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|. ALP as dark matter candidate

ordinary matter
Dark Matter (DM) o

e ~85% of the total matter in the Universe

* Implied by gravitational effect in formation and evolution of galaxies,

gravitational lensing, etc. Y dark mater

A light DM candidate : Axion Like particles (ALP) M
70%

* Axion initially proposed to solve the strong CP problem in QCD

* Generalisation with ALP - independent mass and coupling
parameters (less constrained parameter space)

* Neutral, light, weakly-interacting pseudo-scalar bosons
— good candidate for DM

Cervane Grimaud IRN Terascale - Heidelberg - 2026 3



l. ALP signature in Y spectra

. . y
Propertie of ALP - two photon vertex (Inverse primakoff effect) ,UVVUU
In the presence of an external magnetic field a---»~--=Qavy
— possibility to have ALP-Photon oscillations y

Jayy:gawE-Ba

A-=->--
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l. ALP signature in Y spectra

- y
Propertie of ALP - two photon vertex (Inverse primakoff effect) ,UVVUU
In the presence of an external magnetic field a---» - - <Yany
— possibility to have ALP-Photon oscillations y

Jayy:gawE-Ba

Thus, VHE gamma ray travelling in an external magnetic field can mix
with ALP with a given probability Payy
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l. ALP signature in Y spectra

Propertie of ALP - two photon vertex (Inverse primakoff effect)

In the presence of an external magnetic field
— possibility to have ALP-Photon oscillations

any:gawE-Ba

Thus, VHE gamma ray travelling in an external magnetic field can mix
with ALP with a given probability Payy

Observable effect in very high energy gamma-ray spectra
Photon survival probability - Py =1 - Payy
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l. ALP signature in Y spectra

The survival probability Pyy is dependent on the magnetic field intensity and orientation as

well as the number of magnetic domains and sizes - Payy < BxL
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l. ALP signature in Y spectra

The survival probability Py is dependent on the magnetic field intensity and orientation as

well as the number of magnetic domains and sizes - Payy < BxL

Strong B strength, small region

Need to know Y-ray path in the jet to get Pyy
— Modelling of the magnetic field in the blazar jet

Source and Jet
B~1G
L ~ 100 pc
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l. ALP signature in Y spectra

The survival probability Py is dependent on the magnetic field intensity and orientation as

well as the number of magnetic domains and sizes - Payy o< BxL
Weaker B strength, larger region

Existing estimation of the magnetic field strength

No reliable measurement of the orientation of the
% field in domains, of the domains lengths, etc

Source and Jet Galaxy Cluster
B~1G B~1uG
L ~ 100 pc L ~ 500 kpc
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l. ALP signature in Y spectra

The survival probability Py is dependent on the magnetic field intensity and orientation as

well as the number of magnetic domains and sizes - Payy < BxL

B strength difficult to measure (only upper limit)

Uncertainty on the field strength limits the
robustness of ALP-photon oscillations studies

& R

Source and Jet Galaxy Cluster Intergalactic medium
B~1G B~1uG B<1nG
L ~ 100 pc L ~ 500 kpc L ~1Mpc
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l. ALP signature in Y spectra

The survival probability Py is dependent on the magnetic field intensity and orientation as

well as the number of magnetic domains and sizes - Payy < BxL

Weaker B strength, smaller region

Existing estimation of the magnetic field strength

& R

Source and Jet Galaxy Cluster Intergalactic medium Milky way
B~1G B~1uG B<1nG B~1uG
L ~ 100 pc L ~ 500 kpc L ~1Mpc L ~ 10 kpc
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|. IACTs observatories

One way to probe ALP-photon mixing is using observations with Imaging Atmospheric Cherenkov
Telescopes (IACTSs)

VHE Y-ray Extensive

air shower

ALP-Y
oscillations

AGN |
Cherenkov

light
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|. IACTs observatories

VERITAS
Four 12 m diameter IACTs
Sensitivity in [100 GeV — 50 TeV ] range

MAGIC
Two 1/ m diameter IACTs
Sensitivity in [50 GeV — 30 TeV] range

H.E.S.S.

