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In this Letter, the first evidence of the 4
Λ̄He antihypernucleus is presented, along with the first

measurement at the LHC of the production of (anti)hypernuclei with mass number A ¼ 4, specifically
ðantiÞ4ΛH and ðantiÞ4ΛHe. In addition, the antiparticle-to-particle ratios for both hypernuclei (4Λ̄H̄=

4
ΛH and

4
Λ̄He=

4
ΛHe) are shown, which are sensitive to the baryochemical potential of the strongly interacting matter

created in heavy-ion collisions. The results are obtained from a data sample of central Pb-Pb collisions,
collected during the 2018 LHC data taking at a center-of-mass energy per nucleon pair of
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV. The yields measured for the average of the charge-conjugated states are found to

be ½0.78� 0.19ðstatÞ � 0.17ðsystÞ� × 10−6 for the ðantiÞ4ΛH and ½1.08� 0.34ðstatÞ � 0.20ðsystÞ� × 10−6

for the ðantiÞ4ΛHe, and the measured antiparticle-to-particle ratios are in agreement with unity. The presence
of ðantiÞ4ΛH and ðantiÞ4ΛHe excited states is expected to strongly enhance the production yield of these
hypernuclei. The yield values exhibit a combined deviation of 3.3σ from the theoretical ground-state-only
expectation, while the inclusion of the excited states in the calculations leads to an agreement within 0.6σ
with the present measurements. Additionally, the measured ðantiÞ4ΛH and ðantiÞ4ΛHe masses are compatible
with the world-average values within the uncertainties.

DOI: 10.1103/PhysRevLett.134.162301

Hypernuclei, objects composed of nucleons and hyper-
ons, provide unique insights into the forces that bind
strange hadrons with ordinary matter [1–3]. These objects
decay weakly after a few hundred picoseconds into two or
more decay products [1]. An understanding of hyperon and
nucleon interactions inside of hypernuclei can be used to
constrain the models describing the equation of state of
neutron stars [4–7], though to date these interactions are
theoretically poorly understood and have rarely been
measured. One way to produce hypernuclei is through
ultrarelativistic heavy-ion collisions, carried out at RHIC at
Brookhaven National Laboratory or at the Large Hadron
Collider (LHC) at CERN [3,8–11], in which the production
yields per nucleon-nucleon collision are enhanced with
respect to those in pp collisions. The lightest and most
abundant hypernucleus produced in heavy-ion collisions is
the hypertriton (3ΛH), which can be described as a bound
state of a deuteron and a Λ hyperon, having a Λ-separation
energy of only about 100 keV [2,8,12,13]. The discovery of
its antihypernucleus by the STAR Collaboration in ultra-
relativistic heavy-ion collisions at RHIC [14] was an
important experimental achievement. Recently, the STAR

Collaboration also published the first observation of the
antihyperhydrogen-4 (4Λ̄H̄) [9], the bound state of an
antiproton, two antineutrons, and a Λ̄.
This Letter reports the first evidence of the antihyperhe-

lium-4 (4Λ̄He), and in addition, the first measurement of the
production yields of (anti)hypernuclei with mass number
A ¼ 4, namely, ðantiÞ4ΛH, and ðantiÞ4ΛHe, at the LHC. The
ðantiÞ4ΛH is reconstructed from its charged mesonic two-
body decay into an ðantiÞ4He and a charged pion, while the
ðantiÞ4ΛHe is reconstructed from its charged mesonic three-
body decay into an ðantiÞ3He, an (anti)proton, and a
charged pion [1]. Both (anti)hypernuclei have Λ-separation
energies of about two MeV [15], which results in compact
hypernuclear structures.
The measurement of hypernuclei in heavy-ion collisions

