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\ Production of (anti)nuclei at the LHC G

\d * At LHC energies (/s ~ 1-13 TeV) same amount of matter
e o Kb, Gf /4 and anti-matter is measured? (pgz ~ 0)
> f”“p oLy * Production measurements useful to investigate the
g o i hadronization mechanism
s * Three classes of phenomenological models available:

= statistical hadronization = works very well for integrated
yields (even for nucleil)

= coalescence = describes fairly well the ratio to protons of
integrated yields

= relativistic hydrodynamics + coalescence afterburner 2>
survival of bound states in hadron gas phase with intense
rescattering

S—— = * Interesting also for astrophysics applications
= Cosmic ray fluxes of antinuclei = dark matter searches

(to< 1 fm/c)

o = Particle interactions - neutron stars and equation of state

1 & ALICE Collaboration, arXiv:2311.13332
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Modelling the production of (anti)nuclei

—~ 0
m
)

)

NS,
Statistical models (SHMs) ——

108 : Pb-Pb \s,, =2.76 TeV, 0%-10% centrality j:

* Hadrons emitted from a system in statistical and B ]
. eleL e p 3
chemical equilibrium . -y from the fit: -

_ ey =T Terem=156 2 MeV 3

* 3free parameters:V, T em Us 100 b o V ~E000 £ 500 fm? ]
— Particle ratios - volume V cancels = i

. . . — . -1 ~

— Baryochemical potential u; fixed by p/p ratio 5 1 S, 3
— one remaining parameter T ., 3 102 " -

3 . -

e dN/dy < exp(-m/T4em ) 10 SHe E
o A :

. cie . 107 o i . =

= Nuclei (large m): large sensitivity to T .m Data from the ALIGE Collaboration *

] ) 10°° Statistical hadronization 4_

* Typically used in Pb—Pb, for small systems the o Total (after decays) He
canonical ensemble is needed (CSM) > exact 7 [ ... Primordial ?

M M M M —7 v v by by o b o b by oy by oy
conservation of B, Q and S is required only in the 10 P T —

correlation volume (V)

B:baryon number, Q:charge, S: strangeness content

Mass (GeV)

€ Andronic et al., Nature 561, 321-330 (2018)
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‘Modelling the production of (anti)nuclei “)

Coalescence models

» 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., EPIC 83 (2023) 9, 804
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‘Modelling the production of (anti)nuclei “)

Coalescence models

» 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

* Microscopic description

¥ Butler et al., Phys. Rev. 129 (1963) 836
» Key observable is the coalescence parameter B, 2 experimental observable tightly & Mahlein et al., EPIC 83 (2023) 9, 804

connected to the coalescence probability: Larger B, < Larger coalescence probability

)
B —F E
apr) =E4 dp Pdpd) | wopiia
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‘Modelling the production of (anti)nuclei @)

Coalescence models

» 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

e Microscopic description

¥ putler et al., Phys. Rev. 129 (1963) 836
* Key observable is the coalescence parameter B, 2 experimental observable tightly © Mahlein et al., EPIC 83 (2023) 9, 804

connected to the coalescence probability: Larger B, < Larger coalescence probability

A
d3 d°Ngy d3Np €1 pRrC 99 (2019) 024001
BA(pT) EA /(Ep 3 v a4
pr=pr/A

p dp €2 pRL 123 (2019) 112002
P €3 pRrC 96 (2017) 064613

Io &
< /o Small distance in space ’'< Large distance in space
(Only momentum (Both momentum and
« correlations matter) = space correlations matter)

ppl, p—PbZ ro=1-1.5 fm < large B Pb—Pb3: ro= 36 fm < small By
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Astrophysics applications: Dark Matter &)

NS
W+ p—He+X € Nature Phys. (2023) 19, 61-71
— AMS-02
/\G/\' ‘He+p=>Y A
p+*He — *He +W" ‘
o A
3
y¥+y—bb—He+X GAPS
Voyager - T
e A He, °He, p

0.100 100 10 1
Distance to the Galactic Centre (kpc) Distance to the Sun (AU)
Antinuclei production in our Galaxy:

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

es X

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

- dark-matter annihilation processes
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Astrophysics applications: Dark Matter )

€ Nature Phys. (2023) 19, 61-71

AMS-02

/\Q/\' He+p=Y
p+*He — *He +W

=
y¥+y—bb—He+X GAPS

SHe, °He, p

Voyager
A

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

Antinuclei production in our Galaxy:

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

e
><33

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

- dark-matter annihilation processes

antinuclei cosmic ray flux

Flux (log scale)

measurement
== packground
= Signal

Energy (log scale)

o

- High Signal/Noise ratio (~10%2— 10%) at
low E,;, expected by models

- To correctly interpret any future

measurement, we need precise
knowledge of

1. production of antinuclei
2. annihilation
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Astrophysics applications: neutron stars &)

* Atthe LHC, /3\H has been measured in pp, p-Pb, and Pb—Pb collisions

3
AH . ,?(H powerful probe for investigating the nucleon—A interaction
* Crucial for the calculation of the equation of state (EoS) and the neutron star mass-
oA
radius relation
Rd— A ™ 10 fm
ne € D. Lonardoni et al., PRL 114, 092301 (2015)
.Op 2.8 — , —

" " Mo - Solar mass ]
deuteron” core ]
PNM 2.09(1)Mg

24
2.45(1)Mo
; PSR J0348+0432
2.0

PSR J1614-2230

AN+ANN (1)

16 |
. . : = [
* 3-body hyperon-nucleon interaction is key in the = ol 1.36(5)Mo
softening of the EoS and the consequent reduction of o AN+ANN (1)
the predicted maximum mass o I
. . [ 0.66(2)Mo
* different results on the maximum mass not necessarily ; /~\\
incompatible with the observed neutron stars Uk AN
0.0 ! ~ ' - - '
10 1" 12 13 14 15 16
R [km]
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Experimental efforts at the LHC
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Experimental efforts at the LHC

Time Projection Chamber

PID via dE/dx ALICE

7 N

i
(T
L

Time of Flight i
PID via 8

¥ ALICE Collaboration, 2008 JINST 3 S08002

* excellent tracking & PID capabilities over broad p range
* low material budget
- most suited detector at the LHC for the study of nuclei

C

E?:W
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Experimental efforts at the LHC @)

Time Projection Chamber b

PID via dE/dx ALICE

EcaL HCAL
SPD/PS M3 _250mrad
RICH2 &

by =

i
(T
il )

Time of Flight i
PID via 8

€ | HCh Collaboration, 2008 JINST 3 SO8005

€ ALICE Collaboration, 2008 JINST 3 S08002

» excellent tracking & PID capabilities over broad p range » excellent vertexing and PID separation for K, w and p with O(10) GeV/c
* low material budget » covering forward rapidity and with SMOG - several energies & systems

- most suited detector at the LHC for the study of nuclei - recently joined the nuclei business!
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Testing production models with A=2 @)

ALICE
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Testing production models with A=2

@

ALICE

\=~:II|IIII|IIII|IIII

— T .

— CSM, T o = 155 MeV, V=1

— CSM, T n = T((chh/dn», V.
Saha eq. with annihilations

Coalescence

ly| < 0.5 for pp, Pb—Pb

-1 < |y| < 0 for p—Pb

[¢] Xe—Xe, |5y = 5.44 TeV

(%] Pb-Pb, s = 5.02 TeV
Pb-Pb, /s, = 2.76 TeV

.6 dV/dy

|

[¢] p-Pb, {5y = 5.02 TeV

[®] pp, V5=5.02TeV

- 1.6dV/dy

.

ALICE

5

p-Pb, sy = 8.16 TeV
pp, Vs =7 TeV

pp, Vs = 13 TeV

pp, Vs = 13 TeV, high mult

all data points

¥ 1 ALICE Collaboration, PRL 131 (2023) 041901

10 10?

10°
(dN_/ dn)

In]<0.5

€ 2 yovchenko, Koch, PLB 835, 137577 (2022)

€ ALICE Collaboration, arXiv:2405.19826

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

CSM - either with fixed chemical temperature (CSM-I) or with annihilation temperature depending on multiplicity? (CSM-II)
Both CSM and coalescence? predictions qualitatively reproduce the trend and overall yields, but neither of the models catch

¥ 35un, Ko, Doenigus, PLB 792 (2019) 132-137

CE/RW
\
N, S
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https://arxiv.org/abs/2405.19826

Testing production models with A=2

% CE{W
\\_/

ALICE

- — CSM, T, =155MeV, V,=1.6 dV/dy

- — C8M, Tgpn = T((chh/dn», vV, =1.6dV/dy

- Saha eq. with annihilations

B Coalescence H
ly| < 0.5 for pp, Pb—Pb 8 g % BH
-1<lyl<0forp-Pb  _ —f——== =

ALICE

[¢] p-Pb, {5y = 5.02 TeV

(@] pp, Vs =5.02 TeV
p-Pb, {5 = 8.16 TeV

1 10

\=~:II|IIII|IIII|IIII

______ [¢] Xe—Xe, Sy, = 5.44 TeV || pp, Vs =7 TeV
""" (%] Pb—Pb, |5,y =5.02 TeV < pp, Vs = 13 TeV

Pb-Pb, |5y, = 2.76 TeV

pp, Vs = 13 TeV, high mult|

10°
(dN_/ dn)

10?

