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Neutron Stars

r <13 km
Relativistic electrons, nuclei \ /p = 0.5pga
/p — Psat

A. Sedrakian, et al., PPNP 131, 104041 (2023)

r<12 km —

Neutron-rich nuclel, pasta phase,
unbound neutrons, electrons

Y > 2°0psat

Outer core r<10km
Neutrons, protons, electrons

and muons

Inner core r<6km
Full baryon octet of spin-1/2 baryons,

non-strange spin-3/2 A-resonances,
mesonic Bose condensates, color superconducting phase of quark matter

* Neutron stars are among the densest known massive objects in the universe

* Density at inner core can reach several times the nuclear matter
saturation density (p.,, ~ 0.16 fm-3)



Tolman-Oppenheimer-Volkoff (TOV) equation

 TOV equation is the general-relativistic version of hydrostatic equilibrium

Py G (p()+—) (m(r) + 4ar’=2)
dr 2 (1 j 2Gm(r))

» The equation-of-state (EOS), which relates pressure to density P = P(p) is
needed to solve the equation, and obtain a mass-radius relationship

» Key ingredients to the EOS.:

1. Degrees of freedom 3. Thermodynamic conditions

2. Quantum statistics 4. Interactions



Neutron Star Masses

figure from Vivek V. Krishnan

Mass distribution of neutron stars in binary pulsar systems
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PSR 0740+6620 with M = 2.08(7)M (Fonseca

et al. 2021) and PSR 0348+0432 M = 2.01(4)M, (Antoniadis et al. 2013)

« Massive pulsars observed recently



The Hyperon Puzzle

* Hyperons are expected to appear in the core of neutron stars

« Hyperon puzzle: EoS’s with
hyperons are too soft to support

massive neutron stars of >1.5 Mg

* Repulsive three-body force in NNN.
What about hyperon (Y)-nucleon (N)
and hyperon (Y)-hyperon (Y) forces,
YNN, YYN, YYY?

 Deconfined quark matter?
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T. Saito et al., Nature Rev.Phys. 3(2021)12,803

Hypernuclel Dowr

quark Up quark —Strange quark —

* Hypernuclel are nuclei L W
containing at least one ® ®
hyperon ® ®

Neutron Proton A Hyperon E Hyperon

 First discovered In
1952 by M. Danysz
and J. Pniewski

Ordinary nucleus Single A-hypernucleus

M. Danysz, J. Pniewski,
Phil. Mag. 44(1953)348




Hypernuclei

* Hypernuclei are nuclei DQ“:;:;’;nggz“"lei
containing at least one
hyperO N - A, X Hypernuclei
* First discovered In -
1952 by M. Danysz =
and J. Pniewski = g=.
e (Goal: to understand
baryon-baryon interactions
S=0
» Scattering experiments Neutron Number
* Nucleon (N) - Nucleon (N) data: ~4000
 Hyperon (Y) - Nucleon (N) data: ~40 e Determine YN interaction from

hypernuclear structure



Constraining the YN Interaction through Hypernuclei

e Binding energy e Lifetime

3., Dalitz et al (1966) 1

3 + 3 + - Congleton (1992) - - A. Gal (2021)
H A O He A (a) AH - Kamada et al (1998) (b) AH
Gal et al (2019)
average --- Hildenbrand et al (2020) average
VoA A

097 +0.13 + 0.12 == STAR (this analysis) |
- i _ i _ v 5 '[@] STAR (this analysis)

1.13 £ 0.06 + 0.14 + s ALICE (2019 |
. 1 I 016+ 0.14 £+ 0.10 ik STAR (2018) | == HypHI (2013)

-1  t | |
= ALICE (2016) & H. Outa et al (1995)

== HypHI (2013) 1
|/ ] EP S. A ko et al (1992)

1.09 £ 0.02 1.41 £ 0.003 == STAR (2010) 1k e
' |—e G. Keyes et al (1973) —® Phillips, Schneps (1969)
v | G. Keyes etal (1970) Y. W. Kang et al (1965)
o-f— | Ll $0.16+0.14 +0.10 —o— 1| G. Bohm et al (1970) | |

2.22+0.06 +0.14 0* ¥ 1t Le 5 Philips, Schneps (1969) 1 rrem. Stenberg (1964
238 + O 1 3 + O 1 2 i E ° G. Keyes et al (1968) | —®—— i i N. Crayton et al (1962)

iH | iH e ; ; Prem, Steinberg (1964) : :
| | L1 1 IE EI | | | I I | | 1 1 1 | | I I | | | 1 1 1 El i LI 1 | | I I | | | I I | | | I I |

BA (|\/|eV) 100 200 300 400 500 100 200 300 400 500

Lifetime [ps]
STAR, Phys.Lett.B 834 (2022) 137449 STAR, Phys.Rev.Lett. 128 (2022) 20, 202301

e Can the production yields and flow of hypernuclei in heavy-ion collisions tell
us anything about the YN interaction?



