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Outline

. Indirect detection of dark matter: basic principles

. Indirect searches for dark matter with gamma-rays
(and neutrinos): instruments and recent results

. Indirect searches for dark matter with neutrinos:
instruments and recent results

. Indirect searches for dark matter with charged
cosmic-rays: instruments and recent results

Disclaimer: Very large topic. Here | present a personal
selection of recent results
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Introduction

Two hypothesis:

1. Dark matter does exist

2. Dark matter is a particle that couples non-gravitationally to
Standard Model particles

Low-energy photons
Quarks
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2 4V Ele(trons

Medium-enerqy
gommo rays

Positrons

Annihilation or decay
—‘, of DM leads to the

* — @ iy — st production of stable
\ W"”“"R-s - particles of Standard

—‘ Antiprotons MOdEl
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Relic density and WIMP miracle

Standard Cosmology Model: ACDM

Observation constraints

Supernova Cosmology Project
Amanullah, et al., Ap.J.I (2010) i
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Relic density and WIMP miracle

Boltzman equation in comoving volume

Standard Cosmology Model: ACDM dn 2w
—~£ +3Hn, =—(ov)|n, —(n")
dt X X X
Observation constraints i ! -
Sremecossooiomt DM density vs Temperature X+xol+l
1.4 llllll T T IIIIIII T T IIIIIII | T IIIIIII 108 .
4 = 100 GoV Small cross-section:
10~ x=
106 early freeze-out, too
Union2 SN la
10-6 / much DM
1.0
- 108
‘ Fy
_osf . Q Q +Q 1 10—10
G M= d b .

e 1012 ——— Large cross-section:
— late freeze-out, too
10~ little DM

Feng (2010)
BAG 0 10—16 L I\
0.2} N 1 10
L2 T (GeV)
%920 02 0.4 0.6 08 1.0 ) |
i 3x 107 cm3s™

QcpM = =) (OCannVv) ~ 2.8 X 10~ 2cm3s~!

( Oann V>

, = 0.048 £ 0.001
cam = 0.258 + 0.006
A =0.691 + 0.006
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Relic density and WIMP miracle

Observation constraints

Supernova Cosmology Project

Amanulla}w, et al., Ap,J.I (2010) i

Boltzman equation in comoving volume

: d
Standard Cosmology Model: ACDM %ﬁ% (o] ()]
$
DM density vs Temperature y+yol+l
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Small cross-section:

my =100 GeV

10~ 4
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1078
Hy
10—10
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— |ate freeze-out, too
10— 14 little DM
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10— 16 Lovee v

T (GeV)

3x 1072 cm3s~!

( Oann V>

Weakly Interacting Particle (WIMP)

= (CannV) ~ 2.8 x 107 %0cm’s™!
= (OV)ew

Qcpm =

* weak scale mass (10 GeV - 1 TeV)
e electroweak interaction ~ 3x1026 cm3s-1

We believe in
miracles!

* Produces observed relic density

Aion \/iana

30 Parillo Advanced <Rechonl on MMA



Dark matter particle candidates

Plausible mass scale : a question of pespective

Weakly Interacting Massive Particles (WIMPs)
* weak scale mass (10 GeV - 1 TeV)

* weak interaction <gv> ~ 3x1072¢ cm3s1

e produces the observed thermal relic density

unitarity limit

(zeV 100TeVv

WIMP
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Dark matter particle candidates

Plausible mass scale : a question of pespective

QCD axion WDM limit unitarity limit

1022 eV i keV GeV 100Tev My 10 M
- e == -

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

(Q-balls, nuggets, etc) blaC k hole S
T. Lin, 1904.07915

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

“only” 90 orders of magnitude!

Lots of Beyond Standard Model

theories predict the existence of
one of more WIMPs, and other
dark matter particle candidates
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How to detect the dark matter particle?

DM SM

DM SM

DM = Dark Matter
SM = Standard Model (of Particle Physics)
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How to detect the dark matter particle?

Indirect searchgs

High energy photos,
neutrinos, cosmic rays

DM SM

DM SM

DM = Dark Matter
SM = Standard Model (of Particle Physics)
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How to detect the dark matter particle?

Indirect searchgs

High energy photos,
neutrinos, cosmic rays

DM SM

Direct

searches

Nuclear
scattering

v

DM SM

DM = Dark Matter
SM = Standard Model (of Particle Physics)
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How to detect the dark matter particle?

Indirect searchgs

High energy photos,
neutrinos, cosmic rays

DM SM

Direct

searches

Nuclear
scattering

v

SM

C?IIider searches

Missing transverse energy

DM

DM = Dark Matter
SM = Standard Model (of Particle Physics)

| Aion \/iana 30 Parillo Advanced <Rechonl on MMA



How to detect the dark matter particle?

This talk!

Indirect searches
—

High energy photos,
neutrinos, cosmic rays

DM SM

Direct

searches

Nuclear
scattering

v

SM

C?IIider searches

Missing transverse energy

DM

DM = Dark Matter
SM = Standard Model (of Particle Physics)

| Aion \/iana 30 Parillo Advanced <Rechonl on MMA



dl I\ 111ditC| : FSESLUS ALY CIIT \UJUdIidA

Galactic Bulge

RN

Circinus X-1

Cygnus X-3 NGC 3603

~ SSu33 Cassiopeia A Crab Sun
Nebula




Inne Gdiadxh

[

DarkK matter messengel

Charged cosmic-rays
» Diffusive propagation in the

Galactic magnetic field
» Loss in directionality
=> Spectral signatures

Galactic Bulge
ME\ /X
? -

M Fu

Cygnus X-3 NGC 3k03
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Dark matter messengers in the Galax)

Charged cosmic-rays
» Diffusive propagation in the

Galactic magnetic field
» Loss in directionality
=> Spectral signatures

Galactic Bulge

ME\ /X
? -

: . s

M -
o -
&

C : NGC 3k03
B> Non-deviated trajectory e ™ Sun

» Point directly to the source
=> Spectral and spatial signatures




Dark Matter searches with gamma rays

Aion \Viana CLan Parillo Advanced <chonl an MMA



The extreme electromagnetic universe

Space based I
I Ground based

(eV) 104 108 1010 1012(TeV) 10714
' ..KR?ys HE y-Rays I VHE y-Rays #

\ J |

\

|
Gamma-ray satellites: Imaging Atmospheric
e EGRET Cherenkov Telescopes (IACT)
e Fermi-LAT and Air Shower Particle
Detectors




Detection techniques in gamma-ray astronomy

Space: direct
detection

500 km

ground based:
indirect detection &

Extensive
Air Shower

Satellites

Atmosphere

4-5 km W A - Air Shower

Cherenkov

light —

~1.5 km

Atmospheric Imaging

Cherenkov Telescopes
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Detection techniques in gamma-ray astronomy

Fermi-LAT ___ - Space: direct 1
f detection :

