 8
7\\\\‘ 1 | \\\\H‘ | | \\\\H‘ | | SR SN |
0.05 0.1 0.2 1 2 345 10 20
mp,, (TeV)

Gamma-ray searches currently achieve better sensitivity

arXiv:2303.13663
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Targets

Galaxy clusters i T - Isotropic contributions

] Galactic halo

- Galactic center

Milky Way satellites | | Dark matter clumps
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Annihilation in Dwarf Spheroidal Galaxies

Fermi-LAT archival search

14 years of data

~ 40 dwarf spheroidal galaxies ; 6

Probe below thermal relic cross

section <~ 100 GeV

i — T T —TTTTTTT
— Bootes II = Tucana 11

14 T+T — Bootes III ~ Ursa Minor
- Carina III — Willman 1
12 F Hercules — Horologium II -
— Hydrus I 97.5% Contain.

— Reticulum II B 84% Contain.

\

R o >

\\

10t 10? 10 10*
M, [GeV]
102! F,m—m—m——rr—————rr———— 102! ———rrr———rrrer -
dSph Constraints GCE Contours dSph Constraints
= \Measured — Gordon et al. (2013) = Measured
_99 | — Ackermann et al. (2015) — Calore et al. (2015) _929 | = Ackermann et al. (2015)
10 I 95% Contain. — Daylan et al. (2016) 10 1 95% Contain.

I 68% Contain.
=+ Median

— Abazajian et al. (2016)
H Di Mauro et al. (2021)
Karwin et al. (2017) ]

I 68% Contain.
== Median

bb

102 103

M, [GeV]

104 101 102 103 104
M, [GeV]

arXiv:2311.04982
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Annihilation in Dwarf Spheroidal Galaxies

-20

E‘I 0

“€ 102
O,

2 10722
é -23
o 10
2 1072
& 1025

107%¢
10?7
10728
107%°
10730

14

= :

= wW*w

E

=

=

= Combined limit (€8) W ====aa-- Fermi-LAT limit

E e H, median o HAWC limit

- [ 1 H,68% containment H.E.S.S. limit

E [ 1 H,95%containment ~  «eieinien MAGIC limit

- Thermal relic cross section VERITAS limit

E\HH‘ | \\HH\“ | \\\HH“ | \\HH\“ | Ll 111l

10 102 10° 10* 10°

Moy [GeV]

m T T T T T T T T T

= Combined limit (§8)  ----een- Fermi-LAT limit

E oo H, median s HAWC limit

- [ H,68% containment H.E.S.S. limit

E [ 1 Hy;95% containment ~ «eeieinien MAGIC limit

- Thermal relic cross section VERITAS limit

SN C T U T CT

10 10? 10° 10* 10°

mpy [GeV]

e Joint search from 5 current generation gamma-ray instruments
e Combined limits from 5 GeV to 100 TeV

* Factor than 2-3 more constraining than individual limits

32



Targets

@:xy clusters

Isotropic contributions

] Galactic halo

- Galactic center

Milky Way satellites Dark matter clumps
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Galaxy Clusters

_

o
w
S

H, 68% containment

95% Tttt [s]
3

H, 95% containment
1028 bbb o H, median
10%7
10%

10%°

102

llT|'|] IHHHW T \HHH‘ T \HHH‘ T HHHW T HHHW T TTTTI

10%

—— Perseus (202h)

T \HHH‘

lllHH‘ | lllllH‘ | lllllH‘

10° 10* 10°

arXiv:1806.11063 ™ [ceV]

—
0

Ty [

10294 x=>ThT - ~

10284 ~

10274

10264

1055]

