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Proauction ot {(anti)nuclel at the LAC G

\d
fime ':\',}' o At LHC energies (\/_ ~ 1-13 TeV) same amount of matter
n, K X
! n\ F’/ T and anti-matter is measured (p; ~ 0)
/ Teh

e Production mechanism still under debate

Mid Rapidity
Q
N

o Two classes of phenomenological models available:

= statistical hadronization > works very well for
integrated yields (even for nuclei!)

» coalescence > describes fairly well the ratio to
protons of integrated yields

(ty< 1 fm/c)

\\ b) with QGP z

beam

chiara.pinto@cern.ch



Mlodelling the production ot (anti)nuclel

Statistical models (SHMs)

c@
y

FTT L DL L L L L L L L L LR DL L B
108 ;E'.T: Pb-Pb \s, =2.76 TeV, 0%-10% centrality —é
. . _ .. Kt :
e Hadrons emitted from a system in statistical 102 e 4
. oy . - .’.~. P , E
and chemical equilibrium 10 [ .o, o
- @ =" from the fit:
) 100 p o Tehom=156 MeV ]
o dN/dy « exp(-m/T,... ) 9 -
+ 107 =X 4
= Nuclei (large m): large sensitivityto T, .. d f -, :
& 102 ¢ ) E
2 F :
« Light nuclei are produced during phase 10° . 3He E
i : “oe, SH i
transition (as other hadrons) 104 ® Data from the ALICE Collaboration -, E
« Typical binding energy of nuclei ~ few MeV 107 Statstioal hadronization e
100 —E Total (after decays) ~,..He ?
(EB ~ 2 Meror d) TP Primordial '?‘ .

10_7 l-l 1 1 l 1 1 L L I 1 1 1 1 l 1 1 L L l 1 1 1 1 l 1 1 L L l 1 1 1 1 l 1 L L 1
. . 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

= how can they survive the hadronic phase y
ass (GeV)
environment (T~ 156 MeV )?
E Andronic et al., Nature 561, 321-330 (2018)
chiara.pinto@cern.ch 3



Mlodelling the production ot (anti)nuclel G

Py 4

Coalescence models

* Simplest implementation: spherical approximation = if (anti)nucleons are close in phase

space (Ap < p,) and match the spin state, they can form a (anti)nucleus

v

¥ Butler et al., Phys. Rev. 129 (1963) 836
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Mlodelling the production ot (anti)nuclel G

Coalescence models

0 —
* Simplest implementation: spherical approximation = if (anti)nucleons are close in phase
space (Ap < p,) and match the spin state, they can form a (anti)nucleus

» State-of-the-art models use the Wigner function formalism = (anti)nuclei arise from the overlap of the (anti)nucleons

phase-space distributions with the Wigner density of the bound state
¥ Butler et al., Phys. Rev. 129 (1963) 836

¥ Mahlein et al., EPJC 83 (2023) 9, 804
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Mlodelling the production ot (anti)nuclel )
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Coalescence models

0 —
* Simplest implementation: spherical approximation = if (anti)nucleons are close in phase
space (Ap < p,) and match the spin state, they can form a (anti)nucleus

» State-of-the-art models use the Wigner function formalism = (anti)nuclei arise from the overlap of the (anti)nucleons

phase-space distributions with the Wigner density of the bound state

¥ Butler et al., Phys. Rev. 129 (1963) 836

* Microscopic description ¥ Mahlein et al., EPIC 83 (2023) 9, 804

« Key observable is the coalescence parameter B, > experimental observable tightly connected to the coalescence
probability: Larger B, < Larger coalescence probability

3 A
, d’N, N,
BA(PT) =k, dpf_’l / Ep d PS pi=p{/A
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Mlodelling the production ot (anti)nuclel @
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Coalescence models

0 —
* Simplest implementation: spherical approximation = if (anti)nucleons are close in phase
space (Ap < p,) and match the spin state, they can form a (anti)nucleus

» State-of-the-art models use the Wigner function formalism = (anti)nuclei arise from the overlap of the (anti)nucleons

phase-space distributions with the Wigner density of the bound state

¥ Butler et al., Phys. Rev. 129 (1963) 836

* Microscopic description ¥ Mahlein et al., EPJC 83 (2023) 9, 804

« Key observable is the coalescence parameter B, > experimental observable tightly connected to the coalescence
probability: Larger B, < Larger coalescence probability

: ; A €1 PRC 99 (2019) 024001
L d°N 4, d N &2 PRL 123 (2019) 112002
BA(p ) _EA /| E pP= pA/A ,
T d p d ™= P71 &3 PRC 96 (2017) 064613
O i Py
Small distance in space . A Large distance in space
(Only momentum - (Both momentum and
y correlations matter) @ space correlations matter)
ppt!, p—Pb2: re=1-1.5 = large B, Pb—Pb3: ro= 3-6 fm — small B,

- im
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Astrophysics applications

cﬁw
y

NS

Y/

p+“*He — *He +W’

y+y—-bb->3He+X

Voyager
A

AMS-02
A

A
GAPS

“He, *He, p

0.100
Distance to the Galactic Centre (kpc)

¥ Nature Phys. (2023) 19, 61-71

100

_ 10 1
Distance to the Sun (AU)

Antinuclei production:

e« pp, pA and (few) AA reactions

between primary cosmic rays and
the interstellar medium

« dark-matter annihilation processes

“He > O
OX@@

Primary cosmic ray Interstellar medium
(90% p, 8% “He) (90% p, 8% “He)
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Astrophysics applications
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NS

\j,\p'+p—>3H_e+X

‘He+p=> Y

p+*He — He +W

Y/

y+y—-bb->3He+X

AMS-02

A
GAPS

Voyfger e,

D

_ ~0.100
Distance to the Galactic Centre (kpc)

« High Signal/Noise ratio (~102—104) at low E,.  expected by models

_ 10 1
Distance to the Sun (AU)

e To correctly interpret any future measurement, we need precise

knowledge of
1. production of antinuclei
2. annihilation

¥ Nature Phys. (2023) 19, 61-71

Primary cosmic ray
(90% p, 8% “He)

Antinuclei production:

pp, PA and (few) AA reactions
between primary cosmic rays and
the interstellar medium

dark-matter annihilation processes

“He > ®
OX%@

Interstellar medium
(90% p, 8% “He)

antinuclei cosmic ray flux

Flux (log scale)

- measurement
= packground
= signal

Energy (log scale)
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Experimental errorts at the LHC @

HCAL

ECAL
SPD/PS M3 —250mrad

M4 M5

RICH2

¥ ALICE Collaboration, 2008 JINST 3 S08002 ¥ LHCDb Collaboration, 2008 JINST 3 S08005

« excellent tracking & PID capabilities over broad prange  «  excellent vertexing (o,, = 15+29/p, [GeV] um, 0,=0.5% - 1.0%)
» low material budget . excellent PID separation for K, 7 and p with O(10) GeV/c
-> most suited detector at the LHC for the study of nuclei >  recently joined the nuclei-business!

chiara.pinto@cern.ch 10



ldentitication or nuclel with LHCD

LHCb detector not designed to identify light (anti)nuclei

JINST 3 SOB00S (2008) .
. RICH2 M1

RICHI

Use information from the tracking system

lonisation losses in silicon sensors: Z2 dependence in Bethe-Bloch
- dE/dx in VELO, TT, IT to identify He

a8
\_/

VELO: 2x21 Iayers TT: 4 layers IT: 12 layers

DA
| a4 Y

Light nuclei slower than c: M dependence of particle speecf

- Time-of-flight in OT and M1 to identify d,
distinguish 3He and *He

https://cds.cern.ch/record/2881940/files/MPI23 v1.pdf
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https://cds.cern.ch/record/2881940/files/MPI23_v1.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

ldentitication ot Hellum-5 with LHCD e )