500 km - [ Satellites

¢

ground based:
indirect detection &

Extensive
Air Shower

4-5 km =i - "% 1 Air Shower
E Particle Detectors

Cherenkov

light —

~1.5 km
Atmospheric Imaging
Cherenkov Telescopes
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Detection techniques in gamma-ray astronomy

Fermi-LAT Space: direct

detection

Satellites

ground based:
indirect detection

Extensive
Air Shower

- - Air Shower
& N Particle Detectors

Cherenkov

light _— %

~1.5 km

Atmospheric Imaging
Cherenkov Telescopes
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Detection techniques in gamma-ray astronomy

Fermi-LAT Q _— Space: direct
.2 detection

500 km mmm{ W Satellites

<=---

ground based:

indirect detection

Extensive
Air Shower

— ™ | Air Shower

4-5 km
Particle Detectors

Cherenkov

light —

1.5 km
Atmospheric Imaging
Cherenkov Telescopes
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e Energy range: 20 MeV — 300 GeV

e Effective area ~ 0.9 m?

e Energy resolution ~ 10%

e Angular resolution ~0.15° (GeV)

e Pair conversion detector:

Y

' Anticoincidence

T = Detector (background rejection)
;L SIS Conversion Foll

............................................. =) |
‘| [~ Particle Tracking
Detectors
Calorimeter

(energy measurement)




The current IACT world

i ’
-MAGIC Canary Island Spal

1275m a.s . La Palma, 2225m as.l.
4 telescopes, 2 telescopes, @17m.

Stereoscopy 57009
>2007

H.E.S.S. Namibia

1800m a.s.l.

4 telescopes, P12m
stereoscopy

>2003

" - HESS 2 : 4+ 1 (#28m) telescopes, 2012
-
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The future IACT world: Cherenkov Telescope Array

£ S

» Two arrays: North in La Palma (Spain), South
in Paranal (Chile)

» Factor 10 better flux sensitivity

$1> Larger energy coverage, field of view and
twice better angular and energy resolution
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The future IACT world: Cherenkov Telescope Array

» CTAis a glob than 1,30 scientists and ns frm 210 institutes in 32
countries involved in directing CTA's science goals and array design.

» Brazilian participation:

Centro Brasileiro de Pesquisas Fisicas

Centro de Ciéncias Naturais e Humanas — Universidade Federal do ABC
Departamento de Engenharias e Exatas, Universidade Federal do Parana
Escola de Artes, Ciéncias e Humanidades, Universidade de S3o Paulo
Escola de Engenharia de Lorena, Universidade de Sao Paulo

Instituto de Astronomia, Geofisico, e Ciéncias Atmosféricas

Instituto de Fisica de Sao Carlos, Universidade de S3o Paulo

Instituto de Fisica — Universidade de Sdo Paulo

International Centre for Theoretical Physics, Universidade Estadual Paulista
Nucleo de Astrofisica Teorica, Universidade Cruzeiro do Sul

Nucleo de Formacgao de Professores — Universidade Federal de Sao Carlos

o % N o e e 0, i
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Instrumentation: MST Camera Support Structure

100% Brazilian
Project

Analysis
Prototype
Verification

—— e = \
PR T L,
K = - _‘E -
E AL
e -
4

Re-project
Final product

FUNDACAO
2 prototypes ARAUCARM

already Patent of positioning
constructed, system

delivered and
approved Budget approved for 10

structures to be build in the
next two years.
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Southern Wide-field Gamma-ray Observatory (SWGO)

Space: direct
detection

500 km I H H I Satellites

ground based:
indirect detection &

Extensive
« Wide-angle air shower particle < Air Shower

detector, complementary to CTA South
» Located at a high-altitude site in South

The Southern Wide-field Gamma-ray Observatory

America,
» Covering the energy range 100 GeV to 4-5 km — ™ Ajr Shower

100 TeV, E 3 Particle Detectors
« Significant sensitivity improvement

over HAWC

« Various detector concepts under study

~1.5 km

Atmospheric Imaging
Cherenkov Telescopes
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The SWGO collaboration

» R&D collaboration founded on July 1st 2019 more than 50 partner
institutes in 14 countries + supporting scientists from 11 more
countries

» Aims of the collaboration: development, over the next three years, of a
detailed proposal for the implementation of such an observatory,

Countries in SWGO
Institutes

Argentina®, Brazil, Chile,
Czech Republic,

Germany*, Italy, Mexico,
Peru, Portugal, South

Korea, United Kingdom,
United States’ Croatia, China

Supporting

scientists

Australia, Bolivia, Costa
Rica, France, Japan,
Poland, Slovenia, Spain,
Switzerland, Turkey

*also supporting
scientists
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A straw man design for SWGO

= Based on established performances (e.g. HAWC)

= CORSIKA + simple detecctors; altitude of 5000m; larger + denser array

differential point source sensitivity 300:
= 107" 2 L B B B B .
- 9GS0 HAWC 200_
- | ' 507 days I
= 1077 ' E 100}
& E ] E L
% 107" E“ E 5 Of
=3 = : :
= : ~100}
“ ok . ;
3 D3 =200
- 5 years :
lo—lli .21..‘.5....4..,\..].:er]I _ . l[__3()(),_ll‘l‘ll’ll‘l e i
log (E_/GeV) & L =300 =200 -1 0 100 200 300
| g 10° X[m]
S
2
3 e.g. stations with circular footprint
White paper: Science Case for a ° 1ot 3m diameter: ~4500 stations

Wide Field-of-View Very-High-
Energy Gamma-Ray Observatory in
the Southern Hemisphere, SGSO-

alliance [arXiv:1902.08429] 10°

—
log (E/GeV) H. Schoorlemmer
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Indirect dark matter searches through gamma-rays

DM self-annihilation rate :

)
Ppm
2

['DM ~ OV

Mpm

SM: b, W*, Z, u*
Primary channels

SM: b, W-, Z, w

Hadronisation

and/or decay

=>v, %, p,V

Final states

_ + =g
_>Y9 c P, V




Indirect dark matter searches through gamma-rays

D — : ;
M self-annihilation rate SM: b, W', Z, 17| | § 21 > 1. €5, D,
2 53
oM A OV % IZ)M Primary channels 'é é Final states
mDM SM: l_), W_, Z, o E g == e eia I_)a v

Gamma-ray flux from annihilation of a WIMP:

A0, (AQ,E,)) 1 dN,
(AL Ey) _ <‘Zv> ! % JAQ)AQ  cm 25 !Gev!

J

~~ Astrophysics
Particle Physics




Indirect dark matter searches through gamma-rays

DM self-annihilation rate :

DM SM: b, W+, Z, l,l+ == Y, eia p,V

2
Pbm
2 _
Mpm DM SM: b, W, Z, 1t
Gamma-ray flux from annihilation of a WIMP:
dd,(AQ,E)) 1

Primary channels Final states

FDM ~ OV

| + = o
—>Y,C—,p,V

Hadronisation
and/or decay

x)J(AQ)AQ cm *s !GeV™!

