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Standard model cosmology and Dark Matter
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Standard model cosmology and Dark Matter
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The landscape of Dark Matter
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. Planck scale

Ultra—light scalars, axion Vs particles

Primordial
Thow weak scale black hole Solar mass

Wide spectrum of possible candidates beyond 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



Astroparticle messengers and Instruments

EuCAPT White Paper, arXiv:2110.10074
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DM as a relic from the Early Universe
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BBN, Ngf ... ‘ ¥ )\ ¥ J Too much
constraints

Light DM Standard WIMP paradigm
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DM as a relic from the Early Universe

10-10 103 1 GeV 102 0° 1019 10°1
Me My my Mpj MEarth
Non-thermal Thermal Non-thermal
MeV

Axion-like WIMP
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DM as a thermal relic from the Early Universe
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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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Astrophysical searches for WIMPs
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DM annihilation: dE, A Qm%M dE.,
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Complementarity between the different
approaches : Direct, Indirect and Collider

experiments

DM annihilation
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w KM3Net, ...
% (DM) f (SM) ——

2!

SuperCDMS, ... +AMS, DAMPE,...
1

Emmanuel Moulin — CTAO LST sub-Array Inauguration, Scientific Workshop, October 2026 1



Dark matter search underground
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= Strong constraints on the scattering cross
section on nucleons and electrons
in the 10-100 GeV mass scale

.........

Lighter (<100 MeV) DM being probed from R I
electronic recoil searches DAMIC-M
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Low dark matter mass searches

8B CEvNS measurement

= Coherent Elastic Neutrino-Nucleus Scattering

= Predicted in 1974

= Detection of the scattering of neutrinos from

the Sun in 2025
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LZ recoil event at 248 keV

= Nuclear recoll of 248 +/- 23 (stat) +/- 23 (syst) keV
in a region where background expectation is low 45

LZ coll. arXiv:2609.02823
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=  Several rare background processes and detector S L\ e T
effects studied in detail Saol e T e
A nearly pure Higgsino naturally realizes inelastic DM for%
235

a Higgsino mass ~1 TeV and a mass splitting ~350 keV
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Wino and Higgsino indirect detection

= Some of the simplest classic WIMP ‘ .
models remain unconstrained - DM 5
could still interact through the W and Z ‘
bosons!

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

o5
1077 25
s
g PIMSSM
: Einasto profile
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TeV-scale dark matter : Wino and Higgsino

Hryczuk, EM, et al., JHEP 1910 (2019) 043
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TeV-scale dark matter constraints

Current IACTs are reaching the required sensitivity probe thermal WIMPs
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TeV-scale dark matter constraints

Current IACTs are reaching the required sensitivity probe thermal WIMPs

H.E.S.S. coll., Phys. Rev. Lett. 129, 111101 (2022)
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Higgsino dark matter reach with GTAO ?

Rinchiuso, EM, et al., PRD 103, 023011 (2021)
1

= Last remaining 107
well-motivated
WIMP benchmark

Forecast Higgsino limits - splitting 1
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direct detection < F ) ]
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Higgsino dark matter reach with GTAO ?

= [ast remaining
well-motivated
WIMP benchmark
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= Likely invisible at
direct detection

= Difficult even at
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Abe, Inada,

EM, Rodd, Safdi, Xu, Phys. Rev. D 114, 023052 (2026)

i f South array on = CTAO - North
) N =
e m— (CTAQO - South =
— = ]
3 _5
5o m---"'=“'-":"":"":"""§
....... 4(7_ aeky -4 N R R —————
......................... AZSAN
00 | P ,--‘"". .......................... .
2g ' S —— —
- —_— - . ]
i : =7 mmeas Einasto ]
11 TeV | ~-=F 7 et
" Higgsinof  / = = FIRE-2 (median) -
N N 1 : " / N 1 .l L 1 N N N L 1 N N N N |
2026 2031 2036 2041 2046
Calendar Year

Emmanuel Moulin — CTAO LST sub-Array Inauguration, Scientific Workshop, October 2026

20



Synergy with collider and direct detection
searches

Direct comparison of results from multiple probes requires a concrete particle physics

hypothesis
— framework of effective field theory or simplified model approaches

(some limitations still exist)

For EFT approach: CTAO reach
mass scale Mx

4 operators: scalar, pseudo-
scalar, vector, axial-vector

Reis, Scaffadi, EM, White JCAP 02 (2026) 015
This paper BB NFW, Ref. [50] 0 k2 = 0.1186 [50]
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Dwarf galaxies observations

o Classical Canlcv'Mo' - .

e Sl e = No recent star formation
o ot ; R o™
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o DECam +30° OD &

- e A P’ Census of Milky Way satellites including all

Antlle
00

as well as suspected ones
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Coma Berenices 44 241.80, 83.61 19.02+07 20.1371:36 t>; 102 E &
Draco 76 86.37, 34.72 19.0570:22 19.42%9:92 v =
Fornax 147 237.10, —65.65  17.84101 17.857041 32 10724
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Leo IV 154 265.44, 56.51 16.32+1:06 16.3611-44 =
Leo V 178 261.86, 58.54 16.37+5:94 16.3011-33 10-% L
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Dwarf galaxies obhservations

