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Measurements of mass and � binding energy of 4
�H and 4

�He in Au+Au collisions at √sNN = 3 GeV are 
presented, with an aim to address the charge symmetry breaking (CSB) problem in hypernuclei systems 
with atomic number A = 4. The � binding energies are measured to be 2.22 ±0.06(stat.)±0.14(syst.) MeV 
and 2.38 ± 0.13(stat.)±0.12(syst.) MeV for 4

�H and 4
�He, respectively. The measured � binding-energy 

difference is 0.16 ± 0.14(stat.) ± 0.10(syst.) MeV for ground states. Combined with the γ -ray transition 
energies, the binding-energy difference for excited states is −0.16 ± 0.14(stat.) ± 0.10(syst.) MeV, 
which is negative and comparable to the value of the ground states within uncertainties. These new 
measurements on the � binding-energy difference in A = 4 hypernuclei systems are consistent with the 
theoretical calculations that result in �B4

�(1+
exc) ≈ −�B4

�(0+
g.s.) < 0 and present a new method for the 

study of CSB effect using relativistic heavy-ion collisions.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Nuclei containing strange quarks, called hypernuclei, are ideal 
hyperon-baryon bound systems for studying the hyperon-nucleon 
(YN) interactions and have therefore been the subject of intense 
study [7,5,14,4]. The � binding energy B� (also called the � sep-
aration energy) of a hypernucleus is defined as the difference be-
tween the mass of the hypernucleus, and the sum of the masses 
of the nucleon core and the �:

B� = (M� + Mcore − Mhypernucleus)c2. (1)

The determination of � binding energies can aid in the under-
standing of YN interactions and the equation of state (EOS) of 
hypernuclear matter with a potential connection to neutron star 
studies [29,17]. And it has been the subject of theoretical calcula-
tions and experimental measurements [32,36,27,2]. Recent results 
from the STAR Collaboration [6] have shown the � binding energy 
of the hypertriton to be larger than zero, challenging previous re-
sults [24]. Precision measurements of � binding energies of heav-
ier hypernuclei than the hypertriton are expected to improve our 
understanding of the YN interactions between � and heavier nu-
clei.

The charge symmetry of the strong interaction predicts that 
the �p and the �n interaction should be identical, because � is 
charge neutral. The binding-energy difference between a pair of 
mirror nuclei, whose numbers of protons and neutrons are ex-
changed, originates from the difference of the Coulomb interac-
tions and the mass difference of the up and down quarks [30]. 
Furthermore, the � binding energy of mirror hypernuclei such as 
4
�H (triton + �) and 4

�He (3He + �) should be equal according 
to charge symmetry. However, the measured difference in bind-
ing energy between the triton and 3He demonstrates the breaking 
of charge symmetry. With the removal of the contributions from 
Coulomb interactions, the value of the binding energy difference 
3

between the triton and 3He is 67 ± 9 keV [30]. On the other 
hand, measurements in nuclear emulsion experiments reported a 
� binding-energy difference �B4

�(0+
g.s.) = 350 ± 50 keV [24] be-

tween 4
�H and 4

�He in their ground states, which is larger than the 
binding-energy difference in nuclei, representing a puzzle since re-
ported [24].

In 2015, the J-PARC E13 γ -ray spectroscopy experiment mea-
sured the γ -ray transition energy for the 1+ first excited state of 
4
�He to be 1406 ± 2(stat.) ± 2(syst.) keV [38]. The E13 Collab-
oration then combined the � binding energies of ground states 
from emulsion experiments in the 1970s [24], the γ -ray transi-
tion energy for 4

�H measured in 1976 [11], and their new γ -ray 
transition energy measurement for 4

�He to determine the differ-
ence in excited states as �B4

�(1+
exc) = 30 ± 50 keV [38]. This is 

roughly a factor of ten smaller than that in the ground states [24]. 
It was also suggested that the CSB effect may have a significant 
spin dependence which is larger in ground states than in excited 
states [38]. In 2016, the A1 Collaboration at the Mainz Microtron 
used spectrometers to make a new measurement of the ground 
state � binding energy of 4

�H [16,33]. Combining their new mea-
surement with the previous � binding energy of 4

�He [24] and 
the measurements of the γ -ray transition energies for 4

�H [11]
and 4

�He [38], the binding-energy differences were updated to be 
�B4

�(0+
g.s.) = 233 ± 92 keV and �B4

�(1+
exc) = −83 ± 94 keV [16,33].

