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Heavy ion collision evolution 2

= After a thermalization time 1y =1 fm/c, a deconfined
phase of quarks and gluon is created: Quark-gluon
plasma (QGP)

= The system expands and cools down reaching the
temperature at which hadronization takes place
(Tc=15419 MeV) https://doi.org/10.1103/PhysRevD.20.094503

Hadron gas

= A gas of inferacting hadrons and resonances interacts
Upio a chemical freeze-out temperature T, (~156.5%
1.5 MeV) where inelastic interactions stop and hadron

vields are fixed https://www.nature.com/articles/s41586-018-
0491-6

= The last elastic interactions stop at the kinetic freeze-

out temperature Tkin (~110 MeV)
10.1103/PhysRevC.101.044907
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Heavy ion collision evolution 3

Hadron gas

transition

Thermalization
Parton cascade

Nuclei production can be described by two models:
deuteron triton

o™

> Statistical Hadronization Model ( SHM )
» Nucleon coalescence

-

3He 4He
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Statistical Hadronization Model )

Pb-Pb sNN =2.76 TeV, 0%-10% centrality

» Hadrons produced in Pb-Pb collisions are well
described by a grand canonical ensemble with

three free parameters (ug, V and T))

» ALICE Pb-Pb data agree very well with Statistical
Hadronization Model predictions.

» Yields ~ exp(-m/T.p)

Yield, d\/dy

V = 5300 fm3

® Data from the ALICE Collaboration
—— Statistical hadronization

® Data from the ALICE Collaboration

| n S m O | | SYSTe ms O A Statistical hadronization

Total (after decays)

canonical ensemble has
to be considered (->free
parameters N, V, Tp)

Primordial

T K KK ¢ p p AAZEZE 2d d dHeHe H H He 'He

»A. Andronic, P. Braun-Munzinger, K. Redlich, J.Stachel, Nature 561 (2018) 32
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Coalescence Model

» Nuclei are formed by protons and neutrons close in phase space at the kinetic freeze-out
At a given nucleon mass number A p, = Pa/A

p./A=0.75GeV/c
z

—d, r=3.2fm
—°H, r=2.15fm
——°He, r =2.48 fm
) g 3AH, r =6.8fm
»Coalescence parameter By is the crucial R
parameter cees 4H, =24 fm
P simple coalescence scenario foresees

== “H,r=55fm
it is not dependent on pr and muliplicity

‘He, r =2.4fm

F. Bellini, and A. Kalweit, Acta Phys. Pol. B 50 (2019) !
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The ALICE Detector

Inner Tracking System (ITS):
- Tracking & Vertexing
— ODCAxy < 100 um

4 SESE£ e e Time Projection Chamber (TPC):
| /M’ﬂ.- oy | \ i - Tracking & Vertexing
" S - PID via dE/dx (=6%)

Time-of-Flight (TOF)
- PID o 10 = 60 ON

VO .
- Cenitrality/multiplicity
determination
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Cenftrality

» The number of produced particles at midrapidity increases with centrality

10.1103/PhysRevC.88.044909

)

ALICE Pb-Pb at S, = 2.76 TeV
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Nuclel identification via dE/dx

1000 aLicE 18 D Po-pb(5,,=5.02Tev
¥il | % 0-90% central

A=2, A=3 and A=4 nuclei and
antinuclei can be identified via
dE/dx from the TPC

)
[=
=
Qo
—
S
O
o
—
=
x
o
©

p/z (GeV/c)
https://doi.org/10.1103/PhysRevC.107.064904
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https://doi.org/10.1103/PhysRevC.107.064904

Nuclel iIdentification via TOF

44<p <50GeVic,|y| <05

—+— Data

-=--- Antideuteron Signal
Background Only

—— Total fit

Counts / (0.6 GeV?/c?)
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—+— Data
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Background Only
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hitps://doi.org/10.1103/PhysRevC.107.064904
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Light hadron spectra
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+ (S =276TeV

¢ Sy =5.02TeV

. * 4 5
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10.1103/PhysRevC.101.044907

Blast wave model: light hadrons are emitted by an expanding source at a
temperature Ty, and show a collective motion given by a radial flow <p>

= Hardening of the specira with the cenftrality

10
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.101.044907

Nuclel spectro

11

https://doi.org/10.1103/PhysRevC.107.064904
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Results from A=2 and A=3
(anti)nuclei measured in Pb-
Pb collisions at Vs = 5 TeV
at different cenftralities