10244 IceCube Preliminary

103 104 10° 106 107 108  10°

my [GeV]

e Particularly interesting for decaying dark matter searches

—— |ceCube (CoGs, This work)
—— IceCube (M31, This work)
—— IceCube (dSphs, This work)
IceCube (GH+Cos, 2018)
IceCube (GH+Cos., HESE 7.5 years)
—=—- IceCube (GH, Cascades 5 years)
----- HAWC (dSphs, 2018)
----- HAWC (GH, 2018)
----- HAWC (M31, 2018)
- LHAASO (GH, 2022)

arXiv:2308.04833

e Dark matter lifetime must be >> age of the universe (1017 sec) to be viable

e Gamma-ray search using observations of Perseus cluster (MAGIC)
e Neutrino stacked analysis using several galaxy clusters and dwarf spheroidal

galaxies

424
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Targets

Galaxy clusters Isotropic contributions

] Galactic halo

- Galactic center:

Milky Way satellites Dark matter clumps

+ Earth
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Dark Matter Capture in the Sun or Earth

Dark matter particles scatter on
nuclei of Sun/Earth/star

Energy loss = some fraction
gravitationally bound to object

Further scattering can occur

Dark-matter overdensity at

1 object’s core

Credit: IceCube

collaboration

e Sufficient for dark matter self-
annihilation or decay

e Search for excess neutrinos
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Neutrino Capture in the Sun
F. Halzen UCLA DM 202

(\/E\ I | I I I I | I I | I I
-351— . \:|M M incl. LUX (2014) ATLA MS (2012 ]
o *lceCube Preliminary* SSMinel. LUX (2014) ATLAS + NS (2012)
L4 N
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n 36 | ,' y‘ s ]
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o -37 |
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.
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i
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-4 gl =
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-42 |——— IceCube Sens — T ]
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1 2 3
arXiv:1612.05949 log_ (m /GeV c?)

Spin-dependent DM/proton scattering cross section
Can be compared to direct detection limits
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Neutrino Capture in the Sun
F. Halzen UCLA DM 2023

— '38 T | T T T T T T T T I T T T I | T
“E *IceCube Preliminary’: [ ] MSSM incl. LUX (2014) ATLAS + CMS (2012)
\Q__39 I DAMA no channeling (2008) —
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& SuperCDMS-LT (2014) e ‘
— — LUX (2014
240 Uxeoty e |
(o)) +
ke
-41 _\ —
42— —
43— —
44— IC86 3 years: —
45— S—— e bb ]
——— SUPER-K (2015) .
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—— lceCube Limit -
-46 —g— IceCube Sens T —
| | | | | | l | 1 | | | 1 | 1 | | | |

1 2

3
arXiv:1612.05949 log,, (m /GeVc®)

Spin-independent DM/proton scattering cross section
Can be compared to direct detection limits



Targets

Isotropic contrib@

Galaxy clusters

] Galactic halo

- Galactic center

Milky Way satellites Dark matter clumps
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Extragalactic Gamma-ray Background

T RN T T T
- —+ 1
0t Py, . e Diffuse gamma rays from resolved and
L - i S - - .
& i - unresolved extragalactic gamma-ray
(7
E populations, diffuse contributions (e.g. dark
10 E
> C - of o .
8 E e  EGB Spectrum (Ackermann et al. 2014b) E m atte r dnni h | I a h on )
lu_J. I~ EGB Foreground modeling uncertainty 1
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% 8 All Blazars - this work
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fu.? iE gz i:::;foﬁgg\ ﬁlloondeerl‘it:gEl?r?certainty Eg 1 0—26 ; /—/",—" <0'V> Freeze—oiit E
g 1%— = s E
s 0.8F = r 4
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| S ‘ , =, 10! 102 103 10*
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arXiv:1501.05301
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Indirect Searches with Cosmic Rays

Charged cosmic rays do NOT

X / SM point back to sources

SM = qq,
W*W-, ZZ, I*,...

X SM

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

Standard model particles
hadronize, decay, radiate

They are charged particles and
are deflected by magnetic fields.

* X

IceCube Collaboration

Gamma rays, neutrinos, ,

* Large astrophysical backgrounds for matter particles
* Search for anti-matter (e*, p+,...)