In]<0.5

(d+d)/(nt+m)

%1 0—3 € ALICE Collaboration, arXiv:2405.19826
T T T T | T T |
0'3: — CSM, Tchem =155 MeV, V., = 1.6 dV/dy
5 [ — CSM, Tapn = T(AN,, /dp)), V_=1.6 dV/dy
0. 5:_ Saha eq. with annihilations _
[ |y| < 0.5 for pp, Pb—Pb L H % I ]
0.2 -1 < |y| <0 for p-Pb / }Hiﬁ I ﬁ B
5 I \%i 1
0.151 ‘&%
i ALICE ]
0.1C / [+] Xe—Xe, \syy =544 TeV ]
[ [%] Pb-Pb, s, = 5.02 TeV ]
I [¢] p—Pb, \sy =5.02 TeV
0.051 [e] pp, Vs =5.02 TeV ]

pp, Vs =7 TeV

pp (s =13 TeV Pb—Pb, ﬁ 276 TeV |
1 10 1o2 103
<dI\Ich / d77>|17|<O.5

* V.=1.6 dV/dy is the correlation volume needed to describe the net-deuteron number fluctuations in Pb—Pb collisions!
* CSM —> either with fixed chemical temperature (CSM-I) or with annihilation temperature depending on multiplicity? (CSM-II)

* Both CSM and coalescence? predictions qualitatively reproduce the trend and overall yields, but neither of the models catch
all data points
* CSM-I at low multiplicity does not reproduce d/m ratio, but CSM-II at high multiplicity catches the decreasing trend

¥ 1 ALICE Collaboration, PRL 131 (2023) 041901

€ 2 yovchenko, Koch, PLB 835, 137577 (2022)

¥ 35un, Ko, Doenigus, PLB 792 (2019) 132-137

chiara.pinto@cern.ch

8


https://arxiv.org/abs/2405.19826

Testing coalescence model using B, @)

N, S
;,*10‘1:*|*"'|'
* |Important observable in accelerator measurements: coalescence parameter B, - ALICE
2
1 d&N 1 4N, \* =
A ) ° o ¢
Ba (Pr) = 27mpA dydph / (27sz dyd;P> JERCEUS
T T T T 102l -° . I i
i o pp, Vs =13 TeV :
e HMI  [o/HMII (x2) ]
HM 11l (x 4)
e e |

0.5 1.0 1.5 2.0
pT/A (GeV/c)

¥ ALICE Collaboration, JHEP 01 (2022) 106
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Testing coalescence model using B,

) ’é‘ :' frrrrrrrp T I;' L '; [ [T | ':
 Important observable in accelerator measurements: coalescence parameter B, S 22f < AUCE.pp 16 =13 TeV HM E
20 —EPOS 3, scaled / ]
) ) A r —PYTHIA 8.3, native ]
B ( p) 1 d°Na 1 d°N, 18 — PYTHIA 8.3, scaled ]
A\P1) = - Pe ]
P 2mph dydph 27 py dydph 1.6[ / "’.0\ .
C A ]
1.4 & .
* Comparison to state-of-the-art coalescence models based on Wigner formalism 12 -
showed that there are 2 key ingredients: 1.0F ’ . =
* emission source size 08
1.0 1.2 14 16 18 20 22 24 26
(m_) (GeV/c?)
*%& ALICE Collaboration, PLB 811 (2020) 135849 & KachelrieR et al., EPJA 56 1 (2020) 4
¥ ALICE Collaboration, JHEP 01 (2022) 106 ¥ KachelrieR et al., EPJA 57 5 (2021) 167 € Mahlein et al., EPIC 83 (2023) 9, 804
chiara.pinto@cern.ch 9



Testing coalescence model using B,

NS,
0 SARRRARSEA RS RS RN RS
* Important observable in accelerator measurements: coalescence parameter B, S 22f < AUCE.pp 16 =13 TeV HM E
20 —EPOS 3, scaled / ]
) ) A r —PYTHIA 8.3, native ]
[ .0, Scale .
B (pp) 1 d°Na 1 d°N, 1.8 — PYTHIA 8.3, scaled -
T 2mph dydph 27 py dydph 1.6[ / "’.0\ .
C A ]
14 @ ]
e Comparison to state-of-the-art coalescence models based on Wigner formalism 12 -
showed that there are 2 key ingredients: 1.0F ’ . =
* emission source size T T T T T T i
1.0 12 14 16 18 20 22 24 26
* deuteron wave function (m.) (GeV/c?)
N IR LI LI I ISR I I I I
0.14 =
C — Gaussian (d = 3.2 fm) 3
012 — Hulthen (o= 0.5 fm™, B = 1.56 fm’") 3
0 1:_ XEFT N°LO (S-wave) E
& r XEFT N*LO (D-wave) .
(?E 0.08_— — Argonne v ;4 (S-wave) .
‘% F -~ Argonne v, (D-wave) ]
==0.06 - -
0.04 F =
0.02 iy _:
0_,1 S .. ) -
0 1 2 3 4 5 6 7 8 9 10
r (fm)

*% ALICE Collaboration, PLB 811 (2020) 135849
¥ ALICE Collaboration, JHEP 01 (2022) 106

¥ KachelrieR et al., EPJA 56 1 (2020) 4

¥ KachelrieR et al., EPJA 57 5 (2021) 167 € Mahlein et al., EPJC 83 (2023) 9, 804
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Testing coalescence model using B,

* |Important observable in accelerator measurements: coalescence parameter B,

2 2 A
BA(pFT’) 1 dNA/(l de)

B 27rp{“3 dydp?

(O]
» Comparison to state-of-the-art coalescence models based on Wigner © 0.020— M Gaussian WF Il EPOS 3

27 pl% dydp%

showed that there are 2 key ingredients:

e emission source size

e deuteron wave function

State-of the-art coalescence model describes deuteron
momentum distributions and coalescence parameter,
using realistic WF and measured ry!

L

Production measurements can be used to constrain the
nuclear wavefunction!

*% ALICE Collaboration, PLB 811 (2020) 135849
¥ ALICE Collaboration, JHEP 01 (2022) 106

¥ KachelrieR et al., EPJA 56 1 (2020) 4
¥ KachelrieR et al., EPIA57 5 (2021) 167

VZ/c®)

QA

]

0.025 ——
. pp Vs =13 TeV HM
B [¢]ALICE JHEP 01, 106 (2022)

~ B Hulthén WF &% Pythia 8.3
[ Argonne v18 WF

0.015

0.010

A
......

0.005

€ Mahlein et al., EPJC 83 (2023) 9, 804
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‘B, vs rapidity with ALICE

(ﬁf\ [ T I T T T I T T T I T T T ] T T T | T T T I T T T ] T T T _]
8 - [®@] |yl <0.1 (x 2% .
- [®] 0.1<]y|<0.2(x2) _—
S 10 02 <1y] <03 (x 2" ALIC\{E_Prellmlnary
() = (@] 0.3<ly|<0.4 (x2% s=13TeV =
) = [@] 04<ly|<05(x2) PP 7
\-c’\l - [@®] 0.5<|y|<0.6(x2) -
g - (@] 0.6<ly|<0.7(x1) e
I~ [ ] EPOS 3 + coalescence ]
b M E
L —
- - — @ 1 i
10 ?W:-: E
= % ] .
N » II]:.: ]
1 0_2 1 PR T [N T N [N N M N N
04 0.6 0.8

1

o e gy
12 14 16 1.8
pT/A (GeV/c)

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

Current acceptance of ALICE detector allows one to extend

the measurement of antinuclei up to |y| =0.7

ALICE
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‘B, vs rapidity with ALICE %@

ALICE
T L I I N [ B B B L DL B L . . q- .
K F @ycored) 4 * ALICE measurements cover the midrapidity region (|y|<0.5),
o~ - A<yl <0.2(x - m . . .
3 0L g l2sheosey A;:)CEzr?'émT'gf/ry i while astrophysical models extrapolate to forward region
g = [@] 04<ly|<05(x2) -
SO — -
= - EPOS 3 + coalescence _e——=—s—= 1 * Currentacceptance of ALICE detector allows one to extend
U3 e the measurement of antinuclei up to |y| = 0.7
i —
[ R i
10_1 ?//B:E'jfﬁf &= I
- I:-:I -
B el @ T
10—2 I o ey Ly P P IR T T RS
04 06 08 1 (1214 16 1.8

pT/A (GeV/c)
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‘B, vs rapidity with ALICE

|

L1 IIIlIIl

:

[ IIIIIII

2
g

T I T T T I T T T I T T T ] T T T

mg - (@] lyl <0.1 (x2° .
% [ IS D oo ALICE Preliminary
) 10:— (@] 0.3<]y| <0.4 (x2% pp \/§=13TeV —
O C [@] 04<|y|<05(x2) )
- C @1 05<y|<06(x2) .
Q. - [®] 06<lyl <07 (x 1) —— -
=[] EPOS 3 + coalescence —— f_— N

| T T T I T T T [ T T T _]

s I T S T T R
04 06 08 1

P P IR T T RS
1214 16 1.8
pT/A (GeV/c)

* Rapidity and p; dependence of B, is extrapolated

to forward rapidity using

coalescence model +

Pythia 8.3 and EPOS as event generators

B, (GeV?/cd)

ALICE

|
[¢] 0.9<p/A<1.0GeVic
1.0<p /A<1.1GeV/c (x %)

|

(x 2%
(x 2

[o] 1.1 <p/A<13GeV/c (x 2%
(x 2
(x 1

ALICE Preliminary

| [5] 1:3<p /A<15GeVic (x2) pp Vs =13 TeV
- [¢] 15<p /A<1.7GeV/c (x 1)
~ | | EPOS 3 + coalescence

llllllll

1

—

| Y]

CE/RW
/)

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

* Current acceptance of ALICE detector allows one to extend
the measurement of antinuclei up to |y| =0.7
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Flux of antinuclei in CRs @)

d
-6 F T T T T T T T T T T T T T ]
10 Y| <05 * Model predictions based on ALICE measurements
Y| <1 | are used as input to calculate antideuteron flux from
Bl Y| <15 cosmic rays* - dominant background in dark
. AN\ Yli<2 |- matter searches
/; 8 By
é)v 10 * Most of the antideuteron yield from |y|< 1.5, in
7 reach with:
n h E
= — future ALICE3() detector acceptance (|y| < 4)
= NN ‘ - LHCb experiment with fixed target
— 107 - CMS in Run4
* Extrapolation to lower energies (~GeV) is needed
for astrophysical models
10
10° 102
rigidity [GV]
* & K. Blum, Phys. Rev. D 96, 103021 (2017) 1 & ALICE Collaboration, arXiv:2211.02491 € K. Blum, arXiv:2306.13165
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https://doi.org/10.1103/PhysRevD.96.103021
https://arxiv.org/abs/2306.13165

(anti)deuterons at forward rapidity

* LHCb can be used as a fixed-target experiment (SMOG)

* Collect physics samples with different targets and different
centre of mass energies (/synE [30,115] GeV)

ﬂ : o .
9 LIE Time-of-Flight
2 1f 7> identification of d,
2 F 10 .
S 09F separation of 3He, *He
5% -
8 08 o LHCb Preliminary
: . 10 pHe, \/syn = 110 GeV
O-7j oo sampe LA L IR LA LA L LR IR B
- 10 | 2<p<14Gevic 7= -
06 : SN
0.5 T H T Rkt S S H 1 10° £ ' ..'m". B
' 2000 4000 6000 8000 10000 ; " '|
reconstructed Momentum [MeV/c] ok |HH R il
E | | Ll-i SPr: 1mmaery
1-_ “ﬂl |'|”||||||'| o

€ LHCb Collaboration, JINST 3 S08005 (2008)

reconstructed 3

C

Efﬂl
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

(anti)deuterons at forward rapidity )

