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

• Probe hyperon-nucleon(Y-N) interaction


• Strangeness in high density nuclear matter


• EoS of neutron star


• Experimentally, we can make measurements related to:


1. Internal structure


• Lifetime, binding energy, branching ratios etc.


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

2. Production in heavy-ion collisions


• Spectra, collectivity etc.


The formation of loosely bound states in violent heavy-ion collisions is not well understood
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STAR and BES-II
• Collider mode:  = 7.7 - 19.6 GeV

• Fixed Target (FXT) mode: extends collision energy down to  = 3.0 GeV
sNN

sNN

4

FXT mode setup:
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Hypernuclei and STAR BES-II

1. At lower beam energies, the 
hypernuclei production is expected 
to be enhanced due to high baryon 
density

2. Datasets of large statistics 
produced in BES-II

 STAR BES-II gives a great 
opportunity to study hypernuclei 
production

→

5

• Hypernuclei measurements are scarce 
in heavy-ion collisions experiments

B. Dönigus, Eur. Phys. J. A (2020) 56:280

List of BES-II datasets:
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Hypernuclei analysis in STAR BES-I
STAR collaboration found the anti-hyper 
triton. 
Science 328, 58 (2010) (STAR)

6

Measurement of mass difference and binding 
energy of  and   
Nature Phys. 16 (2020) 409 (STAR)

3
ΛH 3

ΛH

Lifetime measurement of  
Science 328, 58 (2010) (STAR) 
PRC 97, 054909 (2018) (STAR)

3
ΛH
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Hypernuclei reconstruction

• Decay channels:


      


      


• Combinatorial background estimated via rotating pion tracks or event mixing

3
ΛH→3He + π− 3

ΛH→d + p + π−

4
ΛH→4He + π− 4

ΛHe→3He + p + π−
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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.
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Analysis details:      reconstruction via 3-body decay

!19

•1. Subtract uncorrelated 
background, estimated via 
event-mixing

•2. Excess around hypertriton peak contains 
contamination correlated backgrounds 

•To obtain corrected yields from hypertriton 3-body decay                                :3
ΛH → d + p + π−

•Purity estimated via template fit to 
χ2 of secondary vertex fit

3
ΛH

d

p

π−

Λ

π−

p

d

Real signal: lower χ2 Backgrounds: higher χ2

•3. Correct for efficiency of real signal
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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?
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None of the models shown describe the S3 data quantitatively
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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−)

8

• STAR 2021 (preliminary): 



•  Updated world average  is 
consistent with theory calculation 
assuming ~ 0.1 MeV 

R3 = 0.272 ± 0.030 ± 0.042

R3

BΛ

• Improved precision on 


• Stronger constraints on hypernuclear interaction models used to describe 


• Stronger constraints on absolute B.R.s

R3
3
ΛH

  may be sensitive to 
the binding energy of 
R3

3
ΛH
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,  results with improved precision 


 Provide tighter constraints on models.

3
ΛH 4

ΛH

→

,  and  lifetimes3
ΛH 4

ΛH 4
ΛHe

• Lifetime of light hypernuclei ,  and  are shorter than 
that of free  (with 1.8 , 3.0 , 1.1  respectively)


• Consistent with former measurements (within 2.5  for , )


•  result consistent with calculation including pion FSI (2019) 
and calculation under  2-body picture (1992) within 1

3
ΛH 4

ΛH 4
ΛHe

Λ σ σ σ

σ 3
ΛH 4

ΛH

τ3
ΛH

Λd σ

9

100 200 300 400 500 600

A. Gal (2021)

STAR (2022)

HADES preliminary

HypHI (2013)

H. Outa et al (1995)

S. Avramenko et al (1992)

Phillips, Schneps (1969)

Y. W. Kang et al (1965)

Prem, Steinberg (1964)

N. Crayton et al (1962)

HΛ
4 

HeΛ
4 

STAR preliminary

J. D. Parker (2007)

H. Outa et al (1995)

100 200 300 400 500 600

STAR (2022)

ALICE preliminary

HADE preliminary

ALICE (2019)

STAR (2018)

ALICE (2016)

HypHI (2013)

STAR (2010)

G. Keyes et al (1973)

G. Keyes et al (1970)

G. Bohm et al (1970)

Phillips, Schneps (1969)

G. Keyes et al (1968)

Prem, Steinberg (1964)

Dalitz et al (1966)
Congleton (1992)

Kamada et al (1998)
Gal et al (2019)

Hildenbrand et al (2020)

Λ

HΛ
3 

Lifetime [ps]

: 


: 


: 

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]

PRL 128, 202301(2022)
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•  binding-energy difference


 Study charge symmetry breaking (CSB) 
effect in A = 4 hypernuclei

• Differences are comparable large values and 

have opposite sign in  and  states

• Consistent with the calculation including 

a CSB effect within uncertainties.