Astrophysics
Particle Physics
- e ~| DM annihilation channel
- MDM = 1000 GeV -
2 L | — €
where 107 ¢ 1 -
Gamma spectrum: : 1
. 10 I —
&0 - 1 —
> typically a continuum with an energy cut-off | = - 1 oo
at the DM particle mass z = 1 — s
I K g [— ,
» Mono-energetic line signal : o1 L Y [ Vo
* XX = VYV, VZ : line at or close to DM particle : -
mass -
-2 W
* xx = Il, WW: Internal Bremsstrahlung 107 s |




Indirect dark matter searches through gamma-rays

DM self-annihilation rate : DM SM: b, W%, Z, 1| | § & F> 7. ot D, v
2 S 3
Pbm Primary channels| & Final states
v~ o 2
DM bM SM: b, W', Z, o E % = Y, eia I_)a v

Gamma-ray flux from annihilation of a WIMP:

d0,(AQEy) _ 1 (ov) diy x J(AQ)AQ cm s 'GeV™!

o 2
N———— Astrophysics
Particle Physics

where

| » Line of sight integral
J(AQ) = AQ Jro dQ/LO. ) _J | » Density profile model is needed

» Dependence dark matter halo
modeling




Dark Matter halo modeling

» Cosmological N-body numerical simulations => Cusp profile
» Observation of galaxies dynamics => Cored profile

Milky-Way
107 30”1

Angle from the GC [degrees]
57107 30’12 2° 5°1020°45°

‘ —— — ] Examples:
10* g
., (std NFW y=1
— 10° = Cuspy Prnew (F) = p.(r /1) baryons steepens
e E NFwW 3—y
5 L Einasioxy EinastoB (+r/r) k)roﬁ]e:yzl.Z-Jﬁ
% SO LIIIIIIIIIIIIIIIIIIIIITS ? —
S 10 | Cored ") .2
= i pP\r)=p
& 1 ————— ——— 77777? 1s0 0(’/'024_’/2)
107! —
1072 e i e @ i
1073 1072 1071 1 10 102
Cirelli et al 2010 r [kpe]

» The parameters are found from observation of some tracer dynamics(luminous density,
star velocity dispersion, velocity anisotropy...)

» The DM density at small scale is poorly known
necessity to take in account both class of models

Aion \/iana
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Dark Matter halo modeling

» Cosmological N-body numerical simulations => Cusp profile
» Observation of galaxies dynamics => Cored profile

Milky-Way: morphology

103 E T v 4 T T r:
: 101 - Examples:
| 1012 L —
e « Py (r)= 2T baryons steepens
10? £ - ] Prrw - 3y 'y. p
: 106 —— I (I+r/r) k)roﬁ]e:yz 1.2-1.5
C 104 |- 1 4 — 5
0 10° | N | Cored
s | p_(1)=py——
10 10-8 1076 10~% 102 1 - iso (rc +r )
o M m
: wew oo —
_ EinastoB N
o Einasto .
Iso
1 = Burkert =
Cirelli et al 2010 - .
0 30 60 90 120 150 180
6 (degrees)

» The parameters are found from observation of some tracer dynamics(luminous density,
star velocity dispersion, velocity anisotropy...)

» The DM density at small scale is poorly known
* necessity to take in account both class of models
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Additional contributions to the DM annihilation flux

L Mym=10"M,
.i. ..... Mhm = 5 X 10_3M®

‘ > From astrophysics:

Boost factor
-
o
N

» Contribution of the substructures(sub-halos) to the
overall density <= flux ~ p?

10

.t
.
.
W
x
.
.
W
.

1
1
1
1
1
1 e
[ e
v e
“'-
1 e
|
1
1
1
1

* Inverse compton scattering emission on CMB

.............

low E photon (CMB) — Relativistic 1E :
- — — Non-relativistic . TIRTIN N T TS AN U S AN ST S N S SR N S
y-ray * : I 2 0.4 0.6 0.8 1
""" DM annihilation . . . .
/ 6E - Initial Hernquist profile | Bmaxtd—

()
\
Z
H
logyy (p [GeV /cm?])

inverse Compton scattering

=
(=]
T

. Adiabatic growth aroundSMBH and IMBH ™™™
‘ > From particle physics:

« Boost in the annihilation cross-section. Sommerfeld effect
Latanzzi and Silk , PRD 79 (2009)

» Radiative corrections to the annihilation spectrum

Final state radiation < Virtual internal Mou (TeV)
bremsstrahlung

| @ b ] l © ,




Secondary radiation from DM

DM SM: b, W, Z, u" | § > == YJEAD, V

g3
Primary channels, ‘= = states

o O

- S 3 -

bM SM: b, W-, Z, w ‘m" g =Y\ D,V

=
Inverse Compton scattering
S 2= * on CMB, star-light,

= infrared-light

electron A/_;jz/\/\ﬂ BremSStrahlung
- * onto gas of interstellar
+* .
o000 medium

Synchrotron radiation
o * magnetic field O(nGauss)
v  for e* of GeV-TeV
e * —> MHz-GHz radio signal

B
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W S 5lactic Centre Dwarf galaxies of the Milky Way

QO Proximity (~8kpc) d Many of them within the 100 kpc from Sun
O High (possibly) central 0 Extremely DM-dominated environment

DM concentration : O Potential low astrophys|ca|
DM profile : core? cusp? background |EEEEE=. .
M 0 High astrophysical

- background in gamma-
rays

Galaxy clusters
0 High DM annihilation luminosity

Q Substructures contribution to the overall DM flux
U Astrophysmal background may be important

Sculptor dwarfgblaxy NOAO'CTIO

Local Group Galaxies
L Relatively close
O Large DM mass

U Secondary
radiation may be
important

Salaxy QIL{S{érA,beIIJ 6;"89, by HS 100 kpc A”vf omeda Ga/axy




Dark matter targets

Dwarf galaxies of the Milky Way

0 0 Many of them within the 100 kpc from Sun
0 0 Extremely DM-dominated environment
O Potential low astrophysu:al
background . 4

Sculptor dwarf g'alaxy W/th NOAO CTIO
Blanco i

U0 O

OO0 O
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» Most DM-dominated systems in the Universe

Cvn I8 O
CVnl O oo I Leo I1@®
Boo III oo I1 Leo V

Lo vVEES
’ o
Sex

@ O Observed by Fermi

O Observed by IACTs

507
.2'0 kpc : ; R s . f‘gr}n:: ...nm'/.a'rf'n::l;.ivu.
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» Most DM-dominated systems in the Universe

Cvn 11§ (®)Com

? CVnlI O oo I Leo II®
to il1 Boo III oo II
OMa 1

UMi
oUMa II @

@)Dra

.