N, S
* LHCb can be used as a fixed-target experiment (SMOG) CMS CMS program in LHC Rund4
* Collect physics samples with different targets and different (lyl< 2)
centre of mass energies (/synE [30,115] GeV)

e=h C . R 3
8 : . . . .
g 'F 2 'den_t'f'cat'on of d, 10" = 0-20%, p/|z|<6 GeV Simulation Preliminary
£ 09F. separation of 3He, “He 1025 o3
8 L . TS
— u LHCb Preliminary 1011 ® 4E

C pHe s = 110 GeV -O H

; 10%@;@& _ lee 'VI SNI\II _:.I-logev. E‘) 101 . €

- 10°F | 2 <p<14Gevic 2 - ., 10°

— '-. ._-' -.. U sl

0 5E I T H N S 10° E ' ..'m"'... ' "q_') 108 ++—.—
2000 4000 6000 8000 10000 : , ' 8 107 s
reconstructed Momentum [MeV/c] ok i t o
E HlHH|| |||| LHCb Preliminary | L>LI< 106
1_ “ | |||N|”| e 10° e ™
0;. = .Ol.(v. = OI.7. = IOI.SI = .Of‘). == : == 1.1 104
reconstructed 03 %
| 1 1 | | | l 1 1 | | 1 | | | 1 | 1 1 I 1 1 | Il l 1 | 1 |
0 0.5 1 15 2 3

€ |HCb Collaboration, JINST 3 S08005 (2008)

ly|

¥ CMS Collaboration, https://cds.cern.ch/record/2800541
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Testing production

models with A=3

1 6><1 0°

E | T T lllllll T T IIIIIII T T IIIIIII T T IIIII_ Py
+ - Thermal-FIST CSM, T, = 155 MeV 1 i
o.14-' V. =1.6dV/dy 1 +
\\/ [ UrQMD Hybrid Coalescence 12
=12r Pb-Pb 5.02 TeV 1=
N i [0)

- Coalescence
10F . J»;E
r —— Two-body 1 +
8 — ; 4 o
: Three-body i or;l:

1 10 10? 10°
(dN_/dn )

lab’In_|<0.5

x107°

B —CSII\/I, T ehem = 155 MeV, V.= 1.6 dV/dy 7]
- = CSM, Ty = T(AN_ /dn)), V_ =1.6dVidy —
L Saha eq. with annihilations
| Coalescence
- two-body
|~ = - - three-body

~ |y| < 0.5 for pp, Pb—Pb
| -1<ly|<0forp-Pb

[#] p-Pb, sy, =5.02 TeV
(@] pp, Vs =5.02 TeV

B [ ‘gr p-Pb, {5 =8.16 TeV
- _F"" il g [1] Xe-Xe, {5y =544 Tev (L] pp, Vs =7 TeV i
e B ) [%] Pb-Pb, |5, = 5.02 TeV [Z] pp, Vs =13 TeV
8,57 Pb-Pb, |5, = 2.76 TeV pp, Vs = 13 TeV, high mult”]|
1 1 1 I 1 1 1 111 I 1 1 1 1 L1 11 I 1
3
10 107 10
dN /d
( ch 77>|17| <05

 Measurements of yields of nuclei with A=3 challenge the models

* Neither of the CSM models or coalescence predictions reproduce the trend of the ratios, but qualitatively reproduce the

overall yields

¥ ALICE Collaboration, PRL 131 (2023) 041901
¥ Vovchenko, Koch, PLB 835, 137577 (2022)

¥ ALICE Collaboration, PRC 107 (2023) 064904
¥ sun, Ko, Doenigus, PLB 792 (2019) 132-137

€ ALICE Collaboration, arXiv:2405.19826

C
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Testing production models with A=3 %@

) ALICE
x10 ~
616_ 1 T lllllll ] 1 IIIIIII T T IIIIIII T T Illll_ X106 I — X1O_6 I : :
- Thermal-FIST CSM, T, = 155 MeV i _;"' L e Ay 1L Cooror T I T T T ]
) Rl 1% [ 2B el e [ & 08 — oo v - s -
L c ) - — s Lann = c » Vo= 1 r ]
£ [ UrQMD Hybrid Coalescence 1 £ L Saha eq. with anninilations + 0.7F — CSM, T, = T((chh/dn)), V. =1.6dVidy 3
—12r Pb—Pb 5.02 TeV 1 = | Coalescence B T Saha eq. with annihilations ;
- o -.-. two-bod C ]
N 10F Coalescence h Jﬁ:) 10F ... three-bo)(/jy : 0.6 - vl < 0.5 for pp, Pb-Pb I
F — Twotody B ke T osp TR k
- - | -1<|y| <0 for p- IF B
8F —— Three-body 10 T -
; 1€ S04 '
b OO\/ r \ ]
o ] B + N % # .
i ) — — 0.3F .
4 [ ] S [#] p-Pb, {5y = 5.02 TeV :?:') s ALICE ﬂ ]
! ] i . (®] pp., V5 =5.02TeV 15 0.2k ‘ [+] Xe-Xe, Sy = 5.44 TeV -
oL ] i A7k p‘Ps’;@;S"GT‘*V 1 B ' [%] Pb-Pb, |y = 5.02 TeV ]
- I P O Tk el L R 2 5502 TS 1 P o 508 10 -
0- S| L ol EEEETIT Ll :‘-'T—} Pb—Pb, v%=2_76 TeV pp, E:‘]STGV, high mult.] C g‘-‘ Pp, E=7Tev Pb—-Pb, VS_NN=276 TeV E
2 3 0 1 11 1| I 1 1 1 1 11 1| I 1 1 1 1 11 11 I 1 1 M| 1 1 1 1 M| L L L L M| 1
1 10 N sy 10 107 10° 10 107 107
ch =~ Mab’l_[<0.5 dN /d dN /d
M (AN /Ay 05 (N, 77>|n|<o.5

 Measurements of yields of nuclei with A=3 challenge the models

* Neither of the CSM models or coalescence predictions reproduce the trend of the ratios, but qualitatively reproduce the
overall yields

* Asfor d/m and d/p ratios, CSM-II at high multiplicity catches the decreasing trend

¥ ALICE Collaboration, PRL 131 (2023) 041901 ¥ ALICE Collaboration, PRC 107 (2023) 064904
€ Vovchenko, Koch, PLB 835, 137577 (2022) € Sun, Ko, Doenigus, PLB 792 (2019) 132-137 € ALICE Collaboration, arXiv:2405.19826
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Testing production models with hypertriton D @)

ALICE
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Testing production models with hypertriton @)

ALICE

o =~ ALICE Preliminary
o - N Run 3, pp Vs = 13.6 TeV
) " | ly| < 1
9 i oA
% = ‘ 3 H ne .,.pR ~ 10 fm
© 100 —— A -
— ZGJ -
I my - exponential N ¢ |
} .- |
¢ 3H
_ |, | | L |
10710 1 : ; ! ! |
P, (GeV/c)

* In small collision systems (as pp) size of system created in the collision is smaller or equal to that of the nucleus under study

* Coalescence is sensitive to the interplay between the size of the collision system and the spatial extension of the nucleus
wave function
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Testing production models with hypertriton @)

ALICE
6
‘I_/_\ :I T T T T T | T T T T | T T T T | T T T T | T T T T < 0_6>_<10 T T T T I T T T T T T ]
0O 2 s ALICE Preliminary T ]
= i Run 3, pp Vs = 13.6 TeV ©< o5 -
S - | lyl <1 - ]
— - oA B B
0.4 —
Z Q . - B N
°| S ‘ 3 H nagg, O™ - -
© 10 A A - 03F- ]
“|Z°’ n : ALICE Preliminary .
i i - ¢ Run 3, pp Vs=13.6 TeV -
| m; - exponential = _ N Run2,pp Vs=13TeV -
| o . 01 s —— SHM, Ve = 1.6 dV/dy ]
A N [ ] Coalescence, 2-body -
10710 | | | P | B | | | 1 1 1 L
1 2 3 4 5 6 10 <dN /d >
p. (GeV/c) o 9105

* In small collision systems (as pp) size of system created in the collision is smaller or equal to that of the nucleus under study

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

. ,?{H//\ ratio provides a powerful tool to investigate nuclear production mechanism = For small systems model predictions
are quite different
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Hypertriton in Pb—Pb: test of production models q

. iH/E"He ratio allows for testing the production models

—

= SHM predicts a flat ratio: sensitive to their similar masses (m3 =2.991 and m3,.=2.809 GeV/c?), but insensitive to
their size [r3pe: 1.76 fm, 54 (np)- 4.9 fm (Bp= 2.35 MeV), 3y (an)’ 10 fm (B~ 0.13 MeV)]

v (AN AT 05 ] m coalescence - interplay between the spatial extension of the nucleus wavefunction and the system size

= better agreement with coalescence

-.= Coal. B, =420 keV (STAR) == Coal. B, = 164 + 43 keV (Ave.)
.. Coal. B, = 102 keV (ALICE) —— SHM

0.6 T L L L T ]

j":’ - ALICE Pb-Pb T ]

2L 05 * Sy = 5.02 TeV —+  STAR 4

T - + s = 200 GeH

n< ®|s\\ = 2.76 TeV T ]

041 T ]

0.3~ —+ .

x T Il

0.2 — T “ —

C T B :

01t + .

- ‘H—3He+n B.R.=0.25 T .