Λ
→

0+ 1+

 and  of  and BΛ ΔBΛ
4
ΛH 4

ΛHe

10

•  binding energies( ) of  and  and their differences 


• For ground states,  = 


• For excited states, the results are obtained from the -ray 
transition energies 


          = 


          = 

Λ BΛ
4
ΛH 4

ΛHe ΔBΛ

ΔB4
Λ(0+) BΛ(4

ΛHe,0+) − BΛ(4
ΛH,0+)
γ

Eγ

B4
Λ(4

ΛHe/H,1+) BΛ(4
ΛHe/H,0+) − Eγ(4
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FIG. 5. The Λ binding-energy differences between 4
ΛH and 4

ΛHe in ground states (a) and in excited states (b) compared with
theoretical model calculations (black solid circles and a short black line) and previous measurements (blue solid squares). Solid
error bars show statistical uncertainties and boxes show the systematic uncertainties. Red dashed vertical lines are drawn at
∆B4

Λ(0
+ or 1+) = 0.

comparable and has the opposite sign in ground states362

and excited states in A = 4 hypernuclei which has not363

been shown in previous measurements. An accurate mea-364

surement of the γ-ray transition energy for excited 4
ΛH is365

important as it directly impacts the deduced Λ binding366

energy for the excited state. Currently, our results are367

based on the γ-ray transition energy for 4
ΛH from the ex-368

periments in the 1970s which show a large difference from369

the recent measurements in the γ-ray transition energy370

for 4
ΛHe [14, 37].371

Model calculations predict that the yields of 4
ΛH and372

4
ΛHe should be similar in heavy-ion collisions [24, 38].373

However, the number of analyzed 4
ΛHe is much less than374

the number of analyzed 4
ΛH due to the lower acceptance375

in STAR for three-body decays, leading to the statistical376

uncertainty on the 4
ΛHe mass driving the statistical uncer-377

tainties on the Λ binding-energy differences. Besides, the378

Λ binding-energy difference between 4
ΛH and 4

ΛHe from the379

experiments in the 1970s was measured both in their three-380

body decay channels [39]. To compare with it, it may be381

more reasonable for us to address the CSB effect also in their382

three-body decay channels, which requires a reconstruction383

of 4
ΛH via its three-body decay channel 4

ΛH → t+ p+ π−.384

However, the three-body decays have lower acceptance385

than two-body decays in STAR and a smaller branching386

ratio [26]. Furthermore, due to the +1 charge of the tri-387

ton, the dE/dx of the triton usually mixes with other par-388

ticles with +1 charge as shown in Fig. 1. These conditions389

lead to the statistics of 4
ΛH reconstructed via the three-390

body decay channel being much lower than 4
ΛH two-body391

decay and 4
ΛHe three-body decay. Therefore, we did not392

consider the three-body decay channel of 4
ΛH in this anal-393

ysis. STAR has collected more statistics in the fixed-target394

mode. Within a few years for data production and analysis,395

the precision of current binding-energy measurements will396

be improved. The 4
ΛH three-body decay channel analysis397

may also become possible, and one may also have the398

chance to study the YNN interaction via the momentum399

correlation between Λ and light nuclei [23, 40].400

IV. SUMMARY401

In summary, the masses and the Λ binding energies402

of the mirror hypernuclei, 4
ΛH and 4

ΛHe, are measured in403

Au+Au collisions at √
sNN = 3 GeV. By using the γ-ray404

transition energies of the excited states from previous405

measurements [14, 15], the Λ binding energies of them406

in excited states are also extracted. The CSB effect in407

A = 4 hypernuclei are then studied by measurements408

of the Λ binding-energy differences between the ground409

states of 4
ΛH and 4

ΛHe or their excited states. In compar-410

ison with other experimental measurements and theoret-411

ical studies, our results with a positive ∆B4
Λ(0

+
g.s.) and412

a negative ∆B4
Λ(1

+
exc) of comparable magnitudes within413

uncertainties, are consistent with the calculation using414

chiral effective field theory YN potentials plus a CSB ef-415

fect. Although the statistical uncertainties are large, our416

approach provides a new avenue to study the CSB in417

heavy-ion collision experiments.418

[1] L. Adamczyk et al. (STAR Collaboration), Phys. Rev. C419

97, 054909 (2018), arXiv:1710.00436 [nucl-ex].420

[2] S. Acharya et al. (ALICE Collaboration), Phys. Lett. B421

797, 134905 (2019), arXiv:1907.06906 [nucl-ex].422
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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?
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None of the models shown describe the S3 data quantitatively
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Hypernuclei production at 3 GeV

