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GALACTIC COSMIC RAYS

are charged war&wi.es (huclel, nscﬁopes, Lep&ons, am&war%mtes)
civﬂ:usmcu i the qato«:&t maqhe&t &ei.ci
Observed ab Earkth with £~ 10 MeV/ih - 103 TeV/i

Gabici, Evoli, Gaggero, Lipari, Mertsch,
Orlando; Strong, Vittine 1903.115%4
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Fig. 1. The individual CR flux for nuclear species up to Oxygen as measured by PAMELA and
AMSO02. Shadow regions correspond to 1 sigma total errors (systematic and statistical added in

Direct detkection Indirect quadrature).

(circa Galactic)
CR database: D. Maurin+ EPIC 2023
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1. Thé bu,i.kf c:fﬁf Ehe év\ergj of (..f?;s f:c;:»mes -frc)m SNQ
- @.xpmsmms th the 9&1&6&& dnsw

’Tke Fwwer c:»af (‘.“:r@.\a’ (..(25 can be_ «compu&ad (SEromS+AP3L 2016) {:rom Y rajs as
| ‘Fuz"’ 1041 arg/s. Ik s equw&i&m& Eo Eke Power c:-f
-~ obse_rved SuperNc:-va Q&mmam&s (SNQS) m Eke Gataxv

2 L.fzs are. attetera%ed %krough d:,{nfuswe shock
. | aa&etera&om i SNRs o

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 (Le. 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 ab 67.5 MeV in the 1° decay rest frame;
Y rays from molecular clouds illuminated by nearby, freshly accelerated protons



3. Composition: primary, secondaries, both

Primaries: pro—ducgd . bhe sourees (SNR, and Pulsars): H, He, CNO, Fe; e—, e+;
Possibij e, P dA- Afrc:»m Dark Matter avmihita&iau/detm:j

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

— e = Solar System (Lodders)

4 Galactic Cosmic Rays
AMS (since 2011)
HEAO3 (1979-1981)
TIGER (2001+2003)
SuperTIGER (2013)

Solar System abundances are deprived
of nuclel such as
Li, Be, B, sub-Fe,
Likely of secondary origin
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ALl species are, ab some extent bobth primaries and secondaries
P ) ) 2



(..f?;s are al:.,{:ﬂfuswetv &c:-wfmed i a;m
ex&@;ndec& magne&t‘: h&to

' L.f?;s mus& be Cowfmad a regmm mu,ak &kwt&r Eham &he Golackic disk,
‘Q&dmac&w& Lso&opes such as 1°Be indicate the existence of a magnaha
| cluﬂ:uswe hai.o sav&rai. MF{: &mm (L or H ) |

‘D(fi’.)""bo h. 8 ‘F(Q) o -bo X f&9

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).
Nown-standard propagation of CRs can exptam ik (Recchiar Ap32021)



Propagation equation

8¢i(map7 t)

5 = qi(x,p) + V - (D V; — Vi)

1 1

p
bi—5(V- V)wz-) - =i — —.

Iyt Tr,i

Diffusion: D(x,R) a priori
usu,o\u.j assumed &so&rogia tn the Gato\xv: DR )=DoR3 (f&::pt:/z.e)
Do and 3 preferably fixed by B/C (kappl+ls; Genolinirls (K18))

Sources: injection 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 p&
Inverse Compton on photon fields (stellar, CMB, UV, IR)

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

Solukion o{: the eq.: samimahaijﬁic (Maurin+ 2001, Donato+r 2004, Maurin 201% ...), USINE codes
or éfuiij numerical: GALPROT (Strongdmoskalenko 199%), DRAGON (Evoli+ 200%; 2016), PICARD

(Kisskmanin, 2014, Kissmann+ 2018)



The Galaxy seen bv a wandering particle

Geomelry: can be approximated to a cylinder,
with the thin galactic disc and a thick magnetic halo

FRAGMENTATION
ISM H ot He

CR secondaries
CR secondaries

conskm'\n ‘)ro‘m%a’(ish
n halo §12€

Y

5 consltal

Courtesy of M. Korsmeler

Solution o{: Ehe eq.: semi-—-o\matj&{: (Maurin+ 2001, Donaltor 2004, Maurin 201% ...) as USINE code,
or fuiij numerical: GALPROP (Strongamoskalenko 199%), DRAGON (Evoli+ 200%; 2016), PICARD

(Kisskmain, 2014, Kissmann+ 2018), ...



