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Evolution of Matter in Laboratory
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Evolution of Matter in Laboratory

Run 2 Run 3

PP, v/Syy = 13.6 TeV

(Pb —Pb, \/syy = 5.36 TeV)
- analyses ongoing!
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Energy Stopping
Hard Collisions

Initial state

. . l nce‘QCD
Pb-Pb collisions at LHC energies N . Y Quark Gluon Plasma
* Hot and dense QGP with high T and ~zero pg ' 1;
\ models
- Matter and anti-matter are produced with Had“’"\“s ----------------
the same abundance ' Color
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Heavy ion collision: space-time evolution

(to< 1 fm/c)
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Heavy ion collision: space-time evolution

o Thermalization time
& System reaches local equilibrium
teq~ 0.6 fm/c

. Hadron Gas
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Heavy ion collision: space-time evolution

o Thermalization time
& System reaches local equilibrium
teq~ 0.6 fm/c

» Chemical freeze-out
=’ lnelastic interactions cease

&’ Particle abundances (“chemical composition”)
are fixed (except maybe resonances)

T..~170 MeV
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Heavy ion collision: space-time evolution

o Thermalization time
& System reaches local equilibrium
teq~ 0.6 fm/c

o Chemical freeze-out
=’ lnelastic interactions cease

> Particle abundances (“chemical composition”)
are fixed (except maybe resonances)

T.,~ 170 MeV

o Thermal freeze-out
& Elastic interactions cease
& Particle dynamics (“momentum spectra”) fixed
T;, ~110-130 MeV

&, | POLITECNICO
$12.7% | DITORINO
= He)

i i+/ | Dipartimento

S/ | diScienzaApplicata
e Tecnologia




The ALICE detector in the LHC Run 2

ALICE
Time Projection Chamber Inner Tracking System
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Setup in Run 3 (from 2022)
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Upgraded TPC: continous o T X
readout to cope with higher IR\:\"Q’,{ : \
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Upgraded ITS2:better pointing resolution
&6 improved finding of (decay) vertices

ALICE
Run 3 Ph-Pb
VSNN = 5.36 TeV

27 September 2023, 04:50
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Light anti-nuclel in high energy collisions

Light nuclei are observed in high-energy heavy-ion

COlliSion expe rime ntS 1000Pb-Pb, 2011 run, ys,y =2.76 TeV negative particles
W TR
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Light anti-nuclel in high energy collisions

Light nuclei are observed in high-energy heavy-ion

COlliSion experime ntS 1000Pb-Pb, 2011 run, ys,y =2.76 TeV negative particles
« Hotand dense medium, T=0(100 MeV) — o00F+ L e %Jf‘fﬁiz
. . . . ) e uly 4,
* Binding energies O(1-10 MeV) S 800E" 4 B
T 700F b WEL Y
* How can loosely-bound states emerge from 5.t '
such extreme conditions? S 500F-
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i - : : S 300F-
Light (anti)(hyper)nuclei at the collider as a S poa
doorway to the Cosmos T o, e
 Constraining models of astrophysical of T —
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backgrounds in indirect dark-matter searches [1] P (Gevic)
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The dark side of ALICE

Antinuclei: antimatter counterpart of our matter world

ALICE

e Extremely rare objects in nature, low background from “ordinary” processes

e Unique probe for new exotic physics! Dark matter, antistars, ...

3He production and propagation in the Galaxy [1]

\f\p’+p—>3He+X

AMS-02
/\Q) . He+pSY A
p+*He — He +M‘ | .
L A
y+y—-bb—-He+X ' r GAPS
. R CHe, ‘He,p|

. ~0.100 100 _ 10 1
Distance to the Galactic Centre (kpc) Distance to the Sun (AU)

«&@m | POLITECNICO
5 A2 DI TORINO
; ° Dipartimento

di Scienza Applicata
e Tecnologia

INmFm!;l [1] ALICE, Nature Phys. 19 (2023) 1, 61



The dark side of ALICE

Antinuclei: antimatter counterpart of our matter world

e Extremely rare objects in nature, low background from “ordinary” processes

e Unique probe for new exotic physics! Dark matter, antistars, ...