Four 12 m diameter IACTs + 28 m =i
diameter IACT _—
Sensitivity in [100 GeV — 100 TeV] range
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Summary

|Il. Probing ALP-Photon oscillation in GC
with mock observations
* AGN-GC Sources selection
* Data analysis method
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Il. Probing ALP with AGN-GC pairs

GOAL of our analysis: Probing ALP-Y oscillations with observations of VHE Y-ray from AGN-GC
pairs using a stacked analysis of several pairs

Y

)

& R

Galaxy Cluster
B~1uG
L ~ 500 kpc
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Il. Probing ALP with AGN-GC pairs

GOAL of our analysis: Probing ALP-Y oscillations with observations of VHE Y-ray from AGN-GC
pairs using a stacked analysis of several pairs

Magnetic field measurement difficult to make - not many galaxy
cluster measured

y In this study we consider cool core GCs - magnetic field profile
dependent on the electron density, and estimated ~10uG in the
/UL\»/ central regions (Coma cluster)

& R

Galaxy Cluster
B~1uG
L ~ 500 kpc
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Il. Probing ALP with AGN-GC pairs

For GC, no reliable measurement of the small-scale

properties of the field (orientation, domain length) 1.00-
e . 0.951
Difficult to use only one AGN-GC pair:
—> need to marginalize over a large number of small- 0.90 -
scale configuration of the magnetic field '
— thus deriving a weak constraint S
Q_>. 0-85 T
i AGN AGN + Galaxy %Luster
% ,g 0.80 20 range for 16 AGNs (2 - 16%)
% e 1 AGN
y 0.751 16 AGN
= ' —— 100 AGNs
U IR - < < .
% 0.70{ " Megel
vg 1072 1071 100 10!
o, E [TeV]
v, - I
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Il. Probing ALP with AGN-GC pairs

For GC, no reliable measurement of the small-scale
properties of the field (orientation, domain length)

Difficult to use only one AGN-GC pair:
— need to marginalize over a large number of small-
scale configuration of the magnetic field

— thus deriving a weak constraint

Stack aLrs:
AGN, +qm§£fausm

INSTEAD 3 { \
- stacking multiple AGN-GC pairs o
—> gives a smooth predictable spectral
imprint to probe ALPs (step function)
—> Photon survival probability
parametrization:

2
P =1-—
r (1+(E/E.)")

1.00+
0.95-
0.90-
& 0.85-
0.80 20 range for 16 AGNs (2 - 16%)
' 1 AGN
0.751 16 AGN
' —— 100 AGNs
O 70_ ....... Mode|
162 100 10° 10}
E [TeV]
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II. AGN-GC sources selection

Crossmatching
- 4L AC catalog (Y-ray bright AGNs)
- with SZ catalog (GC)

: 1

ZAGN = ZGc

Line of sight within 500
kpc from GC center

: 1

29 AGN-GC pairs selected

Cervane Grimaud IRN Terascale - Heidelberg - 2026

19



Il. AGN-GC sou

Crossmatching —

- 4L AC catalog (Y-ray bright AGNs)
- with SZ catalog (GC)

: 1

ZAGN = ZGc

Line of sight within 500
kpc from GC center

CRITERIA

: 1

29 AGN-GC pairs selected

Cervane Grimaud IRN Terascale -

rces selection

Present in S3FHL catalog
Detected by Fermi-LAT E > 10 GeV

: §

16 AGN-GC pairs selected

: §

IACT Visibility
with zenith angle lower than 60° (meaning
visibility in favorable observational conditions)

: ]

22)
4+
O}
0N
©
4+
@®
()
=
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II. Mock data simulation

Expected observed Y-ray flux: do°” do™
- Intrinsic flux JE = JE XPYY(Ey,ma,gayy,BT)Xe
- Photon survival probability Y y

- Extragalactic Background Light (EBL) attenuation (from e+e- pair production)
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II. Mock data simulation