TR R N R R N R A A R A N N M A R | ]

500 1000 1500 Zr-7r  U-U
N Ru-Ru Au-Au
(d ch/ d 77>|n|<o.5
o- -0 = > §

Fo pp ™ 1m —_—m——r—= @ @ o, popp ~ 3-6 fm € ALICE Collaboration, arXiv:2405.19839
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Identification of 3He and xH at LHCb GEER ()

NS
* Bethe-Bloch: Z=2 particles deposits ~4 times the energy of Z=1 particles First (anti-)Helium candidates
— He: higher ADC counts and wider cluster size observed in pp in LHCb data!
g = T I T T T T ] T T T T l T ] T T l T T =
o‘ 5000 j()() T T T T T T - 3He ":
e - e ai
Z 50 [ - )
§ 2500 F gl ] B
- 0 I '
0 0
O‘SOOOH()O_..,,,,..,.‘ 3He 1
i N "
= 50 [~ - )
22500 [ % . -
bt [ L L e & g
- [ 0 ]
0 n Bk e i ;g %, i
-10 -5 0 5
LHCb-DP-2023-002 A\L/SLO

€ LHCb Collaboration, LHCh-CONF-2023-002 (EPS-HEP)
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Identification of 3He and xH at LHCb GEER ()

NS,
* Bethe-Bloch: Z=2 particles deposits ~4 times the energy of Z=1 particles First (anti-)Helium candidates
— He: higher ADC counts and wider cluster size observed in pp in LHCb data!
m R L] I T L] T Ll l L ] T L] l [ | T [ ] L [ T L =
* Application of 3He identification: = 5000 F00 v 3He |
* Reconstruction of hypertriton through the 2-body mesonic decay - - E . i
— R, 50 — = o
/ 3He ™\ Q 2500F o -
A SN - 00 ) = o il :
AH > 3He + m and c.c. /@ ®>—>(\@\ ; \)<\\@/ = -
\Q/ QY @ e e B e e
N u ]
Run2 pp collisions, /s = 13 TeV S 5000 oo — I e 3He
> 1 1 1 I 1 1 1 I 1 1 1 I 1 Ll 1 I 1 1 1 ; n : i
0 60 [~ . = R 50 | -
| LHCb preliminary i - . " 1
E a 'W ¢ Data5.5 fb! | § 2500 y 3 ' ] .
P - — Signal i = 0 T T i
2 | Background a 3 .
§ 40 L Same-sign data | Yields: 0 W AT peeaTmea T JEERS, TR
e - g -10 -5 0 5
St i 61 + 8 Hypertriton AVELO
20 [~ ' - 46 + 7 antihypertriton LHCb-DP-2023-002 LD
[ k ] Statistical mass precision
I FEEWUE L CWIT LIV 1T LIV VYT 0.16 MeV
2960 2980 3000 3020 3040 3060 _
m(He ) [MeV] ¥ | HCb Collaboration, LHCb-CONF-2023-002 (EPS-HEP)
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Measurement of A=4 nuclei in Pb—Pb @ @)

ALICE
x107°

= P L B BN B AL ELELELILE EULIE
© 0.7/~ ALICE Pb-Pb |sy, = 5.02 TeV e
30. ;|y|<0.5, 0-10% 4*He é
~ F + ]
_8. 0.5:— —:
% C n
= 0.4 =
= _ ]
R o) C 7
> 0.3 =
2 L+ g
-~ 0.2 _:
o.f— ED yie _f
. SR b b b e e .
T oF E

< 4:
~ 3F [+ ] =
£ 2F C+ ] 3
< 1;— | 3
%2 3 4 5 6 7 8
P, (GeVlc)

* “He is very compact and more bound than lighter nuclei: Eg~ 28 MeV, r ~ 1.7 fm
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Measurement of A=4 nuclei in Pb—Pb @ @)

ALICE
6 _
‘-r‘ >:(‘1(')“l"I'I"I‘I"I'II'K‘I"I'II"II'(I': Q50X1qg\ T \\H‘ T \\H‘ T TTTT 03-\1078—\ | 1T ‘ T T ‘ LI ‘ LI ‘ T T T T 4
© 0.7~ ALICE Pb—Pb |5, = 5.02 TeV. = S CALICE . O = ]
=~ - 4+ He n () 7 ] ~ - —
> F lyl<05, 0-10% e - L 45 PoPb|s,=502TeV0-10% = e | ALICE Pb-Pb ysyy=5.02TeV .
O 0.6 — - Pb-Pb \s, =2.76 TeV 0-10% 1 () + (4He+4H_e)/2
= F ] 40F- | P~-Pb sy =5.02 TeV 0-100% (upper limit 90% CL) 3 o B i
T os0 + E C Analytical coalescence  CSM 155 MeV ] 4.~ —Coal. r (*He) = 1.9 fm (Acta Phys. Polon. B 50 (2019) 991)
8 05¢ ] - p-p-n-n _V.=dV/dy . m 107 , E
> C . 35 ——d-p-n V. = 1.6dV/dy — = ---- BW + GSl-Heid. SHM (T, = 156 MeV) 3
I E 4 V; = 3dV/dy ] - ¢ .
= ST ] C 3 n
=< - ] 30 __ 3:?;] - i  S—TTYTYT ST ]
-°> 0.3 { B UrQMD hybrid coalescence .
= ] 250 - = 1070 =
< 0.2 . = . g ]
: ] 201 E i ]
0.1 = 15E = - 1
° o I b ey b e ey : 1; . 10—11? E
T 5 E o = : .
< 45 - - ~ .
~ 3F 4+ ] : 5F- E : ]
£ 2F C+ ] 4 . ] - 1
= 1;_ [i] _; 0’ \\\\H‘ \\\\H‘ 1 12
Od L ! ) L E 2 3 10 E LA b b b v b b
1 2 3 4 5 6 7 8 10 10 dN /d 10 04 06 08 1 12 14 16
p_ (GeVic) ON /Ay <o p /A (GeV/c)

* “He is very compact and more bound than lighter nuclei: Eg~ 28 MeV, r ~ 1.7 fm

* “He/p ratio & B, in agreement with SHM, but the only available measurements are from Pb—Pb collisions =
data needed at intermediate multiplicity where models differ

e Blast Wave using common parameters with the other nuclei describes B,
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Hypernuclei in the A=4 sector @ @)

N, S
ALICE
~ T ) EEERI EEARYERELI L B RERREEREE
&\ L L L I L L L L L L Y L B & T T T T T T T ko) o
A= ALICE Performance  _] O ol ALICE Performance S10°F + ALICE Preliminary .
3 [ Pb-Pb, (S =502TeV ] @ [ Pb-Pb, {Syy = 5.02 TeV S Pb-Pb, (5. = 5.02 TeV
o F e - Fe + B4+ . 0] C H— "He+n ] SHM using T, = 156 MeV
o 5 A — L 10— local p-value: 4.8 ] i i i
8 C local p-value: 3.1c n g - P ° i (lncludm.g excited states)
S r ] S C 7] SHM using T, = 156 MeV
S 4 —] S 8 — (ground state only)
~ I 1 = F ] i
2 C ] i} - . 1]
S of - 1 5 o . | |
o F ] o ] 10° | T 7
O r ] O i - 1 ]
2 - 4 —
C ] . 4 4
- . l i 207 ,He AH (2700
1: —o— | o~ — o | - 2 —
Y D A NS ] - b el i
» Ll I o1 | I 111 | I 111 1 lol 1 logl 1 | I 1 1 I 11 u _I 11 I 11 1 1 Ilﬂ 1 | ) 1 I I IJI 11 l IJI 1 Jl ll l 1l
é).89 3.9 3.91 3.92 3.93 3.94 3.95 3.96 3.97 19.89 3.9 3.91 . . 3.94 3.95 3.96 3.97
MaHe+p+n(GeV/Cz) M4He+n(GeV/02) Lo v b b g Iy PR T T S TN SR SR AN SO WY N

3.9215 3.922 3.9225 3.923 3.9235 3.922 3.9225
Pb Pb M(GeV/c2)

* First ever observation of antiyHe!
* Hypernuclei with A=4 in Pb-Pb collisions are compared to predictions of SHM

= penalty factor ~ 300 from j‘{He to j‘{H due to strangeness content

e But their yield may be enhanced due to larger binding energy wrt A=3 &
existence of excited states (spin degeneracy)

- Measured yields in agreement with the presence of excited states
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Hypernuclei in the A=4 sector

(CERN%
HLICE
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* First ever observation of antiyHe!
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T

* Hypernuclei with A=4 in Pb-Pb collisions are compared to predictions of SHM

= penalty factor ~
e But their yield may be enhanced due to larger binding energy wrt A=3 &

300 from sHe to H due to strangeness content

existence of excited states (spin degeneracy)

- Measured yields in agreement with the presence of excited states
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Summary )

 Measurements of the production of (anti)(hyper)nuclei is fundamental to investigate the hadronization mechanism

« The models on the market describe different aspects of the production but none of them can describe all
observations, at all multiplicities and at all collision energies

* We have many observables that have significantly different model predictions - powerful probes to distinguish
among the models

* Now the experimental challenge is to get precision measurements to finally close the debate
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Summary )

 Measurements of the production of (anti)(hyper)nuclei is fundamental to investigate the hadronization mechanism

« The models on the market describe different aspects of the production but none of them can describe all
observations, at all multiplicities and at all collision energies

* We have many observables that have significantly different model predictions - powerful probes to distinguish
among the models

* Now the experimental challenge is to get precision measurements to finally close the debate

* Other powerful tools to distinguish among the models, not covered in this talk, are the 3He/3H ratio vs py, ,S{H/?’He
ratio vs py, elliptic flow v, of nuclei and hypernuclei, nuclei in and out of jets, 3H-p/d? ratio vs dN.,/dn etc...
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Summary )

 Measurements of the production of (anti)(hyper)nuclei is fundamental to investigate the hadronization mechanism

« The models on the market describe different aspects of the production but none of them can describe all
observations, at all multiplicities and at all collision energies

* We have many observables that have significantly different model predictions - powerful probes to distinguish
among the models

* Now the experimental challenge is to get precision measurements to finally close the debate

* Other powerful tools to distinguish among the models, not covered in this talk, are the 3He/3H ratio vs py, ,S{H/?’He
ratio vs py, elliptic flow v, of nuclei and hypernuclei, nuclei in and out of jets, 3H-p/d? ratio vs dN.,/dn etc...
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v, of 3He: another test of production models @ @)

ALICE
E 0.35 :I | T T T T | T T T T I T T T T T T T T T T T T | T T T T : E\ 0.6 _I I T T T T I T T T T | T T T T T T T T T T T T T T T T ]
LL C ] LLl - ]
~x 0.30— ALICE Preliminary - =~ —  ALICE Preliminary —
> - . > 05— —
= Pb-Pb, {5y = 5.36 TeV - -~ Pb—Pb, |5y = 5.36 TeV ] ]
0.25" 0-20% FTOC centrality = - 20-40% FTOC centrality .
- ] 0.4 -
0.20 :+:| — - |:+_E:| N
0.15E- = 0.3 =
o101 I :
- . 3 C : *He, | < 0.8 .
0.05— II’ SHes ml<0.8 ] : |I| Run 2m,L ]
- * - A —
- |I| Run 2 - 01 |:| IP Glasma + MUSIC + ]
0.00F~ [y P Glasma + MUSIC + N + UrQMD + Coalescence
= + UrQMD + Coalescence - - — Blast-wave _
- —— Blast-wave . 0.0— —
—0-050 | | | | | = L | | | | | §
2 3 4 5 6 7 8 2 3 4 5 6 7 8
p. (GeV/c) p. (GeV/c)

* ALICE Run3 statistics seems sensitive to the different production models using the elliptic flow v,
* Coalescence is sensitive to a different production in-plane and out-of-plane
* Data are compared with the predictions of

* Blast Wave model that uses the fit parameters of pi, K, p

* coalescence model + hydrodynamics
* ¥ ALICE Collaboration, PLB 805 (2020) 135414

chiara.pinto@cern.ch 42



Elliptic flow of hypertriton measured by ALICE

@

» ALICE delivered the first experimental measurement of hypertriton elliptic flow!

