High-energy astrophysical searches of dark matter
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Standard model cosmology and Dark Matter
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e Dark matter forms self-gravitating
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Standard model cosmology and Dark Matter
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grow and become nonlinear

— study structure formation with N-
body simulations
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e Dark matter forms self-gravitating
halos that host galaxies

] - neutral particle
80% of the matter in the - cold or not too warm
universe — - very feebly interacting

- stable or very long lived
- possibly a relic from the early universe




The landscape of Dark Matter

10730 10720 10710 1020 103%v

. Planck scale

Ultra—light scalars, axion Vs particles

Primordial
Thow weak scale black hole Solar mass

Enormous spectrum of possible candidates heyond the Standard Model, over a huge range
of mass scales

Cosmic experiments seek to detect and measure dark matter in its natural habitat:
the halo of our Galaxy, the halos of distant galaxies, and the large-scale structure of the
Universe

Cosmic observables can establish that a given discovery is, in fact, associated with the
dark matter in the Universe



DM as a relic from the Early Universe
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Light DM Standard WIMP paradigm
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DM as a relic from the Early Universe
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Astroparticle messengers and Instruments

EuCAPT White Paper, arXiv:2110.10074

X &7y rays Xrays Y, cosmic rays & V Radio, X &7 rays
Radio lines X-ray lines
107 ¥eV peV 0.1eV keV MeV GeV 102 TeV 10716 Mg 10 M, 10° Mg
- >
Fuzzy DM  QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH
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Astroparticle messengers and Instruments

EuCAPT White Paper, arXiv:2110.10074

X &7 rays X rays 7Y, cosmic rays & Radio, X &7 rays

Radio lines X-ray lines

10- ¥ eV peV 0.1eV keV MeV GeV 10?2 TeV 107 M, 10M; 10° Mg

Fuzzy DM  QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH
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DM as a thermal relic from the Early Universe

10-10 103 1 GeV 102 10° 1019 10°1
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WIMP
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Weak force
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DM as a thermal relic from the Early Universe

10-10 103 1 GeV 102 10° 1019 10°1
Me my My Mp) MEarth
Non-thermal Thermal Non-thermal
MeV

WIMP

The weak interaction mass scale and ordinary gauge couplings give right relic DM
density

—27 3.—1 2
Qrih? — 3 x 10 cm-s (00)w ~ 204 ~ 3% 10 2%cm3g]
My 1MP

GeV-TeV mass scale makes them Gold Dark Matter
— Provides henchmark for indirect detection: thermally-produced WIMPs
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Indirect detection (CTA)
How to look for WIMPs ? / o
| WIMP electron

'y
photon
= neutrino
'§ g Onteraction
DM (DM) — SM SM %i l quark
-5 electron
§ & photon
o WIMP neutrino
= N =1:decay, N=2 : annihilation corty Unverse, colliders (40

= Annhilation/Decay at almost rest : E;y = signal energy
* For self-conjugated dark matter annihilation
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How to look for WIMPs ?
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Dwarf galaxies observations with GeV-TeV
/ <
gamma rays Lot e W R @

) g/ Soace Tetescone s H.ES.S\
= No recent star formation
= Very low gas amount 10 years 1038 days

