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Light flavour production in hadronic collisions

A=z Q nKp
dHe ¢ K* *
Light flavor (u, d, s) quarks thermally produced in tine
the QGP — soft probes are key to study the \ T
properties of the medium ;
73‘5 R

Mid Rapidity

Large interest also in small systems (pp, pA) not only
as a reference to AA

e different system sizes are sensitive to different
production mechanisms

Pre-Equilibrium
Phase (< 1)

e striking similarities observed between small .
and large systems s /\%\ “ 2
A/ \B
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Light flavour production in hadronic collisions

—Strangeness production:

Strangeness enhancement in AA is historically
considered a signature of QGP formation, with
Minimum-Bias pp as reference

Striking similarities observed between small and
large systems as a function of multiplicity
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Light flavour production in hadronic collisions

AEQ nKp
—Strangeness production: dHe ¢ k* ?

Strangeness enhancement in AA is historically e
considered a signature of QGP formation, with . Tto
Minimum-Bias pp as reference 3

§

Tl

S

Striking similarities observed between small and
large systems as a function of multiplicity

—-(Anti)nuclei production:

Constrain the properties of the system in AA at the chemical
freeze-out ( 7, ;) and understand nucleosynthesis
mechanisms in high-energy collisions

Pre-Equilibrium
Phase (< 1)

The production of antinuclei measured at accelerators is also
crucial input in astrophysical searches for Dark Matter
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The ALICE detector in Run 1 and 2

Central barrel: || <0.9,B=05T

— tracking down to p. ~ 100 MeV/c

— complementarity of several PID techniques
C74 S AR in0.1<p. <30GeV/c

[}
(74
il /.

i®

ITS

FMD, TO, VO
TPC

TRD

TOF

HMPID

¢ VO detectors:
triggering, multiplicity

Tew—-28<n<5.1(V0OA)

-3.7 <n < -1.7 (VOC)

EMCal

DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet

CoNoOA~ONE

ZDC hadronic calorimeters,

16, PMD
16, 2C 112.5 mfromthe IP |n|> 8.8
19. ACORDE
(ZN),6.5<|n|< 7.4 (2P
*considering LHC beam optics ZP acceptance for protonsis 7.0 < || < 8.7 5
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Mid Rapidity

Strangeness production in
pp collisions at the LHC
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Strangeness production across collision systems

T T T T T T T T LU R o 711 T T T T T

k ]  Continuous evolution of strange hadron yield ratios to
% e omfeamiuerchs B & 8 & siEd G pions with the charged-particle multiplicity observed
%10 ; ! _ at the LHC, smoothly connecting different systems and
f‘% 3 eeProri®y B & 8 4 wing A i energies
o |o¢ @pd? '
© | T
« 02l WM LRy = +# (2 |  Strangeness production increases with particle

B : . multiplicity, saturating for central Pb—Pb

!
i , ]
- MMME“ . Strange content hierarchy:
10_3 - ! Agcip, Vs=7TeV ¥ Pb-Pb, |5, =276TeV ~
- ﬂ+ : ® pp, (s=13TeV O p-Pb, (S, =5.02 TeV ] |SQ:t| > |S.'Ei| > |SA| ~ |SKg‘
'MB pp: | u Prelimilnary Pb-Pb, (S =T.02 TeV | 7
10 102 10° 10*
<chh/dn>|77|< 0.5
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Modelling strange hadron productlon

&
I zn] EHJ EHJ EHJ tﬂltﬁmb
Several approaches attempt to describe strangeness & ”@ @ 2K
S atinn i 107 1
hadronization in small systems: § D0 D000
. . . . - @ A+A (x2) |
e canonical suppression + running of VS in statistical f:i ]
o
hadronization models (CSM) [1] 9 X
R T s i
S (1 ¢ string/rope hadronization Y.
0.008} - models including colour . %H b i [H] EH”HJEH”F_
reconnection (CR) effects - *M 040’ (x16) 1
0.006 . . i . ]
/\’, (PYTHIA/DIPSY) [2] I % *ﬁ ]
0.004 - - r ‘; —— PYTHIAS b
i i SE ee DIPSY |
/4 ——1,CSM, V, = 3 dVidy e two-component (core- e EPOSLHC
0.002+ ¢ e p-p, 7TeV g 5' , Vs =7 TeV Nat. Phys. -539 |
: = pPb5.02Tev corona) models (EPOS) [3] Bt oo Toi B TepOA eSS
] ¢ Pb-Pb,2.76 Tev < O Preliminary Po-Pb, s, = 5.02 Tev
000 10’ 102 10° 10—l | =
dN /d 10 102 3
(dN/dm AN dm,
[1] Phys. Rev. C 100, 054906 (2019) [2] Phys. Rev. D 100, 074023 (2019) [3] Phys. Rev. C 101, 024912 (2020)
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https://arxiv.org/abs/1906.03145
https://arxiv.org/abs/1812.07718
https://arxiv.org/abs/1910.10556

