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• Hypernuclei: bound nuclear systems of non-strange and strange baryons


—Natural hyperon-baryon correlation system


Introduction: hypernuclei
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Outline Introduction: what and why
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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 1952The first discovery of hypernucleus by Marian 

Danysz (right) and Jerzy Pniewski (left) in 1952
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M. Danysz, J. Pniewski, Philos. Mag. 44 (1953) 348. 

lightest hypernucleus 
 

RMS radius 
BΛ ∼ 0.15MeV

5 ∼ 10 fm
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Introduction: YN interaction in dense matter
• Hypernuclei serve as a laboratory to study the 

hyperon−nucleon (YN) interaction


• YN interaction is essential in probing dense inner core 
of neutron star


• Hyperon puzzle: do hyperons exist in the dense 
inner core of neutron stars?


• No direct method to probe inner core


• Rely on theoretical models compared with 
observations


• Lack of experimental data of YN, YNN, YY 
interactions to constrain theoretical models of the 
dense matter equation of state (EoS)

3

D. Chatterjee, Eur. Phys. J. A 52 (2016) 29 

Eur. Phys. J. A (2016) 52: 29 Page 7 of 18
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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

neutron star
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Introduction: RHIC BES-II
• RHIC beam energy scan Phase II (BES-II): 2017 - 2021 


• Specific focus on low 


• Include fixed target (FXT) mode to reach lower 
energies, increase  range from ~400 MeV to 
~700 MeV


• High statistics data 


• Improve systematics


• Detector upgrade: iTPC, EPD, eTOF


— Enhances the capability of various measurements with 
excellent precision


sNN

μB

4

4

BES Program:Conjectured QCD Phase diagram

BES-II upgrades: iTPC, EPD, eTOFHigh statistics data and detector upgrade in BES-II 
enhances the capability of various measurements 
with excellent precision

RHIC BES program

Collider: 7.7, 9.2, 11.5, 14.6, 17.3, 19.6, 27, 39, 54.4, 62.4, 200 (GeV)

Fixed Target: 3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 6.2, 7.2, 7.7, 9.2, 11.5, 13.7 (GeV)

Subhash Singha @ WHBM 2023
4

BES Program:Conjectured QCD Phase diagram

BES-II upgrades: iTPC, EPD, eTOFHigh statistics data and detector upgrade in BES-II 
enhances the capability of various measurements 
with excellent precision

RHIC BES program

Collider: 7.7, 9.2, 11.5, 14.6, 17.3, 19.6, 27, 39, 54.4, 62.4, 200 (GeV)

Fixed Target: 3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 6.2, 7.2, 7.7, 9.2, 11.5, 13.7 (GeV)

Subhash Singha @ WHBM 2023
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Fig. 5 Prediction of several nuclei and hypernuclei, together with
experimental results of the ALICE Collaboration [16,35,40] and the
STAR Collaboration [176]. Figure derived and updated from [6]

– The production yields of anti-nuclei and nuclei are
approaching each other at higher energies and become
basically equal at the LHC.

– For hypernuclei there is a strong enhancement visible at
low energies, that can be understood as an interplay of
the temperature dependence, the baryochemical potential
and canonical effects. This makes the upcoming CBM
experiment at FAIR [177] and MPD at NICA [178–180]
hypernuclei factories, with large potential for the discov-
ery of new (multistrange-)hypernuclei, since they both
will take data in this energy region.

The fact that dN /dy ∝ exp (−m/Tch) is nicely visible in
Fig. 6, for the measurement of dN /dy of nuclei ((p, d, 3He,
3He)) as a function of the baryon number A in pp collisions
at

√
s = 7 TeV, p–Pb collisions at

√
sNN = 5.02 TeV and

central Pb–Pb collisions at
√
sNN = 2.76. The slopes are

directly connected to the chemical freeze-out temperature,
whereas for pp and p–Pb canonical effects play an additional
role, which is not the case for Pb–Pb.

Nevertheless, also the coalescence models are describing
the data rather well. More qualitatively, this is visible from
Fig. 7 where the coalescence parameters from many differ-
ent experiments [111–114,176,185–191] are shown together
with the expectation using a parameterisation of the HBT vol-
ume from STAR data from the beam energy scan at different
energies [192], based on formula 3, as a function of

√
sNN.

In fact, very recently models investigated this behaviour
in slightly more detail and can describe the shape nicely
[193,194].