Cosmic ray experiments: species and energies

Direct detection CR experiments
. Z=527Z=6 .. Z=10 ... Z=14 ... Z=26 ...

(2029-2036)
(2028-2038)

CALET (2015-2030)
DAMPE (2015-2030)

Il —=GAPS™ 1l
Il (2025-) (I
Il (+dev.) |!

_———=1

\fc;:-jager and ACE have ou&ias&e_d Ehew inikial programme
AMS, CALET av\d DAMPE are ru,v\mms)



T:.,meime 0{ Eke kugkes& ene‘rgv ci@.tade amd
. premsmm cia&a oW CRs

D. M&urw\, +-—"D e.f: ad.., R503,16173
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‘Prmpagaﬁwm models vs daka

Weinrich+ AgA 2020 ' | Di Mauro, FD+ 2023

—— BIG (¢ =670 MV)
SLIM (¢ = 671 MV)
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See also Evoli+ PRD 2020; Schroer+ PRD 2021; CuoccodKorsmeier PRD 2021, 2022

Daka on nuclear SF‘QCE&S are well deseribed bj Frapaga&ian models wikth
Adiffusion coefficient (D= R?) power index § = 0.50 * 0,03
Convecktion or reacceleration wmodels bokh worlke




(...rc:)ss se&homs {or Gata&&& L,f?;s'
- a sEep ﬂfarwarc&

k&&ps //md:,cc;}.ﬁerh.ak/eveh&/l3‘7“7509/ @. L.EQN 10/2024-

("D Mau.rm, FD, S Mamam)

Precision cross-sections for advancing cosmic-ray physics and other
applications: a comprehensive programme for the next decade

D. Maurin®®*, L. Audouin®®, E. Berti®¢, P. Coppin®<, M. Di Mauro®®, P. von Doetinchem®?,
F. Donato®®&" C. Evoli®, Y. Génolini®*, P. Ghosh®, I. Leya®™, M. J. Losekamm®™°, S. Mariani®",
J. W. Norbury®P, L. Orusa®%*, M. Paniccia®, T. Poeschl®®, P. D. Serpico®*, A. Tykhonov®<,
M. Unger®®, M. Vanstalle®®, M.-J. Zhao®*V, D. Boncioli®¥+, M. Chiosso®*8, D. Giordano®®,
D. M. Gomez Coral®*, G. Graziani®®, C. Lucarelli®®, P. Maestro®*, M. Mahlein®®, L. Morejon®?2,
J. Ocampo-Peleteiro®??, A. Oliva®2 T. Pierog®®, L. Serkinyte®h

D. Maurin et al. 2503.1@1‘73, subm. Ecﬁ?hjsics Report


https://indico.cern.ch/event/1377509/

T ke rc::vi.e o{ &ross se&homs in (..(2 thsu:s '
| . i o . Maurm, ED a& at 280316173
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Iprod (EL, EJ)W’( EY)  Production from spallation

dEJ

(secondary spe«cie.s)

Typically: the beam is the incident CR flux,
the tarqet is the interstellar medium (90% H, 10% He)



~ Definitions for cross sections

Otot = Oel T (Uquasi-el + Uprod) = Oel T Oinel

N Oincl — Oquasi—el + Oprod |

- If projectile i and target j:

Tokal: L+ } =K.

Elastic: L + j =L * J

Quasi-elastic: i ey L+ X
Production: L + j — X not i

N.B. other notations: reaction for inelastic, abédfp&&om for production XS



Some notations about cross sections

d’c E d?%
Oinv — E——mrW =
dp?  m dppdp?

Oinv LoOrentz invariant cross section
E total energy of the fragment

pr, longitudinal momentum

pr transverse momentum

zr = E*/E? . radial scaling

ry = 2pi /+/s Feynman scaling
E*, p{ in the centre-of-mass frame

Vs = (m? +m? + 2E;m;)/?

m; and E; mass and total energy of the GCR projectile
m; the mass of the ISM target (at rest).