3He production and propagation in the Galaxy [1]
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Measurements of light antinuclei production is of the utmost

_ 10 1
Distance to the Sun (AU)

importance for astrophysics!

Flux (log scale)

Flux of antinuclei from cosmic rays

m—— measurement
== background
= Signal

Energy (log scale)
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How can loosely-bound states survive?

In ultra-relativistic heavy-ion collisions at the LHC

o Temperature of the systemis T~ 155 MeV

o Light (hyper)nuclei are produced among other particles

o (Hyper)nuclei have very small binding energies per nucleon comparedto T
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Nucleosyntesis models

e Statistical hadronisation

o Yields of light-flavour hadrons
including light (hyper)nuclei are
instantly fixed at the freeze-out of

inelastic interactions

Yields only depend on the mass
and common thermal parameters
Tand V
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Nucleosyntesis models

e Statistical hadronisation

o Yields of light-flavour hadrons
including light (hyper)nuclei are » o
instantly fixed at the freeze-out of ﬂ

inelastic interactions

o Yields only depend on the mass

and common thermal parameters
T ] Coalescence parameter B, connected to coalescence

probability
e (oalescence

i i ari d3NA d3N,\ "
o (Anti)nuclei arise from the overlap of the B, (p ) EA E p
(anti)nucleons phase-space distributions i d p; Pd Pg

with the Wigner density of the bound state
o Microscopic description

Butler et al., Phys. Rev. 129 (1963) 836
|N!=N Mabhlein et al., arxiv:2302.12696
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Nucleosyntesis models
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Nucleosyntesis models

e Statistical hadronisation

o Yields of light-flavour hadrons
including light (hyper)nuclei are
instantly fixed at the freeze-out of

inelastic interactions Main difference:

o Yields only depend on the mass for coalescence size matters,
and common thermal parameters for SHM only mass matters
T and V

e (Coalescence

o Light (hyper)nuclei are formed by
pre-existing nucleons overlapping
in phase space

o State-of-the-art models rely on
@I—;N Wigner function formulation
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Size of nuclei vs. size of system .

o:#/c & =

ppl, p—Pb2: ro= 1-1.5 fm Pb—Pb3: ro= 3—6 fm
[1] PRC 99 (2019) 024001
Small collision systems [2] PRL 123 (2019) 112002 Heavy-ions [3] PRC 96 (2017) 064613




Size of nuclei vs. size of system

«%/c &2 =

ppl, p—Pb2: ro= 1-1.5 fm Pb—Pb3: ro= 3—6 fm
[1] PRC 99 (2019) 024001
Small collision systems [2] PRL 123 (2019) 112002 Heavy-ions [3] PRC 96 (2017) 064613
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charged-particle multiplicity

<chh / d17>lnl<0.5
eoP eP oA
B r~1.96 fm p®  r~18fm .
@n ®n 3 4 10 fm
d 3He AH ,am..?.,,{

&0 | POLITECNICO
§1%.4% | DITORINO

(e Hel

{ i Dipartimento

Y, di Scienza Applicata

e Tecnologia




Nuclel production in Run 1 and Run 2

e Extensive studies of (anti)nuclei production across different colliding systems
o A=2 — less separation power for different models within experimental uncertainties
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Nuclel production in Run 1 and Run 2

e Extensive studies of (anti)nuclei production across different colliding systems
o A=2 — less separation power for different models within experimental uncertainties
o A=3 — slight preference for coalescence with respect to statistical hadronization
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Nuclei production vs rapidity

e First measurement of the rapidity
dependence of antideuteron production
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Nuclei production vs rapidity

ALICE
e First measurement of the rapidity x1 03
dependence of antideuteron production 5 0.4 | |
in pp collisions up to |y| = 0.7 %
e 0.5<|y|l<1.5— crucial input to model 0.3 -

the flux of cosmic rays produced in
interactions with the interstellar
medium [2]