@ O Observed by Fermi
O Observed by IACTs s oo

; ' gr
DES new discoveries

other new discoveries
(PanSTARSS,SDSS etc)

o

Seg 2

or
©
7 _¥Pel

e
DES collaboration, ApJ 813, 109, 2015

. . '.’0_ ; Sl
2 {\Nina~n|n'l.n‘rf'nalavu >
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es with gamma-ray.

observatories

» Twenty dwarf spheroidal galaxies observed by Fermi-LAT,
HAWC, H.E.S.S., MAGIC, and VERITAS

e Armand et al arXiv:2108.13646

Source name Experiments Distance
(kpe)
Bootes I Fermi-LAT, HAWC, VERITAS 66
Canes Venatici I Fermi-LAT 218
Canes Venatici 11 Fermi-LAT, HAWC 160
Carina Fermi-LAT, H.E.S.S. 105
Coma Berenices ~ Fermi-LAT, HAWC, H.E.S.S., MAGIC 44 > |In the case of no si gna | detection
Draco Fermi-LAT, HAWC, MAGIC, VERITAS 76 . . . c
Fornax Fermi-LAT, H.E.S.S. 147 -> JOInt ||k€||h00d anaIySIS
Hercules Fermi-LAT, HAWC 132
Leol Fermi-LAT, HAWC 254 ..
Leol Fermi-LAT, HAWC x5 » Limits on the plane <ov> x mp,
Leo IV Fermi-LAT, HAWC 154
LeoT Fermi-LAT 417
Leo V Fermi-LAT 178
Sculptor Fermi-LAT, H.E.S.S. 86
Segue | Fermi-LAT, HAWC, MAGIC, VERITAS 23
Segue I1 Fermi-LAT 35
Sextans Fermi-LAT, HAWC 86
Ursa Major I Fermi-LAT, HAWC 97
Ursa Major II Fermi-LAT, HAWC, MAGIC 32
Ursa Minor Fermi-LAT, VERITAS 76
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Dark matter annihilation sensitivity curve

; ; \) i :
. H H
. H H
, : : N
o e
— 1/
’
H H ’ " H
, ’, 1y
*
’ i
H
] h ]
H 4 H Imiim T RTINS ,
ity

— A —
:I - :|
|
N S
N n o)

1072

o
—_

95% <o v>Ut [cm/s]
o o o
8RR

—h

|
[\
~l

Combined limit (€8)  ammmmm== Fermi-LAT limit
----------------- H, median s HAWG limit
[ 1 H,68% containment = H.E.S.S. limit
| H, 95% containment ~ sisreiminian MAGIC limit
— « — - Thermal relic cross section == =iwix. VERITAS limit
e e

10728
1072°
1070

Annihilation cross-section

il

10 10? 10° 10* 10°
Dark Matter particle mass Mpy [GeV]
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Dark matter annihilation sensitivity curve

-20
51 0 ‘-,
™
£ 1072
O,
c — 1 -22
S A 0
- > -23
O
3 9 10
! 24
2 5210
e L0 -25
O (@)) 10 ....................................................................
g b ™ o — o TR
.; 1 O g? ..................
© —
£ 107
c — Combined limit (€8)  =s=ssasas Fermi-LAT limit
: 10—28 o . . ey eeeemeeen
< = e H, median s HAWC limit
o9 — [ 1 H,68% containment = H.E.S.S. limit
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Combined Dark Matter Searches with' gamma-ray.

observatories

» Three channels bb, W*W, t+1-, using the J factors from Geringer Sameth et al.

e Armand et al arXiv:2108.13646

* Combined upper limits are up to 3 times more constraining, depending on the
annihilation channel and the mass

-20
m@ 10 ;
E 15
S, bb
= 10%
L e
9 10
°\° 10-24
Te)
o)) 10—25
1 0-26
1 0-27
o8 Combined limit (¢8) -+ Fermi-LAT limit Combined limit (2) -+ Fermi-LAT limit Combined limit (2 -+ Fermi-LAT limit
10ESE— St H, median HAWC limit = B e H, median HAWC limit | B - H, median HAWC limit |
29 [ H,68% containment -~ H.E.S.S. limit [ H,68% containment -~ H.E.S.S. limit [ H,68% containment -+ H.E.S.S. limit
10 " [ H,95% containment MAGIC limit ™ " [ H,95% containment MAGIC limit ™ " [ H,95% containment MAGIC limit ™|
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Combined Dark Matter Searches with' gamma-ray.

observatories

» Three channels bb, W*W, t+1-, using the J factors from Geringer Sameth et al.

e Armand et al arXiv:2108.13646
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* Combined upper limits are up to 3 times more constraining, depending on the
annihilation channel and the mass

 Below ~2-30 TeV - DM limits largely dominated by Fermi-LAT

| Aion \/iana 30 Parillo Advanced <Rechonl on MMA



Combined Dark Matter Searches with' gamma-ray.

observatories

» Three channels bb, W*W, t+1-, using the J factors from Geringer Sameth et al.

Armand et al arXiv:2108.13646

5

i 10 102 10° 10* 10
Mpy [GeV]

10° 10 10? 10° 10*
mMpy [GeV]

10 10? 10° 10*

10
mMpy [GeV]

* Combined upper limits are up to 3 times more constraining, depending on the
annihilation channel and the mass

* Below ~2-30TeV - DM limits largely dominated by Fermi-LAT

e Above ~2 -30TeV - IACTs and HAWC take over
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Future prospects on dSphs

ACDM Prediction (Hargis et al 2015)
Confirmed

Candidate

MagLiteS (Projected)

DECam (Projected)

LSST (Projected)

O O O O e

10'}

Cumulative Number

1 0 ) ) . . credit A. Drlica-Wagner
QQZO 1940 1960 1980 2000 2020 2040

Year
* Recent deep observations with wide-field optical imaging surveys have already
discovered 33 new ultra-faint Milky Way satellites
* The next generation of surveys (i.e., The Rubin Observatory ) should complete our
census of the ultra-faint dwarfs out to the virial radius of the Milky Way.
* Legacy data from Fermi-LAT at these locations could easily and immediately be

analysed when new dSphs are found.
| Aion Viana Sao Paulo Advanced School on MMA




Future prospects on dSphs

10—22§ — - —T ™ i
- -~~~ 15 dSphs, 15 yrs bb
10_23 _ === 30 dSphS, 15 VIs e
. === 45 dSphS, 15 yIs Charles+ 2016
— F ==== 00 dSphS, 15 yrs
| 10—24 .
COCD - —— dSphs: Ackermann+ (2015)
= 10720} E
F T T 00—
= 1026} g
——'””::::;:/;;};’ cxion>
10-27} et ;
N N A N
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Dark matter targets

Galactic Centre
Q Proximity (~8kpc) =
O High (possibly) central Y
DM concentration :
DM profile : core? cusp?
O High astrophysical

background in gamma-

rays
T y

Galactic Center in radio*

a
a
a
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H.E.S.S. Inner Galaxy Survey

=  First-ever conducted deep VHE gamma-ray survey of the Galactic Center region (b < +3.2)
=  2014-2020 dataset amounts to 546 hours (livetime) towards the GC

X

—

o
©

o
8]

2014-2020 H.E.S.S. dataset 220 o
200

180

Exposure [m

160
140

Galactic Latitude [°]