 Cosmic-ray transport models important to interpretation
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Indirect Searches with Cosmic Rays

Charged cosmic rays do NOT

X / SM point back to sources

ir sources, but they

— Z

— 153 r

S M - q q /7 can be absorbed and are created by
multiple emission mechanisms.

WW-, ZZ, I*I- T

, , , L)

-~
-
= -
X M b
.
S Neutrinos
y They are weak, neutral
% particles that point to their

sources and carry information
from deep within their origins.

Standard model particles
hadronize (jets)

They are charged particles and
are deflected by magnetic fields.

* X

Coalescence of i and 5 IceCube Collaboration

orpand p

v
Antideuteron, Antihelium

Particularly clean search channels
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Detecting Cosmic Rays

Particle detectors: measure particle energy, momentum, species

* Positrons “‘}/ | iy * Positrons
‘\5: * | * Antiprotons
§ ‘e e Antideuterons
1=\ e Antihelium3

TOF
umbrella

Radiator

To name a few,
also CALET, HELIX,

* Positrons

TOF cube

* Antiprotons

Electronics A TOF cortina

bay
* Antideuterons GRAMS...
* Antihelium32 s 25009 e
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Detecting Cosmic Rays

Particle detectors: measure particle energy, momentum, species

* Space-based
e Data-taking
2006-2016

* Balloon flight
Antarctica

planned for
late 2024

w*/: »  Space-based
N (155)

o ;§L®' e Data-taking
T =\ since 2011

TOF
umbrella

Radiator

To name a few,
also CALET, HELIX,

TOF cube

Electronics A TOF cortina
GRAMS
L
mass: ~2,500kg Tracker
power: 1.3kW
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Positron spectrum/Positron fraction

)
o
&

")+F (e’

m AMS-02
+ PAMELA

0.2

0.15

0.1

Positron Fraction F (e*)/(F (e

0.05

o
I
lIIIIlllllI

|

Energy (GeV)

* Rise observed in positron fraction, contrary to expectations
* Positron spectrum softer than electron spectrum for secondary
positrons

» Advantage of fraction: less sensitive to instrument response
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Positron spectrum/Positron fraction

JrG.)
+
- ‘®+® Iq)
L 102 b4 AMS02
n CALET
5 { DAMPE
= } 44 Fermi-LAT
= { HES.S.
3 t 4 PAMELA
[
3 10!
=
<
?ﬂ 1 o
i NN /s
- . _CRDB
109 10! 102 103 104

E [GeV]
* Rising positron spectrum also observed
* Possible scenarios for producing high-energy positrons:
e Dark matter annihilation
e Positron acceleration in (local) sources

e Secondary production from cosmic rays on interstellar gas
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Positron spectrum/Positron fraction

arxiv:1711.06223
25 102 : :
*  AMS-02 F :
— APJ. 493, 694 (1998) + ‘ :
- 20 ? 1o LN T S
" N APJ. 729, 106 (2011) ++++ } ) 3
% L ;++++++ .
D) 15 & 0 .
£ bt e
> ]
[}]
S o
_e:w
wl 02 — 5=0.33 (base) R %:4)(103)” ..................................
6=0.31 = = Fit param. syst.
8=0.35 30 range (base)
“ , L L L, T [|=— t=8.6x10%r ¢ AMS-02e*
1 10 100 1000 > 00 102 T 0
Energy [GeV] Energy [TeV]

Hard to explain spectrum with
secondary particles

* Local source? Diffusion constant in TeV halos around pulsars
important
e Dark matter annihilation?
* Not for a simple model - leptophilic?

* Measurement of high-energy cutoff important .