Expected observed Y-ray flux: do°>® do™ t(E..c.2)
- Intrinsic flux dE = dE XPyy(Ey’ma’gayy’BT>><e V

- Photon survival probability Y Y

- Extragalactic Background Light (EBL) attenuation (from e+e- pair production)

Expected number of counts per i bin: B

- Observation time S , NdD(E' ,

- Detector's acceptance N; :Tobsf Aeff(E )G (E —E ) dE" dE

- Detector’s energy resolution

Mock data simulated for Tows = 50 h for each AGN-GC pairs, from 100 GeV to 60 TeV
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. Statitistical analysis method

Compare spectra under two hypotheses:
Null: No ALPs

ALP: Modulated spectrum due to ALP-photon oscillations

We use binned Poisson likelihood for observed counts NN
and predicted counts N°

(for each k AGN-GC dataset and each i bins)

Then, for a given object k the likelihood is

Finally for the stacked data set the combined likelihood is

Cervane Grimaud

IRN Terascale - Heidelberg - 2026

log £, =N logN;—N;—log(N:"!)
gk:H <

N
gcomb::l;[ 3k
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. Statitistical analysis method

Compare spectra under two hypotheses:
Null: No ALPs

ALP: Modulated spectrum due to ALP-photon oscillations

C ’[h d | b " ’[' ’[h _[ gik(Ng(N<ma’gayy’Pl)’N?k)
ompare the models by constructingthe & o (ng, g, P1,P2)=—2log—Lt
loglikelihood ratio as " [l zW(NgY(m,,g,,=0,P),N;)

i,k

The Test Statistic (TS) is then defined by TS(ma,g,,,)=min < < (m,,g,,,,P",P’)

P!, P?

With P' parameters to minimize for a given hypotheses

A one-sided 95% CL upper limit then corresponds to TS = 2.71

Il B
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Summary

Cervane Grimaud

lll. Results
* Stacking analysis results
* Impact of EBL modeling
* Impact of EBL mismodeling
* ALP injection recovery
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1. Stacking analysis results

Performing the analysis for increasing 1 . [ ]
number of combined datasets for H.E.S.S,, ] / // / ///
MAGIC and VERITAS /{ // (//
— i 1 /
— ///
For m, = 3x10°8 eV = x 3 sensitivity '> | g / 2 /)
improvment with gayy =6X107® GeV". v \ );/7 H (11 Datasets)
U i / V (15 Datasets)
: \\’/_/wj ) H+M (26 Datasets)
g 10712 1 | \\ /7//—// H+M+V (41 Datasets)
=0 N\
\\\;’5/
—~
1079 I I I 1 LI IlIOLS I I I | LI \1\0|77 I I I T ‘1‘()76
g, [eV]
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1. Stacking analysis results

Performing the analysis for increasing
number of combined datasets for H.E.S.S,,
MAGIC and VERITAS

For m, = 3x1078 eV - x 3 sensitivity

improvment with ga,, =6x107° GeV".

Sensitivity decreases:
- m, ~ 1078 eV where critical energy gets
closer to the IACTs low-energy threshold

- m, = ~ 1077 eV where critical energy falls
into the strong EBL absorption regime

Cervane Grimaud

| [ // /i

| [
T K Vi
5 \ )?5/
QO | \\ ] 1 e
S = ~ H+M (26 Datasets)

g 10712 1 | \\ /7//—// H+M+V (41 Datasets)

=9 ] \ Y.l

1 \ A

| X1

0 T s ™
g, [eV]
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1. Impact of EBL modeling

We consider several EBL absorption ] /( /‘f /j‘f
models: 1 / / //
- Franceschini (baseline) i
- Dominguez 7'4_' 2 //
- Finke § /
% \ / // H (11 Datasets)
= i 2 ey
- Al - Dominguez
$ 10712 AL e Finke
The impact of the EBL model (41 datasets): %0 ’ \ /-f
—> Limited to 3% below m, = 7x1078 eV | \\ /”/
—> Increases to 6% for m, = 2x107 eV 1 e
10 BT e
m, [eV]
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lll. Impact of EBL mismodeling