can also provide information on the bulk properties of the
medium created. In such a heavy-ion collision, a strongly
interacting quark-gluon plasma (QGP) is formed [16],
composed of deconfined quarks and gluons. The QGP
expands and cools down until it reaches the hadronization
temperature, at which point it transitions to a system
composed of hadrons and antihadrons. The production
of hadrons and (anti)nuclei in heavy-ion collisions can be
well described by the statistical hadronization model
(SHM) over 9 orders of magnitude and with an accuracy
of about 10% [16–19]. The SHM utilizes a thermal
description of the production of (anti)particles, which
depends on only three free parameters, the chemical
freeze-out temperature (Tch), the volume of the system,
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and the baryochemical potential. This means that the yield
of a given hadron or nucleus species depends only on its
mass and spin degeneracy, while (anti)nuclei, having a
composite structure, are treated like hadrons. Tch is the
temperature of the particle-emitting source at the point
where inelastic interactions among the hadrons cease and
the relative abundances of the different hadron species are
frozen. At LHC energies, Tch is found to be about
155 MeV [18,19], very close to the (pseudo)critical
temperature for the transition from the QGP to a hadron
gas obtained from quantum chromodynamics calculations
on the lattice [20,21]. The baryochemical potential is
proportional to the net baryon density of the system and
can be determined by measuring antiparticle-to-particle
ratios. At LHC energies, the baryochemical potential is
very close to zero at midrapidity, meaning that baryons and
antibaryons are produced at equal amounts and their ratio is
close to unity [22]. (Anti)(hyper)nuclei with a larger mass
number A are more sensitive to the baryochemical poten-
tial. The parameters of the SHM are extracted by perform-
ing a fit to the measured yields of different particle
species [18] and using these extracted parameters, one
can calculate the expected yields for other, yet unmeasured,
particle species such as A ¼ 4 (anti)hypernuclei [23].
An alternative approach to describe the production of

nuclei is the coalescence model [10,24–26], which
describes the formation of a nucleus by the coalescence
of nucleons that are close in phase space at kinetic freeze-
out. Modern coalescence calculations rely on the overlap
between the nuclear wave functions and the phase space
distribution of the nucleons. In the coalescence model, the
spin degeneracy is also taken into account [27]. The
production yield of the only A ¼ 4 (anti)nucleus observed
so far, i.e., the 4He, is described within 0.3σ by the SHM,
while the current implementation of the coalescence model
underestimates the data [28]. There are no predictions yet
for the production yields of (anti)hypernuclei with A ¼ 4 in
any coalescence approach to compare to.
While the ðantiÞ3ΛH Λ-separation energy is about

100 keV [2], the larger Λ-separation energies of the A ¼
4 (anti)hypernuclei presented in this Letter allow for the
existence of excited states, which are known for many
years. The most precise measurement of the excitation
energy of the 4

ΛHe was carried out through gamma-ray
spectroscopy at J-PARC [15] with an uncertainty of about
3.8%. The excitation energy of the 4

ΛH was measured
through stopped K− mesons in a 7Li target at CERN
PS [29,30], for instance. The current world-average values
for the ground-state binding energy (JP ¼ 0þ) and energy
of the excited state (JP ¼ 1þ) are ð2.169� 0.042Þ MeV
and ð1.081� 0.046Þ MeV for the 4

ΛH, and ð2.347�
0.036Þ MeV and ð0.942� 0.036Þ MeV for the 4

ΛHe,
respectively [31]. The known excited states decay electro-
magnetically to the ground state with lifetimes of the order
of picoseconds [15,29]. Measurements of hypernuclei

based on displaced decay vertex topologies originating
from weak decays are only able to reconstruct the ground
states. However, the decays of the excited states into
the ground state contribute to the measured yield of the
(anti)hypernuclei. In the framework of the SHM, the yields
of the ground and excited states can be computed separately
by taking into account their spin degeneracy through a
factor of 2J þ 1, where J is the spin of the state [32,33].
According to SHM calculations, the feed-down from the
excited states is expected to enhance the yield of the two
considered (anti)hypernuclei by a factor of four with
respect to the case in which only the ground state is
considered. The comparison of the measured yields with
the SHM predictions could therefore provide information
on the presence of such excited states.
As presented before, the ground-state binding energies

