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Dimensions of (light) nuclear chart: nuclel

Nuclei: complex objects composed of protons and neutrons
* Production mechanism is still under investigation
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A Large lon Collider Experiment

Dimensions of (light) nuclear chart: nuclel

Nuclei: complex objects composed of protons and neutrons
* Production mechanism is still under investigation

Statistical models [1, 2]
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A Large lon Collider Experiment

Dimensions of (light) nuclear chart: nuclel

Nuclei: complex objects composed of protons and neutrons
* Production mechanism is still under investigation

Statistical models [1, 2] Coalescence models [3]

» Hadrons emitted from a source in * Nuclel are produced from the overlap
local thermodynamical equilibrium of nucleons’ phase-space and
.dN/dy ~ oM Tipem Wigner density of the bound state
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A Large lon Collider Experiment

Dimensions of (light) nuclear chart: antinuclel z ALICE

Antinuclel: antimatter counterpart of our matter world
» Extremely rare objects in nature, low background from “ordinary” processes [ L [ [/
* Unique probe for new exotic physics! Dark matter, antistars, ...

3He production and propagation in the Galaxy [1]
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Dimensions of (light) nuclear chart: antinuclel z ALICE

Antinuclel: antimatter counterpart of our matter world
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A Large lon Collider Experiment

Dimensions of (light) nuclear chart: hypernuclei : ALICE
Hypernuclei: bound states of nucleons and hyperons S Ry (ST ey
* Formation of interesting states (hypertriton, hyperhelium, ...), ‘L/

testing the nuclear shell model [1]
* Neutron stars’ EOS [2] (understanding of A—N and A-A interaction!)
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A Large lon Collider Experiment

Dimensions of (light) nuclear chart: hypernuclei : ALICE
Hypernuclei: bound states of nucleons and hyperons S Ry (ST ey
* Formation of interesting states (hypertriton, hyperhelium, ...), ‘L/

testing the nuclear shell model [1]
* Neutron stars’ EOS [2] (understanding of A—N and A-A interaction!)
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A Large lon Collider Experiment

ALICE detector in Run 2 ALICE

Unique tracking and PID capabillities to study the production
of (anti)(hyper)nuclei at the LHC energies!

- S=Na-gE >
V e e " woll] 00
j : 5 14
I/I//// A .\ -
_/l//// /.‘ ,}"_// .

(Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023 5



A Large lon Collider Experiment

ALICE detector in Run 2

Unique tracking and PID capabillities to study the production
of (anti)(hyper)nuclei at the LHC energies!

TPC: dE/dx in gas

» Separation of (anti)nuclei thanks to their
large mass (and charge)

dE/dx in ALICE TPC

R | T T I L | T T I l‘.l : rd
- ALICE Performance ; jifi: S84
900Ep6-pb |5, = 5.02 eV v g R

—
-
-
O

‘IIII|||IIIIIII|IIII
b

”{'ITI_IIIIllllllIIII|IIII|IIII|IIII|III

dE/dx in TPC (arb. units

:‘.;l‘il_t‘}t":i_ll|lllI|II|I|IIII|II|I|IIII|II

500

400

300

200F" =

100 Gl R s
I R T S R

p/z (GeV/c)

(Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023

ALICE



—
-
-
O

dE/dx in TPC (arb. units

A Large lon Collider Experiment

ALICE detector in Run 2

Unique tracking and PID capabillities to study the production

of (anti)(hyper)nuclei at the LHC energies!

TPC: dE/dx in gas

» Separation of (anti)nuclei thanks to their

large mass (and charge)

TOF measurements: 8 = v/c
*D = yBm — mass

dE/dx in ALICE TPC
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A Large lon Collider Experiment

(Anti)(hyper)nuclei production across collision systemshstice

Smooth evolution of d/p and 3He/p ratios with multiplicity and system size [1]
» Good description of A = 2, 3 data with coalescence models
* Tension between statistical models and A = 3 experimental results
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[1] ALICE, arXiv:2212.04777
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A Large lon Collider Experiment %

(Anti)(hyper)nuclei production across collision systemshstice

Smooth evolution of d/p and 3He/p ratios with multiplicity and system size [1]

