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e Hyperon: A baryon made of = 1 strange quark (e.g. A, E, Q etc)
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A Hyperon

The A hyperon is the lightest strange baryon and was first detected in 1947 in
cosmic-ray experiments

o Lifetime T: ~10-19 s instead of the expected ~10-23 s (typical
A timescales of strong interactions), this unexpected behavior led to
0 0 the concept of "'strangeness";
o  Mass ~ 1.1156 GeV/c?, charge =0, spin = 1/2;
e Hyperons are produced through strong interactions (strangeness
conserved), but decay through weak interactions (strangeness not

conserved);
Their long lifetime allows them to be bound inside nuclei and form

hypernuclel;
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Hypernuclel

* Hypernuclei: bound system of nucleons with one or more strange baryons (e.g. /1, £ etc)

Y Boty B S « Strong interaction binds A:

o dogu . « Attractive A—N interaction;

\Pmtor! N/e utmn/ A\pamlde « Effective A potential ~ -30 MeV;
« Many bound hypernuclei have been observed;

« \Weak decay — long lifetime:
e T,x1010gs;
Normal nucleus A hypernucleus * No Pauli blocking:
— « /A is distinguishable from nucleons;

« Can occupy new guantum states;
» Can penetrate deep into nuclei;

A hypernucleus is a “laboratory” to study hyperon-nucleon
(YN) and hyperon-hyperon (YY) interactions;

Ordinary nucleus With a strange particle

H. Bando, PARITY 1, 54 (1986)
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Discovery of Hypernuclel

 First hypernuclear event observed in a nuclear emulsion by Marian Danysz and Jerzy
Pniewski in 1952

Incoming high energy cosmic ray (proton)

Collision with the nucleus

Nuclear fragments that eventually stop in the
emulsion

One fragment containing a hyperon
disintegrates weakly

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

Chenlu Hu 5



History of Hypernuclel

 Hypernuclear identification with visualizing
techniques emulsions, bubble chambers

In 1989, the postmark designed on the
basis of the first hypernucleus
observation was used for the 20th
International Physics Olympiad at the
Warsaw post office number 64

i (RO00WY o,

Vo ,,—‘. \/'f ("C) T .
<."‘ ) - \\\\‘ 61.21'{ ' -
;. 5 B‘—_LZ“‘*\ S\ —__ 6T«
s . 2 First discovery of the negative xi anti-
'y ] . .oy . .
L5 particle (antixi ) in the liquid hydrogen

nuclear emulsions bubble chamber
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History of Hypernuclel

» Hypernuclear identification with visualizing

fesd == il techniques emulsions, bubble chambers

In 1989, the postmark designed on the
basis of the first hypernucleus

?btsew?ion ;’V;ﬁ used g:r the.zgtht h « First double A hypernucleus discovered in
Vr\]/aerrsr;a\t\,l%r;it Of%/i:fzumf:rpéz e a nuclear emuclsion irradiated by a bean of
K- mesons at CERN (Y'Y interaction)
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of a double-A hypernucleus of
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Danysz et al., CERN nuclear emulsion experiment (1963)
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History of Hypernuclel

» Hypernuclear identification with visualizing

fesd == il techniques emulsions, bubble chambers

In 1989, the postmark designed on the

basis of the first hypernucleus S

(I)btserv‘?'on I‘N;ﬁ Used (1;<7:r the_zgtht " e First double A hypernucleus discovered in

Vr\]/aerrsr;a\‘lv'%r;it Of%'i:fzumf:rpéi arthe a nuclear emuclsion irradiated by a bean of
K- mesons at CERN (Y'Y interaction)

» Spectrometers at accelerators (CERN, BNL,
1970 -> now KEK ..): (K=, m7) and (z+, K+)
production methods

4 hYS
Strangeness exchange: (BNL, KEK, J-PARC) || Strangeness exchange: (BNL, KEK, J-PARC)
(replace a u or d quark with a s quark) (produce a SS pair)
{K—+AZ—>ﬁZ+n—] [n++AZ—>ﬁZ+K+]
wh. Wi y ALY Bl
- ; 9 0 % U — e u - U—— e u
& DENAR MIESZKA I. Rewers {-M H,_H;$ D SRR K {g’ .............. (lib} ™ at {d ________ §}K+
F (R P 5 (] m— e e s
n {d --------------- d } A || n {d --------------- d } A
U—————— e U U ——— wrmmmmrmnsmnne u