- - - -
Census of Milky Way satellites including all dwarf
Source name Exposure (10 s cm?) | |A¢| (°) IACTs  Zenith (°) Time exposure (h) Energy range (TeV) fg5 (°) 7 S(0)
- - - Bobtes | 26 45 | VERITAS 1530 140 0.10-41 017 86 -10
galaxies spectroscopically confirmed as well as ot |20 e |- -
Canes Venatici IT 2.9 15.3 - - - - - - -
sus ected ones Carina 3.1 - HESS. 27-46 23.7 0.31-70 0.10 180 —0.3
. HESS ~ 471-19 114 0.55-70 010 144 —04
p Coma Berenices 2 S YT 195 0.06-10 017 10 08
MAGIC 2045 52.1 0.07-10 022 10 —07
Draco 38 B VERITAS 2540 198 0.12-70 017 90 10
T Fomax | 27 | = | HESST -3 68 0237 010 455 15
> : Hercules 2.8 6.3 - - - - - - -
¢ Classical “Cn g 162 oo Com Leol 25 6.7 - - - - -
’ ; GBooll Leolle Leo II 2.6 3.1 - - - - - - -
* SDSS p— ‘ VirlO g LeoV Leo IV 24 195 - - - - - - -
PS1 U Boo Ve . ‘Leo IV e 1 ‘.Seg Leo V 24 - - - - - - - -
¢ DES Crtlle  Sexe. Leo T 26 - " - - - N
e DECam . | . p ___ Scuptor | : 27 ) - | HESS 10-46 us 0070 010 198 -22
+30 LI ; MAGIC ~ 13-37 158.0 0.06-10 012 1.0 -05
o Other L - 3 Segue 1 = 2 vErimas 15— 35 92.0 0.08-50 017 76 07
" © Segue2 | A Y T - - _ _ T
Ant 1l .‘ Sextans 24 20.6 - - - - - - -
Ursa Major I 34 32.9 - - . - - - -
0° Usa Major II 40 w1 | MAGIC  35-45 9458 0.12-10 030 10 -21
Ursa Minor 41 ~ | VERITAS  35-45 60.4 0.16 - 93 017 84 01

Car I

o Sgr Carlle

7 ke i Joint analysis
,,,,,,,,,,,,,,, 100 o Braly s = of observations of five instruments
=L B e = at the likelihood level

Sgrll@

| Tucli Tuc v
G”‘q"o * Qruciv o

No positive signal for any dSph individually or altogether — upper limits to cross-section
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Combined limits from GeV-TeV gamma rays

Classical

Draco

20+

194

184

174

—— Geringer-Sameth et al.
—— Bonnivard et al.

J factor [log1o(GeVZecm™sr)]

161
1072 10! 10° 10!
Angular radius [°]

Name Distance l,b logy J (GS set)  logygJ (B set)

(kpc) ©) log1o(GeV2em=3)  log;o(GeV2em~?)
Bodtes I 66 358.08, 69.62 18247032 18.857 ¢!
Canes Venatici I 218 74.31, 79.82 17.441537 17.6315:59
Canes Venatici IT 160 113.58, 82.70 17.6570455 18.67755%
Carina 105 260.11, —22.22 17.927519 18.0270:3¢
Coma Berenices 44 241.89, 83.61 19024037 20.13+1:38
Draco 76 86.37, 34.72 19.051022 19.4210:92
Fornax 147 237.10, —65.65 17.8475:11 17.8570:44
Hercules 132 28.73, 36.87 16.8675 74 17.7015:9%
Leo I 254 225.99, 49.11 17.8470:20 17.9379:5
Leo 11 233 220.17, 67.23 17.9775:28 18.11%57
Leo IV 154 265.44, 56.51 16.3271% 16.361 161
Leo V 178 261.86, 58.54 16371591 16.3011-38
Leo T 417 214.85, 43.66 17117038 17.6775:%
Sculptor 86 287.53, —83.16 18.5713:97 18.63104%
Segue 1 23 220.48, 50.43 19.3670-32 17.527%5¢
Segue 2 35 149.43, —38.14 16.217595 19.501 142
Sextans 86 243.50, 42.27 17924535 18.0470:59
Ursa Major 1 97 159.43, 54.41 17.8715:58 18.8419:97
Ursa Major 1T 32 152.46, 37.44 19.4275:95 20.6015 5
Ursa Minor 76 104.97, 44.80 18957028 19.087931
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Combined limits from GeV-TeV gamma rays
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Name Distance 1,b logyoJ (GS set) logyyJ (B set)
(kpc) (©) log1o(GeVZem™5)  logyo(GeVZem=)
Bodtes I 66 358.08, 69.62 18.241040 18.8575:¢60
Canes Venatici I 218 74.31, 79.82 17.4475:37 17.631950
Canes Venatici II 160 113.58, 82.70 17.651045 18.671 557
Carina 105 260.11, —22.22 17.921019 18.021038
Coma Berenices 44 241.89, 83.61 19.0275:47 20.13715%
Draco 76 86.37, 34.72 19.0575:37 19.4270:92
Fornax 147 237.10, —65.65 17.8410 1L 17.85101%
Hercules 132 28.73, 36.87 16.8670 74 17.701 598
Leo I 254 225.99, 49.11 17.8475:20 17.9370:5
Leo II 233 220.17, 67.23 17.9710% 18.1115 78
Leo IV 154 265.44, 56.51 16.3277°95 163671 62
Leo V 178 261.86, 58.54 16.3710%2 16.301133
Leo T 417 214.85, 43.66 17.1155:39 1767159
Sculptor 86 287.53, —83.16 18.571097 18.6310 0%
Segue 1 23 220.48, 50.43 19.3619:32 17.527254
Segue 2 35 149.43, —38.14 16.217398 19.5011%2
Sextans 86 243.50, 42.27 17.9270:38 18.0470:59
Ursa Major I 97 159.43, 54.41 17.87755% 18.8475:9%
Ursa Major II 32 152.46, 37.44 19.421043 20.607 5o
Ursa Minor 76 104.97, 44.80 18.951 038 19.08103%
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sf  ——— Combined limit (#)  =-=-=--: Fermi-LAT limit 7]
10077 s Homedian HAWC limit
29 = [ H,68% containment H.E.S.S. limit
107" E~ [ H,95%containment ~ «eivivins MAGIC limit
30b Thermal relic cross section == == = VERITAS limit
107 Bt T T T
10 102 10° 10 10°