» Good description of A = 2, 3 data with coalescence models

* Tension between statistical models and A = 3 experimental results

« Recent ?\H/ /\ measurements [2] support coalescence model in small systems!
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B, (GeV?/c®)

A Large lon Collider Experiment

Coalescence parameter Ba

Smooth evolution of B2 and Bz with multiplicity and system size [1, 2]
» Large system size (r ~2-5 fm) — decrease of Ba due to space separation between nucleons
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State-of-the-art coalescence modelling ALICE
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A Large lon Collider Experiment

State-of-the-art coalescence modelling ALICE

Precise measurements of
(anti)nucleons production in pp 13 TeV [1]
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A Large lon Collider Experiment

State-of-the-art coalescence modelling ALICE

Precise measurements of
(anti)nucleons production in pp 13 TeV [1]

Particle-emitting source radius [2]
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A Large lon Collider Experiment

State-of-the-art coalescence modelling

Precise measurements of
(anti)nucleons production in pp 13 TeV [1]
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A Large lon Collider Experiment

State-of-the-art coalescence modelling

Precise measurements of Chiara PIn
(anti)nucleons production in pp 13 TeV [1] /
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A Large lon Collider Experiment

A = 4 hypernuclei yield in theory ALICE

* Penalty factor for adding one nucleon to a particle: ~300 for Pb—Pb collisions [1]
» Additional suppression due to strangeness content
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A Large lon Collider Experiment

A = 4 hypernuclei yield in theory ALICE

* Penalty factor for adding one nucleon to a particle: ~300 for Pb—Pb collisions [1]
» Additional suppression due to strangeness content
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Chances to see A = 4 hypernuclei with Pb—Pb data from Run 27
Feed-down from excited states [2, 3] — enhancement of a factor up to ~4 w.r.t. ground state [4]!

] Andronic et al., Phys. Lett. B 697 (2011) 203

] J-PARC E13, Phys.Rev.Lett. 115 (2015) 22, 222501

Schaefer et al., Phys.Rev.C 106 (2022) 3, L031001
Donigus, EPJ Web Conf. 276 (2023) 04002 (Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023 1 O
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A Large lon Collider Experiment ii |§ é

A = 4 hypernuclei in ALICE: | H! ALICE

Careful topological and kinematic selection, machine learning approach (BDT) for the signal extraction
First signal of f\H at the LHC energies!

N
N

B [ | | I L L | L | | N I | I N | | I I _ —~ — 1 T 1 1 I I L | L | | I I I | I N | T T
NQ soF ALICE Performance ] NQ i ALICE Performance -
= F Pb-Pb, sy = 5.02 TeV 7 = Pb—Pb, Sy = 5.02 TeV
S 18 "H— *He + m +c.c. — O H— ‘He+ _
8 16 :_ local p_value: 6.00 _: cu\)] 10 local p-Value: 48 ¢ __
o - m o |
< nl 7 < .
s ME - S 8 _
=~ 12 — ~ _
£ - .. = 2 |
5 10— = 5 6 B
o - ] o i
O 8= — @ -]
ey R i = . B
6 H@- T — -
- - s = = - . . : P‘_' ]
4 | *‘*1 0| | ! ]
L] - | 2 ad T ad <+
2 :_ 4 l'_._' 4 1 1 1 4 | l - E - | - L 'I' | '|' '|' '|' P
_I 11 1 I | I"I | 1 1 1 1 | 1 1 1 1 | | I"I | | | I"I"IHI | Ill I.-Illllll I_ 11 T I'| | | l'.l.l I.l.l.l

30.89 3.9 3.91 3.92 3.93 3.94 3.95 3.96 3.97 C?.B .93 3.94 3.9 3.96 3.97

M., .. (GeV/icd) M., .. (GeV/ic?)
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A Large lon Collider Experiment

A = 4 hypernuclei in ALICE: | H! ALICE

Careful topological and kinematic selection, machine learning approach (BDT) for the signal extraction
First signal of f\H at the LHC energies!

Two-body decay: f\H —*He + 77+ c.c, local p-values of 6.00 and 4.8¢!