N,
fon s L) L L B B L L . . .
Lot , _ Bethe-Bloch: Z=2 particles deposits ~4 times the
202} " Slilnull'auon 71 energy of Z=1 particles
. elium =
o [ — ' : : : First (anti-)Helium candidates
> Protons - He: higher ADC counts and wider cluster size ( ) ) |
= 1 observed in pp in LHCb data!
3 g = L I L L L | I L Ll Ll L l L Ll L [ ] I L L i
- : 5000 T
OO l e O _I(X) : | } L] L L I [ ] L Ll L] L) : 3He !
0.0 03 04 05 06 - [ . ]
AE [MeV] R | S0 |- - )
22500 E . -
Define Likelihood discriminators based on cluster size and ADC counts: ; [ oL il W N i
n 1/n . o
LX=(1_[PDDLX> ,X = {He, Bkg} O'.l.... bda Lol o . o fo.
LHCb-DP-2023-002 i=1 ol DL
2 FlHCbs3m | Lix10°] H Bl s 2000 Fioo 3He |
'..US [ . N : Ax 1077 — e _ g = = -
>< D :— o : .", —: IOQ ALD logL lOgL ; : E E !
B P A « AVELO 2 L S0 |- - -
] — A =] LD 22500 ¢t Yo - -
D& C; One discriminator for each subdetector: « AT & L _E ‘ |
-5k . . AIT - - 0 .
; i 1 B0 LD X "
_10:— : —: L e b o oo 1 . . . 1l , ., , |, i}
: i ; Performance: 0 10 5 0 s
~15F | 6x10* He and 5x10° He | ] * MislD probability: 0(10712) AVELO
. PP B | ] ° i ici * ~ 0, LD
-20 = T : Tt Signal efficiency: ~ 50%
T
Alp ¥ LHCb Collaboration, JINST 19 (2024) P02010
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ldentitication of nhypertriton at LRHCD e )

e Hypertriton life-time and binding energy gives access to hyperon-nucleon interaction //“IT\
C \
—> Constrains on maximum mass of neutron stars A TN (
( o U\ @@Q/)
Search for 2-body decay into He: @ /—>(\/ \)f ' )\ N
3 3 - \
AH - "Hem™ + cc \Q/ \@\/// (77
Results:
(Run2 pp collisions at /s = 13 TeV) 2 60 L "L L
. Vi . > . LHCb preliminary |
Yields: &9 [ ¢ Data5.5 b |
- 61 * 8 Hypertriton > L — Sigf;(al . i
. . L [ — Backgroun _
- 46 t 7 anti-Hypertriton § 40 I , Same-sign data. |
e Statistical mass precision: 0.16 MeV = I 1
St ]
20 - =
This measurement shows the | J/ \‘ ]
applicability of 3He reconstruction and 0 Lii L ﬂﬁ‘*j—‘i M#;—‘L#Lﬁ##ﬁ.*wi
paves the way for future measurements 2960 2080 3000 3020 3040 3060
of astrophysical interest m(3He ) [MeV]
https://cds.cern.ch/record/2881940/files/MPI23_v1.pdf ¥ LHCb Collaboration, LHCb-CONF-2023-002 (EPS-HEP)
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https://cds.cern.ch/record/2881940/files/MPI23_v1.pdf

FiIxed-target programme at LRCD e )

\
NS

e The System for Measuring Overlap with Gas (SMOG) can

inject gas in LHC beam pipe around +20 m from the LHCb IP ek Beam Energy
« SMOG exploited for LHCb fixed-target physics programme ; 10;_ 2500 GeV
— Collected physics samples with different targets and g 1E =:zzg zzz
different centre of mass energies §
£F
Nominal p-p \8/10-2 d I I I I
collision point ‘g pNe pHe pAr pAr PbAr pHe pHe pNe Ne PbNe
e 2015 | 2016 | 2017 | 2018

Unique opportunities at the LHC:

T e Collisions with targets of mass number A intermediate
Effective gas target W/ /Y / . .
(He, Ne, Ar) / T/ between p and Pb = Reproduce CR interactions (pp, pHe)

o Energy range\/sNNe [30,115] GeV for beam energy in

LHCb contribution is relevant for astrophysics applications! IE{OHZIL? 7]TeV = Unexplored gap between SPS and LHC/

¥ LHCb Collaboration, LHCb-PUB-2018-015

chiara.pinto@cern.ch
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(anti)deuteron identitication with LRCb

LHCb is now also capable of measuring (anti)deuterons

Q. -
] ] ) - L1
« Time-of-flight based technique % r
* Reconstructed tracks refitted to determine g = I 102
m -
- iterative procedure rerunning Kalman fit with g 0.9 —
Q B Bl
different f hypotheses et 0.8 LHCb Preliminary
TE pHe sy = 110GeV
u % of sample = 10
07F 10% of sampl =
0 - 1.8<p<20GeVic ik m; 1.6 <p<18GeVic '_‘ 06; ..... X _f :
e ~10% of SMOG pHe | - - ““7 LHCb-FIGURE-2023-017 - |
S = qF 0SS e
(Vsun =110 GeV) dataset mu,u" o= B Y "” 2000 4000 6000 8000 10000
e Background suppression: &W ]H‘ HHN AAAAAAAAAA ] E reconstructed Momentum [MeV/c]
o(B) < 0.02,, X/ ndf <2 —
First deuteron candidates = ., - P
H 10 - s N f|m‘hpu~1 ........ 1 10 LHCb Preliminary f
observed in pHe data! ~ * 1 i ’*H i u‘i“'f' e "
o] 3o |
tructed B tructed f
LHCb-FIGURE-2023-017

https://cds.cern.ch/record/2881940/files/MPI123 v1.pdf
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ldentiTication of nuclel with ALICE @

ALICE

Low p region (below 1 GeV/c) > PID via dE/dx measurements in TPC

10 ~ ALICE performance

3 @_ 1,1 I l T TT T I,l T T T T T T T I T I T T T
) L
0 10 op e}
= Vs=7TeV =
o
= Time Of Flight
& : 0.8
P PID via p
E OpD ~70 o 0.7
kS
g
©

o pp \s = 13 TeV

o o
a1 (o))
S RS T e T o O e o A T e

III|IIII|IIII|IIII|I]I.I'I'

S I"-"l ) [..";:I Ly J L1 "I. .| [

o
~

i : 05 15 25 3 35 4
v b v v o e by e e b g p(GeV/C)
~2 -1 0 1 2
p/z (GeVic) B : =~ '
[/ ; 2 = . .
- //# Ve | Higher p region (above 1 GeV/c) = PID

