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(Anti)deuteron production in heavy-ion collisions

ALICE
Light nuclei in heavy-ion collisions 1072 JHEP 01, (2022) 106
. LOW binding energy Wr‘t.ﬂreba” E_ 6 : T T LI II| T T 1T III| T T T T TT II| T T L I:
temperature at chemical freeze-out © - Thermal-FIST GSM, T, = 155 MeV ALICE -
O [ e V,=3dV/dy -
. -V, =dV/idy .
Synthesis models 4 - —— Coalescence .
e Thermal Model . s = S 7
3 __ _]
[1] V. Vovchenko et al,, Phys. Lett. B 785, (2018) 171 B _ 7
ovehenko et al, Phys. Le (2078) F [®]Pb-Pb, s, =2.76 TeV :
e Coalescence model 2 [ ®]p-Pb, {5, =5TeV
- é (@ ]pp, (s=7TeV .
[2] K-J. Sun et al,, Phys. Lett. B 792, (2019) 132 1 __ § E pp, E =13 TeV _
. Lot ,1s=13TeV, HM ]
_) even‘t-by-ever].t antldeUteron 0 1 | 1111 III 1 1 1 1 Ill‘lI| Ippl EI 1 llﬁ e 1 1 1111 I_
fluctuations to study production 1 10 102 10°
mechanism (dN /dn )
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(Anti)nuclei and the Statistical Hadronisation Model

Statistical Hadronisation Model (SHM)
e fireball at chemical freeze-out — hadron
resonance gas
e fit model to particle yield data — successful
description over 9 orders of magnitude

Baryon chemical potential
e antimatter-matter balance
e Last measurement in Pb—Pb at LHC
— p;=0.7 £3.8 MeV [3]

— new precise measurement based on
antiparticle-to-particle ratios

[3] A. Andronic et al., Nature 561, (2018) 321
[4] A. Andronic et al., (2018) arXiv:1808.03102 [hep-ph]
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The ALICE apparatus

®

Time Projection Chamber
e main tracking detector
e particle identification via

dE/dx

[
Wil |
Wil

Time-Of-Flight
e particle identification via
particle velocity 3
e ecventtime
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ALICE

Inner Tracking System
e Osilicon layers
e vertex and track
reconstruction

ALICE-PHO-SKE-2017-001

e centrality estimation
e trigger
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Antideuteron multiplicity distribution

Grand Canonical Ensemble (GCE) Thermal Model

e Poisson [5]
Coalescence model — deviations from Poisson 10° | ' ' -
e Model A: correlated nucleons 107 | mgg::g : ;
e Model B: independent nucleons 1072 | Poisson ]
Average deuteron multiplicity 1073 | .
—_ 4t
)\ - N ] C'C 10 i 7
coalescence ¢ E ! initial nucleon T 10° 4 1
parameter number 10-6 '.. 1
i = protons, j = neutrons %
-7 m % ]
10 e,
-8 Y%
10 e,
9 m e
10 ' =
0 15 30 45 60

[5] Jan Steinheimer et al., Phys. Rev. C 93, (2016)
[6] F. Bellini et al.,, Phys. Rev. C 99(5), (2019) 054905
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Antideuteron multiplicity distribution

ALICE
Grand Canonical Ensemble (GCE) Thermal Model
e Poisson 5]
Coalescence model — deviations from Poisson 10° ¢ ' ' :
e Model A: correlated nucleons 107 ¢ mgg::g : 7
e Model B: independent nucleons 102 | Poisson ]
Average deuteron multiplicity 1073 | ]
—_ 4 |
Mg =|B|n;n; o 10 ]
coalescence ¢ E ! initial nucleon o 10'5 .
parameter number 10-6 %, 1
i = protons, j = neutrons e - .o.
Multiplicity distribution given initial nucleon number 10 e,
10'8 .. .. 4
P )\nd 6—)\(1 B . e—Bninj 10_9 | . l. 0..
Ng|ni, ;) = — (Bn.n. )" _—
d( d| i j) d ng! ( i J) ng! 0 15 30 45 60
Final multiplicity distribution Ny
[5] Jan Steinheimer et al., Phys. Rev. C 93, (2016)
Py(nq) = Z Pa(nal|ni, nj)P(ni)P(n;) [6] F. Bellini et al,, Phys. Rev. C 99(5), (2019) 054905