Chenlu Hu 8



History of Hypernuclel

» Hypernuclear identification with visualizing

fesd == il techniques emulsions, bubble chambers

In 1989, the postmark designed on the

basis of the first hypernucleus S

?:tsiavatmnn I‘N;ﬁ Used g.-:r ::e.zgtht " e First double A hypernucleus discovered in

Waersaa\L/vI%oit Of%igczum%erpéi arthe a nuclear emuclsion irradiated by a bean of
K- mesons at CERN (Y'Y interaction)

» Spectrometers at accelerators (CERN, BNL,
1970 -> now KEK ..): (K=, m7) and (z+, K+)
production methods

» Stopped kaons at DA®NE (FINUDA):
(K=, 7)
ol Mifefloa 48505k After 2000 New electromagnetic way: electron beam
Gu Uy _LODZ (e, e’K*) at JLAB & MAMI-C
» Heavy-ion Collisions
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Present status of A Hypernuclear Spectroscopy

A Hypernuclear Chart e -
'y Bi
o] (2005) - ]
2TAl| 2Al 208 py,
'.l' 13%La
1
o] o] oy |
e / Hypernuclei form a new
N BN SN r : :
] = dimension of nuclear structure
126 W3cl 14c ' aFe
A A A "
1
?\B 1%8 11B 1!2\8 s 40054 5;1\V Spectroscopic studies by
! A
7na | 8ra F0RA 10 £ (K,m)
ABe | ABe JiB AB; 2g (Kstop:™)
Kitop: 7
A L] o o ; (Ksiop )
1Hell SHe iHe/ ,7\He/ iHe/ D L e (7. K*) (e,e'K*)
3 4
H g emulsion (1, K*)
N /] data ‘

[Updated from: O. Hashimoto and H. Tamura, Prog. Part. Nucl. Phys. 57 (2006) 564]

e Techniques such as emulsion, y ray or strangeness exchange reactions used to study properties of hypernuclei
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Why Study Hypernuclel

Baryon interaction

4 p
NN interaction YN interaction
Abundant NN scattering Very limited YN scattering data
dat o Short hyperon lifetime
\ ata * No hyperon beams available /
Nuclear structure Nuclear structure
Normal and exotic nuclei Hypernuclei

* Nucleon—nucleon interactions are well constrained by abundant scattering data, while hyperon—nucleon
(YN) interactions are poorly known due to limited experimental data.

* Hypernuclei provide a unique laboratory to study hyperon—nucleon (YN) interactions (eg. binding
energies and energy level structures);
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From Hypernuclel to Neutron Stars

Hypernuclei — YN interaction — Dense matter EoS — Neuteron stars

e Neutron stars are one of the

| P =0.5py
/ densest massive objects in the
P = Pua universe;
., /p> o0, ° Mass ~ 1-2 Mg;

e Radius ~10-12 km;

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

r<13km
Relativistic electrons, nuclei_\

- r<12km —>
Neutron-rich nuclei, pasta phase,
unbound neutrons, electrons

Outer core r<10km
Neutrons, protons, electrons
and muons

A 4

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

non—stljante spin—3(12 A—resonarllces, eting o . - The properties of nuclear matter are
mesonic Bose condensates, color superconductin ase of quark matter . -
P =P 1 determined by the equation of state (E0S)

A. Sedrakian, et al., PPNP 131, 104041 (2023)
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Equation of State (EoS) and Neutron Stars

The structure of neutron stars is determined by the equation of state (EoS), which describes the relation
between pressure and density;

» Tolman—Oppenheimer—Volkoff (TOV) equation is the general-relativistic version of hydrostatic
equilibrium, to determine neutron star structure, the TOV equation requires the EoS as input;