via velocity B measurements in TOF

Time Projection Chamber

tracking, PID via dE/dx
o.dE/dx ~ 6%

chiara.pinto@cern.ch 16



Mleasurement or light (anti)nuclel with ALICE

HLICE
‘l_’\ T T T T T T o 2 ‘:\ ET T T T [ T T T T | T T T T | T T T T | T ]
QIS ALICE ‘1‘81100 /”2_ = ALICE (+]0-100% 21
2 | PPD sy =816Tev = 5010% 1 107k p-Pb, [, =816 TeV BRI
o 20-40% 1 O %x2 . . .
= w060% | = | °/20-40% ] e In small systems such as pp and p—Pb collisions, all nuclei
d_ [¢] 60-80 % r M (@] 40-100 % | )
B e 80-100% | e - Lévy-Tsallis .
T T e, - BlastWave ' = E species have been measured, from p to 3He
@ := - et ] e
S [ . L e
: C\E 2 m‘% :"_ - .
! : _ SIS _— . . : :
B0 e — T e e ah « Momentum distributions fitted to extrapolate the yield in the
: 3 - ™ h%.i'* 1 : ; L';.js.l‘-t@ 7F N .
oo | " e S - unmeasured regions
= oA 1 —4 :_, _ c .'« . —
(o2l P+P)2 Vo 8 0 | (d+d)2 S
0"l INEL>0,-1<y_ <0 N INEL>0,-T<y, <0~
1 L 1 | 1 1 1 1 | \% L ‘| 11 [ I -} I I B r| 1
1 2 0 1 2 3 4 ':a gIlllllllIIIIIIIIIII]IIIIIIIIIIIIIIIIE EIIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE 1
= 103 ’ | —
p. (GeV/c) P, (Gevie) 3 1025"'&.‘, L EEP2l L e @ @2
~ - 3 :/I B
*:\ s T T T T T T T T T T ] 2% E’:’ =0 -.—\ :’I '“.“\*\
210 I ALICE Eo_")o% 1 p-Pb @ 8.16 Tev c>13.8-._ 10 5: ::~’i°f:+_‘d.;-o=3 10_1§' ,”— =‘F:,£.: 3
2 [ PPb sy =816TeV o] e 1E e aeatt=q |/, Tagr e
L y-Tsallis | > :,,—00.. e 00 S ime 0= ) - - Ty, PN
g F 8 107 "-:.‘...\\:‘ < __ = -2l - e lee A
— E EI’\ '.S.,+=O=*~.\_:\_ 0 ",/” e Tﬁ&=‘ S~
Q'_ ALICE 10-2E' '.ﬂ..‘ *-.{_\._\,.:1 Eu/,"_ " R .‘\_ \‘\\
) . i ht S VO I A S SN
> Collaboration, PLB 811 10°F e T 107F _ovegy g . T v
Y 10 F [o]) (2 Il (x 27 ) S W ALICE
3 (2020) 135849 Pl i) I e SRS
S | . O E[eIme2) Cveve2) IR e e pp. {5 =5TeV, ly| <05
31070 B 0P Vi) sy 1 FS .”'“'%.. N U L= (x2Y)
§ : 107 F (o] VIl (x 29) [o]IX (x 2) 19F LN [2IV-X (x2)
“f . 1 10'8§r[gx0<2°) E]INEL>0(><213)1§ F4 “‘%.: \\ \_ [¢]INEL >0 (x 2°)
?(3He +3H_e)/2 1 10‘9{__ Levy-Tsallis 1 10 3 ‘\\g - * mqy-exponential
?lNEL>0,-1<ycms<0 - 10—10'||||||||||||||||||||||||||||||||||||' b b bernr b benya b 1
: Lo ] 00 05 1.0 15 2.0 25 3.0 3.5 00 05 10 15 20 25 3.0 35 0.0 05 1.0 1.5 20 2,5 3.0 3.5 4.0

d 2 4 N 6 evic eV/c
p. (GeV/c) pp @ 5.02 TeV P, (GeVic) p. (GeVie)
T .

& ALICE Collaboration, EPJC (2022) 82:289
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Mleasurement or light (anti)nuclel with ALICE

(CERN%
HLICE

E ALICE CoIIaboratlon JHEP 01 (2022) 106

Ay T T T 3 F S B B B R B HMpp@13Tev
% S, (p+p)/2 1t (*He+°He)/2 1 -
9; 1;/’%"%:* ALICE 1 B ' e, e Focus onthe HM data sample = narrow
%:;3: “ ‘ﬁf:% : ; = === e + 107 multiplicity interval covered (0-0.1%)
r ~ N - -7 Cl:):.:-\ ——e— I . . .
10 | REES- 4 r g - .. 1 e+ Precise measurement of the emission
: R e v B e : : .
i e—w | F = source size r, . using femtoscopy is
[ pp, fs =13 TeV ; -] F pp,Vs=13TeV 1
o2 [O]HM (x8)  [S]HM I (x4) ~ Y [ [@nm [e]MB available
E [0]HM Il (x2) [®|HMIII 1 E [eMBI MB Il .
y f lelMiG2) 1t [ - crucial to test the coalescence model
“ - - - Lévy-Tsallis 7 - - Lévy-Tsallis
E ' ' ! - R N T D ALIGE Collabaration PLB 811(2020) 13584
= e [Ty oy Lt I B A U B G
'.;G F T T r—rr 19 F[F° T 1 T T T T §1_4_— -
8 - - 1 F - : . E - ALICE pp Vs = 13 TeV .
> [ e, d+d)/2 ] e H+’H)/ PR E E
3 [ ao drd 1 E~ - ( ) ERESE A High-mult. (0-0.17% INEL > 0) 3
=3 10 __,’/ - %E.;‘:‘m _ I,,i,—-\m \‘\\\ ] ] 12 E * #ﬁ _ Gaussian + Resonance Source 3
v G = < = aEN 10~ C B S ]
I8 E :.:co:m ] E’ t-:h.:\ \\‘\E ° 1.1 . ES*% E
12 f e 1T : - i E
|2 r e 1 F TTteell +10° 1 S —
10_4E_ \‘\ ) 3 : ~~~E 0.9 :_p p %§ — _:
E pp, Is=13TeV 4 [ pp, Vs=13Tev ] M h 3
i 1 F E | = | p-A (NLO) = .
C [®@]HMI(x4) [®|HMII(x2) 1 E [eHM [ejMB 08 - — = \ 3
- HM 11l - - - Lévy-Tsallis 1 F --Lévy-Tsallis 07 =5 _* p-A(LO) %j
10° &, N P B B B - T Ll Ll bl b b b b 1 S
0 ] > 3 2 s 0 ] > 3 2 s 12 14 16 18 2 22 24 26
p. (GeVic) p.. (GeVic) (m_) (GeV/c)
X
chiara.pinto@cern.ch pTlS
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Coalescence parameter @ @)

ALICE
« Important observable in accelerator measurements: coalescence parameter B,
| d3N BN\
BA4(pZ%) = A Ep . 31 XJI-OI T T T T I T T T T T T T T I T T T
dpA dpp —_ B
mg 25 ALICE ? g
.. . %J 20 f— o -
« Theoretical prediction [1] % emission source size O - ]
~ 15F -
3 . CR2(pe) o2 m - — + »—‘ .
By (p) ~ %/dSQD((T)@ Fier) ¢ s Sle > * -
deuteron wave function (size d = 3.2 fm) 10 oo ;
B [ ] i
D@ = | &rld N2 —igT 5F =
(@) = [ drigalr)le - e lpp, 5 =13 TeV, HM | :
OF o | -
- Gaussian | | Hulthen ]
-5F YEFT | Two Gaussians -
. . . Cooobo oy by by T
Testing different wave functions: 05 1.0 15 20
e Hulthén: Favoured by low energy scattering experiments p_IA (GeV/c)
e Gaussian: Best description of currently available ALICE data T
« Two Gaussians: Approximates Hulthén, easy to use in calculations ¥ ALICE Collaboration, JHEP 01 (2022) 106
XEFT: Favoured by modern nuclear interaction experiments (e.g. Femtoscopy) & 1 Blum, Takimoto, PRC 99 (2019) 044913
Argonne v18 (missing here) ' '

chiara.pinto@cern.ch ¥= KachelrieR et al., EPIA L (2020) 4
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State-or-the-art coalescence model @

