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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

AMS02
PAMELA

AMS-02
AUGER

CALET
CREAM
DAMPE
FERMI
HAWC
HESS

ICETOP+ICECUBE
KASCADI

NUCLEON

Telescope Array
Tibet-III

VERITAS

T
=
w
wm
o~
g
&
>
O,
Fa
o
—
o]
o
~

™
)
0
o
g
~
%
<
X
=1
=
>
20
Q
S
=

10?
R [GV]

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)



?’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
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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)
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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
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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 GeVi (and cross sections)



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 @



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



Detected e+ and e- are Local

E D(E’
,\2(E,Es):4/5dE’ (£)

i et | Typical propagation length in the Galaxy

Mawnconi, Di Mauro, FD JCAP 2017

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

Sources of e+ & e- in the Galaxy

e Inelastic hadronic collisions (asymm.)

K15 propagation model . ,
K —0.0967 kpc2 /Myr ® FPulsar wind nebulae (PWN) (symm.)

0=0.408

® Supernova remnants (SNR) (only e—)

Propagation scale \[kpc]

‘o Particle Dark Matter amnihilation (e+,e-)?

10' 10°
Energy [GeV]

e-, e+ suffer strong radiative cooling and arrive at Earth if produced
within few kpc around it.
Local sources very likely leave their imprints in the spectra



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
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—— 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, 18621, Evoli+PRD 2021, Cucco+ PRDRO2O



Antideuterons in cosmic rays
: : FD, Forhengo, Salati PRDRooO

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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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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much Lower thawn axper&man&ad.
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Nuclear physics brings relevant
effects through (Peoat)®
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' Lurren& Ekeorehtat mod&i.ms amswers. o numbe.r cwf {umd&mem&at
e qu.e.s&mms abt® ‘zero-th c::-rc:'ue.r |
Gene_rat faa&ures (Le. Fower Laws) are Eheom&wauv motivated

- Neu;: o\o&o@ tov\&w\uaustv {:c}r«ce wus Eo further Ekearé&ia&i eﬂ:orﬁs.,
We cannot fui.tv und&rs&amd data from charged CRs anci Y rays

wikthout _ o\v\_ci; A approm:h
as well as the harvest at olliders’ dedicated campaigns



Tka y-*r&;;_.‘ ﬂou&\%erpar% c:wf %he swj

Lo Lour&esv o-f Sx,tvm Mahcom, TMEX 2023
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+ | soTeoriC 3:#;. K GROUND , O

A eracipﬁ%pom of the emission {:rc—m all dgﬂ:usa, point and extended
sources, at all La&&u,cies, is possible.
However, predictions often lack estimation uncerbainties from many
and diverse channels. We expect &kam to be relevant



The (“Ere\i axa":@;ss c& Eh@; G&L&@h@ témﬁm

Goodehough+’69\!t,&a£e+’09 Abazajah+?(2b 12 Hooper-'—?ﬁo’ 13 "Dajl.awt-?DU’ 16 L.aLora-t-:)L.A?' 15 L.hous-!-:‘)t..A‘P’ 18,
f..ai.ora+‘?(2“(>' 15 A JQLL0+201$ Lmde.\r\*-?réﬁ’ 16, Ackarman\rw!\[ﬁ:‘)’ 17, 500+pa’aers

haumd wn%h Ee.mpi.&&a Afx«%&v\g (L.atore+3L.A‘P2015), aci&p%we. &ampta&a {L%&Mg

- (Storms+ 2017), wﬁughﬁad ibk@ink(}od (m Mau.ro 'Prz‘bzczl Abo&ouam A:‘}SZOZO) FMQEZOV\ @oumﬁs ”

SE&ELSEL&S (1[9?1): (..ai.ore, H>+ ‘P(ZLZOZI N?TF’ Lee.+2c>1&), maﬁhme L@a&rme»\g (Lx.sh-?mzo Mishra-
JLA‘PShQrma+‘PRb21 L.arovu—EZ), M&V@.L@Z’,E E]‘&MS{OT‘W\S (Barﬁets+?rzL1e) '

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

Murgla AR 2020

N
w
¢
£
v
>
v
Q
W
3
=
o
o~
W

Energy (GeV)

No matter the method, the GC excess is statistically siqnificant



GAPS detector to ﬂfbj A Anbarctic bv 2023

Pedicated ko antideuberons searches

F. Rogers et al. Astrop. Phys, 2023

0 0.5

2 .
Kinetic Energy at TOA [GeV]

Secure resulls on very low energy antiprotons



raRalctic Yame basionnd
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——e—— Fermi LAT, 50 months, (FG model A)

——a—— Fermi LAT, 50 months, (FG model B)
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Q
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——=—— Fermi LAT, 50 months, (FG model C)

Galactic foreground modeling uncertainty

10
Energy [MeV]

| How to merova LE?
Gras Maps, precise Rmomlac{ga of CR density in the Galaxy,
Density of various components, exact spectrum of electrons in al the
valume, qradient of ‘CRs.



