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| Overview of the talic

 Particles as messé&\gers from the Universe
Charged cosmic rays

~ Photons - v rays
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| ‘PFZIMATQIETS dwac&ij proclu.ﬂed n &hew sources

Supernova remmnanks (SNR)Y, pulsars, dnrie ma&&ar ammhda&mm,
SELON?A(QIE’S F?rociuted bj spatia&mm reactions of pmmames ov\ &ka |

| inkerstellar medmm (ISM), made of H and He |

2. AL.L.E' LE QATION

SNR are comsidered the Powerhouses for CRs.
They can accelerate particles ot least up to 102 TeV

3. PROPAGATION | o i
CRs are diffused in the Galaxy galactic magnetic field (L&)

+ loose/gain energy with different mechainisms (L&F&ums)



The measured Cosmic Ray (CR) spectrum

CR dakabase: D. Maurin+ 2306:0%901

Gabici, Evoli, Gaggero, Lipari, Mertsch,

C. Evoli at hitps://agenda.infn.itlevent/21¥91/ Orlando, Strong, Vitkine 1903.118% 4

See also N. Tomasselbti 2301.10258
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Fig. 1. The individual CR flux for nuclear species up to Oxygen as measured by PAMELA and
AMS02. Shadow regions correspond to 1 sigma total errors (systematic and statistical added in
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1. The bu,i.lf c:wf Ehe é&f\@.\”gj of (..f?;s f:c;:»mes afrc)m SNQ
' - @.xpmsmms tn Ehe 9&1&6&& cic,sl.z

’T‘ke Fwwer cwf G@.\a’ L.Qs can be «compu&ed (SEroMg)—!-APJL 201c) nfrom Y rajs as
| ‘Fuz"’ 1041 arg/s. Ik s eqmvai.eh& Eo Eke Power c:-§
i obsarve.ci SNQS m Ehe &alaxj

2 L.Qs m'e a&aeiem&ed %krou,gh da{nfu,swe shock
- ‘ ac:&elera&mm o SNR s :

SNQS provud& the right energy needed for CRs (Baad&&lwuckj 1934
Classical best is through y-rays observations of SNRs (0'bruryr aga1994)
Still some ambiquities on hadron acceleration by SNRs which, could be
explained by Lep&a&uc em:,sswm (L.e. SNR RX J1713.7-3946)

See Bell MNRAS 197%, MNRAS2004, Bell +MNRAS2013; L.apnoi.w- MNRAS2009; BlasirApI2012 ; Recchiad:Grabici MNRAS201¥

Probe: detection of the maximum energy at 67.5 MeV in the o decayy rays from molecular
clouds illuminated -bj Mem’by, {rashtv accelerated protons



3. Lom[pos&mw primary, secondaries, both

Primaries: produ,ceci i the sources (SNR and Pulsars): H, He, CNO, Fe; e—, e+;
possibly er, p-, & from Dark Matter annthilation/decay

SE&OM&O\T’EES: prc:—ciu,ceci bf? spallation of primary CRs ([o, He,C, 0, Fe) on the interstellar
medium (ISM): Li, Be, B, sub-Fe, [...], (radicactive) isotopes ; e, p-, d-

N. Tomassebti 2301.10288

Solar System abundances,
similar to interstellar ones, are
deprived of nuclei such as
Li, Be, B, sub-Fe, believed to be
of secondary origin

o Cosmic rays
O Solar system
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All species are, at some extent, both primary and secondary



(..f?;s are -lufﬂfu,swetv tc:-wfmed i an
ex&ﬁnded magme&t hato

' L.f?;s mus& be Cowfmaci a regmv\ mu,ak &kwt&r Eham the Golackic disk,
Q&dmaa&we_ c,so&opes such as 1°Be indicate the existence of a magne&w
duf{uswa hod.ca severod. MFC &mm (L or H ) |

mm x R ~ Do x RO

H A !
Do ~ 1 28 ( % 2 .
0~ 3x10 (5 kpc) (10 g/ch) cm’ /s

Radio haloes observed in external galaxies.
A very extended halo, > 100 kpc; has been observed across M31 (arwinr Ap3zo19),
DM annihilakion has been exptored. (Karwin+2020).
Non-standard propagation of CRs can explain it (Recchiar Ap3zoz1)



Propagation equation

W = i(@,p) + V - (Dau Vibi — Vi)
0 1

PP Op p?