and the masses of the ðantiÞ4ΛH and ðantiÞ4ΛHe differ by
178 keV [34,35]. The excitation energies also differ by
139 keV due to charge-symmetry breaking in (anti)
hypernuclei [15,29], which arises from the varying strengths
of the hyperon-nucleon interactions between protons and
neutrons [1,36,37]. Precision mass measurements of the
ðantiÞ4ΛH, and ðantiÞ4ΛHe are needed to constrain the models
for the description of hypernuclei, e.g., chiral effective field
theories [38,39].
The analysis of ðantiÞ4ΛHand ðantiÞ4ΛHe is performedusing

the 10%most central (0%–10% centrality class) collisions of
the Pb-Pb data sample collected by theALICECollaboration
during the 2018 data-taking campaign at a center-of-mass
energy per nucleon pair of

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV. The central

Pb-Pb collisions used in the analysis are triggered online
based on the signal of the V0 detector, which is composed of
two scintillator arrays, called V0A and V0C, positioned at
forward (2.8 < η < 5.1) and backward (−3.7 < η < −1.7)
pseudorapidities, respectively [40]. Minimum bias (MB)
events are triggered by requiring coincident signals in V0A
and V0C, while central collisions are selected by requiring
large charge deposit in the V0 detector in addition to theMB
trigger. Events are further selected offline by requiring that
the position of the primary vertex along the beam axis is
within �10 cm from the nominal interaction point, in order
to ensure full geometrical acceptance in the inner tracking
system (ITS) for jηj < 0.9. After the event selections, a total
of 108 × 106 central Pb-Pb collisions are considered for the
analysis. For the reconstruction of the decay products of the
(anti)hypernuclei, as well as the decay vertices, several
subdetectors of the ALICE setup [40] are used. Track
reconstruction in the central rapidity region is performed
by using the ITS, the time projection chamber (TPC), and the
time-of-flight detector (TOF) which are embedded in a
solenoid that provides a homogeneous magnetic field of
0.5 T. Charged-particle tracks are selected by requiring that
they have jηj < 0.9, at least 50 associated hits in theTPC, and
a χ2/cluster for the momentum fit in the TPC lower than 4.
Particle identification (PID) is carried out by utilizing the
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specific energy loss of particles inside the gas volume of the
TPC, which is measured with a resolution of about 5% [41].
The specific energy loss as a function of the momentum can
be described by a Bethe–Bloch parametrization [42] for
each species. These parametrizations are used to select the
(anti)hypernucleus decay products within a 4σ interval,
where the σ is calculated through the resolution of the
TPC. Additionally, the TOF detector allows for the meas-
urement of the particle flight time, which provides an
additional criterion for the identification of the charged
particles.
The (anti)hypernucleus candidates are constructed from

a combination of two or three tracks that pass the track
quality and PID selections as described above, and have the
correct charge configuration. Selection criteria are applied
to the reconstructed decay topologies to minimize the
combinatorial background and enhance the signal purity.
The same criteria are used for both hypernuclei and
antihypernuclei. Raw yields are then extracted via an
invariant-mass analysis of candidates passing the selection
requirements. The fits to the invariant-mass spectra are
conducted considering hypernuclei and antihypernuclei
both together and separately. The reconstruction of the
decay vertices utilizes a Kalman Filter approach [43–45],
which allows us to find decay vertices by combining tracks
that likely originate from a common decay vertex.
The selection of the (anti)hypernuclei exploits the dis-