EBL mismodeling:
Mock data simulation - Francheschini EBL model Maximizing the likelihood - Finke EBL model

For 1 datasets: \Weak detection (TS ~ -0.50)
At E <10 TeV = Finke EBL model induces stronger attenuation for sources with z < 0.2 compared to Franceschini
Need more Y-rays at E <10 TeV = obtained by ALP-Y coupling

10—11

H.E.S.S. : 2
(11 Datasets)

1012

|Sayy| [GeVT]

10—13
1010 10~° 108 10~7 10°

mg [eV]
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lll. Impact of EBL mismodeling

EBL mismodeling:
Mock data simulation - Francheschini EBL model Maximizing the likelihood - Finke EBL model

For 1 datasets: \Weak detection (TS ~ -0.50)
At E <10 TeV = Finke EBL model induces stronger attenuation for sources with z < 0.2 compared to Franceschini
Need more Y-rays at E <10 TeV = obtained by ALP-Y coupling

For 41 datasets: 1=
—> More high redshift H.E.S.S. H+M+V
sources (11 Datasets) (41 Datasets)

—> Reduces the relative
impact of low-redshift
sources the effect of EBL
mismodelling.

1012

|Sayy| [GeVT]

Higher statistics, less EBL 1=
1010 10~° 108 10~7 10°

mismodeling impact my [eV]
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lll. Impact of EBL mismodeling

Same investigation for one close source J144.9+1937 (z = 0.02) for 100 hours and 500 hours of observation time

When the photon statistics increases — false detection becomes more and more significant.
—> Strong observing time biased towards a single bright and close-by object results in a stronger EBL mismodelling
impact

10~ 11 25 1011

|
. . J1144.9+1937 » J1144.9+1937 0
Importance in having a (100h) (500h)
statistically % ; 15

homogenous dataset to
mitigate EBL
mismodeling effect

1012

|Qayy| [GeV ]
TS

10—13
1010 10~° 108 10~7 10° 1010 10~° 108 10~7 10°

mg [eV] my [eV]
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1. ALP signal inject

IonN

ALP-photon conversion injection:
m, = 7x10®and range of gay,™

Using TS method - recover ga,,*° with better than = 1
4% bias for coupling > 10" GeV™’

For lower coupling value 8
—> Only upper limits derived bg:
—> Considerable statistical uncertainty on the ALP-
photon coupling recovery 1

10-13 4 ‘

+0o
+ ¢ with 20% more flux

Same test but with 20% systematic uncertainties 1071
on the flux normalisation

- band increase by 14 % compared to statistical

uncertainty only

Cervane Grimaud IRN Terascale - Heidelberg - 2026
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Summary
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IV. Conclusion and outlook
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V. Conclusion and Outlook

-9
Our approach enables to probe uncovered 10 WD
region in the 10-100 neV masse range CAST , Polarisation

where ALP can comprise all the DM O  Diffuse SN MWD X-rays
[r— \l
e . — Eermi SNe-7
The strongest sensitivity reached at: | EETEITETEN
(Fermi %‘C_(\\\\ o
> m, =2x108eV. 9‘ Super star clusters ?
& %
U 1H1521+643 (Chandra) as
bt% . This work
—_— NGC 1275 -~ s H+M+V (41 Datasets)
(Chandra) »* @t"\‘e
10_13 3 ot a},@*&
E 1”";»\8
T T T T 1 HHﬁI”I T

T T T L | UL ) LN | LLLLLAAL )

107 1071 10712 100 107 107 1008 1077 10°® 10°°

my [eV]
Article in JCAP :101088/1475-7516/2026/07/066
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V. Conclusion and Outlook

