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Dark matter
an essential building block of the Standard Model of Cosmology
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What are the options?

See Marco’s overview!

107" eV peV 0.1eV keV MeV GeV 10% TeV 107 M, 10 Mg 10° Mg,
< >
Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH
Wave vs Macro
particle Particle zoo’ objects

[EuCAPT white paper,
arXiv: 2110.10074]
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What are the options?
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Search under ‘theory’ lamppost



Wh at are the StrategieS? (...for probes of ‘other than’ gravitational interactions)

Ways to Detect Dark Matter — Make, Shake and Break

Proton Dark Matter Dark Matter Dark Matter

Proton Dark Matter Nucleus Nucleus
Make — collider production Shake — direct detection scattering D’reCt deteCt’on:
— elastic scattering
Dark Matter SM Particle
— conversion In
Axion experiments
Dark Matter SM Particle

Break — indirect detection of annihilation

Astrophysical searches:
— DM self annihilation or decay

— PBH evaporation




Astrophysical probes

107" eV peV 0.1eV keV MeV GeV 10% TeV 107 My 10 Mg 10° Mg,
<
Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH
Wave vs Macro
particle Particle zoo’ objects

Astrophysical probes of the nature of DM

PROs

— remotely, in places where we have evidence for DM presence

— plenty of astro data available ('golden age’)

CONs

— learning backgrounds (astrophysics!) and searching for new signals at the same time

— all searches model dependent




What are the options?

107" eV peV 0.1eV keV MeV GeV 10% TeV 107 My 10 Mg 10° Mg,
<
Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH
Wave vs Macro
particle Particle zoo’ objects
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Searches in astrophysical/cosmological data (DM'’s ‘natural habitat’)
What are the signatures?

1. Injection of SM particles/Cosmic rays

- In DM DM interactions thermal DM

DM SM

DM SM

- In DM conversions/decays

sterile neutrinos
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- PBH evaporation...




Searches in astrophysical/cosmological data (DM'’s ‘natural habitat’)

What are the signatures?

2. Altering of behaviour of astrophysical systems

[credit: Leane, R]

. *

I+ Gamma Rays

- capture by stars (altering stellar evolution) or planets (altering internal heat production)

- cooling of stars via DM channel

- affecting GW emission ...

Compact
Object

Dark Matter 'spike'

Cold DM “dress” around (P)BHs => de-phasing of GW-form
Gondolo&Silk PRD’99; Zhao&Silk PRD’05; Kavanagh+ PRD’18; Coogan+ arXiv:2108.04154

Asymmetric DM

Axions...
SM

A ." M Ultra-ligt bosons

Light boson fields around BHs => Super-radiance
Brito+ Lect. Notes Phys.'15



Searches in astrophysical/cosmological data (DM'’s ‘natural habitat’)

What are the signatures?
PROs: worked so far...

CONs: does not give a handle on

Mco g
1022 10% 1028 103! 1034 103
- - 1~ 1 " 1 r 7 T

3. Purely gravitational interactions with visible matter

- gravitational lensing

Micro lensing (asteroid to solar masses))

Galaxy-galaxy lensing

Micro-lensing

10—3 1 1 | 1 1 | 1 L | 1 L | 1 L |
10712 107° 10-¢ 103 10° 103

Mco [Mg)

Stellar stream in a smooth galaxy

. . . \
- stellar tidal stream disruptions —

Stellar stream in a clumpy galaxy

- stellar wakes...

Bonaca et al. (2014)



Searches in astrophysical/cosmological data (DM'’s ‘natural habitat’)

What are the signatures?
PROs: worked so far...

3. Purely gravitational interactions with visible matter m

- gravitational lensing

Micro lensing (asteroid to solar masses))
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: Dark subhalo lensing/streams
Galaxy-galaxy lensing 102
- 108
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Dwarf galaxies (cosmic dawn)
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In terms of detection strategies:

Super-radiance

Xeraylines ‘direct’ cosmic messengers
Microlensing Microlensing
107 eV peV 0.1eV keV MeV GeV 10* TeV 107 M., 10 Mg 10° Mg,
< >
Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH

EuCAPT white paper,
arXiv: 2110.10074



In terms of detection strategies:

Super-radiance

GW EMRI dephasing PBH mergers & SGWB
GW NS mergers
NS heating
CMB SD CMB SD CMB SD
1 : X &7y rays : Xrays : 7Y, cosmic rays &V 1 Radio, X &7 rays 1
| 2 2 i |
. " aanlies 'COEEEE ‘direct’ cosmic messengers ,

. "
. "
- "
' Microlensing . 1 Microlensing
1 | 1 1
| | 1 ;
: Structure formation : : 1 Structure formation
| | 1 :
1" ‘:V peV 0.1 e:V keV MeV 1 GeV 102 TeVy 107 M, 10 Mg 10° Mg
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t

EuCAPT white paper,
arXiv: 2110.10074



What is the expected DM signal? - y's and V's travel in straight lines!

4 )
Flux (y,v) | = particle physics
\_ J
t . Mass
S
Anniﬁilation Channel
Energy
WIMP example Bertone 2007
dO(AQ, E.) 1 (TgynV) dN!
0% . ann2 X BR, 0%
dE, 4 2m; . dE,
l
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How is DM distributed

X f dQ f ds p*(s, Q)
AQ los



What is the expected DM signal? - charged particles

r \
Flux (CRs)
- Y

[credit: Cirelli, M.]
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Focus on y rays
Where to look?
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What tools?

; | ] | ' e N S
T S ETSEERE e N~  BTiberAS

% .,

Fermi LAT ACIE ACTs TH. E6.8: MAGIC, VERITAS HAWC " BLHAASO

=
=

[
S

0
(V)]
¢
-
)
)
=
Q
L
o
S~
=
°
W 10
>
i
2
o
Vp)
c
3
N

e 10° 10° | 104 107
Energy [GeV]




G eV VS Tev Talks by Marina, Masahiro, Razmik!
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thermal freeze-out (early Univ.)
indirect detection (now)

What strategies (WIMPs)? g

c DM SM
e
g
[}
©
Si g na I = DM SM
=
production at colliders
strength

A

Extragalactic sources:

¢ clusters of galaxies
dark subhalos g

=5

e other galaxies (M31,
M33, LMC, SMC)

dwarf satellites

[Archaryya et al. JCAP 2020.]

GC halo

[J. C-B. + Phys.Dark Univ. 32 (2021)]

Cosmological signal/UEBG:  spectral line

Regt (SOURCE), E, =120.8 GeV

e Spectral flux

ap|- Signal counts: 57.0 (4.637) B0L5 - 210.1 GeV

45| P-value=0.46, Xoy=22.1/22

e Auto-correlations =

e Cross-correlations w G: »
catalogs and cosmic st .|

L] L] T T 1 !

1 1 1 1 1 1 1

n 5

[adapted from: H.-S. Zechlin] X robustness



State-of-the-art
cca 2016

1 —93 _ — — LAT dSphs: (proj. 15 yrs 60 dSphs)
y -+ -+ CTA GC Halo 500h: Lefranc+ (2015)
CTA MW Halo 500h: Carr+ (2012
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State-of-the-art

Note that dSPh limits could be weaker due to DM density distribution uncertainties

[Ando, S.+, 2020]
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State-of-the-art

* Stack |Ike|IhOOd functlons of 20 dwarf satelllte

gaIaX|es by 5 gamma-ray telescopes (Ferm|— |
LAT, MAGIC, HESS, VERITAS, HAWC)
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More data +

excellent collaboration between experiments!

[Armand, C.+, 2108.13646]



State-of-the-art
1-3 GeV residual
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State-of-the-art

Pulsars are spectral twins of DM +
about 300 pulsars discovered in the
LAT data (none in the inner GC region)

Mind the (reality) gap!
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State-of-the-art
‘cornering the WIMP’

Leane+ PRD’18
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> RN WIMP window
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The fUtU re. See Masahiro’s

CT A overview

Dedicated observational strategy: sky surveys

« Unbiased view of the sky
 Bridging the differences with satellite data

i | Galactic Plane survey

Extragalactic survey

Galactic center survey

©

Q

<

Q

©

2

©

Y

)

@)

© 2%

©

@)

o Momtormg A G o R
-60°

-75° Galactic longitude (deg)