ALICE

CiNE

-[®] data
, R § ~— PYTHIA 8.3 (norm.) \ pp Vs =13 TeV

The apt!deutgrqn yield |s.|nc:lependent 0.1L-- PYTHIA8 Monash '\ .\ antideuterons

of rapidity within uncertainties - 2013 (norm.) + coal.
~— EPOS 3 Argonne v,; WF

o Limited sensitivity to different - (bofm.)+cedl. |
models (with/without coalescence) O0 2 4 6 8 0
| V1

Tighter constraints on models will

require more forward measurements
— LHCb and ALICE 3

[1] Phys. Lett. B 860 (2025) 139191
[2] Blum, Phys.Rev.C 109 (2024) 3, L031904
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Test of the coalescence model

One way to investigate the coalescence mechanism is by focusing in a small phase-space region (jet cone)
and comparing the production of nuclei by coalescence there wrt the minimum bias production (UE)

Underlying Event: particle production from MPIs
siceors. | POLITECNICO
£5.2,/% | DITORINO
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Test of the coalescence model

One way to investigate the coalescence mechanism is by focusing in a small phase-space region (jet cone)
and comparing the production of nuclei by coalescence there wrt the minimum bias production (UE)

Underlying Event: particle production from MPIs
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Test of the coalescence model

One way to investigate the coalescence mechanism is by focusing in a small phase-space region (jet cone)
and comparing the production of nuclei by coalescence there wrt the minimum bias production (UE)

Strong constraints on space-
momentum correlations of nucleons
due to the same parton shower

Underlying Event: particle production from MPIs
o
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e Tecnologia

Ll#



Nuclel production in and out of jet

leading track | $=0

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

* |njets nucleons are created close to each other in phase-space

UNDERLYING
EVENT

Toward: |Ad| < 60°
Transverse: 60° < |A¢d| < 120°

T. Martin et al., Eur. Phys. J. C (2016) 76: 299 Away: |Ad| > 120° e
I N F N ::T:r?zeg‘ fpplicala
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Nuclel production in and out of jet

leading track | $=0

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

* In jets nucleons are created close to each other in phase-space

-> Study B, in and out of jets: jets obtained simply by subtracting

the UE from the Toward region (Jet + UE) UNDERLYING
EVENT

o— 0

Toward: |Ad| < 60°
Transverse: 60° < |A¢d| < 120°

T. Martin et al., Eur. Phys. J. C (2016) 76: 299 Away: |Ad| > 120° e
I N F N ::T:r?zeg‘ fpplicala
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Nuclel production in and out of jet

leading track | ¢=0

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

* In jets nucleons are created close to each other in phase-space

-> Study B, in and out of jets: jets obtained simply by subtracting

the UE from the Toward region (Jet + UE) UNDERLYING L
EVENT

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

* Production models are crucial to study cosmic rays

* Antideuteron in the Galaxy is produced in interactions of cosmic rays o o

(p, *He) with kinetic energies of ~300 GeV Toward: |Ad| < 60°

Transverse: 60° < |Ad| < 120°

T. Martin et al., Eur. Phys. J. C (2016) 76: 299 Away: |Ad| > 120° ERGCe

INFN serksnyte et al., Phys. Rev. D 105 (2022) 8, 083021
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Coalescence parameters

Phys.Rev.Lett. 131 (2023) 4, 042301
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Enhanced deuteron coalescence probability in jets wrt UE is observed
INFN for the first time in pp collisions = coalescence picture
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Coalescence parameters

Phys.Rev.C 99 (2019) 024001
Phys.Rev.Lett. 123 (2019) 112002
Phys.Rev.Lett. 131 (2023) 4, 042301
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o B,in-jetin p-Pbislargerthan B, in-jetin pp
- could be related to the different particle composition of jets in pp and p-Pb
INFN o B,inUEin p-Pb is smaller than B,in UE in pp due to the larger source size in p-Pb
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Coalescence parameters: data vs model