Many theoretical model calculations have failed to reproduce 
the experimental results, with most of them underestimating the 
CSB effect in both the ground and excited states [32,22,31,15]. It 
has been proposed that � − � mixing can account for the large 
CSB [18]. In 2016, the ab initio calculation using chiral effective 
field theory hyperon-nucleon potentials plus a CSB � − �0 mix-
ing vertex of A = 4 hypernuclei achieved a large CSB in both 
ground and excited states, and also concluded that �B4

�(1+
exc) ≈

−�B4
�(0+

g.s.) < 0 [19]. Independent experiments are needed to test 
these calculations. More accurate values of the � binding-energy 

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. (a): The mean energy loss in the TPC versus rigidity, p/q, where p is the momentum of the particle and q is its electric charge in units of the electron charge. The 
dashed curves represent the expected values calculated by the Bichsel function [13] for each particle species. (b): The square of the ratio of mass and charge, m2/q2, versus 
rigidity in the TOF detector. The dashed curves represent the expected values for 3He and 4He.
splitting in ground and excited states are needed to constrain the 
�n interaction [21].

To study the QCD matter in the high-baryon-density region, the 
STAR detector acquired data for collisions at the lowest available 
energy of the BES-II program. In 2018, STAR collected over 3 × 108

events at a center-of-mass energy of 
√

sNN = 3 GeV. The UrQMD-
hydro hybrid model predicts that the production yields of hyper-
nuclei is at a maximum around 

√
sNN = 5 GeV with high baryon 

chemical potential [35]. Therefore, 
√

sNN = 3 GeV collisions col-
lected with the STAR experiment provide an opportunity to study 
the � binding energies of 4

�H and 4
�He in the same experiment to 

address the CSB problem.

2. Analysis details

2.1. The STAR detector

This work is based on a high-statistics data set of Au+Au col-
lisions at 

√
sNN = 3 GeV taken in fixed-target mode using the 

STAR detector in 2018. A 0.25 mm thick stationary gold target was 
mounted inside the beam pipe 2 m to the center of the Time Pro-
jection Chamber (TPC) [10]. In the collider mode, the lowest 

√
sNN

for Au+Au collisions that RHIC can run with usable luminosity is 
7.7 GeV, whereas in the fixed-target mode this low energy limit 
can be extended to 3 GeV. A gold beam incident from the same 
side as the gold target at laboratory kinetic energy 3.85A GeV pro-
duces collisions at 

√
sNN = 3 GeV in the center-of-mass frame. The 

collision vertices are selected to be within 2 cm of the gold target’s 
position in the longitudinal (beam) direction and also within 2 cm 
of the average position of collision vertices in the transverse plane. 
With these selections, 317 million events with minimum bias trig-
ger [1] are analyzed in this paper.

The particle identification (PID) is achieved with the TPC and 
the Time-of-Flight (TOF) detector [28]. The TPC data allow the 
reconstruction of the paths of emitted particles and provides par-
ticle identification via the measurement of energy loss, dE/dx. 
Fig. 1(a) presents the distribution of tracks versus dE/dx and mag-
netic rigidity, p/q, using the TPC. A 0.5 T magnetic field is applied 
along the TPC’s cylindrical axis causing the charged tracks to fol-
low helical paths, the curvatures of which reveal the track rigidity. 
The dotted curves are calculations of the Bichsel function [13] for 
the indicated particle species. The PID for π− , proton, 3He, and 
4He are firstly achieved by selecting the measured dE/dx within 
3 standard deviations of their expected values by Bichsel function. 
4

These tracks are also required to have more than 15 space points 
in the TPC.