Multi-differential analysis by ALICE

Several ALICE new results from multi-differential analyses to explore strangeness production in
small collision systems

e Study strangeness production as a function of new observables, sensitive to different
collision properties:
o Effective energy — This talk!
o Transverse spherocity — JHEP 05 (2024) 184

e Explore strangeness production in- and out-of-jets with different techniques
— JHEP 07 (2023) 136, arxiv:2405.14511 , arxiv:2405.19855

e Investigate multiple strange hadron production in high multiplicity events — This talk!
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https://link.springer.com/article/10.1007/JHEP05(2024)184
https://link.springer.com/article/10.1007/JHEP07(2023)136
https://arxiv.org/abs/2405.14511
https://arxiv.org/abs/2405.19855

The concept of effective en

Two-dimensional analysis as a function of: n

e Charged-multiplicity at midrapidity
proxy for local effects, |

e.g. jet producton T p

ergy

g

n=0
A
4
1
1
\‘ "‘,I
\

leading baryon

e | eading energy n =
proxy for global effects, e.g. the
initial effective energy in the collision

Eoff = /s — Eleading — First studied at the CERN ISR in the 80’s [1,2]

Independent proxies given the large ) separation

[1] M_Basile et al., Phys. Lett. B 95 (1980) 311
[2] A. Akindinov et al., EPJ C 50 (2007) 341-352
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https://www.sciencedirect.com/science/article/abs/pii/0370269380904931
https://arxiv.org/abs/0709.1664

The concept of effective energy

4.
n=0 §
Two-dimensional analysis as a function of: n, | ,4/\
A ‘ 1
\\ A “ ”I
e Charged-multiplicity at midrapidity leading baryon
proxy for local effects, B
e.g. jet production T p p
leading baryon
e | eading energy 0 e n— e

proxy for global effects, e.g. the
initial effective energy in the collision
Eeft = v/5 — Eleading What is the interplay of global and Focal effects
for strange hadron production?
Independent proxies given the large ) separation

[1] M_Basile et al., Phys. Lett. B 95 (1980) 311
[2] A. Akindinov et al., EPJ C 50 (2007) 341-352 11
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https://www.sciencedirect.com/science/article/abs/pii/0370269380904931
https://arxiv.org/abs/0709.1664

The concept of effective energy .
7~8

n=0
Two-dimensional analysis as a function of: n, ,‘/\

[N 4!

\‘ A " ’I

e Charged-multiplicity at midrapidity
proxy for local effects,
e.g. jet production

leading baryon

e Leading energy n = ' n— e
proxy for global effects, e.g. the

initial effective energy in the collision ALICE can measure:

Eoft = Vs = Eleading e midrapidity multiplicity ( SPD )

Independent proxies given the large ) separation
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The concept of effective energy

n=0
Two-dimensional analysis as a function of: N ,4/\

[N 4!

\‘ A " ,I

e Charged-multiplicity at midrapidity ‘I"I'él ZP

E4E
proxy for local effects, Y] —— N o W ZN g}
0. ' P P
e.g. jet production = 7p I
e | eading energy 0 e ' n— e

proxy for global effects, e.g. the

initial effective energy in the collision ALICE can measure:

Eeft = v/$ = Eleading = Vv~ EzZDC \: midrapidity multiplicity ( SPD )
Independent proxies given the large ) separation leading energy (ZDC )

13
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n=0
Two-dimensional analysis as a function of: N ,4/\

[N 4!

\‘ A " ,I

e Charged-multiplicity at midrapidity IVOA |'|'s IVOC ZP | N
proxy for local effects, N N LA W ZN g}
e.g. jet production é - I I p p I

e | eading energy 0 e ' n— e

proxy for global effects, e.g. the

initial effective energy in the collision ALICE can measure:

Eoff = Vs = Eleading = Vv~ EzDC e midrapidity multiplicity ( SPD)

Independent proxies given the large ) separation e leading energy (ZDC )
e forward multiplicity ( VOM = VOA+VOC )

14
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T
Event classes with a differential approach

The leading energy decreases with increasing particle multiplicity produced at midrapidity [1]
New multi-differential event classes: similar midrapidity multiplicity and different leading energies