• First measurement of dN/dy of hypernuclei in heavy-ion collisions


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


• Transport model (JAM) with coalescence reproduces trends of  rapidity distributions seen in data

4
ΛH

4
ΛH

11
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•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)
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•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
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*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

*
**
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(accepted by PRL)
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Comparison to  and light nuclei at 3 GeVΛ
• Thermal/coalescence models predict approx. exponential 

dependence of yields/(2J+1) vs A


•  lies a factor of 6 above exponential fit to ( , , )4
ΛH Λ 3

ΛH 4
ΛH
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Comparison to Λ and light nuclei at 3 GeV
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•Thermal/coalescence models predict approx. 
exponential dependence of yields/(2J+1) vs A

•       lies a factor of 6 above exponential  fit to 

•Non-monotonic behavior in light-to 
hyper-nuclei ratio vs A observed

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

A. Andronic et al, PLB 697 (2011)203 
(updated, preliminary) (Thermal Model)

Data support creation of excited A=4 
hypernuclei from heavy-ion collisions

Level diagram of A=4 hypernuclei

See talks by Hui Liu (4/7 T16),  
                     Aswini K Sahoo (4/7 T14-I) 
See poster by: Yingjie Zhou (4/8 T11_2)

4
ΛH*(J+ = 1) → 4

ΛH(J+ = 0) + γ
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• Non-mononic behavior in light-to-

hyper-nuclei ratio vs A observed 

• Thermal model calculations 

including excited  feed-
down shows a similar trend

4
ΛH*

A. Andronic et al, PLB 697 (2011) 203  (Thermal model)
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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 model reproduces the trend, but slightly 

overestimate the yields of   at 19.6 and 27 GeV. 
Meanwhile,  is underestimated.


• Coalescence(DCM) cannot describe ,  yields using 
same coalescence parameters, whereas coalescence(JAM) 
using different parameters approximately can


• PHQMD describes  at 3 GeV, but slightly overestimates 



• Hybrid URQMD overestimates both yields at 3 GeV by an 
order of magnitude

3
ΛH

3
ΛH

4
ΛH

3
ΛH 4

ΛH

4
ΛH

3
ΛH
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Energy dependence of hypernuclei production in heavy-ion collisions
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3
ΛH

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

•Driven by increase in baryon density at low energies

•Thermal model (GSI-Heidelberg)  reproduces the trend, 
but does not quantitatively describe the yields

ALICE, PLB 754 (2016)360  

J. Steinheimer et al, PLB 714(2012),85                 
(H. URQMD, Coales.(DCM))

A. Andronic et al, PLB 697 (2011)203 
(updated, preliminary) (Thermal Model)

S. Gläßel et al, arXiv:2106.14839 (PHQMD)
Y. Nara et al, PRC 61(1999)024901 (JAM)

•Coalescence model (DCM) cannot simultaneously 
describe               yields using same coalescence 
parameters; coalescence model (JAM) using 
different parameters approximately can

•PHQMD with                         describes        yield, 
slightly overestimates    

VΛN = 2/3VNN
4
ΛH

3
ΛH

•Hybrid URQMD overestimates yields at 3 GeV 
by an order of magnitude

3
ΛH, 4

ΛH

New data provide first constraints for 
hypernuclei production models in the 
high-baryon-density region

3
ΛH

•        mid-rapidity yields obtained 
as a function of pT and centrality at 
19.6 and 27 GeV
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•At 3 GeV,

STAR, arXiv:2110.09513 
(accepted by PRL)

0 0.5 1 1.5 2 2.5 3 3.5 4
[GeV/c]

T
p

8−10

7−10

6−10

5−10

[c
/G

eV
]

T
N

/d
yd

p
2

 d Tpπ
B.