mpy [GeV]

More constraining limits: factor 2-3 improvement \

wrt best limits in the overlapping region

More robust limits: independent uncertainties
tend to balance

Uncertainty from J-factor determination

dominates: effect gauged using two independent

computations

/
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Forecast sensitivity with GCTAO

Alpha configuration
= Northern site, La Palma: 4 LSTs, 9 MSTs
= Southern site, Chile : 14 MSTs, 37 SSTs

ﬁ More than an order of magnitudh

uncertainties on the astrophysical
factors exist, likely more for the
faintest dSphs

= Limitations from the absence of
stellar proper motions, potential
tidal diruption from the MW,
contamination from foreground
stars, non-spherical symmetry of
the halo,

= |arge observation program

requested : about 600 hours for
\dSphs /

{ov) cm~3s-1

10—22 .

CTAO performance for bb annihilating DM

10723 5

10-24 4

1025

10726

| — LAT 2023 dsph comb. 14 y

- Coupp 2015

—-—- CTAO subhaloes [10y]
- ATLAS/CMS 2015 e CTAO 2023 Perseus [300h]

= CTAO CBe+Will 600h
== CTAO UMa3/Ul 300h
—— Steigman 2012

CTAO LMC (340h Core/Cusp)
CTAO 2021 GC (500h Core/Cusp)

101 100 101 102
DM mass [TeV]

CTA consortium, MNRAS 544 (2025) 3, 2946
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The inner halo of the Milky Way

= Expected to be the brightest
sources of DM annihilations

...but a complex region at VHE with
challenging backgrounds: diffuse
backgrounds, base of Fermi Bubbles, an
hypothetical population of millisecond
pulsars, ...

Emmanuel Moulin — Rencontres de Noirmoutier 2026 17



The inner halo of the Milky Way

= Expected to he the brightest Caveat : DM distribution below~1kpc
sources of DM annihilations Mass modelling Hydrodynamical
Cautun et al. simulations
MNRAS 494, 4291 (2020) R
...but a complex region at VHE with T T T MNRAS 513, 55 (2022)
challenging backgrounds: diffuse
backgrounds, base of Fermi Bubbles, an W T
hypothetical population of millisecond R
Ly b // e bestIRtng NEW _ £
pulsars, ... S g 1§
e : t.-::,:fr.a.rall) Cln.t.:-.|2f.ll4!. ! a
e S e ——————— )
. . g
s 00 A NS~ = S
L4 p T )
Emmanuel Moulin-Ren.  -osf .-~ 2 { e ”“ll =il
1 0 0o w[deg]