Hypernuclei Production Models in Heavy-lon Collisions

e Particle yields predicted with thermal equilibrium assumptions

e Chemical freeze-out temperature Tch
® Baryo-chemical potential LB

® \/olume V

® Strangeness correlation length rc

Thermal

* Formed by nucleons (and hyperons) which are nearby in phase space
after kinetic freeze-out

e Formation probability given by overlap b/w:
® Nucleon distributions at freeze-out
® Nuclear wave function

Coalescence

AH . ?\H production is the ultimate test:

Proton SHe

R~0.8fm R~2fm

~10 f i It] |
yg e Thermal: insensitive to size of ?\H

:) e Coalescence: yield suppressed
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"~ Relativistic Heavy lon Collider (RHIC)

A o Located at Brookhaven National Laboratory

e STAR+sPHENIX (currently running)

e Collision species (p+p, p+Au, Au+Au, ...)
e Collision energies (vV*~=3-200 GeV for Au+Au)



The STAR (Solenoidal Tracker At RHIC) Detector

EEMC § Magnet MTD BEMC TOF TPC iTPC EPD

* Solenoidal magnet 7 anmiin\ §
with 0.5T uniform field 7 4 I S

* [Ime projection /| 14
chamber (TPC) iy

. Time-of-flight L g
detectors (TOF) T 3 «

* Electromagnetic :‘\ Y

calorimeters (BEMC, Y
~

EFEMC) |
- Large acceptance iTPC, EPD & eTOF upgrades

- Excellent PID with uniform completed

efficiency ': All are 1n data-taking for BES-II
- Modest rates LB program

11



Beam Energy Scan (BES)

« BES-I (2009-2011)
 Au+Au collisions  /syn = 7.7-62.4 GeV
e Search for onset of deconfinement
e Search for critical end point

« BES-II (2018-2021)

» High statistics Au+Au collisions
SNN — 3'544 GeV

* Fixed target (FXT) collisions
extend energy reach down to
3 GeV

e Search for possible formation
and investigate properties of
dense baryonic matter
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KFParticle Package

Initial 1st daughter k-th daughter all daughters  final

X. Ju, et al, NST 34(2023)10,158

-

-
-
-

rOa QJ r1i3 qi rkia GJ - rnia Qi rn’ qn

N ® e @

Decay vertex ¢

Production vertex

N iterations

 KFParticle: a Kalman Filter package for secondary vertex finding and fitting

o Utilize information from error matrices to improve signal significance
— Important for rare signals

13



f\H, “He f\He

Mass number 4 5
Constituents pnn/\, ppn/\ ppnn/A
Excited states 4 H4AeH(1(1)LE4ﬁ|He§8; :; /

A bi”‘zli\r/‘lgve)”ergy 0.163+0.036 e o 3.12+0.02
Rms radii (fm) 4.332 1.809, 1.810 1.509

J. Zhao et al., arXiv:2508.05814

SH

f\H: Characterized by loose

<ran> ~ 10 fm
/O binding and large radius



Particle ldentification (PID) and Reconstruction

%1 03 STAR collaboration, PRL 128(2022)20,202301
BACS-SRARY! KEAREAN sRna ey 2F = 3 .
L Electron ',. ‘.‘ . \ e Au+Au 3 GeV 107 - AU+AU CO”|S|OnS X1O
l A s . Y [w=3GeV 6
|- Proton = 1.5170-50% centrality S
- == Deuteron _ D - Q
. ---Tritf)n == 105 2 - O
gE) Helium3 = ) 1-_ 3H
-~ - - Helium4 = : -
E 10 [ - Heliums = 10° g I (a) A 298  3.02
< - I m[GeV/c?]
S —= 10° 9D 0.5F +++ -
T = % I ++ ++ +
O ++++++++ +-+WM.{ - .+ﬂ ? $ +++ $
O op M T i g '+"+'+'+++++;;'++‘+
L L t . |+$ Lt
2.98 3 3.02 ,
4 45 2 25 3 35 m GeV/c
p/q (GeV/c) “Her [ ]
« TPC ionization energy loss used for . Reconstgucted \gia weak decay
PID of daughter tracks channel \H — "He + 7~