R
./2

H, |y|<0.5, 0-10%Λ
3 
H, |y|<0.5, 10-40%Λ

3 
-exp. fitTm

Au+Au 19.6 GeV

STAR preliminary

STAR, PRL 128 (2022) 202301

ALICE, PLB 754 (2016) 360 

A. Andronic et al, PLB 697 (2011) 203 (Thermal model) 

J. Steinheimer et al, PLB 714 (2021) ( H. URQMD, DCM)

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

Y. Nara et al, PRC 61 (1999) 024901 (JAM)

S. Gläßel et al, arXiv: 2106,14839 (PHQMD)
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 and S3 S4
• : relative suppression of hypernuclei production 

compared to light nuclei production

• Expect ~1 if no suppression naively


• < 1  relative suppression of  to  


• >   enhanced  production due to 
feed-down from excited state 

SA

S3 → 3
ΛH 3He

S4 S3 → 4
ΛH

14

0.4 0.6 0.8 1
/A

T
p

1−10

1   
   

   
   

  
AS

0-10%Au+Au 3 GeV

0.4 0.6 0.8 1
[GeV/c]                          

y=(-0.25,0)
y=(-0.5,-0.25)

 (B.R.=25%)3s

y=(-0.25,0)
y=(-0.5,-0.25)
y=(-0.75,-0.5)

 (B.R.=50%)4s 10-40%
STAR preliminary

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

10 210 310
 [GeV]                NNs

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

   
   

   
   

   
   

   
3S

/A>0.4 GeV/c)
T

Au+Au 0-10% (p
/A>0.4 GeV/c)

T
Au+Au 10-40% (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

SA =
A
ΛH

AHe × Λ
p

• No clear centrality dependence


• Hint of an increasing trend from  = 3.0 
GeV to 2.76 TeV


• None of the models describe the  data 
quantitatively

sNN

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 model) 

J. Steinheimer et al, PLB 714 (2021) ( H. URQMD, Coal.(DCM))

S. Zhang PLB 684(2010)224 (Coal.+AMPT) 
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 and  directed flow at 3 GeV3
ΛH 4

ΛH

• First measurements of  and  directed flow ( ) from 5 - 40% centrality


•  slopes of  and  seem to follow a mass number scaling.


 Imply coalescence is a dominant process for hypernuclei formation in heavy-ion collisions  

3
ΛH 4

ΛH v1

v1
3
ΛH 4

ΛH

→

15
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Summary
• STAR BES-II provides a unique opportunity to study hypernuclei, especially at high-baryon-density region


• ,  lifetimes measured with improved precision


• Relative branching ratio  of  with improved precision


• Precision lifetime and  provide stronger constraints on hyper nuclear interaction models


•  binding-energy difference between  and 


• Hint of CSB effect at A=4


• First measurement of  and  collectivity 


• Mass number scaling is observed for the light hypernuclei  qualitatively consistent with coalescence


• First measurement of  and  dN/dy vs y in heavy-ion collisions.


• Provide first constraints to hypernuclei production models @ high 


• Outlook: 1. iTPC and eToF fully installed in 2019  improve  acceptance and PID at large 


            2. 2 billion events collected at 3 GeV in 2021  larger statistics, higher precision 


• Expect precision measurements and more information of hypernuclei production with wider  range

3
ΛH 4

ΛH
R3

3
ΛH

R3

Λ 4
ΛH 4

ΛHe

3
ΛH 4

ΛH v1

→
3
ΛH 4

ΛH
μB

→ η η
→

η
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 3-body signal3
ΛH

• SE-ME signals contains real signal and 
kinematically correlated ( )Λ + d Λ → pπ−

18
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Analysis details:      reconstruction via 3-body decay

!19

•1. Subtract uncorrelated 
background, estimated via 
event-mixing

•2. Excess around hypertriton peak contains 
contamination correlated backgrounds 

•To obtain corrected yields from hypertriton 3-body decay                                :3
ΛH → d + p + π−

•Purity estimated via template fit to 
χ2 of secondary vertex fit

3
ΛH

d

p

π−

Λ

π−

p

d

Real signal: lower χ2 Backgrounds: higher χ2

•3. Correct for efficiency of real signal
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Estimation of "#H purity in signals
• Normalized ##$%& distribution of Λ+d and '(H template 

from MC (%') and %
"
#*), and reconstructed signals 

%$+,+.
• '

(H purity: the fraction of real'(H %"#* in signals %$+,+
from fitting  %$+,+ = '- ( (%') + '. ( %"#*).