As seen in Fig. 1(a), the particle species are not completely sep-
arated by the TPC. The TOF detector measures a particle’s time 
of travel from the collision vertex to the TOF location, and offers 
species separation to higher momentum than dE/dx alone. As evi-
dent from Fig. 1(b), 3He and 4He are separated clearly. By selecting 
the 3He and 4He tracks within the ranges from 1.4 to 2.5 (GeV/c2)2

and from 2.5 to 4.5 (GeV/c2)2 of their m2/q2 respectively, their 
purities can both reach to 95%. This information is only used in 
the identification of 3He and 4He when the relevant TOF signals 
are matched to TPC tracks. Otherwise only the TPC information is 
used.

2.2. Signal reconstruction

In this analysis, the 4
�H is reconstructed via its two-body de-

cay channel, 4
�H → 4He + π− , and 4

�He is reconstructed via its 
three-body decay channel, 4

�He → 3He + p + π− . The discussion 
on 4

�H three-body decay channel can be found in Section 3. The 
daughter particles are identified according to the methods de-
scribed in Section 2.1. The KFParticle package [26,40] is used to 
reconstruct the invariant-mass distributions of 4

�H and 4
�He. KF-

Particle package is an algorithm based on the Kalman filter to 
reconstruct short-lived particles in heavy-ion collisions [1]. In KF-
Particle, a particle is described by a state vector constructed by its 
coordinate and momentum information from the detector and a 
covariance matrix associated with the state vector. Various topo-
logical variables, including the distance of closest approach (DCA) 
between a particle and the primary vertex (PV) and DCA between 
the decay daughters, are used to suppress the background. In KF-
Particle, the DCA can also be represented by the covariance be-
tween two points, χ2, calculated by the covariance matrix of the 
track. Smaller value of χ2 corresponds to a closer distance. With 
the decay daughters identified, the invariant-mass distributions of 
hypernuclei can be determined.

To optimize the signal, the TMVA-BDT [23] package is used. The 
Boosted Decision Trees (BDT) algorithm can distinguish signal from 
background according to topological variables. In this analysis, six 
topological variables are used as training features for 4

�H: the de-
cay length of 4

�H, the decay length over its error calculated by 
the covariance matrix, the χ2 of the DCA between 4

�H and the 
PV, the χ2 of the DCA between decay daughters, the χ2 of the 
DCA between π− and the PV, and the DCA between π− and the 
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Fig. 2. Invariant-mass distributions for 4
�H (a) and 4

�He (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.
PV. For 4
�He, five topological variables are used: the 4

�He decay 
length, the χ2 of the DCA between 4

�He and the PV, the χ2 of the 
DCA between the decay daughters, the χ2 of the DCA between the 
proton and the PV, and the χ2 of the DCA between π− and the 
PV. The BDT algorithm is trained to calculate a response value for 
each candidate to distinguish signal and background. The recon-
structed particles from simulated events are used as the training 
sample for signals. Here the 4

�H and 4
�He particles are simulated 

using the GEANT software [9] with STAR detector geometry and 
materials. The output detector responses are embedded into real 
data samples, then reconstructed just like real data. The samples 
for background are obtained from the real experimental data by 
rotating the 4He or 3He track by 180 degrees around the longi-
tudinal axis before applying the reconstruction method. Panels (a) 
and (b) in Fig. 2 show the invariant-mass distributions alongside 
fittings to the signal and background regions of 4

�H and 4
�He re-

constructed with KFParticle and TMVA-BDT optimization. Here, we 
correct for the effects of energy loss and magnetic field measure-
ment inaccuracy on the measured momenta of decay daughters. 
These corrections will be discussed in Section 2.3. We define sig-
nificance S/

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

background, respectively, in the invariant mass region. The signifi-
cances for 4

�H and 4
�He are about 36 and 10, respectively.

