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Introduction

* Indirect dark matter (DM) searches

- Probes the DM regions that provide its gravitational evidence, ie “the
places from which the problem came from”

- Looks for signals that can only be attributed to DM annihilation or decay
because of their spectral and/or spatial features

- Signals can be searched for in the whole electromagnetic spectrum.
cosmic rays (charged particles) and neutrinos

« Disclaimers
- In this talk DM & WIMP

- | can’t cover every experiments/results, sorry if | miss yours
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Indirect dark matter searches

 Annihilation or decay of DM
particle(s) in SM particles
(primary channels)

Low-energy photons

Then hadronization, decay, and Quarks o~~~ Posit‘r;ns
radiation processes - } -

Electrons

- final states:

Medium-energy

noons .
: "2 » Neutrinos
electrons/positrons E = ‘}

e
protons/antiprotons ‘ e
neutrinos ) Antiprotons

Spectral features allow to Supersymmetric o

- neutralinos /\/\/\/\/V\/Wwv\frotons
determine mass and cross-

section/lifetime Decay process m—)

Electrically neutral messengers
don’t get deflected
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Many type of detectors

« Photons
- Fermi-LAT, DAMPE

- H.E.S.S., MAGIC, VERITAS
- HAWC, LHAASO

e Neutrinos
- lceCube, ANTARES, KM3NeT...

 Electrons/positrons
- AMS-02, CALET, DAMPE, Fermi-LAT...

 Protons/antiprotons
- AMS-02, CALET, DAMPE, Fermi-LAT, GRAPES-III, CREAM...
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Sensitivity of gamma-ray detectors

—— Fermi-LAT (10 yr, Pass8, GC)
—— Fermi-LAT (10 yr, Pass8, hi.lat.)
—— VERITAS (50 h)
cx®® — HESS (50 h)
MAGIC (50 h)
\ —— HAWC (1yr)
L 10—11 i —— HAWC (5yr)
I ’ —— CTA (50 h, North)
wn —— CTA (50 h, South)
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Expected flux

* |n the case of dark matter annihilation:

AQ
Pan p Ay~ (00 dN x e~ T@ED) 5 (1 4 2)? (1,0)dl dO)
dE 7 2 dE o

Y BanM E:(l‘l‘Z)Ev 0 lo.s.
—: L

* In the case of dark matter decay:

AQ)
) 1 dN
¥ 7T tpm MpMm E=(1‘|‘Z)E’r 0 lLos.

=1 Jdec
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Expected flux

* |n the case of dark matter annihilation:

AQ
3&1’11’1 (E"}—; AQ) — ili_N b4 E_T(ZJ E’]') ped (1 _+_Z)3 / / p(f,ﬂ)z d/ dQ)
E,}, 87T mDM E E:(]—I—Z)ET 0 los.
—: L
* In the case of dark matter decay:
AQ
D 1
decay E ;ﬁQ % g_T(sz’]’) % / / p(f}ﬂ) d/ dO)
dE 1”’1[)1\’1 dE =(1+z)E, 0 Lo.s.

=1 Jdec

Parameters of interests
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Expected flux

* |n the case of dark matter annihilation:

AQ)
e~ TEEY) 5 (14 2)3 / f o(1,0)2dldO
0 lLo.s.

M ey

AQ)
x e~ T(ZEy) / / o(1,Q) dI dO

0 lLo.s.

-

Inputs to the analysis

Daniel Kerszberg Dark Matter Searches using Indirect Detection techniques - ICHEPAP2023 - 12t December 2023



Expected flux

* |n the case of dark matter annihi

AQ)
3";‘“ (E,, AQ) = <m’2> i / / o(1,0)%dl dO
i 87 mDM 0 lo.s.
~ Jamm
* In the case of dark matter decay:
AQ)
() 1 dN
“deeay o AQY) = ‘ - f f 0(1,Q) dl dO
dEr}, 47T tDM MpmM dE
TR e A T \._0 Lo.s. _.f
__Background radiation fields;. Z:Tdec

. B
T

- Ignored most of the time as we
usually observe targets at z~0
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Expected flux
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Expected flux

AQ)
Dann <UT)> f / 2
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Expected flux
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Expected flux: the case of low

energy (radio) photons

 Electron/positron population in the GeV-TeV range - photon
emission in the MHz-GHz range in presence of ~uG magnetic fields
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Various types of targets

GC halo .