placed decay vertex topology. In particular, the distance of
closest approach (DCA) of each track to the primary vertex,
the DCA of each track to the decay vertex, the DCA
between the tracks, the proper lifetime, and the cosine of
the angle between the reconstructed momentum of the
(anti)hypernucleus and the line connecting the primary and
secondary vertices are determined for each (anti)hyper-
nucleus candidate. In this analysis, the selections are based
on a machine learning approach that takes into account the
distributions of the previously mentioned track and vertex
variables and the correlations among them. The approach
used in this analysis utilizes a gradient boosted decision
tree classifier (BDT) [46,47], which is trained using signal
samples from the simulation and background samples from
track combinations with the same charge sign (like-sign)
taken from the data. For the two-body decay of the
ðantiÞ4ΛH the like-sign sample is built from the like-sign
ðantiÞ4He and pion combinations, while for the three-body
decay of the ðantiÞ4ΛHe the like-sign sample is built
choosing the charge of the pion to be equal to one of
the ðantiÞ3He and the (anti)proton. The Monte Carlo (MC)
sample is produced by using the HIJING event generator
for the underlying Pb-Pb event [48], while the (anti)
hypernuclei are injected with uniform transverse momen-
tum and rapidity distributions. The transport of the gen-
erated particles through the ALICE apparatus is done using
GEANT3 [49], which simulates the interaction between
the hypernucleus decay products and the detector material.

The transverse momentum distribution of the simulated
(anti)hypernuclei is reweighted afterwards using a blast-
wave [50] distribution to obtain a more realistic description
of the variables used for the selection. In heavy-ion
collisions, the blast-wave model is a simplified paramet-
rization of the hydrodynamical expansion of the medium,
and provides a good description of the transverse momen-
tum distributions of many particles including ðantiÞ3ΛH
[10]. The parametrization of the blast wave used in this
analysis is taken from Ref. [28] (Fit A).
The machine learning procedure is split into two steps

for this analysis. In the first step, the BDT is trained only on
variables that are used for the particle identification of
single tracks. In the second step, the training is performed
on the variables that characterize the displaced decay vertex
topology. This stepwise procedure helps to reject 3H
misidentified as 3He in the ðantiÞ4ΛHe decay, since the
particle identification using only the TPC specific energy
loss information cannot separate 3H and 3He for momentum
over charge <1.0 GeV=c. The output of the BDT is a score
which is proportional to the candidate probability of being
signal. A threshold is then applied on the BDToutput score
to select the signal candidates. For the first machine
learning step, this threshold is tuned to obtain a selection
efficiency for the signal higher than 90%. A selection is
applied on the second machine learning step to maximize
the statistical significance of the signal. To do so, a method
based on the Punzi figure-of-merit (FOM) [51] is applied to
maximize the inverse of the statistical uncertainty on the
signal that corresponds to a maximization of the signifi-
cance. This method provides a model-independent way
to scan for the optimal result. The input values for this
method are the geometrical detector acceptance and the
reconstruction and selection efficiency (including tracking,
vertexing, and BDT selection efficiencies). Additionally,
the desired significance and the square root of the number of
background candidates in a 3σ region around the hyper-
nucleus mass is considered, where σ is the Gaussian width
of the signal invariant-mass peak.
After selection on the BDT output score, the signal is

extracted by analyzing the invariant-mass spectra of the
(anti)hypernuclei candidates. Figure 1 shows the invariant-
mass spectrum of the antihyperhelium-4 (4Λ̄He) with a
significance of 3.5σ on the left, and the invariant-mass
spectrum of the antihyperhydrogen-4 (4Λ̄H̄) with a signifi-
cance of 4.5σ on the right, while the invariant-mass spectra
for the sum of the particle and antiparticle states of the
ðantiÞ4ΛH and ðantiÞ4ΛHe are presented in the End Matter.
The invariant-mass spectrum of the 4