Searches for continuum signals

- 1072 0—— -
= Deep survey of the inner e DMDN—- W
Galaxy (< 1kpc) going on with [
H.E.S.S. 107
— 6 x10° —_ 5 :
PRl 2014-2020 H.E.S.S. dataset 220 o T o0l
= 200 g e ;
Eé 180 g g C
§ 160 - /\': o -
—140 10~ e
120 = e TT—————_ Thermal relic density |
100 -
102
- =4 HESS., this work —— Fermi-LAT dSph (2015)
P » [ —— PLANCK (2018) —— HAWC GC (2017)
- Fermi-LAT GC (2017) DMDM — bb - H.ES.S GC (2016)
-3 20 10—2 e bl L bl | I I N Ll
R — 0.01 0050102 0. 1 2 345 10 50
—Gala_ctic L_ongitTJde [°_] IMpM (TGV)
= TeV window of opportunity for H.E.5.8. Collaboration,

Phys. Rev. Lett. 129, 111101 (2022)

CTAO/SWGO
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VHE neutrinos : KM3Net sensitivity and Icecube

<ov> [cm3s71]

WIMP WIMP-»t* 1~
KM3NeT Prelimina '
v ry
ORCA 6/10/11 (755 days)
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‘e 7 R
” 0.. ‘~., —‘-—t
1074 1 % "'—--—--—--"‘ 9
0.. ““‘
"ay ARCA-230 (1 y) ‘,-"
'....-..... --‘.--lnn
ARCA—230 5y)
10-—26 -
102 103 104 105

mpm [GeV/c?]

Solar searches

oy /\

velocity
distribution

v interactions

Detector
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[cm?]

S

oD

Upper Limits:

H.E.S.S. 2014-2020 (Einasto)
Fermi-LAT (DSph., NFW)
MAGIC (DSph., NFW)
VERITAS (DSph., NFW)

HAWC (Galactic Halo, Burkert)
IceCube 5 years (NFW)
ANTARES (4532 days, NFW)
Sensitivities (90% CL):
ARCA-19/21 (336 days, NFW)
ARCA-230 (1 yr, NFW)
ARCA-230 (5 yrs, NFW)
ORCA-6/10/11 (755 days, NFW)

Galactic center frorecast

10—39 \
\
N\
10_40 \\ . \\ ............ e -
~ o=
~ - — - - T e«
10—41
1072k __w — - PICO (2019)
—_— 7T —-.- ANTARES (2016)
—_— Ve ... Super K (2016)
—_— Vil —— leeCube (2025)
43 —_— Vsl mfpm IceCube Upgrade 3 Years (This work)
10— 1 AN | 1 1 1 a1 a3 aal 1 1
10! 102

my [GeV]

12400990 S09C-ATXTe "[[03 9qNnd3d]



SU(2) WIMPs: Wino and Higgsino

Hryczuk, EM, et al., JHEP 1910 (2019) 043

] ]
Some of the simplest classic WIMP K vt v ok oo
CTA reach vs neutrino floor -
B, B 7 A — bino

higgsino

d = = 1022
models remain unconstrained - cou
wino-bino
10-2 bino-higgsino

still interact through the W and Z hosons

jlu*21

=T | RIS N .. OO AT AL 0 e 2 o RO -0y [

&

led CTA sensitivity

10728 |, e il

s
10727 §§
3 POMSSM
Einasto profile
10-28 L. o - ) SRS 2 i R . R
1013 10712 10-11 \][ b] 10-10 10~* 10-8
oy [p
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SU(2) WIMPs: Wino and Higgsino

drJdE [1/TeV]

Hryczuk, EM, et al., JHEP 1910 (2019) 043

Some of the simplest classic WIMP
models remain unconstrained - DM could
still interact through the W and Z hosons

= Wino/Higgsino show prominent gamma
ray line (-like) feature in the annihilation
spectra

10728 |sid, s i N

CTA reach vs neutrino floor

wino
bino
higgsino

bino-higgsino

aected CTA sensitivity

PIMSSM
Einasto profile

H’i()‘“" s

‘1'0';11 '\‘]' S 10;"’
oy [pb]