9
Op

+ —p?D

Diffusion: D(x,R) a priori
usuati.j assumed E,soErOF»Lﬁ tn the Galax:j: D(R)=DoR3 (fZ:Pt/Z.e)
Do and d Fre{erabt‘j fixed by B/C (kappl+1s; Genolinirls (K18))

Sources: ihjection from stellar relics (SNRs, PWN)
Spallation from nuclei scattering off the interstellar medium (ISM)

Energy losses: Nuclei: tonisation, Coulomb (spallations)
Leptons: Synchrotron on the galactic BY3 u&
Inverse Compton o photon fields (stellar, CMB, UV, IR)

Geometry of the Galaxy: cylinder with half-height L ™ kpc

Solukion o§ the equ semiwav\atjﬁiﬁ (Maurin+ 2001, Donako+r 2004, Maurin 201% ...), USINE codes
or «fu,ii.j numerical: GALPROP (Strongdmoskalenko 199%), DRAGON (Evolir 200%; 2016), PICARD

(Kisskmanm, 2014, Kissmann+ 2018)



The Galaxy seen by a wandering particle

FRAG MENTATION
JSM H ot He

Courtesy of M. Korsmeier




?’rmp&gaﬁav\ models vs daka

Weinrich+ AgA 2020 ' | Di Mauro, FD+ 2023
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See also Evoli+ PRD 2020; Schroer+ PRD 2021; CuocotKorsmeler PRD 2021, 2022

Daka on nuclear sget‘:ies are well described bwj yrapaga&on models wikh
diffusion coefficient power index 5 = 0.50 £ 0,03,

Convection or reacceleration models bobth worl.



Hardening of nuclear spectra

PAMELA Coll. Science 2011; AMS Coll ‘Phjs F{ep& 2021, PRLR0O17; PRLRO1Y

+ Helium s Lithium
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A general hardening is observed ot ~ 300 GV

The rigidity dependence of Li, Be and B measured by PAMELA and AMS are nearly
identical, and different from the primary He, C and 0 (and also p).

The spectral index of secondaries hardens ~0.13 more than for primaries



H wd@-%f«ﬂs =R clean hechriffusion

Mos& tredc&ed expiavm&mm isa BI??USION @fnfer::& & ~ 300 GV,
na%u,ratbj w;?:k o bwice power Law {or se&omd&mes.

(Genotmw PRL 2017;; Evolir ‘sz‘bzcl") -

Tomassetki Apdl 2_012'- £ - Evolis ?rzL-zTo:L_it - Blasi, Serpico, Amato PRL 2012

K(z p) = kofBp° for |z| < €L (inner halo) -
)= koBp°tA  for|z| > L (outer halo)

- - - HM (5=0.6)

(a) B/C ratio
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The diffusion coefficient close | CRs diffuse on external turbulence
to the disk is different than (mainly above the break) and on the

in outer diffusive halo | waves generated by CRs themselves



x amd He. syeaﬁm' shuf&s, breaws amd bum[zes

 1 P spea&rum is dLsEmcﬂj saf&ex (Ay o 0 1) Hmm He a& od.t amergues
-'-(shu&) Not understood j&% | e i
2. R depahdev\ae c;wf He, L., 0 are versj sumdar, od.i. (atso F») breaw at 300
GV: ~ understood e
3. The F’ and He spe&&ra > Te\a’ skow a bu,mp sugge_s&mms

’Dam pe Coll - see Ivain "De. Mu&ms Ealke
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See also CALET Coll, PRL 2022 and @ ICRCR023

Bump: probably an effect in acceleration or escape from the sources
Evoli+ PRD2019; DL Mauro, FD+ 2023



Cross sections for Galactic CRs

Production cross sa&mus (source of CRs), and to a lesser extent
inelastic cross sections (loss of CRs)

Data driven parameterizabions Giberbergtrsac), semi-empirical formulae
(webbers), parametric formulae/direct fit to the data (caprop, MonteCarlo
&OdﬁS (Fluka, Geant, ...)

