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Motivations

1. What can light nuclei production in heavy-ion collisions tell us about the
QCD phase diagram and the nuclear equation-of-state?

n

e Nuclei and hypernuclei yields have been suggested to be sensitive O
to critical fluctuations and the onset of deconfinement

» Assume coalescence formation of nuclei
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Motivations

2. What is the role of hyperon-nucleon (YN) and hyperon-hyperon (YY) interaction in the

equation-of-state of high baryon density matter?

® Hyperon Puzzle: difficulty to reconcile the
measured masses of neutron stars with the
presence of hyperons in their interiors
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® Density dependent YN, YNN and YYN are
essential input for solving the Hyperon Puzzle
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When are hypernuclei formed? At
freezeout? Or in medium?

Yue Hang Leung - RHIC BES Online Seminar



Motivations

® 0. How and when are light nuclei formed in heavy ion collisions?
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Light Nuclel Production Models

Thermal models Coalescence models

Dynamical models

d < nnp
it <> Tnnp
m°He < anpp

® Nuclei are formed at late
stages of collision

® Nuclei are formed earlier
at the hadronic chemical
freeze-out

® Nucleons bind into
nuclei if they are close in
phase space

® Thermal and chemical
equilibrium (T, ps)

® Disintegration cross-
sections are large

Nucl. Phys. A 1005 (2021) 121754

Multi-fragmentation \

[

| ® Hyperon capture by excited |
| “spectators” canlead to |
\

hypernuclei formation |
Phys.Rev.C 76 (2007) 024909 > —  — — — — — — — — /
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Experimental Facilities

ALICE LHC, Switzerland

1. ITS 6. EMCAL
2.V0and TO 7. PHOS
3. TPC 8. Muons
4. TRD 9. AD
5. TOF 10. ZDC

® Pb+Pb, p+p, p+Pb, ...
®./sxw=2.76-5.02 TeV
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® AutAu, p+p, ptAL, ...
® \/svy =3-200 GeV (Au+Au)

us = 750 - 20 MeV
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HADES SIS18, GSI, Germany
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® Production Yield

® Aside: Hypernuclei Properties
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Light Nuclei Ratios in Central Collisions
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STAR, Phys. Rev. Lett. 130 (2023) 202301
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Nuclear Compound Yield Ratio

STAR (GeV) 77 w115 V145 4196 %27 e Light nuclei yield ratio deviates
B A 39 ¢ 544 % 624 + 200 O 54.4 (0-20%) Str()n 1 fr()m thermal mOdel
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T e Q...
o :
Z os-+v e i T *Yield ratio exhibits approx.
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STAR, Phys. Rev. Lett. 130 (2023) 202301
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Energy Dependence of Nuclear Compound Yield Ratio

0.6 Au + Au Collisions (a) 0%-10% (b) 40%-80% _ 03 Figure credit: Yige Huang
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Phys. Rev. Lett. 130 (2023) 202301 (Cpllision Energy \/SNN (GeV)

Phys. Lett. B 781 (2018) 499
*In a coalescence picture, compound yield ratio is sensitive to baryon density fluctuations

*In the vicinity of the critical point, density fluctuations become larger

e n central collisions, non-monotonic behavior around 19.6 and 27 GeV observed with a combined
significance of 4.10

e Enhancements decreases with decreasing pr acceptance
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Fixed Target Au+Au Collisions at 3 GeV in STAR BES-II
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Hypernuclel production yields

Fragmentation from " @ Au+Au 0-10% (STAR)
7 ’ 15~ @ Au+Au 0-10% (STAR preliminary)
strange “spectator = 4 Pb+Pb 0-10% (ALICE)
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S. Zhang et al, PLB 684(2010)224

Strangeness Population Factors Sz and S4 at 3 GeV

® Strangeness population factor: " Au+Au 3 GeV 0-10% | :z; j&_i;&so%) 10-40% "

A STAR preliminary Oy=(:0.5.-0.25)
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® B, of light nuclei and hypernuclei follows similar trends in pr, rapidity, centrality

Mechanics behind formation for hypernuclei and nuclei are similar

05,~45;

Y
4YTsr1+ Supports creation of excited hypernuclei
AH*(17) )
AH(O0™)
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Strangeness population factor as a Probe for Medium Properties?