Λ̄He represents the first
experimental evidence of this antihypernucleus. These
spectra are fitted with a kernel density estimator function
(KDE) for the signal [52,53] (blue curve) and an expo-
nential function to describe the background (orange curve).
The KDE serves as a template, tuned to the MC signal
shape, with Gaussian smoothing applied to regularize its
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shape. The corresponding significance is calculated with
the asymptotic formulas for the profile likelihood ratio as
described in Ref. [54], and expressed as a function of the
invariant mass using the local p value.
In order to calculate the production yields per unit of

rapidity, dN=dy, the raw counts are extracted by integrating
the KDE signal functions obtained from the fits to the
invariant-mass distributions of the sum of particle and
antiparticle candidates reported in the End Matter. These
counts are then normalized to the number of events in the
analyzed data sample. They are divided by the width of the
chosen rapidity region (jyj < 0.5) and divided by 2 to obtain
the production yields of particles from the raw counts, which
are the sumof particles and antiparticles. The counts are then
corrected for the geometrical acceptance and reconstruction
and selection efficiency, the latter one being determined
by applying the BDT model on the signal MC sample.
Furthermore, the branching ratio of the specific decay mode
is taken into account. For the ðantiÞ4ΛH, the branching ratio is
assumed to be ð55� 10Þ%, which is based on a span of
experimental estimates presented in Refs. [29,35,55]. For
the ðantiÞ4ΛHe, the branching ratio value of ð28.9� 3.9Þ%
from the calculation of Parker et al. reported in Ref. [56], is
taken. Further corrections are applied for the absorption of
the (anti)hypernuclei in the detector material, which are
found to be 2.9% and 3.5% for the ðantiÞ4ΛH and the
ðantiÞ4ΛHe, respectively. For this correction factor, a relative
systematic uncertainty of 6.3% for the ðantiÞ4ΛHand5.5% for
the ðantiÞ4ΛHe is considered.
Additionally, a systematic uncertainty to account for

possible imperfections in the GEANT3 modeling of the
absorption of the decay particles (about 4.5% for each
(anti)hypernucleus) is taken into account. For the system-
atic uncertainty on the BDT selection, different selections
on the BDToutput value are tested by varying the threshold
by�5% in steps of 1% around the default value. The range
of the variation of the BDT output selection was chosen to

preserve a high significance for the signal and guarantee a
robust extraction of the raw yield with the different
selections. In addition, a systematic uncertainty on the
input transverse-momentum shape of (anti)hypernuclei in
the simulation is added, which is determined by varying the
parameters of the blast wave according to the values of the
different fits from Ref. [28]. Furthermore, the uncertainty
on the yield extraction is considered, by varying the signal
and background fit functions (using a Gaussian,
Bukin [57], or double-sided Crystal Ball function for the
signal and different polynomial functions for the back-
ground description). The systematic uncertainties of the
BDT selection, the raw yield extraction and the input
transverse-momentum shape are assigned as the root-mean-
square (rms) value of the distribution of the corrected yields
from the aforementioned variations. The most dominant
source of systematic uncertainty is the uncertainty on the
branching ratio, which is about 18.2% for the ðantiÞ4ΛH and
about 13.5% for the ðantiÞ4ΛHe. The total systematic
uncertainty for the yield of the ðantiÞ4ΛH is about 22%
and for the ðantiÞ4ΛHe about 19%. The values of all sources
of systematic uncertainties and additional information on
their evaluation can be found in the End Matter.
In addition to the production yields, a measurement of

the mass of the two investigated (anti)hypernuclei is
performed. The mass is defined as the mean value of the
signal fit function. However, the reconstructed value of the
invariant mass is affected by the imperfect correction for
the energy loss of the decay particles in the material of
the ALICE detector. This effect produces a shift of the
invariant-mass distribution that depends on the radial
distance traveled by the (anti)hypernuclei before decaying,
and the shift is corrected using the same procedure as
Ref. [2]. The systematic uncertainty on the mass measure-
ment is evaluated as the rms of the distribution of the mean
values of the signal fit function obtained when varying the
fit configuration as discussed above. Additional variations