P(r) P(r)
dP(r) G (p(r) + 7) (m(r) + 4zr’ > )
dr - 2 <1 _ 2Gm(r) )
rc?
» The equation-of-state (EoS), which relates pressure to density P = P(p) is needed to solve the
equation’ TOV + EOS N M_R relation - Mass distribution of neutron stars in binary pulsar systems
_ o ) 221 Massive pulsars observed recently:
» EOS depends on microscopic interactions:  ,,] « PSR 0740+6620 with M = 2.08 M, (Fonseca et al. 2021) A
i i « PSR 0348+0432 with M = 2.14 M, (Antoniadis et al. 2013) _[¢  *®
* NN interaction (well known); i ,_W -
: . %1.6— ¢ 7
* YN interaction (poorly known); : * + } +“_+¢ +¢HW +
. . 1.4 cossessdeeeed 00000
L4 YNN |nteraCt|On; g ..+0¢000¢~+-Q+.o-o‘o'+ *+ +

Chenlu Hu
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The Hyperon Puzzle

Hyperon puzzle: hyperons are expected to appear in the core of neutron stars, EoS’s with hyperons are
too soft to support massive neutron stars of > 1.5 M,;
P. Demorest et al., Nature 467 (2010) 1081

NANOGrav Collaboration, Nature Astron. 4 (2019) 1, 72 D. Lonardoni et al, PRL 114, 092301 (2015)
! J ! 2.8 D - - T T T T T
Nucleons omyyso
" PAL1 | o4 | PNM 2.09(1)Me
W - '
PSR I07a0gc0" - 2141010 (5 ‘/ PSR J0348+0432
2.0 i e o ) _0'09 2.0 R e N T e s s e e i e e e e ta oy
AN + ANN () PSR J1614-2230
g 1_5; ;O 161 pit > 0.56 fm~>
7 = 1.36(5) Mg,
g = 192t
sl AN + ANN (1)
' os | Pl =0.34(1) fm ™3
0.5f N
NN\ 04 | AN
Pt =0.24(1) fm™3
OO L 1 L 1 L L L 00 .......................
7 8 9 10 11 12 13 14 15 10 11 12 13 14 15 16

» Density dependent YN, YNN and YYN are essential inputs for solving the hyperon puzzle and constraining
theoretical models of the dense matter equation of state (EoS);
» Therefore hypernuclear experiments provide essential constraints on YN interactions and the neutron-star EOS;
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How to Produce Hypernuclei?

e Emulsion experiments
 First discoveries
o Cosmic-ray events
e Very limited statistics

e Accelerator reactions
» Precision spectroscopy
* Y-ray measurements
e Limited statistics

Strangeness exchange reaction

(K=, 77)

reaction

(nt, KY)
reaction

(e,e’KT)
reaction

e Heavy-ion collisions
* High baryon density
» Large hyperon production
e Many hypernuclei species

Heavy-ion collisions provide a unique environment for systematic and high-statistics studies of hypernuclei.

Chenlu Hu
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Hypernuclel Production in Heavy-lon Collisions

Time evalution of HICs Predictions from thermal and coalescence P20 ® | 77070 0TS
oMk °H %H ‘He SHe % He
final detected approaCheS 60 80 100 120 140 160

10°

Relativistic Heavy-Ion Collisions =
made by Chun Shen Kietic g 102
©

freeze-out

ol ALICE data + \‘l.‘:TAR data
«~3H, ZH od, d

= ,H < °He, *He
- iAHe = 4He, ‘He

10

|

x 'r“‘,g .._4!"

Hadronization ©w : ‘ 102 10" :
Initial energy |
density 1

i A———— -2 -2
¥ 10 :‘.‘ 10

|

102404 ®
.|

/

collision
overlap zone

R

10™

107
viscous hydrodynamics free streaming

collision evolution
t~0fm/c t~1fm/c T ~10 fm/c T~ 10" fm/c 100"

11 I| 111 | 1 1
2 3
10 10 10 /S (GeV)
C. Shen, Ph.D. thesis, The Ohio State University (2014) B. Donigus, Eur. Phys. J. A (2020) 56:280
A. Andronic et al, PLB 697 (2011)203

» Heavy-ion collisions create hot and dense baryonic matter

J. Steinheimer et al, PLB714(2012),85

« Abundant production of hyperons and nucleons favors hypernuclei formation 00 Q00 00
» Hypernuclei intrinsic properties (lifetime, A binding energy, branching ratio ...) Q () @ (p) o
» Hypernuclei production (spectra, yields, collectivity ...):
« Statistical thermal models AH 4H AHe
 Coalescence models In this work we use the STAR experiment at RHIC
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The STAR (Solenoidal Tracker At RHIC) Detector