Galactic Centre

Extragalactic
diffuse

Galaxy clusters

Galactic diffuse

=
v
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Targets: Fermi-LAT and HAWC
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Targets: IACTs

Ursa Minor

O
Draco @ > =

95n JrsaMajorTl, ™~ 2FGL J0545.6+6018 (8.5h)

110h Willman I (29h)

M32 (6.9h\: - Perseus cluster
e mb <

240h

Coma cluster 62h friang P‘l um 11

° M33 (7.9h)

- Coma, Berenices
) 61h
Bootgs I (14.3h) P,
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»
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Total
time
VERITAS MAGIC

Tucana 111
(23.6h)

o

<

Galaxy clusters

Dark subhalo searches

(o]
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Diffuse spectrum (1)

« Antiprotons
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Diffuse spectrum (ll)

 Electrons + positrons
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Diffuse spectrum (lll)

« Positron fraction

IIIII

Positron fraction
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Galactic Center (1)

* Low energy (radio) photons

Fornengo, Lineros, Re;isi Taoso (2011

+ -
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Galactic Center (11)

* Neutrinos with ANTARES

1019 —— ————rr ——
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Galactic Center (l111)

e Neutrinos with KM3NeT/ARCA
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Galactic Center (1V)

Neutrinos with IceCube
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Galactic Center (V)

« Combined ANTARES+IceCube search

— Combined ANTARES/IceCube search

= = ANTARES [PLB (2017) 769:249, PLB (2019)]
= = |ceCube [EPJC (2017) 77:627]

== Fermi+MAGIC - dSphs [JCAP (2016) 02:039]
- - H.E.S.S. - Einasto [PRL (2016) 117:111301]
L Veritas - dSphs [PR (2017) 95:082001]

10 = : —_—
3 NFW r+

'''' —

1‘l_-é

(g,v) [em?s™!]
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Galactic Center (V1)

« High energy (gamma rays) photons, H.E.S.S.
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Galactic Center (Vi)

« High energy (gamma rays) photons, H.E.S.S.
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Galactic Center (VIil)

« High energy (gamma rays) photons, MAGIC

Daniel Kerszberg
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Galactic Center (I1X)

« High energy (gamma rays) photons, DAMPE

(a)

95% C.L. upper limit of (gv),, (cm?*s~1)
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R16: Einasto (annihilation)

10-7}

10 LY 8

—— DAMPE 5.0 yr: stat+sys
DAMPE 5.0 yr: stat
—-= Fermi P8 5.8 yr: stat+sys

95% Containment
68% Containment

10-27L

10-2# [

A\
\
10! 10?
m, (GeV)
R86: Isothermal (annihilation)
—— DAMPE 5.0 yr: stat+sys
DAMPE 5.0 yr: stat

=== Fermi P8 5.B yr: stat+sys A
95% Containment -

68% Containment

10! 107
my (GeV)

Dark Matter Searches using Indirect Detection techniques - ICHEPAP2023 - 12t December 2023

(b)

95% C.L. upper limit of (ov),, (cm?s™")
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Galactic Center (X)

High energy (gamma rays) photons, HAWC

°
T 1~ annihilation limits
—17] — NFW

10—18 —— Einasto
—_ 10 — Burkert
n 10718 --- HessGe
n _20] --- HAWC DSph
ME 10_2] ------ Thermal DM
5 10744
— 1022
8 1073 =
B i

1&—251 “,"’

10—26 _;-r . . . ........... N

10° 10 10? 10° 10* 10° 10°
mass (TeV)
e *e~ annihilation limits
—17] — NFW

10—18 —— Einasto
—_ 10 — Burkert
i 10712 Thermal DM
o 10720
§ 107
~ 1022
s 10—23_
T 10724

1[3—251

0 2 ——— .