Ni,N;>Ng
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Results: k,/k. %

ALICE
M‘_ ] ] ] I ] ] 1 I 1 L] L] I L] i
Cumulants = = ALICE
. ' 1.06F — Coalescence Model A
e <n> [ Coalescence Model B
Ky, = <( < >) > =2.3 [ - ThermaI:F!st: CE SHM, 4.8 dV/dy _
== Thermal-Fist: CE SHM, 1.6 dV/dy
e Poisson —» K1 = K2 = K3 1.04 - Poisson e .
K,/k, cumulant ratio consistent with unity
e described by Grand Canonical SHM (Poisson) 1.02F -
e overpredicted by coalescence - -
e limited sensitivity to baryon number conservation - y
of Canonical Ensemble ; B T
I Pb-Pb, sy = 5.02 TeV |
i Inl<0.8 |
098_ I Id: 08<p_|_|< 1.8 GeV/c I_
0 20 40 60 80
(2022) arXiv:2204.10166v1 [nucl-ex] Centrality (%)
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Results: antiproton-antideuteron correlation

ALICE
. 1;8- 1 I I I 1 1 1 I 1 I I I 1
Pearson correlation a - = ALICE
B (ng — (na))){(np — (np))) I Coalescence Model A (x 1/30) ]
Pab = 0.005kF #% Coalescence Model B ]
V R2aF2b : Thermal-Fist: CE SHM, 4.8 dV/dy

— Thermal-Fist: CE SHM, 1.6 dV/dy

Negative correlation between antiprotons and

antideuterons
e predicted by Canonical Ensemble thermal model 0
with V,, = 1.6 dV/dy
e smaller correlation volume than for
cumulant measurements of protons

M. Arslandok - 15/06/2022, 11:30 -0.005
- Pb-Pb, {5y = 5.02 TeV 1
e qualitatively described by Model B I In/<0.8 i
e Model A ruled out | d: 0-3 <p <18 Cge:xc |
. 0 20 40 60 80
(2022) arXiv:2204.10166v1 [nucl-ex] Centrality (0/0)
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Results: antlproton -antideuteron correlation %

ALICE

IE- B L L L l L Ll l L L L l - L L I i} L] L] L] l L] L] L] l L] L] L] I L] L] L] l i
Q I Centrality: 0-10% 1 Centrality: 20-30% 1 Centrality: 50-60%

MR RRRAREEOOCO I |

-0.002
—0.004
- = ALICE + 1
Pb—Pb, {5y = 5.02 TeV T i%#* Coalescence Model B 1
0,006k 308<p;<18Gevic 1 Thermal-Fist: CE SHM, 4.8 dV/dy | i
Y [ P:04<p <0.9CGeV/ic 1 == Thermal-Fist: CE SHM, 1.6 dV/dy ]
ol v a w il o oo ¥ oa o3 Ve won T o oo F o ob oo o bl o o0 oo 0o a0
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Nl < X
(2022) arXiv:2204.10166v1 [nucl-ex]

Correlation dependence from acceptance
e SHM — correlation depends on fraction of baryons in acceptance out of total — acceptance dependence
e Coalescence — no significant acceptance dependence
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Antiparticle to particle ratios and Hy

Grand Canonical Ensemble SHM

o [ -2 G+ B+ B T one | e

2 T =170 MeV g =1 MeV
baryon 4/ \ 3rd isospin o

number strangeness component

Strangeness neutrality — ug ~ 3ug

- S
h/h X exp [—2 (B+ g) MTB - 2[3%]

0.8

L
180

[3] A. Andronic et al., Nature 561, (2018) 321 [7] J. Cleymans et al,, Phys. Rev. C 74, (2006) 034903 ng (MeV) T (MeV)

[8] J. Cleymans and H. Satz, Z. Phys. C 57, (1993) 135-147
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Antiparticle to particle ratios and Hy

Grand Canonical Ensemble SHM

o [ -2 G+ B+ B T one | e

-2 JT T =170 MeV ug =1 MeV
baryon / \ 3rd isospin memmmmmm——

number strangeness component

Strangeness neutrality — ug ~ 3ug

h/h o exp [—2 (B+ §> = 2[3%]