120
100

5 4 3 2 1 0 -1 -2 -3 -4 -5
Galactic Longitude [°]
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H.E.S.S. Inner Galaxy Survey

=  First-ever conducted deep VHE gamma-ray survey of the Galactic Center region (b < +3.2)

=  2014-2020 dataset amounts to 546 hours (livetime) towards the GC

= Very bright gamma-ray emission along the Galactic pane -> excluded

= Analysis method : 2D likelihood analysis with spectral and spatial information of signal and

background

— 6 x10° .
2 %)
® 2014-2020 H.E.S.S. dataset g =
S5 e
o= o
S ?
g 2
2 L
3 3

0]

5 4 3 2 1 0 -1 -2 -3 -4 -
Galactic Lonaqitude [°]
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Dark Matter distribution in the GC

i 210"

§ 10° g e -
3 g Einasto profile
310 3

J factor
o

S
” per bin of 0.02degx0.02deg”

Cuspy 10 ‘
i -3 -2
profile fAo®* 10?2 10° 1 10 102 epdf”

=2((r\"
PEin1 (r) = psexp oy (—) —1 » We assumed an Einasto profile

parametrized with » The spatial morphology can be used to discriminate
a=0.17 between a DM gamma-ray signal and the residual

rs = 21 kpc isotropic hadronc background
ps = 0.07 GeVem™3
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H.E.S.S. Inner Galaxy Survey

=  First-ever conducted deep VHE gamma-ray survey of the Galactic Center region (b < +3.2)

=  2014-2020 dataset amounts to 546 hours (livetime) towards the GC

= Very bright gamma-ray emission along the Galactic pane -> excluded

= Analysis method : 2D likelihood analysis with spectral and spatial information of signal and

background
—23_

1075 ¢ 1072
= —— Observed, this work - —— Observed, this work
C —-=—=Expected - === Expected
B B 68% Containment = B 68% Containment
10~ 95% Containment 10~ 41— 95% Containment
é - == Expected, no syst. E —-==Expected, no syst.
T -
n L L
™
S0 =
rA .. T . _ A & ____
\b/ L Thermal relic density L mal relic density
1 0—26 L _
= 546h, 2014-2020 = 546h, 2014-2020
C DMDM — WTW~ N DMDM — 77~
r Einasto profile B Einasto profile
10—27 T EET I I I T R N 10—27 Lo o Ll I I I T N N
0.2 05 1 2 345 10 50 0.2 05 1 2 345 10 50
mpn (TGV) mMpn (Te\/)

Aion \/iana

For the Einasto profile, strongest limits so far in the TeV mass range:

e inthe WW channel: 3.7x102°cm3s1at 1.5 TeV
e inthe ttchannel: 1.2x1026 cm3stat 700 GeV

= AT T P AT

=TI\ AT =TT



GC halo: DM annihilation future sensitivity

» Search for signal in the inner 1° (CTA) and 10° (SWGO) of the Galaxy

$téphane Guisard
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GC halo: DM annihilation future sensitivity

» Search for signal in the inner 1° (CTA) and 10° (SWGO) of the Galaxy
» Exclusion of +-0.3° band in latitude to avoid strong astrophysical background
» 2D likelihood analysis with spectral and spatial information of signal and background

3 i 0'5?@_ Excluded region

o . PRI <
. -
¥

N Stéphane Guisard
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GC halo: DM annihilation future sensitivity

‘:‘\10_ - [ | [ |||||| | 1 ||||l| P l'pllll | I | IIIIJ_-
» - T'TC N = e
m - — SWGO GC Halo 10 yr 1 T T channel
= - —— CTA GC Halo 500 hr -
—~ — === LAT 15 dSphs 6 yr N
A A LAT 60 dSphs 15 yr Fermi: Fermi-LAT Collaboration
§ 107" — H.ES.S. GC Halo 254 hr = PRL 2015 [arXiv:1503.02641]
B | HESS: HESS Collaboration PRL
2016 [arXiv:1607.08142]
10—25
SWGO: AV, H. Schoorlemmer, A.
Albert, V. de Souza, J. P. Harding,
J. Hinton JCAP 2019
| [arXiv:1906.03353 ]
10720 =
- J CTA: The CTA Consortium JCAP
B X ] 2021 [arXiv:2007.16129]
10_27 _I2 | | | ||||||_1 | 11 |||I|| | | | |||||| | | L 11111 2
10 10 1 10 10

Mass (TeV)

> For T T channel: SWGO more sensitive than CTA for masses > 600 GeV

» Combined (LAT,CTA,SWGO) future sensitivity smaller than thermal relic

cross-section for all masses below 100 TeV
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GC halo: DM annihilation future sensitivity

‘:‘\10_ - I LI |||||| ! LI |||||| ! y A ["'l]l I LI ||||J_—
wa E T '. E
“ - == SWGO GC Halo 10 yr K i
g B CTA GC Halo 500 hr K o
~ - w=== LAT 15 dSphs 6 yr . =
A === LAT 60 dSphs 15 yr N
510724 — HESS.GCHalo254hr —
Vv - K g
10—25
- 'I | |||||l| | | Il||||| | I |||I||| | I
1077 = -
10 10 1 10
Mass (TeV)

T+T channel

Fermi: Fermi-LAT Collaboration
PRL 2015 [arXiv:1503.02641]

HESS: HESS Collaboration PRL
2016 [arXiv:1607.08142]

SWGO: AV, H. Schoorlemmer, A.
Albert, V. de Souza, J. P. Harding,
J. Hinton JCAP 2019

| [arXiv:1906.03353 ]

CTA: The CTA Consortium JCAP
2021 [arXiv:2007.16129]

10°

» For T" 1 channel: SWGO more sensitive than CTA for masses > 600 GeV

» Combined (LAT,CTA,SWGO) future sensitivity smaller than thermal relic
cross-section for all masses below 100 TeV
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GC halo: DM annihilation future sensitivity

W*W- channel bb channel
/’\10_23— T T T TTTTT T T TTTIT T T T T TTTT T T T T 17017 '_/'—\10_23: I I Illllll I I Illllll I R I I IIIIH:
% E g | - o Fbb -
“= L — SWGO GC Halo 10 yr - g [, = z‘;’fg CGE IiIaISOO%)thIr ’
- = CTA GC Halo 500 hr § o [ — alo ]
7\0/ - = LAT 15 ds;hz 6 yr 7 A === LAT 15 dSphs 6 yr
£ 10724~ HESS. GO Halo 254 b 1 B10#E ---LATG0dSphs 15 yr F .
- - \/ — =
\ - n - _
1072 E = 107
thermal relic cross-section i
1072 = 107E =
10_27 ! L IIIIIII - - Il[llll - L llll”l - e 10_27"‘I 1 IIIII| 1 1 IIIII| 1 1 I||II| 1 |
107 107! 1 10 10° 1072 107 1 10 102
Mass (TeV) Mass (TeV)
AV, H. Schoorlemmer, A. Albert, V. de Souza, J. P. Harding, S Hinton

