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Abstract

Matter–antimatter asymmetry is a fundamental question in both astronomy and particle

physics. Investigating antimatter is of great interest for testing the potential explanations

of matter–antimatter asymmetry in our Universe. In relativistic heavy-ion collisions, the

extremely high energy density and temperature are similar to the early Universe shortly

after the Big Bang. In this paper, we review the recent progress in antimatter search and

study heavy-ion collisions, with a focus on the RHIC-STAR and LHC-ALICE experiments,

particularly the newly observed antimatter hypernuclei 4
Λ

H and 4
Λ

He. The statistical

thermal model and the coalescence production model can quantitatively describe the

production yields and yield ratios, and the yield measurements of 4
Λ

H, 4
Λ

He and their

matter counterparts indicate the existence of spin-excited states of these (anti)hypernuclei.

Furthermore, new measurements of the lifetimes of 3
Λ

H, 4
Λ

H and their matter counterparts

reveal no difference between a particle and its corresponding antiparticle, which validates

the CPT theorem.

Keywords: antimatter; heavy-ion collision; hypernucleus; yield; lifetime

1. Introduction

The modern concept of antimatter originated from the negative energy solution of the

Dirac equation for the electron [1]. Later, the anti-electron (positron) was discovered in 1932

by Anderson C. D. in a cosmic ray experiment [2]. Strong evidence shows that the current

observable universe is dominated by matter [3]. However, the Big Bang theory predicts

that equal amounts of matter and antimatter should have been produced in the early

Universe. Astronomy observations, such as cosmic expansion [4] and cosmic microwave

background [5,6], support a hot and dense early universe where matter and antimatter

particle pairs are continuously created and annihilated. Thus, the net baryon number

should be zero, implying matter–antimatter symmetry at the beginning of the Universe.

As the Universe expands and cools, the annihilation process dominates. Since both creation

and annihilation conserve the net baryon number, any observed matter–antimatter imbal-

ance should originate from an asymmetry generated dynamically during cosmic evolution.

Today, matter clearly dominates in the current observed Universe [3]. This well-known

matter–antimatter asymmetry, also referred to as baryon asymmetry of the Universe (BAU),

remains one of the fundamental open questions in both astronomy and particle physics.

In 1967, physicist Sakharov A.D. proposed that matter–antimatter asymmetry could arise

dynamically through the evolution of Universe rather than being imposed in initial condi-

tions. He identified three necessary criteria, known as Sakharov’s conditions, for a possible
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baryon asymmetry mechanism: (i) baryon number violation, (ii) C and CP symmetry

breaking, (iii) out of thermal equilibrium [7]. In principle, the Sakharov conditions can be

satisfied within the framework of the Standard Model, but the resulting asymmetry is too

small to account for the observed matter dominance [3]. This discrepancy underscores the

need for physics beyond the Standard Model and motivates continued experimental and

theoretical investigations into antimatter.

Symmetry plays an important role in physics. In a local quantum field with Lorentz

invariance, physical laws under the combined operator of charge conjugation (C), parity

inversion (P), and time reversal (T) are invariant, known as CPT symmetry. The CPT

theorem guarantees that matter and antimatter particles possess some identical intrinsic

properties, such as mass and lifetime. Any measurable difference in these properties

between matter and antimatter would signal CPT violation. To date, no CPT violation has

been observed despite numerous high-precision experimental tests [8–13]. In heavy-ion

collisions, the first measurement of the strong interaction between antiprotons, obtained by

using correlation functions, reveals the interaction is attractive. The scattering length and

the effective range of the interaction are consistent with the corresponding proton–proton

interaction within uncertainties [14]; the results validate the CPT symmetry.

In the current Universe, antiparticles are difficult to produce and detect due to rapid

annihilation upon contact with matter. Two approaches are employed to study antiparticles:

cosmic ray and accelerator-based collisions. High-energy cosmic rays interacting with the

interstellar medium can produce antiparticles, such as antiprotons, which are detected by

space-based experiments [15]. However, antimatter nuclei with a mass number A ≥ 2 have

so far only been observed in heavy-ion collision experiments. Heavy-ion collisions recreate

the extremely high temperature and energy density similar to those of the early Universe

shortly after the Big Bang, enabling the copious production of antimatter. As the fireball

expands and cools, a fraction of the produced antiparticles can decouple from the medium

before annihilation, and then be observed by the detectors [16].