To make a more quantitative comparison it makes sense
to check for instance the production through ratios, e.g. d/p
and 3He/p ratios, as function of the mean number of charged
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Fig. 6 Production yield dN /dy normalised by the total angular
momentum degeneracy as a function of the mass number A for inelas-
tic pp collisions, minimum bias p–Pb and central Pb–Pb collisions
[10,40,181–184]. The empty boxes represent the total systematic uncer-
tainty while the statistical errors are shown by the vertical bars. The lines
represent fits with exponential functions. Figure from [184]
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Fig. 7 Coalescence parameters B2 and B3 from different heavy-ion
collision experiments [111–114,176,185–191] as a function of

√
sNN.

Data from heavy-ion collisions, where open symbols represent the anti-
nucleus measurement. The horizontal dashed lines at low energies indi-
cate the B2 and B3 values in elementary collisions as pp, pp̄, p–A and
γ A but also the Bevalac heavy-ion data is close to it. The dashed-dotted
lines show a simple model assuming BA ∝ 1/V A−1, where the vol-
ume V is taken from HBT radius measurements by STAR at their beam
energy scan [192]. Please note that the ALICE B3 measurement from
3He nuclei is in a broader centrality interval (0–20%) as the correspond-
ing B2 (0–10%). Figure updated from [6]

particles ⟨dNch/dη⟩, as depicted in Fig. 8. Here the predic-
tions from a thermal model calculation using exact conserva-
tion of all quantum numbers through a canonical treatment
[89] and a coalescence calculation from a more sophisticated
model [164] are compared to ALICE data [16,136,184,195].
Both models describe the data rather well, whereas it seems
depending on the multiplicity not one correlation volume VC

123

Introduction: hypernuclei in HI collisions
Production mechanism of hypernuclei is still not well understood. 

5

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

• Hypernuclei measurements are scarce in HI collision experiments

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

RHIC BES-II offers great opportunity for hypernuclei measurements.

Hypernuclei formation process in relativistic heavy-ion (HI) collisions 


can be studied through measurements related to spectra and collective flow.

RHIC BES-II
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 reconstruction3
ΛH

6

 :   3
ΛH→3He + π−

XY. Ju et al. Nucl.Sci.Tech. 34 (2023) 10, 158

• Reconstruction channel:    


• Particle identification from energy loss measurement using TPC


• KF particle package is used for signal reconstruction

3
ΛH→3He + π−

Experimental Setup and !
"H Reconstruction

3GeV mid-rapidity

3

• STAR BES-II - energy coverage  27 – 3 GeV ("!: up to 720 MeV)
• Datasets from 2018-2020 used in this presentation

• Reconstruction channel: "#H → 3He	 +	π$
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• Measurements cover 11 different energies
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7

1− 0.8− 0.6− 0.4− 0.2− 0

0.002

0.004

0.006

1− 0.8− 0.6− 0.4− 0.2− 00

0.002

0.004

0.006

1− 0.8− 0.6− 0.4− 0.2− 00

0.002

0.004

0.006

1− 0.8− 0.6− 0.4− 0.2− 00

0.002

0.004

0.006

1− 0.8− 0.6− 0.4− 0.2− 00

0.002

0.004

0.006

1− 0.8− 0.6− 0.4− 0.2− 00

0.002

0.004

0.006

1− 0.8− 0.6− 0.4− 0.2−
0

0.001

0.002

0.003

0.8− 0.6− 0.4− 0.2−
0

0.001

0.002

0.003

0.8− 0.6− 0.4− 0.2−
0

0.001

0.002

0.003

0.8− 0.6− 0.4− 0.2−
0

0.001

0.002

0.003

0.8− 0.6− 0.4− 0.2− 0
0

0.001

0.002

0.003

0.8− 0.6− 0.4− 0.2− 0
0

0.001

0.002

0.003

3 GeV 3.2 GeV 3.5 GeV 3.9 GeV 4.5 GeV 5.2 GeV
0-10% (top)

3 GeV 3.2 GeV 3.5 GeV 3.9 GeV 4.5 GeV 5.2 GeV
10-40% (bottom)

Au+Au
))

3
(1-R

3R
× (π dp→H Λ

3 
πHe3 →H Λ

3 
dN

/d
y

×
B.