Combinatorial background estimated
via track rotation method

15



HypernUCIei Yields at 1 /SNN=3 Gev STAR, Phys. Rev. Lett. 128(2022)20,202301

® Au+Au 0-10% (STAR) 0107k —
. . . . . g —0O Pb+Pb0-10% (ALICE) ¥ [ ——
* Hypertriton yield per participant is significantly = | (sw=30Gev
enhanced at 3 GeV relative to LHC energies 2"
x
Establishes low energy heavy-ion 0
collisions as a promising tool to study < [@h e -
eXOtIC Strange matter %, j Clzlelnltral Alu+Aiul flr? ——
2 — e 1
— (Coalesc. =
 Thermal model T I S N Coalesc. (DCM) &
) Thermal £
° Strangeness correlation length from o PRAMD X107 - nnnnnnninss
educated guess only 100 S T L
A. Andronic et al., Phys. Lett. B 697(2011)203 (update, preliminary) i "{\‘ 4 B.R. (,H—>"He+n)
; (b)) "H
» Coalescence model 104 - oA
* Huge difference using different methodologies 10 100 1000
J. Steinheimer et al., Phys. Lett. B 714(2012)85 m [G eV]

H. Liu et al., Phys. Lett. B 805(2020)135452
V. Kireyeu et al., Bull. Russ. Acad. Sci. Phys. 84(2020)957

 Robust conclusions on the microscopic production mechanism require tighter
control and systematic validation of the coalescence approach

16



V. Vovchenko, et al, Comput. Phys.

Nuclei-to-Nucleon Ratios Commun. 244 (2019) 203

STAR, Phys. Rev. Lett. 128(2022)20,202301
STAR, Phys. Rev. Lett. 130 (2023) 202301

107" = 3 E

= 0-10° = - Central Au+Au =

= 0-10% Au+Au . SNy -~ Thermal-FIST N

102 - ---- Thermal-FIST — 107 © STAR —

O - %@5\\ @ STAR 1 6 £ e d/p O STAR preliminary =
e = 0 O STAR preliminary 1= - o S-. &.ae -
C 107 = 0 (B.R. = 25%) 3 ©10°F 8.9 g ~
O F o4 ® . o T o
S0t AF/A ® 3 £10°F o =
E E @ ®\\‘~~\ E E E 3H / E
N O e - N ® . e -

O 10_5 = —; 0 10‘4 =5 © @\é\\\ p =
- - - & -

10°E = 10°F ST

- l l l l L1 1 | l l l l l L1 1 | l - - 1 1 1 1 L1 1 | 1 1 1 1 1 L1 1 | 1 -

10 10° 10 10°
Collision Energy \s,, (GeV) Collision Energy | s, (GeV)

» Effects of strangeness correlation length and volume are cancelled in yield
ratios in thermal model

« Thermal model describes deuteron well, but overestimates both f\H and “He

17



Data-Driven Semi-Analytical Coalescence Model

d3N3H
« Define B3(?\H) as ratio of hypernucilel Eiy d%AH p and A\
yields to the product of constituent yields: B;(H) = — dsNA — vields from
<E : ) (En d3 : ) (En d3p,/\\ ) data

p d*p,

* |n the Wigner-function coalescence formalism (ignoring momentum dependence
Of the nUCIQOn Source): F. Bellini et al., Phys. Rev. C 103 (2021) 014907

N Au+Au

3 25+ 1 6| 13 3 2 T
~~ -+ 3GeV 05020 GeV
B3(AH) ~ m2 (ZSN + 1)3 (27[) Jd Fand r ‘CI)?\H(rpn’ rA)‘ - 6:_ ,:_1756(2\/\/ %J%]
Nuclei wave Nucleon = f - wseev /
function source 3 [ -erce bt
] ] ] v ¢ 39GeV joa
« Assume an isotropic Gaussian nucleon source: s 'l reacoy @;ﬁ?
it + 373 T b il
$3(r1p, 13) = exp 3 P N~
(1222R% )3/ 4R2 R
12_ ------ Fit: R, = Ax (dN_/dn )" + B
e R. . is estimated using deuteron data vietal, arxiviasio.o67ss T T

3 _ . o Charged-particle multiplicity ( dN_ /dn )
« No free parameters for AH once wave function is specified

18



The Hypertriton (3AH) Wave Function

o ?\H: loosely bound hypernuclei
(B, =0.163 = 0.036 MeV)

3
4 rz%zn - 7’%\2
® (Gaussian: CI)gH(rpn, ray) = e “bpn 303
A 3n2b2 b2
pn=A
op=7.2Im F. Bellini et al., Phy. Rev. C 103 (2021) 014907
_=
. 0%
q- T Ox

o 2'b0dy mOdel Of ?\H J. Congleton, J.Phys.G 18 (1992)339-357
(O, ay) = (1.17,0.068)fm™!

e 3-body effective field theory
Oy, ) = (2.5,0.068)fm™!