In heavy-ion collisions, (anti)hypernuclei can be produced. Containing at least one

hyperon, hypernuclei serve as a unique probe to the hyperon–nucleon (Y-N) interaction,

which is crucial for understanding the equation of state of dense matter in neutron stars [17].

The lightest hypernucleus is 3
Λ

H, which was first observed in nuclear emulsion exposed to

a cosmic ray [18]. Its corresponding antiparticle 3
Λ

H was observed in heavy-ion collisions

by the STAR Collaboration [19]. Precise measurements of the mass and binding energy of
3
Λ

H and 3
Λ

H show excellent agreement between particle and antiparticle [20], providing a

validation of the CPT theorem.

In this paper, we review the recent experimental progress in antimatter research from

the STAR experiment at the RHIC and the ALICE experiment at the LHC, with particular

emphasis on the newly discovered antimatter hypernuclei 4
Λ

H and 4
Λ

He. We discuss their

measured properties, including lifetimes and production yields, as well as the underlying

production mechanisms inferred from data.

2. Experiment

Historical milestones in antimatter discovery are summarized in Figure 1. The first

antiparticle, the positron, was discovered in a cosmic ray experiment using a cloud chamber.

Observed tracks had the same mass-to-charge ratio as the electron but curved in the

opposite direction [2]. Later, as synchrotron technology was employed in experiments,

heavier antiparticles were subsequently discovered: antiproton (p) [21], antineutron (n) [22],

and antilambda (Λ) [23]. Then composite antimatter nuclei with baryon numbers of 2 and

3, including antideuteron (d) [24,25], antitriton (t) [26] and antihelium-3 (3He) [27], were

discovered. Decades later, the RHIC-STAR collaboration reported the first observation of
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antimatter hypernucleus 3
Λ

H in 2010 [19], followed by the discovery of 4He in 2011 [28].

A comprehensive overview of the antimatter in heavy-ion collisions can be found in [29].

In recent years, STAR [30] and ALICE [31] experiments have led the frontier of antimatter

research with heavy-ion collisions. The STAR collaboration reports the heaviest antimatter

hypernucleus observed so far, 4
Λ

H [16]. And the ALICE collaboration confirms the existence

of 4
Λ

H and presents evidence for its isobaric partner, 4
Λ

He [32].
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Figure 1. Antiparticles’ mass vs. discovery year. Different color represents different baryon number.

2.1. STAR Detector at RHIC

STAR [30] is one of the four major detectors at the RHIC facility. A schematic of

the detector system is shown in Figure 2. The main tracking system is the gas-filled

cylindrical Time Projection Chamber (TPC). With a magnetic field of 0.5 T parallel to the

beam direction, particle momentum information can be obtained. TPC can also acquire

energy loss (dE/dx) information. Different charged particles exhibit different energy loss.

Based on the Bethe–Bloch formula, as implemented in Bichsel theory [33], charged particle

species can be identified by TPC. Since 2018, the inner region of the TPC has been upgraded

(iTPC), extending the charged particle pseudorapidity η coverage from |η| < 1.0 to |η| < 1.5

with 2π azimuthal coverage.

The Time of Flight (TOF) detector provides additional particle identification ability.

The whole TOF system consists of the barrel TOF and the vertex position detector (VPD).

The barrel TOF, with |η| < 0.96 and 2π azimuthal coverage, uses the start time provided by

the VPD detector. The TOF measurements significantly enhance STAR’s separation ability

for pions, kaons and protons. Along the beam line, a Forward Silicon Tracker (FST), small-

strip Thin Gap Chamber (sTGC), Event Plane Detector (EPD) and Forward Calorimeter

System (FCS) are installed. Around the beam, a Barrel Electromagnetic Calorimeter (BEMC)

and Muon Telescope Detector (MTD) are installed. Details of sub-detector systems of STAR

can be found in [30].

STAR is designed primarily to explore the properties of quark–gluon plasma (QGP),

a deconfined state of matter that existed shortly after the Big Bang. Beam Energy Scan

phases I and II (BES-I, BES-II), including the Fixed-Target program (FXT), have yielded

fruitful results on the QCD phase diagram and hadron properties [34–39].
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Figure 2. A schematic of the STAR detector.