¢ Classical . Com- s -

e T = No recent star formation
PS1 “LeolV” N

oS e swe = Very low gas amount

* DECam +30° i ’

¢ Other - I = N hyd i e

Census of Milky Way satellites including all
. dwarf galaxies spectroscopically confirmed
as well as suspected ones

Sgril@

CTAO performance for bb annihilating DM
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(Heavy) Decaying Dark Matter

Adam et al. (CTA consortium), ICRC 2023

= Decaying DM searches target regions . Perseus cluster
of the sky where large volumes can be
probed, e.q., galaxy clusters .
= > PeV dark matter with wide 107 —— This Work (ctools)
FoV instruments W] T e e
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— Strongest constraints on PeV DM 01 Yo 109
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E DM — bb DM — 777~ Chianese2021 3
2 10% = 10%
E —  Z Y S
g 10% g 10%
: i:) 10% = KM2A (this Letter) % 1077 NN — KM2A (this Lette;;\;
----- KM2A (prompt only)

----- KM2A (prompt only) 3 C C 5
| K s

IceCube fit - - IceCube fit
11l L0l L1 11 |

10° 106 107 108 107 10° 106 107 108 107
Mass, mpy [GeV] Mass, mpy [GeV]

[

(e
)
[N

Mt. Haizi 4410m altitude

—_

(e
)
[N

Emmanuel Moulin — CTAO LST sub-Array Inauguration, Scientific Workshop, October 2026 24



DM as a 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

Axion-like Particles
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DM as a relic from the Early Universe
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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 P,, is dependent on the
magnetic field intensity and orientation as well as
the scale of the magnetized region
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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 P,, is dependent on the
magnetic field 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 P,, is dependent on the magnetic filed intensity and
orientation as well as the scale of the magnetized region

Observations of Perseus Prospects for CTA: Perseus cluster
cluster by MAGIC ~40 h | o
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y-ray burst ALPS 11
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~ e NGC 127:
X Mrk/a21 i IAXO
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i 5} o
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el -12
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= WD cooling hint
s Perseus Cluster | Fermi LAT Galactic S}

7 MACGIC - This Woek 7]

) 10~13 5 A
10t R 9

3 - \\g

- ?

7 ] 1 1 IR F - hhtaey T T T 11177} LI L 0 N 1) 1 I O 111 B SR N SR R R 11 R T

. % " : —]2 — o — . — —_ -5 e
o o W W -2 1074 197 107 107= 107 10°% 10~ 10+
m, [ eV ] mg, (eV)

MAGIC Coll. Phys.Dark Univ. 44 (2024) 101425
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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

Stack, aLvs: (ma, gayy) = (20 neV, 7x10-13 GeV-1,B; = 3 muG)
AGN AGN + qaLaxg QLuster AGN, +Galaxy Clusters 1.001
% | 0.95
Q@ ; 4%) A { -
- Q}g) 0.90]
/ >
{a ¥ é R o> 0.85]
= \ P l 0.80- 20 range for 16 AGNs (2 -16%)
% 7 20 D W ' 1 AGN
% ‘ 0.75- 16 AGN
3 ' —— 100 AGNs
'3' 0 70 | [ MOdel
102 10! 100 10!
UF E [TeV]
R
‘\ = Stacking analysis of
" multiple AGN-GC pairs
Y

— gives a smooth predictable
spectral imprint
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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

rimaud, EM, Malyshev et al.
- selection 109 Grimaud, EM, Malyshev et al. JCAP 07 (2026) 066
. . MWD
>10 GeV gamma-ray bright AGNs with SZ CAST ABRA = potarisation
SHAFT - 3
catalog (GC) | Diffuse SN MWD X-rays
— 16 AGN-GC pairs selected N —_
Fermi SNe-y
— 41 datasets from H.E.S.S., MAGIC and Betelgeuse
Hydra-A NGC1275
VER'TAS Super star clusters (mm) éﬁ
e 2
Fermi-LAT name | RA | Dec. | zZ MB7 S E?s
AFGL J0617.7-1715 | 9443 | -17.25 | 0.10 o S . e
AFGL J0912.5+1556 | 138.14 | 15.93 | 0.21 . T oot H+M+V (41 Datasets)
4FGL J1058.4+0133 | 164.62 | 1.56 | 0.89 1 Py
4FGL J1213.0+5129 | 183.26 | 51.48 | 0.80 10713 5 /,,Q/g&
AFGL J1303.0+2434 | 195.76 | 24.58 | 0.99 1 ™
4‘[:‘(-;L .]1508.8*2708 227‘20 27‘14 0.27 ] T T T T IIHﬁr,,I T TTTTI T TTTTI T TTTTI T LN | T Ty T T
AFGL J1615.6+4712 | 243.92 | 47.20 | 0.20 1004 10-13 10-12 10-11 10-1° 10-° /10-® 107 10-6 10-°
4FGL J2041.9-3735 | 310.48 | -37.59 | 0.10 m, [eV]