Baugmart, et al. JHEP 1901 (2019) 036 10-2 I I
& A B B B A E H.E.S.S.-like Sensitivity
18:— Thermal Wino Spectrum i E —— 10 cxoas section
16f- 5 . 107 <
14 - line i 4 = 8
5 : ] - &
12F endpoint : 4 S£10 =
10F 4 = E
sl E B 107 =
6 E 4 &
aF : E 10-2
2r : =
0:11,11.11111”1”1.i...: 1077k 7
2.7 2.75 28 285 2.9 2.9t : i SN
R 104

(o )

Constraints on thermal
Wino dark matter
= DM cores up to

several kpc excluded
at ~2 TeV

e.g, Rinchiuso, Rodd, EM, et al.,

\ PRD 98, 123014 (2018) /

= 1Tevl mpy [TeV]

10

(©20c) 80e¥0 L0104 "B 18 W3 ‘LeuBluoy\
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Search for TeV gamma-ray line

= Gamma-ray line signal from

(xx—YY or Xx—VZ) is a very “clean”

possible annihilation channel

= No astrophysical lines expected

— Best prospect for a “smoking
gun” indirect signal for DM

Emmanuel Moulin -

10A24_......| : : ——rrr
F —— H.E.S.S. IGS, Observed
— == Mean Expected
_,;| ~~~ Mean Expected, no syst.
107™F  mmm 68% C.L. Containment
95% C.L. Containment
b
o 10—26 -
=
L, B
£ - Einasto, r;, = 8.178 kpc
= [ DMDM — ~~
21077

mpwM [TeV]

23
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Search for TeV gamma-ray line

= Gamma-ray line signal from
(xXx—VY or xx—V7Z) is a very “clean
possible annihilation channel

= No astrophysical lines expected

— Best prospect for a “smoking
gun” indirect signal for DM

= Pure Wino, Higgsino, Quintuplet
Actively searched at LHC
Thermal Wino/ Quintuplet
excluded

Challenging thermal Higgsino
for the first time

Emmanuel Moulin — Rencontres de Noirmoutier 2026

1024 p—r —
=
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2
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10-%F 3
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= |
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T —
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™
5
© : e = 1
-~ 10-28 SN~ % = )
[ « =
£ £
i = =
< O
10—29_ [ =
Einasto, r, = 8.178 kpc cNFW q§) —— Wino
[ =+ Einasto, r, = 8.5 kpc — FIRE-2 £ —— Higgsino
L — NFW = Auriga ——— Quintuplet A
10—30 Ll ¢ L L I 1 T |
1 10
mpMm [TeV]

H.E.S.S. Collaboration, submitted (2026)
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Gamma-ray line sensitivity reach with CTAO

Prospects with Galactic Genter
observations with CTAO

A total of 500 hours of observation
time with a roughly homogeneous
exposure over the inner 4°

= A factor of 2-to-10 improvement

compared to H.E.S.S./MAGIC

Higgsino dark matter
= | ast remaining well-motivatead

WIMP benchmark model ?
= Likely invisible at direct detection
Difficult even at FCC-hh

Capdevilla et al. JHEP 06 (2021) 133

Emmanuel Moulin — Rencontres
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(Heavy) Decaying Dark Matter

= Decaying DM searches target regions
of the sky where large volumes can be 1w~

Adam et al. (CTA consortium), ICRC 2023

+_—  Perseus cluster

probed, e.qg., galaxy clusters -
m = 1025_ ,/’//’
= > PeV dark matter with wide = This Work o)
= PN A E MAGIC (Acciari+18), Perseus
Fov IHStruments 1024 / /’ —-—- Huang+11, Clusters combined
- 7 /' -=-= Cirelli+12, Fornax
570 Days of LHAASO Observations ;o
— Strongest constraints on PeV DM 1 Yo 100
"X
Cao et al. (LHAASO Coll/) Phys. Rev. Lett. 129, 261103 (2022)
10305 T """'| T """'| LR T """'E' 1030_ T """'| T """'| T """'| T """'E'
; DM — bB . DM — T'T Chianese2021 ;
&7 107 = 10%
= e = E A TS
g E G
gﬁ 1028 g\ 1028 §_~.\
| N S A SN
: e = / . E 10%7 = KM2A (this Letter) 3 E 1077 m— KM2A (this Letter) 3
Mt Ha|Z| 441 Om altltUde ----- KM2A (prompt only) E ----- KM2A (prompt only) ;
» IceCube fit . - | IceCube fit
1026 L Ll Ll L 1026 L mi Ll L
10° 106 107 108 10 10° 106 107 108 10
Mass, mpy [GeV] Mass, mpy [GeV]
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Synergy with collider and direct detection
searches