EEMC | magnet | MTD | BEMC | TOF TPCc | iTPC | EPD

Fixed Target
z=2.01m

Yellow beam __

WEST

&
S2
5
39
35
32
3o

\sy (GeV)

3s

/\»* ]
l| L1 LI

—
o
w
T T T

A

T IIIIII|

AN
A

» Excellent particle identification
e Large, uniform acceptance at mid-rapidity

T

SRRRRR
O Eassansnnsnnsns
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Hypernuclel Reconstruction in STAR

Reconstruction schematic with the KF Particle
package

Hypernuclei reconstructed via weak decay
(2-body and 3-body)

Initial 1stdaughter k-th daughter all daughters  final

fo, Co rli, Cii rki’ cki - rni: qi Mns q]

Decay vertex ¢

Production vertex
\ N iterations /

Primary Vertex

iP=pi+p:
@® 4He

decay length «— /a1

dca of daughter +—» szrim

Primary Vertex

Decay Topology

Chenlu Hu

3/4 3/4 _
Nucl.Sci.Tech. 34 (2023) 10, 158 VH— 3 He +

SH(iHe) — d(®*He) + p + 7~

« KF Particle package shows a high quality of the reconstructed particles,
high effciencies, and high signal to background ratios
« a Kalman Filter package for secondary vertex finding and fitting
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Hypernuclel Reconstruction in STAR

35 Au+Au Collisions at RHIC
30 \/% =3.2 GeV

25

20

15

<dE/dx> (keV/cm)

10

-'-"-l'llllllllIIIIIIIIIIIIIlIIII

p/q (GeV/c)
« TPC ionization energy loss used for PID
of daughter tracks
» Hypernuclei reconstructed via weak
decay channels
» Combinatorial background estimated via
track rotation method
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Hypernuclel Measurements at STAR

Science
STAR Observation of
(RHIC) = antimatter anti-
SHand jH
?

Phys.Rev.C
SH lifetime (2
body and 3 body
decay)

!

—&D

Science 328 (2010) 58-62

Phys.Lett.B
3H and anti- H
production

!

Nature Phys.
SH and anti- 3H
mass difference and
the binding energy

!

Phys. Rev. C 97 (2018) 54909

Phys.Lett.B
Lifetime of 3H
and anti- 7 H

—&D

Phys.Lett.B 754 (2016) 360-372
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Phys.Lett.B
AHand {He
binding energy

Phys.Rev.Lett.
Lifetimes and

yields of 3H and
AH

Nature Physics 16 (2020) 409

Phys.Rev.Lett.
SH production in
p-Pb collisions

e

Phys.Lett.B 797 (2019) 134905 Phys.Rev.Lett. 128 (2022) 25, 252003 Phys. Rev. Lett. 131 (2023) 102302

Phys.Rev.Lett.
Directed flow v,
measurements of

SHand {H

Lo

Phys. Lett. B 834 (2022) 137449
Phys.Rev.Lett. 128 (2022) 20, 202301

Phys.Rev.Lett.
Lifetime and A
separation energy

of 3H

@

Nature

Observation of

anti- tH

@

Phys. Rev. Lett. 130 (2023) 212301

Phys.Rev.Lett.
Observation of

anti- tH and anti-
AHe

@

a&—

Nature 2024 (2024) 77

ALICE
(LHC)

@

Phys. Rev. Lett. 134 (2025) 162301
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Observation of hypernuclei and anti-hypernuclel

Science curentissie - Frstreleasepapers - wenive - aeuv | Ejrst observation of an antimatter hypernucleus at STAR

HOME > SCIENCE > VOL.328,NO.5974 > OBSERVATION OF AN ANTIMATTER HYPERNUCLEUS

@  RESEARCH ARTICLE f X W in

Observation of an Antimatter Hypernucleus

THE STAR COLLABORATION, B. I. ABELEV, M. M. AGGARWAL, 2 A 350 C !
Y. ZOULKARNEEVA | +382authors = Authors Info & 300 ;_
o 250
SCIENCE - 4Mar 2010 - Vol 328, Issue 5974 - pp. 58-62 E E
S 200 |
o) C
O 150
- o signal candidates
L _ rotated background 3
50F £ L---- signal+background fit
0 C \ . E
2.95 3 3.05 3.1

*He + 7 Invariant mass (GeV/c?)