N.B.: in the Galaxy, we integrate on the angles

16



. Physies cases with XS5

2. Wkefg are (“_-‘,-t;ﬁs syh&ke&i;ed'o\v\d accelerated? "Hc‘w,i? |
- 3 GCQ Eraﬁspmrﬁ
4 Hfjpaﬁhesis for GaLmt&i«: sourcgs

&, Transverse EOFE&S (ﬁosmogeuia studies, spo«‘:é e.x[ai.ora&c)h, kadrom&kerapj,
ultra-high energy CRS, equation-of-state for neutron stars...)



Indirect Darlke Matter debection
i Cosmice f?;avs

Dark Matter (DM) Annihilation or decay;

Y=rays (diffuse, monochromatic Line), X--mtjs and radio, neubrinos,

antimatter, searched as RARE COMPONENTS tn cosmic rays (CRs):

am&ﬁgra&ams, yasi&rons, antideuterons, antihelium

DM annihilation/decay Primary channels Final products

SM =W-,Z b, 7 ,t,h... g:‘,ﬁ, ¥, T’e,p,‘r, (7

v ahnd vy keep dir&&%iamaiiﬁv
Charged particles diffuse in the galactic halo
ASTROPHYSICS OF COSMIC RAYS




Seaomdarv antiprotons in CRs

Secondary CRs: via spallations of CRs own the interstellar medium

M. Boudaud+ PRD 2020 DL Mauro, Korsmeier, Cuoco PRD 2024

—|— AMS-02 (Gtot)
—— Baseline prediction
0 Total uncertainties

® Secondary F:'bm‘ flux is predicted consistent with AMS-02 data

° Transport and cross seckion uncerbainkies are compmabi&
o A tiny dark makker conkribution cannot be excluded
¢ Precise predic&ians are mamd&&or:’

See also Feng, Tomassetti, Oliva 2016; Korsmeier, D, Di Maure PRD 201¥%, ReinertdEWinkler ICAP201%;
De La Torre Luquer ICAPRO24



High-enerqgy antiproton cross sections

Korsmecer, +D, DL Mauro, PRD 201¥%
LHCb Coll. PRL2o1Y

1. Fit to NAGL pp —> pbm‘ + X data
2. Calibration of pA XS o NA49 pC —> pbar + X data
3. Inclusion of LHCD fixed target pHe — pbar + X data

Parametrizaktion I Parametrization 11
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LHCh data agree better with pp Parameterizations II.
They select the high energy behavior of the Lorentz invariant cross section

20



Effects on the botal Pbom prodm&%iom

Korsmeier, #D, DL Mauro PRD 201%

oo

/ dT; 4w nism,j ¢i(Ti) —=(Ti, Tp). i (Tp) = / dT; 4w nism,; ¢i(T3) d—Tf
p

(Ti7 Tﬁ) .

dT,
Tin Tin

Resultk with uncertainkies

" 1022 : .
. in the hyperon correction
% 1022 and Lsc}sPLv\ violakion
;5&10—23

° The anf:iyro&on source berm

is affected by uncertainties of
t 10% from cross sections.

Higher uncertainties
at very low energies




Isospin violation and enhancemenk?

Galaxy

Oinv 1nv(2 + AIS + 2AA)

Tradéﬁmmauv, one mulkiplies bj 2 for antineutron in pp scatterings.

In HFischer ¥0r NA49 (2003) al isospin asymmetry is claimed, with an
enhancemeps S

----- Winkler Fit 68% CI

----- Winkler Fit MPV
Available experimental data
AMBER projected (data taken)
LHCb projected (data taken)
LHCb projected (planned)

-
-~
-
L .

~---——

Impact of Amber and LHCD measurements on the uncertainties of a potential isospin
asymmelry production of antiprotons and antineutrons



BOMV\C&S OMO\MV\LL‘ELLO\ELMQ DM

L.atore, c..c.reLL:., 'Derome., Genotwu., Mau.rm, Sata&u, Serpico, Scy, ‘Fosf:‘?k 2022

— - Di Mauro & Winkler 21 p limits (this work)
Kahlhoefer et al. 21 B — Calore et al. 15
P limits (AMS data 21)
P limits (AMS data 16)

Alvarez et al. 20

- Albert et al. 17
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EMU Survey (LMC) NFW (y=1)

BIG BIG

bb channel bb channel

100
DM mass m, [GeV] DM mass m, [GeV]

Err. data / model || local signif.