N

-
o

B, (GeV?#/c®)

107"

1072

Data / Model

@ underlying event

E in-jet

PYTHIA 8 Monash 13 (tuned p)
+ Coal. (Ap < 0.285 GeV/c)

T T T I T T
ALICE
pp Vs = 13 TeV, p*** > 5 GeV/c

_ o= ® .
— &l[(] = : — -
S | N =
3 5 =
- _&_L}. ......... I J_
04 06 0.8 1 12 14 1.6
pT/A (GeV/c)

B, UE PYTHIA describes the trend of data

B, in-jet PYTHIA reproduces difference between UE and jet but shows a decreasing trend not observed in

data = p; trend to be further investigated
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Hypernuclel in high energy collisions

INFNM

TORINO
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" ALICE Performance

. Run 3, Pb-Pb |5, =536 TeV

T

« Using TPC PID via the specific
energy loss

« Excellent separation of different
particle species

' B=05T

Particle Decay mode Branc!'ung
Ratio
31 *He + 1 + C.C. ~25%
A d+p+Tm+cC.C. ~40%
AH ‘He + T+ c.C. ~50%
“He |°He+p+m+cc. ~29%
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Hypernuclel in high energy collisions

1or

DCA

Recontruction and invariant mass technique

prim. Vix.

The identified daughters are assumed
to come from a common vertex

Their tracks are matched by algorithms
to find the best possible decay vertex

Challenge: huge combinatorial background
Solution: topological and kinematical cuts
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Hypernuclel in high energy collisions

« Hypernuclei consist of nucleons and hyperons

» Decay weakly after a few centimeters (ct = 5-7 cm)
Into two or more daughters

* Lightest known hypernucleus
hypertriton: 1t AR
’-ll-

B,= 100 keV = ry, = 10 fm

Hildenbrand et. al.. Phys. Rev. C 100, 034002 (2020)
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N. Loher, 2014
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Hypernuclel in high energy collisions

« Hypernuclei consist of nucleons and hyperons

» Decay weakly after a few centimeters (ct = 5-7 cm)
Into two or more daughters

* Lightest known hypernucleus
hypertriton:

B,= 100 keV = ry, = 10 fm

Hildenbrand et. al., Phys. Rev. C 100, 034002 (2020)
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/:iH Recently measured
B,\= O(keV) byALICE'




Hypernuclel in high energy collisions

« Hypernuclei consist of nucleons and hyperons

» Decay weakly after a few centimeters (ct = 5-7 cm)
Into two or more daughters

* Lightest known hypernucleus
hypertriton:

B,= 100 keV = ry, = 10 fm

Hildenbrand et. al.. Phys. Rev. C 100, 034002 (2020)

* Heavier hypernuclei at the LHC: fﬂ
B,=2 MeV > r=2 fm |

Yamamoto et. al., Phys. Rev. Lett. 115, 222501 (2015)

A = 4 hypernuclei are more bound

@!?N and each has an excited state

ORINO Schéfer et. al., Phys. Rev. C 106, L031001 (2022)
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Anti-hypernuclei with ALICE

Hypernuclei: bound states of nucleons and hyperons
o Formation of interesting states (hypertriton, hyperhelium, ...), testing the nuclear

shell model [1]
T y l T T y T y I
0k 56 A Single Particle States - :g,i:-(li) i
o~ \ 139( A  Emulsion
E = 8') 51 ¢ (Kpi
= 40.
< 20+ 32 i
oy SA
Qé 16 i
fb o111
k= 101 da = 8 7]
2 \ VA PA ol
M gA
1| I, PR ___I__I _______________________
I 1 1 . I
0 0.05 0.1 0.15 0.2 0.25
A—2/3
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Anti-hypernucleil with ALICE ATTCE

Hypernuclei: bound states of nucleons and hyperons
o Formation of interesting states (hypertriton, hyperhelium, ...), testing the nuclear
shell model [1]

o Neutron stars’ EOS [2] (understanding of A—-N and A-A interaction!)