R
.

beam
y/y

STAR Preliminary

3
ΛH

3
ΛH



Xiujun Li (USTC) STAR Regional Meeting, Chongqing University, Oct.12, 2024

Energy dependence of  production3
ΛH
• Yields increase strongly from  = 

27 GeV to ~4 GeV


• Peak at 3-4 GeV


• Hadronic transport + coalescence 
models qualitatively describe the data


• Thermal model overestimates the data

sNN

8

STAR, PRL 128 (2022) 202301
ALICE, PLB 754 (2016) 360 
T. Reichert, et al, PRC 107 (2023) 014912 

First energy dependence of  
production yields in the high-
baryon-density region

3
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Centrality dependence of  production3
ΛH

• Similar trend in central (0-10%) 
and mid-central (10-40%) 
collisions

9

STAR, PRL 128 (2022) 202301
ALICE, PLB 754 (2016) 360 
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Centrality dependence of  production3
ΛH

• Suppression of mid-central/central 
 yield ratio w.r.t , seems more 

apparent below  = 7.7 GeV 


•  yield ratio tends to increase more 
steeply than proton, , triton at low 
energies

3
ΛH Npart

sNN

3
ΛH

Λ
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• Thermal model assumes that chemical 
freeze-out of light/hypernuclei happens at 
same time with hadrons

• Particle yield ratio is independent of 
volume. /  yield ratio is dependent 
of strangeness correlation length

• d/p consistent with thermal model

• / , as well as t/p, overestimated by 
thermal model by a factor of ~2

Suggest  and t yields are not in 
equilibrium and fixed at chemical 
freeze-out simultaneously with other 
hadrons

3
ΛH Λ

3
ΛH Λ

3
ΛH

Nuclei-to-hadron ratios

11
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STAR, PRL 130 (2023) 202301
STAR, arXiv: 2311.11020
T. Reichert, et al, PRC 107 (2023) 014912 
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Energy dependence of strangeness population factor S3

• A prominent enhancement of  was proposed as a probe 
for deconfinement


• Data shows a mild increasing trend from  = 3.0 GeV to 

2.76 TeV


• For coalescence(UrQMD) models, the energy dependence is 
sensitive to the source radius ( ). Data favor larger radius. 

• Due to the difficulty in forming  of large radius in small 

systems


• Thermal-FIST, which includes feed-down from unstable 
nuclei to stable p, , describes the  data better


• Possible feed-down should be accounted

S3

sNN

Δr
3
ΛH

3He S3

12

STAR, Science 328 (2010) 58
STAR, arXiv: 2310.12674
ALICE, PLB 754 (2016) 360 
E864, PRC 70 (2004) 024902

A. Andronic et al, PLB 697 (2011) 203 (Thermal (GSI)) 
S. Zhang, PLB 684 (2010) 224 (Coal.+AMPT) 
T. Reichert, et al, PRC 107 (2023) 014912 (UrQMD, Thermal-FIST)
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A. Andronic et al, PLB 697 (2011) 203
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22

Data shows a mild increasing trend at low energies and becomes flat above 11.5 GeV.

Thermal-FIST, which includes feeddown from unstable nuclei describes the S3 data better.

Coalescence (UrQMD) is sensitive to the source radius (Dr). Data favor larger radius.
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Energy dependence of  3
ΛH ⟨pT⟩

13
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• Similar  for  and t


• Hint of  and t  <  at  > 7.7 GeV


• Blast-wave fit using measured kinetic freeze-out 
parameters from light hadrons ( , K, p)  

  and t might do not follow same collective 
expansion as light hadrons. Can be interpreted as  
and t decoupling at different times compared to light 
hadrons 

• Different trend for  = 3-4.5 GeV and  = 7.7-27 
GeV


• Suggest different expansion dynamics?

⟨pT⟩ 3
ΛH

3
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Summary
•  yields and /  ratio in 0-10% collisions overestimated by thermal 

model, assuming chemical freeze-out of light/hypernuclei happens at same 
time with hadrons, by a factor of 2


•   overestimated by Blast-wave fit parameterization from light hadrons


•  are likely formed at or decouples from the system at a different 
time compared to the light hadrons 

• Suppression of  in 10-40% collisions at low collisions energies observed


• Energy dependence of  suggests feed-down from unstable nuclei

3
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Outlook

• Huge datasets enable precision hypernuclei measurements


• Run 21, Au+Au 3 GeV, ~2 billion events


• Run 18, Isobar 200 GeV, ~6 billion events 

• Run 23-25, Au+Au 200 GeV, ~18 billion events 


• Opportunities for heavier hypernuclei: , , , , , 4
ΛH 4

ΛHe 5
ΛHe 6

ΛH A
ΛΛH A

ΛΛHe

15

3GeV 2B events
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3GeV 2B events

Thank you!