Expected increase of the
slope at most central
collisions

From peripheral to most
central Pb—Pb collisions
average pr almost doubles

A shift in the peak position
towards higher p; for
Increasing multiplicity

Dashed lines = Blast-Wave model of light hadrons from a thermal production from an expanding source
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Coalescence parameters : A=2 and A=3 1

0-5%

5-10% 0-5%
10-20%
20-30%
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5-10%
0-10%
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60-70%
ly] <0.5 50-90%

70-80%
80-90%

3 : 15 2 25 05 1 15 2 25
pT/A (GeV/c) pT/A (GeV/c) pT/A (GeV/c)

%"" Pb-Pb Sy = 5.02 TeV

» Ordering of the coalescence parameters with collision centrality: 10.1103/PhysRevC.101.044907

» B, decreases if centrality increases
» If cenftrality increases, then also the R of the source increases ( peripheral to central events)

» Bigger R implies a larger separation between nucleons => in the coalescence scenario this
environment reduces coalescence probability
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.101.044907

Coalescence parameters : A=2 and A=3 13
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10.1103/PhysRevC.101.044907

» B, raises with py

» It points to the fact that high pr particles originate from a smaller region of the source

13/06/23 A. Mastroserio - NRM2023


https://journals.aps.org/prc/pdf/10.1103/PhysRevC.101.044907

Coalescence model: further test 4

Close to unity

ALICE  SHM expectation for this
Pb-Pb |sy = 5.02 TeV ratio is very close to |

- « Coalescence model
' G predictions deviate from
Pb—Pb |5, = 5.02 TeV, |y| < 0.5 emae L p
30-50% : A unity

———— Two-body coalescence

Bl Theee-body coalescence « Different results in the 2-
body vs 3-body
coalescence

« Different wave

10.1103/PhysRevC.101.044907 function of the two

» Two predictions for the formation of the A = 3 nuclei nuclei in the two
cases

<chh/dn>|n| <0.5

» three nucleons (called three-body coalescence)

» formation of the nucleus from a deuteron and a nucleon (two-body coalescence).
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Light nuclel / proton from pp o Pb-Pb 15

-
N

Thermal-FIST CSM, T, = 155 MeV
V.=1.6dV/dy

UrQMD Hybrid Coalescence Twesbody
Pb—Pb 5.02 TeV I — Three-body

Coalescence

pp, Pb—Pb: |y| < 0.5
p—Pb:-1<y<0

2d/(p+P)

2°He/ (p +P)
o N

[®]pp, f5=5Tev

[0 ]pp, (=7 TeV

[O]pp, (s=13Tev

(%] pp, 15 = 13 TeV, HM
p-Pb, YSy = 5.02 TeV
(O] Pb-Pb, Y5y, = 2.76 TeV
[m]Pb-Pb, {5 = 5.02 TeV

10°

10° 10°
(dN_/dn

Iab>|nlab|<0.5 (dN _ /dn (dN +/an

Iab)]nlab|<0.5

Iab>|'r'||ab|<0.5

Increasing frend from pp to p—Pb and saturation in Pb—Pb collisions (Grand Canonical limit)
» For deuterons all models describe well the data. 10.1103/PhysRevC.101.04470/7

» For A=3 the models describe qualitatively the tfrend with multiplicity
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Hypertriton

prim. vtx.

> m=2991 GeV/c?
» B, =130 keV

» Radius for the hypertriton wave
functionr, 4= 10 fm

» Fragile object

Decay channels
:f\H —~3He + 7~
*H—3H4 7"

*Hod+p+7n—
*H—d+n+ 7’

+ charge coniugates

16
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https://arxiv.org/abs/1904.05818

Hypertriton

» Measurement performed in one
decay channel 3He + &

» Huge combinatorial background

» PID, topological cuts and and
Machine Learning (ML) techniques
applied

17
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Hypertriton measurements in Pb-Pb

18

arXiv:2209.07360
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The most precise measurements to date of the 3 \H
ifetime T and A separation energy B, are obtained
using the data sample of Pb—Pb collisions at v sy =
5.02 TeV collected by ALICE at the LHC.