10° 10* 104 10° 10% 10° 10°

Dani

mass (TeV)

el Kerszberg

utu~ annihilation limits

_]_'l,r‘: — NFW

ig—lﬁ 3 Einasto
£ J0-10] T e
) 10—20‘5 -—- HAWC DSph
= 10_21? ------ Thermal DM
= 1072, ;
8 10723 -
T 1072, 7

10725

T D

10° 10' 10% 10° 10% 10°> 10°
mass (TeV)
v annihilation limits
10-17] — MW
. —— Einasto

—_ 10_13!_ —— Burkert
i 10—195 wewee Thermal DM
w 10720:
§ 1071
—Z 10722,
8 10-23:
10724,

10775-

T D ———

10° 10! 10%¢ 10%* 10% 10° 10°

mass (TeV)

T+ 17~ decay limits

* PR it ‘“v"-
====" P
‘
— NFW -== HAWC DSph
—— Einasto === lceCube
—— Burkert + lceCube DM
=== MAGIC_Seguel
10t 102 10° 104
mass (TeV)

ete~ decay limits

. -
— NFW === lkeCube
Einasto + lceCube DM
—— Burkert
Tl i oo
mass (TeV)

Htp~ decay limits

- ~ ——
o LT
— NFW === HAWC D5Sph
—— Einasto --- lkeCube
—— Burkert » lceCube DM
=== MAGIC_Seguel
10t 107 10° 104
mass (TeV)

v decay limits

— NFW === lceCube
Einasto + lceCube DM
—— Burkert
10t 102 10 10°
mass (TeV)

Dark Matter Searches using Indirect Detection techniques - ICHEPAP2023 - 12t December 2023




Galaxies: M31 (Andromeda)

« Low energy (radio) photons with Westerbork Synthesis Radio
Telescope data

]0_22 +1_ T Ty T T T 171 1[]_22 +|_1 T T T L
e e channel i W channel

10>

]0—26

100 1000

= uu channel
g
2
A
=
o)
v | |
- 1 [ T (N | 1 1 11111 -28 1 1 1 10111 L 1 1 1 111
1o 100 10009 10 100 1000
10 T T T T T T T T TT7 10~ T T T T TITr T T T TTT]
bb channel B W'W channel
10 10~
10 107
- 1 Lol -28 1 Lol
10 100 1000?10 100 1000
m (GeV) m (GeV)

Daniel Kerszberg Dark Matter Searches using Indirect Detection techniques - ICHEPAP2023 - 12t December 2023



Dwarf spheroidal galaxies (l)

« Low energy (radio) photons, Canes Venatici | (dSph) with LOFAR
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Dwarf spheroidal galaxies (Il)

« High energy (gamma rays) photons, Fermi-LAT
- 14 years of data, >30 dSphs
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Dwarf spheroidal galaxies (lil)

« High energy (gamma rays) photons, HAWC
- 507 days of data, 15 dSphs
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Dwarf spheroidal galaxies (1V)

95% <o v>Yt [em®/g]

« High energy (gamma rays) photons, MAGIC

- 354h of data, 4 dSphs
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Combined likelihood analysis

The combined likelihood:
Ndﬁph.\'

L (<UU>; v ‘ DdSphs) — H EdSph,E ((U?}>; Ji: Vi | I’I,measured) X -.76 (JE | Ji,obsaglug .h)

=1
N C O O
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Dwarf spheroidal galaxies (V)

 High energy (gamma rays) photons
- Fermi-LAT + MAGIC
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Dwarf spheroidal galaxies (VI)

Daniel Kerszberg

High energy (gamma rays) photons

- Fermi-LAT + HAWC + H.E.S.S. + MAGIC + VERITAS
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Conclusion: what’s next?

« ~ 50 dSphs discovered so far
 Future surveys, like LSST, will likely/hopefully find more dSphs
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Conclusion: what’s next?

« More sensitive instruments are and will come in the next years
- SKA, LHAASO, CTA
- KM3NeT (ORCA & ARCA), IceCube-Gen2
- HERD

« More of multi-instrument and multi-target analysis
- more data, more systematic search, less bias

« Combination between different wavelengths (e.g. radio and gamma)
and other messengers (e.g. neutrinos, gamma rays, and maybe
charged cosmic rays)

- more data, more channels, more harmonization/standardization of
the analysis pipeline

 Revision/update of the inputs to the analysis (J-factors, dN/dE)
- better evaluations of the systematics
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