* Compatible with 3He v,, due to their similar masses

* Large uncertainties

1.2
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>
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0.2

- ALICE Preliminary, Pb—Pb, |5y, = 5.36 TeV

0-20% FTOC centrality

- [eJ3H E
[¢] *He
———
_ _
| ® | ﬁ
2 3 4 5 6 7 8
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v, {EP}

- ALICE Preliminary, Pb—Pb, /sy, = 5.36 TeV

0.6
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0.8}
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20-60% FTOC centrality

- [e]AH E
[¢] °He
[ ]
o —— N
2 £ 5 6 7 8
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CE/RW
.
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Hypertriton in Pb—Pb: test of production models @)

ALICE
. iH/E"He ratio allows for testing the production models

{- Radial flow picture (Blast-Wave): higher mass states have a harder momentum spectrum
VS. Pt

= Coalescence: at large momentum smaller source radius, hence the state with the larger wave-function will get suppressed

IlllllIIIIIIIIIIIIIIIIIIIII IIIIllllllIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIlIIIIIIIIIII

|1 [N 0
%’ 0.45 - e ALICE Pb—Pb '+ e ALICE Pb-Pb '+ e ALICEPb-PDb E
"’E 0.4 k. 0-10% (S\w=5.02TeV I 10-30%, {Syy=5.02TeV I 30-50%, Sy = 5.02 TeV 1
o< F g T T == Coal B, =420 keV i
- "u, T''=-, T — B = . &
0.35 ‘n, I big = Coal. B, = 164 + 43 keV E
~ ~'/. T ".,I T =1 =10 Coal. BA=102 keV :
0.3 ks —= =€ e i il Blast-Wave fit k
0.25 |- - LLomiimi
02F  ['dat it :
0.15 |- T = = >
C 2 B £ TTe o
01F $H->°He+n B.R.=0.25 I -] Z
005 __I | I I | | 1111 I | | 1111 I | | I I_I--_I | I | | 1111 | | | I | I | | 1111 I I_I-__I | | I | | | 1111 | | | | | I | I I—I-

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
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o lowpr ~ 6 TM  mmm v e w1y oo~ 3 fM

€ ALICE Collaboration, arXiv:2405.19839
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'Event-by-event fluctuations at the LHC @)

ALICE Coll.,, Phys. Rev. Lett. 131, 041901 (2023)

IB T IALI|Cé T T T | T T T | T T T | é T T T [ T T T [ T T T [ T T
" % Coalescence Model A (x 1/30) ] - ALICE Preliminary, Pb-Pb |sy = 5.02 TeV
L e Coalescence Model B - 0.01— |n<0.8
L -.-.- MUSIC+UrQMD+Coalescence — - = .
0.005 = T ormal-Fist: CE SHM, 4.8 dV/d | | 06<p(d)<1.8GeVic _
| === Thermal-Fist: CE SHM,| 1.6 dV/dy i  1<p(A)<4GeVic |
0 0.005 H -
—-0.005 0‘ $ -
i Pb-Pb, Sy = 5.02 TeV 1 e i
- m<08 . - Thermal-FIST CE SHM -
- 308 <p. <1.8GeVic - | T, 7., dV/dy from PRC 100 (2019) 054906 | |
o001k p:0.4<p, <0.9GeVic ] - Bl V. =1.6dVidy Ve=3.0dVidy — -
) e i i b g9 ¢ g9 1 & v a9 1 3 ¢ i | - ! ! l ! L ! | L | ! l L L L
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chiara.pinto@cern.ch 45



Testing coalescence model using B,

Difference between the 2 WFs is ~4%
— Production of deuterons is not affected by the
short-range interactions (<2 fm)

0.0012

0.0010

0.0008

0.0006

1/N,, #N/(dydp,) (GeV/c)’

0.0004

0.0002

deuterons, pp Vs =13 TeV HM _

[«]ALICE JHEP 01, 106 (2022)
EPOS 3, yEFT N'LO
W EPOS 3, Argonne v18

0.0000III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

1.0

1.5

2.0

25 30 35 40 45 50
P, (GeV/c)

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

0.14
0.12

— Gaussian (d = 3.2 fm)

— Hulthen (o= 0.5 fm™, B = 1.56 fm™)

YEFT N*LO (S-wave)
YEFT N*LO (D-wave)

— Argonne v 4 (S-wave)

- - Argonne v, (D-wave)

0 1

2

3 4 5 6 7 8

r (fm)

Hulthén*: Favoured by low energy scattering experiments

Argonne v,3**: phenomenological potential constrained to p-

n scattering

XEFT: Favoured by modern nuclear interaction experiments

(e.g. Femtoscopy)

*¥ Scheibl et al., PRC 59 (1999) 1585-1602
**% \\/iringa et al., PRC 51 (1995) 38-51
**%¥ D R. Entem et al., PRC 96 2 (2017) 024004
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. Flux of antinuclei in CRs
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€ K. Blum, Phys. Rev. D 96, 103021 (2017)

€ K. Blum, arXiv:2306.13165
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https://doi.org/10.1103/PhysRevD.96.103021
https://arxiv.org/abs/2306.13165
https://doi.org/10.1103/PhysRevLett.117.091103

CSM-Il @)

T T L T BN SNEM RN o e |

hadronization

160
* Correlation volume fixed to 1.6 dV/dy
* Needed to describe the net-deuteron
; 140 number fluctuations in PbPb collisions.
g e Smaller than that of net-proton
- number fluctuations (3-5)dV/dy
- 120 » Temperature of annihilation depends

on multiplicity

- Temperature of

100 + hadronization -
[®7] baryon annihilation freeze-out
[ [ ® ] kinetic freeze-out (blast-wave fits)
82 0' 10° 10°
(dN /dT]) PLB 835, 137577 (2022)
ch Inl<0.5

For each multiplicity, the hadronic phase starts with hadronization at 160 MeV and expands in the state of partial chemical
equilibrium which includes baryon annihilation reactions to reach chemical equilibrium at annihilation temperature

chiara.pinto@cern.ch 21



. ldentification of nuclei with ALICE @

ALICE

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

3 @_ B l |._|v. T T T ‘| T T T T I T T T T T T T T
~ 1 L
g 10 PP S
= Vs=7TeV
=
& Time Of Flight : .
& 0.8] ]
a . 8l ]
i PID via ‘E .
£ bl O-P|D ~ 70 pS 07 ikt —:
E 102 Ea ~ ALICE performance ]
-1 0-6 - pp\s=13TeV =
E |
E i
E s JV}:: I.‘-"l ) f( L J L | "I. .| [
- . 0.4 0.5 1 1.5 2 2.5 3 3.5 4
e b b o e by e by gy p (GeV/C)

-2 -1 0 1 2
p/z (GeV/c)
Higher p region (above 1 GeV/c) > PID

3

via velocity B measurements in TOF

Time Projection Chamber o

tracking, PID via dE/dx
Taesdx ~ 6%
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|Identification of nuclei with LHCb R (@)

* LHCb detector not initially designed to identify light (anti)nuclei

/ HCAL
« Use dE/dx o< Z2 from the silicon detectors JTTIT) /L CHZSPS/%L o M g |
[/ agne M \

- identification of Helium, good separation for Z>2
* Time-of-Flight (OT, V1) 2> f =At/L

- identification of d, separation of 3He, *He

e With SMOG can be used as a fixed-target experiment

e Collect physics samples with different targets and different centre of
mass energies

OF: 24 nsigy o MIS30S G

T o e Erry L =

= F L T —

= 10E 2500 GeV " ———
% = .4000 GeV VELO: 2 x 21 layers TT: 4 layers IT: 12 layers @
= 'F [ 6500 Gev L [

°

o 10"

e E

g 102 € LHCb Collaboration, JINST 3 SO8005 (2008)
"é pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe

a 2015 | 2016 | 2017 | 2018

Energy range /synE [30,115] GeV for beam energy in [0.45, 7] TeV = Unexplored gap between SPS and LHC/RHIC
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

Measurement of (anti)nuclei with A=2 @)
\
' ALICE
‘:G‘ EIIIIIIIIIIIIIIIIIIIlIIIIlIIIIIIIlIIIE
> L .- (d+d)y/2 ] . T .
e *w%‘* * Deuterons have been measured in narrow multiplicity classes in
Ttk - all systems, from pp to heavy-ions
Q » g3 = S E
.g E,’, ,:wﬂ .‘:.;::‘q\m::\ . . . .
§1O-z L/ Bl Mg DR * Momentum distributions fitted to extrapolate the yield in the
b B T e woamn ] unmeasured regions
= b o-eeey T L TN N1 S igtbo - (0] 0-10% x 2? |
= 5',’ ’__.....:},:,‘ Mo L 8 10 £ P Pb,ﬁ_BJGTeV 10-20 % x 2 1
10§, e de .. 1 = © 20-40%
vy, T =R N oiece (@] 40-100 %
10°° [/ Ve | ] -8'1 2l = - Levy-Tsallis |
] . - N 3 > 0 E E
E :.?E.: * NG E E:-" QF.m;._. $
10 ..- . \ _ NE : . ﬂ‘:_._:h:
:IIII|IIII|IIII|IIII|IIIIII\I\I|IIIII\I: -c_?_,<|0_3.:-r 009, ‘i:‘:l—: ';_\ [ ' ' ! | ' ! |
00 05 10 15 20 25 30 35 25 Jw%. e o] § - ALICE III?aigJ/:/ - .
p (Gevie) = S e 0% 1 @ 10 = )2040% o |
pp @ 5.02 TeV sl m@p . ) o) E Xe—Xe |5y = 5.44 TeV o aoe0% T |
| (@+d)2 e ;] 3 I e L. @0
INEL>0,-1<y <0 = 5 TR 2
i oo by | P \\\L P % 10_2 =3 -’ ~E-lﬂ\= \"\\ =
0 1 2 3 4 = e NP ]
P 7. T e .
p; (GeVic) %o . REEEEE i
p‘Pb @ 8.16 TeV Zg 103 z.gn:am :“:' ~ ﬁ -
op: & ALICE Collaboration, EPJC (2022) 82:289 - I(dl‘f)(’)zs ) 1
p-Pb:¥ ALICE Collaboration, PLB 846 (2023) 137795 104 y A T S
Xe-Xe: & ALICE Collaboration, arXiv:2405.19826 2 4
Pb-Pb: & ALICE Collaboration, arXiv:2311.11758 Xe—Xe @ 5.44 TeV p. (GeV/c)