lrIcreasmg trend of Ss or/g/ne:zlly proposed as a 1.6 YR
signature of onset of deconfinement " @ AuvAu 0-40% (p_IA>0.4 GeV/c) -+ Coal. (Default AMPT)
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° ° | A I..’
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R __ \/’ “;\o‘ n‘/‘ ’
® Unstable nuclei breakup enhance 0.4 "
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® Measurements from AGS suggest 10 10 10
suppression of 4Li production 864, Phys. Rev. C 65 (2002) 014906 \/SNN [GeV]
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Hypertriton Production in Small Systems
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® ?\H have been observed in p+p and Yield ratio described by 2-body coalescence,
p+Pb collisions in tension with thermal model

ALICE, Phys. Rev. Lett. 128 (2022) 25200
y ( ) O 3 Yue Hang Leung - RHIC BES Online Seminar 16



Aside: Hypernuclel Binding Energy

-H binding energy

Theoretical predictions

- - NPB47 (1972) 109-137

— arXiv:1711.07521

EPJA(2020) 56

—— PRC77 (2008) 027001
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PRD1 (1970) 66

NPB52 (1973) 1

STAR, Nat. Phys 16 (2020)

ALICE, Pb-Pb 5.02 TeV

® ALICE reported the most

precise measurement of Bx
ALICE, arXiv:2209.07360v2

STAR Phys. Lett. B 834 (2022) 137449

4 J DAL LA BLELELELE BLELEL AL BRI BLELELLE BRI
4H, He STAR (2022)
. e a)
binding energies essic0re
NPB52(1973)
C
® PRL116(2016)

® PLB744(2015)
® PLB744(2015)

® NPA914(2013) °
LNP724(2007) @ =

Theoretical calculations
Previous experimental results
® PRL88(2002) | —f— This work
® MLN98(1999) - - - - AB(09)=0
S T PR ST N S S T
50 100 150 200 250 300 350 400
A B3(0") (keV)

o__________________________

® Binding energy difference b/w mirror hypernuclei

® Avenue to investigate isospin dependence of YN interaction

Hypernuclel binding energies provide more direct

constraints to the YN interaction
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Aside: Hypernuclel Lifetime

b mawme T Gal o . “H
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" STAR 2022) | o i S // HypHI (2013) including pion FSI A. Gal et al, PLB701(2010)48
i{:.: /\\X ALICE (2019) —‘Ji“i * H. Outa et al (1995)
i i P \9 . STAR (2018) i Eo S. Avramenko et al (1992)
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'E;r HypHI (2013) > Y. W. Kang et al (1965)
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Lifetime [ps] Light hypernuclei serves as cornerstones of

STAR, Phys.Rev.Lett. 128 (2022) 20, 202301 our understanding of the YN interaction
ALICE, arXiv:2209.07360v2 . \ ; ;
HADES, S. Spies QM2022 [(4He = He+z) TA-n+m) 1

: I'4H - “He +7-) T(A + 2
JPARC, arXiv: 2302.07443 (A = *He+77) A=p+a) Yue Hang Leung - RHIC BES Online Seminar 18




® Collective Flow
® Femtoscopic Correlations

® Cumulants
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Nucleil and Hypernuclei Directed Flow

| | |
Au+Au Collisions at RHIC He .-
Energy: |sy=3GeV ’/‘/O
Centrality: 5-40% . -
L t e - —
1.0 . /*
o He—
> e e
> V4 -
O 7
~— e 3 H
— e
> 0.5 A -
O
Data Model
Hyper-nuclei [ = — UrQMD
> JAM
Light-nuclei O
0.0
| | | |
1 2 3 4

Particle Mass (GeV/c)

STAR, Phys. Rev. Lett. 130 (2023) 212301

® v slope of light nuclei follow mass
number scaling at 3 GeV

® First observation of hypernuclei
collectivity vi in HI collisions

® Hypernuclei v; slope also follows
mass number scaling, consistent
with coalescence models

Results qualitatively consistent with
(hyper)nuclei production from coalescence
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p-d correlations (p+p 13 TeV)

Emission
source S(r*)

N same(k *)
N, mixed(k >l<)

C(k*) = J'S(r) P(k*, 7)|*d® =N

Emission 2-particle
source  wavefunction

| ,

Radli of p-d Interacting potential b/w
emission p-d (3-body forces?)

® Depletion at low k™ observed

B. Singh, ALICE, QM2022

J. Arvieux et al., Nucl. Phys. A 221 (1973) 253-268
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p-d correlations (p+p 13 TeV)

g 1 .4 | ) 1 ) I ) ] ) I I
= ALICE pp Vs = 13 TeV
()
S - High-mult. (0—-0.17% INEL > 0)
L. -
~O | ppArgonne v,
1.2~ | Parametrization
= |
0.8 ———— —
T 1.5 2 2.5

V. Mantovani Sarti, SQM2021

® Depletion at low k* observed

m+ (GeV/c?)