. jg-o LeanerpRDTS
CTA. Wl M PS@ G C Qwimp = Qpm
10—23 é
DM sensitivity in a range of targets being explored s
S 10725 ¢
o o @) E
The observation of the GC has the potential to close =
10—26E
the WIMP TeV window :
107617 ™10 107 "10° 10° 10°
my [GeV]
107245 -
. , bb
| iijr:ours over first 10 W~ W/O EW corr. F
. : 7-+7-_ L
! 5 additional 300 hOL.JI’S
10727 73
9 ’ -
= i i
& I / ]
y i \ \\ / I
CES N —— lhorMal (ov) (DarkSUSY)[
— _26 \\\ \\\\\ ////////
'~ - ~— —_—— — -
S 10 - T - -
S It —— =T signal: Einasto -
10_27 [Archaryya et al. JCAP (2020)] background: CR + [EM (Gamma)
T T T T T T T T I T T T T T T T T I T T T T T T T T

102

10°

104 10°

m, |GeV]




What strategies - ALPs?

thermal Planck scale

particles

10%° 10%%V
weak scale

Where to look?

« strong magnetic
fields over

« large distance
scales

— e.g. galaxy clusters

Primordial
Solar mass
black hole




CRITICAL ENERGY W)

|m; Wol, nev|

Ecrit ~ 2.5 CeV a,neV - pl, neV ”
g11buc eV,
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Strategy 1: examine the y

spectra of astro sources and use
it to constrain the probability of

ALP-y conversion
— affects gamma ray ‘opacity’

— causes spectral irregularities
around Et

Credit: M. Meyer



What strategies (ALPs)?

Strategy 2: ALPs would be

produced in a core-
collapse SN explosion via
Primakoft process

Smoking gun! Gamma rays
would arrive contemporary
with neutrinos.




State-of-the-art
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The future:CTA
ALPs@ NGC1275

NGC 1275 is the central galaxy of the Perseus cluster, at a

distance of ~ 75 Mpc.

Perseus cluster harbors a strong magnetic field, ~25 pG.
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[Archaryya et al. JCAP 2021]




Gamma-ray DM search summary

The ‘vanilla" WIMP parameter space already largely constrained and the remaining TeV

window will be probed by the CTA

Fermi LAT and CTA data (will be) able to constrain chunks of the ALP DM parameter space
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DM search with charged CRs

DM limits:
Antiprotons - one of the most sensitive probes of new physics
— p spectra measured exquisitely well
— anti-p produced as secondaries, with the proton spectra as the source term

Simultaneous fit to p and He spectra (constrain propagation parameters) + DM component
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GC excess region!

Note strong limits at high masses

However, uncertainty in solar
modulation, pp x-section, ...



Charged cosmic rays - the precision era

DM limits: Antiprotons

New results that take systematics uncertainties (via covariance matrices) into account
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'Direct’ WIMP searches
status cca 2020
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'‘Direct’ WIMP searches

Future?
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'‘Direct’ axion and ALP searches

From PDG 2022
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'‘Direct’ axion and ALP searches

Microwave cavity dark matter axion searches (a.k.a. haloscopes)
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Future? New experiments

More data are coming! (CTA, Vera Rubin, SKA, XENONNT...)

Sheer amounts of (upcoming) data plus the complexity of physics and multiwave/messenger
connections are making it increasingly challenging to analyse the data in a comprehensive way via
traditional techniques
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Future - Machine learning?

Starting slowly in this field

An example, automatic source detection and classification from raw LAT images
(AutoSourcelD):

— faster, more robust to background model

— extension to multi-wavelength ~natural

. . fo) . o
Results for High Latitude: |b| > 20 Results for Low Latitude: |b| < 20
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Low background emission. Higher accuracy in localization. Regions closer to galactic plane. Background

emission dominates.
Better classification.

(www.autosourceid.org, A&A, 2103.11068) Algorithm performance deteriorates.

[credit: Saptashwa Bhattacharyya, TeVPA 2021]


http://www.autosourceid.org

Outlook

Exciting multi-disciplinary field & lots ot data to play with !

Signiticant progress on probing WIMP and ALP models and more to

come soon

The search is widening - It always seems impossible until it's done :)



Curious to find out more”?

http://www.idmeu.org — a go-to place for all things dark matter
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Initiative for Dark
Matter in Europe and
Pu.blication Viriginia Trimble beyond

Existence and Nature of
Dark Matter in the
Universe

A hub for News/Events/Experiments/Models/Tools....
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