w

N,

chiara.pinto@cern.ch

51


https://arxiv.org/abs/2405.19826

Measurement of (anti)nuclei with A=3 D)
ALICE
%10—6 T AI-IICE‘ I L ':a|||||_|—
=~ | (m] 0-100 % > H+3F)/2 & A UL LA LN LN LN AN AL LA LAAL
E | PP, (s =816 TeV | (o Tealis | E -=— T ("H+H)/2 Jq9 § - AL R LU L |1 [ _%
= - I3l e g = F +dx 10" = °He :
g &S 2 E : St + 7 « 3 ]
° 2 e +10° —~ I AT A
> T (anti)3He, (anti)3H and QL ™,
5 @ | e e e SE Blast-Wave fit =
107) | L e o : (anti)3H have been S F Y -
E 1 +~ [ --Lévy-Tsallis o d . ” Ilson ~ I - -
= — ] Eoteeitoieirenn .. 39" measured in all collisi / )
* i 0 1 2 3 4 5 6 NZ i " 30-50% _
— : p. (GeVic) systems by ALICE o | \«
| INEL>0,-1<y_ <0 T 13 TeV 25' E =
S B B a R
0 2 4 6 PP @ e — L N
[ (GeV/f) «10° - i
T s0b _—
9 - ALICE Hes® —
-Pb @ 8.16 TeV = - ~ [+] CHe+He)2 -
_ 3 L XeXe Sw=544TeV o oo E
=~ - L i
: Q = [I
pp: & ALICE Collaboration, 1= 205 Xe—Xe @ 5.44 TeV . \ }
JHEP 01 (2022) 106 S | - -/ \ -
p-Pb:& ALICE Collaboration, - E - ] ' @ \ 5
PLB 846 (2023) 137795 ARRT S = \ g
Xe-Xe: & ALICE Collaboration, < _ i +\ \ :
arXiv:2405.19826 T o y 00" E+:' E i
Pb-Pb: & ALICE Collaboration, oF y1<05,0-90% T o 1 2 3 4 56 7 8 9
arXiv:2405.19839 0 2 4 @ 6 8 GeV/
p, (GeVic) PT (GeV/c)
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. ldentification of nuclei with A=3 with LHCb

JINST 3 S08005 (2008)
LHCb detector not designed to identify light (anti)nuclei

RICHI
/ = \
= . \
¥ / 1 ‘._ l‘\
.I\ )
l‘ ] ]
y

Use information from the tracking system

1Ionisation losses in silicon sensors: Z2 dependence in Bethe-Bloch
- dE/dx in VELO, TT, IT to identify He

! }

i
()
A/ ™ OT: 2.4 ns o,

VELO: 2 x 21 layers TT: 4 layers IT: 12 layers

Light nuclei slower than c: M dependence of particle speed\

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

* excellent vertexing (o\p = 15+29/p; [GeV] pm, 0,= 0.5% - 1.0%)
https://cds.cern.ch/record/2881940/files/MP123 v1.pdf * excellent PID separation for K,  and p with O(10) GeV/c
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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

. |ldentification of He with LHCb

cw
/)

Tracks / 0.25

Tracks / 0.25

5000

2500

5000 |

2500

First (anti-)Helium candidates
observed in pp in LHCb data!

Ll I L] I [ Ll I ] L) L 1 I L) Ll I ] I L] I

100 T T ] 1 l: 3He |
[ 50 r ]
o S ;
m 1 l ) 1 L v 1 1 M L} l 1 1 1 1 L L ]
LI L B LA B R B L B B L

_IO() 'L B B L B B B B B 3He
[ 50 |- - I
L ok . i
L Skl anlanianianiaanait 5 0 o 1% 4 i

-10 -5 0 5

VELO

ALD

—’1_‘ T T LI | I T LI I T LI | T I LI | LI | I T LI I LI L.
| - _ . - . . ~ .
> 0 LHCb simulation Bethe-Bloch: Z=2 partlcles deposits ~4 times the
=021 Helium energy of Z=1 particles
%’ 1 Protons - He: higher ADC counts and wider cluster size
501} i
<
O'O 1 PRI AU TN TN S [T SO TN ST TN T S e
0.0 0.3 0.4 0.5 0.6
AE [MeV]
Define Likelihood discriminators based on cluster size and ADC counts:
n 1/n
LX = (1_[ PDDf) , X = {He, Bkg}
LHCb-DP-2023-002 i=1
Q L L
éa LHCb 5.5fb"! : 1.1 x 1055 ALD — logLHe _ lOgLBkg
> 5 - 5 I . »-... . loq
0 f_'_3 _______ i3 _”‘_f « AYELO
i C; One discriminator for each subdetector: « AT
=13 X .+ Al
p i 1 B 10 LD
-10F i B
: | ] Performance:
151 | 6x10% He and 5x10° He | * MisID probability: 0(10~12)
» Signal efficiency: ~ 509
2025 e i g Signal efficiency: ~ 50%
AlD

€ | HCb Collaboration, JINST 19 (2024) P02010
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|dentification of hypertriton at LHCb s ()

e Hypertriton life-time and binding energy gives access to hyperon-nucleon interaction T

/ 3He
—> Constrains on maximum mass of neutron stars /\ e \ /3‘\3\\ /{\ Q@ \)
Search for 2-body decay into He: /@ Q/ —>(\//\\7 ; ) \@//
3H - 3Henm +cc \ Q _ \\@\//@/ \@
Results:
(Run2 pp collisions at /s = 13 TeV) = 60 L L Lll{Cl; Il. |. e
. ) L prefiminary =!
* Yields: E I F t Data55fb"
- 61 + 8 Hypertriton - " —— Signal 1
: : 2 — Back d
- 46 £ 7 anti-Hypertriton = 40 C , S:rcnei?;: data |
« Statistical mass precision: 0.16 MeV g | ]
8 L 1
20 : -
This measurement shows the + J/ \‘ + |
L 3 ] [
appllca;1 bility 01; er reconstruction and o it ,_,;,,_,L,_,i}‘pi,,.‘ v,ﬁﬂﬁﬁ,ﬂ*:#%‘ily*-;;—*.4»-*#$i«4~$;$~-."+ +14 4
paves the way for u’.cure.measurements 3960 2080 3000 3020 3040 3060
of astrophysical interest m(3He 1) [MeV]
https://cds.cern.ch/record/2881940/files/MP123 v1.pdf ¥ LHCb Collaboration, LHCb-CONF-2023-002 (EPS-HEP)
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\
N, S

\ Fixed-target programme at LHCb S

* The System for Measuring Overlap with Gas (SMOG) can
inject gas in LHC beam pipe around £20 m from the LHCb IP

* SMOG exploited for LHCb fixed-target physics programme

—> Collected physics samples with different targets and
different centre of mass energies

Beam Energy

2500 GeV
[ 4000 Gev
B 6500 Gev

Nominal p-p
collision point

Ar pAr PbAr pHe pHe pNe pNe PbNe
2015 | 2016 | 2017 | 2018

| NIIIIIﬂTl_\IIIIIm] IIIII|T|'| IIIIII|T|_

protons (Pb) on target [10%?]

=
z
o

=
an
(¢

=

Unique opportunities at the LHC:

T - * Collisions with targets of mass number A intermediate

(He, Ne, Ar) between p and Pb = Reproduce CR interactions (pp, pHe)
* Energy range +/SynE [30,115] GeV for beam energy in
[0.45, 7] TeV = Unexplored gap between SPS and
LHCb contribution is relevant for astrophysics applications! LHC/RHIC

¥ LHCb Collaboration, LHCb-PUB-2018-015
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(anti)deuteron identification with LHCb

LHCb is now also capable of measuring (anti)deuterons

e Time-of-flight based technique
* Reconstructed tracks refitted to determine 8

—> iterative procedure rerunning Kalman fit with

different § hypotheses

e ~10% of SMOG pHe
(+/Syny = 110 GeV) dataset

e Background suppression:
o(B) < 0.02, x’orhits/Ndf <2

First deuteron candidates
observed in pHe data!

+ g

y 1

4

E pHe i = 110 GeV |

10% of sample 1

| H ‘ 4

T S T T N
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E e
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f 'e" %
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102 3 - :. . 4 10° |: : L) :

F g o 4 Y
10 *[ "1}, 1" LHCb Preliminary b 4 104 }HH ||' LHCb Preliminary |

E H | pHe (g, = 110 GeV 3 |'|| IIH ’|1|| pHe {i = 110G
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i AN
| P B TN IR I IO INEAO - B o N | I reTew e e | T
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LLLLLLL tructed tructed 3
LHCb-FIGURE-2023-017

[S—Y
.
[S=—Y

[—

IIlIIIIIlIIIII

IIIIIIIII|III

(S
e
o

LHCb Preliminary
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https://cds.cern.ch/record/2881940/files/MPI23 v1.pdf
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Testing production models with hypertriton q

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

3 . . . .
.. H/A ratio provides a powerful tool to investigate
collision is smaller or equal to that of the nucleus under study aH/ P P 5

nuclear production mechanism
* For small systems model predictions are quite different

x10°
* Coalescence is sensitive to the interplay between the size of the % oo ]
collision system and the spatial extension of the nucleus wave ©< sl e
function - -
0.4 —
*H " E
v ALICE Preliminary 7
- ¢ Run 3, pp Vs =13.6 TeV -
- 0 A 02 | Run2,pp Vs=13TeV 1
‘ Ry_p ~10fm 0.1 § —— SHM, Ve = 1.6 dV/dy |
Cf n“‘p - |:| Coalescence, 2- body i
C L L oo
System size (pp, p—Pb): 1-1.5 fm "deuteron” core 10 <dN /d n)l <05
rg: 1.96 fm
'3He- 1.76 fm
[ 34 (npA)’ : 4.9 fm (By= 2.35 MeV)
r3 4 (an): 10 fm (By~0.13 MeV) powerful probe for investigating

the nucleon — A\ interaction
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‘Measurement of (anti)nuclei with A=3 @)

ALICE

- 10"
T ) - T L i 3
S | e CHes+‘HO/2 | T10°F ALICE ] 0-100 % < 10 © (p+p)/2 - d - °He
o 10°F . i > | p-Pb, s,=8.16TeV ’ S - i « (*He+*He)2
g 6 ’ < 8 | P=FD, {Syy = 0. - Lévy-Tsallis (O] 10 : i *
—~10° S S = O qgpprrteesen,, - ---- Combined blast-wave fit
Q - (x| 8 —~ | R ~— . P
-gs 107l .o | T N Q" [%EF = 1 T,
TP S N e © B ."' N - S~
g , m‘:‘.:*:‘: RN . % ::’ p- Pb @ 8 . 16 Tev -c|—_1 0_1 *_’T+
NZ 10_8 : \'\~ \~\ = I Q U SRS P S \*”T~_,_\
© : < ' ‘ 2102 - inae RS T ——
g' . C\"c E *‘__‘ Tl ey
20 ALICE 5107 T 10° —
T ool pp¥s=5TeV.lj<05 . < [ 10
[ol1- 111 (x 2Y) I I : % : 108 e e S
10_11 EIV-X(XZO) ] E(3H9+3H_e)/2 | i -
oul [INEL>0 (2 INELSO-T<y, <0 % Pb—Pb @ 5.02 TeV [
- * m-exponential S N SN S E -
10—13 polon bl bbb b b 0 2 4 6 —_ : DA - | ! ! I I I
GJ -
00 05 1.0 1.5 20 25 3.0 3.5 4.0 p. (GeVi/c) S 16
T @) -
X C *
pp @ 5.02 TeV SIS LA L 8 2 il :
2 % ALICE [£] CHe+Ha)2 - 5 . e :
8 251 Xe-Xe |s, =5.44TeV BlastWave ] 0_85_ | i\:{'j
— [ - 06__
’Q\.'_ 20: : 04:....I....I....I....I....I....I....I....
o - = ' 1 2 3 4 5 6 7 8
s | z p, (GeV/c)
S 15F . .
NZ C —s—— @:
© C ]
s 10— —
> C 7 .
= b S — e pp: & ALICE Collaboration, EPJC (2022) 82:289
¥ lyl <0.5, 0-90% R 1 p-Pb:¥ ALICE Collaboration, PLB 846 (2023) 137795
Xe—Xe @ 5.44 TeV [ ey ST Xe-Xe: & ALICE Collaboration, arXiv:2405.