Assumptions:

1. Common source of
for all particles,
scales with mr

2. Point-like particle
models constrained
to p-d scattering
measurements

® At large r~3.0fm, model best agrees with data

B. Singh, ALICE, QM2022
J. Arvieux et al., Nucl. Phys. A 221 (1973) 253-

268
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Late formation of deuterons?
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p-d, d-d correlations (Au+Au 3 GeV)

K. M1, STAR, QM2022
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® High baryon density at 3 GeV enable p-d, d-d studies with
high statistical precision

® p-d correlation function
shows depletion at low k*

® d-d correlation function
compared with calculations
from 2 scenarios:

1. SMASH + CRAB

2. SMASH + coalescence
+ CRAB

Deuteron data better
described by model
Including coalescence
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ALICE, arXiv:2204.10166

Proton-deuteron number correlations (Pb+Pb 5.02 TeV) s Rev.Co35, (2016 054906

Correlations b/w proton and deuteron production
- Distinguishing power b/w coalescence and thermal models

'S 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I

2® b« ALICE .
- == Coalescence Model A (x 1/30) < 1 Full corr. b/w p, n
- i Coalescence Model B ) Ind. p, n
0.005 i Thermal-Fist: CE SHM, 4.8 dV/dy -
== Thermal-Fist: CE SHM, 1.6 dV/dy 1
- . ® Correlation between the proton and deuteron
o number in a single event
' $$$$m$$3¢| ' ® Pearson correlation coefficient (pap)
~0.005} ‘ ~
- Pb-Pb, s, = 5.02 TeV -
) Inl <0.8 i}
I d: 0.8 < p.<1.8GeVic ~
_0.01k | Ip: 0.4<p_ T 0.9 GeV/c -
0 20 40 60 80
Centrality (%)
. Proton and deuteron production
® Thermal model reproduces the data well, while are anti-correlated

coalescence models seem to fail
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Collision Energy Dependence of Deuteron Cumulants and proton-deuteron number correlations

12fF AF N =
| Au+Au Collisions (a) k403 | (b) Sde 1.05
| PR TII
Ly SLe—
e
0.8 Deuteron (I y | <0.5) } .
| d: 0.4 <p /2 <2.0 GeVic || ®0-5% o5
06| p04<p <2.0GeVic _ 0 70-80%
102 1 et} 2 — p—t—t—t }STAR et ::}C(1,1): 10 04
[:][:] )Gd/Md it (d) G:)p(’;()j 10.02
0.98} { I 9e 17002
_ Thermal-FIST L */ d - - Coales. (p n Ind. ) 1004
096 = ~WGCE B CE HE T = UrQM[_)+CoaleS 1.0.06
5 10 20 50 100 200 5 10 20 50 100 200

Collision Energy \'s,, (GeV)
STAR, arXiv:2304.10993

® Suppression of cumulant ratios at low energies

® Canonical ensemble is mandatory to describe
cumulant ratios below 20 GeV

(1,1)
Copla)

® -ve from 7.7 GeV to 5.02 TeV

Gpgd

Importance of baryon nhumber
conservation in baryon-nucleus
correlations

® Simple coalescence model which
neglects phase space info. fail to

describe data Phys. Rev. C 93 5, (2016) 054906

® UrQMD + coal. provides reasonable
reasonable description of data
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Summary

® Coalescence model can generally describe a wide range of light nuclei observables; details of
the model (including transport) may require more scrutiny

® Thermal model compatible with deuteron observables, but is in tension with triton and
hypertriton yields

® Discussed the prospects of light nuclei and hypernuclei measurements on improving our
understanding of the QCD phase diagram and YN interaction

® Stay tuned for more results from STAR BES-II!
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Outlook: Future Facilities

J-PARC-HI
NAGO+

CBM

J-PARC, Japan

SPS, CERN, Switzerland
SIS100, GSI, Germany

Interaction rates up to 10MHZz!!
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simulation T. Galatyuk, Nucl. Phys. A 982 (2019) 163

NA60+ Lol: arXiv:2212.14452
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Thank you for listening!
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Backup slides follow
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Measurements of Unstable Nuclel from AGS

102;

-

OI O| O| OI (3| OI OI OI OI N

[(2J+1)7tp]”" d°N/dy dp; (c?/GeV?)

A

p, N

d

® Stable Nuclel
A Strong Unstable Nuclei
O Excited Nuclei

Suppression of A=4 unstable states

compared to ‘He ground state

E864, Phys. Rev. C 65 (2002) 014906
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