&'\ 22 [ I L L | L | | N I | I N | U N I &'\ — 1 T 1 1 I I L | L | | I I I | I N | T T
O soF ALICE Performance ] O i ALICE Performance -
O 18 ''H— “He+m +ccf — O 1 H—o ‘He+n §
N 16 flocal p-value: 6.0 6§ - aq 10 {local p-value: 4.8 6f
8 - e Bt e N i - 8 ' ' |
s B E S s -
~ 12 — ™~ _
2 - : - 2 _
C — _
S 10— —] S  6f —
O - m O _
O 8= — @ -]
4 R .. - . B
6 H@- T — -
- - s = = - . . : P‘_' ]
4 L o] | .. ]
[ - | 2 ¢ T ¢ -
2 :_ 4 l'_._' 4 1 1 1 4 | 1 - E - ! - L 'I' | '|' '|' '|' P
I I | I"I | 1 1 1 1 | 1 1 1 1 | | I"I | | | I"I"IHI | Ill Inlllllll I 11 T I'| | | I'.I‘I I.l.l.l
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tzel’s PO

Janik Di
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A Large lon Collider Experiment

A = 4 hypernuclei in ALICE: } He! ALICE

Careful topological and kinematic selection, machine learning approach (BDT) for the signal extraction
First signal of f\He at the LHC energies!

Three-body decay: f\He —> He + p + 7™+ c.c, local p-values of 4.40 and 3.10!

N B I 1 1 | | I 1T 1 1 1T 1 | 1T 1T 1 | T 1T 1 I L | I 1 1 | AN T T I 1T 1 I 1T 1 I 1 | | T 1T 1 | 1T 1T 1 | 1T 1 1 I T 1T 1T _]
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D ol T | Pb-Pb, (5,,,= 5.02 TeV -
(L(!')) - ) ((3 5 " *He + p+m .;Q ]
o. 8 | ] o. : o s A Nl O I A R IR :
S i i S 4 —
2 e[ _ o -
- — = C 3 ]
S i _ = _
3 r - 3 L ,
. - 2|~ —
2_— —9-+-9- -9~ "‘:_ 1_' -—o—--—o—-v—u—o—oj ———@— o | e
1] T ] 1441+ : _ anl :
_u_,_l . . . . . L 1 1 1 I 1. M | i e I"_ _‘ . |. L. I- I ‘I . I" | ‘ . I | -I- L1 | 1 1 1 1 ‘ A ‘l . b | J . |. L. -I- | | . b | d . I" | ‘ . "I . b:
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3 3
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tzel’s PO

Janik Di
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A =4 hypernuclei in ALICE: comparison with SHM

Testing the dependence of the yields of the SHM
with the spin-degeneracy

* Results agree with hypothesis of excited states
for both (anti)hypernuclei

* Shedding light on the charge symmetry breaking
* Not understood from theoretical point of view

» Large statistical uncertainties, more to come
with Run 3 data!

(Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023

ALICE
>\ I I I I I I B I I I I 1 | | | | | I | | | |
O ..
21 0t —+ ALICE Preliminary —
O - Pb-Pb, {sy, = 5.02 TeV
SHM using T, = 156 MeV
(including excited states)
SHM using T, = 156 MeV
(ground state only)
lll A
107°F T I -
4 4
207¢ ,He H [2.700
v v
| L1 1 1 | 1 1 1 | L1 1 | | 1 1 1 | 1 | | | | | | | | | | | | | I
3.9215 3.922 3.9225 3.923 3.9235 3.922 3.9225
M (GeV/c?)
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A Large lon Collider Experiment

ALICE in 2010’s — ALICE in 2020°’s

New Inner Tracking System (ITS)
— 7 barrels, 10 m2 silicon tracker
based on MAPS (12.5 G pixels

New GEM-based TPC

with continuous readout
New Muon Forward

Tracker (MFT) - 5 disks
based on MAPS

New Trigger and Readout
Upgrade of readout

electronics of all detector,
new Central Trigger

Processor

New Beampipe
smaller diameter (36.4 mm), first
detection layer at 20 mm

New Fast Interaction Trigger (FIT)
— 3 detector technologies:
interaction trigger, online
luminometer, forward multiplicity

(Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023
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ALICE In 2010’5 — ALICE in 2020’°s ALICE

N arrole. 10 oyt (5) TPC dE/dx from 524 x 10° events collected in 2022
800

based on MAPS (12.5 G pixels

4E- ALICE Performance
=== Run 3 pp, Vs =13.6 TeV

B 524.3 x 10° events

New GEM-based TPC
with continuous readout

700

New Muon Forward
Tracker (MFT) - 5 disks
based on MAPS

- ALEPH Bethe-Bloch fit

| I| ll'n ity -'i'l'n',l.

o

600

LIS

dE/dx (arb. units)

500¢

A
ST A R B

400

New Trigger and Readout
Upgrade of readout i T
electronics of all detector 200 R

O BNPESAS  new Central Trigger
Ll ™ @ Processor 100= _— *

O -
New Beampipe -3

smaller diameter (36.4 mm), first
detection layer at 20 mm P | £ (GeV/C)

New Fast Interaction Trigger (FIT) &
— 3 detector technologies:

interaction trigger, online
luminometer, forward multiplicity
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Normalized counts

A Large lon Collider Experiment

Latest news from Run 3 data: (anti)nuclei identification atice

(Anti)nuclei identification with upgraded ALICE detector in TPC and TOF systems

 Clean signal of (anti)nuclei in pp and Pb—PDb collisions

| ALICE Performance
| pp, Vs =900 GeV, Run 3
d, 0.8 <p_(GeV/c)<1.0,|y| < 0.5
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A Large lon Collider Experiment

Latest news from Run 3 data: (anti)hypernuclei in pp!

First invariant-mass spectra of ?\H and f\H in pp collisions at 13.6 TeV!

Large data sample to be analysed:
* Precise studies of lifetime and binding energy in small systems
* Production yield as a function of multiplicity
» Comparison with theoretical models to unprecedented precision!

AN 1T T 1 I 1T 1 | L I 1 1T 1 | I I 1T 1 I I 1T 1 | T T _]
"o 70 —
§ - ALICE Performance .
8 60F -
o~ - Run 3, pp Vs = 13.6 TeV 7
o 90 —
o — — —_ .
S ok %H — SHe+n* B
ngll: :
o S0 —
qc) - .
> 201 u + =
g Lot
1oh- a '++++++f¥%
:I | I | L1 1 1 | 1 1 1 1 | | 1 ] | 1l 1 1 1 | 1 1 1 1 | L 1 1 1 | L 1 1 I:
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2
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—
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o

ALICE Performance
Run 3, pp Vs = 13.6 TeV
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Local p-value: 4.6 ¢

| I+I+

o ¢ ¢
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2
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A Large lon Collider Experiment

Latest news from Run 3 data: “He in pp!

First signal of “He in pp collisions!

New! ¢

A[RCE Performance
pp Vs =13.6 TeV
0.8 < p- <2.5GeV/c

("He)

TPC
0]

N

Counts
5 10 15 20 25 30

eData —Fit |
Fe [’Fe 1

ALICE

(Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023
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A Large lon Collider Experiment

Latest news from Run 3 data: “He in pp!

First signal of “He in pp collisions!
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counts

A Large lon Collider Experiment
|

Latest news from Run 3 data: “He in pp! ALICE

First signal of “He in pp collisions!

« Of great importance for astrophysics, in context of potential “He events in AMS-02! [1]
* Will help to constrain astrophysical background based on experimental data [2]

New! “He event in AMS-02 [1] . Secondary antihelium fluxes [2]

” B June 22, 2017 .‘ bending plane
10 ALICE Performance « Data 06:11:40 o
pp Vs =136 TeV  —Fit
10° 0.8 < p_<2.5GeV/c —“*He
—"He
10°

10

I ||||||I| | ||||||I| | ||||||||

3
_I_I'I'ITITII
: —
- —
|-l> I |||||||| ] |||||||| L L1l

VA AMS 5-years sensitivity He
Locati Speak dub D3 MAX ' ameaa- e
. . ng)a/tll?(;‘Ol S:;aue?:l('isr)mg - 0t08 06-2023 16:30 (Europe/Zurich) 4+ Add to calendar 10_19 | MED MAX R . - . - He
10~ 10° 10! 102
-3 —2 —1 0 1 2 3

d Sept 12: 40 T/n [GeV /n]

N; ~("He)
into;
i - ara P
[1] S. Ting, CERN Colloquium 2023 \\‘e Cf/
[2] Poulin et al., Phys. Rev. D99 (2019) 023016 (Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023 17



A Large lon Collider Experiment

Summary

ALICE is in unique position to study the production
of (anti)(hyper)nuclei at the LHC!