[o]
cov/cov | 171626 L-(")T'T'QLO\&LC}V\ MO\&\”LCQS ‘FC)T' d&&& O\ﬁf\d

cov/none | 239 | 10.5 | 5.07e-26
diag/cov || 333 | 988 | 2.14e-26 model are included.

diag/mone || 275 | 85 | 1.70e-25 i -
stat/cov | 519 | 89.7 | 1.48e-26 | Thé‘.v S&T‘Ohgtj LM{L%QMC@. a hLV\E %Or .DM

stat/none




Effect of galactic propagation

Grenolini+ PRDRo21

New AMS-02 sec/prim data allow reduction of propagation uncertainties

&p =700 MV m, = 100 GeV
. l ‘ . This work
PPPC4DMID

(I)F =700 MV mx = 100 GeV Donato et al. 2004
()i = (TV)in

NFW profile
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4
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o
€3]

itiproton Rigidity R [GV]

10
Antiproton rigidity R [GV]

Swiall effects bv inhomoqgeneous diffusion Tovar-fardor ICAP 2024



Antideuterons from relic WIMPS

FD, Forhenqo, Salati PRD &2 (2000)04-3003

Bae.rﬁ:‘?mfu,mo ROOS; FD, Fornengo, Maurin PRD 200%; Forihengo+ 2013; IbarragtWild 2013; Herms+ 2017

In order for fusion to take place, the two
antinucleons must have low kinetic enerqgy

Kinematics of spallation reactions prevents the formation
of very low energy antiprotons (antineutrons).
At variance, dark matter annihilates alwmost ok rest

Secondary and DM have different kinematics and source spectra.
Below few Gev/n solar modulation spread spectra similarly



Fusion process and source spectra

’ N S e e ey e Sy ,’fKorsmel‘:er’,:l!-":D, ‘F‘ors}{ehgo,?m ROLlY¥
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Coalescence treated according

to Wigner Formalism does not _ . Window DM /S@.COMC:'\&WD
add significant uncertainties et below 1 CreV/in

Kachelriess, Oskapchenk‘o, Tiemsland Eur‘?jhs:)f\ 2020



Antideuberons i cosmic rays

FD, Forhnenqo, Salati PRD 62 (2000)043003  ?. Vo Doetinchem et al. Phys. Rep. 2021

GA‘PS experimem& witll opéra&e i Ankarctica

—
<

AMS-02 an&ipra&ov\ daka

', Galprop (plain diff) |
: C : P, BESS-Polar |
d, BESS 97-00, ). p, BESS-Polar Il

b, PAVELA Antideuteron predi{:&wms

P, AMS-02

IR EE N ﬁ GAPS4OdprOJ ‘{OT’ BM W’Kﬁ)d@.t E«V\diﬁ&&ﬁd bv

H 05 proj:, 3¢ disc:

flux [(s m’sr GeV/n)|

Bands are for coalescence
uncertainty

14, yx— bb, 70GeV [l d, secondary [_]4d, tertiar

1 10
kinetic energy [GeV/n]

Downako+ PRD 200%; IbarragtWild PRD, ICAP 2013; Fornengo+ JCAP 2013;
TomassettigtOliva ApIL2017; Aramakir Phys. Rep. 2021



‘P@.\*Sp@.«c&wes wibh ankihelium

Cirelli+JHEPR014; Carlson+ PRD2014

FD, Fornengo, Korsmeier, PRD 201¥%
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\fery favorable ‘DM/se.tcaMciarv window,
However, the flux is expected to be extremely Low



Positkrons and eleckrons are local F:'rc)b@.s

Typical prdyaga&ian length in the Gralaxy

Eg D(E’
G

E bloss(E/)

N (E, Es) = 4/

Mawnconi, DL Mauro, FD JCAP 2017

—— E,=1GeV

—— E,=10GeV T .

BN -, o+ suffer stronq radiative cooling
E,=1000 GeV

E=10000 GeV b’j Uaverse COMF&OM Sﬂ&&&éfi«@f\s and
synchrotron radiation,

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

They arrive at Earth from few kpe:

Propagation scale Mkpc]

Probe bhe very local Gaiaxv

10° 10°
Energy [GeV]