140 ——
120 F
100 |
80|
60 [
awof
20F

e signal+background fit E
1

ok : :
2.9 3 3.05 311 STAR Collaboration, Science 328 (2010) 58-62

*He + 7* Invariant mass (GeV/c?)
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Observation of hypernuclei and anti-hypernuclel

nature The heaviest anti-hypernuclei observed

Explore content v  About the journal v  Publish with us v Subscribe to date

nature > articles » article

Article Published: 21 August 2024

Observation of the antimatter hypernucleus 3 ‘H

STAR Collaboration B BOOTSTAR Ng;,: 637449
_ i 3 ﬁ ‘ NBg: 1738+ 6
Nature 632,1026-1031 (2024) | Cite. 600 & Z, . 14.5

t Z..  :18.3

6881 Accesses | 17 Citations | 626 .."E’ shape*
3400_—
(&)
200?
Oh L L i 1 i i M M 1 " " " i
2.95 3 3.05 3.1
*He + n* invariant mass (GeV/c?)
D [sTAR Ngq: 15.6:4.7
151 | Ng,: 6.4+0.4
: K ZCOUI’Il: 4'8
/) r 2z : 4.7
.E 10—_ shape
=) L
Q i
o [
S
! T84
0 it

39 - 3% 4 | STAR Collaboration, Nature 2024 (2024) 77

*He + n* invariant mass (GeV/c?)
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Observation of hypernuclei and anti-hypernuclel

Physical Review Letters

Highlights Recent Accepted Collections Authors Referees Press About Editorial Team  RSS 3\

FEATURED IN PHYSICS EDITORS' SUGGESTION OPEN ACCESS
. .

First Measurement of A = 4 Hypernuclei and
Antihypernuclei at the LHC

Share v

S.Acharya ®'%, A. Agarwal', G. Aglieri Ri e e e,

l Ahammed ®3%, S, Ahmad @15, 5. U, Ahn aF- ALICE 3
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Show more v (E, 7%—- AHE s 3H—6+ﬁ+N:: __:_

3 6':" Iyl<05 3
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Lifetime of hypertriton

» Lifetime extracted by measuring the yields as a function of the proper
decay length: N (t) = Nge~L/Brer:

« 3H s loosely bound ( By ~ 0.1 MeV):

» Theory expects lifetime of hypertriton close to the lambda lifetime (>
90% T, T, =263 ps);

o Currently STAR, ALICE and HypHI reported lifetimes 30-40% shorter
than T ,, albeit with large unc. — Hypertriton lifetime puzzle

_ 10—1? o ® s, =3.0GeV,Data
g C \? O ysyy =72 GeV, Data
%S I 1Q# === sy = 3.0 GeV, Fit
RdA ~ 10 fm %— 102k QJ}\ VSun = 7-2 GeV, Fit
O = P,
2
g 10_35—
T i 3
- (a) H |,
) 10_411111111111111111111T11\1“
F. Hildenbrand, H.-W. Hammer, 0 10 20 30 40
Phys. Rev. C 100 (2020), 034002 L/By[cm]
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Year Technology Lifetime
1964 emulsion 90+220
1968 helium bubble chamber 232+45
1969 emulsion 285+127
1970 emulsion 128732
1970 helium bubble chamber 264183
1973 emulsion 246152

Theoretical predictions
= = Nuo. Cim. 46 (1966) 786
-+= PRC 57 (1998) 1595

PR 136 (1964) B1803

PRL 20 (1968) 819

PR 180 (1969) 1307

NPB 16 (1970) 46

PRD 1 (1970) 66

NPB 67 (1973) 269

STAR, Science 328 (2010) 58
HypHI, NPA 913 (2013) 170
ALICE, PLB 754 (2016) 360
STAR, PRC 97 (2018) 054909

ALICE, PLB 797 (2019) 134905

PLB 811 (2020) 135916

— J.Phys. G18 (1992) 339-357
PRC 102 (2020) 064002

-A - PLB 811 (2020) 135916 - B

=

—e

==

1

u i|=A lifetime - PDG value —]

Nature2024)

| STAR, PRL 128 (2021) 202301

W5t 254 + 28 + 14 ps (]
1 221+15+19ps

| ALICE, Pb—Pb 5.02 TeV

T4 253+11+6ps |

0

Phys. Rev. Lett. 131 (2023) 102302 3H lifetime (ps)