Wave function of the ?\H remains Is an active field of research

YHL et al., arXiv:2510.06758

N —— Congleton (3-body EFT)
0.12- —— Congleton (2-body)
- —— Gaussian
0.1
0.08
0.06
0.04/
0.02f
O|||||||||||||||||||||| P
0 5 10 15 20 25

F. Hildenbrand, H.-W. Hammer, PRC 100(2019)034002

ryn [fM]

30

J. Zhao et al. arXiv:2508.05814 (2025)
Z.Zhang et al., arXiv:2508.03575 (2025)
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YHL et al., arXiv:2510.06758

Comparison with Coalescence: Nuclel o i o e

Commun. 244 (2019) 295
STAR, Phys. Rev. Lett. 130 (2023) 202301

1 — —
- Central Au+Au Coalescence =
C o --- Thermal-FIST _
- - O STAR prelimi =
o C &g d/p preliminary =
— 5 - O @\@\@@ —
£107¢ =--0__op =
q) E _________________ ... E
O 1n3 L _
£197¢F o .
(O B H / —
u © _ e _

Q. P
107 & “eg--.. —
— @“\\\ —
107 -
: | | | | | | 1 | | | | | | | | 1 | | :

10 10°

Collision Energy |'s,, (GeV)

® Coalescence gives a reasonable description of the nuclei-to-nucleon data



Comparison with Coalescence: Hypernuclei

107'E =

- 0-10% Au+Au -

102 = 6 ---- Thermal-FIST Coalescence —

o = u% @ STAR Congleton (2-body) =
= - D O STAR preliminary Congleton (3-body) -
Q ‘IO_3 = VR . (B.R. =25%) Gaussian IE
Q E 3 @ E
O 041 _
Syoef SHIA® o
E — @ & Z
T T - -
10 55_ e TH
10° E

: | | | | | | 1 | | | | | | | | 1 | | :

10 10°

Collision Energy |'s, (GeV)

0.12

—— Congleton (3-body EFT)

ra. IcI>(rdA)I2 [fm]

i —— Congleton (2-body)
- —— Gaussian

0.1

O
o
©

O
o
»

-
o
~

ryn [fM]

YHL et al., arXiv:2510.06758

V. Vovchenko, et al, Comput. Phys.
Commun. 244 (2019) 295

STAR, Phys. Rev. Lett. 128(2022)20,202301

e The Gaussian wave function underestimates ?\H/ /\, while the Congleton wave
function provides a quantitatively consistent description

IIIIIIIIIIII|III |
0 5 10 15 20 25

30
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Strangeness Population Factor S3

“H

3He)(%

‘S3:

® Coalescence using Congleton wave

function describes 55 across different
energies/systems

e Suppression of ?\H relative to “He due to

coalescence mechanism confirmed by
data

S, provides sensitivity to the short

distance behavior of the ?\H wave
function

compares ?\H oroduction to *He

S, (stable nuclei)

1

0.8

o o
~ o

O
N

STAR, Nature 2024(2024)77
ALICE, PRL 128(2022)252003, PLB 754(2016)360
Thermal: V. Vovchenko et al., CPC 244(2019)295

UrQMD+MUSIC coal.: K. Sun et al., PLB 820(2021)136571

ana. coal.: F. Bellini et al, PRC 103(2021)014907
YHL et al, arXiv:2510.06758

STAR preliminary B.R.( i H—3He+ ") = 25%
° Au+Au (\sy, = 7.7-27 GeV, p_/A > 0.4 GeV/c)
® Zr+Zr/Ru+Ru (|sy, = 200 GeV)

— O Au+Au/U+U (|/s, = 200 GeV) -

4 Pb+Pb (\s, = 2.76 TeV)
O p+Pb (\s = 5.02 TeV)

Analytical coal.
Congleton (3-body)

