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ABSTRACT

Measurements of mass and Λ binding energy of 4ΛH and 4
ΛHe in Au+Au collisions at √s

NN
=

3 GeV are presented, with an aim to address the charge symmetry breaking (CSB) problem in
hypernuclei systems with atomic number A = 4. The Λ 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 4ΛH and 4

ΛHe,
respectively. The measured Λ binding-energy difference is 0.16 ± 0.14(stat.) ± 0.10(syst.) MeV for
ground states. Combined with the -ray transition energies, the binding-energy difference for ex-
cited 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 Λ binding-energy dif-
ference in A = 4 hypernuclei systems are consistent with the theoretical calculations that result in
ΔB4Λ(1

+
exc) ≈ −ΔB

4
Λ(0

+
g.s.) < 0 and present a new method for the study of CSB effect using relativistic

heavy-ion collisions.

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 sub-
ject of intense study [7, 5, 14, 4]. The Λ binding energy BΛ
(also called the Λ separation energy) of a hypernucleus is
defined as the difference between the mass of the hypernu-
cleus, and the sum of the masses of the nucleon core and the
Λ:

BΛ = (MΛ +Mcore −Mhypernucleus)c2. (1)

The determination of Λ binding energies can aid in the un-
derstanding ofYN interactions and the equation of state (EOS)
of hypernuclear matter with a potential connection to neu-
tron star studies [29, 17]. And it has been the subject of theo-
retical calculations and experimental measurements [32, 36,
27, 2]. Recent results from the STAR Collaboration [6] have
shown the Λ binding energy of the hypertriton to be larger
than zero, challenging previous results [24]. Precision mea-
surements ofΛ binding energies of heavier hypernuclei than
the hypertriton are expected to improve our understanding
of the YN interactions between Λ and heavier nuclei.

The charge symmetry of the strong interaction predicts
that the Λp and the Λn interaction should be identical, be-
causeΛ is charge neutral. The binding-energy difference be-
tween a pair of mirror nuclei, whose numbers of protons and
neutrons are exchanged, originates from the difference of the
Coulomb interactions and the mass difference of the up and
down quarks [30]. Furthermore, the Λ binding energy of
mirror hypernuclei such as 4ΛH (triton + Λ) and 4ΛHe (

3He +
Λ) should be equal according to charge symmetry. However,
the measured difference in binding energy between the tri-
ton and 3He demonstrates the breaking of charge symmetry.
With the removal of the contributions from Coulomb inter-
actions, the value of the binding energy difference between

ORCID(s):

the triton and 3He is 67 ± 9 keV [30]. On the other hand,
measurements in nuclear emulsion experiments reported aΛ
binding-energy difference ΔB4Λ(0

+
g.s.) = 350 ± 50 keV [24]

between 4ΛH and 4ΛHe in their ground states, which is larger
than the binding-energy difference in nuclei, representing a
puzzle since reported [24].

In 2015, the J-PARC E13 -ray spectroscopy experiment
measured the -ray transition energy for the 1+ first excited
state of 4ΛHe to be 1406 ± 2(stat.) ± 2(syst.) keV [38].
The E13 Collaboration then combined the Λ binding en-
ergies of ground states from emulsion experiments in the
1970s [24], the -ray transition energy for 4ΛH measured in
1976 [11], and their new -ray transition energy measure-
ment for 4ΛHe to determine the difference in excited states as
ΔB4Λ(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 Mi-
crotron used spectrometers to make a new measurement of
the ground state Λ binding energy of 4ΛH [16, 33]. Com-
bining their new measurement with the previous Λ binding
energy of 4ΛHe [24] and the measurements of the -ray tran-
sition energies for 4ΛH [11] and 4ΛHe [38], the binding-energy
differences were updated to be ΔB4Λ(0

+
g.s.) = 233 ± 92 keV

and ΔB4Λ(1
+
exc) = −83 ± 94 keV [16, 33].

Many theoretical model calculations have failed to re-
produce the experimental results, with most of them under-
estimating the CSB effect in both the ground and excited
states [32, 22, 31, 15]. It has been proposed thatΛ−Σmixing
can account for the large CSB [18]. In 2016, the ab initio cal-
culation using chiral effective field theory hyperon-nucleon
potentials plus a CSBΛ−Σ0mixing vertex ofA=4 hypernu-
clei achieved a large CSB in both ground and excited states,
and also concluded that ΔB4Λ(1

+
exc) ≈ −ΔB

4
Λ(0

+
g.s.) < 0 [19].

Independent experiments are needed to test these calcula-
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Figure 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 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.

tions. More accurate values of the Λ binding-energy split-
ting in ground and excited states are needed to constrain the
Λn interaction [21].