Antiproton spectrum

Four years of AMS-02 data

* Fit antiproton spectrum

e Expected to be mainly due

to secondaries

* |Include contribution from

dark matter annihilation

10!

primary DM best fit
secondary

total L

Z-SCore [O'mt ]

~ ~ eigen
Z-score [Gpop

total A4

0.0
—25 00 25

~ eigen
Otot

10! 102 10°

R [GV]

arXiv:2202.03076
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Antiproton spectrum

10-2t

1022

cm? s

., 107%

10—24

10-2

Upper bound on <ov>

1028

T T T
Lo

T T T

T
Ll

T T T

Ll

T
Ll

NFW (y=1)
BIG
/ 95% CL

T
Ll

| | Ll L

10 100 1000 10¢
DM mass m, [GeV]

Limits competitive with Fermi-LAT
dSphs limits at 100 GeV
Limits sensitive o propagation

model

Upper bound on <ogv> [em?® s7!]

102 |-

1020 |

NFW profile

/ bb annihilation channel

-20
10
(3]
€102
O,
3 102
Q 23
8 10
o\o 10—24
Yo}
o 10—25
10726
10
_og ——— Combined limit (¥§) ~ ======-- Fermi-LAT limit
107 H, median . HAWG limit
o9 [ H,68% containment H.E.S.S. limit
10 1 H,95%containment ~ «weieieeens MAGIC limit
30 Thermal relic cross section VERITAS limit
10 [l Ll Ll Ll [ B
10 10° 10° 10* 10°
Mpy [GeV]
/
//
-4 |— / _
o= BIG / ]
7777777 QUAINT y
95% CL /

100 1000
DM mass m, [GeV]

arXiv:2202.03076
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Cosmic Ray Propagation

o
»

I I I IIIIIII I I lllllll

B ISOMAX .
A ACE/CRIS T —

0.35

0.3

0.25

0.2

0.15

- Diffusive halo model

0.1 HELIX Stage1 - Leaky box model

IIIII IIIIIII|IIII|IIII|IIII|IIII|IIII|IIII

lllllllllIllllIllllIlllllllllllllllll

| | llllIlI | | lllllll

1 10
E/nuc [GeV]

0.05

-
o. —

HELIX balloon experiment: measure isotopic abundance ratios
— distinguish between propagation models



Antideuteron

GAPS: optimized for searches for low-energy antinuclei

—_—
(=
b

=
L

—_
o
4

antideuteron flux [(s m?sr GeV/n) ]

=)
b

S
b

I x> b5, 70Gev

: - astrophys. backgroundé :

N | 7 7 7 77| bands |nd|patedfprma|t|on unpertaQnty
107 1 10

kinetic energy [GeV/n]

—

o
L
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Antihelium

GAPS: optimized for searches for low-energy antinuclei

GAPS sensitivity
95% CL

Dark Matter

°He, GAPS 1 event, 3 x LDB

Coogan et al.

m, ,ww = 100 GeV
Korsmeier et al.
m -=71GeV
wx — bb
Nan Li et al.
m =1TeV
xx —> ag
M. Kachelriep et al.
m - =100 GeV
. — bb
M. Winkler & T. Linden

1077

10°®

‘.iIIIII| IIIIIIII| IIIIIIII| [ LI

107°

antihelium-3 flux [m? s sr GeV/n]"

10 "0 =
= mxx—>¢¢—>Ebb=80 GeV
- Background
-11
10 = ===== Blum et al. (Upper limit)
i - Poulin et al.
10
107" 1 10 I A. Shukla et al.

kinetic energy per nucleon Ekin [GeV/n] === . M. Kachelriep et al.
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Beyond WIMPs

Mass scale of dark matter

(not to scale)

QCD axion WDM limit unitarity limit

102eV ek keV GeV  10Tev__ My, 10 M

~ | i t w ——>
“Ultralight” DM “'Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) black holes

non-thermal dark sectors
bosonic fields sterile v
can be thermal

Thermal-relic scenario with point-like DM particle

— heavy DM (>7100-200 TeV) overproduced
1
(OV)maz X —= (unitarity limit)

M

1
(ov)

* Unitarity bound can be evaded with various extensions

and (), (thermal relic density)

e Dark sector: 1..., composite DM (with/without geometrical cross section):