AFGL J2314.0+1445 | 348.51 | 14.75 | 0.16
AFGL J2321.942734 | 350.49 | 27.57 | 1.25
AFGL J2338.942124 | 354.74 | 21.40 | 0.29 e :
AFGL J0654.4+4514 | 103.61 | 45.24 | 0.93 Sensitivity of combined mock

AFGL J1242.9+7315 | 190.75 | 73.26 | 0.08 observations of H.E.S.S, MAGIC and VERITAS
AFGL J0319.8+4130 | 49.96 | 41.51 | 0.02

AFGL J1230.8+1223 | 187.71 | 12.39 | 0.00

AFGL J1144.9-1937 | 176.24 | 19.63 | 0.02 -Array Inauguration, Scientific Workshop, October 2026 31




CTAO forecast sensitivity

1077
26 datasets CAST Polarisation
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This approach enables to probe the uncovered region in the 10-100
neV masse range where ALP can comprise all the DM in the Universe
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Summary and outlook

Maturing experiments & shrinking parameter spaces

WIMP paradigm : diversified, trend towards minimal
DM model searches

= Last remaining well-motivated WIMP benchmark
model probed ?

ALP: sensitivity reach 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

Dark Matter Annihilation into Quarks and Gauge Bosons
XX — bb! xx = WHW-

Current Sensitivity

|Sayy| [GeVT]

Emmanuel Moulin — CTAO LST sub-Array Inauguration, Scientific Workshop, October 2026 33



Back-up
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Nature of the central source HESS J1745-290 ?

= Nature of the source ? Sgr A*; a pulsar > Sl

wind nebula G359.95-0.04, a spike of ~ _ g
annihilating DM particles ;

= no firm association so far 8 000 8

= Strong energy suppression at several TeV ¢ o

= well described by (super-)exponential § .8

cut-off power-law sl
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VHE neutrinos : KM3Net sensitivity and Icecube

WIMP WIMP->Tt* 1~
KM3NeT Preliminary '
ORCA 6/10/11 (755 days)
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= Solar searches
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distribution
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v interactions
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Upper Limits:
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Fermi-LAT (DSph., NFW)
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ARCA-230 (1 yr, NFW)
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Galactic center frorecast
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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 IP process: o(E) . ]
1 o)
= CR protons : a@y(y) L pAQ / 05 D gy Dprawir (L
--- H.ES.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 \

10557 10~ 10-6 10~ 10° 10°
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Probing ALPs from cosmic-ray scattering in

the Milky Way dark matter halo

= VHE CR protons and electron
Interaction with ALPs

scatterings
= For IC process:
= CR protons: d®,(E,) _ 1
dE, My,
—— H.E.S.S.-like —— CTAO — SWGO

10(]

1071

102

|9ap‘

104

107°

10~%

10-3

Inverse Primakoff and Inverse Compton

= — X D(AQ) x

Torsion balance

SINTLOS7A //

Goncalves, EM, et al. PRD 113 (2026) 123054

10~4 10-2 10°
mq (eV)

Ja=[y

/ | dE @(Ep) . dopta—sptry (EpaEv)
Epn(Ey)

PdE, dE,

= Alternative approach sensitive in a
region probed by different
measurements

= Complementarity between different
detection technigques

= Could probe ~MeV QCD axion
models
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Combined limits from GeV-TeV gamma rays
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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) TR o
...but a complex region at VHE with T T T MNRAS 513, 55 (2022)
challenging backgrounds: diffuse i
backgrounds, base of Fermi Bubbles, an ; W T
hypothetical population of millisecond 3 R
Ly b // o best fing NEW 4 £
pulsars, ... S g £
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The Galactic Genter Excess seen by Fermi-LAT

= Qutstanding excess of GeV gamma rays

E?dN/dE [GeVem™2s™tsr™?]

at the Milky \Way center, suggestive of

WIMP of mass 40-50 GeV

10~% p—r—r—r—rrr _—
i = = broken PL

--=- DMt~
-+ PL with exp. cutoff 3
- DM bb

10~6 - L=

GC excess spectrum with ]
stat. and corr. syst. errors |

10-8 = e S
10° 10* 10

From F. Calofé:V]

Interpretation is debated

— recent morphological results support
new astrophysics : unidentified
population of millisecond pulsars 7

dN
Log[E,?—X/(GeV cm~2 s7)]

dE,

Excess also by DAMPE (2025)

A. Gautam et al. Nat Astron. 6, 703 (2022)

e GCE

-8.0F__1C

:_ — prompt+IC

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

.........

Logl|E,/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

e+/e-

10°F

E] do/dE, (MeV.cm™2. 571 sr71)

1071k

1072

kinetic-mixing , mpm=100MeV, my=3mpy, {(ov)=2x 10726 cm3s~!

=== prompt-y
F —— total

— total (4° < |b] < 20°, |/| < 60°)
e COMPTEL data (|b| < 20°, |/| < 60°)

e INTEGRAL data (scaled)
e EGRET data (scaled)
e LAT data (scaled)

Caveat: Background model, propagation effect
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Cirelli,et al. JCAP 01 (2026) 038 [2508.03819]
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