To study the QCD matter in the high-baryon-density re-
gion, 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 en-
ergy of

√

sNN = 3 GeV. The UrQMD-hydro hybrid model
predicts that the production yields of hypernuclei is at a max-
imum around

√

sNN = 5GeVwith high baryon chemical po-
tential [35]. Therefore,

√

sNN = 3 GeV collisions collected
with the STAR experiment provide an opportunity to study
the Λ binding energies of 4ΛH and 4

ΛHe in the same experi-
ment 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
collisions at

√

sNN = 3 GeV taken in fixed-target mode us-
ing the STAR detector in 2018. A 0.25 mm thick stationary
gold target wasmounted inside the beam pipe 2m to the west
of the center of the Time Projection Chamber (TPC) [10].
In the collider mode, the lowest

√

sNN for Au+Au colli-
sions 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 west at
laboratory kinetic energy 3.85A GeV produces 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 trans-
verse plane. With these selections, 317 million events with
minimum bias trigger [1] are analyzed in this paper.

The particle identification (PID) is achievedwith the TPC
and the Time-of-Flight (TOF) detector [28]. The TPC data
allow the reconstruction of the paths of emitted particles
and provides particle identification via the measurement of
energy loss, dE∕dx. Figure 1(a) presents the distribution
of tracks versus dE∕dx and magnetic 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 follow 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 �−, proton,
3He, and 4He are firstly achieved by selecting the measured
dE∕dxwithin 3 standard deviations of their expected values
by Bichsel function. These tracks are also reuqired to have
more than 15 space points in the TPC.

As seen in Fig. 1(a), the particle species are not com-
pletely separated 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 evident 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 iden-
tification 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 4ΛH is reconstructed via its two-body

decay channel, 4ΛH → 4He + �−, and 4ΛHe is reconstructed
via its three-body decay channel, 4ΛHe→

3He+p+�−. The
discussion on 4ΛH three-body decay channel can be found in
Section III. The daughter particles are identified according
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Figure 2: Invariant-mass distributions for 4ΛH (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.

to the methods described in Section II A. The KFParticle
package [26, 40] is used to reconstruct the invariant-mass
distributions of 4ΛH and 4ΛHe. KFParticle package is an algo-
rithm based on the Kalman filter to reconstruct short-lived
particles in heavy-ion collisions [1]. In KFParticle, a particle
is described by a state vector constructed by its coordinate
and momentum information from the detector and a covari-
ance 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 KFParticle, the DCA can also be represented
by the covariance between two points, �2, calculated by the
covariance matrix of the track. Smaller value of �2 corre-
sponds to a closer distance. With the decay daughters iden-
tified, 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 topologi-
cal variables. In this analysis, six topological variables are
used as training features for 4ΛH: the decay length of

4
ΛH, the

decay length over its error calculated by the covariance ma-
trix, the �2 of the DCA between 4

ΛH and the PV, the �2 of
the DCA between decay daughters, the �2 of the DCA be-
tween �− and the PV, and the DCA between �− and the PV.
For 4ΛHe, five topological variables are used: the 4

ΛHe de-
cay length, the �2 of the DCA between 4

ΛHe and the PV,
the �2 of the DCA between the decay daughters, the �2 of
the DCA between the proton and the PV, and the �2 of the
DCA between �− and the PV. The BDT algorithm is trained
to calculate a response value for each candidate to distin-
guish signal and background. The reconstructed particles
from simulated events are used as the training sample for

signals. Here the 4ΛH and 4ΛHe 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 experi-
mental data by rotating the 4He or 3He track by 180 degrees
around the longitudinal axis before applying the reconstruc-
tion method. Panels (a) and (b) in Fig. 2 show the invariant-
mass distributions alongside fittings to the signal and back-
ground regions of 4ΛH and 4

ΛHe reconstructed with KFPar-
ticle and TMVA-BDT optimization. Here, we correct for
the effects of energy loss and magnetic field measurement
inaccuracy on the measured momenta of decay daughters.
These corrections will be discussed in Section II C. We de-
fine significance S∕

√

S + B, where S and B are the counts
of signal and background, respectively, in the invariant mass
region. The significances for 4ΛH and 4ΛHe are about 36 and
10, respectively.

As a cross check of the reconstruction algorithm for 4ΛH and
4
ΛHe, a “helix swimming” method [8, 6] to find the closest
approach among daughters is also implemented. By tuning
topological variable cuts and the optimization of TMVA-
BDT, the 4

ΛH and 4
ΛHe mass results from helix swimming

are consistent with those from KFParticle with mass differ-
ence at the level of 10 keV.