Pulsars (PWN) as CR e+e- sources

High magnetic {E,atds (16%1012 G») extract wind of e-
from the pulsar surface, ex pairs produced th EM caseades

Pulsar syi&wda@% eherqgy (Wo) is Eransferred ko ex pairs,
accelerated bo very high ‘energy with @ ~ E-Y,

After several kyrs et can be released in the ISM

These e [oairs radiate b‘j Inverse C.om[p%cw\ scattering
and synchrotoron,
and shine at many {requem:‘:ies

T 00
B =nWo= [ dt [ dBEQE,Y
0 B,

The total energy Etot emitted in et by o PWN is a fraction n (efficiency
conversion) c:w)( Ehe s[am-wc:&omm enerqgy Wa., Relevant parama&arsz v and n



Supernova remnants (SNRs) as sources of e-

Ellison+ ApId R007; Blasi 2013; Di Mauro+ IJCAP 2014; Di Mauro+ ApJ 2017; Evoli+ PRD 2021

SNR are comnsidered the main sources of galactic CRs - huclei
| from p to Fe, and e-

Hadrownic aceceleration: evidence of «° bump (Fermi-LAT+ 2010)
Leptonic acceleration: evidence of synchrotron emission in
radio and X-rays

In jection spectrum:

Manconi, DL Mauro, FD JCAP2017; JICAT 2019

—— VelaYz — - (65.3057 G127.1005
—-— Cygnus Loop G114.3003 G160.9026
Vela Jr

e~ flux from near SNR (Vela XY and Cygnus
Loop at d<0.5 Mpi‘:)
Few SNR cawn contribute to TeV flux
Additional e~ from a smooth SNR distribution
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LOWNS

lesm* Populc&

to AMS-02 e+ data

Fit of Galactic

Orusa, DL Maurc, D, Manconi JCA? 2021

4 kpc

—-== Secondary L

— TOT

SIRS,
2 a
kv,
e o
— m
vV V
°T O
vV VvV
\n o
o -
i
1
1

4 kpc

—-== Secondary L

0.5<d<1.0 kpc
---- 1.0<d<3.0 kpc

---- 3.0<d<5.0 kpc
---- 5.0<d<10.0 kpc

e* AMS-02

¥
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[4S/S/,Wwd/,A\39]

+memm

unconstrained bj daka.

»
L4

and may have different features.
£>1 TeV

The contribution of pulsars to e+ is dominant above 100 GeV

Secondaries forbid evidence of sharp cut-off.
No heed for Dark Matter, indeed



Possible origin of anti-helium:

anki-clouds, anti-stars

1'0—12 10-11  10-10
n=np/ny

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.
The Planck value is represented by the grey band. The value
required by the AMS-02 experiment is shown by the orange
band.

V. Poulin et al. PRD 2019

Anti-clouds: require anisotropic BBN
for the right 2He/4He
AMS-02 measures are Llocal, Planck’

ones avaragad over the Universe

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

One anti-star could malke the job.
How did they survive?



 Anbideuteroms perse
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Low energy window keeps being o discovery fleld
Uncertainties on Pe is £ 70%

See also Korsmeier, FD, Fornengo PRD 201%



Hardening of nuclear spectra

1f it were acceleration; the hardening would be the same for primaries
and secondaries:

Recchia & Gabici MNRAS 2014 ; Pluskin Zirakashvili ApJ 2013; Zatsepin & Sokolskaya AZA 2006; Yuan+ PRD 2011

TomassebtishteD AgA2021

B/C ratio
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An hardening is expected from

f ragmentation i the SNRs An hardening is axpaa?ﬁaci from

reacceleration i the SNRs
TomassebbigtOliva ApIL. 2017 Also Tomassebti & FD ApIL 2015



Antideuterons from relic WIMPS

FD, Forhenqo, Salati PRD 62 (2000)04-3003

In order for fusion to take place, the two
ankinucleons must have low kinetic eherqgy

Kinematics of spallation reactions prevents the formation
of very low antiprotons (antineutrons).
At vartance, dark matter annihilaktes almost ak rest

Background and DM have different kinematics and source spectra