10°
Our approach enables to probe uncovered
L poAD
region in the 10-100 neV masse range CAST , olarisation
where ALP can comprise all the DM R Diffuse SN MWD X-rays
\
ey e ‘_'*_‘ Fermi'SNe=7
The strongest sensitivity reached at: | Betelgeuse
- gayy = 5X’IO_13 (36\/_1 % 10711 Hydra-A I\I((Fi§111q2]?5 \\aﬁ?\g- =
> m,=2%1078¢eV. ) Super star clusters e g %
= L :
L . . L. . “12 =
Sensitivity reach is statistics dominated < 10 H1821+643 (Chandra) o =
—> increasing data collection towards =0 I el HM+V (41 Datasets)
selected AGNs with ongoing IACTs remains eag S
H 10_13 3 ,t/b,'bs
Important = PN
] A"
UL I Nllllﬁl’ T T T T T T I T T I T TTTT T T T T T

107 1071 10712 100 107 107 1008 1077 10°® 10°°

my [eV]
Article in JCAP :101088/1475-7516/2026/07/066

Cervane Grimaud IRN Terascale - Heidelberg - 2026 35



https://doi.org/10.1088/1475-7516/2026/07/066

V. Conclusi

Our approach enables to probe uncovered

region in the 10-100 neV masse range
where ALP can comprise all the DM

The strongest sensitivity reached at:
% gayy = 5X’IO_13 (36\/_’I
> m, = 2%x1078 eV.

Sensitivity reach is statistics dominated
— increasing data collection towards

selected AGNs with ongoing IACTs remains

important

The impact of the EBL model on the

sensitivity reach is limited with statistically

homogeneous datasets for AGNs
distributed over a range of redshifts.

Cervane Grimaud

on and Outlook

10~?
MWD
CAST Polarisation
. MWD X-rays
1010 Diffuse SN
— \-
— Fermi SNe-;
| Betelgeuse
% 1011 Hydra-A NGC1275
(Fermi) %
U Super star clusters o
— MS87 S 3
< 12 < &
< 10~ H1821+643 (Chandra) e
Thi k
bo H+M+V1(ii;vgatasets)
10~"='g
UL I IHHﬁ] T T T T T T I T T I T TTTT T T T T T
107 1071 1072 100" 107 107 10°% 107 10® 10°°
my [eV]

Article in JCAP :10:1088/1475-7516/2026/07/066
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Composite image of-Centéurus A [ESO/WFI (Optréal): MPIfR/ESOiAPEX/A.WeBS et al®
(Submillimetre); NASA/CXC/CTA/R Kraft et al. (X-ray); CC BY 4.0]




JACTs effective area

MAGIC AND HESS effective area

. — MAGIC
10° —— HESS
] —— VERITAS
104 3
E 10° 1
lE ]
[T
<T
102 3
10!
lﬂl} LR T— 1 T oo T 1T T T ITIT] 1T T rrrr T 1T T oo T 1T T T
102 101 100 101 102 1043

E, Tev

Cervane Grimaud IRN Terascale - Heidelberg - 2026

38



Galactic cluster magnetic field modeling

We consider cool core GCs - magnetic field profile dependent on the electron density, and estimated
~10uG in the central regions.

The thermal electron density is well represented by a standard 3-model:

r2\ —36/2
ﬂ-e(?“) = Ny (1 i ?“2)

with n0 = 3.44x103cm™3, rc = 291kpc, and 3 = 0.75

The magnetic field strength scales with the local electron density as:

Cervane Grimaud IRN Terascale - Heidelberg - 2026
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Faraday Rotation Measure

Coma cluster magnetic field modeling:
observational constraints from polarized radio emission (Faraday rotation especially)

Linearly polarized electromagnetic wave passes through a magnetized plasma
- its polarization plane rotates due to the birefringent properties of the medium (difference in
phase velocities of the left- and right-handed circular components)

The observed polarization angle Wobs :

Wobs(A) = Uine + RM - \°

observer
RM = 812 f ne(l) By(l)dl  [rad-m™?]

source
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EBL models comparison

z=1 —— Franceschini
] z=0.1 ---- Dominguez
z=0.02 e Finke

— 0
= 10

Absorption coefficient [exp (—7(
—_
(e
|

102

L I I
10
Energy [TeV]
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