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Outline

Introduction

Hypernuclei measurements in STAR BES-II

• Internal structure 


Branching ratios, lifetimes


• Production mechanism


Yields, particle ratios, directed flow


Summary and outlook
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Introduction: what and why
• What are hypernuclei?


• Bound nuclear systems of non-strange and strange 
baryons


• Why hypernuclei?


• Probe hyperon-nucleon (Y-N) interaction


• Strangeness in high density nuclear matter


• Equation-of-State (EoS) of neutron star
3
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What is hypernuclei? 
Bound nuclear systems of non-strange and strange baryons. 

Why is hypernuclei? 
v Probe hyperon-nucleon (Y-N) interactions

Simple/light hypernuclei are cornerstones.
v Strangeness in high-density nuclear matter.

EoS of neutron stars.

Nature 467, 1081 (2010)

Marian Danysz (right) and Jerzy Pniewski (left) 
discovered hypernuclei in 1952

Marian Danysz (right) and Jerzy Pniewski (left) 
discovered hypernuclei in 1952

D
. C

hatterjee, Eur. Phys. J. A
 (2016) 52: 29 

neutron star
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ΛH

4
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4
ΛHe
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Fig. 3. (Color online) Selected RMF EoSs (panel a) including hyperon-hyperon repulsion and their corresponding mass-radius
relation (panel b) satisfying the 2M! constraint. The horizontal lines and bands in panel (b) show the observational data of
the Hulse-Taylor [1, 2], PSR J1614-2230 [7] and PSR J0348+0432 [8] pulsars.

Table 1. Maximum masses and radii at 1.4 M! predicted by
the selected models shown in fig. 3.

EoS Mmax (M!) R1.4 (km)

WCSB 2.28 13.4
CS 2.06 13.7
OPGR1 2.29 13.8
OPGR2 2.01 12.7
LM 2.18 13.9
CB 2.02 13.2

predicted by these models are given in table 1. The inter-
ested reader is referred to the original works for specific
details.

As mentioned before, a repulsive YY interaction can
be generated through the exchange of vector mesons, the
inclusion of higher-order couplings or the use of density-
dependent couplings. The exchange of vector mesons is
based on the well-known fact that, in a meson-exchange
model of nuclear forces, vector mesons generate repulsion
at short distances (see fig. 4). If the interaction of hyper-
ons with vector mesons is repulsive enough then it could
provide the required stiffness to explain the current pulsar
mass observations. However, hypernuclear data indicates
that, at least, the ΛN interaction is attractive [38]. There-
fore, in order to be consistent with experimental data of
hypernuclei, the repulsion in the hyperonic sector is in-
cluded only in the YY interaction through the exchange of
the hidden strangeness φ vector meson coupled only to the
hyperons. In this way, the onset of hyperons is shifted to
higher densities and neutron stars with maximum masses
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Fig. 4. (Color online) Schematic plot of the radial dependence
of a generic nucleon-nucleon potential.

larger than 2M!, and a significant hyperon content, can
be successfully obtained.

Several works have analyzed in detail this possibility.
Bednarek et al. [115], for instance, proposed a non-linear
RMF model involving hidden-strangeness scalar (σ∗) and
vector (φ) mesons, coupled only to hyperons and quartic
terms involving vector meson fields in the effective La-
grangian. These authors showed that the required stiffen-
ing necessary to allow neutron stars with hyperon cores
and Mmax ≥ 2M! was in fact generated by the presence
of the quartic terms involving the φ meson field.

In a couple of recent works [116, 117], one of the au-
thors (DC) of this paper, performed a systematic study of
the influence of the hyperon potentials within the RMF
framework, and showed that the mass constraint could be
reached through the inclusion of the φ meson mediating
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Experimentally, measurement of hypernuclei allow us to understand,

Internal structure of hypernuclei

Loosely bounded, binding energy, branching ratios ... 