(=)

P, (GeV/e) Pb-Pb: & ALICE Collaboration, arXiv:2311.11758
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Testing production models (focus at low multiplicity) )

N, S

— — ! T T L T T T T -

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

o 0.003( (=] ALICE, pp, Vs =7 TeV =

:’ C [®] ALICE, pp, Vs = 13 TeV =

750-0025[— [#] ALICE, pp, Vs = 13 TeV, HM } F(Jﬂ( E(H/ =

) 0.002|— E&H& -
- . Predictions available only for the pp multiplicity range (1-70)

0.0015}- H )’ -

: i 95 :

0.001_— /ﬁﬁ/// -

0 0005:_ P 1 — ToMCCA B

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

ot S .

1 10
(AN o/ A0 1<

* 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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Testing production models (focus at low multiplicity) )

N, S

0.003

0.0025[

(d+d)/(p+DP)

0.002

0.0015

0.001

0.0005

II|§2\|IIII|IIIIIIIIIIIIIIIIIIIIIlI

T T II1IIII T T T T

ALICE, pp, Vs = 5 TeV
ALICE, pp, Vs =7 TeV
[®] ALICE, pp, Vs = 13 TeV
[+] ALICE, pp, Vs = 13 TeV, HM

1

[(m] [<]

— ToMCCA
— - Sun et al. (PLB 792 (2019) 132-137)

L 1 lllllll 1 1 | I

\

‘J\ \

|
|

IIII|IIII|IIIIIIIIIIIIIM

[N

10
(N, /dn_)

n_ |<0-5

B, (GeV?/c®)

1072

T T T T

pT/A =0.75 GeV/c
ly1<0.5

ToMCCA

Bellini et al. (PRC 99 (2019) 054905)

1 1 1 1

T T T 1 | T T T T T

1 1 11 | 1 1 1 1 1

(4] ALICE, pp, Vs =5 TeV
(m] ALICE, pp, Vs =7 TeV
(@] ALICE, pp, Vs =13 TeV

[+] ALICE, pp, Vs =13 TeV, HM

-
-~
“a

~
-
-
~
~
-
~
-
-
‘e
~

10
(N, /dn_)

n_ | <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

* Also coalescence parameter B, vs multiplicity is well reproduced by ToMCCA

¥ Mabhlein, Pinto, Fabbietti, arXiv:2404.03352
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Hypertriton lifetime & binding energy (Pb—Pb collisions) @)

ALICE
T = [253 £ 11 (stat.) =6 (syst.)] ps Ba = [102 + 63 (stat.) £ 67 (syst.)] ke V.
Theoretical predictions . .
- - Nuo. Cim. 46 (1966) 786  —— J.Phys. G18 (1992) 339-357 Theoretical predictions
-.= PRC 57 (1998) 1595 PRC 102 (2020) 064002 === NPB 47 (1972) 109-137 — PRC 77 (2008) 027001
PLB 811 (2020) 135916 - A -+ PLB 811 (2020) 135916 - B EPJA 56 (2020) 91
LN L B i' rrrTrT T T T TTTT T T T i [T L B
PR136 (1964)B1803)  —® Ii; : B — e | Nuo. Cim. 21 (1961) 235
PRL 20 (1968) 819 —o-+ — P —
PR 180 (1960) 1307 | | . — —4—T— Nuo. Cim. 26 (1962) 840
NPB 16 (1970) 46 | —o— {': : Alro— Nuo. Cim. A 43 (1966) 180
PRD 1 (1970) 66 TF' : N — 7
( ) - al — ’ NPB1 (1967) 105
NPB 67 (1973) 269 e L ’ _|
STAR, Science 328 (2010) 58| EE.—LH B + | NPB4 (1968) 511
HypHI, NPA 913 (2013) 170 IEE—{IE E B d | orot (1970) 66
ALICE, PLB 754 (2016) 360 -E.El—rl : N - L |
STAR, PRC 97 (2018) 054909 | .= | E A litetime - PDG value™ o | NPB52 (1973) 1
ALICE, PLB 797 (2019) 134905 | Japsm | ; —e— STAR, Nat. Phys 16 (2020)
STAR, PRL 128 (2021) 202301 E.% : L | |
L ~ | == ALICE, Pb—Pb 5.02 TeV
ALICE, Pbo-Pb 5.02TeV | o |+-'] | ! L
0100 200 300 400 500 040270 02 ; 4 I\; 6V
e
°H lifetime (ps) » (MeV)
* Models predicting a lifetime close to the free A one are favoured * B, compatible with zero = Weakly bound
e Strong hint that hypertriton is weakly bound nature of 3pH is confirmed

¥ Pphys. Rev. Lett. 131 (2023) 102302
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https://arxiv.org/abs/2303.00606

State-of-the-art coalescence model D)

N, S

Coalescence afterburner based on Wigner function formalism

e Argonne v18 phenomenological
potential constrained to p-n scattering

05 1.0 15 2.0 25 3.0 35 4.0 4.5
P (GeV/c)

‘T T T 11 I T T T 7T ] T T 171 I T T 1T 71 I T T T 7T I L I ! N [ ] ] T T T 7T
* Use event generators (PYTHIA 8.3 & EPOS 3) o 0.00201— deuterons, pp Vs = 13 TeV HM|
* Emulate experimental multiplicity trigger %) B Egl;lfsii::s\;m;osP%gz:) y
* Calibrate (anti)nucleon momentum distribution 2 i Bl Hulthén WF 7 Pythia 8.3 I
* Take resonance cocktail from SHM o 0.0015— Il Argonne v18 WF =
* Tune emission source -g, i il
* Employ realistic wavefunction § - .
l % 0.00101 Lo N
o1aF UL I IR LS IR IS I IR % -/ — o
e Hulthén: Favoured by low energy 0'125 — Gaussian (d = 3.2 fm) 1 =Z i .
. . -ler — Hulthen (= 0.5fm™, p=156fm") 4 ¥ - Oy -
scattering experiments E PN ey 36005 i N
* Gaussian: easiest WF calculation | o ] - A -
* Two Gaussians: Approximates = F - Argonne v, (D-wave) . i I
, . . ==0.06 — B N
Hulthén, easy to use in calculations | © 7 F . - —
0.04 — e e e b b b b T R
e XEFT: Favoured by modern nuclear v 1 & of 3
. . . 0.02F/ — W
interaction experiments (e.g. 3 S 1A i
Femtoscopy) T T s e 7 8 9 10~ Tr T
r (fm) 5}
©
o
=

[ [ . o [ . I
® Mahlein et al., EPIC 83 (2023) 9, 804 Realistic wavefunction is key for coalescence predictions!
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Measurement of light (anti)nuclei with ALICE

I

ALICE

¥ ALICE Collaboration, JHEP 01 (2022) 106

HM pp @ 13 TeV

P 10 3 | crrr L = | o I T LR L B B
() = -— = B 3 Ko 7]
= - ) (p+p)/2 7 B ( He + He)/2 T
E :"/M‘b“ a 1 F /,,% = 107
= b ....‘%.;*s. ALICE + E =S E * Focus on the HM data sample = narrow
Z|o E 5 1 ~~. i T
Bla [ e —eg 1 o e ——e— ~ 107 multiplicity interval covered (0-0.1%)
© b 82 L. - E/ e e= Te—— 7 . .
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v_F @Lévy_isa")is 1 F - Lewy-Talis . —> crucial to test the coalescence model
—10
“:—. T - B S T T 10 € ALICE Collaboration, PLB 811 (2020) 135849
T :""|""|'-0"|""|": F T LR T T T T 9 E1_4i|”'|”'|”'II'I'”'”"”"”"'—'
o u 1 _ ] = = , -
> R d+d)/2 Jmp— *H+H) /2 P = f ALICE pp s = 13 TeV :
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‘Nuclear production in and out of jets @ @)

ALICE

* Powerful tool to investigate coalescence mechanism is the study of leading track | =0
nuclear production in and out of jets

* Injets 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)

UNDERLYING
EVENT

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

* Implications for cosmic ray physics

. . . I : . RECOIL v
e Antideuteron in the Galaxy is produced in interactions of cosmic rays

(p, “He) with kinetic energies of ~300 GeV O= =)

Toward: |Ad| < 60°
Transverse: 60° < |Ad| <120°

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

¥ Serksnyte et al., Phys. Rev. D 105 (2022) 8, 083021
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Coalescence parameters in and out of jets

PP

E I I I I I I | I I I I I | I | I I | [ T T ;
- ALICE Preliminary pp, Is=13TeV -
oad [m]in-jet
— ea —
= P> 5 GeVie [0]underlying event 3
E —a—— L E
__ x15 _
- - -
o —| 1 I 1 1 1 I 1 1 1 | 1 1 1 l | | 1 | 1 | 1 [ 1 | E—
0.4 0.6 0.8 1.0 1.2

1.4
pT/A (GeV/c)

UNDERLYING
EVENT

leading track

' N

$=0

ALICE

JET

RECOIL !