• Decay channel: '(H → ',-.
• KF Particle packaged is used to improve 

significance.
• Combinatorial background is reconstructed 

by mixed-event method.
• Signals contain real '(H signal and 

kinematically correlated Λ + - (Λ → ',/).

dΛ

p

&

d

!
"H

p
&

• Estimation of  purity in signals


• Normalized  distribution of  and  template from MC 
(  and ), and reconstructed signal 


• Purity: the fraction of real  signals   in signals  from fitting 
= (  + )

3
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Analysis details:      reconstruction via 3-body decay

!19

•1. Subtract uncorrelated 
background, estimated via 
event-mixing

•2. Excess around hypertriton peak contains 
contamination correlated backgrounds 

•To obtain corrected yields from hypertriton 3-body decay                                :3
ΛH → d + p + π−

•Purity estimated via template fit to 
χ2 of secondary vertex fit

3
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Real signal: lower χ2 Backgrounds: higher χ2

•3. Correct for efficiency of real signal
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Lifetime

• Lifetime  extracted via 


•  lifetime cross check : 267 4 ps, consistent with PDG value (263 2 ps)


•  and  lifetimes from 3.0 GeV consistent with 7.2 GeV results

τ N(t) = N0e−L/βγcτ

Λ ± ±

3
ΛH 4

ΛH
19
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 binding energy analysisΛ

• The background are obtained by rotating  or  track by 180 degrees


• The signal and the background are fitted by a Gaussian distribution and a double-exponential function, respectively. 


•  binding energy :

4He 3He
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FIG. 2. Invariant-mass distributions for 4
ΛH (a) and 4

ΛHe (b) reconstructed with KFParticle and TMVA-BDT. The green
histograms represent the rotated backgrounds. The blue dashed curves represent the background fits and are obtained by fitting
the invariant-mass distributions outside of the signal regions with double-exponential functions. The black dashed curves are
obtained by fitting these distributions across the full range of invariant mass with the background fit result and a Gaussian
function. The violet dashed curves represent the signal Gaussian functions.