Results are an important input for:
* Nuclear physics

* Understanding the production mechanisms
* Testing theoretical nuclear models

+ 5 _— CSM, ch
o 0.00 "~ Coglescence

» Astrophysical applications
* Equation of state of neutron stars
* Indirect dark matter searches with antinuclei in
space

10° 10
10
<chh/ dn\ab \nlab\<0.5

ALICE

= e
%} gjad’ g:gs, lfSNTF 8.16 Tev L .
2l Pi)—Pb  VSuy =5.02 Tey ~
o d;_a . , m=2.76 TeVv

d, pp, Vs=5 Tev
]| d+d, pp, 5= 7 Tev

d.pp, s =13 Tey

[O] d, pp, {3 = 13 TeV, HMm
B, coalesc. r(d) =3.2 fm (P
== Param. Ao (fit to HBT radii)

Sy
aram. B (constrained to ALICE Pb-Pb B )
2

Much more to come with ongoing Run 3 campaign!

1073

o RC 99 (2019) 054905)

10 102

10°
(dN /dn )

ch
lab’ly_1<0.5
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A Large lon Collider Experiment

Summary

ALICE is in unique position to study the production
of (anti)(hyper)nuclei at the LHC!

Results are an important input for:

* Nuclear physics
* Understanding the production mechanisms
* Testing theoretical nuclear models

» Astrophysical applications
* Equation of state of neutron stars
* Indirect dark matter searches with antinuclei in
space

Much more to come with ongoing Run 3 campaign!

J
/Sny =8.16 Tev
D, Sy = 5.02 Tey

~b, m=2.76 TeVv

Pp, Vs =7 Tey
pp, E: 13 Tev’ HM
alesc. rd) =3.2fm

im. B (constraineq to ALICE Pb-Pb B )
2

10 102
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Back-up slides ALICE

(Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023 1
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Signal extraction: hypernuclel ALICE

. . . 102
* Using a machine learning approach (Boosted 3 i ALICE Simulation ™ Signal pdf Training Set
Decision Tree) for the signal extraction S 101} — mmm Background pdf Training Set
) : : Pb-Pb vswn = 5.02TeV 4 Signal pdf Test Set
L . . . © ¢ Background pdf Test Set
A machine is trained and tested using a dedicated = 10°
MC sample with injected hypernuclei and 5 o-t
a background sample O
102
* The result is a model that is applied on the data
and allows a selection via the BDT output value 1073
10~4
-5
107215 -10 -5 0 5 10

BDT output

ALI-SIMUL-316844

hiped4ML

https://hipedml.qgithub.io/

(Anti)(hyper)nuclei with ALICE | |. Vorobyev | Quark Matter 2023 20
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A Large lon Collider Experiment

Free A lifetime

New, extremely precise measurement of T T ' L L L L AL
the free A lifetime in Pb—Pb 5.02 TeV 275 —
» Reference for the hypertriton lifetime N ZECH STAR _
* About x3 more precise than the current i " " i
PDG value! n 270 —
Q. ~ ® _
(), i ® -
g 265 *ﬁ-— *ﬁ*
S 260 —
2 -~ POULARD ALICE :
- - CLAYTON Preliminary -
295 —
} Current world average _
250__ PA Zyl 9 et al. (PDG), PTEP 083C01 (2020) -

I | I I I | I I I | I I I | I | | | I | I
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Hypertriton lifetime

Recent measurement in Run 2 Pb—Pb 5.02 TeV
« Compatible with free A lifetime

Theoretical predictions
- = Nuo. Cim. 46 (1966) 786

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

PR 180 (1969) 1307
NPB 16 (1970) 46

PRD 1 (1970) 66

NPB 67 (1973) 269
Science 328 (2010) 58
NPA 913 (2013) 170
PLB 754 (2016) 360
PRC 97 (2018) 054909
PLB 797 (2019) 134905
arXiv:2110.09513 (2021)