100 200 300 400 500
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Lifetime of hypernuclel and anti-hypernuclel

EPJ Web Conf. 259(2022)08002
—— Exp. average

‘H
HADES preliminary
PLB 845(2023)138128 (JPARC)
PRL 128(2022)202301 (STAR)

NPA 913(2013)170 (HypHi)
NPA 547(1995)109
NPA 547(1992)95¢

. PR 180(1969)1307
PR 139(1965)B401
o it PR 136(1964)B1803

ICHEP (1962)460
4
1He

@: i STAR preliminary

PRC 76(2007)035501
— NPA 639(1998)251¢

_:ﬁif:

| | I I | 111 | | I I | I - I I I

100 200 300 400 500
Lifetime [ps]

Phys.Rev.Lett. 128 (2022) 20, 202301
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—o— This work
o PRL(2022)
—o—— PLB(2016)
o NPA(2013)
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3y -e— NPB(1970)
A — PRD(1970)
® PR(1969)
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Nature 2024 (2024) 77

New measure A = 4 hypernuclei:
T(4H)/Tt(4tHe) = 0.92 + 0.06, consistent with
theoretical estimation value within 2.50;

 Isospin rule predicts: T(tH)/t({He) =
0.74 + 0.04;

Lifetimes of the anti-hypernucleus and the
hypernucleus are consistent within
uncertainties;
«  T(3H) - t(anti- }H) = 16 + 43 + 20 ps;
« T(4AH) - t(anti- {H) = 18 £ 115 + 46 ps;

No significant difference observed between
hypernuclei and anti-hypernuclei —
consistent with CPT symmetry;

Provides a unique CPT test in multi-baryon systems
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N\ separation energy: B

* B, provides a direct measure of the strength of the A—N interaction

Invariant mass method

Femtoscopy method

1 1 y?
[ ] — — —
=y —=doy, By =
—fo 2 2UdA
a5 § STAR Preliminary 1
Au+Au NSy =3GeV © |
15 d-A 4
7 -e- Data i
o T ST e B i B
---- Doublef
— - Quartet k* (MeV/c)
5 |
0
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Branching ratio of hypernuclel

» Calculations propose that 3H may be B.R. (3H — 3Her)
R3

sensitive to Bx ~ B.R.(GH - pdm~) + B.R. (3H - 3Hem")

* Ba: AAseparation energy;

3 — 31T)\- : —
e 3H B, = M(d) + M(A) - M( 3H); STAR: R, = 0.272 + 0.030 + 0.042
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 STAR new R, data favors small binding energy of hypertriton
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Production of hypernuclel

Hypernuclel Production Models in Heavy-lon Collisions:

‘Thermal:
 Particle yields predicted with thermal equilibrium assumptions
» Chemical freeze-out temperature T,
» Baryon-chemical potential L
* Volume V
 Strangeness correlation length rc

. _J

'« Coalescence:
« Formed by nucleons (and hyperons) which are nearby in phase space after
Kinetic freeze-out;
» Formation probability given by overlap b/w:
* Nucleon distributions at freeze-out
* Nuclear wave function

\_ J
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Production of hypernuclel

Measurements cover different energies, different system size:
. /?{H in Au+Au collisions at Vsyy = 3-27 GeV, Au+Au, Zr, Zr, Ru+Ru collisions at 200 GeV;
« “Hand {He in Au+Au collisions at 3-3.5 GeV;

. /?He in Au+Au collisions at 3 GeV;

‘S 15-Au+Au \'Sny = 3-5 GeV H 34 5 - Au+Au |s, = 3.0 GeV H 5He
€ - Boltzmann fit i 3 : 0- 40°/o 1; 0 40°/o
> 10°F Au+Au Collisions, lyl<0.5 AH _ Sa¥ @ 4H = 1
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Production of hypernuclel

g [ 0-10%collisions o AurAu (2022) « JH production steep increase from 27 to 3
% i m Au+Au (STAR prelim.) GeV
s ot ¢ Pb+Pb (ALICE) €
5 107 = ' y . STAR Preliminary
2 - * Reach peak at around 3-4 GeV;
B =
: Assuming B.R.(CH _ .
. ~resm=25% | e |nterplay between increasing baryon
103 3 :
: AH . production and stronger strangeness
L Ll . . .
: g B, canonical suppression towards low energies;
ol ¢ e Vsyy 1, baryon density T, yields 1;
- . Ly [ | -
s 4567810 50 3040 e Vsyy L, strangeness canonical