3) T T
— K /K*
Large B + S/3 — high sensitivity to u; — (anti)p, *He, ,*H --Q'/Q |
™ (B=S=0)toconstrainy, | gmHICO N\ | BE/E
small dependence on temperature T — fixed from SHM fit [3] 5 —— K/A
T=156.2+1.5MeV i i _5/p
e sensitivity to strangeness content
l 1 1 1 l 1 1 1 1 I 1 1 1 I
0 20 160 180
[3] A. Andronic et al., Nature 561, (2018) 321 [7] J. Cleymans et al., Phys. Rev. C 74, (2006) 034903 Mg (MeV) T (MeV)

[8] J. Cleymans and H. Satz, Z. Phys. C 57, (1993) 135-147
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Analysis of ratios

ALICE

Data sample
e Pb-Pbatvs,, =502TeV - R
e centrality intervals; 0-5%, 5-10%, 30-50% 1404~ ALICE Preliminary
- o Pb-Pb |5 =5.02TeV -
Pions, protons and helium 1.02— ~ 0-5% VOM centrality |
e particle identification via TPC+TOF (pions - e — .
and protons) and TPC (°He) g ool o s, ] N
e subtract contribution from weak decays i Y e i —’»_ " y
and spallation — {L @ = LI -|
0.98— | N N |
. i o ol J °*® 1
Hypertriton i 1 ® | ]
e reconstructed via 2-body mesonic decay 0.96 N - L o B

3 3 J— | 1 1 1 1 l 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I
- AH—>"He+ 7 (+ cc.) 1.0 15 2.0 25 3.0

e candidate selection via XGBoost Boosted p. (GeV/c)

Decision Tree [9, 10]

C. Pinto - 14/06/2022, 9:20
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No significant p. dependence — weighted average

[9] Chen et al,, (2016) arXiv:1603.02754 [cs.LG]
[10] (2027) arXiv:2107.10627v1 [nucl-ex]
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Fits to ratios

o
3
X

1.4

|
|

0.9

Ratio

ALICE Preliminary
Pb-Pb VSNN =5.02 TeV
— fit

¥2/NDF = 1.7/2

0.8

5-10% 30-50%

i
i
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:
i
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i
:

Fit to ratios
e Statistical and uncorrelated systemat

e SHMequation — h/h o« exp [—2 (B +
e Hierarchy with baryon number
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ic uncertainties added in quadrature

S\ ps Pis
§> == 213?} — g and p,, fit parameters
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ALICE

SHe

3H

B+S/3

8/9

1/2

1/2
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Results
ALICE
e Agreement with previous studies
g 5:I LI | L I LI | I I L L I L | LI I—
e 0(10) improvement in precision from 2 ,E A} |cE Preliminary & E
previous studies — most precise s = .
~  Pb-Pb \sy, =5.02 TeV ]
measurement in Pb-Pb at TeV scale = 31 bl <
25— \ —f
e Centrality dependence — decreasing - N ]
u, from central to semicentral 1;_ =
collisions due to different baryon = S \ =
stopping — not observed - \ ]
1E =
-2F [ ] Uncorr. uncert. Corr. uncert. \ =
3 X\SHM fit, Nature 561, 321-330 (2018) \\\ =
_I L1 1 | 1111 | L1111 | 111 1 | | T | | 111 | 1 1 1 1 | | I T | 1 1 1 1
0 50 100 150 200 250 300 350 400 450
(Noart
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Summary and outlook

Antideuteron cumulant ratio and antideuteron-antiproton

correlation
e new probe of deuteron synthesis in heavy-ion collisions
e good discriminating power between coalescence and
thermal model
— precision studies of (anti)nucleosynthesis using Run 3
and Run 4 data

Baryon chemical potential
e significant improvement from previous studies
e no evidence of centrality dependence
— further test strangeness and isospin dependence of ratios
via A, Q and 3H
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u_ (MeV)