Grenoling, Moskalenko, Maurin, Unger PRC 201¥%
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See also N. Tomassetbti PRD 2017



Cross sections: Ehe most relevank ones

~irsk: -lmpm-ve Boron Farc;-ciua&mm cross seckiowns

Grenolind, Moék'atehk‘o, Maurin, Unger PRC 201¥%; 2307.0679%

Impact of new measurements (from left to right)

N
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Error combination on f,p
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Pedicaked campaigns ab COLLIDERS are needed.,
Some atreadv skarkted or Ftammec{
(LHC, LHCD, NA6L, Amber/Compass, ...)



Radicactive Light Eso&otpes

Radicactive iso&dpes .(1‘“!3?., 26AL) can brack the diffusive halo size
Important to test origin and propagation of CRs

Maurin et al, AA 2002 AMS Coll. ICRC2023
USINE: using best-fit AMS-02 Li/C,Be/B,B/C - A by
. Using pest-Ti - I/C,be/b, — 2 ACE-CRIS 10 9
==« Galp-optl2 - 2 ACE-SIS Be/ Be
- + Hagen et al.
—— OPT12up22 (+ 1o contour) :— i ,B.,L,Jﬁmg‘t,o‘_n ?Fé"
—.= OPT22 -
< u ¢  ISEE3-HKH
o — B ISOMAX
) s
& 0.4 5
(3] ~ [
2 ¢+ 4
~0.3 = . e *
T ¢
o ¢ ¢ ¢
0.2 © Prelimi
_ ; reliminary
: 1 1 l 1 1 1 l 1 1 1 l 1 L 1 l 1 1 1 l 1
2 4 6 8 10 12
Eupn [GeV/N] Kinetic Energy Ek/n [GeV/n]

Weinrich et al. A%A 2020
Jacobs, Merksch, Pahn 2305.10337

Need of precise data on Light radicactive isotopes (1°Be ma\mtv)
up to 100 GeV/i (and cross sections)



~ Dark Malter in Cosmic Rays?



Indirect Dark Mabkter detection

Annihilakion inside celestial bodies (Su,v\, Earf:h)

v a& neubriie E@.Les«t:opes as up*gauhg WMUONS

Annihilation in the galactic halo:

Y"‘T‘Oujs (Aiffuse, monochromatic Line), multivavelength
antimatter, searched as rare components i cosmic rays (CRs)
v and vy keep dire«:&onati&v

Charged particles diffuse in the galactic halo
ASTROPHYSICS OF COSMIC RAYS!




Antimatter or y-rays sources from
 DARK MATTER

Annihilakion

ﬁecav

p DM density in the halo of the MW
My, DM mass
<ov> thermally averaged annthilation cross section in SM channel £

I DM decay time
e+, e- enerqy spectrum generated Ua a single annihilation or decay event

Annihilations take place in the whole diffusive halo



 Antimatter tn Cosmic rays!

. 10@ &M&LP‘[‘C}EOMS
s 106 POSLETOV\S .

. Couec&eci bjAMSOZ/I‘SS



AMELWO%OM Produe&om bj
Unelastic scatterings

doij (
dT,

= [ dT; 47 nism,; 6:(T3)

T.,Tp). L (T, T;) =pﬁ/dﬂ o4 (T3, Tp,0).

1nv

We need cross sections ak <3% —>» Colliders



Am&pra&ams . CKs

AMS-02 antiprotons are consistent with a secondary astrophysical origin

Feing, Tomassetti, Oliva PRD2o1&
M. Boudaud+ PRD 2020

p/p ratio

)
H

PAMELA

+  AMS-02 (otot) * AMS-02
—— Baseline prediction
I Total uncertainties

R [GV]

kinetic energy (GeV)

Secondary pbar flux is predicted consistent with AMS-02 data
Transport and cross section uncertainties are comparable

A tiny dark matter contribution cannoct be excluded

Precise prec&it&ov\s are manda%ar:j

See also Korsmeier, FD, DL Mauro PRD 201¥%, Reinertiinkler JICAPROLY

® & 9 @



Possible contribution from dark matter

Cuoco, Korsmeier, Kraemer PRL 2017 Reinert & Winkler ICAPROLY

— Observed 95% CL

. Expected + 10

Expected *+ 20

== Thermal Relic

50 100 500 1000
mpym [GeV]

pbar/p AMS-02

Best Fit (¢ =0) :