p + π−. The discussion on 4
ΛH three-body decay channel155

can be found in Section III. The daughter particles are156

identified according to the methods described in Section157

II A. The KFParticle package [29, 30] is used to recon-158

struct the invariant-mass distributions of 4
ΛH and 4

ΛHe.159

KFParticle package is an algorithm based on the Kalman160

filter to reconstruct short-lived particles in heavy-ion col-161

lisions [26]. In KFParticle, a particle is described by a162

state vector constructed by its coordinate and momen-163

tum information from the detector and a covariance ma-164

trix associated with the state vector. Various topologi-165

cal variables, including the distance of closest approach166

(DCA) between a particle and the primary vertex (PV)167

and DCA between the decay daughters, are used to sup-168

press the background. In KFParticle, the DCA can also169

be represented by the covariance between two points, χ2,170

calculated by the covariance matrix of the track. Smaller171

value of χ2 corresponds to a closer distance. With the de-172

cay daughters identified, the invariant-mass distributions173

of hypernuclei can be determined.174

To optimize the signal, the TMVA-BDT [31] package is175

used. The Boosted Decision Trees (BDT) algorithm can176

distinguish signal from background according to topolog-177

ical variables. In this analysis, six topological variables178

are used as training features for 4
ΛH: the decay length179

of 4
ΛH, the decay length over its error calculated by the180

covariance matrix, the χ2 of the DCA between 4
ΛH and181

the PV, the χ2 of the DCA between decay daughters, the182

χ2 of the DCA between π− and the PV, and the DCA183

between π− and the PV. For 4
ΛHe, five topological vari-184

ables are used: the 4
ΛHe decay length, the χ2 of the DCA185

between 4
ΛHe and the PV, the χ2 of the DCA between186

the decay daughters, the χ2 of the DCA between the187

proton and the PV, and the χ2 of the DCA between π−188

and the PV. The BDT algorithm is trained to calculate189

a response value for each candidate to distinguish signal190

and background. The reconstructed particles from sim-191

ulated events are used as the training sample for signals.192

Here the 4
ΛH and 4

ΛHe particles are simulated using the193

GEANT software [32] with STAR detector geometry and194

materials. The output detector responses are embedded195

into real data samples, then reconstructed just like real196

data. The samples for background are obtained from197

the real experimental data by rotating the 4He or 3He198

track by 180 degrees around the longitudinal axis before199

applying the reconstruction method. Panels (a) and (b)200

in Fig. 2 show the invariant-mass distributions alongside201

fittings to the signal and background regions of 4
ΛH and202

4
ΛHe reconstructed with KFParticle and TMVA-BDT op-203

timization. Here, we correct for the effects of energy loss204

and magnetic field measurement inaccuracy on the mea-205

sured momenta of decay daughters. These corrections206

will be discussed in Section II C. We define significance207

S/
√
S +B, where S and B are the counts of signal and208

background, respectively, in the invariant mass region.209

The significances for 4
ΛH and 4

ΛHe are about 36 and 10,210

respectively.211

As a cross check of the reconstruction algorithm for212
4
ΛH and 4

ΛHe, a “helix swimming” method [11, 33] to213

find the closest approach among daughters is also im-214

plemented. By tuning topological variable cuts and the215

optimization of TMVA-BDT, the 4
ΛH and 4

ΛHe mass re-216

sults from helix swimming are consistent with those from217

KFParticle with mass difference at the level of 10 keV.218

C. Corrections219

Particles emitted from the collisions lose energy in220

a momentum-dependent manner when passing through221
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TABLE II. Sources of systematic uncertainties for the masses
and Λ binding energies of 4

ΛH and 4
ΛHe in MeV/c2.

Uncertainty source 4
ΛH

4
ΛHe

Momentum scaling factor 0.11 0.11
Energy loss correction 0.08 0.05

BDT response cut 0.03 0.01
Total 0.14 0.12

the simulation data and found that it brings a 0.02 MeV299

change to the Λ binding-energy difference. Thus this300

0.02 MeV is considered as a systematic uncertainty for the301

Λ binding-energy difference. The systematic uncertain-302

ties from other sources are added in quadrature to obtain303

the total systematic uncertainties of the Λ binding-energy304

difference, summarized in Table III.305

TABLE III. Systematic uncertainties for the difference of Λ
binding energies between 4

ΛH and 4
ΛHe in the ground state in

MeV.
Uncertainty source Uncertainty

Momentum scaling factor 0.02
Energy loss correction 0.09

BDT response cut 0.03
Total 0.10

III. RESULTS AND DISCUSSIONS306

The signal and the background in the invariant-mass307

distributions of 4
ΛH and 4

ΛHe are fitted by a Gaussian308

distribution and a double-exponential function, respec-309

tively:310

f(x) =
A√
2πσ

exp

(
− (x− µ)2

2σ2

)
+ p0 exp

(
−x− p1

p2

)

+ p3 exp

(
−x− p1

p4

)
+ p5. (3)

The fitting result of µ is the mass of the interested hy-311

pernucleus. The fitting results are shown as the black312

dashed curves in Fig. 2. Using the methods which313

has been described in Section II, we have measured314

m(4ΛH) = 3922.38±0.06(stat.)±0.14(syst.) MeV/c2, and315

m(4ΛHe) = 3921.69 ± 0.13(stat.) ± 0.12(syst.) MeV/c2.316

We can extract the Λ binding energies of 4
ΛH and 4

ΛHe ac-317

cording to Eq. 1. The mass of Λ (m(Λ) = 1115.68 MeV)318

is taken from the PDG [35], and the masses of triton319

(m(t) = 2808.92 MeV) and 3He (m(3He) = 2808.39 MeV)320

are from CODATA [36]. With the mass measurements in321

this analysis, the Λ binding energies of 4
ΛH and 4

ΛHe are322

BΛ(4ΛH) = 2.22 ± 0.06(stat.) ± 0.14(syst.) MeV and323

BΛ(4ΛHe) = 2.38± 0.13(stat.)± 0.12(syst.) MeV. These324

results are illustrated in Fig. 4.325

The Λ binding energies of 4
ΛH and 4

ΛHe in this anal-326

ysis correspond to the ground states, reconstructed via327

their weak-decay channels. The Λ binding energies in ex-328

cited states can be obtained according to the γ-ray tran-329

sition energies of the excited 4
ΛH and 4

ΛHe. Combined330

with the γ-ray transition energies obtained from previ-331

ous measurements, Eγ(4ΛH) = 1.09 ± 0.02 MeV [15]332

and Eγ(4ΛHe) = 1.406 ± 0.003 MeV [14], the333

Λ binding-energy differences between 4
ΛH and 4

ΛHe are334

∆B4
Λ(0

+
g.s.) = 0.16 ± 0.14(stat.) ± 0.10(syst.) MeV and335

∆B4
Λ(1

+
exc) = − 0.16± 0.14(stat.)± 0.10(syst.) MeV.336

3He + Λ

 -0.16 ± 0.14 ± 0.10

 0.16 ± 0.14 ± 0.10
2.38 ± 0.13 ± 0.12

1.41 ± 0.003
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FIG. 4. Energy level schemes of 4
ΛH and 4

ΛHe in terms of Λ
binding energies. The ground-state binding energies are from
this analysis. The values for excited states are obtained from
the γ-ray transition energies measured in Refs. [14, 15].