.
.
.
.
.
.
.
.
e®
.
.
e®
.
.
------
a
pu?®
nunt®
mnun®
pu?®

UrQMD+MUSIC+coal. Congleton (2-body)

---- Thermal === (Gaussian Gaussian
I I I L1 1 I| I I L1 1 I|

10° 10°
Charged-particle multiplicity ( dN_ /dn )
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https://arxiv.org/abs/2510.06758

Energy Dependence of Mean Transverse Momentum

2.9

- Au+Au 0-10% collisions STAR preliminary

- Mid-rapidity

i ®

_ o g1

i B

- Data Coalescence

~ @ H  Open: published °H Blast-wave

~ [éA Closed: preliminary ~--proton T <|3>

- mproton e AT, ([35'

i I I I I I I I | I I
3 4 567 10 20 30

|y (GeV)

e Hydrodynamic-inspired Blast-wave
model: assumes particles are emitted
thermally from an expanding source

with common Tkin and (/)

® Vary mass to construct blast-
wave predictions using p or A\
freeze-out parameters

Deviation from blast-wave picture

observed for ?\H particularly
below 7.7 GeV

® Coalescence provides a reasonable
description of the energy dependence

of (Pr)
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J. Zhao et al., arXiv:2508.05814

?\H f\H, *He
Mass number 3 4
Constituents pn/\ pnn/\, ppn/
Excited states / 4 Hi'*ﬁ“)i}%ﬂﬁi :;
A bi”‘zli\r/‘lgve)”ergy 0.163+0.036 e o 3.12+0.02
Rms radii (fm) 4.332 1.809, 1.810 1.509

Binding energy
dependence of

hypernuclel production

n
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Hypernuclel Reconstruction with 3-body Decays

4 3 — 5 4 _
\He - "He+p+n “He - "He+p+ax
N 1 ><1IOSI | | | | | | | | | | | | AN X103
¥ NV Yingjie Zhou, QM25
§ —— Same-Event (SE)  Au+Au 3.2 GeV § 0'6__ - Same-Event (SE) Au+Au 3.0 GeV
= —— Backgrounds (RT) 0-40% 4 = | —Backgrounds (RT) 0-40%
i ) o o SE-RT
3 4+ SE-RT OIS ++ _
Q +He signals = 451+46 g.-*ﬁ o] 0.4_— 5He signals = 73145 % 10
S5 A | :
= 0 S s | 1.0<p_<5.0 ¢ ¢ 3
pP_> L FPE . @) U<P_<0. ® +$
& 1 5<y<0.0 .- ] | -1.0<y<0.0 ¢+¢++++¢ ”ﬁiﬁi
* - ot *
* i
«® B rYY
g & <% ®
0 m;mﬂ |¢¢+_‘Ir OL eessesden ¢ _t“Q_LT'L*H.H» o
' ' | ' ' ' | ' ' ' | ' ' ' T | | | | ‘| | ¢| | | |+ T | | | +| ¢|++ 466 468 47 47
3.9 3.92 3.94 3.9 4.8 4.82 4.84 4.86 4.88 Meyep [GEV/CT]
M( 3Hepﬂ:') (GeV/c?) M(*Hepr) (GeV/c?)

® The 3-body decay phase space reflects the underlying decay kinematics and
final-state interactions

® Embedding simulations are weighted to reproduce the measured kinematic
distributions, ensuring realistic efficiency corrections

25



Hypernucleil Excitation Functions

® As the mass number increases, the
discrepancy with the thermal
model decreases

Larger survival probability for
more tightly bound
hypernuclei?

® Coalescence with realistic Wigner
functions for A>3 hypernuclel is
crucial to interpret the data

STAR, Phys. Rev. Lett. 128 (2022) 202301
STAR, Phys. Rev. C 102 (2020) 34909
STAR, JHEP 2024 (2024) 139

Au+Au 0-40% collisions

A
STAR preliminary

T
_ % “\;“\H(x4)
. Thermal-FIST (SCE)
[ 7. 3He O Published
= ‘ ® STAR preliminary
- I I I I I I I | I I I I

3 4 567890 20 30 4050

Collision Energy \s,, [GeV]
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Excited-State Effects in Hypernuclei Production at  /syn=3 GeV