S@;&omdarfj e+ [oro-du@%mm channels

Di Mauro, £D, Korsmeier, Manconi, Orusa, PRD 2023

Conv vy

e+ secondaries contribute significantly
below few GeV
Cross section uncertainties comparable

to propagation ones at fixed halo size,
§-7% n AMS-02 range




XS ffc::r Y*raj baawgroumd ({»ermeAT L_T‘A)

| Orusa, ‘DL Mauro, FD, Korsmenar ‘PfZ"D R0O23

The main source of Galctic y rays is from nucleei-huclel interactions

Data on 1 nok O\ngiidbié (or not usable),
a port LHCE

We relied on

Uncertainkies o produ,c&av\ XS:
10% for £, < 10GeV, 20% above

Would need inclusive XS for
| PF" pHe —> vy +X




A&&et&ra&ar da&a Frmmh&s
ﬁfor *ﬁM retaéed& searches |

Spatta&mn produ«:&s are a baawgrauv\d
o m«v sear«tk for new ykjsw:s A L.f?;s

D. M&unn, Fv“l} e.?: &L., 2503 16173

Table 3: Summary of the wish list of production cross-sections for GCRs that can be indirect probes of particle DM. Here,
ntot is the integrated multiplicity. The most pressing need is for p, whose interpretation is already limited by cross-section
uncertainties, but forthcoming CR data for d, and possible He events from AMS, call for new cross-section measurements for
these species. See text for the detailed motivations.

Particle Reaction Measurement NE) Sought precision

P+p—P+X < 5%
p+He—p+X < 5%
RS e semay 7

0
p+p—n+X < 5%
p+n—p+X < 5%

p+p—d+X Tinv /Mot 5 to 100 GeV (any data)
p+He—»d+X Tinv/Mtot 5 to 100 GeV (any data)
p+tp—d+X Tiny 2 to 10 GeV (any data)

p+p—He+X Tinv/ Mot 5 to 100 GeV (any data)

p+He > 7T +X . < 5%
p+He - K* +X d 5 to 100 GeV < 5%

p+p—-n’+X _ < 5%
p+He - 7%+ X 5 t0 1000 GeV < 5%

Measuring production cross secktions at accelerakors
9 |



Uncertainties on cosmic antimaltter

D, Maurin, FD et al., 2503.16173

et 10 GeV et 100 GeV

;UPGRADE

72024 2025 2026 2027 2028 2029 2030
DATA XS now PROP XS future DATA XS now PROP XS future t (years)

20.0

p 200 GeV
XS uncertainties
Prop. uncertainties

: UPGRADE

02024 2025 2026 2027 2028 2029 2030
DATA XS now PROP XS future DATA XS now PROP XS future t (years)

Figure 12: Left: the current AMS experimental p errors at 10 and 200 GeV, alongside cross-section and propagation uncertain-
ties. Right: prospects for the future, showing when and how cross-section uncertainties might reach levels comparable to AMS
data.

Propagations uncertainties can w\dwecﬂj be reduced also
(not only) by cross section measurements



Cross sections for nuclei CRs

Data driven parameterizobions iberbersgtsac), semi-empirical formulae
(Webberr), parametric formulae/direct fit to the data (caprop), MonteCarlo
ﬁ(’)d@.s (Fluka, Geank, ...)

Genoling, Moskalenko, Maurin, Unhger PRC 201%

HB — SLi ¢ [We96) 120r _y 6] (Ko02) 12C - 1 — GP12 [Fo77]
- WKS98 [Ko02)

Flux impact: 251 Flux impact: (Ko99) Flux impact:
LiGisea Li 13.57% 0183 301 Li 0.64% use ‘
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- AMs-02 Coll, PRL 2024

Rigidity R [GV]

D and 3He do not sharé.E;clem&catsi‘.o[aés-;

Is there a primary D source?
Uncertainties on XS plague any
further interpretation

Gomez-Coral+ PRD 2023; Boschini+ Apd 2028

© Coster AgiA 2012

CR parents: 2
— 'HHe..0..8i..Zn",

Fractional contribution

=
S
=1
5
2
E0.
=
5
o
—
S
=
8
=l
Q
&
£ O0.

