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The Dark Universe
A Sgnergic Multimesscngcr APProaclﬂ

Dark matter evidence has grown to become one of the pillars of modern cosmology. However, we are
still Iaclcing a fundamental unclcrstancling of its origin ancr nature. The h Pothcsis tégt DMis composccl
bg a new Particlc has ProFound implications for our understanding of ?unclamental Phgsics, but up to
now DM evidences are of Purcly gravi’cational origjn and no unam iguous Proo1C that DM is composccl
bg Particlcs has been Prowclc .

The goal of this Projcct is to test the Particlc Phgsics intchretation of DM bg cstablishing a
comprchcnsivc approach to the whole host of cosmic messengers: clcctromagnctic radiation at anﬁ
relevant Frcclucncg (raclio, imcrarecl, X rays, gamma rays), neutrinos, chargcd cosmic rays an
gravitational waves.

This will be complemcntccl be the dcvclopmcnt of two innovative tcchniqucs sPcciFically conceived to
extract the faint DM signals from the ovcrwhclming astro hysical baclcgrounds: statistical cross-
correlations between gravitational tracers (wcak lcnsing, arge scale structure observed through
galaxies and galax ~clusters catalogs) and electromagnetic 5igna|s emitted from DM, thus combinin
togcthcr the two key manifestations of DM as an cE’r;cntarg Particlc; cxploration of the abilitg o%
Machine Learning tec nic]ucs to idcnthcg a DM signal.
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If DM is a new
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Parl:iclc

“Strong (~ish)”
Selxc~interacting
Technicolor DM

“EM (~ish)”
Mi”icharged DM
Electric/ magnetic dipole

Weak
WIMP

Gravitational

Particle
PBH



... kcando somcthing
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Where to search for a signal

We can exploit every structure where DM is Present

- QOur Galaxg

- Smooth component
- Subhalos

- Satellite galaxies (dwarfs)

- Galaxy clusters
- Smooth component
— Individual galaxies

_ Galaxies subhalos

~ “Cosmic web”




... and what

...ancl we have a large number OF messengers at CliSPOSBl

Our Galaxg

- Smooth component
- Subhalos

Satellite galaxies (dwarfs)

Galaxg clusters
- Smooth component
— Individual galaxies

_ Galaxies subhalos

“«Cosmic web”
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Charged CR (e*, antip, antiD)
Neutrinos

Photons
- Gamma-—rags

- Prompt Production
~ IC from e* on ISRF and CMB

- X-rags

— IC from e* on ISRF and CMB
- Radio

- Sgnchro frome* on mag, field

Direct detection

DM 4+ DM — (...) — signal
DM+N — DM+ N

[G]
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[G,E]

[L]

Local [L] - Galactic [G] - Extragalactic [E]




The Multimessengcr Lanclscapc

X/gamma rays: IC on radiation felds

Mass , radio: synchro on ambient mag fields
Coul:)lmg N R
X rays
, ) e+,e~ —
racllo neutrinos )
antlproton
e+,e~- antideuterium
infrared X/gamma rays | gamma rays
neutrinos neutrinos neutrinos
| I I I
| | | | >
eV keV MeV GeV TeV My
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Many arrows in our quivcr

However ...

DM signals are faint!

And there are astrol:)hgsicsl backgrouncls, too



WPI | Multimessenger Signals for DM and its Astrophysical
Backzrouncig -
la Raciic;: Infrared, X rays, Gamma Rays unio, Taoso
ib | Neutrinos Petkov
Ic Charged Cosmic Rags Donato
1d | Gravitational Waves Berejiarii
le | Direct Detection D'Eramo
WP2 | DM Distribution at Any Scale and its Impact on
Multimessenger Signals '
2a | Small 5caies?/Gala;<’ies, Dwarfs, Sublﬂalos, Coml:)act Objec’cs Salucci
2b Large Scales: Clus’cers, Cosmic Web Pietroni
WP3 | DM Pi'articlc Candidates and Connection to Multimcsscngcr
Signals
3a Tﬁe Light DM Window: Axions, ALP D'Eramo/RU3
§b Sterile Neutrinos and the keV window Giunti/RUI

3¢ | The MeV-GeV-TeV Scales and Beyoncl Masiero, De Simone
3d Portals, hidden sectors, selic-interacting, dissipative DM Berejiarii
WP+4 | Cross Correlations of Multi messenger Signals Fornengo
WP5 | Artificial lnte”igcncc Methods for Astroparticlc Phgsics
5a Machine Leaming for DM Muitimessenger Searches Fornengo
5b Machine Leaming for DM Particle Piﬁgsics Searches De Simone
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WP
Multimessenger Signals for DM and its Astrophgsical Backgrouncls

Detailed models of CR-induced emission and tuning with data. Deli\/my of detailed
emission maps.