1, 2, 3, capture to bound states: 1...
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https://arxiv.org/abs/1602.08490
https://arxiv.org/abs/2110.13926
https://arxiv.org/abs/1606.00159
https://arxiv.org/abs/1811.06975
https://arxiv.org/abs/1802.07720

Accessing >100 TeV Dark Matter

102

arXiv:2208.11740

Gamma-rays —ete” -t 77 |]

—

o
—
T

—_

()
©
T

X W-/Z/q \ 10—1 L

[V
T

—
o

w
T

—
> T+ Nuve

X W*/ZIq et
/ | Neutrinos 107° ¢
\V{ 10-°
w
VuVe

e[ N
+ a few p/E, d/d
Anti-matter

i
T

—_
o

Expected Counts
=

- 50 hr exposure on Segue
10-7 ¢ <0v> = 10-23 Cm3s-]
107%

102 103 104 10° 108
M, [TeV]

Final state gamma rays — only a small fraction
of energy from heavy dark matter annihilation

>10% flux deposited in <100 TeV gamma rays
for dark matter particles up to PeV masses
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Absorption on Diffuse Photon Fields

e Gamma rays undergo pair arXiv:1608.01587

production on diffuse photon z F = N T
. S 0.9F
fields 8
o 0.8
© C
> L
E 0.7;
e Galactic neighborhood B oo
* 0.5F-
0'4? 0.995-
 Extragalactic background O3 oo [ star g
. 0.2 o0.985F --IR A <50 um — Total
light - —EBL --- IRA>50 um
. 01 O 0% 10% 10 107 — - CMBR
. Starllght 0E | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | L LIl
. 10" 10 10" 10'° 10"
¢ Also can have absorption by T Gamma ray energy (V)
dust

>20% effect at 100 TeV



Gamma-ray Limits on Ultra-Heavy Dark Matter Annihilation

Composite Unitari

(ov) < 47T/<M§Urel)

vrel = between
dark matter

particles in target
system

102100 10
M, [TeV]

e VERITAS search using observations of dwarf spheroidal galaxies
e Benchmark 1: Partial-Wave Unitarity Bound
e Point-like J=0 dark matter particle

e VERITAS limits not constraining above unitarity bound s



Gamma-ray Limits on Ultra-Heavy Dark Matter Annihilation

Composite Unitari
10718 - =

(1 + Mxvre1R>2

N\
(ov) < A4m (A 20re)

e Benchmark 2: Composite Unitarity Bounds
e Composite dark matter particles; bound scales with particle radius

e VERITAS able to constrain composite models
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Gamma-ray Limits on Ultra-Heavy Dark Matter Annihilation

10! 5
Excluded region
R T 10!
o | Proton charge radius C
10 f g it L A e
£ F100 >
Y— 1071 Q
o —
o H
o
:'10_1
1072 E
:'10_2
103 L——~L

e Benchmark 2: Composite Unitarity Bounds

e Composite dark matter particles; bound scales with particle radius

e VERITAS able to constrain composite models
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Axions and Axion-like Particles

Peccei-Quinn axion Mass scale of dark matter
(not to scale)
«  No observed CP violation in QCD
102V mk  keV  GeV omv My 10 M,
*  No reason theoretically to be © f ' — —,
Zero ““Ultralight” DM “Light” DM WIMP Comp031te DM Primordial
non-thermal dark sectors (@balls nuggers, @ plack holes
. . . . bosonic fields sterile v
*  Violated in weak interaction can be thermal

*  CP-violating extension to QCD
Axion-like particles

*  New U(1) symmetry (globally

broken) = new light particle * Light particle mixing with photon

predicted in several SM

M\ N\ N\ .
Y extensions

* Does not necessarily solve
strong CP-problem

* Dark matter candidate
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Axion-like Particles