2.3. Corrections
Particles emitted from the collisions lose energy in amomentum-

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 mo-
menta. During the track-reconstruction process, the energy-
loss effect is considered assuming that all particles are pi-
ons. So it is necessary here to apply additional energy-loss

The STAR Collaboration: Preprint submitted to Elsevier Page 3 of 8
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Table 1
The values and the corresponding statistical uncertainties of
fitting parameters used for the energy loss corrections for 4He,
3He, and proton.

Particle �0 � �
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

corrections for 4He, 3He and proton. Similar to the method
performed in Ref. [3], STAR simulation and embedding for
4
ΛH and 4ΛHe samples are used to study these corrections. By
comparing the difference between the measured momentum
magnitude pmeas and the Monte Carlo (MC) input momen-
tummagnitude pMC, the momentum-loss effect as a function
of the pmeas can be determined. The red circles in Fig. 3 rep-
resent the averagemomentum-loss effect versus pmeas of 4He
as an example. It is clear that the momentum-loss effect for
4He is significant in the low-momentum region.
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Figure 3: The average difference between the measured mo-
mentum and the MC input 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.

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

pmeas − pMC = �0 + �
(

1 + m2

(pmeas)2

)�
, (2)

where m is the mass of the particle and �0, �, and � are fit-
ting parameters. The fit results shown in Table 1 are then
used to correct the momenta of 4He, 3He, and proton before
performing the 4ΛH and 4ΛHe reconstruction.

Another correction is applied when we verify that the
correctΛmass is reconstructed. All trackmomenta are scaled
by the factor 0.998 to make the measured mass of Λ match
the PDG value [39]. This discrepancy could be caused by
differences between the true and nominal current which con-
trols the magnetic field strength in STAR detector. With this
correction, the invariant-mass distribution of reconstructed
Λ, which is discussed in Section II D, is peaked at the appro-
priate PDG value [39].

Table 2
Sources of systematic uncertainties for the masses and Λ bind-
ing energies of 4ΛH 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

2.4. Systematic uncertainties
Since the uncertainties on the masses of Λ, triton, and

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

The systematic uncertainty of themomentum scaling fac-
tor 0.998 is evaluated by measuring the Λ hyperon mass via
its two body decay channel Λ → p + �− in the same
data set. With the energy-loss correction for the proton and
the momentum scaling factor being applied, the extracted Λ
mass is still a function of its momentum, but remains within
0.10MeV/c2 of the PDGvalue 1115.683± 0.006MeV/c2 [39].
Thus, the 0.10 MeV/c2 difference is propagated to the sys-
tematic uncertainties for 4ΛH and 4ΛHe by scaling it with the
ratio of the difference between the hypernuclei masses with
and without the 0.998 scaling factor to the difference be-
tween the Λ masses with and without the 0.998 factor. The
resulting systematic uncertainties for 4ΛH and 4

ΛHe 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 differ-
ent cuts. The half of the maximum change in the mass is
regarded as the systematic uncertainty. We also checked the
fit of the signal after the combinatorial background was sub-
tracted 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 4ΛH and
4
ΛHe.

Whenmeasuring theΛ binding-energy difference between
4
ΛH and 4ΛHe, the systematic uncertainties from the momen-
tum scaling factor will largely be canceled out, but the can-
cellation 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 Λ
binding-energy difference. Thus this 0.02 MeV is consid-
ered as a systematic uncertainty for the Λ binding-energy

The STAR Collaboration: Preprint submitted to Elsevier Page 4 of 8
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Table 3
Systematic uncertainties for the difference of Λ binding ener-
gies 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

difference. The systematic uncertainties from other sources
are added in quadrature to obtain the total systematic uncer-
tainties of the Λ binding-energy difference, summarized in
Table 3.

3. Results and discussions
The signal and the background in the invariant-mass dis-

tributions of 4ΛH and 4
ΛHe are fitted by a Gaussian distribu-

tion and a double-exponential function, respectively:

f (x) = A
√

2��
exp

(

−
(x − �)2

2�2

)

+ p0 exp
(

−
x − p1
p2

)

+ p3 exp
(

−
x − p1
p4

)

+ p5. (3)

The fitting result of � is the mass of the interested hyper-
nucleus. The fitting results are shown as the black dashed
curves in Fig. 2. Using the methods which has been de-
scribed in Section II, we havemeasuredm(4ΛH) = 3922.38±
0.06(stat.)±0.14(syst.) MeV∕c2, andm(4ΛHe) = 3921.69±
0.13(stat.)±0.12(syst.) MeV∕c2. We can extract theΛ bind-
ing energies of 4ΛH and 4

ΛHe according to Eq. 1. The mass
of Λ (m(Λ) = 1115.68 MeV) is taken from the PDG [39],
and the masses of triton (m(t) = 2808.92 MeV) and 3He
(m(3He) = 2808.39 MeV) are from CODATA [37]. With
the mass measurements in this analysis, the Λ binding ener-
gies of 4ΛH and 4

ΛHe are BΛ(
4
ΛH) = 2.22 ± 0.06(stat.) ±

0.14(syst.) MeV and BΛ(4ΛHe) = 2.38 ± 0.13(stat.) ±
0.12(syst.) MeV. These results are illustrated in Fig. 4.