2.2. ALICE Detector at LHC

ALICE [31] is a dedicated heavy-ion detector at the LHC at CERN, designed to

study the properties of quark–gluon plasma under extreme high-temperature conditions.

A schematic of the ALICE detector is shown in Figure 3. The ALICE experiment delivers

excellent performance despite the thousands of particles produced in ultra-relativistic

Pb+Pb collisions, as well as in smaller collision systems such as p+p collisions. The inner

tracking system (ITS) [40] is at the center of the entire detector system, which provides

precise reconstruction of the positions of primary and secondary vertices.

Figure 3. A schematic of the ALICE detector.

ALICE’s main tracking system is the TPC [41], which reconstructs charged particle

trajectories and measures their momenta in a 0.5 T solenoidal magnetic field aligned with

the beam line. The TPC provides up to 159 three-dimensional space points per track,

enabling high-precision tracking over full azimuthal coverage and a wide pseudorapidity

range (|η| < 0.9). Additionally, the specific energy loss (dE/dx) measured along the

track follows the Bethe–Bloch formula, allowing the discrimination of different charged

particle species.

https://doi.org/10.3390/sym18040693
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π, K and p identification is significantly enhanced by the TOF detector, which precisely

measures the time for particles to reach the TOF detector from the collision vertex, com-

bined with the momenta information from the TPC. The TOF detector achieves excellent

separation power across a broad momentum range. From the beam line outward, the

High-Momentum Particle IDentification (HMPID) PHOton Spectrometer (PHOS), Electro-

Magnetic Calorimeter (EMCal) and ALICE COsmic Ray DEtector (ACORDE) are arranged.

Details of other sub-detector systems can be found in [31].

Operating at TeV-scale center-of-mass energies in Pb+Pb collisions, ALICE offers a

unique platform to probe the thermodynamic and transport properties of the QGP under

extreme conditions. The ALICE collaboration has produced significant results in heavy

flavor physics and hadron properties [42–47].

3. Results

3.1. Antimatter Hypernucleus Signals

In heavy-ion collisions, hypernucleus candidates can be reconstructed using the

decayed charged daughter particles with their 3D momenta and masses. Specifically,

the decay channels of 4
Λ

H and 4
Λ

He used in the analyses are 4
Λ

H →4 He + π+ and
4
Λ

He →3 He + p + π+, respectively.

The STAR collaboration reports the heaviest observed antimatter hypernuclues
4
Λ

H [16]. The invariant mass distribution of 4
Λ

H is shown in Figure 4. U+U, Au+Au,

Ru+Ru and Zr+Zr collisions with energies of
√

sNN = 193 GeV (U+U) and√
sNN = 200 GeV (other systems) are used in the measurement. After background sub-

traction, 15.6 ± 4.7 4
Λ

H signal candidates were observed. The significance calculation is

based on an asymptotic formula Z =

√

2[NSig + NBgln(1 +
NSig

NBg
)− NSig] [48]. Here Zcount

is obtained with a direct counting of the signal NSig and background NBg within a certain

invariant mass range, while for Zshape a fitting function is applied to obtain the NSig and

NBg. The derived significances are Zcount = 4.8σ and Zshape = 4.7σ.

Figure 4. Plot is reproduced from [16]. Invariant mass distribution of 4He + π+ with the 4
Λ

H signal

in a combination of U+U, Au+Au, Ru+Ru and Zr+Zr collisions at
√

sNN = 193 GeV (U+U) and√
sNN = 200 GeV (other systems) at STAR. The black points show signal candidates. The blue curve

represents the background distribution constructed by randomly rotating one of the daughter tracks.

The red band marks the signal-invariant mass region. Reproduced with permission from Springer

Nature. License number: 6253050458017.

The ALICE collaboration also reports antimatter hypernuclei with a baryon number of

4 in Pb+Pb collisions at
√

sNN = 5.02 TeV. The evidence for 4
Λ

He and the observation of 4
Λ

H

are presented. The significances for 4
Λ

He and 4
Λ

H are 3.5σ and 4.5σ respectively, as shown

in Figure 5. These findings from two independent experiments provide cross-validation for

https://doi.org/10.3390/sym18040693
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the existence of 4
Λ

H. The newly discovered antimatter particles 4
Λ

H and 4
Λ

He bring a new

opportunity for studying antimatter properties, such as production yields and lifetimes,

and for testing matter–antimatter symmetry in the hypernucleus sector.