NS,
Coalescence afterburner based on Wigner function formalism
FI IIIIIIIIIIITITIIIITIIIT]IIIIIIII]T]I]I]
e Use event generators (PYTHIA 8.3 & EPOS 3) o 0'0020__ deuterons, pp Vs = 13 TeV HM ™
: T : > (@] ALICE JHEP 01, 106 (2022)
« Emulate experimental multiplicity trigger - ; .
] P ) plcity g_g o 8 . I Gaussian WF [IEPOS 3
« Calibrate (anti)nucleon momentum distribution ~ } B Hulthén WF 77 Pythia 8.3 -
« Take resonance cocktail from SHM _8_"0-0015_— I Argonne v18 WF n
 Tune emission source _gs
« Employ realistic wavefunction § _
-> model predicts deuteron p; spectrum “oc 0.0010—
C UM LS LRI IR I I IS IR IS < o i
0.14 - o
€ SRR AL 0'12:_ :ﬁa;::Sian(i;:ffT)-156f'1_: Z
£ 55 -+ ALICE, pp Vs = 13 TeV HM = : ihen (@ = 0.5 p=1.56m) 3 | =
e Tr EPOS 3, native ] 0.1F XEFTN'LO (S-wave) -
200 — EPOS 3, scaled ] %A C XEFT N*LO (D-wave) ] 00005 ;
[  —PYTHIA 8.3, native 1’ 0.08E —Argonne v, (S-wave) -
1.8 —PYTHIA 8.3, scaled 4= = -~ Argonne v ; (D-wave) ]
- 1| 5°0.06 - =
1.6_— -] r ]
: : 0.04_ _—' N N N N N U S N N N N N N O
1.4/ = ; . - ' ' ' - -
S 1 0.02f 3 8 ot E
1.2 ] C ] 8 r —
- — (PRETEN S AT NS AT SN BT AN AR T e e i = S5 TS aaas o
1.0 — - ] O 234 s 6 7 8 9 10 —
- - . r (fm) —_— C ]
0.8 | | | | ! ! ! ! L 8 - ' l l ' ' : ' -
10 12 14 16 18 20 22 24 26 o 05 10 15 20 25 3.0 3.5 4.0 4.5
(m ) (GeV/c?) =

Realistic wavefunction is key for coalescence predictions! P (GeVic)

_g Mahlein et al., EPJC 83 (2023) 9, 804
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lesting production moaeils

x107°
ra B T T T TTTT | T T T T TTTT I T T T TTTT | T T ] Ia T T T 1T | T T T T T TTT | T T T T T T T
+ - — CSM, T, = 155 MeV, V, = 1.6 dV/dy 1 f | — CSM, T o = 155 MeV, V= 1.6 dV/dy _
20 005 — CSM, Tonn = T((dN_ /dn)), V= 1.6 dV/dy 1 a . — CSM™, Tann_= T(<ch_h/ fin», V_ =1.6dVidy i
- Saha eq. with annihilations 1 i Saha eq. with annihilations |
: @i Coalescence | 0 i Coalescence —
+ B # 4 @ ~ - - - three-body .
o N 7 — _ + L i
~ - ’/ 4 O
0.003F Y Lo 4 F -
N ALICE 1 i i
- [+] p-Pb, {5y =5.02TeV ] 5 oo ALICE B
0.002— [®] pp, V5 =5.02 TeV ] i oree [4] p-Pb, (s =5.02TeV |
- . p-Pb, (Syy=8.16TeV ] oy [®] pp, Vs =5.02 TeV
0.001- 07" (4] Xe-Xe, {5y =544 TeV (L] pp, {5 =7 TeV ] i L7 - -~ @: sieTev 1
. B i _ _ | = ,f:.»’ [+] Xe-Xe, |5y = 5.44 TeV pp, Vs=7Te _
(%] Pb-Pb, {5y =5.02 TeV | pp, Vs = 13 TeV | . 5 e i 5 Pepr (2S00 TV 5 b fo— 13 Tov
Pb-Pb, {syy =2.76 TeV | O] pp, Vs = 13 TeV, high mult e Pb-Pb, |5, = 2.76 TeV [O] pp, Vs = 13 TeV, high mult’|
O 1 1 L1 1 111 | | | L1 1111 I | | 11 1 111 | 1 | O 11 1 11 l 1 1 | | I | | 1 | 11 1 11 | 1
1 10 10° 10° 10 10 10°
<dNch / d77>|17|<0.5 <chh/dn>l17I <05

« V.=1.6 dV/dy is the correlation volume needed to describe the net-deuteron number fluctuations in Pb—Pb collisions?

« CSM~—>
(red)

« Both CSM and coalescence3 predictions qualitatively reproduce the trend and overall yields, but neither of the models
n alll ckatallgi@inateon, PRL 131 (2023) 041901 2 Vovchenko, Koch, PLB 835, 137577 (2022) ¥ 3Sun, Ko, Doenigus, PLB 792 (2019) 132-137

either with fixed chemical temperature (black) or with annihilation temperature depending on multiplicity?2
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lesting production moaeils )

— [ T T T T T T T T I T T T T ]

lf' - [#] ALICE, pp, Vs =5 TeV -

o 0.003[— [m] ALICE, pp, Vs =7 Tev =

= - [®] ALICE, pp, Vs = 13 TeV :

|"50'0025 — [#] ALICE, pp, Vs = 13 TeV, HM =

+ - .

) 0.002 ‘ ]
N - Predictions available only for the pp multiplicity range (1-70)

0.0015— H i -

- H g/i -

0.001 =

0 00053_ — ToMCCA B

' E/ — - Sun etal. (PLB 792 (2019) 132-137) J

0% R i

1 10
(chh/ dn )

lab |nlab|<0.5

« Coalescence predictions of TOMCCA using Wigner function formalism & multiplicity-dependent input (momentum
distributions of nucleons, source size and multiplicity distributions) reproduce all data points within 1sigma

« No 3He coalescence predictions yet

¥= Mabhlein, Pinto, Fabbietti, arXiv:2404.03352
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lesting production moaeils G

a : T T T T T T T T T T : (g\ T T T T T T T T | T T T T T
|+ ~ @ ALICE, PP, E =5TeV 7] NS p /A =0.75 GeV/C m AL|CE, PP, E =5TeV
o 0.003[— [m] ALICE, pp, Vs =7 Tev > i IyTI <05 (W] ALICE, pp, Vs = 7 TeV
= - [®] ALICE, pp, Vs = 13 TeV -~ 31 8 (@] ALICE, pp, /s = 13 TeV
|"50'0025 — [+] ALICE, pp, Vs = 13 TeV, HM ﬁﬂ;’,—_ ~ 5 [#] ALICE, pp, Vs = 13 TeV, HM-
+ - - 1 @
) 0.002— -
0.0015 = E 10°2
0.001 = :
0.00051 — ToMCCA = - —ToMccA b TmIN
- — - Sun et al. (PLB 792 (2019) 132-137) J e Bellini et al. (PRC 99 (2019) 054905) h
O_ N 1 1 | | L L1 l 1 | | L | . 1 1 1 1 1 1 1 1 | 1 1 1 1 1
1 10 1 10
dN /d
<chh / dnlab>|n|ab|<0-5 < ch nlab>|nlab| <05

« Coalescence predictions of TOMCCA using Wigner function formalism & multiplicity-dependent input (momentum
distributions of nucleons, source size and multiplicity distributions) reproduce all data points within 1sigma

« No 3He coalescence predictions yet More about TOMCCA during

« Also coalescence parameter B, vs multiplicity is well reproduced by ToMCCA Maxi’s talk!