Understanding hypernuclei structure may give more constraints on the Y-N interaction 

Production in high energy heavy-ion collisions 

production yields/mechanisms, collectivity …

The formation of loosely bound states (how they survive)
in violent heavy-ion collisions is not well understood 

Week decay, lifetime is close to free L hyperon. �
�

L �

�

L

�
�

L

Introduction: how
• Experimentally, we can make measurements related to:


1. Internal structure


• Lifetime, binding energy, branching ratios etc.


Understanding hypernuclei structure can provide insights to the Y-N interaction 

2. Production mechanism


• Spectra, collectivity etc.


The process of hypernuclei formation in violent heavy-ion collisions is not well 
understood

4
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Introduction: RHIC BES program
• During the BES-II program, STAR utilized the fixed-target (FXT) setup, which 

extends the energy reach below  = 7.7 GeV, down to 3.0 GeVsNN

5

FXT mode setup of STAR detector :
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Introduction: hypernuclei and STAR BES-II

• At low beam energies, hypernuclei 
production is expected to be 
enhanced due to high baryon 
density

• Datasets with large statistics taken 
during BES-II

 A great opportunity to study 
hypernuclei production
→

6

• Hypernuclei measurements are scarce 
in heavy-ion collision experiments

List of BES-II datasets:

B. Dönigus, Eur. Phys. J. A (2020) 56:280
A. Andronic et al. PLB (2011) 697:203–207
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Particle identification and hypernuclei reconstruction

• Particle identification from energy loss measurement using TPC


• KF particle package  is used for signal reconstruction


• Hypernuclei reconstructed via their weak decay channels:


                  

[1]

3
ΛH→3He + π− 3

ΛH→d + p + π− 4
ΛH→4He + π− 4

ΛHe→3He + p + π−

7

Fixed-Target Setup at STAR

4

Gold foil, 250 "# thick

SQM 2022, Yuanjing Ji

 :  3
ΛH→d + p + π−  :   3

ΛH→3He + π−

[1]Zyzak M, Kisel I, Senger P. Online selection of 
short-lived particles on many-core computer 
architectures in the CBM experiment at FAIR[R]. 
Collaboration FAIR: CBM, 2016.
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Hypernuclei signal reconstruction

• Combinatorial background estimated via: 


• Rotating pion tracks for 2-body decay channels


• Event mixing for 3-body decay channels

8

to advance our understanding in their production mecha-
nisms in heavy-ion collisions and to establish the role of
hyperons and strangeness in the EOS in the high-baryon-
density region [28]. In addition, such measurements pro-
vide guidance on searches for exotic strange matter such as
double-Λ hypernuclei and strange dibaryons in low energy
heavy-ion experiments, which could lead to broad impli-
cations [29–31].
In this Letter, we report 3

ΛH and 4
ΛH lifetimes obtained

from data samples of Auþ Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
3.0 GeV and 7.2 GeV, as well as the first measurement
of 3

ΛH and 4
ΛH differential yields at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0 GeV. We
focus on the yields at midrapidity in order to investigate
hypernuclear production in the high-baryon-density region.
The yields at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7.2 GeV are not presented here due
to the lack of midrapidity coverage. The data were collected
by the Solenoidal Tracker at the Relativistic Heavy Ion
Collider (STAR) [32] in 2018, using the fixed-target (FXT)
configuration. In the FXT configuration a single beam
provided by the Relativistic Heavy Ion Collider (RHIC)
impinges on a gold target of thickness 0.25 mm (corre-
sponding to a 1% interaction probability) located at 201 cm
away from the center of the STAR detector. The minimum
bias trigger condition is provided by the beam-beam
counters [33] and the time of flight detector [34]. The
reconstructed primary-vertex position along the beam
direction is required to be within #2 cm of the nominal
target position. The primary-vertex position in the radial
plane is required to lie within a radius of 1.5 cm from the
center of the target to eliminate possible backgrounds
arising from interactions with the vacuum pipe. In total,
2.8 × 108 (1.5 × 108) qualified events at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0
(7.2) GeV are used in this analysis. The