FIG. 1. Invariant-mass spectra of 4
Λ̄He candidates on the left and 4

Λ̄H̄ candidates on the right. These spectra are fitted with a KDE
template for the signal peak (blue curve) and an exponential function to model the background (orange curve). The combined invariant-
mass spectra for the sum of particle and antiparticle states of each (anti)hypernucleus are shown in the End Matter.
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in the analysis procedure for the invariant-mass fit are
considered in the estimation of the systematic uncertainty
on the mass by varying the BDT selection and the input
transverse-momentum shapes in the simulation. Both the
contributions affect the templates of the signal invariant-
mass peak extracted from the simulation.
The measured values of the yield per unit of rapidity,

dN=dy, and themass of the two considered (anti)hypernuclei
with A ¼ 4 are shown in Fig. 2. The results are compared to
the predictions of the SHM at Tch ¼ 155 MeV [19,23]. The
green lines correspond to the SHM prediction with the
ground state of the (anti)hypernuclei only, while the blue
lines also include the feed-down contribution from the
known excited states. Arrows in Fig. 2 illustrate the discrep-
ancies between the measured dN=dy and the expectations.
The shaded areas around the predictions of the SHM
correspond to the deviation of the expected yield by a
variation of Tch of 1.5 MeV. The difference between the
ground-state-only SHM predictions and experimental
data, expressed as the number of standard deviations (calcu-
lated using the combination of statistical and systematical

uncertainties), is found to be 2.3σ and 2.2σ for the ðantiÞ4ΛH
and the ðantiÞ4ΛHe, respectively. Combining these two sig-
nificances using Fisher’s method for the combination of
two independentp values [58,59], a value of3.3σ is obtained.
After including the excited states in the SHM predictions,
the model agrees with the measured yields within 0.2σ and
0.6σ for the ðantiÞ4ΛH and the ðantiÞ4ΛHe, respectively.
Figure 2 also shows the measurement of the mass for both
(anti)hypernuclei, indicated by the horizontal position of the
points, compared to the world-average values of previous
mass measurements (blue and green lines), taken from the
hypernuclei database [31]. This database collects measure-
ments of the properties of (anti)hypernuclei and calculates
their world-average values, since these are not included into
the PDG [60].
Thepresentedmeasurement foundthemasses tobe ½3.9225�

0.0005ðstatÞ � 0.0001ðsystÞ� GeV=c2 for the ðantiÞ4ΛH and
½3.9224� 0.0006ðstatÞ � 0.0001ðsystÞ� GeV=c2 for the
ðantiÞ4ΛHe which are consistent with the world-average
values within 1σ. The statistical uncertainties are dominant,
while the systematic uncertainties are relatively small.
In addition, extracting the yields of the antihypernuclei

separately, as reported in Fig. 1, allows for the evaluation of
the antiparticle-to-particle ratios for both hypernuclei. The
baryochemical potential, one of the three free parameters of
the SHM, can be extracted from a fit to antiparticle-to-
particle ratios [22]. In fact, nuclei become more sensitive to
this potential with increasing mass number A, making the
two analyzed (anti)hypernuclei well-suited probes to test
the predictions of the SHM. In Fig. 3, the antiparticle-to-
particle ratios are shown for both hypernuclei. The obtained
4
Λ̄H̄=

4
ΛH ratio is found to be 0.97� 0.44 and the 4

Λ̄He=
4
ΛHe

FIG. 2. Measured integrated yields of the ðantiÞ4ΛHe on the left
and the ðantiÞ4ΛH on the right (average of particle and antiparticle
state for each hypernucleus). The x axis reports the measured
mass, which is compared to the world-average values obtained
from the hypernuclei database [31]. The horizontal width of the
blue and green lines corresponds to the uncertainty of the world-
average values. The statistical uncertainties on the measured
values are given by the bars and the systematic uncertainties
by the boxes around the central values. A comparison is
shown between the dN=dy values predicted by the SHM at
Tch ¼ 155 MeV, considering only the ground state (green line),
and those including feed-down contributions from excited states
(blue line) for each (anti)hypernucleus [19,23,32,33]. The shaded
areas around the predictions of the SHM correspond to the
deviation of the expected yield by a variation of Tch of 1.5 MeV.
The arrows connecting the experimental results and the dN=dy
values predicted with the SHM (for Tch ¼ 155 MeV) indicate
their difference expressed as number of standard deviations using
only the experimental uncertainties.