16 LU L L T T 1T T T 1T T T 1T T T 1T T T 1T T 1T
S E T T ¢ Standalone
%D O 14 ALICE preliminary 4 VOM standalone |
gl 2 Tt pp Vs =13 TeV ® SPDcI [10-20]% |
& | ~ 19F O SPDel [40-50]% @ High local multiplicity (midrapidity)
| -~ E ]
‘% O 1__ # _|_ syst _— - == . . .
RS Fi Yk ] O Low local multiplicity (midrapidity)
& - |
Sl Y g ' ¢ E
S o6 ¢ * E n=0
] s % i npll 4 0yl
(0] L _ 1
E 0.4 o ¢ A =
% 02:_ ’ _: ———————————————————— EZDC'lII
g C 11 | 1 L1 | L1 1| | 11 1 1 | L1 1 1 I L1 11 | 11 | 1 1 I 11 I_ E ll " E I]I]
S %065 1 15 2 25 3 35 3 eff ™ | Teff®
< ch >|n| 05/ < ch >|n| 0.5
[1] JHEP 08 (2022) 086 15
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https://arxiv.org/abs/2107.10757
https://arxiv.org/abs/2107.10757

Strangeness production at fixed multiplicity

In events with the same particle multiplicity produced:

e increase in = production per charged particle is observed for decreasing forward energy (ZDC)
e universal scaling trends with ZDC energy, compatible within uncertainties

o
®

ALICE preliminary

OA 14 IllllllllIIIIIllllll|l|||||||'|||||||||-l T I LI IIIIIIIIIII IIIIIII]III:
i = p— =+ 1
ol 27 i 1F 4§ ZE+Z
v 12 1F , 3 -
/\é % ﬂ ¢ = N: E%Bﬂ ly[<0.5 3 = enhancement
=l = 14 4 F . .
s e ] observed at fixed
< | = F 3 =P
Nl N2 ] 3
= 09 =[S : multiplicity,

correlated with the
effective energy

4 VOM EPJC80167(2020)E 2 pp Vs=13 TeV E

0.7 @ SPDcl fixed [10-20]% | E v

0.6 O SPDcl fixed [40-501% 9 E 3

@ high VOM activity = 3

o ® low VOM activity qF E

04 |||||||||[||||||||||||||l||||||||_‘ N T NN N RN NS R N
"0 0.5 1 15 2 25 3 3.5 4 0 0.2 0.4 0.6 0.8 1.2 14 1.6

MB
< r]ch >|n|<0.5/ < r]ch >|n|<0.5

¢{ZDC Y[ {ZDG M
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Connection to the MPIs in PYTHIA

hard scattered parton

final state
radiation

beam beam remnants

initial state
radiation

In PYTHIA, the number of Multiple Parton Interactions
strongly influence the string hadronization processes
responsible for strange hadron production

X/
multiple parton interaction

hard scattered parton

17
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e
Connection to the MPIs in PYTHIA

hard scattered parton

final state
radiation

In PYTHIA, the number of Multiple Parton Interactions
strongly influence the string hadronization processes

beam beam remnants

initial state
radiation

responsible for strange hadron production NEW!
muitiple parton interaction
hard scattered parton
N 20l"'[lllllll'l|l'||]'|”|l'||]'|”|llllllll__IIIIII IIIIIII]IIII!II]III.
g £ ALICE Simulation, pp Vs = 13 TeV I ¢ Standalone
= 18 PYTHIA 8 Monash $ ¥ & @ High local multlpllcny

MPIs increase at fixed local multiplicity ~ e A @ [Lowloealmuliplicy

: : - : - ¥ EIER E

with decreasing leading energies = S ]

12 ® ¥ i & ;

10f :, £ e ]

Universal dependence with the leading oy s £ % g

. _ - ) : . :

energy, i.e. common for all selections 6 o ¥ e + %o g

. 2F ¢ * b

Leading energy — a powerful observable c:-'-’-"-“' ,,,,,,,,,,,, T Balas : S T T P P T A
' 0 05 1 1 5 2 2.5 3 3.5 4 0.2 0.4 0.6 0.8 1 1.2 1.4

to probe the dependence of particle ol o E i

n , )

production on the number of MPIs o Dicos” $ Pen Tpieos < Eniosng Japaa” ¢ Entenang Ve
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Connection to hard-scattering processes in PYTHIA

hard scattered parton

The presence of jets at midrapidity is studied in PYTHIA
considering the (P} ), ., proxy for the p; of the hard
parton scattering process

beam beam remnants

multiple parton interaction

hard scattered parton

19
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Connection to hard-scattering processes in PYTHIA

hard scattered parton

final state

The presence of jets at midrapidity is studied in PYTHIA
considering the (P} ), s, proxy for the p, of the hard
e parton scattering process

multiple parton interaction N EW '

beam beam remnants

hard scattered parton

ﬂ /G 0.8:l|ll|llll|llll|llll|llll|llll|ll|l|l|||||||::lI[I||||II|III|III LI lll:
3 0.75F- ALICE Simulation, pp Vs = 13 TeV F ¢ Standalone 3
- T : ®  F PYTHIA 8 Monash ¥ @ High local multiplicity
Very mild dependence of (p_) . withthe S ok 3 O Lowlocal mutipiciy C
H [To) 5 a ]
leading energy 3 065t E _:
> - o o ]
S 08 Tt T ey a ;
Local phenomena, such as jets at midrapidity, |2 st ’l",‘—" £ .";}’*. P :
are correlated with local observables, such as 05F *,,0"’ k3 \\‘“‘w E
the charged-multiplicity 0.45F ,@ + @“@_é‘(gééfi 3
0.4F ¢ + L=
035511||l|||||||||||||||||||l||||l|||||||||||||551||1||11||||1||||||1||l|||E

