From gamma rays to
multimessenger dark matter
searches

Milena Crnogorcevic
Postdoctoral Fellow at the Oskar Klein Centre

Dark Matter & Neutrinos

Institut Henri Poincaré
May 23,2025


mailto:milena.crnogorcevic@fysik.su.se

Dark Matter Landscane: A Theorist's Uiew
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Our search strategies are

inherently biased

1. model dependency bias: theory guides our
search strategies

2. observational bias: disparity between the
data we have and the data we need
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Our search strategies are

inherently biased

3.

model dependency bias: theory guides our
search strategies

observational bias: disparity between the
data we have and the data we need

identifiable signature bias: required for

... we have to start somewhere.



Dark Matter Landscape: An Observer's Uiew

Superradiance
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The highest priority recommendation:
A next-generation 10 MeV to 100 GeV gamma-

ray mission (such as GLAST, now Fermi) with
orders of magnitude improvements in sensitivity
compared to previous missions (EGRET).

Report of the Gamma Ray Astronomy Program Working Group
April, 1997

The full report can be found at: https://ntrs.nasa.gov/citations/19980017217.
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The Case of
Dark Matter
&

Fermi

Pre-launch estimates for GLAST sensitivity to Dark
Matter annihilation signals

E. A. Baltzi, B. Berenjif, G. Bertone§, L. Bergstrom ¢,

E. Bloomi, T. Bringmann ¢, J. Chiang}, J. Cohen-Tanugii,

J. Conrad § **, Y. Edmonds}, J. Edsjo ¥, G. Godfreyi,

R. E. Hughes||, R. P. Johnson™, A. Lionetto*, A. A. Moiseev,
A. Morselli*, I. V. Moskalenkott, E. Nussii, J. F. Ormes§s,
R. RandoqqY, A. J. Sander||, A. Sellerholm¢, P. D. Smith||,
A. W. Strong||||, L. Wai}, P. Wang}, B. L. Winer ||

Abstract. We investigate the sensitivity of the Gamma-ray Large Area Space
Telescope (GLAST) to indirectly detect weakly interacting massive particles (WIMPs)
through the «-ray signal that their pair annihilation produces. WIMPs are among the
favorite candidates to explain the compelling evidence that about 80% of the mass in
the Universe is non-baryonic dark matter (DM). They are serendipitously motivated by
various extensions of the standard model of particle physics such as Supersymmetry and
Universal Extra Dimensions (UED). With its unprecedented sensitivity and its very
large energy range (20 MeV to more than 300 GeV) the main instrument on board the
GLAST satellite, the Large Area Telescope (LAT), will open a new window of discovery.
As our estimates show, the LAT will be able to detect an indirect DM signature for
a large class of WIMP models given a cuspy profile for the DM distribution. Using
the current state of the art Monte Carlo and event reconstruction software developed
within the LAT collaboration, we present preliminary sensitivity studies for several
possible sources inside and outside the Galaxy. We also discuss the potential of the
LAT to detect UED via the electron/positron channel. Diffuse backeround modeling

Authors' affiliations removed for readibility.

10



The Case of
Dark Matter
&

Fermi

Pre-launch estimates for GLAST sensitivity to Dark
Matter annihilation signals

E. A. Baltzi, B. Berenjif, G. Bertone§, L. Bergstrom ¢,

E. Bloomi, |T. Bringmann|q, J. Chiang}, J. Cohen-Tanugii,

J. Conrad § **, Y. Edmondsi}, J. Edsjo ¥, G. Godfrey{,

R. E. Hughes||, R. P. Johnson™, A. Lionetto*, A. A. Moiseev,
A. Morselli*, I. V. Moskalenkott, E. Nussii, J. F. Ormes§s,
R. RandoqqY, A. J. Sander||, A. Sellerholm¢, P. D. Smith||,
A. W. Strong||||, L. Wai}, P. Wang}, B. L. Winer ||

Abstract. We investigate the sensitivity of the Gamma-ray Large Area Space
Telescope (GLAST) to indirectly detect weakly interacting massive particles (WIMPs)
through the «-ray signal that their pair annihilation produces. WIMPs are among the
favorite candidates to explain the compelling evidence that about 80% of the mass in
the Universe is non-baryonic dark matter (DM). They are serendipitously motivated by
various extensions of the standard model of particle physics such as Supersymmetry and
Universal Extra Dimensions (UED). With its unprecedented sensitivity and its very
large energy range (20 MeV to more than 300 GeV) the main instrument on board the
GLAST satellite, the Large Area Telescope (LAT), will open a new window of discovery.
As our estimates show, the LAT will be able to detect an indirect DM signature for
a large class of WIMP models given a cuspy profile for the DM distribution. Using
the current state of the art Monte Carlo and event reconstruction software developed
within the LAT collaboration, we present preliminary sensitivity studies for several
possible sources inside and outside the Galaxy. We also discuss the potential of the
LAT to detect UED via the electron/positron channel. Diffuse backeround modeling

Authors' affiliations removed for readibility.