¥= Mabhlein, Pinto, Fabbietti, arXiv:2404.03352
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lesting production moaels with hypertriton

(CERN%
HLICE

e In small collision systems (as pp) size of system created in the

collision is smaller or equal to that of the nucleus under study

e For small systems model predictions are quite different

« Coalescence is sensitive to the interplay between the size of the
collision system and the spatial extension of the nucleus wave

function

A
o~

System size (pp, p—Pb): 1-1.5 fm
ry: 1.96 fm

Mape: 1.76 fM

Mnpn): 49 M (B,=2.35 MeV)

rgn: 10 fm (B, ~0.13 MeV)

oA

" Ra_p~10fm

"deuteron” core

powerful probe for
investigating the nucleon — A

chiara.pinto@cern.ch

/N ratio provides a powerful tool to investigate nuclear

production mechanism

& PLB 754 (2016) 360-372

lllll T T Illlll] T Illllll

H/A

3

|_» | ALICE p-Pb, 0-40%, |/s,, = 5.02 TeV
. | ALICE Preliminary pp, HM trigger,{s = 13 TeV |
[ ¢ | ALICE Pb-Pb, 0-10%, |5, = 2.76 TeV ]

= 3-body coalescence
~ 2-body coalescence
— SHM, Ve = dV/dy

= SHM, Ve = 3dV/dy |

lI[IllI

10 10° 10°

(N ch/ d 77>|q|<o.5

- €& @

nteraction
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Hypertrlton litetime & binding energy (Pb—PDb collisions) @)

T = [253 £ 11 (stat.) =6 (syst.)] ps

Theoretical predictions

- - Nuo. Cim. 46 (1966) 786 =~ —— J.Phys. G18 (1992) 339-357

-+- PRC 57 (1998) 1595 PRC 102 (2020) 064002
PLB 811 (2020) 135916 - A -+ PLB 811 (2020) 135916 - B

T T T T | T T T T | ]|| =] T | T T T T | T T T T I
PR 136 (1964) B1803| —@ 1 ;

PRL 20 (1968) 819 e

PR 180 (1969) 1307 e
NPB 16 (1970) 46| . i h
PRD 1 (1970)66 | T’i |
NPB 67 (1973) 269 | %&— |

STAR, Science 328 (2010) 58

;
HypHI, NPA 913 (2013) 170 —.— .E :
— B | p—
ALICE, PLB 754 (2016) 360 ==
— i i|—A lifetime - PDG value —]
STAR, PRC 97 (2018) 054909 .= |
. 1
| o _
ALICE, PLB 797 (2019) 134905 Japak
- Ul | —
STAR, PRL 128 (2021) 202301 a-% :
ALICE, Pb—Pb 5.02 TeV | u]

0100 200 300 400 500
3
AH lifetime (ps)

Models predicting a lifetime close to the free A\ one are favoured
Strong hint that hypertriton is weakly bound

Ba = [102 + 63 (stat.) £ 67 (syst.)] keV.

Theoretical predictions

--*NPB 47 (1972) 109-137 — PRC 77 (2008) 027001
EPJA 56 (2020) 91
I I ™ H [ I
— e | Nuo. Cim. 21 (1961) 235
——— Nuo. Cim. 26 (1962) 840

AFQ— Nuo. Cim. A 43 (1966) 180

NPB1 (1967) 105

gl
o
!
|
. PRD1 (1970) 66

+ NPB4 (1968) 511
- N | _
o | NPB52 (1973) 1
] ; == | STAR, Nat. Phys 16 (2020)
i E] | | ALICE, Pb—Pb 5.02 TeV
—0I 4 —0I 2 0 0|2 0. 4 0. 6

B, (MeV)

« B, compatible with zero > Weakly bound

nature of 3,H is confirmed

ALICE

CE/RW
NS,

¥ Phys. Rev. Lett. 131 (2023) 102302

chiara.pinto@cern.ch
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\
ALICE

Nuclear production in and out ort Jets @ @)

« Powerful tool to investigate coalescence mechanism is the study of

. . . leading track | $=0
nuclear production in and out of jets

« In jets nucleons have strong phase-space constraint
JET

—> Study B, in and out of jets: jets obtained simply by subtracting
the UE from the Toward region (Jet + UE)

UNDERLYING
EVENT

RECOIL !

o— 0

Toward: |[Ad| < 60°
Transverse: 60° < |Ad| < 120°
Away: |Ad| > 120°
¥ T. Martin et al., Eur. Phys. J. C (2016) 76: 299
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Nuclear production In and out of jets

D)

ALICE

Powerful tool to investigate coalescence mechanism is the study of
nuclear production in and out of jets

In jets nucleons have strong phase-space constraint

—> Study B, in and out of jets: jets obtained simply by subtracting
the UE from the Toward region (Jet + UE)

Studying the antideuteron production in jets in small systems (pp, pA)
is important to understand and model nuclear production

Implications for cosmic ray physics

Antideuteron in the Galaxy is produced in interactions of cosmic rays
(p, 4He) with kinetic energies of ~300 GeV

¥ T. Martin et al., Eur. Phys. J. C (2016) 76: 299

*)
chiara.pinto@cern.ch

leading track

UNDERLYING
EVENT

JET

RECOIL !

O

-0

Toward: |[Ad| < 60°
Transverse: 60° < |Ad| < 120°
Away: |Ad| > 120°
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Coalescence parameters in and out or jets

pp
1072

o Enhanced deuteron coalescence probability in jets wrt UE is observed for the first time in pp collisions

E I I I I I | I I | I | [ I I ;
- ALICE Preliminary pp, Vs =13TeV -
o [m]in-jet
— ea —
= Py >5Gevie [0]underlying event 3
E A I:l—! E
__ x15 __
- \ -
N -
o —| 1 I 1 1 1 I 1 1 | I 1 | | 1 [ 1 | E—
0.4 0.6 0.8 1.0 1.2

1.4
pT/A (GeV/c)

UNDERLYING
EVENT

leading track

A

$=0

ALICE

JET

RECOIL !

* Due to the reduced distance in phase space of hadrons in jets compared to those out of jets > favors

coalescence picture

& Phys.Rev.Lett. 131 (2023) 4, 042301 _

chiara.pinto@cern.ch
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Coalescence parameters In and out of jets @

ALICE
6\ 102 E T T T T T T ] T T T T T T T T T T T T T T T T T T E X
NS - = leading track | ¢=0
>  [ALICE Preliminary P—Pb. Sy =5.02TeV pp, Vs =13TeV :
O on [e]in-jet [m]in-jet
— eal p—
g 10 = P> 5 GeVie [o]underlying event  [o]underlying event 3 JET

— @ T
1= =
p—Pb S f t .
: Y | [ :
i} | UNDERLYING ;
0l X25 x15 B EVENT -
o— —0 E \ :
pp -y (o > —— -
10_2 AR SR NN T TR SN NN TN TN SN NN TN SR SO NN TR SR WO NN ST S S MY SR " RECOIL J,
0.4 0.6 0.8 1.0 1.2 1.4
pT/A (GeV/e)

« B,in-jetin p—Pb is larger than B, in-jet in pp

—> could be related to the different particle composition of jets in pp and p—Pb =  to be further

investigated
1% Phys.Rev.C 99 (2019) 024001

« B,inUEin p—Pb is smaller than B, in UE in pp due to the larger source size in p—szE Phys.Rev.Lett. 123 (2019) 112002