ALICE ALICE
Pb-Pb, 0-90%, |sy, = 5.02 TeV 5 Pb—Pb, 0-90%, \s, = 5.02 TeV
T =253 + 11 (stat.) £ 6 (syst.) ps B, =72 £ 63 (stat.) + 36 (syst.) keV
, Fit probability = 0.23 Fit probability = 0.68
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Hypertiton Lifefime measurements

Theoretical predictions
= = Nuo. Cim. 46 (1966) 786 =+++ Nuo. Cim. 51 (1979) 180-186
— J.Phys. G18 (1992) 339-357 --- PRC 57 (1998) 1595

PRC 102 (2020) 064002 PLB 811 (2020) 135916

PR 136 (1964) B1803
PRL 20 (1968) 819

PR 180 (1969) 1307

NPB 16 (1970) 46

PRD 1 (1970) 66

NPB 67 (1973) 269

STAR, Science 328 (2010) 58
HypHi, NPA 913 (2013) 170
ALICE, PLB 754 (2016) 360
STAR, PRC 97 (2018) 054909
ALICE, PLB 797 (2019) 134905
STAR, PRL 128 (2021) 202301

ALICE, Pb-Pb 5.02 TeV

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

Theoretical expectations are close to
the free A lifetime but previous
experimental results were well below
the theoretical values

Hypertriton lifetime measured by
ALICE is compatible with the free A
ifetime within its uncertainhes

It confirms it is a very loosely-bound
state
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https://arxiv.org/pdf/2209.07360.pdf

Hypertriton binding energy

Theoretical predictions

===-NPB47 (1972) 109-137 — PRC77 (2008) 027001

» ALICE measurement of the hypertriton . ——
binding energy is in agreement with ’
the latest theoretical predictions

NPB1 (1967) 105

NPB4 (1968) 511

» Results confirm it is a very loosely-
bound state

PRD1 (1970) 66
NPB52 (1973) 1
STAR, Nat. Phys 16 (2020)

ALICE, Pb-Pb 5.02 TeV

-04 02 O l0.2 0.4 06
B, (MeV)

20
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Hypertriton measurements in small systems .

measurement of the hypertriton in pp (13 TeV) and p-Pb (5.02 TeV) collisions

ALICE Performance
pp Vs =13 TeV
High multiplicity trigger

+ iH + %H
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.252003

3 H / A ratio vs multiplicity 22

» Coalescence and statistical hadronization
model predictions converge at heavy ion
collision multiplicities

[ ¢ | ALICE Pb—Pb, 0-10%, {s = 2.76 TeV
B.R.=025+0.02

» Ratio is sensitive to the nuclei production
mechanism at low multiplicities

» |In statistical hadronization models the ~—3-body coalescence
volume size is not relevant — 2-body coalescence
— SHM, Vc =dV/dy

g : : SHM, Vc = 3d V/dy
» In a coalescence picture the production in

small systems is suppressed expected due to
the limited volume

10°
(AN _ /dn)

In|<0.5
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.252003

3 H / A ratio vs multiplicity

23

» New measurements at two small multiplicities!
where there is a large separation between models

» Measurements at different multiplicities indicate
that two-body coalescence seems 1o get closer to
the data

» SHM model with V- = 3 dV/dy excluded by more
than 6 o

| | 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

B.R. = 0.25+ 0.02

~— 3-body coalescence

=~ 2-body coalescence
— SHM, Ve = dV/dy
== SHM, Ve = 3dV/dy
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.252003

S, strangeness population factor o

» Strangeness population factor is a measurement

c 3H
of baryon-strangeness correlations Al
S He A | | 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
B.R. = 0.25+0.02

» mass difference drops out and size effects can be
studied

» Measurements at different multiplicities indicate
that two-body coalescence seems to get closer - & == 3-body coalescence
'|'O 'I'he d(]'l'(] ; L 2-body coalescence
— SHM, Ve = dV/dy
=== SHM, Vc = 3dV/dy
» agreement with the measurement of the S,\H / A
ratio (lower sensitivity)

10°
(chh/d n)l

n|<0.5

ALI-PREL-495347
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.252003

Summary ”

» The ALICE experiment has performed several measurements in Pb-Pb, p-Pb and pp
collisions, thus providing a wider look to the production mechanism of light
(anti) (hyper)nuclei

» Even though the measurements are more precise than previous data, they still do not allow
for a final conclusion on the dominant production mechanism

» Most precise determination of the hypertriton lifetime and binding energy has been done
and it confirms than 3,H is a very loosely bound state

» The ongoing Run 3 and the future Run 4 will add more statistics and thanks to high precision
data there will be the possibility to improve our understanding in nuclei production
mechanisms from cold to hot nulclear matter
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Thank you
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