As a cross check of the reconstruction algorithm for 4
�H and 

4
�He, a “helix swimming” method [8,6] to find the closest ap-
proach among daughters is also implemented. By tuning topolog-
ical variable cuts and the optimization of TMVA-BDT, the 4

�H and 
4
�He mass results from helix swimming are consistent with those 
from KFParticle with mass difference at the level of 10 keV.

2.3. Corrections

Particles emitted from the collisions lose energy in a
momentum-dependent manner when passing through materials 
before entering the tracking region of the TPC. This effect neces-
sitates an appropriate energy-loss correction on track momenta. 
During the track-reconstruction process, the energy-loss effect is 
considered assuming that all particles are pions. So it is neces-
sary here to apply additional energy-loss corrections for 4He, 3He 
and proton. Similar to the method performed in Ref. [3], STAR 
simulation and embedding for 4

�H and 4
�He samples are used to 

study these corrections. By comparing the difference between the 
measured momentum magnitude pmeas and the Monte Carlo (MC) 
input momentum magnitude pMC, the momentum-loss effect as a 
function of the pmeas can be determined. The red circles in Fig. 3
represent the average momentum-loss effect versus pmeas of 4He 
5

Fig. 3. The average difference between the measured momentum and the MC in-
put momentum as a function of the measured momentum for 4He. The red circles 
represent the energy loss without any corrections and the black curve is the fit for 
them. The blue triangles are the energy loss with energy-loss correction applied on 
the measured momentum.

Table 1
The values and the corresponding statistical uncertainties of fitting parameters used 
for the energy loss corrections for 4He, 3He, and proton.

Particle δ0 δ α

4He 0.072±0.007 -0.039±0.005 0.757±0.040
3He 0.036±0.003 -0.020±0.002 0.882±0.039
proton 0.024±0.002 -0.021±0.002 0.396±0.027

as an example. It is clear that the momentum-loss effect for 4He 
is significant in the low-momentum region.

The momentum-loss effect versus the measured momentum 
can be fitted with the correction function:

pmeas − pMC = δ0 + δ

(
1 + m2

(pmeas)2

)α

, (2)

where m is the mass of the particle and δ0, δ, and α are fitting 
parameters. The fit results shown in Table 1 are then used to cor-
rect the momenta of 4He, 3He, and proton before performing the 
4
�H and 4

�He reconstruction.
Another correction is applied when we verify that the correct �

mass is reconstructed. All track momenta are scaled by the factor 
0.998 to make the measured mass of � match the PDG value [39]. 
This discrepancy could be caused by differences between the true 
and nominal current which controls the magnetic field strength in 
STAR detector. With this correction, the invariant-mass distribution 
of reconstructed �, which is discussed in Section 2.4, is peaked at 
the appropriate PDG value [39].
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Table 2
Sources of systematic uncertainties for the masses and � binding energies of 
4
�H and 4

�He in MeV/c2.

Uncertainty source 4
�H 4

�He

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

2.4. Systematic uncertainties

Since the uncertainties on the masses of �, triton, and 3He 
used in the calculations for � binding energies are quite small [39,
37], the systematic uncertainties for the � binding energies are 
the same as them for the measured masses of the hypernuclei in 
this analysis. These systematic uncertainties mainly come from the 
aforementioned corrections. For the energy loss corrections, the 
correction parameters with their statistical uncertainties σ are ob-
tained from the fits with Eq. (2). The parameters are varied from 
+1σ to −1σ to investigate their influences on the measurements. 
The average difference of the measurements with these variations 
are taken as the systematic uncertainties.

The systematic uncertainty of the momentum scaling factor 
0.998 is evaluated by measuring the � hyperon mass via its two 
body decay channel � → p + π− in the same data set. With 
the energy-loss correction for the proton and the momentum scal-
ing factor being applied, the extracted � mass is still a function of 
its momentum, but remains within 0.10 MeV/c2 of the PDG value 
1115.683 ± 0.006 MeV/c2 [39]. Thus, the 0.10 MeV/c2 difference 
is propagated to the systematic uncertainties for 4

�H and 4
�He by 

scaling it with the ratio of the difference between the hypernuclei 
masses with and without the 0.998 scaling factor to the difference 
between the � masses with and without the 0.998 factor. The re-
sulting systematic uncertainties for 4