Figure 5. Plots are from [32]. Invariant mass distributions of 3He + p + π+ with the 4
Λ

He signal (left)

and of 4He + π+ with the 4
Λ

H signal (right) in Pb+Pb collisions at
√

sNN = 5.02 TeV at ALICE. Black

points show signal candidates. Blue curves are the fitting lines, and the orange dashed lines show the

fitting backgrounds.

3.2. Yield

Hypernucleus yields are related to the underlying particle production mechanisms.

In heavy-ion collisions, hypernucleus production can be described by the coalescence

model [28,49]. This model assumes that hypernuclei are produced near the kinetic freeze-

out stage of the fireball evolution when p, n, and Λ are close in both coordinate and

momentum space [50]. Alternatively, particle yields can also be well described by the

statistical thermal model [51–53], which assumes that particles are produced from a sys-

tem in chemical and thermal equilibrium. Global parameters such as temperature and

baryon chemical potential can be extracted by simultaneously fitting all measured particle

yields. The differences between the thermal model and the coalescence model have been

systematically discussed and compared in [54].

Various particle yield ratios are presented in Figure 6 by the STAR experiment [16].

The yield ratios can largely eliminate the biases caused by different collision systems.

Generally, all yield ratios between antiparticles and their corresponding particles are

less than unity, reflecting the net-positive baryon number of the initial colliding nuclei.

The statistic thermal model [51] can quantitatively describe the measured yield ratios.

Notably, the yield ratios from experimental data exhibit the following scaling relationships:
3He
3He

× p
p ≈ 4He

4He
,

3
Λ

H
3
Λ

H
× p

p ≈
4
Λ

H
4
Λ

H
,

4
Λ

H
4He

≈ 4 ×
3
Λ

H
3He

and
4
Λ

H

4He
≈ 4 ×

3
Λ

H

3He
. These ratios are

chosen so that the numbers of net constituent (anti-)nucleons and (anti-)Λ hyperons are

consistent between the left- and right-hand sides of the equations. Thus, these scaling

relationships are naturally expected within the coalescence framework when neglecting

details such as the different sizes of the (anti)(hyper)nuclei. The factor 4 arises from the

spin-degeneracy. 4He and 4He possess only a spin-0 ground state, while 4
Λ

H and 4
Λ

H

have spin-0 (ground) and spin-1 (excited) states. The excited state with a spin degeneracy

factor of 3 can electromagnetically decay into the spin ground state, which increases the

total measured yields by approximately a factor of 4. In general, the yield ratios can be

well reproduced by the thermal model and are consistent with the expectations of the

coalescence model.
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Figure 6. Plot is reproduced from [16]. The other references are [19,28,55,56]. Yield ratios for different

particles from the STAR experiment. Reproduced with permission from Springer Nature. License

number: 6253050458017.

In the ALICE experiment, the Statistical Hadron Model (SHM) [53] is employed to

constrain the spin states of hypernuclei by comparing predicted and measured yields. The

SHM model is a thermal model which explicitly accounts for spin degeneracy in its yield

calculations. As shown in Figure 7, the ALICE collaboration measured yields and masses

of the 4
Λ

H and 4
Λ

He. The production yield dN/dy can be quantitatively reproduced by the

SHM model only when spin-excited states are included. However, the coalescence calcu-

lation tends to underestimate the production yield of (anti)hypernuclei and (anti)nuclei

measured by the ALICE collaboration [32,57]. If only the spin-0 ground state is assumed,

the SHM model underpredicts the data by 2.2σ and 2.3σ for 4
Λ

He and 4
Λ

H, respectively.

Both STAR and ALICE data indicate 4
Λ

H has a spin-1 excited state.

Figure 7. Plots are from [32]. (Anti)4
Λ

He (left) and (anti)4
Λ

H (right) integrated production

yields vs. masses from the ALICE experiment. Results are averaged by particles and antiparticles for

corresponding hypernucleus.
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3.3. Lifetime Measurements

According to the CPT theorem, the lifetime of a particle and its corresponding an-

tiparticle should be identical. Therefore, precision comparisons of the lifetimes of hy-

pernuclei and their antimatter analogs provide a stringent test of CPT symmetry and

may offer insights into the origin of the matter–antimatter asymmetry in the Universe.