ffiffiffiffiffiffiffiffi
sNN

p ¼
3.0 GeV analysis and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7.2 GeV analysis are sim-
ilar. In the following, we describe the former; details related
to the latter can be found in Supplemental Material [35].
The centrality of the collision is determined using the

number of reconstructed charged tracks in the time pro-
jection chamber (TPC) [36] compared to a Monte Carlo
Glauber model simulation [37]. Details are given in [38].
The top 0%–50% most central events are selected for our
analysis. 3

ΛH and 4
ΛH are reconstructed via the two-body

decay channels A
ΛH → π− þ AHe, where A ¼ 3, 4. Charged

tracks are reconstructed using the TPC in a 0.5 Tesla
uniform magnetic field. We require the reconstructed tracks
to have at least 15 measured space points in the TPC (out of
45) and a minimum reconstructed transverse momentum of
150 MeV=c to ensure good track quality. Particle identi-
fication for π−, 3He, and 4He is achieved by the measured
ionization energy loss in the TPC. The KFParticle package
[39], a particle reconstruction package based on the
Kalman filter utilizing the error matrices, is used for the
reconstruction of the mother particle. Various topological
variables such as the decay length of the mother particle,
the distances of closest approach (DCA) between the

mother-daughter particles to the primary vertex, and the
DCA between the two daughters, are examined. Cuts on
these topological variables are applied to the hypernuclei
candidates in order to maximize the signal significance. In
addition, we place fiducial cuts on the reconstructed
particles to minimize edge effects.
Figures 1(a) and 1(b) show invariant mass distributions

of 3Heπ− pairs and 4Heπ− pairs in the pT region
ð1.0–4.0Þ GeV=c for the 50% most central collisions.
The combinatorial background is estimated using a rota-
tional technique, in which all π− tracks in a single event are
rotated with a fixed angle multiple times and then normal-
ized in the sideband region. The background shape is
reasonably reproduced using this rotation technique for
both 3

ΛH and 4
ΛH as shown in Figs. 1(a) and 1(b). The

combinatorial background is subtracted from the data in 2D
phase space (pT and rapidity y) in the collision center-of-
mass frame. In addition to subtracting the rotational back-
ground, we perform a linear fit using the sideband region to
remove any residual background. The subtracted distribu-
tions are shown in Figs. 1(c) and 1(d). The target is located
at y ¼ −1.05, and the sign of the rapidity y is chosen such
that the beam travels in the positive y direction. The mass
resolution is 1.5 and 1.8 MeV=c2 for 3

ΛH and 4
ΛH,

respectively.
The reconstructed 3

ΛH and 4
ΛH candidates are further

divided into different L=βγ intervals, where L is the decay
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FIG. 1. Top row: Invariant mass distributions of (a) 3Heπ− and
(b) 4Heπ− pairs. In the insets, black open circles represent the
data, blue histograms represent the background constructed by
using rotated pion tracks. In the main panels, black solid circles
represent the rotational background subtracted data, and the red
dashed lines describe the residual background. Bottom row: the
transverse momentum (pT ) versus the rapidity (y) for recon-
structed (c) 3ΛH and (d) 4ΛH. The target is located at the y ¼ −1.05.

PHYSICAL REVIEW LETTERS 128, 202301 (2022)

202301-4

STAR, PRL 128, 202301(2022)2-body decay channels:  3-body decay channels:  
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  branching ratio 3
ΛH R3

Relative branching ratio: R3 =
B . R . (3

ΛH → 3Heπ−)
B . R . (3

ΛH → 3Heπ−) + B . R . (3
ΛH → dpπ−)

9

• Using  = 3.0 GeV data: 


• 


• Model comparison suggesting a 
weakly-bounded state for          

sNN

R3 = 0.272 ± 0.030(stat.) ± 0.042(syst.)