Test of CR transport models with gamma-ray data.

Test of CR lepton components via inverse Compton and sgnchrotron emissivitg,jointlg
using raclio, microwave (including Polarization) and gamma-ray data to clisentangle
different classes of sources.

. Impact of the above analgses on DM searches. Infer at which level a subdominant
emission like DM can be istinguished from the Foregrounds.

Stucly of the antil:)roton and antideuteron components, in view of AMS data and in
Preparation of the GAPS mission.

Test of light DM (ALPs, dark Pho’cons, sterile neutrinos) with radio, infrared and X-ray
emissions.

lnvestigation of DM-enhanced comJDact obiects and derivation of GW waveforms from

their coalescence. Set up of analgsls Protocols for LIGO/ Virgo, derivation of bounds
on DM.



WP2
DM Distribution at Ar19 Scale and its lmpac’c on the Multimessenger Signals

Al Dgnamical models for the inner Par’c of galaxies and test on astrophgsical data.
B. lmplementation of techniques to derive mass Promciles of dwarf galaxies.

C. Development of perturbation theorg techniques to imProve redictions of statistical N-
oint correlators. Calibration on cosmological observations. Extension to the non-
inear regime.

D. Identification of crucial elements which differentiate CDM from other tgpes of DM
when aPPlied to cross-correlations.



WP3
DM Particle Candidates and Connection to Multimessenger Signals

Definition of DM effective models in hidden sectors, s’cuclg of their cosmologg including
modified DM clustering, interl:)lag between direct and indirect DM searches.

ALP cosmologg and its contribution to DM and dark radiation, relevance for future
CMbB surveys.

Sgsteimatic in\/es’cigation of Por’cals and its model realizations for direct and indirect DM
signa s.

i Sgstematic in\/es’cigation of sterile neutrinos and connection to the origin of neutrino
masses.

De\/elol:)ment of effective theories for sub-Gev DM, studg of their direct detection rate

and rgorous Predictions of its multiwa\/elerégth emission. ldentification of the discoverg
Po‘cential of future satellite experiments and definition the scope of their missions.

Elaboration of a novel class of models with inelastic DM processes and derivation of
their DM signatures N multiwavelength emission.

Embedding of effective models in well-behaved New Phgsics models.



WP4
Cross Correlations of Multimessenger Signals

First measurement of the cross~-correlation between gamma~raﬂs (Fermi-LAT) and
DES cosmic shear (First year of data, Y1). Preparation and clellverg of the analgsis for
DES Y5.

uEdate to the final Fermi-LAT statistics of the measurement and theoretical
in erpretation of the cross-correlation between gamma rays and: galax9 catalogs,
clusters catalogs.

lnvestigation of the cross-correlation for next-generation gamma-rays detectors (e~
Astrogam for low energjes, CTA for high energies).

. Extension of the cross-correlation tec}mique to radio emission. Bounds on both light
and hea\/g DM Particles. Forecasts and l:)rel:)aration for SKAI.

S‘cud for the extension of ’che cross~-correlation technique to X~rays for bouncls on
ALP, dark Photons and sterile neutrinos. Studg of the Potentiali’cies for e-ROSITA.

First theoretical Preclictions for the cross-correlations with Hi intensity maPPing and
Preparation for SKAIl and precursors.

lnvestigation of higher~orcler statistics (’chree-Point cross-correlations) .

PreParation of the multi~wavelength cross-correlation analgsis for the Euclid mission.



WP5
Artificial lnte”igence Methods for Astroparticle Phgsics

) Sul:)ervised Iearninr%trainecl on theoretical modeling of the exPec’cecl DM signals and
their astrophgsica ackgrounds, including adversarial network techniques.

Unsupervised leaming to extract hidden features in the multi~wavelength maps.
Deela learning al:)l:)lied to the cross-correlation observables.

. Predictive modeling and neural networks for the exploration of high-dimensiona
Parameter spaces of DM Particle Phgsics models.
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