JCAP 2019 [arXiv:1906.03353 ]

» For W+W- channel: combined sensitivity smaller than relic-thermal cross-
section (3x102°cm3s?) for all masses below 80 TeV

» For bb channel: combined sensitivity smaller than thermal relic cross-
section (3x1026cm3s) for all masses below 30 TeV
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Complementarity at the highest energies

:10—10 EI T T T T I T T T T I T T T T I I I I I I T IE
n — WW - -
N — —
= B === CTA 50 hr == Mpy = 1.0 TeV =
O B w= Mpy = 5.0 TeV .
v . Mpy =10 TeV
D107 — SWGOSyr . Mpy=20TeV =
— = . \ Mp,, = 30 TeV -
2 — * ; Mpy, = 50 TeV ]
O B ‘Q \ — MDM = 100 TCV ]
w1072 K .
> = e - o 5
= - e B -
. = e o’ |
NX — .o’ |
o -13 N
1077 7”7 =
10—14

AV, H. Schoorlemmer, A. Albert,
V. de Souza, J. P. Harding, J.
Hinton JCAP 2019 1 . 3 4
[arXiv:1906.03353 ]

S
loglo (E_/GeV)

» For masses > 10 TeV, SWGO can be complementary to CTA -> confirmation of a
spectrum cut-off

| Aion \/iana 30 Parillo Advanced <Rechonl on MMA



DM decay sensitivity

DM self-annihilation rate : DM decay rate :
2
Pbm Lpwm
a4 ~
[ow ~ ov 2L m) .-
DM Tpm Mpm
SM:b, W, Z, i | § > => 7, €5p, v
58
DM Primary channels, ‘g = Final states
o O
_ S 3 R
SM: b, W_, Z, L Cmﬁ g = Y, € P, V

Gamma-ray flux from decay of a WIMP:

AP pec(AQ, E.) _(1 1 dN

iE ) x (D(AQ))

47 TpmMpwm dE,

where

D(AQ) = /AQ/1 dQ2ds ppm|r(s, Q)]
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GC halo: DM decay sensitivity

%\ :1|‘-+|T|-||l|| I I ||||||| I | | L :|T+T-channel
@ |« CTA GC Halo (Einasto) 200 hr .
e 30| = LAT IGRB 413 weeks

10 === SWGO GC Halo (Einasto) 10 yr

= =« SWGO GC Halo (Burkert) 10 yr
=== HAWC GC Halo (Einasto) 290 days

T T TTTTI
1| IlIIII|

10¥E >

i < i AV, H. Schoorlemmer, A. Albert,
1028 _| V. de Souza, J. P. Harding, J.

- 3 Hinton JCAP 2019

- 1 [arXiv:1906.03353 ]

1027

Illlll

LI IIIIII|

llllllll 1 llllllll | llllllll | llllllll |

] 10 10? 10°
Mass (TeV)

» SWGO will have unprecedented sensitivity in the TeV mass range
» Better than CTA and Fermi-LAT for all DM particle masses above ~1 TeV

» Less sensitive to diference in density profile shape
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GC halo: DM decay sensitivity

g :1I‘-+!t|-||||| I I ||||||| I | ! L :|T+T-channel
) |« CTA GC Halo (Einasto) 200 hr =
e 30| = LAT IGRB 413 weeks

10 === SWGO GC Halo (Einasto) 10 yr

= =« SWGO GC Halo (Burkert) 10 yr
== HAWC GC Halo (Einasto) 290 days

T T TTTTI
1| IlIlIII

107 >

i i AV, H. Schoorlemmer, A. Albert,
1028 | V. de Souza, J. P. Harding, J.

- -| Hinton JCAP 2019

- - [arXiv:1906.03353 ]

1027

Illlll

LI IIIIII|

llllllll | IlllIllI | llllllll | llllIlII |

1 10 10? 10°
Mass (TeV)

» SWGO will have unprecedented sensitivity in the TeV mass range
» Better than CTA and Fermi-LAT for all DM particle masses above ~1 TeV

» Less sensitive to diference in density profile shape
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Dark matter targets

U0 O

100 pc ARdromeda galaxy

Local Group Galaxies
O Large DM mass
L Relatively close

O Secondary
radiation may be
important location
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Large Magellanic Cloud

* Large dark matter content
|\/Ivir ~ 1011 |\/ISun

* Proximity to Earth
D~ 50 kpc

Credit: David Darling
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Large Magellanic Cloud observed by ASKAP

* Large dark matter content
|\/Ivir ~ 1011 |\/ISun

* Proximity to Earth
D~ 50 kpc

Credit: David Darling

e Australian Square Kilometre Array
Pathfinder (ASKAP)
36 antennas, each 12 m in diameter
Commissioning and early science

 Evolutionary Map of the Universe (EMU) &
Survey of the Southern sky (3 x 10* deg?)
at ~ 1 GHz with ~10” resolution and
ensitivity of 30 mlJy/beam
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Limits to DM from LMC by ASKAP

Synchrotron radiation

* Dependent on the magnetic field
o (lower limit > 1 uG)
—W\u < e Total magnetic field strength
magnetic field

b

by estimated as 4.3 UG [Gaensler+,
Science 2005]
10_22 E T T T T T T T T T T T T T 10-25 T I T T T I T T T T T
_ - Regis et al. JCAP 2021 arXiv:2106.08025 Regis et al. JCAP 2021 arXiv:2106.08025
t(')w 10'23 = ‘TVJ ]
g - <«
2, 24l E =
A 107 E A 26

> f 0 107 M_=100GeV T
O 25[ b“ X ]
v 10 ¢ S ]
N bb

- _ Q
= 107 = -

5 =
= 10_27 .g 10 27| .
E — this work, LMC = ]
= n — Fermi-LAT, LMC ] = i
2 10°F  bb — Fermi-LAT,DW = -
- — CTA-expected, LMC 3 < 95% C.L. i

'29 i 1 1 L 11 11 ll 1 1 1 L1 1 1 Il 1 |
10 -28 oy
10" 10° 10° 0™ 3 74 5 6 71 38
WIMP mass M, [GeV] Magnetic field strength B [uG]

* Very strong bounds
* Thermal cross-section excluded for DM masses below 480 GeV (bb),

358 GeV (W+W-), 192 GeV (t+T-), 164 GeV (u+u-)
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“Galactic Center GeV Excess

Credits: T. Linden, Univ. of Chicag

Residual GeV emission in the Galactic Center by Fermi-LAT

» Initial claims by Goodenough & Hooper (2009) [see also Vitale &
Morselli (2009)]

» Controversial discussion in the community for six years

» In 2015, the existence of "GeV excess" finally got the blessing of
the Fermi-LAT collaboration

» lIs it a sign of DM?