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

* 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
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‘Coalescence parameters in and out of jets @)

ALICE
C:J\ 102 E 1 I I I I I I I I I I 1 I I I I I I I I I 1 I I I E 3
Ng - = leading track | ¢=0
% [ALICE Preliminary P-PD, VSyy=5.02TeV pp, (s=13TeV -
S - [e]in-jet [m]in-jet
— ea p—
Q' 10 = pr> 5 GeVic [o]underlying event (0] underlying event 3 JET
— @ 77 ;
1= =
p—Pb S f t 3
B —= | u _
" 4 UNDERLYING ‘
10 X25 x15 B EVENT -
o— —0 : -
- O 5 — -
oo i S ° _
10_2 H— 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 | 1 | 1 1 1 | 1 1| —t RECOIL J'
0.4 0.6 0.8 1.0 1.2 1.4
pT/A (GeV/e)

* B,in-jetin p—Pbis 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

* B,inUEin p—Pb is smaller than B, in UE in pp due to the larger source size in p—Pb 1% ppy rev.c 99 (2019) 024001

(ppt): ro~ 1 fm, p—Pb2): ro~ 1.5 fm) 2% phys.Rev.Lett. 123 (2019) 112002
€ Phys.Rev.Lett. 131 (2023) 4, 042301
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Chemical potential at the LHC @

ALICE
5 T 1 I 1 I I 1 T 1 T
L _ o + - o 9 . . . .
® | 0-5% ] 5-10% 1 * pgand pq are extracted fitting the antiparticle-to-
E 10-0- -0~ -o- .+_ _+_ - - o — & ' ALICE particle yield ratios with the predictions of the
o | + k' — . .
g - Pb-Pb ysy, = 5.02 TeV grand-canonical SHM using the Thermal-FIST
g | ,2/INDF = 0.85/4 | 42INDF = 4.3414 | — Thermal-FIST code
= 05 4, 0.73 £ 0.16(unc.) = 0.49(corr.) MeV _L_ M= 0.73 £ 0.15(unc.) + 0.48(corr.) MeV _|
S 1 4o =0.38:+0.12(unc.) £ 0.96(com) MeV 1 s, =0.30:+0.11(unc.) £ 0.97(corr.) MeV. T = 155+ 2 MeV
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£ | + -
— 108~ -0 -o- —_— T - -o- -1 & - . _+__
g | + I I '
g [ 22/NDF = 2.93/4 | »2NDF = 3.41/4 1 y2NDF = 1.623 ]
S 05F M= 0.83 + 0.09(unc.) = 0.50(corr.) MeV {_ M, = 0.76 = 0.14(unc.) + 0.44(corr.) MeV _L_ M, = 0.71+ 0.19(unc.) £ 0.48(corr.) MeV _
% 1 k= 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 P — t— = — T+ e — = t— PP | PP e p | Prr—— t— = = =
| P R [ WA L P---------- N
3 0-4....‘ ...... @®....... . ......................... . ..... ...... .. ....... ® . . _. ...... .. ......................... o -
Q [
_1 ...................................... 6 ........... D e Y .<._ .................................................. o
) S poseessan pracsesce peosessss pesseeses gouessae N peossessy poicssese prevesees poesseese (oeesvoeatmrsecsae qoesessee peesiesce gossesnes peesesies greesees .

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

; __l I |—
2 " ALICE ]
o, o] Pb-Pb sy =502TeV
= wos% £
5-10% ik
05F ¢ 10-30% o BE o =
% 30-50% \\55
009 (ST SRR ]
0ol *50-90% 3 |
Thermal-FIST EE%i
081" T =155+2MeV i -
L. constrained i
-1.0 "8 i -
— Uncorr. uncert. &
----Corr. uncert.
-5 I | 1 ! | L

-15 10 -05 0.0
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|-0-—<>——'_]-0-O-

I||III||Il||IIII||lIII|III||II|||lII||IIII TT
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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 1

gsd 5 L1
2 25 335445 5556

s, (TeV)

nil| IIIIIIIII[IIII|lIII|I|II|IIII||III|IIII|IF‘

bl 1 ol ! [

sy (GeV

ALICE

* pgand pq are extracted fitting the antiparticle-to-
particle yield ratios with the predictions of the
grand-canonical SHM using the Thermal-FIST
code

* Hq=-0.18+0.90 MeV

* pg=0.71+0.45 MeV (~8 times more precise than
previous measurement)

* 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 pg>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

€ ALICE Collaboration, arXiv:2311.13332
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I

ALICE

‘Light (anti)nuclei with ALICE: large systems

Q) - 5] 0-10% i
% il ALICE 1020% | :.
g E Xe—Xe \/ Sy = 9-44 TeV %] ig:gg 02 § i
— C R [+ 60-90% 1 ¢
o L e L — BlastWave | @®
© gy, - —_
S 102 & e
) E ey Thas Tel
s T @
oY) o R e =X
© - o =N \‘.“ \\\ ’ .. |
3 3|, ':";'::‘g e ™
g0 o
T C (d+d)/2 ]
- lyl<0.5 . E
—4 1 1 | I 1 1 \‘ 1
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- X1 |0_6 ] T T T | | T lpT |( I T )
2 ALICE [] CHe+Fley2
8 o5 Xe—Xe \j Syy=544TeV BlastWave ]
-+ - -
% 20— —
>‘ u OEE'o
S . Xe—-Xe @ 8.16 TeV
~~ — '0.
= - —y——
© C K
s 10
q) — *
< -
~ 5__:. ¢' ; 3He
- ly1<05,0:90% e, )
0;. 1 1 1 | 1 1 1 | |, e LI TIT
0 2 4 6 8
€ ALICE Collaboration, arXiv:2405. p, (GeV/c)

Recently measured d and 3He in Xe—Xe collisions

In Pb—Pb collisions (anti)nuclei up to *He are measured

data/model

.. - Combined blast-wave fit
e e

. d . He
i « (“*He+“*He)/2

T Pb—Pb @ 5.02 TeV
- T e——
| o |

¥ ALICE Collaboration, arXiv:2311.11758
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‘Spectra as a function of rapidity

NS,
1:-\ = | T T T T T |6 T T T § 1;\ < T T | T 6. T E
2 = ALICE Preliminary [ lyl <0.1(x2) 1 9 - ALICE Preliminary [ 1yl <0.1(x2° :
> - e Y Botey<o2xdd S F CE Preliminary = 58= "1 202 (x 25) -
E 1w’y ppis=13TeV 0.2 <yl <0.3 EX gsg—g g 10’z ppis=13TeV 0.2 < |y| < 0.3 (x 23
~ - antideuterons o<y <VAXe )3 = - antiprotons 03 <yl <04 (x2) 7
E’" N ———_ 0.4<|y|<0.5 Ex 2?) ] EF - P 0.4 < |y| < 0.5 (x 29) ]
102 " ¢ 0.5<]y|<0.6 (x2) - | ¢ 0.5<|y|<0.6 (x2) _
1<) S F06<ly<07(x1) 3 & 10& 5] 0.6<|y|<0.7 (x1) =
g, B - cmees == LEVY-Tsallis fit . g, e == Lévy-Tsallis fit .
2 w0k —e ERE e
© f ''''''''''''''''''''''''' - (\_IC = “iaia, - '.'."'-,. =
L ST T
Z 10t e T = Z | ]
~ = mﬁ?‘? el = 10E =
- i - - i -
10—5 - ~'==,~l '''''''''' — : niy, ’.I."":.,. . :
EI 1 | | 1 1 1 | | 1 | 1 | 1 I~I~]'§ | I '~I'~"l"_l I E_ 10—2 | | I | | 1 | | :.,.'.‘.l-
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* Current acceptance of ALICE detector allows to extend the measurement of antinuclei uptoy =0.7

* All rapidity classes show a common trend with y, for both species (ratioto |y|< 0.1 is ~1)
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‘Transparency of Galaxy to anti*He @)

Solar modulated flux

= 4l L B R BT T 1T T rrrrr 1 T rrres . iy . .
T — — flux with annihilation ‘
» - ALICE 0 _ _
T s DM: Phys. Rev. D89 (014 076005 | TTANSparency = o ihiation — _—— () for bkg (DM)
s 10° [ Bkg: Phys. Rev. D 102 (2020) 063004 ]
o GAPS GALPROP propagation i
S L m Fluxes are model dependent
§ 1078 = AMS-02 | O.I(ri]EIANM DM
o | m, =100 GeV/c? | ,GEANT4 = Our Galaxy is rather constantly transparent to
|<D [~ X i — 1 mel g
I X+ % — WW — 3He + X 3He passage
1071 |- N < o"L'ICE DM
- — == Tinel
— = \ oLICE bkg = Data are in good agreement with Geant4
1012 — __— - Background predlctlons
— 1 mel =0DM
1ot __ __ — 0 =0bkg  a ypcertainties on Transparency only due to
[ hange of ALICE measurement Ny absorption measurements (10-20%)
5 1 I T L) L) LELELILI ll L] L) L] LELELILI ll L] L] L] LEBLBLELI
qc) 0.8 _
S 06 |
c 02F -
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E. /A (GeV/A)
anti3He: & Nature Phys. (2023) 19, 61-71
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Testing coalescence model using B,

c@
.

* |Important observable in accelerator measurements: coalescence parameter B,

* Comparison to model predictions based on Wigner formalism

Bs(p

T

) =

1 d?Ny

27 pT dyde

d2N,

A
1 p
/ (ZEPI% dydp}, )

/

» Using event generators (PYTHIA 8.3 & EPOS 3)

e (Calibrating (anti)nucleon momentum distribution & multiplicity distributions
to measurements

* Obtaining deuteron p distributions according to the probability:

TO)

*% ALICE Collaboration, PLB 811 (2020) 135849

)= [ [ @ tinErrd p@n

D(Qaf’) /d37”|g)([

¥ ALICE Collaboration, JHEP 01 (2022) 106

q,T

N

2 _—iq-r
| deuteron wave fUl’)CtIOI’)

- testing different ones

¥ KachelrieR et al., EPJA 56 1 (2020) 4
¥ KachelrieR et al., EPJA 57 5 (2021) 167

emission source size
- tuned to data
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¥ Mahlein et al., EPJC 83 (2023) 9, 804
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Testing coalescence model using B,

CE/RW
\

N, S

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

State-of the-art coalescence model describes deuteron
momentum distributions and coalescence parameter!

L

Production measurements can be used to constrain the
nuclear wavefunction!
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Hulthén*: Favoured by low energy scattering experiments

Argonne v,3**: phenomenological potential constrained to p-

n scattering

XEFT: Favoured by modern nuclear interaction experiments
(e.g. Femtoscopy)

*¥ Scheibl et al., PRC 59 (1999) 1585-1602
**¥ \Wiringa et al., PRC 51 (1995) 38-51
*¥¥% D.R. Entem et al., PRC 96 2 (2017) 024004

chiara.pinto@cern.ch

74