Individual experiments often present results on phenomenological quantities that are
directly constrained by the relevant data (e.g., the annihilation or scattering rate)
Direct comparison of results from multiple probes requires a concrete particle physics

hypothesis
— framework of effective field theory or simplified model approach

(some limitations still exist)
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Synergy with collider and direct detection
searches

= |ndividual experiments often present results on phenomenological quantities that are
directly constrained by the relevant data (e.g., the annihilation or scattering rate)
= Direct comparison of results from multiple probes requires a concrete particle physics
hypothesis
— framework of effective field theory or simplified model approach
(some limitations still exist)

Reis, Scaffadi, EM, White JCAP 02 (2026) 015
This paper Il NFW, Ref. [50] Qh? = 0.1186 [50)

= For EFT approach: CTAO reach
= mass scale Mx
= 4 operators: scalar, pseudo-
scalar, vector, axial-vector
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The Galactic Genter Excess seen by Fermi-LAT

= Qutstanding excess of GeV gamma rays
at the Milky \Way center, suggestive of
WIMP of mass 40-50 GeV
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population of millisecond pulsars 7 LoglEy/GeV]

2512.16699: Discovery of two new millisecond pulsars towards the Galactic bulge
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Sub-GeV DM searches

= DM can be composed of a light particle with a mass in the range MeV - GeV
e.g., DM coupled to a new light gauge boson, hidden sector DM, etc.

» Prompt radiation+Secondary radiation: photon emissions via Inverse Compton
scattering (ICS) , bremsstrahlung , In-flight annihilation (IfA) produced by DM induced

Cirelli,et al. JCAP 01 (2026) 038 [2508.03819]
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kinetic-mixing , my =3 mpwm
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DM as a relic from the Early Universe

10 103 1 GeV 10% 10° 10%° 10°!

S I I N N R—— "
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MeV

Axion-like Particles
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DM as a relic from the Early Universe

Axions

10-10 103 1 GeV 102
M, My my
Non-thermal Thermal
MeV 10°
1073

Axion-like Particles

10°°

Light pseudo-scalar particle

Minimal coupling with gluons to solve
the strong CP problem

Viable cold dark matter candidate 19
Induced coupling with photons: 7 ,,,=g,,,E-Ba

ALP—Photon-Coupling [GeV ']
o

-
o
1
-
o

Axion-like particles

As opposed to axions, mass and coupling
constant are unrelated
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ALP searches with VHE gamma rays

= [n the presence of an external magnetic field
— possibhility to have ALP-Photon oscillations

= The conversion probability Payy Is dependent on the
magnetic field intensity and orientation as well as
the scale of the magnetized region

Emmanuel Moulin — Rencontres de Noirmoutier 2026
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ALP searches with VHE gamma rays

= [n the presence of an external magnetic field
— possibhility to have ALP-Photon oscillations

= The conversion probability Payy Is dependent on the
magnetic filed intensity and orientation as well as
the scale of the magnetized region

—
o

= Wiggles: energy-dependent
deviations from smooth
GeV-TeV spectrum
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ALP searches with VHE gamma rays

= |n the presence of an external magnetic field
— possibility to have ALP-Photon oscillations

= The conversion probability Payy Is dependent on the magnetic filed
Intensity and orientation as well as the scale of the magnetized region

Observations of Perseus

cluster by MAGIC ~40 h Prospects for CTA: Perseus cluster
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Probing ALP with AGN-GalaxyCluster pairs

Caveat: for GC, no reliable measurement of the small-scale properties of
the field (orientation, domain length) — need to marginalize over a large
number of small-scale configuration of the magnetic field