3
ΛH

• Improved precision on 


• Stronger constraints on absolute B.R.s and  internal structure models

R3
3
ΛH

• Recent calculation shows that  may be 
sensitive to the binding energy ( ) of 


•   provide constraints to Y-N interaction

R3
BΛ

3
ΛH

BΛ →

F. Hildenbrand et al. PRC 102, 064002 (2020) 
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Precision  and  measurements 
provide tighter constraints on models.

3
ΛH 4

ΛH

,  and  lifetimes3
ΛH 4

ΛH 4
ΛHe

• Indication of shorter lifetimes for ,  and  than that of 
free  (with 1.8 , 3.0 , 1.1  respectively)


• Consistent with former measurements and world average values


• : consistent with calculation including pion FSI  and 
calculation with  2-body picture  within 1 


•  and : consistent with expectations from isospin rule

3
ΛH 4

ΛH 4
ΛHe

Λ σ σ σ

τ3
ΛH

[1]

Λd [2] σ

τ4
ΛH τ4

ΛHe

10

Using  = 3.0 GeV and 7.2 GeV datasets:  

:  

:  

: 

sNN

3
ΛH τ = 221 ± 15(stat.) ± 19(syst.)[ps]
4
ΛH τ = 218 ± 6(stat.) ± 13(syst.)[ps]
4
ΛHe τ = 229 ± 23(stat.) ± 20(syst.)[ps]

[1]A. Gal and H. Garcilazo, PLB 791, 48 (2019)
[2]J.G. Congleton, J. Phys. G 18, 339 (1992)
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Hypernuclei production at 3 GeV

11

Yue Hang Leung - Quark Matter 2022
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ΛH, 4

ΛH

•Different trends in the H4L rapidity distribution in central 
(0-10%) and mid-central (10-50%) collisions

•First measurement of dN/dy of hypernuclei in HI collisions
4
ΛH

STAR, arXiv:2110.09513 (accepted by PRL)
Y. Nara et al, (1999) PRC 61(1999)024901 (JAM)

•                  yields obtained as a 
function of pT, rapidity and centrality

3
ΛH, 4

ΛH

*Coalescence parameters (rc, pc) are tuned to fit the data, see backup

Transport model (JAM) with coalescence afterburner* qualitatively 
reproduces trends of        rapidity distributions seen in the data  

**Uncertainty in R3 (19%) not shown

*
**

4
ΛH

STAR, arXiv:2110.09513 
(accepted by PRL)

Yue Hang Leung - Quark Matter 2022
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(0-10%) and mid-central (10-50%) collisions

•First measurement of dN/dy of hypernuclei in HI collisions
4
ΛH

STAR, arXiv:2110.09513 (accepted by PRL)
Y. Nara et al, (1999) PRC 61(1999)024901 (JAM)

•                  yields obtained as a 
function of pT, rapidity and centrality

3
ΛH, 4

ΛH

*Coalescence parameters (rc, pc) are tuned to fit the data, see backup

Transport model (JAM) with coalescence afterburner* qualitatively 
reproduces trends of        rapidity distributions seen in the data  

**Uncertainty in R3 (19%) not shown

*
**

4
ΛH

STAR, arXiv:2110.09513 
(accepted by PRL)

STAR, PRL 128, 202301(2022)

• Different trends in the  rapidity distribution in central (0-10%) and mid-central (10-50%) collisions at  = 3.0 GeV 


• Transport model (JAM) with coalescence approximately reproduces trends of  rapidity distributions seen in data, 
but fails to reproduce the trend of  in 10-50%

4
ΛH sNN

4
ΛH

3
ΛH
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• First observation of  and  directed flow ( ) in mid-central 5-40% Au+Au collisions at 3 GeV


• Mid-rapidity  slopes of  and  follow baryon mass scaling.