0.04 —
- -10% . 2 _
_ Au+Au 3 GeV 0-10%, lyl<0.5 . 520.6—AU+AU m_s_@. (:;ev
i Thermal-FIST A = x b 0-40%, mid-rapidity
EJ u B —— With iH* feed down B % I STAR Preliminary
S 0.03— || e no tH* feed down | >
ZC - O , 5
= - T 4 TH(1 +):j‘\H(O+) +y 0.4-
% L A/p AHe*(1+)— " He(0*) + ¥ = 515
£ 0.02( _ AME
2 n
> 3 3
Zc : AH/ He lllllll Yoo
- i 0.2
0.01— ® STAR . - Thermal-FIST (CE)
| Assuming B.R.("H — - — With 5He feed down
_53(4) 1 )=25% A
I e R - = No He feed down
| | | | | | | | | | | | | | | |
O | l | l l l l | l l l l | l l l | | l l O
1 5 3 4 4.8399 4.84 4.8401

2
Mass number A Mass (GeV/c?)

 Non-monotonic trend in hypernuclei- ¢ Possible feed-down from
to-nuclei ratios can be explained by ;OHe —>/5\He +y
eXCited State feed -dOWl‘I J. Johnstone et al., JPG 8, L105 (1982)

Excited
hypernuclear
states play a
crucial role In
accurately
modeling
production
yields
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Rapidity Dependence of Hypernuclel Production

o Significant hypernuclei

proplgction near target 1C—: 15__Au+Au @0203.5 GeV [o ?\H 1C—: - Au+Au @O:/OS.O GeV 12 iHe
rapldlty _\g\ - Ytarget = -1.25 @ f\H '\O; L3 Ytarget = -1.095
S~ — 4 SN~ —
S | " AHe | 2
Spectator matter 10
plays an important j I _ !
role in hypernuclel : o 0.5-
production ol : +
® _target
« Not “thermal”-like - -
- STAR Preliminary STAR Preliminary
® COalescence O | l l l | l l l | l l l | l l l | l l l | l l l | l l l | l l l | l l l | l l l
-1 -0.8 -06 -04 -02 0 -1 -0.8 -06 -04 -02 0
* Multifragmentation Particle Rapidity Particle Rapidity

Liquid-gas phase transition in hypermatter

Phys.Rev.C 76, 024909 (2007)

® More differential measurements underway!
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Mean Transverse Momentum (pr) at . /sy =3 GeV

0.5

Au+Au \s,, = 3.0 GeV
0-40% (lyl<0.5)

| STAR Preliminary
I ‘He .~ ¢
B Ol 4
_ He
A 5
_ * ArHe
: o *H
__ y E:Z/I,//
LA
: /
_ /A O Published === proton T, (ﬁT)
I ® STAR preliminary = A T, (6.}
I I | I I I I | I I I I | I I I I | I I I I |
1 2 3 4 5

Mass (GeV/c?)

STAR, Phys. Rev. C 110, 054911 (2024)
STAR, Phys. Rev. Lett. 128, 202301 (2022)
STAR, JHEP 10 (2024) 139

® \/ary mass to construct blast-wave
predictions using p(/A\) freeze-out

parameters > A
(Br)(c) 0.33

Tkin (GeV) | 0.065 0.076

® | arger deviation from blast-wave ansatz
for heavier (hyper)nucleli

(Hyper)nuclei do not follow the
same collective expansion of the
bulk matter



Mass Number Scaling of Directed Flow at  /s\n=3 GeV

o Mid_ramidi |
Mld raplc{lty v1 slope of nuclei increase L AUHAU (5. = 3.0 GeV
linearly with mass number A " 5409
1.5 ° ,
" STAR Preliminary e
e Hypernuclei vi slope compatible with - L;;sto":"’“ At
- _ o —  EEE N
A\ atomic mass number scaling R L A T ATS
3 H?, \He
S e
® In the coalescence picture, nuclei ° | &3y
inherits flow from constituents 0.5 o
I % () Published
N @ STAR preliminary
A scaling of v¢1 qualitatively 0—6....4....2_...&....!1....&.
consistent with coalescence at Mass Number (A)

mid-rapidity

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



Summary

® Hypernuclel yields provide experimental access to their internal structure,
and models that ignore this cannot describe the data consistently.