VS (GeV) suppression T, yields |;

Thermal-FIST, Coal.+UrQMD: T. Reichert et al, PRC 107, 014912 (2023)
Pb+Pb: ALICE, PLB 754, 360 (2016)
Au+Au: STAR, PRL 128, 202301 (2022)
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Production of hypernuclel

g - 0-10% collisions ® Au+Au (2022)
') I m Au+Au (STAR prelim.)
o 5 ¢ Pb+Pb (ALICE)
5 10 = STAR Preliminary
Z N
O B
i Assuming B.R.(*H
B —%He + ) = 25%
-3
1 O ~ 3 H ‘ss
- A E
- E .
- *~ Pb+Pb
- --Thermal-FIST " 2-76; 8l
_ —UrQMD+Coal.
107 3 | [
| | | | 1 | | | | [ ’
3 4567810 20 30 40
\'S\y (GeV)
Thermal-FIST, Coal.+UrQMD: T. Reichert et al, PRC 107, 014912 (2023)
Pb+Pb: ALICE, PLB 754, 360 (2016)
Au+Au: STAR, PRL 128, 202301 (2022)
Chenlu Hu

e Thermal-FIST model
« Hadron chemical freeze-out T and pig;
« Strangeness canonical ensemble in low
energies;
e ~ 2 times larger than the data;

e« UrQMD + Instant coal.
e Describe data from 3-10 GeV;
 Instant coalescence after hadron Kkinetic
freeze-out;
e Coalescence condition:
* |p1 —p2|l <AP, |11 — 73| <AR
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Production of hypernuclel

- Au+Au 0-40% collisions
E ,r'iijf:(I = -
C N STAR preliminary
—_ 1 = ©
Vil em®
-1 e
; 10 E S E "‘.“
S— - L
> ol ﬁ‘lH 4
S0 e aHO) .
P - T,
o L 2 Y H(x10
10_3 B @B AHe A ( )
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[ 7. He O Published
1074 L ® STAR preliminary
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STAR collaboration, PRL 128(2022)202301
STAR collaboration, PRC 102 (2020) 34909
STAR collaboration, JHEP 2024 (2024) 139
Chenlu Hu

* Add A =4 hypernuclei energy dependence
of yields;

* A=3 hypernuclei strongly overpredicted by
thermal model,

» The discrepancy decreases for heavier
hypernuclei (A = 4);

Driven by hypernuclei sizes?

Hypernuclel yields cannot be described by
thermal production alone
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Collectivity Flow

Partial overlap = Spatial anisotropy = Different pressure
gradients = Momentum anisotropy = “collective flow”
Fourier series decomposition of azimuthal distribution of

emitted particles:

d2N 1
°  Dbrdprdg _ 2nm ppoT {1+ 2 L 2vpcos[n(ep — Ur)1}

e Directed flow: v; = (

pE— py>

px+py

Azimuthal anisotropy parameters (v4, V, ) are sensitive to
the early stage of the system evolution and Equation-of-

State (EoS) of medium

e Elliptic flow: v, = (——=

- —— -
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Collectivity Flow of hypernuclel

First observation of hypernuclei flow in
heavy-ion collisions

e Directed flow: v, = (cos(¢ — Wgp))

>

* Nuclel and hypernuclei flow follows mass
number scaling

Supports the coalescence picture

Chenlu Hu

0.0

STAR collaboration, PRL130(2023)212301

| | | |
Au+Au Collisions at RHIC

VSan =3 GeV
Centrality: 5-40%0

Energy:

. t & S
3 ’ ‘ /*
2 / ?‘\H
d - e
I
| s AH |
O"/‘ o Data Model
Z5 / —
0 Hypernuclei [l = UrQMD
AM
- A Light nuclei O > 1
| | | |
1 2 3 4

Particle Mass (GeV/c?)
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Collectivity Flow of hypernuclel