Best Fit with 1,20 | §
-~ Tertiary :

DM

> R2.7 [m—2sr—1 s—1 Gv1.7]

— Observed 95% CL

. Expected + 10

Expected + 20

-== Thermal Relic

500 1000 2000
mpm [GeV]

-~ Limit dSphs bb, Akermann (2015)
-~ Limit dSphs bb, Albert (2016)

Antiproton data are so precise that permit
to set strong upper bounds on
the dark matter annihilation cross sectiown,

— Limit CR bb with systematic uncertainty
I 1-30 bb DM detection

or to improve the fit w.rb. to the secondaries

3
10

o (oY) 4 alone adding a tine DM conkribukion




The observed eleckron spe&%ruw\

AMS Coll ‘Phjs.REPE. ROR1 29y CALET Coll, @ ICRC2023

o ATIC L,

| FermiLAT Preliminary
HESS syst.errors T

* HESS

o CALET
o DAMPE

| ' I a_ % ‘ K 0 T .".‘ mﬁ QH‘ l
7 § « AMS-02 '
ol | aq..g! T + +
I i

DAMPE 2017
Fermi-LAT 2017 (HE+LE) Il

"
uncertainty band (stat. + syst.) ﬁ “LLH,. ‘U
AMS-02 2021 —{% I I '

Data own total electron not Afuu.v tamFaEme amoig them
A prominent break is observed at ¥ TeV, (see Dampe talle by De mibri)
still too uncertain to fix models, Pulsars can do the job



Propagation scale \[kpc]

Debected e+ and e~ are local

E D(E’
,\2(E,Es):4/5dE’ (E)

E bloss(El) '

Typical propagation length in the Galaxy

e-, e+ suffer strong radiative cac}i.imj and arrive ot Earth if

produced within few kpc around it.

Inverse Compton scattering and synchrotron emission

Local sources very Li,wetv leave Eheir meriu&s i khe syea&ro\

Ei=1 GeV
E=10 GeV
E=100 GeV
E=1000 GeV
Eq=10000 GeV

K15 propagation model
K, =0.0967 kpc? /Myr
6=0.408

10' 10°
Energy [GeV]

Sources of e+ & e- in the Galaxy
Inelastic hadronic collisions (o\s:jmm.)
Pulsar wind nebulae (PWN) (symm.)
Supernova remnants (SNR) (only e-)

Particle Darlk Matter annihilation (e+,e-)?



e+ se@onc&arfj Fmdu&&om channel s

Similarly for collisions
with nuclel,

Similarly for

Seﬁov\do\rj e-
(under charge conjugation)

L. Orusa, M. Di Mauro, FD, M. Korsmeier PRD 2022




e+ & e- spectra, a natural explanation

»

e+ and e~ AMS-02 spectra fitked with a nmulti-component model:
secondary production, e~ from SNR, e+ from PWN

DL Mauro, FD, Manconi PRD 2021 DL MAuro; FD, Korsmeler, Manconi, Orusa 230401261

-= TOTe-
— TOTe*

¥+ e~ AMS-02
¥ et AMS-02

.
2
~
2
~
o
S
S~
o™
>
(V)
-
S
m
w

—— L =0.5kpc —— L =8 kpc

—— L=1kpc — TOA

—— L =2kpc --==1IS

—— L=4kpc 4 AMS-02
L =6 kpc

The breale ot 42 GeV in e- is e_xr.oio\meci b'j interplay bebween SNR and PWN
Secondary e+ depend strongly on L. Deficit from ~ 1 GeV

See also Fang+ 2007, 18421, Evoli+PRD 2021, Cucco+ PRDRO2O



Antideuterons in cosmic rays
: ; FD, Forhengo, Salati PRDRooco

See also Baer#Profumo ICAPRO0E, FD, Fornengo, Maurin PRD00%, Ibarrdhild ICAPR012, PRDR013, Forhengo, Maccione,
Fitting JCAP013, Serk‘snjke ek al,PRD 2022, Gromez-Coral PRD201¥, Kachelriess+ ICAPR020, CPC2023