" chiara.pindiefo~ 1 Tm, p—Pb®: ro~ 1.5 fm) ¥ Phys.Rev.Lett, 131 (2023)d, 042301




Chemical potential at the LHC

ALICE

antimatter / matter pull  antimatter / matter

pull

T 1 I 1 I I 1 T 1 T
[ 0-5% 1 5-10% ]
100~ -0- -o- .+. + e[ T — = ¢ ALICE
[ [ Pb-Pb |s = 5.02 TeV
| 2INDF = 0.85/4 | y2NOF = 43414 | — Thermal-FIST
0.5F 4y = 0.73 £ 0.16(unc.) = 0.49(corr.) MeV _L_ M= 0.73 £ 0.15(unc.) + 0.48(corr.) MeV _|
L i, = 0.38 £ 0.12(unc.) + 0.96(corr.) MeV L M= 0.30 £ 0.11(unc.) £ 0.97(corr.) MeV Tch =155 + 2 MeV
2F — — — — —— J S — — — — — - ﬂ constrained
S
1 ..................................................... B R R Y —
of--@®-----. @ e T T 4 .
R . ....... @ L ]
) SRR e preneeen- preeeeeen preneenes preeeeee N e preeennen preeeeeen preneeens peeeeeee -
I I I I I I 1 I I I I I I I I
[ 10-30% 1 30-50% 1 50-90% + ]
10-0- -0 -o- — at-e - -o L3 e 4 .+_—
[ 22/NDF = 2.93/4 1 »2NDF = 3.41/4 1 y2NDF = 1.623 ]
05 Mg = 0.83 + 0.09(unc.) =+ 0.50(corr.) MeV _{_ M, = 0.76 = 0.14(unc.) + 0.44(corr.) MeV _L_ My = 0.71+ 0.19(unc.) £+ 0.48(corr.) MeV _
L U= 0.14 + 0.07(unc.) = 0.93(corr.) MeV | M= -0.24 £+ 0.12(unc.) £ 0.90(corr.) MeV | M= -0.27 £ 0.16(unc.) £ 0.90(corr.) MeV ]
PN =rreerrs = t— = P = + = = = = e T t— t— P = =
T R [ WA L P---------- N
0-4....‘ ...... @®....... . ....... . ................ . ..... ...... .. ....... ® . . _. ...... .. ......................... @ -
_1 ...................................... ‘ ........... e ..._ .................................................. —
2fececceq possesens poosseens peosesess goeeacee goseseee doeeriaeny possesero peeeesees prosesess peeeseses [RTTTTTTe. SYPPeIS qreesscans peecesees pooresese poreseres frososes .
3 3 3 3 3 3 3 3 3
Q n p HHH Q n p H'H'He Q =n p H “H “He

Mg and p, are extracted fitting the antiparticle-to-

particle yield ratios with the predictions of the
grand-canonical SHM using the Thermal-FIST

code

Ei ALICE Collaboration, arXiv:2311.13332
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Chemical potential at the LHC

; _| I |_
2 " ALICE ]
o, o] Pb-Pb sy =502Tev
T w05% K
5-10% &
05F ¢ 10-30% R
% 30-50% \\55
009 (ORI v SRR 1
0ol *50-90% 3 |
Thermal-FIST Eﬁ%i
081 T =155+2MeV 4 }
L constrained i
-1.0-"S 5 1
— Uncorr. uncert. &
----Corr. uncert.
-5, I l l l | L

-15 10 -05 0.0

Illllll
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Nucl. Phys. A 772, 167-199 (2006)
Phys. Lett. B 738, 305-310 (2014)
Phys. Rev. C 96, 044904 (2017)
Nature 561, 321-330 (2018)

ALICE, Pb-Pb, /s, = 5.02 TeV
Param., Nature 561, 321-330 (2018)

o N b

-2

1 Il

L L1
2 25 335445 5556

s, (TeV)

ni| III|IIII|IIII||IIII|IIII|IIII|IIII|IIII|II"'

Ll 1 ol ! L1111

\suy (GeV

ALICE

« Hgand p, are extracted fitting the antiparticle-to-

particle yield ratios with the predictions of the
grand-canonical SHM using the Thermal-FIST
code

¢ Ho=-0.18+0.90 MeV
e My =0.71+0.45 MeV (~8 times more precise than

previous measurement)

e Nuclear transparency regime is reached

(= baryon transport from the colliding ions to
the interaction region is negligible)

* No centrality dependence—> nuclear

transparency also in central Pb—Pb (despite p,>0

could be expected from a more significant baryon
number transport at midrapidity

The system created in Pb—Pb collisions at the LHC is
on average baryon-free and electrically neutral at
midrapidity > approaching the early Universe
more than any other experimental facility

Ei ALICE Collaboration, arXiv:2311.13332

chiara.pinto@cern.ch
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summary

cw
y

Production mechanism still not understood

o State-of-the-art coalescence model using Wigner function formalism describes d/p and B, vs multiplicity

e Hypertriton measurements in small systems favor coalescence

« SHM describes the integrated yields of all particles, from pions to hypernuclei

e Using SHM the chemical potential are calculated showing that nuclear transparency regime is reached at the LHC

< TTTT ‘ T T T T TTTT I T T T T TT1TT I
..... L e B N0 o E ["e | ALICE p-Pb, 0-40%, s, = 5.02 TeV
108 E—I‘T. Pb-Pb \sy =2.76 TeV, 0%-10% centrality ™ <10_5 | ALICE Preliminary pp, HM trigger,{s = 13 TeV |
F ok E [ [ ] ALICE Pb-Pb, 0-10%, {5y = 2.76 TeV ]
107E e 3 L BR=025:002 .. "
F '*._. P 4 R
101 [ ~. e 4
F ;..‘_ E —
100; ¢.°J"" _ IQ_ : : ) : Illl T III|I| T T l|ll¥|| I:
a . o - - [¢] ALICE, pp, Vs =5 TeV . % 8001 ¢ Nucl. Phys. A 772, 167-199 (2006)
P . 1 2 0.003[ [u] ALICE, pp, Vs =7 Tev A =3 N }  Phys. Lett. B 738, 305-310 (2014) ]
3 ", = 0.0025F (0] ALICE, pp. ﬁ= 13TeV 1 37F “  Phys. Rev. C 96, 044904 (2017)
_ . _| — — = — — -] E 3
3 0°F 5 0-0025 " [+] ALICE, pp, \s = 13 TeV, HM ] 10°F ~ 3body coalescence | 600L 4 Nature 561, 321-330 (2018) &
F + o i 7 ] E Vs =
° 109 F H - - 0.002 r ] — 2-body coalescence | 500L ¢ ALICE, Pb-Pb, S = 5.02 TeV =
E e aH - r ] T F —— Param., Nature 561, 321-330 (2018) -
. , o A C ] —SHM, Ve =dV/idy - c ]
10 & @ Data from the ALICE Collaboration F 3 3 0.0015F - ] 400F T T T T T T -
F *, . - E - SHM, Ve = 3dV/dy C 4 1 13
10 F Statistical hadronization . E - . L1 Lol Lol L 300 E 2 B
E - ] 2 3 n ]
100 F Total (after decays) ~.:‘He b 0.001F - 10 10 dN / d1 0 F Uy ]
E e Primordial 'T' ] 0.0005 o —— ToMCCA E ( oh 77>|n| <05 2001 I
7l Lo b b b b e L L . L— _ =
0 05 10 15 20 25 30 35 40 e — Sunetal. (PLB 792 (2019) 132-137) - 100} 2203354 3.85_5(_?:\/;5 =
Mass (GeV) ot L ] : N ]
1 10 OZ Ll m |
(dN _/dn ) 10 102 10°
en’ g/, o5 (s (GV)
!
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Coalescence parameter vs. rapidity @ @)

\

NS

ALICE

& S I N S R B = « ALICE measurements cover the
2 - (9] |Oy|1< 0|-y1| (><022) o 2% ALICE Preliminary 1 midrapidity region (|y|<0.5), while
> o] 0.1 <yl <O. _ .
> 102 - 0.2 < |y| < 0.3 (x 29 pp Vs =13 TeV ~ astrophy5|ca.1l models extrapolate to
&) - 0.3<y|<0.4 (x 23) . forward region
5 - 0.4 <|y| < 0.5 (x 29) -
10 = (0] 0.5<|y|<0.6 (x2) = e Current acceptance of ALICE detector
- (0] 0.6<y[<0.7(x1) ] allows us to extend the measurement
[ — E—
1' WIF':':'ICE':’—Q# N of antinucleiuptoy =0.7
; A e ; « Rapidity and p; dependence of B, is
107 e — extrapolated to forward rapidity using
= :-:D:i:‘::.::o: = coalescence model + Pythia 8.3 and
B o e ———®— i EPOS as event generators
10—2|||||||||||||||||||||||||||||
04 0.6 0.8 1 1.2 14 16 1.8
pT/A (GeV/ce)
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Antideuteron Tlux predictions vs. y @