T y T y T T T T I T 25T T j
A Single Particle States = (iK)
30 208 o (ccK) 1

g | 239 A Emulsion e s PSR JO348+0432 —
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=== NSC97a
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Hypertriton production in Run 2 AL TCe

For statistical hadronization models ALICE, Phys. Rev. Lett. 128 25, 252003 (2022)
. . . IIII| | | IIIW[II T TITIIIll T
(SHM) the object size is not relevant % ] ALIGE p-Pb, 0-40%, (= - 502 ToV
gsuppression due to Canonical ™ <10_5_ = | ALICE Preliminary pp, HM trigger,(s = 13 TeV B
. B |I| ALICE Pb-Pb, 0-10%, ‘js_NN =276 TeV 7]
conservation of quantum numbers C BRo02st002 i ;
In a coalescence picture large !
suppression of the production in small
systems expected due to the large object
size 10°® B -~
— 3-body coalescence:
§2—body coalescence |
Measurements in Run 2 pp and p—Pb —SHM, Ve =dVidy -
collisions favor the coalescence o S Vo =Sdvidy
approach 10 10 10°
(dN _/dn)
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Hypertriton production in small systems
% — | I I 1 ! I | I I | I | I I I I I I | I I | I I | I —
: . = ALICE Prelimi
e First precise measurement of the g 10° . re\;;m_n?;ys oy =
p-. spectrum of 3 Hin pp S = e ep, TS ]
T N Q,_ F L. =83 pb ]
e Constraints on the wave function % 14 - + 10% global unc. not shown -
using realistic coalescence 2 T i
afterburner code [1] = 100 a
O 3/\H as a d-A System E + ;_FI —He + 1~ | < 1 E
o Congleton wave function T arXivi2504.02491 (2025) 3}
favoured by the data with " [F congleton Wave Function |
respect to Gaussian 10" | d-A Gaussian Wave Function =
o o b by A A .
1 2 3 4 5 6
p_ (GeV/c)

[1] Mahlein et al, Eur.Phys.J.C 84 (2024) 11, 1136 POLITECNICO
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Hypertriton production in Pb-Pb N

-.= Coal. B, = 420 keV (STAR) == Coal. B, = 164 + 43 keV (Ave.)

... Coal. B, =102 keV (ALICE) —— SHM

O s N S S S N B B B T ]
e The uncertainty on the ® HHeratio £ [ ALICE Pb-Pb I i
is reduced by a factor > 4 compared <_ 051 o5, = 5.02 TeV - SR
to the LHC Run 1 X o(50 = 2.76 TeV T Vs = 200 GeV]
0.4 — —
o Coalescence predictions with - I B .
world-average B, input agree 03 e il — — =
with the data : T Il
: 0.2 1 J g
o ALICE measurements are in - T .
agreement with STAR data in . 1: T = ]
other ion-ion systems at lower - 'H > %He+ B.R.=0.25 T !
centre-of-mass energy IS T T N T T M T N T T AT AN N O A ! |

500 1000 1500 77t U-U

Ru-Ru Au-Au

<chh/ d 77>|n|<o.5
[1] Phys. Lett. B 860 (2025) 139066 TECNICO
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A=4 hypernuclei in ALICE ALICE

> 10°¢ 3
« Expectations for hypernuclei E a5 PR Yoyl 18V Noymdall 3
from the statistical hadronization N Thermal model -
del at T, = 156 MeV > 'F wond gl ic 2L E
mode ch 2 soik ---T=156 MeV E
« Penalty factor by adding one nucleon 102 An === r
to a particle = 300 in Pb—Pb collisions 102 ey s
104%._. ................. y : OIC) é
o iH E
107F E
10° s — T
i _E ................. Y..A_I.:I.. : He ?:
- - 4H E
108:E AA E:
10° — -
10"9E aHe 3
A. Andronic, private communication
model from A. Andronic et al.. Phys. Lett. B 697, 203 {20"1 1)m R 0