First observation of hypernuclei flow in

Energy dependence

QM2023
_- Il i ' ' ' | ' ' ' oL I [ ' [
heavy lon COIIISIOnS - Au+Au Collisions at RHIC STAR Prelimi 1
i . o reliminary
03k Centrality 5-40% 1 ‘V‘ \ i
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A 1 ° S
S 02 -+ [ | ]
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> - o 1 Model Data ]
© 0.1-ocel ) T8 Shossiie T e 1
| D% ozg: 04<p <08CGeVlc g 1 Ot wt 1.2<pTT< v
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3 3.5 4 3 35 4

« Nuclei and hypernuclei flow follows mass number
scaling

Supports the coalescence picture
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Collision Energy \s,, (GeV)
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Collectivity Flow of hypernuclel

. : . . 4 5
First observation of hypernuclei flow in Add sHe and jHe  Qm2025
i ici 1.5— 3.0 GeV (2021) Au+Au collisions s
heavy-ion collisions 30 Gely 2021 & +
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Global spin polarization of hypernuclel

Spin of hypertiron? First Measurements of Hyper-Nucleus /%H Global

Phys.Rev.Lett, 134 (2025) 2, 022301 Polarization in Au+Au Collisions at STAR
Spin AElpiet Splrsinglet Spin triplet Chenlu Hu (huchenlu@ucas.ac.cn), for the STAR Collaboration
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e From hyperon to hypernuclei,
« Measurements of hypernuclei in heavy-ion collisions;
 Intrinsic Properties:
o Lifetime, /A seperation energy, branching ratio, spin structure;
* Production mechanism:

« Spectra, yields, collectivity;
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AA hypernuclei N = hypernuclei .

e 1 confirmed AA
hypernucleus: | AHe

1 confirmed = 10 pm
hypernucleus: 135C

J-PARC Eo7 Collaboration,

E373 (KEK-PS) Collaboration, PRL 126(2021)062501

PRC 88(2013)014003

e Constrain AA

e Constrain N=

L interactions L interactions H : )
4 2. hypernuclei 4 Neutron-rich hypernuclei R
+ 0 confirmed X hypernuclei « A potential in Isospin symmetric matter

and neutron matter is not the same
- Predicted to exist, e.g.: sHe . OH,  He, etc. have been predicted to
J. Johnstone and A W Thomas, Journal of Physics G 8(1982)105 eX|St, but not yet Observed

« Constrain NX interactions  Probe An in a neutron-rich environment

& AN J
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Not measured in HIC yet
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Great potential for discovering unobserved hypernuclei in heavy ion collisions
« A>=5 > and = hypernuclei, may be accessible;
e Anti-hypernuclei;
» Exotic strangeness states and double A hypernuclei, etc
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Thank you very much for your

attention!




Strangeness Population Factor S,

AHAxpp)  B,GH(pp d3N4 ( 5 d3Np,n) A
_ Al 5.

o4 = AHe(A X pr) X ~(pr) ~ Ba(*He)(py)

 Direct connection to coalescence parameters B
o S;vs. dNg,/dn: Possible insights to nuclei radius and coalescence mechanism,;

10w =300V Avhu — IR e e—
S 3 UrQMD-hybrid coalescence 5
| —=— S, (Ar=9.5 fm) 1 10
08 —0— 8, (Ar=4.3 fm)
' 3y radius '
06} small 1\H e : 10"
_ | = = Two-body COAL.
o’ —— Three-body COAL.
04}
- 3y radius - 10° : 3
e C 3
02} Large A . < ;
(b) |
0.00 = < . ,,,,,,1 : - " ,,,,,,2 103 P i e a aaaal L I A 25 5

AN, /dn (n|<0.5) dN_/dn
ch
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Strangeness Population Factor S,

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
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o)
s 0.4
)
L |
- L
CD |
0.2— .
Y Analytical coal.
[ e — Congleton (3-body)
0 UrQMD+MUSIC+coal. = Congleton (2-body)
- ---Thermal === Gaussian == Gaussian
| | | L1 11 | | 1 L 111 I
10? 10°
Charged-particle multiplicity ( dN_ /dn )
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Compares »H production to 3He; b

Thermal model overestimates the data;

Coalescence calculations using Congleton wave
function describe the data well, more precise data
needed

Suppression of »H due to coalescence
mechanism confirmed by data
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