® Thermal model works reasonably well for A=4-5 hypernuclei, but fails for the

loosely bound hypertriton (?\H).
® May be due to stronger binding and larger survival probability in the hot medium

° ?\H production is sensitive to its internal wave function. In a coalescence approach:
® (Gaussian ansatz falil
® More realistic (Congleton-type) wave functions describe data

° ?\H vield provides experimental access to its internal structure and subsequently
the YN interaction

® Directed flow and mean transverse momentum measurements support the
coalescence picture

e Excited hypernuclear states and spectator matter play a crucial role In
hypernuclel production

31



1H O
Outlook D

GSI/FAIR @ Darmstadt, Germany HIAF @ Huizhou, China

':‘.5?\-’ D

Compressed Baryonic Matter ////\\Q\

Y ——— -

B

F A I R 1: Time-Zero Detector & Beam Diagnostics 5: Ring Imaging Cherenkov Detector —
2: Silicon Tracking System / Micro Vertex Detector 6: Transition Radiation Detector
3: Superconducting Dipole Magnet 7: Time of Flight Detector

iI== 1
4: Muon Chambers 8: Forward Spectator Detector

* AA interaction: key missing ingredient of the hyperon puzzle

A = 5: onset of possible A\ binding

* AN hypernuclei searches at HIAF & GSI/FAIR access to AA
iInteractions




Thank you for listening!!



Strangeness Population Factor

1
 STAR preliminary B.R.( i H—3He+ ") = 25%
- [0 AutAu ((s = 7.7-27 GeV, p_/A > 0.4 GeV/c)
- @ Zr+Zr/Ru+Ru (\sy, = 200 GeV)
0.8/~ O Au+Au/U+U (|s, ~ 200 GeV) A
@ Pb+Pb (s =2.76 TeV)
—~ - p+Pb (s, = 5.02 TeV)
)
O 0.6/ e ®
- B R —
- _ -
s [ 9 oo,
e
U) [ L . +<*> | L]
N B M "
lop) =l
(D B L1 (#) + L
0.2~ e
C e Analytical coal.
T e Congleton (3-body)
0 UrQMD+MUSIC+coal. ~ Congleton (2-body)
- ----Thermal == (Gaussian Gaussian
I I I I | I | 1 1 I | |
107 10°

Charged-particle multiplicity ( dN_ /dn )

ALICE, Phys.Rev.Lett. 128(2022)252003

(Thermal) V. Vovchenko, Phys.Lett.B 785(2018)171
(Coalescence) K. Sun et al, Phys.Lett.B 792(2019)132

Bracket:

syst. unc. —____

Line;
stat. unc.

oD
U

L1

Upper edge of box:

S, value corrected

for feed-down from
thermal model

Lower edge of box:

S5 value uncorrected
for feed-down

Unstable nuclel production are
suppressed relative to stable nuclel

The true value of 55 (stable nuclei) very
likely lies between the upper and lower

limits
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(Ditzel (ALICE), QM2025

X10£|

~

b

ALICE Preliminary -
¢ Run 3, pp Vs=13.6 TeV -
Run2,pp Vs=13TeV 7

—— SHM, Vc =1.6dV/dy -
Coalescence, 2-body -

(chh/d n)

n]<0.5

P+P @ \/E =13, 13.6 GGV/

-

D. Li (STAR), SQM2024
MUSIC + UrQMD + Coal. (Zr+Zr 200 GeV)
Thermal-Fist (Zr+Zr / Ru+Ru 200 GeV) B, = 0.42 MeV (STAR 2020)
V. = dV/dy

""""""" B, =0.164 + 0.043 MeV (World average)

""""""" Ve =3 dVidy B, = 0.102 MeV (ALICE 2023)
0.4 (e) ® Zr+Zr / Ru+Ru 200 GeV ]
E RN NN N N -\-\;\/-\q\;q;l;\/.\. N -
_ NSO L e b A i
-?_—’ 0.3 STAR Preliminary -
CY) e ] -
~ i H
T 0.2 H B‘ —
M < : i y
0.1_— / —

~ 100
Charged-particle Multiplicity chh/dn

dN.,/dn ~ O(100)

Qu/ZHRu/Zr @ . /syy = 200 Gey

System Size Dependence at High Collision Energies

ALICE, Phys.Lett.B 860 (2025) 139066
-.= Coal. B, =420 keV (STAR) == Coal. B, = 164 = 43 keV (Ave.)
Coal. B, = 102 keV (ALICE) SHM

O L S Y B ) N B
q) - ]
ogl: - ALICE Pb-Pb
~ 0o ®\s = 5.02 TeV -
o§|:< - ®\s,\ =276 TeV ?
B NN = <
0.4 _
o T ]
o2t uE
n H/ _
0.1 —
°"H—3%He +n B.R.=0.25
oo b T

500 1000 1500

(dN_ /dm)

Inl<0.5

Pb+Pb @ . /5, = 2.76, 5.02 TeV

\ dN.,/dn ~ O(1000) J

Small systems

»  Large systems

« Across all systems, thermal model overestimates ?\H production
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Nuclei Production at the LHC
d/p 3He/ P t/p 4He/ D