=0 0.5 1 1.5 2 25 B BH 4 02 04 0.6 0.8 1 1.2 1.4
INEL>0 INEL>0
< nch >|r]|<0.5 < ch >|n|<0.5 ( n leading >|n|>8.8/ ( n leading >|r1]>8.8
20
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T —
Connection to hard-scattering processes in PYTHIA

hard scattered parton

final state

The presence of jets at midrapidity is studied in PYTHIA
considering the (P} ), s, proxy for the p, of the hard
e parton scattering process

multiple parton interaction N E W '

beam beam remnants

hard scattered parton
*> /G 0.8:llll|llllllllllll!llllll|llll]llll|l|||||'|:-IIII||||Il|||l|||| LI lll:
3 0.75F- ALICE Simulation, pp Vs = 13 TeV F ¢ Standalone 3
- T : ®  F PYTHIA 8 Monash I @ High local multiplicity ]
Very mild dependence of ¢ o )M<0_5 with the S ot 3 B it §
H [To) 5 a ]
leading energy 3 065t E _:
> - I ]
L 06F . et B R :
Local phenomena, such as jets at midrapidity, | ssf '* £ .";*& o & ¢
, : ¥ 1 009" ]
are correlated with local observables, such as 05F *,,« k3 \“‘*» E
the charged-multiplicity 0.45F ,@ + @“@_é‘(gé% 3
N nakb ¢ k3 * ]
The observed = enhancement at fixed multiplicity =gy 5
. = INEL>0 INEL>0
is connected to global properties of the : . >m|<0.5 (L >|r7|<0-5 LT W § P, -
event, e.g. MPI, the effective energy r
21
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e ——
Multiple strange hadron production

Can strangeness enhancement in small systems arise from multiple strange hadron production in
high multiplicity events?

ALICE measured the multiplicity distribution for the production ¢ 1¢°err g
. . . c E ALICE Preliminary 3
- [ _ ]
of (multi-)strange hadrons in pp collisions Siob ep {5 =502 ToV, 1 <05 ]
.16 i UnfO/O’ 0 1
il ] 10 eds Ks =
$ f E b : Pocy, §
= 11 | 10° Um 3
12 B 10° E o) ]
C . S 10 O E
10} =10 The detector response is - .
L . . 10* =
b taken into account via g §
s 1 Bayesian unfolding 100 -
C N ) 107 107 ? —8— Reconstructed spectra é
:— MC injected production = + Uieiiedispesta 3
i N 10 10 E
— ALICE Simulation = 3
: ppg=502TeV, |y|<05 1_I ) I o | | - | | 1 | | | < Y I s I O [ | I I | EL 1l | 1 I_

oL isleseloaslonsComslams 1 0 1 2 3 4 5 6 7
0 6 8 10 12 14 16 nKo
#Rec/ev. °
22
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T
Strange particle multiplicity distribution

I |

| I |
- : ¥ 1 imi =
Probability to produce n strange particles of < F & sLIGE Frelimingry :
. . T F ¥™wee.. pp Vs =5.02TeV, [y| <05
a given species per event P(n,) - TR ’ i
— spanning across large ranges of strange
hadron count - _ .
. T 102 =
— measured as a function of charged-multiplicity 3 - -
109E T
The probability to produce n = 1 strange - ;;:l‘l]_; 1] =
hadron per event increases with the 104 R A
Charged'partlde mUItlpIICIty ” VOM multiplicity event class H 11 o
10—5:_ e 0-1% e 1-5% o — é'-
E e 5-10% 10-20 % 3
N 20-30% o 30-40% i
. 6L o 40-50% e 50-70% ]
Same feature observed for all other (multi-)strange 10 70.100% e 0-1009% (INEL > 0)
hadrons (A, &, Q) C | | I I I | | L
g 1 2 3 4 5 & 7
Ny
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e ——
Multiple strange hadron production yields

N

o w

Average production yield of 1, 2, 3, ... >_§

particles/event is calculated as:

< Yk—part = EZO:k k|(+ik)|P(n)

The n-particle yields increase more than
linearly with the charged-particle multiplicity

Model comparison:

the increase with multiplicity is qualitatively
reproduced by PYTHIA Monash, QCD-CR
Ropes and EPOS LHC, but all underestimate
the n-particle yields for n>1

10 E T 1T T T l T T T 1 l T T T T I T T 1T T ' T T 17T I T §

- ALICE Preliminary .