10°
E,,, [GeV/n]

Fractional contribution of
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Radicactive Light Eso&otpes

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

Maurin eb al, A£A 2022 AMS Coll, ICRC2023

USINE: using best-fit AMS-02 Li/C,Be/B,B/C - S panyears
. using pest-Ti - 1/C,be/b, — ACE-CRIS
== Galp-optl2 « ACE-SIS
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— pTe Buffington et al.
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Weinrich et al. A%A 2020  Jacobs, Mertsch, Pahn 2305,10337

Need of precise data on light radiocactive isotopes (2°Be maimi.j)
up to 100 GeVi - and cross sections.
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oLi and 7LL show the sqn&e ﬁgidﬂfzj beha\_\{;c:»;&, :,:g pﬂmmﬁ origin is excluded.
Theoretical mc:»de.’is d;o nol réprc}dm:e Ehé ;‘cio'&a;‘.,, Li,lfei.j a cross seckion issue



Spallation cross sections for nuclei: the F case

Ferronato Bueno, Derome, Grenolini, Maurin, Tatischetf, Vecchi Ag 2024

Transport params. from (Li,Be,B)/C

Fiducial F prod.

e o) Propagation parameters from Lighter
nuclei averﬂpredétﬁ = /SL
. —— OPT12up22 rr=0.90 (x2, /dof=1.01) measured b'j AMS-02 (PrL126, 20219,
\ — — OPT22 re=0.91 (x2,,/dof=1.25)

1f cross sections are reduced
by 1%, agreement is found
for Li ko F secondaries

Main progenitors are
Ne, Mq, Si, S, AL,
and other 38 channels
contributing individually [0.1,2]%,
22% of the total.

Fraction of FIo* [%]




Data on cross sections: the state of the art
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Fragment

Figure 9: Illustration of the existing nuclear data below (blue disks) and above (red circles) 2 GeV /n, and their relative precision
(size of the circles). We restrict ourselves to the matrix of projectiles (y-axis) and fragments (z-axis) formed from the reactions
(black empty squares) contributing to at least 1% of the flux of GCR secondary species Z < 30, as listed in Table 1). The
grey zone shows forbidden production regions (A; > Ap): the fact that some nuclear data are reported for ®2Cr into >*Mn,
illustrates that some measured cross-sections come from projectiles in natural abundances (i.e., a mix of several isotopes, some
heavier than the one reported) instead of single isotopes reported in this figure (for simplicity).




 Wisk List of individual reactions
~ according to their flux impact
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. E?&Wi{fs‘aged"-éhergies-

Message zero: any hew data is welcome, and will bring improvement.

Then, cd‘MF‘o‘gE}gy\s should beforeseem. .

1 Mghmpfécismh measurement (= 1%) of a few speci&«t Pradwﬂ&mn cross-sections
over the energy range ~ 0.1-10 Gev/i '

2. high-precision measurement of all fragments of many reactions at once at a
uhique enerqgy | - | s '



~ Trying a practical ranking

The mc;_'-_‘sE rei-é:\{qh&‘y'rogeﬁi&drsim G—C.Qs (El«u,s Eke-bé&M) are:

., 4He, 12C, 160, 2°Ne, 24Mg, 5L, SoFe

| »‘T‘h_e Lm&efs&étta(f‘medmm“ {Ehus‘ Ehe Earge&)us made bv:
- 90% H and 165% He

Table 2: Required number of interactions to be recorded, oredered by increasing charge and mass of the projectiles, in order
to reach a modelling precision < 1% on GCR fluxes Li, Be, B and F. Adapted from Table IV of Ref. [207].

Reaction  Nint

20
FTry I —
10B1 | 5k Reaction Nt

21Ne+H 10k

11 28

12B+H 10k 22N€+H 20k 2881+H 50k
1204He 10k 23Ne+He e 29Gi+H 5k
BC04H 5k 24ng:H ey 32g4H 5k
14 56

15N+H ].Ok 24Mg—|—He ]_Ok 56Fe+H 30k
1604+H 60k &

Mg+H 10k
16
_O+He 20k 27p )y 10k

Reaction  Niju




PQT‘QC&SE oﬂf H«e nmpa«c& cyf new XS me&sureme%&s
' Gata«:&& Propaga&on ;

—— Current uncertainty
- = Updated XS
—— CR data intrinsic

—— Current uncertainty
——- Updated XS
—— CR data intrinsic uncertainties 0.00

-60 -40 —20

0 > AL/L [%]

AS6/6[%]

normalisation and slope of the spatial diffusion - diffusive halo size determination
coefficient entering the GCR Eramspor&

(@7 7%\

Forecast pewformed with previous indications of <1% precision on

the fluxex of Li, Be, B, .
These improvements reflect on all the CR predictions



M&LM fm:du&es amd exp&mmem&s ﬂfm" OMQOLMQ amd
«fumr@. &ross~se&&mm measur&mem&s =1

- LHL.b apero&ed i {cxed-&&rge& mode bj u,sw\g SMOG

VS 127 - 113 GeV (Ewb: 450 GeyV- 7 Tev) . |

Firsk measummem& on p from F:He (‘PRLZOI?) ab Sy = 110, 5 Ge\f LLUS &al&n ak
w7 Ge\f and re.«t:em?:i.j Witk p, D ad He at 709 omcl. 113 GreV,

Methods developed to identify d and He.