ALICE Preliminary Pb-Pb 5.02 TeV

0

PRC 102 (2020) 064002

- .- Nuo. Cim. 51 (1979) 180-186
—— J.Phys. G18 (1992) 339-357 --- PRC 57 (1998) 1595

PLB 811 (2020) 135916

2 DL

;

o e ow C ow |o—— —

+
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r
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-4

-

1
ll;‘]l | | I I | I | I | lI

— A lifetime - PDG value —]

100 200 300 400 500
3 : :
“H lifetime (ps)
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A Large lon Collider Experiment
| |

Hypertriton measurements in pp and p—Pb ALICE
C<]-\ 18 il I Frrd P P | I | I | P | Frr | P | I I: &\ _I o o IR T I ol | R | | | L I_
2 i ALICE Performance . D 141 ALICE Performance B
% 16 - pp Vs =13 TeV — % i p—Pb 0-40%, \s,, = 5.02 TeV _
= _ High multiplicity trigger 3 = 121~ { 3H 4 %ﬁ -

14 — 3., 30 — - -
I tAH il : g 10 4+ — Signal + Background __
& 12 —— Signal + Background — 1l -
- [ J J ] AN - — — Background -
8 o |l T Background B ~ 8- —
= [ _ 2.
= ol - O [ i
c 8 __ = B/ _
L T 5 c T )

6 T __ LL] - i
- 1 - 4 T T i
4 __ __ — ——— | - . . . —
2 :J; 4 , + ‘ % 27| [T rr—— 1 [T
1) | | ll-"llll | T T_. lJ L ml+ll —lllllllll llllllll'll Jlllll‘l‘ l‘lllllll—
2. 97 2 98 2.99 3 3 01 3.02 3.03 3.04 3.05 3.06 296 2.97 2. 98 299 3 3.01 3.02 3.03 3.04
ALI-PREL-486374 M( He + TC) (GeV/C ) ALI-PREL-486066 M(BHe + Tc) (GeV/Cz)
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Wigner function formalism ALICE

Deutéron Wigner function of
Wigner function the p-n state 0.04

being ﬁ/z + G B/2 =G 1) =@Fn, fpﬁ/z L qB/2— ) T
O_llllllllllllllll 111111 15599 Y Y re-

Nucleon momentum phase-space c 1 2 3 4 5 6 7 8 9

0.14 \ 3] =

0.12 :_ .%'\‘ — Gaussian (d = 3.2 fm) _'_:

Projecting the (anti)nucleon density matrix on the deuteron density matrix [1] we have lel = Hu.the;(mo_sfmw:m ")
- EFT N'LO (S-wave) N

- —From event generators  ~ 01F ' EFTNLO (Dvare) E

3 S = 3 3 3 6 K v \ — Argonne v, (S-wave) i
d°N/dP* = S[d*qfdr [d°r, W(q,r) W, (b,.p,r,I)/(21) g oosp] s vy v :
\ J \ v, & - \ i

o°0.06 — -

—
o

an IS the spatial distribution of nucleons. Assuming a Gaussian source [2] the coalescence
probability p(g,0) as a function of the relative momentum g and size of the emission

source o can be derived 5 .3
p(07 (Z) = /d 'rpd! 'r'nh('rn)h'(’rp ‘M 'S

This allows us to calculate the coalescence probability for any Wigner function and to prolbe different

[1] EPJA 56 (2020) 1, 4
2] PLB 811 (2020) 135849

\ 5
/ ° [3] arXiv:2302.12696
q
P |
)

@ | J\

wavefunctions v for the final state (several options) - é/
p(o,q) = 3¢ exp(—q°d’)
A/ anr — 3 Py ~ * ,—'_ ~ 2(75 2 3/2 \5 ll\\ f'l
WG = [ dc i+ -2 | e )
L

\\\ Repeat for each possible pair in each even

This probability can be applied on each (anti)proton-(anti)neutron pair (triplet) in each event i
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