I Photon* Photon* 1

/ 7 \ W o
/! Y 2 } -
i\ |
R g 5.4 a

3 -~ o Y

e Gamma rays traveling from distance sources could mix with ALPs en route to
Earth
e Strong magnetic fields in e.g. galaxy clusters would induce mixing, or weak

magnetic fields in intergalactic medium
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Axion-like Particles

e Gamma-ray flux classically
attenuated by interactions with
diffuse photon fields
(extragalactic background

light)

e ALP-mixing reduces
attenuation, introduces spectral
features

e Non-detection used to set limits

log[vF, (erg cm?s™")]

log[VF, (erg cm ™ s7")]

LA
o
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|
—
—
|

—12_

-13
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~14_

Mkn 501
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1ES 0229+200

z=0.14

0.1
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Limits on Axion-like Particles
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Limits on Axion-like Particles

10~
. MWD X-rays
1010 Diffuse SN /
— \° Mrk 421 “u
i Fermi SNe-7 <
| Betelgeuse &
SR
> 10—11 Hydra—A NGC1275 A0 o & o
b (Fermi) Q“{C\‘\‘\ 54 o
O Super star clusters - £ <
=~ & Pulsars @)
? MS87 - . ;
’ )
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https://cajohare.github.io/AxionLimits/
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Primordial Black Holes

Mass scale of dark matter

(not to scale)

e Form around matter overdensities in

QCD axion WDM limit unitarity limit

102 e chsiowmios  paNs GeV  100Tev  Mp 10 M :

0 X eV 1oy My S early Universe
| | T T I

e Possible contributor to dark matter
content of Universe

“Ultralight” DM “Light” DM~ WIMP  Composite DM Primordial

(Q-balls, nuggets, etc)
non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal

MM,
10—15 10—10

1073

1015

1020

10

S R R AV ) WA VA 7| S (4 B 1 A N 3t t
M~ —~ 105 ( )
" G 105 s)©
0.01
1073
g 107 Mass related to time
< 10- of formation

1078

arXiv:2002.12778 |

PRI IS S SN N TR (NN SN SO S T AN S A SN S AN SO SO S (ST SN SN S T (Nt A S S
1015 1020 1025 1030 1035 1040 1045 1050 1055
M [g]
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(10% sec™!)

[dN. /dt]z,.ission

Primordial Black Hole Evaporation

1.2

PBH evaporation via Hawking radiation

Heavier particle species produced at end of PBH lifetime
PBHs with M = 1015 g would be evaporating now

Expect gamma-ray burst with no counterpart or afterglow

1.0}

o
)
:

o
o
x

©
i
T
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(sec™)

[dN~ /dt]Emzssmn

10%*

1028

10% |
10%° /

Power law Index = -0.52

10!

10° 10 107
Remaining Time (sec)

T
= Energy 50 GeV - 100 TeV

6 4
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Remaining Lifetime T [s]
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Limits on PBH burst rate
arXiv:2111.01198

. 7/
10 B Milagro HESS
& HAwC VERITAS
® CYGNUS MAGIC
06 Xk % Whipple CTA
1 L ¥ Fermi-LAT SWGO
— Tibet
'_|' ]
105 [
m>~- B [ |
| [ | [ |
@
2104

% . @ 4

5
2103

102

////
1073 1072 107! 100 101 102 108

Integration time AT [s]

e Survey instruments have a major advantage
e Competitive limits from upcoming Cherenkov Telescope Array Observatory
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Astrophysical Searches for Dark Matter

Mass scale of dark matter

(not to scale)

QCD axion WDM limit unitarity limit

102eV w5y keV GeV 10Ty My 10 M,
4_| [ | _I_ L 1 | |
| L} T I o

“Uleralight” DM “"Light” DM~ WIMP  Composite DM Primordial

(Q-balls, nuggets, etc)
non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal

Lin 2019 arXiv:1904.07915

Astrophysical searches diverse and capable of
probing broad phase space

Including regions not discussed in this lecture!
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