LHC Qumﬁ will allow v\u,ﬁl.es, :,ciemf:ufwaf:mm

- ALICE, has studied p F:rc:»dmthom 42 F:‘Pb ‘Pb‘?b Xe)(e., as well as d,7,3He,*He
Also data on coalescence processes. »
LHC collider energies. .



M&LM fm:du&es &Mci expﬁmmehﬁs ﬂfor OMQOLMQ amd
ﬂfumre trosswsaa%c,om measuremem&s cal

— AMBER (sum:essc:»r cwf L.OM‘PASS) Has cnitea&ed D nfrcam totuswm of p with Ff 4, He,
with total momem%um beﬁweem 16 GreV/c and 60 GreV/e, | F:»-r “F’ 2GeV/e.
p §rom FH@: measured ak & energies between 1 /SNN 10,7 av\ci 2_1 “7 G-e.\f

Isc;-spm studies under wo\j
Improvement of spectrometer foreseen, increasing 10-100 read out rates.
ldem&{wa&mm of uclet under study, | |

- NAGL/SHINE (successor of NA49), hadra»m spectrometer.

Atre.adv recorded pp interactions with beam momento 13-400 GeV/e, and pC, 7,
Arsc, pPb, BeBe, Xela and PbPb at different emergies. The.j caln measure p, will d.
NAEL/SHINE can measure huclei fragmnetation

More, buk not &F'F?Litabi.ﬁ to Gralactic co\ses:'CEl’EN"&\mTOFf ak 20 GeV from PS, RHIC,
&SI, CNAQG, HIAF .
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Hardening of nuclear spectra

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

+ Helium + Lithium
s Helium o Carbon e Nitrogen

arbonx3( o Oxygen = Boron
o Oxygenx28 S

X‘i.!-‘
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= Boronx145

10°  2x10° 10? 2x10? 10° 2x10°
Rigidity R [GV] Rigidity R [GV]

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



Possible origin of anti-helium:

anti-clouds, anki-stars

106
10°
102

104
10°4 10713 10712 107 10710 10°°

n=np/ny

FIG. 4. Abundance of H, D and %He 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. Poulinn ek al. PRD 2019

Anti-clouds: require anisotropic BBN
for the right 3He/4He
AMS-02 measures are local, Planck’
ones averaged 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?



Enhancement of 3He-bar Prodw:&mn

Winkler & Linden PRL 2021

Consider the production of SHe-bar through bar-Ap (anti udb) decays.

XX > bb m, = 67 GeV :
'

B prompt levent/ (10 GeV/n)

A, decay

>
[}
O]
N~
(o]
I
>
£

—— AMS-02 (10yr)
—— Pythia
Pythia prompt
—— Pythia A,-tune
--= Herwig
Herwig+EvtGen

0.50
T [GeV/n]

Production of anti-helium would be strikingly enhanced at few GeV.
Strong dependence on MC - Pythia, Herwiq - tuning

Kachelries, Ostapchenko & Tjemsland 210500799 a skrong criticism was raised:

4

The Pythia tune by WL21 affects all processes involving baryon and
mesol production



Inipticationdkfrons Db KBusemeris

s "DLM&UJ‘O, Otc,eid, Kochler, Ruiz de Au.s&n 2504°7172

DM DM — bb — D, mpy = 50 GeV DM DM — bb — 3He, mpp; = 50 GeV

—— Had. tune Had. tune

——— Had. tune+QQ Had. tune+QQ
Benchmark A Benchmark

WL21 tune WL21 tune

---- Dfrom b-baryons /iy TS rom bbaryons
D from B-mesons ~ ~—_ /Nl

10V 10°
K [GeV/n] K [GeV/n]

LHCD sets strong upper bounds on A Branching ratios
Enhancement, if any, is verj small