NS,
5 d
107 ¢ EEEE ———— 3 « Model predictions based on ALICE measurements
: Y| <05 _ ,
Y| <1 | are used as input to calculate antideuteron flux
n Y| < 15| from cosmic rays* - dominant background in dark
Yl<2 | matter searches
— Yy
> 10 -
% « Most of the antideuteron yield from |y|< 1.5 =
m; well in reach with future ALICE3(1) detector
= acceptance (|y| < 4) and current LHCb
—107°

Production models needed in astrophysics

10 102 ot
rigidity [GV] experiments

- Extrapolation to lower energies (~GeV) is needed

12|
10 —> Rapidity coverage is in reach of accelerator

& K. Blum, arXiv:2306.13165
* & K. Blum, Phys.Rev.D 96 (2017) 10, 103021
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Aypertriton litetime

% cw
\\_/

ALICE
Theoretical predictions
- - Nuo. CFi)m. 46 (1966) 786  —— J.Phys. G18 (1992) 339-357
== PRC 57 (1998) 1595 PRC 102 (2020) 064002
PLB 811 (2020) 135916 - A -+ PLB 811 (2020) 135916 - B
T = (253 + 11 (stat.) £ 6 (syst.)] ps PR136 (1964) 81803  —@ i — ]
PRL 20 (1968) 819 —p:—IL—
e Most precise measurement PR 180 (1969) 1307 | [l o -
« Compatible with latest ALICE and STAR NPB 16 (1970) 46 | o I -
measurements PRD 1(1970)66| e ~
« Models predicting a lifetime close to the free A NPBOT(1979)2689) _F‘_ _
STAR, Science 328 (2010) 58 —EE—L—:-
one are favoured - I —
. ] ] HypHI, NPA 913 (2013) 170 EE'.: :
« Strong hint that hypertriton is weakly bound, ALICE, PLB 754 (2016) 360| = N
. . — ' i|-A lifetime - PDG value—
but B, is still needed to solve the puzzle STAR, PRC 97 (2018) 054909 = |
ALICE, PLB 797 (2019) 134905 B —4*3'14— B
STAR, PRL 128 (2021) 202301 B EI‘LJ E N
ALICE, Pb-Pb 5.02 TeV T |"+I'I |

> 2020 models: assuming Ba= 70 keV
< 2020 models: assuming Ba= 130 keV

0100 200 300 400 500
3
+H lifetime (ps)

¥ Phys. Rev. Lett. 131 (2023) 102302
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\
ALICE

Aypertriton binding energy @ @)

BA = [102 + 63 (stat.) £ 67 (syst.)] ke V!

« From the mass measurement to B,
By=M, + M, — MsH

« Weakly bound nature of 3,H is confirmed by

I
the latest ALICE measurement r3 4 9 m
« B, compatible with zero |

il
= in agreement within 1o with Dalitz and H( p )
XEFT-based predictions A

= fully consistent with t.he lifetime I
S

oreica} g )

ran: ~1o fm (B,~0.13 MeV) A

¥= 1 Hildenbrand et al., PRC 102 (2020) 6

% 2 pérez-Obiol et al. PLB (2020) 811 ¥ Phys. Rev. Lett. 131 (2023) 102302 .
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Mleasurement or hypertriton in small collision systems %@

ALICE

S [ meerroi s |+ Pb—Pb collisions:
L n ALICE Preliminary pp, HM trigger./s = 13 TeV « small difference between the predictions from SHM
10 ~ [ ] ALICE Pb-Pb, 0-10%, |[s,, = 2.76 TeV —j and coalescence
- BR=0255002 L2 . pp and p—Pb collisions:
[ i | = large separation between production models
- . = Mmeasurements are in good agreement with 2-body
R . coalescence
‘ = tension with SHM at low charged-particle multiplicity
108 - density
N & 3-body coalescence 4 = configuration with V. = 3dV/dy is excluded by more
i = 2-body coalescence | than 66
N —SHM, Ve =dV/dy
_ ---*SHM, Ve = 3dV/dy

b S '“'3 : Coalescence quantitatively describes the suppression in small
10 10 10 systems
(@dN_/dn) | | -
ch In|<0.5 > the nuclear size matters at low charged-particle multiplicity

p—Pb: PRL 128 (2022) 25, 252003
Pb—Pb: PLB 754 (2016) 360-372
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Mleasurement or hypertriton in small collision systems %@

ALICE

S - T 111 T T 1 T 111 T T 1 T 11 || .. ° Pb—Pb co"isions:
< f i | = = small difference between the predictions from SHM
el PR ] and coalescence
e « pp and p—Pb collisions:
' 7/ nt ' = large separation between production models
nternail! . .
108 / $ | = Mmeasurements are in good agreement with 2-body
-/ , ] coalescence
7/ / — CSM: T, =155MeV, V,=1dVidy = tension with SHM at low charged-particle multiplicity
i ! CSM: T, =155MeV, V, =3dV/dy | density
- LSS e CSM: T, =155 MeV, V, =6 dV/dy . . . .
i | « configuration with V. = 3dV/dy is excluded by more
% |:| 3-body coalescence
|:|2-body coalescence than 60
= ALICE B
B Bl Pb-Pb, VS_NN=2.76 Tev 4 p-Pb, \[s_NN=5.02 TeV ]
L/ [ ® PR TIRTeME O e s S a3TeV N 4 Coalescence quantitatively describes the suppression in small

10 10? 10° systems
dn,, /d . . o
AN/ <5 > the nuclear size matters at low charged-particle multiplicity

p—Pb: PRL 128 (2022) 25, 252003
Pb—Pb: PLB 754 (2016) 360-372
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Mleasurement or light (anti)nuclel with ALICE

HLICE
JHEP 01 (2022) 106
N 105 T TrTrTTTTTT T F rrrrrrTrTT T T T T l':
S e, P+P/2 § [ (*He+“Fe)r2 1 |
L L et ] Een = 1« Insmall systems such as collisions, all nuclei
S g [ @eagy 0.4 e ALICE 3 =S
ZIB B v g e 1 L .- DR 1.7 .
b RN 1 R b species have been measured, from p to 3He
v—IZE 10_1;,,__ i‘\::j;?\ § __{i :\.:’:;\::.\2 = 3 4
: 1 F TN 5 10°
L pp, s=13TeV <>~ FE pp,Vs=13TeV S G ] . . . . . P . .
otk OHM 8 [@HMIxy o 4 [ [@)Hu [e]mB 1.0 ¢ Momentum distributions fitted with Lévy-Tsallis function to
N g 10
F[01HMII(x2) [o]HM N 3 E [emBI (MBI
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ALICE measured the inelastic cross section for antinuclei using the LHC as antimatter factory and the ALICE detector as a
target
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Inelastic cross section of antinuclel G

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

Antimatter-to-matter ratio

« Measurement of reconstructed anti3H/3H ratio
and compare to MC simulation expectations

f1-6_'I"'I"'I"'I"'I"'I"'I_
= j4f ALICE $ Data E
= F ppVs=13TeV  — MC with default o, ,CH) 7
5 120 (A)=318 — MC with o, (F) x 0.75
o - ) - .
1B (2)=148 — MC with 0, ,(H) x4.0 7]
[ Inl<08 | -
08 % l -
o6 [t | | ; -
L [ -
0.4 -
0.2 —
O:I I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I:

1.2 1.4 1.6 1.8 2 2.2 24
p (GeV/c)

¥ Phys.Rev.Lett. 125, 162001 (2020)
Sketch adapted from: & Nature Phys. (2023) 19, 61-71_

e RB07-53663-treekesd
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ALICE measured the inelastic cross section for antinuclei using the LHC as antimatter factory and the ALICE detector as a
target

TOF/TPC-matching ratio

v « Measurement of reconstructed anti3H,,./
’
= anti3H,,. ratio and compare to MC simulation
’
7 . exnectations
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¥ Phys.Rev.Lett. 125, 162001 (2020)
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Inelastic cross section of antinuclel G