1_ pp (s =5.02 TeV, |y| < 0.5 (Y, e ) _

E ( Yz K3 ) E

10k VYo )

: Ve )

E Y -

1021 Mo/ =

10°E E

0% W g 2 e Pythia 8 Monash =

- —— Pythia 8 QCD-CR Ropes 7

- 2 Epos LHC 1
10—5 | Il ,{1” | l | | | | | 1 | 1 | | | Il [ 1 | | 1 | 1
0 5 10 15 20 25

<dNch/dn>|n|<0.5
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Yield ratios with AS =0

— Y VY Y —— A
iy n Kg Z  FE ppis =502TeV,|y|<05 (v, )
AS = 0 — increase vs / 2 [ ]
multiplicity for multiple Z10E E
hadron production ; ;
107 E
10_35_ _'E
5 . 3
i & - === Pythia 8 Monash i
. e —— Pythia 8 QCD-CR Ropes

107 - - . Epos LHC E
:I 11 1 I 11 1 1 I | T i | I 11 1 | l 11 1 1 I l:

0 5 10 15 20 25
ALI-PREL-572235 N/
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_<Yn

RIXS

an

Y —

AS = 0 — increase vs
multiplicity for multiple
hadron production

Yield ratios with AS =0

T T T T T T T T T T T T | T T T T I T T T T I T /\cq) T T T T T T T T T T T T ' T T T T I 3 T T I T i
1= ALICE Preliminary - = ALICE Preliminary -
' pp Vs =5.02TeV, |y| <0.5 iz pp Vs =5.02 TeV, |y| < 0.5
; LUTE - 0¥,
. ] 10 =
ol 15 :
3 1 = [ ]
- 1 > - ]
10—2 E_ —E 1 0—2 E_ —E
10°%F E
: , EERLA 3 £
i 7 - === Pythia 8 Monash ] F - === Pythia 8 Monash 3
L e —— Pythia 8 QCD-CR Ropes B —— Pythia 8 QCD-CR Ropes 4
107°E - - . Epos LHC E i T - - Epos LHC 4
: { 1T I T | I 11 1 1 I | MY T i | l 11 1 1 l | I T A | I 1 : 1 0*4 11051 1 l 11 1 | l 11 1 1 I | BT T I l 11 1 | l 1
0 5 10 15 20 25 0 5 10 15 20 25
<chh/d ">m|<oA5 (chh/ d77>|n|<o.5

( m baryon> < )
AS = 0 — test hadron productlon at fixed number
of strange quarks and different light quark content

Decreasing trend with multiplicity

26
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Yield ratios with AS =0

— X Y . y — "{ 1k ALICE Preliminary - “{ B ALICE Preliminary ]
nA nKg > FE ppis =502TeV,ly|<05 v,o 3% 1 pp¥s -502TeV, <05\
AS = 0 — increase vs / SO pAArE oI VS ] ok =
- - . . = = C 3
multiplicity for multiple Z10E ) 5 B .
hadron production : 1 ]
102 = WOF 3
. . . T I | # |
Yield ratios with AS = 0 show . L4
TP ” E 10° = &
more than Slmple Strange ,,"' = === Pythia 8 Monash ] C - === Pythia 8 Monash ]
baryon enhancement br- —— Pythia 8 QCD-CR Ropes B —— Pythia 8 QCD-CR Ropes ]
- = . Epos LHC 3 L T - = . Epos LHC 4
Bl_l I 11 1 1 [ | MY T i | l 11 1 1 I | T T T | I I— —4 111 1 l 11 1 | l 11 1 1 [ | BT T I l 11 1 | I 1
The probability of light (u,d) quark 5 10 15 2ng B )25 %% 5 10 15 2((;N B >25
(re-)combination also plays a role L-5 e lncos o Vinas
( m baryon> ( )
Model comparison: AS = 0 — test hadron productlon at fixed number
All trends are rather well reproduced of strange quarks and different light quark content
by Pythia 8 QCD-CR Ropes, which
includes color reconnection effects Decreasing trend with multiplicity
27
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(Anti)nuclei measurements
with ALICE and relevance for

astrophysics
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LHC: an (anti)nucleus factory

Years of light (anti)nuclei measurements at the LHC — improved understanding of their production

mechanisms, but still not fully understood
5 & & ®
|deal conditions at LHC energies: S Teon . anti-3 antl.hypg triton .

anti-triton anti-*He
antimatter / matter ~ 1

I |

'z' 110; . ALICE
Rarely produced in high-energy collisions g: L ‘ dIpl,, ~ 1/1000
— require large integrated luminosity % 1182 ‘@::*1\ -
0 . ~‘\\\\3m/[)|pp ~1/10°
Two main classes of models to describe light 18‘; e, ™
(anti)nuclei production 10°° Sy
e statistical hadronisation model (SHM) 107 - (/O10% PP S 2 70TeV™