The Λ binding energies of 4ΛH and 4
ΛHe in this analy-

sis correspond to the ground states, reconstructed via their
weak-decay channels. The Λ binding energies in excited
states can be obtained according to the -ray transition en-
ergies of the excited 4ΛH and 4ΛHe. Combined with the -ray
transition energies obtained from previous measurements,
E (4ΛH) = 1.09±0.02 MeV [11] and E (4ΛHe) = 1.406±
0.003 MeV [38], the Λ binding-energy differences between
4
ΛH and 4ΛHe areΔB

4
Λ(0

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

and ΔB4Λ(1
+
exc) = −0.16 ± 0.14(stat.) ± 0.10(syst.) MeV.

Figure 5 presents a compilation of current measurements
together with earlymeasurements [24, 38, 16, 33, 11, 12] and
theoretical model calculations [18, 19, 32, 22, 31, 15] for the
Λ binding-energy differences. The solid blue squaremarkers
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
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Figure 4: Energy level schemes of 4ΛH 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 -ray transition energies measured in Refs. [11, 38].

was measured. This similarity arises because the -ray tran-
sition energy for 4ΛHewasmeasured to beE (4ΛHe) = 1.15±
0.04 MeV at that time [12], which is comparable to that of
4
ΛH [11]. With a precise measurement of the -ray transi-
tion energy for 4ΛHe in 2015 [38], which shows a larger -ray
transition energy for 4ΛHe than for

4
ΛH, the Λ binding energy

difference in excited states was calculated to be around zero,
and it is much smaller than that in ground states. As dis-
cussed in the introduction and shown as solid black circle
markers in Fig. 5 with black dots, most of the theoretical
calculations predict small Λ binding-energy differences in
both ground states and excited states [32, 22, 31, 15]. Ref-
erence [19] (denoted as PRL116(2016)) predicts large val-
ues of Λ binding energy differences in both ground states
and in excited states with opposite sign, i.e. ΔB4Λ(1

+
exc) ≈

−ΔB4Λ(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 mea-
surement of the -ray transition energy for excited 4ΛH is im-
portant as it directly impacts the deduced Λ binding energy
for the excited state. Currently, our results are based on the
-ray transition energy for 4ΛH from the experiments in the
1970s which show a large difference from the recent mea-
surements in the -ray transition energy for 4ΛHe [12, 38].

Model calculations predict that the yields of 4ΛH and 4ΛHe should
be similar in heavy-ion collisions [35, 20]. However, the
number of analyzed 4

ΛHe is much less than the number of
analyzed 4ΛH due to the lower acceptance in STAR for three-
body decays, leading to the statistical uncertainty on the 4ΛHemass
driving the statistical uncertainties on the Λ binding-energy
differences. Besides, the Λ binding energy difference be-
tween 4

ΛH and 4
ΛHe from the experiments in the 1970s was

measured both in their three-body decay channels [25]. To

The STAR Collaboration: Preprint submitted to Elsevier Page 5 of 8
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Figure 5: The Λ binding-energy differences between 4
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ΛHe in ground states (a) and
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statistical uncertainties and boxes show the systematic uncertainties. Red dashed vertical
lines are drawn at ΔB4Λ(0

+ or 1+) = 0.

compare with it, it may be more reasonable for us to ad-
dress the CSB effect also in their three-body decay channels,
which requires a reconstruction of 4ΛH via its three-body de-
cay channel 4ΛH→ t + p + �−. However, the three-body de-
cays have lower acceptance than two-body decays 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 4ΛH reconstructed via the
three-body decay channel being much lower than 4

ΛH two-
body decay and 4ΛHe three-body decay. Therefore, we did not
consider the three-body decay channel of 4ΛH in this analysis.
STAR has collected more statistics in the fixed-target mode.
Within a few years for data production and analysis, the pre-
cision of current binding-energy measurements will be im-
proved. The 4ΛH three-body decay channel analysis may also
become possible, and one may also have the chance to study
the YNN interaction via the momentum correlation between
Λ and light nuclei [21, 34].