11



Bullding Fermi

From left: Fermi/LAT Principle Investigator Peter Michelson, Fermi/LAT co-creator Bill
Atwood and Steven Ritz, project scientist at NASA. (Credit: Steven Ritz/UC Santa Cruz.)
» Fermi Operations team sporting their colorful unofficial uniforms. (Courtesy Jana Thayer.)
Putting the Large Area Telescope together. (Photo courtesy SLAC Communications.) 4. The view
of the launch from Cocoa Beach. (Courtesy SLAC Communications.) >. The team that put the
Large Area Telescope together at SLAC. (Courtesy SLAC Communications.)




The Fermi -LAT

e*e pair-conversion telescope
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individual y rays convert into e*e" pairs
—> tracks (localization) & deposited energy
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The Fermi -LAT

e*e pair-conversion telescope

Energy range” 20 MeV to > 300 GeV

Field of View** 2.4 sr(~1/5 of the whole sky)
Single photon angular resolution*** < 1degat1GeV
Timing accuracy 1 microsecond

*ideally suited for WIMP searches
**whole sky every ~3 hours
***point-source localization <0.5 arcmin

individual y rays convert into e*e- pairs
—> tracks (localization) & deposited energy

...it also detects electrons.
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® Fermi Large Area Telescope (LAT), AGILE
Satellite (deorbited Feb 20, '24)

%. e Pair-conversion instruments

\
Atm ospheric/water |e VERITAS, MAGIC, HESS, HAWC, LHASSO
Cherenkovy |® Atmosphere/water = calorimeter,

Te eSCopes particle showers
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Galactic Centre

Extragalactic
diffuse

[Conrad & Reimer 2017]

Galaxy clusters /

Galactic diffuse

~
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Also: Solar System (Sun, Jupiter), brown dwarfs, exoplanets, etc.
@ DM & vs: Rebecca Leane and Tim Linden
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Target 1: The Galactic Genter

Credit: NASA/DOE/FERMI LAT COLLABORATION; T. LINDEN



Target 1: The Galactic Genter

® 9:30AM - 10:00 AM

O 3\
J

Y  (Institut Henri Poincare)

Presenter Silvia Manconi

also @ DM & vs: Kevork Abazajian, Torsten Bringmann,
Marco Cirelli, Rebecca Leane, Tim Linden

Credit: NASA/DOE/FERMI LAT COLLABORATION; T. LINDEN



«  Well-established bright excess in gamma rays (peaking at 1--3 /

GeV) detected in LAT
«  Extended emission up to ~10 degrees (1.5 kpc)

¢: Silvia Manconi

-Did we reach the instrumental limits? What about
theoretical models?

Diffuse models are not representative of the data
Confirming pulsars: future detections of radio emission by MeerKat and SKA

Confirming dark matter: check for signals elsewhere (or build a better instrument?)




Galactic Centre

Extragalactic
diffuse

[Conrad & Reimer 2017]

Galaxy clusters /

Galactic diffuse

~
£

Also: Solar System (Sun, Jupiter), brown dwarfs, exoplanets, etc.
@ DM & vs: Rebecca Leane and Tim Linden




Good statistics
X Source confusion/diffuse
background GC halo

Galactic Centre

dSph

Extragalactic
diffuse

Galaxy clusters /

Galactic diffuse

Also: Solar System (Sun, Jupiter), brown dwarfs, exoplanets, etc.
@ DM & vs: Rebecca Leane and Tim Linden
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[Conrad & Reimer 2017]
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R

.. —> most dark-matter dominated systems known
*inthe Universe

— 61 dwarf satellites identified so far in the
~ Milky Way, more on the horizon

- .. —» nearby (furthest 460 kpc), some within
- single-digit kpc

- —» not much astrophysical background, inactive: .
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astrophysics

DM y-ray flux |-factor

2
J Pbpm
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Dark matter content determined from stellar velocity
dispersion

- Classical dwarfs: spectra for several thousand stars
- Ultra-faint dwarfs: spectra for fewer than 100 stars
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Combined dSph Analyses
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Combined dSph Analyses
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1021 my——rprrperry———rerrry
dSph Constraints . . e
sl s | —Trials factor reduces significance to 0.5 .
~—— Di Mauro et: al. (2021)
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[McDaniel+ '24]
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Many underlying assumptions: dark matter distribution models, parametric/non-parametric approaches, observational limitations - can result in at least a factor of few difference to the
real value.[e.g., Bonnivard+ 15, Geringer-Sameth+ 15, Hayashi+ "16, etc.]
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How many dwarf galaxies do we 7éa//y need?
Mayhe just one, but a good one?