P. Von Doetinchem et al. Phys. Rep. 2021
FD, Fornengo, Korsmeier, PRD 201¥%
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AMS-02 am&ipro&on daka

.5, Gaﬂprob (plain diff)
= P, BESS-Polar | i
o p, BESS-Polar Il

(s m?sr GeV/n)

v P, PAMELA
s P, AMS-02

Antideuteron Predi&:&ans for DM model
indicated bv Pb&r AMS-02 data

Bands are for coalescence uncertainty

10

kinetic energy [GeV/n]

to probe nuclear fusion
in secondary events, and to search for Dark Matter annihilation
Or decay below ~ 1GeV/i



Flux (m? sr s GeV/n)!
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‘E’Qrspecﬁve_s with antideuterons

Bess Polar-II @ ICRCR023
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At solar minimum

—d: BESS-Polar II
e p: BESS-Polar I1

. (MAX)
—1a Primaryd for bb DM of mi = 71 GeV (- - 1b)

Propagation: CuKrKo

(-=2b)
(--3b)

Ref.[1] ( —2a Secondaryd
- 3a Tertiaryd

4 Primaryd for gravitino of m = 50 GeV
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Ref. [2]
Ref. [4]
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GAPS - dedicaked bo anbkineubron searches -
will fly from Antarctica Dec 2024



‘P@.\*Sp@.«c‘&v&s wibh ankihelium
Cirelli+JHEP2014; Carlson+ PRDRO14

FD, Forhengo, Korsmeier, PRD 201%

Good signal-to-blkgd ratios
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Predictions for most DM models
much Lower thawn axper&man&ad.
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Nuclear physics brings relevant
effects through (Peoat)®

10°
T/n [GeV/n]




Possible origin of anti-helium:
anti-clouds, anti-stars

V. Poulin et al. PRD 2019

AMS-02 measures are local, Plancie’s
ones averageci over the Universe

102

106 Anki-clouds: require omi,sa»&ro?it RN
10 v for the right 2He/“He

10°

102 Exotic mechanism for segreqation of
anti-clouds is needed
Traces in p-bar and D-bar

10~4 -
100°% 1073 10012 1074 10710 10°°
77="b/”7

FIG. 4. Abundance of H, D and 4He with respect to that
of 3He as a function of the (anti-)baryon-to-photon ratio 7. _ A , | ; M
The Planck value is represented by the grey band. The value OMQ O\M&L S&Qr ﬂoutd’ m&‘fa Ek@ J Ob"

ired by the AMS-02 i t is sh by th E .
E?}Efe y the experiment is shown by the orange HON db d Eh&v SMT’VLVQ?




“T‘ l«e ymra\_{, aoum&evgar& cwf Eke Skfj :

: Lour&esv o--f Sni.vm Mav\com, TMEX 2023

INVERSE, (OMbTow

A pre_ciwhcm of the emission {:rom all diffuse, point and extended
sources, at all L&En&udes, is Fo-ssnbie‘
However, Fr&dutﬁuoms often Lack es&m&&noh uncertainties from many
and diverse channels. We expect &hem to be relevant



b k@. G@\f ax&ess a& &he Gata&&w cén&er

Goodenough+’09\!t,&a£a+’0‘) Abaz.a Jmm—‘i’rZ“D 12 Hoopeﬂ—‘?bo’ 13 "Daji.aw-?DU' 16, L.atore+3L.A?' 15 CholisrICAP" 18,
L.aLore.+‘PfZ“D' 15 A JQLL0+201$ Lmde.w-?r{D' 16, Ackarmanm—AP‘J' 17, 5°O+PQP€T5

hmumd mn%h %e—:mpia&a %L&EMQ (L.atore+3c..A‘P2015), &c&ap&we«: &Q:‘.MF?L&E‘:& h%&ms

- (Storms+ 2017), wangk&&d ink‘ﬁiinhamd (m Mmm ?fz‘bzozn. Abo\attam A:‘)‘32020) PMOEOM @OMMES ”

SE;&E&SE;LCS “P"’W Goliore. M>+ ?raLzon N‘PTF‘ Lee.-!—ZOl&), maahma L@ta\rm;ng (List+PRL20 Mishra-
3LA‘FSkarma+‘PfZBZl L.m'ow—zz), MQVE:LE‘:.E. Er&ms%mrms (BarEeLs+‘FIZL1é)