4. Summary
In summary, the masses and the Λ binding energies of

themirror hypernuclei, 4ΛH and 4ΛHe, aremeasured inAu+Au
collisions at

√

sNN = 3 GeV. By using the -ray transi-
tion energies of the excited states from previous measure-
ments [11, 38], the Λ binding energies of them in excited
states are also extracted. The CSB effect in A = 4 hyper-
nuclei are then studied by measurements of the Λ binding-
energy differences between the ground states of 4ΛH and 4ΛHe or
their excited states. In comparison with other experimen-
tal measurements and theoretical studies, our results with a
positive ΔB4Λ(0

+
g.s.) and a negative ΔB4Λ(1

+
exc) of compara-

ble magnitudes within uncertainties, are consistent with the
calculation using chiral 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.

5. Acknowledgement
We thank the RHIC Operations Group and RCF at BNL,

the NERSC Center at LBNL, and the Open Science Grid
consortium for providing resources and support. This work
was supported in part by the Office of Nuclear Physics within
the U.S. DOE Office of Science, the U.S. National Science
Foundation, National Natural Science Foundation of China,
Chinese Academy of Science, the Ministry of Science and
Technology of China and the Chinese Ministry of Educa-
tion, the Higher Education Sprout Project byMinistry of Ed-
ucation at NCKU, the National Research Foundation of Ko-
rea, Czech Science Foundation and Ministry of Education,
Youth and Sports of the Czech Republic, Hungarian Na-
tional Research, Development and Innovation Office, New
National Excellency Programme of the Hungarian Ministry
of Human Capacities, Department of Atomic Energy and
Department of Science and Technology of the Government
of India, the National Science Centre of Poland, theMinistry
of Science, Education and Sports of the Republic of Croa-
tia, German Bundesministerium für Bildung, Wissenschaft,
Forschung and Technologie (BMBF), Helmholtz Associa-
tion, Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) and Japan Society for the Promotion
of Science (JSPS).

References
[1] Abdallah, M., et al. (STAR Collaboration), 2022. Measurements of

3
ΛH and 4

ΛH Lifetimes and Yields in Au+Au Collisions in the High
Baryon Density Region. Phys. Rev. Lett. 128, 202301. doi:10.1103/
PhysRevLett.128.202301, arXiv:2110.09513.

The STAR Collaboration: Preprint submitted to Elsevier Page 6 of 8

http://dx.doi.org/10.1103/PhysRevLett.128.202301
http://dx.doi.org/10.1103/PhysRevLett.128.202301
http://arxiv.org/abs/2110.09513


Measurement of 4ΛH and 4
ΛHe binding energy in Au+Au collisions at

√

sNN = 3 GeV

[2] Abdurakhimov, A.U., et al., 1989. Experimental Study of Relativistic
Hypernuclei Using the Hybs Spectrometer. Nuovo Cim. A 102, 645–
652. doi:10.1007/BF02734881.

[3] Abelev, B.I., et al. (STAR Collaboration), 2009. Systematic Measure-
ments of Identified Particle Spectra in pp, d+ Au and Au+Au Colli-
sions from STAR. Phys. Rev. C 79, 034909. doi:10.1103/PhysRevC.
79.034909, arXiv:0808.2041.

[4] Abelev, B.I., et al. (STAR Collaboration), 2010. Observation of an
Antimatter Hypernucleus. Science 328, 58–62. doi:10.1126/science.
1183980, arXiv:1003.2030.

[5] Acharya, S., et al. (ALICE Collaboration), 2019. 3
ΛH and 3

Λ̄
H life-

time measurement in Pb-Pb collisions at
√

sNN = 5.02 TeV via two-
body decay. Phys. Lett. B 797, 134905. doi:10.1016/j.physletb.2019.
134905, arXiv:1907.06906.

[6] Adam, J., et al. (STAR Collaboration), 2020. Measurement of the
mass difference and the binding energy of the hypertriton and antihy-
pertriton. Nature Phys. 16, 409–412. doi:10.1038/s41567-020-0799-7,
arXiv:1904.10520.

[7] Adamczyk, L., et al. (STAR Collaboration), 2018. Measurement of
the 3ΛH lifetime in Au+Au collisions at the BNL Relativistic Heavy
Ion Collider. Phys. Rev. C 97, 054909. doi:10.1103/PhysRevC.97.
054909, arXiv:1710.00436.

[8] Adler, C., et al. (STAR Collaboration), 2002. Midrapidity Lambda
and anti-Lambda production in Au + Au collisions at

√

sNN = 130-
GeV. Phys. Rev. Lett. 89, 092301. doi:10.1103/PhysRevLett.89.
092301, arXiv:nucl-ex/0203016.

[9] Agostinelli, S., et al. (GEANT4), 2003. GEANT4–a simulation
toolkit. Nucl. Instrum. Meth. A 506, 250–303. doi:10.1016/
S0168-9002(03)01368-8.