A=4 hypernucleil in ALICE ALICE
. > 10° e
_ . T [ === Pb-Pb |s,=2.76 TeV N_, =350 :

« Expectations for hypernuclei Z 105 A Thermal model E
from the statistical hadronization o I — T=164 MeV E
model at T, = 156 MeV e e ey  woNEY =

. 102 An — -

« Penalty factor by adding one nucleon oF AR -

to a particle = 300 in Pb—Pb collisions 107F . o 3
10*e EM) = E

. 105 A 3

* Further suppression due to ook e -
strangeness content = IR, - e 3
107 4H - E

= “H ]

» Large statistics needed 10°g - i E
10°E - =
1070L AHe =

A. Andronic, private communication
model from A. Andronic et al., Phys. Lett. B 697, 203 (2011_) ___jponion
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A=4 hypernuclei production in Pb—Pb ALTCE

e (Anti)* Hand (anti)* He

=
—

cq\ —_I L I | R ST | I | L l L I L L I | | | L L l UL I_—

reconstructed in Pb—Pb through O 10 ALICE J

charged 2-body and 3-body decay o [ 0-10% Pb-Fb s =5.02TeV -
H— "He + n*

channels O 8- v < 0.5 B

L : x local p-value: 4.26 x 10° .

o ldentification of the candidates &3 ol Signif?cance: 456 B

relying on machine learning g I i
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A=4 hypernuclei production in Pb—Pb ALTCE

e (Anti)* Hand (anti)* He
reconstructed in Pb—Pb through
charged 2-body and 3-body decay
channels

ALICE

0-10% Pb—Pb \s,, = 5.02 TeV
4He — *He+p+n'

|y|<0 S

local p-value: 2.73 x 10™
Significance: 3.5¢

o ldentification of the candidates
relying on machine learning

o Anti4AHe — first evidence of
this antimatter state

Counts / (0.0036 GeV/c?)
N w RS (@) (@)) ~ (00

o b b b oo bl

lLIIII'IIII|II|IIIIII|IIII|IIII|IIII|II

B TLTITLT
Ozl_‘l‘L_‘TLF‘Il‘F‘ cao v e Ly ey ey | e o8y
3.89 39 391 392 393 394 3. 95 3.96 3.97

CERN News
CERN Courier
NewScientist
APS-Synopsis

M, o, r (GEV/ c?)

[1] Phys. Rev. Lett. 134 (2025) 162301
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A=4 hypernuclei production in Run 3 ALTCE
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ALICE Performance =
0-30% Pb-Pb |5 = 5.36 TeV |
. 4T e +

-He - "He+ p+ =
ly|<0.5

e Larger integrated luminosity in Run 3
— observation of anti* \He with > 50
significance

(&)
o

w0
o
LN [ L L N L ) I B N I

Ly

e Enabling precision study of strong
interaction properties, e.g., charge
symmetry breaking of A-nucleon
interaction [1]

Significance: 6.3c

Counts / (0.003 GeV/c?)
AN
o

[ A | | | I | | | I | |

20
SH+A ¢ SHe+A
1+ L067£008 | 4 DIED00 %—0.083:l:0.094 10 +
\ 1.09+0.02 1.406+0.003 + i
+ PN [P I ——
02.157:i:().()77 0+239i00r-i0.233i0.092 |11|1|1||1|11|11111111111111|1|11|1||_
' e (9.89 3.9 391 392 393 394 395 396 3.97
H] iHe Mo 5. (GEV/CP)
Bx (MeV) :
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Summary ATCE

o 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

o Measurements of antinuclear production vs. rapidity used to extrapolate B, at

forward rapidity = predict antinuclear flux from cosmic rays

o A wealth of new precision measurements is becoming available to the community

also forA=4

o The upgraded ALICE apparatus plays a central role in (hyper)nuclear physics at the
LHC
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