 Imply coalescence process to be the dominant formation mechanism for  and  
production in the 3 GeV heavy-ion collisions

3
ΛH 4

ΛH v1

v1
3
ΛH 4

ΛH

→ 3
ΛH 4

ΛH

 and  directed flow at 3 GeV3
ΛH 4

ΛH

12

arXiv:2211.16981
accepted by PRL

https://arxiv.org/abs/2211.16981
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3 30

H             
Λ

3(4)Assuming B.R.(
) = 25%(50%)-πHe + 3(4)→

Pb+Pb
2.76TeV

Energy dependence of hypernuclei production in heavy-ion 
collisions

•  yield at mid-rapidity increases from 2.76 TeV to 3 
GeV

• Driven by increase in baryon density at low 

energies

• Thermal(GSI), Coalescence(UrQMD), Thermal-FIST 

and PHQMD reproduce the trend

For Au+Au @ 3 GeV


• Coalescence(JAM) with tuned parameters can describe data


• PHQMD describes , but overestimates 

3
ΛH

4
ΛH 3

ΛH
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Y. Nara et al, PRC 61 (1999) 024901 (JAM)
S. Gläßel et al, arXiv: 2106,14839 (PHQMD)
A. Andronic et al, PLB 697 (2011) 203 (Thermal (GSI)) 
T. Reichert, J. Steinheimer et al, arXiv:2210.11876(2022) (UrQMD, Thermal-FIST)

Provide first constraints for 
hypernuclei production models in 
the high-baryon-density region

STAR, PRL 128 (2022) 202301
ALICE, PLB 754 (2016) 360 
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•  mid-rapidity yields obtained 

as a function of  and 
centrality at 19.6 and 27 GeV

3
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(b) 10-40%

Hyper-to-light nuclei ratios
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Energy dependence of S3

*For 19.6 and 27 GeV, take 3He/t = 0.93±0.07
NA49, J.Phys.Conf.Ser.110(2008)032010

ALICE, PLB 754 (2016)360 

A. Andronic et al, PLB 697 (2011)203 
(Thermal Model)E864, PRC70(2004)024902

STAR, Science 328(2010)58

•Future measurements:

•Does not depend on strangeness canonical volume
•Influenced by feed-down from excited baryonic states

•Comprehensive measurements of S3, S4 at low (STAR 
BES-II) and high (RHIC top energy+LHC) energies

Thermal models Coalescence models
•Weak energy dependence, 
deviates from data at 3 GeV

•Different models predict 
different trends

•Sensitive to microscopic 
features: 

•Correlations in the 
dynamical stage

•Size of emitting 
source, etc.      

•Local correlations b/w 
baryon number and 
strangeness is lost in the 
thermal calculation?

S3:

10 210 310
 [GeV]                NNs

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

   
   

   
   

   
   

   
3S

Coal. (Default AMPT)
Coal. (String Melting
 AMPT)
Coal. (DCM)
Thermal Model
Hybrid URQMD

Models
/A>0.4 GeV/c)

T
Au+Au 0-40% (p
E864 Au+Pt 0-10%
STAR Au+Au 0-80%
ALICE Pb+Pb 0-10%

Data

) = 25%-πHe + 3→H
Λ

3Assuming B.R.( 

STAR preliminary

J. Steinheimer et al, PLB 714(2012),85                 
(H. URQMD, Coales.(DCM))
PLB 684(2010)224 (AMPT+coal.)

None of the models shown describe the S3 data quantitatively
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STAR preliminary

Au+Au 3 GeV, |y|<0.5         Thermal model
0-10%
10-40%

H* feed-downΛ
4With  
H* feed-downΛ

4No  

A. Andronic et al, PLB 697 (2011) 203  (Thermal model)
• Suppression of  yield ratios compared to that of  

• Observed at both 0-10% and 10-40% centrality in Au+Au collisions at 3 GeV. 