[10] Anderson, M., et al., 2003. The Star time projection chamber: A
Unique tool for studying high multiplicity events at RHIC. Nucl. In-
strum. Meth. A 499, 659–678. doi:10.1016/S0168-9002(02)01964-2,
arXiv:nucl-ex/0301015.

[11] Bedjidian, M., et al. (CERN-Lyon-Warsaw Collaboration), 1976. Ob-
servation of a gamma Transition in the 4ΛH Hypernucleus. Phys. Lett.
B 62, 467–470. doi:10.1016/0370-2693(76)90686-9.

[12] Bedjidian, M., et al. (CERN-Lyon-WarsawCollaboration), 1979. Fur-
ther Investigation of the  Transitions in 4

ΛH and 4
ΛHe Hypernuclei.

Phys. Lett. B 83, 252–256. doi:10.1016/0370-2693(79)90697-X.
[13] Bichsel, H., 2006. A method to improve tracking and particle identi-

fication in TPCs and silicon detectors. Nucl. Instrum. Meth. A 562,
154–197. doi:10.1016/j.nima.2006.03.009.

[14] Chen, J., Keane, D., Ma, Y.G., Tang, A., Xu, Z., 2018. Antinuclei in
Heavy-Ion Collisions. Phys. Rept. 760, 1–39. doi:10.1016/j.physrep.
2018.07.002, arXiv:1808.09619.

[15] Coon, S.A., Han, H.K., Carlson, J., Gibson, B.F., 1998. Particle mix-
ing and charge asymmetric Lambda N forces, in: 7th International
Conference on Mesons and Light Nuclei 98. arXiv:nucl-th/9903034.

[16] Esser, A., et al. (A1 Collaboration), 2015. Observation of 4
ΛH

Hyperhydrogen by Decay-Pion Spectroscopy in Electron Scattering.
Phys. Rev. Lett. 114, 232501. doi:10.1103/PhysRevLett.114.232501,
arXiv:1501.06823.

[17] Fortin, M., Avancini, S.S., Providência, C., Vidaña, I., 2017. Hy-
pernuclei and massive neutron stars. Phys. Rev. C 95, 065803.
doi:10.1103/PhysRevC.95.065803, arXiv:1701.06373.

[18] Gal, A., 2015. Charge symmetry breaking in Λ hypernuclei revisited.
Phys. Lett. B 744, 352–357. doi:10.1016/j.physletb.2015.04.009,
arXiv:1503.01687.

[19] Gazda, D., Gal, A., 2016. Ab initio Calculations of Charge Symmetry
Breaking in the A = 4 Hypernuclei. Phys. Rev. Lett. 116, 122501.
doi:10.1103/PhysRevLett.116.122501, arXiv:1512.01049.

[20] Gläßel, S., Kireyeu, V., Voronyuk, V., Aichelin, J., Blume, C.,
Bratkovskaya, E., Coci, G., Kolesnikov, V., Winn, M., 2022.
Cluster and hypercluster production in relativistic heavy-ion col-
lisions within the parton-hadron-quantum-molecular-dynamics ap-
proach. Phys. Rev. C 105, 014908. doi:10.1103/PhysRevC.105.014908,
arXiv:2106.14839.

[21] Haidenbauer, J., Meißner, U.G., Nogga, A., 2021. Constraints on

the �-Neutron Interaction from Charge Symmetry Breaking in the
4
�He - 4�H Hypernuclei. Few Body Syst. 62, 105. doi:10.1007/
s00601-021-01684-3, arXiv:2107.01134.

[22] Haidenbauer, J., Meißner, U.G., Nogga, A., Polinder, H., 2007.
The Hyperon-nucleon interaction: Conventional versus effective field
theory approach. Lect. Notes Phys. 724, 113–140. doi:10.1007/
978-3-540-72039-3_4, arXiv:nucl-th/0702015.

[23] Hocker, A., et al., 2007. TMVA - Toolkit for Multivariate Data Anal-
ysis arXiv:physics/0703039.

[24] Jurič, M., et al., 1973a. A new determination of the binding-energy
values of the light hypernuclei (15>=a). Nucl. Phys. B 52, 1–30.
doi:10.1016/0550-3213(73)90084-9.

[25] Jurič, M., et al., 1973b. A new determination of the binding-energy
values of the light hypernuclei (A<15). Nucl. Phys. B 52, 1–30.

[26] Kisel, I. (CBM, STAR), 2020. Real-Time Event Reconstruction and
Analysis in CBM and STAR Experiments. J. Phys. Conf. Ser. 1602,
012006. doi:10.1088/1742-6596/1602/1/012006.