M. Crnogorcevi¢ — Dark Matter & Gamma Rays — Dark Matter Beyond Weak Scale Workshop, 3/27/24

32
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Ursa Major 111 Limits
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[Discovery: Smith+ 2023]

[J-factor: Errani+ 2023]

— Unstable unless large DM
content

— Nearby (~10 kpc)

—> Strong constraints on DM
annihilation

— Confirming the dark matter
density requires deeper optical

surveys

UfrsaxMajor [IT Limits

10 100 1000
M, |GeV] [MC & Linden '23]



GloryDuck (LAT, HRWG, HESS, MAGIC, VERITAS)

* Perform multi-instrument and multi-target analysis to obtain the
most sensitive and robust results

» Joining likelihoods across instruments is challanging

e Focus: dSphs

* Limits driven by LAT sensitivity

* Legacy analysis of the current-generation gamma-ray instruments

GLORY DUCK




GloryDuck (LAT, HRWG, HESS, MAGIC, VERITAS)
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GLORY DUCK
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As reported in Celina Armand TeVPA 22 talk.



GloryDuck (LAT, HRWG, HESS, MAGIC, VERITAS)
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Dominated by Fermi LAT “

5

As reported in Celina Armand TeVPA 22 talk.
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HAWC, HESS, MAGIC, VERITAS take over

As reported in Celina Armand TeVPA 22 talk.
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Good statistics
X Source confusion/diffuse
background GC halo

Galactic Centre

dSph

Extragalactic
diffuse

Galaxy clusters /

Galactic diffuse

Also: Solar System (Sun, Jupiter), brown dwarfs, exoplanets, etc.
@ DM & vs: Rebecca Leane and Tim Linden

~
£

[Conrad & Reimer 2017]



Good statistics low background, good
X Source confusion/diffuse source ID
background GC halo X low statistics

Galactic Centre dSph

Extragalactic
diffuse

Galaxy clusters

|

Galactic diffuse

Also: Solar System (Sun, Jupiter), brown dwarfs, exoplanets, etc. .
@ DM & vs: Rebecca Leane and Tim Linden [Conrad & Reimer 2017]
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Extragalactic searches

= This work
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Good statistics low background, good
X Source confusion/diffuse source ID
background GC halo X low statistics

Galactic Centre dSph

Extragalactic
diffuse

Galaxy clusters

|

Galactic diffuse

Also: Solar System (Sun, Jupiter), brown dwarfs, exoplanets, etc. .
@ DM & vs: Rebecca Leane and Tim Linden [Conrad & Reimer 2017]




Check e.g. Amerio et al. 2025,
Fernandez-Suarez & Sanchez-
Conde 2025, for some recent
works on GC halo searches.

Also: Solar System (Sun, Jupiter), brown dwarfs, exoplanets, etc.
@ DM & vs: Rebecca Leane and Tim Linden

Good statistics
X Source confusion/diffuse
background

Galactic Centre

Galaxy clusters

low statistics
X astrophysical backgrounds

low background, good
source ID
GC halo X low statistics

dSph

Extragalactic
diffuse

|

Galactic diffuse

low statistics
X astrophysical backgrounds

~
£

[Conrad & Reimer 2017]







Axion/ALP Landscape: An Ohserver's view

L. Pr'\mo\«oﬁ

' %r\m\«oﬁ o X 0> 8
ga
' ‘ -~ 8%
aecny ““{:ﬁ 0\
¥




Axion/ALP Landscape: An Ohserver's view
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Where to look for ALPS?




ALP-photon conversion
probability map in the MW

Flux

ALP spectrum

>

Energy
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B-field



ALP-photon conversion
probability map in the MW

A
X
=
L
ALP spectrum
>
Energy
Inverse
Primakoff
Process
in the MW
B-field

AGN, blazars, etc.



* Nearby individual CCSNe (single & joint
likelihood)

* No detection (yet!)

« Constraining both /ight (< 10719 eV)and
heavy ALPs (< 3 MeV)

* Particularly exciting venue for future
searches (ZTF, Vera Rubin)

* Arunning MeV-GeVinstrument is a
paramount!

[Meyer+ PRL 17, Meyer & Petrushevska PRL 20, Crnogorcevic+

PRD ‘21, Miiller+ PRD ‘23, Ravensburg+ PRD ‘24, Calore+ PRD
‘24, and more]
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» Radio galaxy NGC 1275, also a gamma-ray
source in Fermi [Abdo+ '09]

* Central region of the cool-core Persius
cluster,z=0.0176

* High central magnetic field

e ALP limits driven by the ICM modelling;
popular target for ALP searches

[Credit’:"l\/léﬁe;_Lou Gendron-Marsolais & I‘-Ila.va'cév,lé-‘Larikoﬁd]



NGC 1275: spectral irregularities

* Milky Way & Persius cluster B - [Ajello+16]
fields CAST O
* conservative estimate of the PN Diccuse SN VWD /X'fays
central B field of 10uG [Aleksic+ = e NI
12] 3) 10 o G = :
. uper star clusters <
* EBLabsorption = - P R
» byears of data > still the most  £10 " NI :
stringent constraint for s
~ —9 : -
ma|p 10 eV EATHENA /‘/
« See [Cheng+ 27, etc] for 104 105 107 101 1010 109 108 107 106 105

additional B field considerations mg [eV]



Galactic Centre

Extragalactic
diffuse

Galactic halo: LAT Collaboration 13, Karwin+ 21, ...