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

target
Antimatter-to-matter ratio TOF/TPC-matching ratio
« Measurement of reconstructed anti3H/3H ratio « Measurement of reconstructed anti3H,,./
and compare to MC simulation expectations anti3H,,. ratio and compare to MC simulation
exnectations
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ALICE measured the inelastic cross section for antinuclei using the LHC as antimatter factory and the ALICE detector as a

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

target
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ALICE measured the inelastic cross section for antinuclei using the LHC as antimatter factory and the ALICE detector as a
target
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summary

e Production of antinuclei measured at accelerators are crucial
input in astrophysical searches for dark matter

o Antinuclear production measurements in and out of jets in pp
and p—Pb collisions helps to further constrain the coalescence

model
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summary

e Production of antinuclei measured at accelerators are crucial
input in astrophysical searches for dark matter

o Antinuclear production measurements in and out of jets in pp
and p—Pb collisions helps to further constrain the coalescence
model

« Measurements of antinuclear production vs. rapidity used to
extrapolate B, at forward rapidity > predict antinuclear flux

from cosmic rays
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summary

_137TeV
g2 TeV PP Fs
=5 et
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_Pb, S
reimind® 2 jet vent
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) event

ALICE P
ead > B Ge\/©

e Production of antinuclei measured at accelerators are crucial
input in astrophysical searches for dark matter

o Antinuclear production measurements in and out of jets in pp
and p—Pb collisions helps to further constrain the coalescence
model

« Measurements of antinuclear production vs. rapidity used to
extrapolate B, at forward rapidity > predict antinuclear flux
from cosmic rays

« Annihilation processes have been studied with ALICE, from antid
to 3He and 3H
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summary

e Production of antinuclei measured at accelerators are crucial
input in astrophysical searches for dark matter

o Antinuclear production measurements in and out of jets in pp
and p—Pb collisions helps to further constrain the coalescence
model

« Measurements of antinuclear production vs. rapidity used to
extrapolate B, at forward rapidity > predict antinuclear flux
from cosmic rays

« Annihilation processes have been studied with ALICE, from antid
to 3He and 3H

e More to come with LHC Run3 increased statistics!

l. Vorobyev’s talk
Wed. 8:50
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summary )

e Production of antinuclei measured at accelerators are crucial
input in astrophysical searches for dark matter

o Antinuclear production measurements in and out of jets in pp
and p—Pb collisions helps to further constrain the coalescence
model

« Measurements of antinuclear production vs. rapidity used to
extrapolate B, at forward rapidity > predict antinuclear flux
from cosmic rays

« Annihilation processes have been studied with ALICE, from antid
to 3He and 3H

e More to come with LHC Run3 increased statistics!

l. Vorobyev’s talk
Wed. 8:50

Thank you for your attention!
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Spectra as a tunction or rapidity
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« Current acceptance of ALICE detector allows to extend the measurement of antinuclei up toy =0.7

 All rapidity classes show a common trend with y, for both species (ratio to |y|< 0.1 is ~1)
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Production ot (anti)nuclel
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(o B i fe) i ' | . ]
+ [ CSM, T  =155MeV, V=3 dV/dy ] + -+-- CSM, T_ = 155 MeV, V = 3 dV/dy
o 0005~ —csm, T =155 MeV, V,, = dV/dy . a [ —CSM, T_ =155 MeV, V, = dV/dy ]
= ~ — Coalescence i = ~ -~ Coalescence two-body . N ]
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« Production of (anti)nuclei has been extensively measured by ALICE |. Vorobyev’s talk
« Coalescence model describes well the data forA=2, 3 Wed. 8:50

« ALICE measurements cover the midrapidity region (|y|<0.5), while astrophysical models extrapolate to
forward region

€ @

& arxiv:2212.04777
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ALICE

IDEA
« Study of rapidity dependence of antiprotons and antideuterons ALICE 3 _
 Coalescence parameter B, as a function of rapidity ALICE ]
« Comparison with a simple coalescence model LHCb ] |

6 4 2 0 2 4 6

Center-of-mass rapidity

DATASET

Superconducting RICH TOF
magnet system

o pp collisions @ 13 TeV, full 2016 + 2017 + 2018 ESD tracks

» ~1.6-10°events (after selection cuts)
MC (JIRA)
o 2016 pp, 13 TeV - Pythia8 Monash2013 + injected (hyper)nuclei — based on G4

RESULTS

o« Measurements up to y=0.7

Muon
absorber

Muon
chambers

FCT

 y-differential measurements will be possible with ALICE 3 (rapidity coverage 2> |y|<4)
(eprint:1902.01211 [physics.ins-det])

Analysis Note
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Coalescence parameters in and out ot jets G
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o 10 = | | | | | 1« B,in-jet even more enhanced than B, in UE in p
S [ALICE Preliminary P-Pb. {Syy=502TeV pp, (s=13TevV - —Pb collisions (factor ~25)
S o [e]in-jet [m]in-jet
ea —
Q' 10 p7*¢> 5 GeV/c [o]underlying event  [0]underlying event

« B,in-jetin p—Pb islarger than B, in-jet in pp

>
—

. _ - could be related to the different particle
- f | t = composition of jets in pp and p—Pb
L A —a—— u _
- | o—pb _

107" PP = B, i inp—Pbi ller th i '
- ! 3 « B,inUEInp—Pbissmallerthan B,in UEin pp
- v _ . due to the larger source size in p—Pb

102 ke o | | L (ppt: ro~ 1 fm, p—PDb2: ro~ 1.5 fm)

04 06 08 1.0 12 1.4
pT/A (GeV/c)

¥ Phys.Rev.Lett. 131 (2023) 4, 042301
1% Phys.Rev.C 99 (2019) 024001
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Coalescence parameters in and out ot jets )
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ALICE

1025_ pp (§=13TeV,po>5GeVo e B, in-jet ~ 15 times larger than B, in UE
[Olundertying event :  Enhanced deuteron coalescence probability in jets wrt UE is
10 ®in-jet _ observed for the first time in pp collisions

& = PYTHIA 8.3 with reaction-based d = ] ) o
o - production . « Due to the reduced distance in phase space of hadrons in jets
Al
> i i compared to those out of jets > favors coalescence picture
G 1 =

~  F .
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¥ Phys.Rev.Lett. 131 (2023) 4, 042301

chiara.pinto@cern.ch 58



Coalescence parameters in and out ot jets G

T I T T T I T T T I T T I T T T I T T T

T T T I T
ALICE

1025_ pp (§=13TeV,po>5GeVo e B, in-jet ~ 15 times larger than B, in UE
[Olundertying event :  Enhanced deuteron coalescence probability in jets wrt UE is
10 ®in-jet _ observed for the first time in pp collisions
& = PYTHIA 8.3 with reaction-based d = ] ) o
o - production . « Due to the reduced distance in phase space of hadrons in jets
Al
> i i compared to those out of jets > favors coalescence picture
G 1 =
o - == = @ . m > v
107 E >< m <9
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_ _.n..ln...nl..|..1|...1..._ Primary cosmic ray Interstellar medium
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¥ Phys.Rev.Lett. 131 (2023) 4, 042301
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Coalescence parameters in and out ot jets G
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o 10 = | | | | | 1« B,in-jet even more enhanced than B, in UE in p
S [ALICE Preliminary P-Pb. {Syy=502TeV pp, (s=13TevV - —Pb collisions (factor ~25)
S o [e]in-jet [m]in-jet
ea —
Q' 10 p7*¢> 5 GeV/c [o]underlying event  [0]underlying event

« B,in-jetin p—Pb islarger than B, in-jet in pp

>
—

. _ - could be related to the different particle
- f | t = composition of jets in pp and p—Pb
L A —a—— u _
- | o—pb _

107" PP = B, i inp—Pbi ller th i '
- ! 3 « B,inUEInp—Pbissmallerthan B,in UEin pp
- v _ . due to the larger source size in p—Pb
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