[27] Liu, P., Chen, J., Keane, D., Xu, Z., Ma, Y.G., 2019. Recalibration
of the binding energy of hypernuclei measured in emulsion experi-
ments and its implications. Chin. Phys. C 43, 124001. doi:10.1088/
1674-1137/43/12/124001, arXiv:1908.03134.

[28] Llope, W.J. (STAR Collaboration), 2012. Multigap RPCs in the
STAR experiment at RHIC. Nucl. Instrum. Meth. A 661, S110–S113.
doi:10.1016/j.nima.2010.07.086.

[29] Lonardoni, D., Lovato, A., Gandolfi, S., Pederiva, F., 2015. Hy-
peron Puzzle: Hints from Quantum Monte Carlo Calculations.
Phys. Rev. Lett. 114, 092301. doi:10.1103/PhysRevLett.114.092301,
arXiv:1407.4448.

[30] Machleidt, R., Muther, H., 2001. Charge symmetry breaking of
the nucleon-nucleon interaction: rho - omega mixing versus nucleon
mass splitting. Phys. Rev. C 63, 034005. doi:10.1103/PhysRevC.63.
034005, arXiv:nucl-th/0011057.

[31] Nogga, A., 2013. Light hypernuclei based on chiral and phenomeno-
logical interactions. Nucl. Phys. A 914, 140–150. doi:10.1016/j.
nuclphysa.2013.02.053.

[32] Nogga, A., Kamada, H., Gloeckle, W., 2002. The Hypernuclei
(Lambda) He-4 and (Lambda) He-4: Challenges for modern hyperon
nucleon forces. Phys. Rev. Lett. 88, 172501. doi:10.1103/PhysRevLett.
88.172501, arXiv:nucl-th/0112060.

[33] Schulz, F., et al. (A1 Collaboration), 2016. Ground-state binding en-
ergy of 4sH from high-resolution decay-pion spectroscopy. Nucl. Phys.
A954, 149–160. doi:10.1016/j.nuclphysa.2016.03.015.

[34] Shao, T., Chen, J., Ko, C.M., Sun, K.J., Xu, Z., 2020. Yield ratio of
hypertriton to light nuclei in heavy-ion collisions from

√

sNN = 4.9
GeV to 2.76 TeV. Chin. Phys. C 44, 114001. doi:10.1088/1674-1137/
abadf0, arXiv:2004.02385.

[35] Steinheimer, J., Gudima, K., Botvina, A., Mishustin, I., Bleicher, M.,
Stocker, H., 2012. Hypernuclei, dibaryon and antinuclei production in
high energy heavy ion collisions: Thermal production versus Coales-
cence. Phys. Lett. B 714, 85–91. doi:10.1016/j.physletb.2012.06.069,
arXiv:1203.2547.

[36] Tamura, H., 2019. Present status and prospect of nuclear physics with
strangeness—summary of HYP2018. AIP Conf. Proc. 2130, 060001.
doi:10.1063/1.5118419.

[37] Wang, M., Audi, G., Kondev, F.G., Huang, W.J., Naimi, S., Xu, X.,
2017. The ame2016 atomic mass evaluation (ii). tables, graphs and
references. Chinese Physics C 41, 030003. URL: http://hepnp.

ihep.ac.cn//article/id/7458ab9b-339a-4127-8d6a-d858e79078f9,
doi:10.1088/1674-1137/41/3/030003.

[38] Yamamoto, T.O., et al. (J-PARC E13 Collaboration), 2015. Obser-
vation of Spin-Dependent Charge Symmetry Breaking in ΛN Inter-
action: Gamma-Ray Spectroscopy of 4ΛHe. Phys. Rev. Lett. 115,
222501. doi:10.1103/PhysRevLett.115.222501, arXiv:1508.00376.

[39] Zyla, P.A., et al. (Particle Data Group), 2020. Review of Particle
Physics. PTEP 2020, 083C01. doi:10.1093/ptep/ptaa104.

[40] Zyzak, M., 2016. Online selection of short-lived particles on many-
core computer architectures in the CBM experiment at FAIR. Ph.D.
thesis. URL: http://publikationen.ub.uni-frankfurt.de/frontdoor/