FIG. 3. Antiparticle-to-particle ratio for both investigated hy-
pernuclei. The uncertainties are given by the quadratic sum of the
statistical uncertainties and the systematic uncertainty on the
absorption of the (anti)hypernuclei decay products (4.3% for
the 4

Λ̄He=
4
ΛHe, 4.5% for the 4

Λ̄H̄=
4
ΛH) and the absorption of the

(anti)hypernuclei themselves (5.5% for the 4
Λ̄He=

4
ΛHe, 6.3%

for the 4
Λ̄H̄=

4
ΛH).
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ratio 1.25� 0.75, where the values of the uncertainties
are the combination of the statistical and systematic
uncertainties, since the systematic uncertainties are negli-
gible. Since antiparticle and particle yields are obtained
utilizing the same procedures, only the systematic uncer-
tainty on the absorption of the (anti)hypernuclei decay
products (4.3% for the 4

Λ̄He=
4
ΛHe, 4.5% for the 4

Λ̄H̄=
4
ΛH) and

the absorption of the (anti)hypernuclei themselves (5.5%
for the 4

Λ̄He=
4
ΛHe, 6.3% for the 4

Λ̄H̄=
4
ΛH) are taken into

account for the ratio and added quadratically to the
statistical uncertainties. The measurements agree with
the SHM expectation where all antiparticle-to-particle
ratios are close to 1 at midrapidity at LHC energies, at
which the baryochemical potential is close to zero [22].
In this Letter, the first evidence of 4Λ̄He with a significance

of 3.5σ is reported, along with the first measurement of the
production of A ¼ 4 (anti)hypernuclei at the LHC. The
measured ðantiÞ4ΛH and ðantiÞ4ΛHe mass values are compat-
ible with the current world-average values. The measured
production yields are compared with the predictions of
the statistical hadronization model at Tch ¼ 155 MeV.
The comparison of the measured production yields with
the calculations considering only the ground state reveals a
deviation of3.3σ, while close agreement (≤0.6σ) is observed
after including the feed-down from excited states. This
confirms that the SHM is able to provide accurate predictions
for the production yields of compact nuclear states such as
(anti)hypernuclei in heavy-ion collisions and that the inclu-
sion of the feed-down from excited states is crucial to
describe the data. The presented measurements of the
antiparticle-to-particle ratios are compatible with unity.
This result is consistent with the latest measurement of the
baryochemical potential published by ALICE, which is
compatible with zero in heavy-ion collisions at LHC
energies [22]. The precision of the presented measurements
of these rarely produced (anti)hypernuclei is limited by the
available sample size, despite the systematic uncertainties
being rather small. Previous measurements from the ALICE
Collaboration on the ðantiÞ3ΛH mass and lifetime show that
with a sufficient amount of candidates to analyze, very
precise measurements on these weakly decaying particles
are possible [2]. Precise measurements of the A ¼ 4
(anti)hypernuclei production and properties, enabled
through larger data samples that will be collected with
ALICE during the LHC Run 3 and Run 4, will help to
constrain the models for the description of hypernuclei, e.g.,
chiral effective field theories, in particular, the charge-
symmetry breaking effect [1,38,39].
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End Matter

Appendix A: Invariant-mass spectra—The top panels
of Fig. 4 show the invariant-mass spectra of the sum of
particle and antiparticle states of the ðantiÞ4ΛH and
ðantiÞ4ΛHe candidates, while the lower panels present the
invariant-mass spectra of the particle fraction only. These
spectra are selected and fitted as described in the text of
the Letter.

Appendix B: Details on the systematic uncertainty
evaluation—As described in the Letter, systematic
uncertainties on the branching ratio, the description of
the signal and background of the invariant spectra, the
BDT selection, the absorption of the decay products and
the (anti)hypernuclei themselves as well as the input
transverse-momentum shape are considered for the
measurement of the corrected yield per unit of rapidity
of the investigated (anti)hypernuclei. In the following,
additional information on the determination of some of
these systematic uncertainties is given and Table I
provides an overview of the systematic uncertainties
estimated for the dN=dy measurements (values are
rounded).