In heavy-ion collision experiments, hypernuclear lifetime is one of the key properties

for investigating hyperon–nucleon interactions [58]. Due to the weak decay, the typical

lifetime of a hypernucleus is on the order of ∼102 ps, which is long enough to be exper-

imentally accessible. The STAR Collaboration has measured the lifetimes of both matter

and antimatter hypernuclei 3
Λ

H, 3
Λ

H, 4
Λ

H and 4
Λ

H. As shown in the left panel of Figure 8,

the lifetime τ is extracted by N(t) = N0exp(−t/τ) = N0exp(−(L/βγ)/τ), where L is the

hypernuclei decay length and βγ is determined by the hypernucleus momentum. The

extracted lifetime results for these (anti)hypernuclei are summarized in the right panel of

Figure 8: τ(3
Λ

H) = 254 ± 28(stat.)± 14(sys.) ps, τ(3
Λ

H) = 238 ± 33(stat.)± 28(sys.) ps,

τ(4
Λ

H) = 188 ± 89(stat.)± 37(sys.) ps, τ(4
Λ

H) = 170 ± 72(stat.)± 34(sys.) ps. This is the

first measurement for the lifetime of 3
Λ

H and 4
Λ

H. The measured lifetimes of 3
Λ

H and 4
Λ

H

are consistent with world averaged data, and measured hypernuclei lifetimes are shorter

than free Λ lifetime. The lifetime differences measured in the STAR between the hyper-

nuclei and antimatter hypernuclei are τ(3
Λ

H)−τ(3
Λ

H) = 16 ± 43(stat.)± 20(sys.)ps and

τ(4
Λ

H)−τ(4
Λ

H) = 18 ± 115(stat.)± 46(sys.). Both results are consistent with zero within

uncertainties, indicating no significant lifetime difference between the hypernuclei and

their corresponding antihypernuclei.

Figure 8. Plots are reproduced from [16]. The other references are [13,19,49,56,59–74]. (A) Λ yield in

different L/(βγ) with detector efficiency correction. (B) Measured lifetime of 3
Λ

H, 3
Λ

H, 4
Λ

H and 4
Λ

H.

Reproduced with permission from Springer Nature. License number: 6253050458017.

The ALICE collaboration has measured the relative lifetime difference between 3
Λ

H and

3
Λ

H [13]. The result is
τ(3

Λ
H)−τ(3

Λ
H)

τ(3
Λ

H)
= 0.03 ± 0.07(stat.)± 0.04(sys.). No lifetime difference

is observed, which is consistent with the STAR measurement. These results constitute a

new test of the CPT symmetry at the hypernucleus level.
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4. Summary and Outlook

In summary, the STAR and ALICE collaborations are actively investigating antimatter

with heavy-ion collisions, and the antimatter hypernucleus 4
Λ

H has been observed by both

STAR and ALICE experiments. The ALICE collaboration has also presented evidence

for 4
Λ

He. Yield measurements strongly suggest the existence of spin-excited states in 4
Λ

H

and 4
Λ

He. Additionally, yield ratio measurements from the STAR collaboration support a

coalescence-based production mechanism for light (anti)hypernuclei. Precision lifetime

measurements of 3
Λ

H, 3
Λ

H, 4
Λ

H and 4
Λ

H show no statistically significant difference between

matter and antimatter hypernuclei lifetimes, validating the CPT symmetry.

Recently, the STAR collaboration has finished collecting approximately 20.1 billion

minimum-bias Au+Au collision events at
√

sNN = 200 GeV over Run 23–25. Meanwhile,

ALICE is in the final phase of Run 3 data taking, which employs continuous readout and a

new silicon pixel tracker for the ITS2 detector. These upgrades have significantly enhanced

ALICE’s data-taking rate and tracking precision. These high-statistics datasets will enable

more precise measurements of rare antimatter nuclei, open the door to the discovery of even

heavier antimatter particles, and potentially deepen our understanding of fundamental

symmetries and the origin of the matter–antimatter asymmetry in the Universe.
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