�H and 4
�He masses are both 

calculated to be 0.11 MeV/c2.
Variations of the measured mass by the change of BDT response 

cuts are also considered as a source of systematic uncertainty. 
The BDT response cut was varied in a large range and the final 
mass result is the average value of several fitting results of the 
invariant mass distributions with different cuts. The half of the 
maximum change in the mass is regarded as the systematic uncer-
tainty. We also checked the fit of the signal after the combinatorial 
background was subtracted via the rotational-background method 
and found that the changes in the results are negligible. Table 2
summarizes the systematic uncertainties from various sources for 
4
�H and 4

�He.
When measuring the � binding-energy difference between 

4
�H and 4

�He, the systematic uncertainties from the momentum 
scaling factor will largely be canceled out, but the cancellation 
will not be complete due to their different decay phase spaces. 
We applied the 0.998 factor in the simulation data and found that 
it brings a 0.02 MeV change to the � binding-energy difference. 
Thus this 0.02 MeV is considered as a systematic uncertainty for 
the � binding-energy difference. The systematic uncertainties from 
other sources are added in quadrature to obtain the total system-
atic uncertainties of the � binding-energy difference, summarized 
in Table 3.

3. Results and discussions

The signal and the background in the invariant-mass distribu-
tions of 4

�H and 4
�He are fitted by a Gaussian distribution and a 

double-exponential function, respectively:

f (x) = A√ exp

(
− (x − μ)2

2

)
+ p0 exp

(
− x − p1

)

2πσ 2σ p2
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Table 3
Systematic uncertainties for the difference of � binding energies between 4

�H and 
4
�He 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

Fig. 4. Energy level schemes of 4
�H and 4

�He in terms of � 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. [11,38].

+ p3 exp

(
− x − p1

p4

)
+ p5. (3)

The fitting result of μ is the mass of the interested hypernucleus. 
The fitting results are shown as the black dashed curves in Fig. 2. 
Using the methods which has been described in Section 2, we have 
measured m(4

�H) = 3922.38 ± 0.06(stat.) ± 0.14(syst.) MeV/c2, 
and m(4

�He) = 3921.69 ± 0.13(stat.) ± 0.12(syst.) MeV/c2. We 
can extract the � binding energies of 4

�H and 4
�He according to 

Eq. (1). The mass of � (m(�) = 1115.68 MeV/c2) is taken from 
the PDG [39], and the masses of triton (m(t) = 2808.92 MeV/c2) 
and 3He (m(3He) = 2808.39 MeV/c2) are from CODATA [37]. With 
the mass measurements in this analysis, the � binding energies of 
4
�H and 4

�He are B�(4
�H) = 2.22 ± 0.06(stat.) ± 0.14(syst.) MeV

and B�(4
�He) = 2.38 ±0.13(stat.) ±0.12(syst.) MeV. These results 

are illustrated in Fig. 4.
The � binding energies of 4

�H and 4
�He in this analysis cor-

respond to the ground states, reconstructed via their weak-decay 
channels. The � binding energies in excited states can be obtained 
according to the γ -ray transition energies of the excited 4

�H and 
4
�He. Combined with the γ -ray transition energies obtained from 
previous measurements, Eγ (4

�H) = 1.09 ± 0.02 MeV [11]
and Eγ (4

�He) = 1.406 ± 0.003 MeV [38], the � binding-
energy differences between 4

�H and 4
�He are �B4

�(0+
g.s.) = 0.16 ±

0.14(stat.) ± 0.10(syst.) MeV and �B4
�(1+

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

Fig. 5 presents a compilation of current measurements to-
gether with early measurements [24,38,16,33,11,12] and theo-
retical model calculations [18,19,32,22,31,15] for the � binding-
energy differences. The solid blue square markers in Fig. 5 show 
results from nuclear emulsion experiments in 1970s, in which 
a positive binding-energy difference in the excited states with a 
magnitude similar to the ground states was measured. This sim-
ilarity arises because the γ -ray transition energy for 4