The systematic uncertainty due to possible imperfections
in the description of the absorption of the (anti)hypernucleus
decay products in the simulation was estimated as the
difference between the GEANT3 (modified in the ALICE
software framework including absorption estimates [61,62])
results and those obtained from a smaller sample simu-
lated with the GEANT4 transport code [63]. Both models
use different approaches to calculate the absorption of
(anti)alpha and (anti)helium-3. However, the GEANT4 has
been confirmed to describe the data for antihelium-3, while
the antialpha absorption is not well known [28,64]. The
estimation of the systematic uncertainty results in a value of
about 4.5%.
The fraction of A ¼ 4 (anti)hypernuclei which are

absorbed in the ALICE detector material cannot be extracted
directly from the available simulation, as the ðantiÞ4ΛH and
the ðantiÞ4ΛHe inelastic cross sections have never been
measured. As an estimate, the absorption cross section of
the 4He [28] is used and scaled by the relative difference of
the radii of each (anti)hypernucleus and of the 4He,
respectively [64]. However, the absorption correction

FIG. 4. Invariant-mass spectra of the sum of particle and antiparticle states of ðantiÞ4ΛHe candidates on the upper left and of ðantiÞ4ΛH
candidates on the upper right. In the lower panels, the invariant-mass spectra of the particle fraction only of the 4

ΛHe candidates on the left
and of the 4

ΛH candidates on the right are presented. Each spectrum is fitted with a KDE template for the signal peak (blue curve) and an
exponential function to model the background (orange curve).
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depends on the amount of material crossed by the (anti)
hypernuclei and it is therefore different for ðantiÞ4ΛH and the
ðantiÞ4ΛHe, which have different average decay lengths (the
lifetimes are 250 and 208 ps for the ðantiÞ4ΛHe and ðantiÞ4ΛH,
respectively [31]). In particular, the correction factors are

2.9% and 3.5% for the ðantiÞ4ΛH and ðantiÞ4ΛHe, respectively.
The systematic uncertainty on these correction factors is
evaluated from the uncertainty of the (anti)(hyper)nuclei
radii that enter the correction estimation. This leads to a
relative uncertainty of 6.3% for the ðantiÞ4ΛH and 5.5% for
the ðantiÞ4ΛHe.
Another systematic uncertainty is added for the input

transverse-momentum shape of (anti)hypernuclei in the
simulation. This input transverse-momentum shape
affects the distributions of the variables used in the BDT
selections and the correction factors for the geometrical
acceptance and reconstruction efficiency. For this purpose,
the four different parameter sets for the blast wave as
described in Ref. [28] are used as alternative input shapes
and the resulting differences (rms) in the corrected yields
are considered for the estimation of the systematic
uncertainty.
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Systematic uncertainty ðantiÞ4ΛH ðantiÞ4ΛHe
Branching ratio 18.2% 13.5%
Raw yield extraction 3.4% 4.3%
BDT selection 4.7% 1.7%
Decay product absorption 4.5% 4.3%
(Anti)hypernucleus absorption 6.3% 5.5%
Input pT-shape 7.3% 10.3%

Total 22% 19%
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68iThemba LABS, National Research Foundation, Somerset West, South Africa

69Jeonbuk National University, Jeonju, Republic of Korea
70Johann-Wolfgang-Goethe Universität Frankfurt Institut für Informatik, Fachbereich Informatik und Mathematik, Frankfurt, Germany

71Korea Institute of Science and Technology Information, Daejeon, Republic of Korea
72KTO Karatay University, Konya, Turkey

73Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble, France
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128Université de Lyon, CNRS/IN2P3, Institut de Physique des 2 Infinis de Lyon, Lyon, France
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