10°® - [@|NSD p-Pb, {5, = 5.02 Tev

107 @lNEL pp, Vs =7 TeV
10710 | 1 1 1
1 2 3 4

e coalescence model

A
[1] Acharya et al.. Phys. Lett. B 800, 135043 (2020) 29
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https://www.sciencedirect.com/science/article/pii/S0370269319307658#fg0060

Modelling the production of (anti)nuclei

Statistical models (SHM)

Hadron production from a system in thermal and
hadrochemical equilibrium [1,2]

dN/dy « V exp [ ———

Tch

Extension to pp in the canonical ensemble — CSM

—~ —
Tkl Pb-Pb |(5,,=2.76 TeV
c‘:’ 10? — -Q-K 0-10% centrality ]
> .. PA
S 10f R ]
S 5.z [2] ]
§ ‘,‘nxg,
107" *d 3
F s
1072 , ]
3L . 1
10 : "EHE s
4k - A N
10%g e Data, ALICE )
10°°F Statistical Hadronization 3
10k total (after decays) “AHe
f e primordial $ 3
1077 L I ! 1 ! I I I
0 0.5 1 1.5 2 25 3 3.5 4
Mass (GeV)

[1] V. Vovchenko et al., PLB 785 (2018) 171-17
[2] Andronic, A. et al., Nature 561, 321-330 (2018)
Francesca Ercolessi for the ALICE Collaboration

Coalescence models

Nucleons close in the phase space at the freeze-out
can form a nucleus via coalescence [1,2]

Coalescence parameter B A
- isrelated to the coalescence probability
- depends on the source size and on the nucleus
wave function

&N, /
EA 3
B, = dpy d
A= 7 e A
dN,
<Ep d3pp ) /
where: e /

- A is the mass number

of the nucleus ‘

“P, =P,/ A

[1] J.I. Kapusta, Phys.Rev. C21. 1301 (1980)
[2] Scheibl. Heinz. Phys.Rev.C59:1585-1602 (1999) 30
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https://arxiv.org/abs/1710.09425

Yield ratios: d/p

. . . . . —~~ T T S ) O B S | | T T T TTTI I T T LI L I T 1 |
d/p ratio evolves smoothly with multiplicity E‘ L —CsM, T, = 155 MeV, V, = 1.6 dV/dy 1]
: - —— CSM, Topy = T(AN_ /dn)), V_=1.6dV/dy E
- dependence on the SyStem Size £ 0.005f Saha eq. with annihirations . -
Sas - [ il
— - - Coalescence H -
. o B ]
Both models are able to describe the data: + 0-0041— Iyl <05 for pp, Pb-Pb =
. . - -1<|y| <0 forp-Pb =
e CSM: canonical suppression B - i
. 0.003 =]
e Coalescence model: interplay between - ]
. . a [+] p-Pb, {5y =5.02TeV
source size and nuclear size 0.002F- (®] o (5-502700
- (0] p-Pb, Yy =8.16TeV -
0.001 W P! (4] Xexe, Yoy = 5.44 Tev [ pp, 5= 7 TeV Ei
SN [%] Pb—Pb, 5y = 5.02 TeV || pp, Vs = 13 TeV :
2] Pb-Pb, {5,y =2.76 TeV O] pp, Vs = 13 TeV, high mult
O B 1 1 11 1 11 ll 1 1 LE L1l ll 1 | 11 1 11 ll 1 1 N
1 10 10° 10°
<chh / dn>|n|<o.5

[1] arxiv:2405.19826
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Coalescence probability B , me

For high multiplicity Pb~Pb significant B,, drop 58‘ P
‘% 102 E—dguSleipgl p/A=075GeVic _|

— can be explained within the coalescence 0] - b ]
. . - - ALICE Mg -

model due to the increase in the source size " [ ) 0, p-Pb, (5o = 816 TeV ™ ]

~ [#] d+d, p-Pb, sy = 5.02 TeV
(m] d, Pb—PD, \}SN =2.76 TeV

~3 [ — —
107 E [ d+d, pp, Vs =5 Tev E
~ @ d+H, PP, Vs=7TeV =]
- (=] d,pp, (s=13TeV o
- [O] d, pp, Vs = 13 TeV, HM g
~ B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905)
10_4 | --Param. A (fit to HBT radii) ]
- —Param. B (constrained to ALICE Pb-Pb B,) ]
u 1 I 1 L I T T ll [ 1 1 Ll 11 lI 1 1 1 ! I I ] ll 1 N
1 10 102 10°
dN /d
AN/ O <05

[1] arxiv:2405.19826
[2] Phys. Lett. B 846 (2023) 137795 32
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T
Hypertriton production

Hypertriton has a larger radius wrt deuteron: Exploiting Run 3 larger statistics!