Hooper & Slatyer 2013
4 Gordon & Macias 2013
i Calore et al. 2015
® Daylan etal. 2016
4 ¢ Abazajian et al. 2014
B Ajelloetal.2016

Murgla AR 2020
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No matter the method, the GC excess is statistically significant



The e/ cxoss ok the Golastic cuntr

: . ‘Fasscbi.e. @xpia\mahc}&m' o sEE
c&acrk: ma?;f;@;r a\mv\chda\&om &md/or po—m{ soura&s (MS?S)

Mw‘gio\ A!’Z 2020 S catcsra, +D, Mancowni _‘PTEL 2021

— SkyFACT modA ! 4FGL w/o flag

NGC 6266
Official P8 modB I 4FGL

47 Tuc
— Terzan 5
—— All MSPs

Dark matter
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Inner Galaxy,|b| > 2°

We need a multi-wavelength campaiqgin of sources at the GC
Galactic diffuse emission MISMODELING is a ma jor issue



Debections of y-ray haloes around pulsars

Extended haloes have beewn detected bfj HAWC around Greminga and
Monogem, and bij Lhaaso &raumd ‘PQ‘S JO622+374:9

HAWC Collaboration, Sience 2017
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Detections of y-ray haloes around pulsars
Lhaaso Coll. PRL 2021
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FIG. 2. One-dimensional distribution of the > 25 TeV y-ray emission
of LHAASO J0621+3755. The solid line and shaded band show the

best fit and Ay? = 2.3 range of the diffusion model fit, which is the
convolution of Eq. (1) with the PSF.

Extremely high energy v ~rays are observed around the pulsar as an
extended halo. A spectrum is measured.

This new class of observations needs revisiting our understanding of

acceleration of leptons to very high energies and emission of photons



Detection of a y-ray halo th Fermi-LAT
ciaEa around Greminga

M. DL Mauro, S. Mancowni, FD PRD 2019

e A y-ray halo around Geminga detected at 7.¥-11.%0 ciepev\dms on diffuse

baz:w‘graumd model s.
e ~ik improves wikh proper moktion thecluded.,

¢ Exkension V&0 pc @ 100 CreV

Inverse Cmmp&am emission
can explain all the daka
BUT

with a
coefficient around the source
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— v, =18, n::1.9% Hawc diffuse te;nplate A &ﬁ{%MSLOM V\@‘.’.XE: EIO'
— 4, =19, n=1.3% 4 Fermi-LAT 3 "
source is a wnakural expi&maf:mm

— v, =2.0, n=1.0%

Recchia, FD+ PRD 2022




L‘omsa u&%@a c% I;(.,.S G@.MMQQ kataom
o pos&ron ﬂu.x &% Em‘&k

M DL Maufb, S M&ﬁtqy{é, ED ?m; 2019 e |

HAWC energy range —:= K15 y.=1.8,n=24%
— K15 y.=2.0,n=13% G1l5v.=1.8,n=24%
— G1l5Vy.=2.0,n=13% — K15, r, =30 pc, ye=2.0
21 — K15y.=1.9,n=16% === GI5, r, =30 pC, yo=2.0
— G15Vy.=1.9,n=16% ¢ AMS-02
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One single source as Gemivxga contributes significantly
to high energy positrons as measured bj AMS

Uncertainty in the diffusion around bthe source(s)
See also Schroar, Evoli, Blasi PRD 2023



| Lurrem& Eheoreh«r:ai. modeung answers o a nu,mber cwf {umd&mem&ai :
questions at z.ero-w&h order”, General {ea&ures (;e power Laws) are
| e Ekeoreh&at ma—&w&&ed |

i Né@&d&@ continuously force us&d{ur&ke_r Ehéure&ﬁtai ef{or&s.
We camuw& fully umders&amd daka {:rom charged CRs and y ra\vs

without naulki and ' approach,
As well as the harvest ak <ol Lt dedicated campaigns

Ps. I overlooked amiso&rw, neukrinos, sc;-‘i,_.o\r modulation Ftime-
ciepenciev& CRS...-