ALICE
IB T T T T T T T T T T T T T T T
Q - = ALICE b
oalescence Model A (x 1/30)
[ % Coalescence Model B
0.005[" - Thermal-Fist: CE SHM, 4.8 dV/dy
| 1777 Thermal-Fist: CE SHM, 1.6 dV/dy
0 ..........
- $§§Wi¥%?§ }?ifiﬁi}?iiig}}i
—0.005
Pb—Pb, Sy, = 5.02 TeV 1
Inl <0.8
[ d08<p <1.8GeV/c :
_0.01 I Ip: 04< pT T 0.9 GeV/c .
0 20 40 60 80
Centrality (%)
ST T T R R RN
= S B
4 ALICE Preliminary & =
af PoPb 5, =5.02Tev \ E
of \ =
15 N 7
oF = = E% <
\ E
_2;_ E\ Uncorr. uncert. Corr. uncert. \ _;
3 X\ SHM fit, Nature 561, 321-330 (2018) N =
=T I IR U AT I I I B
0 50 100 150 200 250 300 350 400 450
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Additional slides



Coalescence model

ALICE

e Nuclei formed at kinetic freeze-out from nucleons close in phase
space
e Coalescence probability — coalescence parameter B, d

e At LHC energies, neutron ~ proton production A

3N d3N,
Py ) s s

Pa
A

e State-of-the-art coalescence includes momentum, source size R and
cluster size r dependence A

—3/2 X

32 e 37T3/2<Cd>

Dasfecee SRt A0) AN 1 "d ’
= 2mrR3(mr) N 2R(mr J. Kapusta, Phys. Rev. C 21, (1980) 1301

[6] F. Bellini et al., Phys. Rev. C 99(5), (2019) 054905
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Coalescence model

ALICE
x107 x107 JHEP 01, (2022) 106
[ T I T T T T I T T T T T T T T T T T [ T T T T l T T T T I T T T T | T T T T l T T T
% 250 ALICE 1 %025 ALICE =
o E < _
> C o> -
3 20| 8020:_EHMPP,\/§=13TeV ED
e I5E o o - Gaussian .
m C P 1 m s i
C ik ® - 0.15 o
10 - oo @ B - i ]
sp = 1 oat0f EE ]
- [e|pp, (s =13 TeV, HM | ] § o] :
or . - - [®] g
: Gaussian | | Hulthen - 0.05 (& .
-5 xEFT . |Two Gaussians - - Ll 1
C 1 I 1 1 Il 1 I 1 1 L 1 | 1 1 1 1 | 1 1 1 ] 0.00 i 1 1 1 1 l 1 1 1 Il l 1 Il 1 1 | 1 1 1 1 I Il 1 1 ]
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
pT/A (GeV/c) pT/A (GeV/c)

e Coalescence predictions using various wave functions for nuclei + source size
[11] F. Bellini et al, Phys. Rev. C 103, (2021) 014907
mario.ciacco@cern.ch SQM 2022 - 14th June 2022 18/15



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.014907
https://link.springer.com/article/10.1007/JHEP01(2022)106
mailto:mario.ciacco@cern.ch

Hypertriton production

Lightest known hypernucleus
e A p,nbound state
e lifetime and B, close to free A

Loosely-bound state
e good discriminating power between coalescence
and SHM
e large deviation (~60) from SHM with V,, = 3dV/dy
e results compatible with 2 and 3 body coalescence

[10] (2027) arXiv:2107.10627v1 [nucl-ex]
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| = | ALICE Preliminary pp, HM trigger,/s = 13 TeV
[ ¢ | ALICE Pb-Pb, 0-10%, |[s,, = 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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Analysis of ratios: pions, protons and helium
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p, (GeV/c)
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Analysis of ratios: hypertriton

T T T T T T T

f 5'_ 0-5% ALICE Preliminary |

L Pb-Pb \/ Sy = 9.02 TeV |

T | i

= 10— ° —
o < T T
| t

05— ‘ -

L L 1 L L L

L
0 5 10 15 20 25 30 35
ct (cm)

ALICE

Boosted Decision Tree selection
e pion yield ~10% ®He yield — large
combinatorial background
e training features: secondary vertex and
daughter track variables
e selection threshold optimisation via
maximisation of expected significance

3He
track
-
DCA tracks
track
DCA 7~
to PV
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