X

e

o
&

T T T T l T T T T T

<
r(3H) = 10.79 fm 0, r (d) = 1.96 fm T

SHM and coalescence predictions significantly
diverge at low multiplicity 04

— f’\H/A in pp collisions favours coalescence |

IIIIIIIIIIIIIIIII

0.3
3 H --------- e ALICE Preliminary

; ah ¢ Run 3, pp Vs=13.6 TeV
DCA ; Aj_,\ §

.. * Run2,pp Vs =13 TeV
“l ".: 0-1
tracks v %

|IIII|I1II11IIIIIIII

3He

—— SHM, Vc = 1.6 dV/dy

Secondary vertex - VO
|| Coalescence, 2-body

llllllllll

T Y T |

i ¥ pointngangle 7 - 110 | —
O/ /
= PY ) ] <chh/d 77>|77|<0 5
! DCA x
Primary ' to PV
Vertex %

(1) E. Hildenbrand and H.-W. Hammer, Phys. Rev. C 100, 034002 33
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Light antinuclei as probes for Dark Matter

Cosmic ray antideuteron and antihelium nuclei have been suggested as possible probes for Dark
Matter (DM) WIMPs (mass ~ few GeV - few TeV) [1-3]
. / Gamma-rays
e Anti-p and anti-n can be produced by WIMP -
annihilation into SM channels 4) ¥

e anti-deuterons and anti-*He are produced WIMP Dark

via coalescence of anti-nucleons Matter Particles
Ecm~100GeV

e e
W*zg e\
Subject for indirect DM searches with space-based d Neutrinos
experiments such as AMS-02 (ongoing)

X

~—

Since ~10 years AMS has collected > 220 billions CRs with
few candidate events compatible with antihelium mass [4]

+a few p/p, d/d
Anti-matter

[1] M. Korsmeier, et al., Phys. Rev. D 97, 103011 (2018) [3] E. Carlson. et al., Phys. Rev. D 89, 076005 (2014)
[2] M. Cirelli, at al., JHEP 08, 009 (2014) [4] Ting. S. . CERN Colloguium (2016) 34
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https://arxiv.org/pdf/1401.4017
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https://cds.cern.ch/record/2238506

(Anti)nuclei in cosmic rays

The largest fractions of primary CR are protons and helium, no antinuclei as primary CR

Secondary anti-p, anti-d, anti-*He produced by interaction of primary CR with the InterStellar
Medium ISM (pp, p-He, ...) constitute a background for the DM signal

3He production and propagation in the Galaxy

3H—e,p p+p—>3%+x

® -DM
AMS-02

X+X>WW ->3He+X

Voyager 1
- A
I 1 1 1 1
0.100 100 10 1
Distance to the Galactic Centre (kpc) Distance to the Sun (AU)
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(Anti)nuclei in cosmic rays

The largest fractions of primary CR are protons and helium, no antinuclei as primary CR

Secondary anti-p, anti-d, anti-*He produced by interaction of primary CR with the InterStellar
Medium ISM (pp, p-He, ...) constitute a background for the DM signal

3He production and propagation in the Galaxy

:%/ p p+p—>3%+x
@ -DM
— AMS-02

From ALICE:

- Antinuclei formation mechanism (coalescence) — constraint with LHC data

- Measured antinucleus inelastic cross section to account for absorption by ISM

e a4 e e
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T —
ALICE experimental input to coalescence modelling

A recent study shows that ALICE measurements of: T
) . Q) 0-0020__ [3] deuterons, pp Vs =13 TeV HM" |
e proton production yields = i [¢]ALICE JHEP 01, 106 (2022) |
- 8 L | Gaussian WF JJJEPOS 3
e proton source radius = i Hulthén WF 55 Pythia 8.3 -
in high-multiplicity pp collisions, allow for prediction g ooTa- Il Argonne v18 WF N
of the deuteron spectrum via coalescence with no S [/ i
< ; &
free parameters %5 0.0010 _
Wigner-formalism based coalescence afterburner > 25 1
:G 10 T T T € :I"‘l'"I'"I"'I"'I“'I"'I"'I'__ 00005 —
> E - [1] P+P)/ ? T E ALICE pp Vs = 13 TeV =
P 1%i11~.%'“::* _ ALCE Mt aniiaiiatl ]
o %F E f\g«,, A** x § S [2] E |
E pp,E=13TeV -T_ \~E s @©
102 [OJHM (c8)  [OJHMI(x4) :‘:'— E B = e
i : | 3 b |
1073;_ ; ; ; d" é = ; 1{2 1!4 1I.6 1?8 :Iz 2{2 2!4 2I.62 § 0.5 1 O 1 5 2. O 2 5 3 O 3 5 4. 0 4 S
P (Gevic) iy S p_ (GeV/c)
[1] JHEP 01 (2022) 106 T
[2] Phys. Lett. B 811 (2020) 135849 [3] Mahlein. M.. Eur. Phys. J. C 83, 804 (2023) 37
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T —
Rapidity dependence of coalescence