Can Parillo Advanced [cechoonl on MMA



Literature overview
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Slide adapted from C. Weniger

Excess is likely DM
Excess is there

Excess is likely not DM
Excess is not there

+hundreds of DM theory papers
+a few papers missed



High-energy telescopes: past-present-future

X-RAY AND GAMMA-RAY TELESCOPES
1990

1995 -

2000

CHANDRA INTEGRAL

2005 |
2010

x 2015 |

€3]

~ 2020 |
2025

2030

E-ASTROGAM
2035

2040

KEV MEV GEV TEV PEV

R. K. LEANE ENERGY
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What about neutrinos?

DM self-annihilation rate :

DM SM: b, W+, Z, u*

7\
=y Y9 ei, vV \

2
p DM Final states

2 .
Mpm DM SM: b, W-, Z, 1
Neutrino flux from annihilation of a WIMP:

40, (AQ,E,) 1 dN, . D
(AQEy) _ <‘Zv> « J(AQAQ  cm 25~ 'Gev™!
dE, 8T 1l dE, e

J

~~ Astrophysics
Particle Physics

Primary channels

DM~ OV

Hadronisation
and/or decay

= + ‘y
— Y, €, A% /

\/




Neutrinos experiments: past-present-future

NEUTRINO TELESCOPES

1995 -

2000

2005

YEAR

2010

2015

ANV TNV

2020 KM3NET

2025

| 1 1 ] L 3 | 1 1 | 1 1 |
MEV GEV TEV PEV EEV
R. K. LEANE ENERGY
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Neutrino constraints to annihilation

The ANTARES Collaboration arXiv:1912.05296

107" g rr——— —r
55 WIMP WIMP — 71~
10
= -23
|
w 10
e
—24
c 10
= 25
1 -
5 0
~N
1 0—26 . o sios ANTARES 14 years
BhGia ANTARES 11 years HESS 10 years (Einasto) ~————— VERITAS (Dwarf Sph.) ~
— — — KM3NeT 1 year Fermi-MAGIC (Dwarf Sph.) IceCube 3 years
10—27 e | - | 1 i) . | 1 1 AR N o et
100 1000 10* 10°

Myme [ GEV / ¢°

]

» ANTARES limits the best in TeV range, but not competivtive to IACTs
» KM3NeT will improve limits by more than an order of magnitude




Neutrino constraints to decay

The IceCube Collaboration arXiv:1804.03848 & arXiv:2107.11527

IceCube work in progress

X - bb

—=—= |ceCube (sensitivity, M31)
——— |ceCube (2018)

~——— HAWC (dSphs, 2018)
—— HAWC (GH, 2018)

HAWC (M31, 2018)
Fermi-LAT (GH, 2012)

10%

R T T S T TR T T T TR T
m, [GeV]

» |ceCube provides the best exclusion limits for decay of DM particles with PeV
masses




Dark matter capture in the Sun

DM decay into neutrinos

v (extinguished)

v (attenuated)

Short-lived mediators

Lann dN

- X
47D%  dE

EQUILIBRIUM ||»  p— %Fc x

DM ann/dec into new mediator

(secluded models)
v (extinguished) v (less attenuated)

Y,V
(unattenuated)

Long-lived mediators

X Br(Y = SM) X Py .

SD
Oxp

capture rate
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Neutrinos constraint to scattering cross-section

10°

m= |ceCube (2011-2014)
----- Super-K (1996-2012)
= = Antares (2007-2012)

[pb]

m, [GeV]

e Limits from IceCube and ANTARES comparable to DM direct detection experiments

Aion Viana Séo Paulo Advanced School on MMA



Dark Matter searches with charged cosmic rays
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Transport equation of charged CRs

Charged cosmic-rays
» Diffusive propagation in the
Galactic magnetic field
csiactietBulae 3l > Loss in directionality
/ X | => Spectral signatures

ME
?

: P

spectrum Salati, Chardonnay, Barrau,

/ Donato, Taillet, Fornengo,
af a a Maurin, Brun...‘90s, ‘00s
a k. (E) ' V2 ™ a_E (b(E)f) = %(‘/Cf) 2 Qinj - 2hé(z)rspallf

diffusion energy loss convective wind source spallations

AN MNA



lllustration of CRs propagation

A disintegration Spallation )

{Halo+Disc) {Disc)

’ \ |
"' ,.(A,Z) m;u):

' ‘\ + . I 1
B\ (AZ-1)
‘ Most relevant assumption:
L=3-10 kpc g e g * Cylindrical symmetry
J “ * Homogeneous diffusion
t. . coefficient

h=0.1 kpe { | (HtHet) 1o

Most relevant parameters:
* Diffusion zone height, L
* Diffusion constant, D

Diffusion on magnetic inhomogeneities :
if J 8 Acceleration by shock wave:
R 0-6

-2.2
[excellent review: Lavalle & Salati (2012)] %
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Detecting charged CRs at GeV-TeV

» Cosmic-ray detector at International
Space Station: AMS-2

» Taking data since 2011

Matter Antimatter

e|P|Fele*| P | He

| I
TRD AR 5 3 ¥ v T
v Y
v v
v B3 v 5
vor | 5 | | X v - .
Tracker
+
e ::' ..... . :: ::‘ ..... . :E : .: oS : : ..... .: :. o..
et | e’ | ®age Sy j, - g - .
ECAL % | ¥ ﬁ ! ¥
L\ . M i ¥

Fhysics | Cosmic Ray Physics

Dark matter  JAntimatter
s o Strangelets

.....
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Primary production of CRs from dark matter

VA W+W_, g o | hadronization
_>
Ak of, 11—, VD

Positron fraction
Anti—proton fraction

10 10? 10° 10 10
Energy in GeV Energy in GeV
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Proton/anti-proton ratio

p/p ratio

Secondary production

AMS-02 CERN press conference
April 2015

[ i TR T T PP T T I
100 200 300

'
400 500
Kinetic Energy [GeV]

* Shown as excess above the expectations from secondary production
(ICRC 2015: “Theoretical prediction based on pre-AMS knowledge of
cosmic ray propagation”)

* Antiprotons traditionally well modelled by our CR knowledge
« —> Useful to set stringent constraints on DM contribution.

Aion \/iana 30 Parillo Advanced <Rechonl on MMA




Proton/anti-proton ratio

1073

¢ PAMELA 2012 Giesen+ 1504.04276
¢ AMS-02 2015

$
104
Y
KA
e
I
KA
10—° — Fiducial
Uncertainty from: ##% Cross-sections
Propagation
B Primary slopes
“ Solar modulation
10-° ' . —
1 5 10 50 100
Kinetic energy T [GeV]

 However quite some uncertainty affects the prediction of the astro
only antiproton signal.

* Situation: No excess observed above astrophysical background, when
all uncertainties are taken into account

* Only upper limits
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Constraints to annihilation from antiprotons

Cuoco et al. arXiv:1711.05274.