= Stacking analysis of
multiple AGN-GC pairs

— gives a smooth predictable

spectral imprint
(ma, gayy) = (20 neV, 7x10- 13 GeV-1,B; = 3 muG)
1.001

0.95+

0.901
o> 0.851

s 0,
0.801 20 range for 16 AGNs (2 - 16%)
1 AGN
0.751 16 AGN
—— 100 AGNs

0.70A Model
102 101 10° 10
E [TeV]
Grimaud, EM, - Malyshev et al.-accepted JCAP (2026)
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Probing ALP with AGN-GalaxyCluster pairs

Caveat: for GC, no reliable measurement of the small-scale properties of
the field (orientation, domain length) — need to marginalize over a large
number of small-scale configuration of the magnetic field

= Stacking analysis of AGN-GC selection
multiple AGN-GC pairs >10 GeV gamma-ray bright AGNs with SZ catalog (GC)
— gives a smooth predictable — 16 AGN-GC pairs selected
— 41 datasets from H.E.S.S., MAGIC and VERITAS
(ma, gayy) = (20 neV, 7x10-13 GeV-1,B; = 3 muG) 10-9
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0.90 \—|4 gi{i’f; esl}\SI:q M O/ \sN1987A-
Qi 0.85 b % 10*11 Hydra-A N(%;Clzzs o 5 5
0.80 20 range for 16 AGNs (2 - 16%) ‘L_D‘ Super star clusters Qs — qu
1 AGN _ MS87 cﬁ& g
| 16 AGN R . s 2AGNs \_/o- C
0.757 100 AGNs c% 10 H1821+643 (Chandra) /;/ S 2
0701 Model 20 (clﬁgﬁrla)zj,ig{é / H+M+V (41 Datasets)
1072 107t 10° 10t 10-13 /,g?;\e
E[TeV] % Sensitivity
Grimaud, EM, - Malyshev et al.-accepted JCAP (2026) From m/sa/gnement %
T TTTTI T T T T TTTT T T T LI | T T
Emmanuel Moulin - | meChanism 21071 107 1077 107% 1077 107 1070

my [eV]



Probing ALPs from cosmic-ray scattering in
the Milky Way dark matter halo

Ja=[y

= VHE CR protons and electron

Interaction with ALPs
= |nverse Primakoff and Inverse Compton

scatterings
= For IP process: o(E)
b (F 1 dd do
= CR protons : a@y(y) L pAQ / 05 D gy Dprawir (L
9 iE, - x D(AQ) x B () pdEp( ») dE. (Ep, Ey)
-=-= H.E.S.S.-like — CTA ~—— Strawman SWGO
—— EGRET —— Fermi —— E-Astrogram

)

B T - inv. +v
0 ete” = inv. +v

Goncalves, EM, et al. PRD 111 (2025) 043011

Astro/Cosmology \
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Probing ALPs from cosmic-ray scattering in
the Milky Way dark matter halo

Ja=[y

= VHE CR protons and electron

Interaction with ALPs
= |nverse Primakoff and Inverse Compton

scatterings
= For IC process: o . )
1 o
= CR protons: a@y(y) L pAQ / 2 oy DOty
P dE, e (842) Eg“”(m)d pdEp< 2 dL, (5 )
—— H.E.S.S.-like — CTAO — SWGO

= Alternative approach sensitive in a
region probed by different
measurements

= Complementarity between different
detection techniques

= Could probe ~MeV QCD axion
models

| Gap]
Goncalves, EM, et al. accepted PRD (2026)

10~4 1072 10° 102 10* 10° 108

contres de Noirmoutier 2026 39



Dark Matter Annihilation into Quarks and Gauge Bosons
xx — bb! xx = WTW~-

S u m m a ry : Current Sensitivity

Thermal DM

=  Maturing experiments & shrinking parameter spaces = T

Unitarity Bound

Far Term

= WIMP paradigm: diversified, trend towards minimal DM ] .
model searches LR T
= [ast remaining well-motivated WIMP benchmark i
model probed ?

=  ALP : sensitivity in the relevant parameter space

= Robust searches, chasing systematics, instead of
interpreting « anomalies »

= Every major astrophysics discovery in the last decade
came from combining multiple messengers
— multimessenger probes of dark matter

Thanks for your attention
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