Model predictions based on ALICE measurements e [— .‘Z. . N
are used as input to calculate antideuteron flux Jigees =l§: =i
from cosmic rays [1] 7 S ' Y| <15
' Y] <2

= el a0 Y
But typically ALICE measurements cover & L
midrapidity (|y|<0.5) while astrophysical models N’fﬁ
extrapolate to the forward region é

= 1010L

e

10712 P54 - ¢ Dii]
10’ 102

rigidity [GV]

[1] K. Blum, Phys. Rev. C. 109. L 031904
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Rapidity dependence of coalescence B(T)

E, d}p”
Model predictions based on ALICE measurements NEW!
are used as input to calculate antideuteron flux — BRI A B e E s B ——
i O :
from cosmic rays [1] = 102F S y |1<<0y1 02 ) o8 ALICE 2
% F 9 0.2<|y[<0.3 ><2; pp Vs =13 TeV
C  Fe0ashlioslz
i ~ @ D.4<|y]|<0.0(X
But typically ALICE meslsurement; covelr | & 10E o 8'2 << 8'9 % ?;
midrapidi .5) whi tr ical m - @ 0.6 <]y[<0.7 (x
drapidity (M<O 5) ©as _Op ysical models - — EPOS 3 + coalescence —
extrapolate to the forward region 1L

The current acceptance of the ALICE detector
allows to extend the measurement of

antideuteron up to |Ay| < 0.7 [2] | 0'4 | 0|6 | 0|8 T 1'2 | 1'4 | 1l6 |
— no strong dependence on rapidity is observed pT/ A (GeV/c)

II| | IIIIIII| | IIIIIII| | [[IIIII| | IIIIlII| |
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<
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o

[11 K. Blum, Phys. Rev. C. 109. L031904
[2] arxiv:2407.10527 39
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e
Measurement of the inelastic He cross section

ALICE measured the inelastic cross section for antinuclei using the LHC as antimatter factory and the

experimental apparatus as a target — significant impact on

Antimatter-to-matter ratio:
measurement of reconstructed *He/°He ratio
and compare to MC expectations

5.0
1
45 ALICE pp vs=13 TeV (1]
4.0 Inl<0.8
35 | (A)=17.4 E Data — — Geant4
:9: 3.0 —‘ <A> =31.8 E Data —— Geant4
£ 25 ° (A)=17.4 J 95% confidence (upper limit)
(52
& 201
15 -
1.0 F B o -
L]
0.5 ‘
0 [ . , ,
0 1 2 3 4 5 6 7 8
p (GeV c™

[1] Nature Phys. (2023) 19, 61-71

SHe propagation in space

TOF/TPC-matching ratio:

measurement of reconstructed He(TOF)/*He(TPC)

5.0
4.5
4.0
3.5
3.0
2.5

2.0

0-inel(sHe) (b)

1.5
1.0
0.5

ratio and compare to MC expectations

1
ALICE Pb-Pb v, = 5.02 TeV ]

0-10% centrality
Inl<0.8

(A)=34.7 . Data — - Geant4

T —_——

T
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p—
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e ——
Summary

In the last years ALICE tried to push our understanding of strangeness and nuclei production mechanisms
in high-energy hadronic collisions
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e ——
Summary

In the last years ALICE tried to push our understanding of strangeness and nuclei production mechanisms
in high-energy hadronic collisions

Several new approaches to strangeness production
e Strangeness enhancement in pp collisions with the effective energy
e First measurement of multiple strange hadron production and yields ratio with AS =0
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Summary

In the last years ALICE tried to push our understanding of strangeness and nuclei production mechanisms
in high-energy hadronic collisions

Several new approaches to strangeness production
e Strangeness enhancement in pp collisions with the effective energy
e First measurement of multiple strange hadron production and yields ratio with AS =0

Important insights from nuclei production and applications to Astrophysics:
e LHC can be used as antimatter factory to study the production of light (anti)nuclei
e Yield ratios of (anti)nuclei and hypernuclei to constrain formation mechanisms with applications

to indirect Dark Matter searches
e Measurement of antinuclei inelastic cross section to account for absorption by InterStellar Matter
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Summary

In the last years ALICE tried to push our understanding of strangeness and nuclei production mechanisms
in high-energy hadronic collisions

Several new approaches to strangeness production
e Strangeness enhancement in pp collisions with the effective energy
e First measurement of multiple strange hadron production and yields ratio with AS =0

Important insights from nuclei production and applications to Astrophysics:
e LHC can be used as antimatter factory to study the production of light (anti)nuclei
e Yield ratios of (anti)nuclei and hypernuclei to constrain formation mechanisms with applications

to indirect Dark Matter searches
e Measurement of antinuclei inelastic cross section to account for absorption by InterStellar Matter

More to come with LHC Run 3 increased statistics!
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