-3 - - ><1O -
AN X1O 1 1 IIIIIII 1 1 IIIIIII 1 UL A16X1O 6 A16X1O 6 %—50 ALICE -

o oY N o'l d " e 0-10% Pb- Pb\/i 5.02 TeV E
+ ALlCE 1 + 1k + | p- Pb v = 5. 02 TeV 14 5 Thermal FIST CSM T oh = 155 MeV 1 45: 0-10% PbPb \s... = 2.76 TeV _
Q T pp, Pb-Pb:lyl <0.5 12 T pp, ¥s =13 TeV, HM _ : Q_1 4: V= 1. .6 dV/dy 7 40F- | 0-100% p-Pb V'S = 5-02 TeV (upper limit 90% CL) =
gl : ' - — I 1 ™ [ UrQMD Hybrid Coalescence ) ~ Analytical coalescence CSM 155 MeV ]
~ - p—Pb -1 <y<0. 41 ~ 12_ PP, fs=13 TeV B 12_ Pb_pP T _ N p-p-n-n —— V., =dV/dy .
o 4l : | @ : 7 Tev 1+ : b-Pb 5.02 TeV ] 35:— d-p-n - ¥C = :1366\(/1/\d//dy —

N ﬁ“ i * c%l: ! b 1o=r7¢ /ﬂ.—— {1 N, AF Coalescence - - —dd — Vo= y
B - 1 O._ pp E — 5 TeV I __ 1 O__ __ 30_— 3He'n _]

— Al - ! ; - ; Two-body - - — Hp .
. 8 - Im E E E 8 - Thres-body - o5 UrQMD hybrid coalescence =
i ) i | i i 20:_ 7
oF f ]l _ 6 :/ﬁ— . 6 1 7
4t : ; : 15 =
' O | Pb-Pb, 5, =276 TeV | 4r ; 4 : 105— =
- m | Pb-Pb, {5y =5.02 TeV | 2 - o 1 E
O | | IIIIIII | | IIIIIII | | IIIIIII | L L1lll OM‘IIIII | | IIIIIII | | IIIIIII | LLL1ll O: LLLLlll | | IIIIIII | | IIIIIII 1 1 IIIII: E I I L IIII| | | L IIII|
0 10 10 1 10 10 10 1 10 10 10 (dN /dn >
dN /d N /

< ch nlab>ln |<O.5 <d ch dnlab>ln |<O.5 <dNCh/dn|ab>|T] |<0.5 ch lab |77 | <0.5

o A=2,4: fairly well described; A=3 nuclei: strongly overpredicted
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Semi-Analytical Data-Driven Coalescence (arXiv:2510.06758)

« Use deuteron data to estimate R, . for BES energies

» Calculate B2 as function for pT and centrality using data

. 2(2s;+ 1) \ ,
 Use coalescence formula with Argonne  B,(d) ~ 5 Y d°r|® (r)|” &H(r)
vis wave function to obtain R, m (Zsy + 1)%(27)
VNS " 5F AutAu 3GeV & 77GeVi  115GeV:
- . SSCEIZV D5ZN2N0 GeV % 4 [ estimated from B, 1 1 '
- < 7.7GeV . — o UrQMD T T o
€ 6: 11.5 GeV %} + § 3k 3 + Od'? T o
«= [ -145GeV [} o 5 % 1 o? ?o°
2 S «19.6 GeV S 20 g o 1 b %
& [ +27GeV 4 '} > © +
E 4_— * 39 GeV ﬁq ﬁ 1_ —+——++H E HHHHH—— i i HH
S  «62.4GeV eI o : | | |
% -« 200 Geev Hﬁ’?k <'é or 14.5 GeV 19.6 GeV ' 27 G@eV
5 s —& 45 0 @ o
o _{.J#j?j:{w .= ®® © ‘ ;
2__ “}*ﬁ‘* I 3 [ | Cl) o 0] + o o9 b c|) o o®
i + D._ 1/3 2 ’ * N
e Fit: R,,, = Ax (dN_/dn )™ + B
:l |||| | | | | IIII| | | [ 1 IIII| I l 1_ il el o ad T il oy il Coraacnnd Ty 0l Coy ol I EETIT
10 10° 10° 10 10° 10° 10 10° 10° 10 10 10°

Charged-particle multiplicity { dN ,/dn ) Charged-particle multiplicity ( dN_ /dn )