Figure 5 presents a compilation of current measure-337

ments together with early measurements [12, 14–17, 37]338

and theoretical model calculations [7, 18–22] for the Λ339

binding-energy differences. The solid blue square mark-340

ers in Fig. 5 show results from nuclear emulsion exper-341

iments in 1970s, in which a positive binding-energy dif-342

ference in the excited states with a magnitude similar to343

the ground states was measured. This similarity arises be-344

cause the γ-ray transition energy for 4
ΛHe was measured to345

be Eγ(4ΛHe) = 1.15 ± 0.04 MeV at that time [37], which346

is comparable to that of 4
ΛH [15]. With a precise measure-347

ment of the γ-ray transition energy for 4
ΛHe in 2015 [14],348

which shows a larger γ-ray transition energy for 4
ΛHe than349

for 4
ΛH, the Λ binding-energy difference in excited states350

was calculated to be around zero, and it is much smaller351

than that in ground states. As discussed in the introduc-352

tion and shown as solid black circle markers in Fig. 5 with353

black dots, most of the theoretical calculations predict354

small Λ binding-energy differences in both ground states355

and excited states [7, 18–20]. Reference [22] (denoted356

as PRL116(2016)) predicts large values of Λ binding-357

energy differences in both ground states and in excited358

states with opposite sign, i.e. ∆B4
Λ(1

+
exc) ≈ −∆B4

Λ(0
+
g.s.).359

Within current uncertainties, this prediction matches our360

measurements. This may indicate that the CSB effect is361
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Measurement of 4
ΛH and 4

ΛHe binding energy in Au+Au collisions at √
sNN = 3 GeV1

The STAR Collaboration2

(Dated: May 31, 2022)3

Measurements of mass and Λ binding energy of 4
ΛH and 4

ΛHe in Au+Au collisions at √
sNN = 34

GeV are presented, with an aim to address the charge symmetry breaking (CSB) problem in5

hypernuclei systems with atomic number A = 4. The Λ binding energies are measured to be6

2.22 ± 0.06(stat.) ± 0.14(syst.) MeV and 2.38 ± 0.13(stat.) ± 0.12(syst.) MeV for 4
ΛH and 4

ΛHe, re-7

spectively. The measured Λ binding-energy difference is 0.16 ± 0.14(stat.) ± 0.10(syst.) MeV for8

ground states. Combined with the γ-ray transition energies, the binding-energy difference for excited9

states is −0.16 ± 0.14(stat.) ± 0.10(syst.) MeV, which is negative and comparable to the value of10

the ground states within uncertainties. These new measurements on the Λ binding-energy dif-11

ference in A = 4 hypernuclei systems are consistent with the theoretical calculations that result12

in ∆B4
Λ(1

+
exc) ≈ −∆B4

Λ(0
+
g.s.) < 0 and present a new method for the study of CSB effect using13

relativistic heavy-ion collisions.14

I. INTRODUCTION15

Nuclei containing strange quarks, called hypernuclei,16

are ideal hyperon-baryon bound systems for studying the17

hyperon-nucleon (YN) interactions and have therefore18

been the subject of intense study [1–4]. The Λ bind-19

ing energy BΛ (also called the Λ separation energy) of20

a hypernucleus is defined as the difference between the21

mass of the hypernucleus, and the sum of the masses of22

the nucleon core and the Λ:23

BΛ = (MΛ +Mcore −Mhypernucleus)c
2. (1)