Galactic diffuse: LAT Collaboration '12, Acero+ 16,

Charles+ 16, Porter+ 17, DiMauro+ '19,'21, ...

Extragalactic diffuse: LAT Collaboration "15, Ajello+ 15, Delos+ 23, ..
Solar System: Leane & Smirnov ‘20, Leane & Linden ‘21, Leane+ 21, .
Axions/ALPs: Ajello+ 16, Libanov &Troitsky ‘20, Cheng+ 21,
Meyer & Petrushevska ‘20, ...

PBHs: Carr+ '10; Ballesteros+ '20; Iguaz+ 21, ...

Galaxy clusters

Galactic diffuse

—~
£

[Conrad & Reimer 2017]
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Where toes the story




"Expecting to uncover dark matter in the next two decades is like waiting for the sun
during a Stockholm winter—if you catch a glimpse, it's barely enough to brighten
your day before the darkness takes over again.”

ChatGPT, 2025



we are here
eROSITA
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Future Innovations in Gamma rays

Science Analysis Group

... to explore gamma-ray science priorities, necessary
capabilities, new technologies, and theory/modeling needs
B Jrawing on the 2020 Decadal to inspire work toward 2040 s



https://pcos.gsfc.nasa.gov/sags/figsag.php

1968, Orbiting Solar Observatory, 0SO-3 (~50 MeV)



2000, COMPTEL (onboard CGRO), 1-30 MeV



2000, EGRET (onboard CGRO), above 100 MeV



2000, LAT (onboard Fermi ), above 500 MeV



RECOMMENDED PRIORITIES FOR NASA'S
GAMMA RAY ASTRONOMY PROGRAM
1996-2010

UNIVERSITY OF CALIFORNIA
RIVERSIDE

JUN D 6 1997

UBRAR
NT PUBUCA JONS DEPT.
GOVEPNME DEPOSTORY

/
&

.

Report of the Gamma Ray Astronomy Program Working Group
April, 1997

Intermediate Missions: Fermi, NuSTAR and now COSI
MIDEX and SMEX: Swift and NICER

Technology: a robust technology development program
(SiPMs, new scintillators, upgraded silicon detectors, etc)
Balloons (+ CubeSats!): long duration balloons enabled
COSI, LEAP, etc.

Data Analysis & Theory: mainly supported through Gl
programs

TeV Astronomy: VERITAS, HESS, HAWC, and MAGIC.
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RECOMMENDED PRIORITIES FOR NASA'S
GAMMA RAY ASTRONOMY PROGRAM
2025 - 2040

UNIVERSITY OF CALIFORNIA
RIVERSIDE

JUN D 6 2024

U&PUBUIARZ:A JONS DEPT.
RNMENT L
SN U.S, DEPOSITORY

Report of the Gamma Ray Astronomy Program Working Group
April, 2025

[insert your space-based gamma-ray wish list]

64



Submitted to the NASA Astrophysics Advisory Committee by
The Future Innovations in Gamma Ray Science Analysis Group

RECOMMENDED PRIORITIES FOR NASA'S
GAMMA RAY ASTRONOMY PROGRAM
2025 - 2040

Future Innovations in Gamma Rays SAG:
UNNERSIY OF CALFORNIA A Report on Gamma-ray Science Objectives Beyond
JUNO 6 2024 2025

U&PUBUIARZ:A JONS DEPT.
RNMENT L
SN U.S, DEPOSITORY

Chris Fryer!, C. Michelle Hui?, Paolo Coppi®, Milena Crnogorcevic?, Tiffany R. Lewis®, Marcos
Santander®, and Zorawar Wadiasingh’

'Los Alamos National Laboratory
2NASA Marshall Space Flight Center
3Yale University
4Stockholm University
5Michigan Technological University
SUniversity of Alabama, Huntsville
7University of Maryland, College Park

Report of the Gamma Ray Astronomy Program Working Group
April, 2025




 Gamma-ray observations provide unique tests for different dark
matter models

* Indirect detection provides stringent constraints
* Future experiment development is crucial

* Qur next space gamma-ray experiment is uncertain--- FIG SAG as a
venue to make a strong case to funding agencies