• The  yield ratios are comparable to that of  

•  Thermal model calculations including excited  feed-down show a similar trend 

• Feed-down from excited state enhances  production


• Support creation of excited A=4 hypernuclei in heavy-ion collisions

3
ΛH/3He Λ/p

4
ΛH/4He Λ/p

4
ΛH*

4
ΛH
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STAR preliminary

 at 3 GeV S3,4
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Strangeness population factor  
Relative suppression of hypernuclei 
production compared to light nuclei 
production





- : Coalescence parameters 


Expect ~1 if no suppression

SA

SA =
A
ΛH

AHe × Λ
p

=
BA(A

ΛH)(pT)
BA(AHe)(pT)

BA

S.Zhang, PLB 684(2010)224 

< 1: relative suppression of /  compared to / 

~1,  > : /  is comparable to / , possibly due to feed-down contributions from exited state that enhances 

S3
3
ΛH 3He Λ p

S4 S4 S3
4
ΛH 4He Λ p 4

ΛH

No obvious kinematic and centrality dependence of   is observed at 3 GeV.  

 Coalescence parameter  of  and  follows similar tendency versus , rapidity and centrality, 
indicates that N-N and Y-N interactions that drive coalescence dynamics in these collisions are similar 

S3,4

→ BA
A
ΛH AHe pT
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• Data show a hint of an increasing trend from 
 = 3.0 GeV to 2.76 TeV


• For coalescence models, the energy dependence 
is sensitive to the source radius ( )


• Thermal-FIST, which includes feed-down to  
and  from unstable nuclei, describes the  
data reasonably well

sNN

Δr
p

3He S3
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Energy dependence of S3
STAR, Science 328 (2010) 58
ALICE, PLB 754 (2016) 360 
E864, PRC 70 (2004) 024902
NA49, J.Phys.Conf.Ser.110(2008)032010

A. Andronic et al, PLB 697 (2011) 203 (Thermal (GSI)) 
S. Zhang, PLB 684(2010)224 (Coal.+AMPT) 
T. Reichert, J. Steinheimer et al, arXiv:2210.11876(2022) (UrQMD, Thermal-FIST)
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Summary
Presented measurements on hypernuclei production in the high-baryon-density region with 
high statistical precision using STAR data

17

• Hypernuclei structure 

• ,  lifetimes and  of  measured with improved precision 

• Strong constraints on hyperon-nucleon interaction models


• Hypernuclei production in heavy-ion collisions 

• ,   production yields at 3.0, 19.6 and 27 GeV 

• Coalescence models approximately describe the trends of  rapidity distribution


•  and  show weak centrality/kinematic dependence


• Energy dependence of ,  yields and  compared with models


• Provide constraints to hypernuclei production models


•  and  collectivity  

•  slopes follow baryon mass scaling -> Support coalescence picture

3
ΛH 4

ΛH R3
3
ΛH

3
ΛH 4

ΛH
4
ΛH

S3 S4
3
ΛH 4

ΛH S3

3
ΛH 4

ΛH v1

v1
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) = 25%(50%)-πHe + 3(4)→

Pb+Pb
2.76TeV

1. iTPC and eToF fully installed in 2019  extend  acceptance and improve PID at large 

2. High statistics data in STAR BES-II  = 3.0 - 54.4 GeV, especially the 2 billion 

events collected at 3 GeV in 2021  larger statistics, higher precision 

→ η η
sNN

→ 3.2

3.9

4.5
7.7

14.6

3.2

3.9

4.5

7.7

14.6

STAR, PRL 128, 202301(2022)

• Precision measurements on hypernuclei properties
• Energy dependence study of hypernuclei yields
• Search for double  hypernuclei

• e.g.  ,   
Λ

4
ΛΛHe→ 4

ΛHeπ 5
ΛΛHe→ 5

ΛHeπ
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• Precision measurements on hypernuclei properties
• Energy dependence study of hypernuclei yields
• Search for double  hypernuclei

• e.g.  ,   
Λ
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ΛΛHe→ 4

ΛHeπ 5
ΛΛHe→ 5
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Thank you!