The STAR Collaboration: Preprint submitted to Elsevier Page 7 of 8

http://dx.doi.org/10.1007/BF02734881
http://dx.doi.org/10.1103/PhysRevC.79.034909
http://dx.doi.org/10.1103/PhysRevC.79.034909
http://arxiv.org/abs/0808.2041
http://dx.doi.org/10.1126/science.1183980
http://dx.doi.org/10.1126/science.1183980
http://arxiv.org/abs/1003.2030
http://dx.doi.org/10.1016/j.physletb.2019.134905
http://dx.doi.org/10.1016/j.physletb.2019.134905
http://arxiv.org/abs/1907.06906
http://dx.doi.org/10.1038/s41567-020-0799-7
http://arxiv.org/abs/1904.10520
http://dx.doi.org/10.1103/PhysRevC.97.054909
http://dx.doi.org/10.1103/PhysRevC.97.054909
http://arxiv.org/abs/1710.00436
http://dx.doi.org/10.1103/PhysRevLett.89.092301
http://dx.doi.org/10.1103/PhysRevLett.89.092301
http://arxiv.org/abs/nucl-ex/0203016
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(02)01964-2
http://arxiv.org/abs/nucl-ex/0301015
http://dx.doi.org/10.1016/0370-2693(76)90686-9
http://dx.doi.org/10.1016/0370-2693(79)90697-X
http://dx.doi.org/10.1016/j.nima.2006.03.009
http://dx.doi.org/10.1016/j.physrep.2018.07.002
http://dx.doi.org/10.1016/j.physrep.2018.07.002
http://arxiv.org/abs/1808.09619
http://arxiv.org/abs/nucl-th/9903034
http://dx.doi.org/10.1103/PhysRevLett.114.232501
http://arxiv.org/abs/1501.06823
http://dx.doi.org/10.1103/PhysRevC.95.065803
http://arxiv.org/abs/1701.06373
http://dx.doi.org/10.1016/j.physletb.2015.04.009
http://arxiv.org/abs/1503.01687
http://dx.doi.org/10.1103/PhysRevLett.116.122501
http://arxiv.org/abs/1512.01049
http://dx.doi.org/10.1103/PhysRevC.105.014908
http://arxiv.org/abs/2106.14839
http://dx.doi.org/10.1007/s00601-021-01684-3
http://dx.doi.org/10.1007/s00601-021-01684-3
http://arxiv.org/abs/2107.01134
http://dx.doi.org/10.1007/978-3-540-72039-3_4
http://dx.doi.org/10.1007/978-3-540-72039-3_4
http://arxiv.org/abs/nucl-th/0702015
http://arxiv.org/abs/physics/0703039
http://dx.doi.org/10.1016/0550-3213(73)90084-9
http://dx.doi.org/10.1088/1742-6596/1602/1/012006
http://dx.doi.org/10.1088/1674-1137/43/12/124001
http://dx.doi.org/10.1088/1674-1137/43/12/124001
http://arxiv.org/abs/1908.03134
http://dx.doi.org/10.1016/j.nima.2010.07.086
http://dx.doi.org/10.1103/PhysRevLett.114.092301
http://arxiv.org/abs/1407.4448
http://dx.doi.org/10.1103/PhysRevC.63.034005
http://dx.doi.org/10.1103/PhysRevC.63.034005
http://arxiv.org/abs/nucl-th/0011057
http://dx.doi.org/10.1016/j.nuclphysa.2013.02.053
http://dx.doi.org/10.1016/j.nuclphysa.2013.02.053
http://dx.doi.org/10.1103/PhysRevLett.88.172501
http://dx.doi.org/10.1103/PhysRevLett.88.172501
http://arxiv.org/abs/nucl-th/0112060
http://dx.doi.org/10.1016/j.nuclphysa.2016.03.015
http://dx.doi.org/10.1088/1674-1137/abadf0
http://dx.doi.org/10.1088/1674-1137/abadf0
http://arxiv.org/abs/2004.02385
http://dx.doi.org/10.1016/j.physletb.2012.06.069
http://arxiv.org/abs/1203.2547
http://dx.doi.org/10.1063/1.5118419
http://hepnp.ihep.ac.cn//article/id/7458ab9b-339a-4127-8d6a-d858e79078f9
http://hepnp.ihep.ac.cn//article/id/7458ab9b-339a-4127-8d6a-d858e79078f9
http://dx.doi.org/10.1088/1674-1137/41/3/030003
http://dx.doi.org/10.1103/PhysRevLett.115.222501
http://arxiv.org/abs/1508.00376
http://dx.doi.org/10.1093/ptep/ptaa104
http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/41428
http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/41428


Measurement of 4ΛH and 4
ΛHe binding energy in Au+Au collisions at

√

sNN = 3 GeV

index/index/docId/41428.

The STAR Collaboration: Preprint submitted to Elsevier Page 8 of 8

http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/41428
http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/41428

	1 Introduction
	2 Analysis Details
	2.1 The STAR Detector
	2.2 Signal reconstruction
	2.3 Corrections
	2.4 Systematic uncertainties

	3 Results and discussions
	4 Summary
	5 Acknowledgement