�He was 
measured to be Eγ (4

�He) = 1.15 ± 0.04 MeV at that time [12], 
which is comparable to that of 4

�H [11]. With a precise measure-
ment of the γ -ray transition energy for 4

�He in 2015 [38], which 
shows a larger γ -ray transition energy for 4 He than for 4 H, the 
� �
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Fig. 5. The � binding-energy differences between 4
�H and 4

�He 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

�(0+ or 1+) = 0.
� binding energy difference in excited states was calculated to be 
around zero, and it is much smaller than that in ground states. 
As discussed in the introduction and shown as solid black circle 
markers in Fig. 5 with black dots, most of the theoretical calcu-
lations predict small � binding-energy differences in both ground 
states and excited states [32,22,31,15]. Reference [19] (denoted as 
PRL116(2016)) predicts large values of � binding energy differ-
ences in both ground states and in excited states with opposite 
sign, i.e. �B4

�(1+
exc) ≈ −�B4

�(0+
g.s.). Within current uncertainties, 

this prediction matches our measurements. This may indicate that 
the CSB effect is comparable and has the opposite sign in ground 
states and excited states in A = 4 hypernuclei which has not been 
shown in previous measurements. An accurate measurement of the 
γ -ray transition energy for excited 4

�H is important as it directly 
impacts the deduced � binding energy for the excited state. Cur-
rently, our results are based on the γ -ray transition energy for 
4
�H from the experiments in the 1970s which show a large differ-
ence from the recent measurements in the γ -ray transition energy 
for 4

�He [12,38].
Model calculations predict that the yields of 4

�H and 4
�He 

should be similar in heavy-ion collisions [35,20]. However, the 
number of analyzed 4

�He is much less than the number of an-
alyzed 4

�H due to the lower acceptance in STAR for three-body 
decays, leading to the statistical uncertainty on the 4

�He mass 
driving the statistical uncertainties on the � binding-energy differ-
ences. Besides, the � binding energy difference between 4

�H and 
4
�He from the experiments in the 1970s was measured both in 
their three-body decay channels [25]. To compare with it, it may 
be more reasonable for us to address the CSB effect also in their 
three-body decay channels, which requires a reconstruction of 
4
�H via its three-body decay channel 4

�H → t+p+π− . However, 
the three-body decays have lower acceptance than two-body de-
cays in STAR and a smaller branching ratio [1]. Furthermore, due 
to the +1 charge of the triton, the dE/dx of the triton usually 
mixes with other particles with +1 charge as shown in Fig. 1. 
These conditions lead to the statistics of 4

�H reconstructed via the 
three-body decay channel being much lower than 4

�H two-body 
decay and 4

�He three-body decay. Therefore, we did not consider 
the three-body decay channel of 4

�H in this analysis. STAR has col-
lected more statistics in the fixed-target mode. Within a few years 
for data production and analysis, the precision of current binding-
energy measurements will be improved. The 4

�H three-body decay 
channel analysis may also become possible, and one may also have 
7

the chance to study the YNN interaction via the momentum corre-
lation between � and light nuclei [21,34].

4. Summary

In summary, the masses and the � binding energies of the mir-
ror hypernuclei, 4

�H and 4
�He, are measured in Au+Au collisions at √

sNN = 3 GeV. By using the γ -ray transition energies of the ex-
cited states from previous measurements [11,38], the � binding 
energies of them in excited states are also extracted. The CSB ef-
fect in A = 4 hypernuclei are then studied by measurements of the 
� binding-energy differences between the ground states of 4

�H and 
4
�He or their excited states. In comparison with other experimental 
measurements and theoretical studies, our results with a positive 
�B4

�(0+
g.s.) and a negative �B4

�(1+
exc) of comparable magnitudes 

within uncertainties, are consistent with the calculation using chi-
ral effective field theory YN potentials plus a CSB effect. Although 
the statistical uncertainties are large, our approach provides a new 
avenue to study the CSB in heavy-ion collision experiments.
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