10_23 — I | L I | I 1 I I =
- — Wtw/zz ]
- © systematic uncertainty =
1024 local DM uncertainty —
2 - .
~— = .
S

E - _]
CN 10—25 = —
o~ - -
N - -
L I ]
10_26 = — gglcc — hh =
- 49 — A
- I bi? |

10'—27 | | | L1 11 I | | | | L1 11 I | | |

10° 10*

mpm [GCV]
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Positron fraction

lll I I lllllll I I lllllil

Positron fraction

N [ ]] { i
owiine o Hwtﬁw i §

1 -
10 } ° oD () ‘ i ‘ “ -
o0 | o AMS

B °.§’& ' P (#'Jr ' A FERMI 3
i | - 0 PAMELA 1l
§ O%OB Tl | [ t} 29 AMS-01 =
L o HEAT y

; : v CAPRICE98

‘ 4 CAPRICES4
2 » TS93 =

l ¢
Ll L e AW | i 3 YT 3 W
1 10 10°
Positron energy (GeV]
P(e™)

P(eT) + P(e™)

 Anomaly: arise in the positron fraction for E > 10 GeV
* From CR propagation physics, the ratio is expected to decrease for all
propagation models.
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Positron fraction from DV

However, dark matter interpretation:
» Only annihilation into leptons (“leptophilic” DM)

» Massive particle (~TeV)
» Too large annihilation cross-section: O(1021-102%4cm3s1)

DM DM - VV - 4u with M = 1 TeV DM annihilation fit to e* after AMS

30% _I TTT

AMS 2013
PAMELA 2009

10% |-

Positron fraction

3% |-

1% TEET]

1 1 1 1 | I -

I T W [ [ RN 20 | |
10 102 10 10 300 1000 3000

Positron energy in GeV DM mass in GeV
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Positron fraction from DIV

» Annihilation into leptons produces inverse
compton emission, not seen in gamma ->

gamma-ray consraints g
> Tension with CMB S
Dark matter interpretation of
positron fractions seems to 3
be in tension with gamma- g
ray observations!

DM DM - uu, NFW profile

10—21 E 1
10722 &

10—23 =

10-24 E@ﬁ%ﬁ* ...... FERMI Dwarfs 3

_ -~ FERMI +
HESS e*

— — — FERMI5°x30° ]

- ——-—-— FERMI3°x 3°
10_25 E__1 | T N N N A 1 1 | I N B B =
. . 4
Cirelli+09 and 13 10
Mpy [GeV]
DM DM - pupu, Iso profile

10_212| T T T T T 171

10722 E

1073

ot PAMELA FERMI Dwarfs 3

10_25:| [ B |

FERMI +
HESS e*

— — — FERMI5°x30° 1
———— FERMI®x 3

10° 104
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Other explanations

oo | Cho[is&Hooper PRD’IS?’
Primary positrons by pair production o5, AllMilky Way pulsars ]
(e+e-) in pulsars magnetosphere =155, £=600 GeV
0.20
Q n Polar cap model u EE 0.10
- 0.05 -
oulezrg{ 0.02 N.“-'"'---
"~_% | | | | |
T W 1 5 10 50 100
p \\:lns:d field E (GeV)
’-’:/ " 0.25
é‘ . - uunplmm:m bn.:k;round mmf)) g ﬁﬂ: :u. pu'blill::em
/ """ é 0.204 -
How to discriminate DM from
astrophysical emission?
J1745-3040 ",| Geminga
. Spectrum shape(hard) i E——— ]
b. Anisotropy (signal direction)? — e
.
Boudaud+ A&A’14
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Cosmic-ray detectors: past-present-future

CosMmic-RAY TELESCOPES
1995

2000

MILAGRO

2005

YEAR

2010

2015

HADNY

2020 [

GEV TEV PEV EEV ZEV
R. K. LEANE ENERGY
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Cosmic-ray detectors: past-present-future

CosMmic-RAY TELESCOPES

1995
2000 |
M .
{LAGRO Didn’t have
2005 ' time to
o' .
< mention!
>~ 2010 F
LHAASO:
arXiv:2210.15989
2015 | A AUGER:
g arXiv:2203.08854
=
2020 |
2 2 I 1 1 1 [l I
GEV TH PEV EEV
R. K. LEANE ENRGY
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Other new interesting things | didn’t mention

Dark Matter In Extreme Astrophysical Environments: arXiv:2203.07984

Stella.r evolutlon (2 4)
' . : - - - Gamma-rays from
X-rays from magnetars (2 1. 2) A “BNS mergers (3.2)

Pa1r-1nstab1hty o (3 3) :—

NS collapse (3 6 —|- 4 4)

DM and binary

Binary merger constraints on axion
I~ mergers (43)

Stellar overheating, gamma ray/neutrino emission (3.4)

z-dependent cosmic distance (2.3.2) NS heating due to DM coupling (4.1)

DM spikes around BH (4.2)

Radlo lines DM decay by ' a.rllni.hil.a
SN remnants (2.3.2) :

tion near

'\Radlo hnes from ..  BH(42)
: neutron stars (211) oo

1025 1020 1015 1010 05 100 10° 1010 10 1020 10%

DM mass (eV)
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Thank you!



GC halo: DM'decay sensitivity

W+W- channel bb channel
Youn T T TTTT I I IIIIIII I T TTTrTT I LI || 6\ — I_I_]]I]II I ! T[lllll T : llllfl] ! T ]I'IIII —]'
3 C wrw ] o - bb - -
NG - — LAT IGRB 413 weeks 1% [ e 3(32:15(;0) 200 hr )
. . )| — : —
(o 1 030 = SWGO GC Halo (Einasto) 10 yr - 10 =" —— SWGO GC Halo (Einasto) 10 yr g
- === SWGO GC Halo (Burkert) 10 yr 3 - .. SWGO GC Halo (Burkert) 10 yr =
- = HAWC GC Halo (Einasto) 290 ddys ,+~« ] === HAWC GC Halo (Einasto) 290 days ]
L 4

- ¢ — — am
1028 - = 1028 = =
10°7 3 107F E
Lol Co il Lol Lol | Ll L ul Lol v ul \

1 10 10 10° 1 10 102 103

Mass (TCV)AV, H. Schoorlemmer, A. Albert, V. de Souza, J. pMass (TeV)
Harding, J. Hinton JCAP 2019 [arXiv:1906.03353 ]

» Unprecedented sensitivity in the TeV mass range
» Better than CTA and Fermi-LAT for all DM particle masses above ~1 TeV
» Less sensitive to diference in density profile shape
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Complementarity to direct detectionrand

accelerators

> Particle model dependent: in Simplified DM Table: Summary of suppression effects
models it depends on the mediators

OPERATOR ID DD

» Indirect detection is most sensitive for pseudo- SCALAR
scalar DM at >200 GeV

, PSEUDO SCALAR

» For a complete understanding of the nature of
dark matter these different techniques are VECTOR
complementary and essential

AXIAL VECTOR

129" (13 TeV
LS l Ll

24 ETTT
e 107
[ Pseudoscalar med, DiracDM, g =1,g =1 10740 4 pMSSM (Nature Physics 13, 224-231 (2017)
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