The determination of Λ binding energies can aid in the24

understanding of YN interactions and the equation of25

state (EOS) of hypernuclear matter with a potential con-26

nection to neutron star studies [5, 6]. And it has been27

the subject of theoretical calculations and experimental28

measurements [7–10]. Recent results from the STAR Col-29

laboration [11] have shown the Λ binding energy of the30

hypertriton to be larger than zero, challenging previous31

results [12]. Precision measurements of Λ binding ener-32

gies of heavier hypernuclei than the hypertriton are ex-33

pected to improve our understanding of the YN interac-34

tions between Λ and heavier nuclei.35

The charge symmetry of the strong interaction pre-36

dicts that the Λp and the Λn interaction should be iden-37

tical, because Λ is charge neutral. The binding-energy38

difference between a pair of mirror nuclei, whose num-39

bers of protons and neutrons are exchanged, originates40

from the difference of the Coulomb interactions and the41

mass difference of the up and down quarks [13]. Further-42

more, the Λ binding energy of mirror hypernuclei such43

as 4
ΛH (triton + Λ) and 4

ΛHe (3He + Λ) should be equal44

according to charge symmetry. However, the measured45

difference in binding energy between the triton and 3He46

demonstrates the breaking of charge symmetry. With47

the removal of the contributions from Coulomb interac-48

tions, the value of the binding-energy difference between49

the triton and 3He is 67 ± 9 keV [13]. On the other hand,50

measurements in nuclear emulsion experiments reported a Λ51

binding-energy difference ∆B4
Λ(0

+
g.s.) = 350± 50 keV [12]52

between 4
ΛH and 4

ΛHe in their ground states, which is larger53

than the binding-energy difference in nuclei, representing a54

puzzle since reported [12].55

In 2015, the J-PARC E13 γ-ray spectroscopy56

experiment measured the γ-ray transition energy57

for the 1+ first excited state of 4
ΛHe to be58

1406 ± 2(stat.) ± 2(syst.) keV [14]. The E13 Collab-59

oration then combined the Λ binding energies of ground60

states from emulsion experiments in the 1970s [12], the61

γ-ray transition energy for 4
ΛH measured in 1976 [15],62

and their new γ-ray transition energy measurement for63
4
ΛHe to determine the difference in excited states as64

∆B4
Λ(1

+
exc) = 30 ± 50 keV [14]. This is roughly a fac-65

tor of ten smaller than that in the ground states [12]. It66

was also suggested that the CSB effect may have a sig-67

nificant spin dependence which is larger in ground states68

than in excited states [14]. In 2016, the A1 Collab-69

oration at the Mainz Microtron used spectrometers to70

make a new measurement of the ground state Λ binding71

energy of 4
ΛH [16, 17]. Combining their new measure-72

ment with the previous Λ binding energy of 4
ΛHe [12]73

and the measurements of the γ-ray transition energies74

for 4
ΛH [15] and 4

ΛHe [14], the binding-energy differences75

were updated to be ∆B4
Λ(0

+
g.s.) = 233 ± 92 keV and76

∆B4
Λ(1

+
exc) = −83± 94 keV [16, 17].77

Many theoretical model calculations have failed to re-78

produce the experimental results, with most of them un-79

derestimating the CSB effect in both the ground and ex-80

cited states [7, 18–20]. It has been proposed that Λ− Σ81

mixing can account for the large CSB [21]. In 2016, the82

ab initio calculation using chiral effective field theory83

hyperon-nucleon potentials plus a CSB Λ − Σ0 mixing84

vertex of A = 4 hypernuclei achieved a large CSB in85

both ground and excited states, and also concluded that86

∆B4
Λ(1

+
exc) ≈ −∆B4

Λ(0
+
g.s.) < 0 [22]. Independent experi-87

ments are needed to test these calculations. More accu-88

rate values of the Λ binding-energy splitting in ground89

and excited states are needed to constrain the Λn inter-90

action [23].91

To study the QCD matter in the high-baryon-density92

region, the STAR detector acquired data for collisions at93
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Observation of 4ΛH

• First observation of  with ~5  significance


• First observation of heaviest anti-hyper nucleus in experiment


• New opportunity for the study of matter-antimatter asymmetry

4
ΛH σ

21

Antimatter/matter yield ratios are consistent 
with previous results and models.

Introduction
• Matter-antimatter asymmetry is a precondition necessary to explain the 

existence of our world made predominately of matter over antimatter
• 89

:!"
ØThe heaviest anti-hypernucleus ever observed experimentally
ØNew opportunity for the study of matter-antimatter asymmetry

2

Year !!! "#$ System Events

2010 200 Au+Au 0.67B

2011 200 Au+Au 0.68B

2012 193 U+U 0.67B

2018 200 Ru+Ru, Zr+Zr 4.61B

• Datasets from STAR at RHIC facility

• Reconstruction channels
"#% → #%' + )$, %"#+% → #%' + )& (Assumed branching ratio 25%)
"'% → '%' + )$, %"'+% → '%' + )& (Assumed branching ratio 50%)

;6 ̅=
;6>̅

?!

;6 >̅
;6>̅

8@
A!#

A#$

%B

Ø Due to low production yield, data from various collision systems and triggers are 
used in the search, to maximize the statistics.
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Detector upgrade 
In year 2019: 


1. iTPC fully operational


2. eTof fully installed


They both improve  acceptance and PID at large .η η

22

High statistics in BES-II + wider coverage than in year 2018 

  Expect precision measurements and more information at large 
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