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a b s t r a c t

We review progress in the study of antinuclei, starting from Dirac’s equation and the
discovery of the positron in cosmic-ray events. The development of proton accelerators
led to the discovery of antiprotons, followed by the first antideuterons, demonstrating
that antinucleons bind into antinuclei. With the development of heavy-ion programs at
the Brookhaven AGS and CERN SPS, it was demonstrated that central collisions of heavy
nuclei offer a fertile ground for research and discoveries in the area of antinuclei. In this
review, we emphasize recent observations at Brookhaven’s Relativistic Heavy Ion Collider
and at CERN’s Large Hadron Collider, namely, the antihypertriton and the antihelium-4,
as well as measurements of the mass difference between light nuclei and antinuclei, and
the interaction between antiprotons. Physics implications of the new observations and
different production mechanisms are discussed. We also consider implications for related
fields, such as hypernuclear physics and space-based cosmic-ray experiments.
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1. Historical introduction

1.1. The Dirac equation

The earliest reference to antimatter in the scientific literature dates back to the end of the nineteenth century, when
Arthur Schuster coined this term in a letter to Nature [1]. However, Schuster’s antimatter idea was largely speculative,
and differed in significant ways from the modern concept. Antimatter as it is understood today has its origin in Paul
Dirac’s seminal 1928 work in which he formulated his relativistic version of the Schrödinger equation [2,3]. Dirac’s original
relatively modest goal was to investigate whether relativistic corrections would improve the explanation of spectroscopic
measurements. The Dirac equation for the electron advanced our understanding of fundamental physics far beyond that
initial motivation, and as a result of the combination of quantum mechanics and special relativity (notably the relationship
between energy (E) and momentum (p) as reflected in E = ±

√
p2 + m2, where m is rest energy) the concept of a particle

with negative energy and opposite electric charge was introduced for the first time.
Two years later, in 1930, Dirac proposed the interpretation that the holes in the negative-energy electron sea are

protons [4]. At the time, very few fundamental particles were known, and postulating a new and undiscovered type of
elementary particle would have been a very radical hypothesis; moreover, the proton interpretation offered the appealing
prospect of a unified theory of the electron and proton. Also in 1930, Dirac advanced the idea that positive-energy electrons
and holes in the negative-energy sea could simultaneously disappear and be converted into electromagnetic radiation [5],
although this paper still envisaged the holes as protons.

Meanwhile, Robert Oppenheimer [6] pointed to various difficulties raised by the proton interpretation, and Hermann
Weyl [7,8] emphasized that the holes cannot be protons and must have the same mass as electrons. By the year 1931, Dirac
had laid out an updated and remarkably prescient picture, in which the ‘‘anti-electron’’ was explicitly named as a particle
that was yet to be discovered experimentally and would have the same mass as an electron [9]. This paper also anticipated
and named the antiproton.

It is noteworthy the Dirac himself attached considerable importance to the observation of antinuclei. He did not consider
the existence of antimatter to be properly verified until it had been experimentally demonstrated that antinucleons could
bind together and form antinuclei [10,11].

1.2. The experimental discovery of positrons and antiprotons

Just one year after Dirac’s ‘‘fully formed’’ prediction of the anti-electron in 1931, Carl Anderson’s study of cosmic radiation
using a cloud chamber led to the experimental discovery of a newpositively-chargedparticle. Its curvature in a 1.5 Tmagnetic
field and energy loss in a lead plate, as illustrated in Fig. 1, could only be understood if its mass was at most 20 times the
electron mass and was also consistent with having the same mass [12,13]. Although Anderson’s chamber was triggered at
random times, he was able to observe 15 candidates among 1300 chamber photographs. He proposed the name positron,
but his two initial publications [12,13] did not make any reference to Dirac’s theoretical predictions.

Within a few months of Anderson’s first paper, Blackett and Occhialini [14] had confirmed his discovery using a
cloud chamber in a 0.3 T magnetic field. Their paper included extensive discussion of ‘‘Dirac’s theory of holes’’, including
calculations related to the annihilation properties of Dirac’s anti-electron. The next step forward in the investigation of
positrons was made possible when it was discovered that they are produced by exposing target materials to various
radioactive sources, resulting in production under more controlled conditions than in cosmic ray experiments. This work
led to verification with better precision that the positron and electron masses are equal, as well as a determination that the
combined rest and kinetic energies of the e+ and e− agree within uncertainties with the energy of the incoming photon
[15–22].
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Fig. 1. A positively-charged particle, identified as a positron of energy 63 MeV, enters from the bottom, loses energy in a 0.6 cm lead plate, and emerges in
the upper region with an energy of 23 MeV [13]. A proton with the observed upper curvature would have a total range in the cloud chamber of ∼0.5 cm,
whereas the observed track is consistent with a constant curvature over a distance of more than 5 cm.

By the 1950s, the frontier of experimental research on antimatter had moved away from the domain of cosmic rays
and radioactive sources. The first unambiguous observation of antiprotons in cosmic ray experiments did not occur until
1979 [24], long after antiprotons were routinely produced at accelerator laboratories. The Bevatron at the University of
California Radiation Laboratory (now Berkeley Lab) was designed with the search for antiprotons in mind. It was capable
of generating protons of kinetic energy up to 6.5 GeV, a value that exceeded the threshold for antinucleon production in pp
collisions.

The discovery of the antiproton in a magnetic spectrometer experiment at the Bevatron was reported in 1955 by
Chamberlain, Segrè, Wiegand and Ypsilantis [23]. The accelerated protons interacted with a copper target located inside
the Bevatron ring, with negatively-charged particles being deflected outward by the magnetic field of the accelerator. The
main task of the detector system, which consisted of bending and focusing magnets, time-of-flight counters and Čerenkov
detectors, was to distinguish antiprotons from negative pions, which were more abundant by a factor on the order of 105.
Fig. 2 illustrates the good mass resolution of the spectrometer of Chamberlain et al. [23], which allowed the high rate of π−

background to be rejected.
The original antiproton discovery paper was followed soon afterwards by an independent p̄ identification in nuclear

emulsion. In order to maximize the rate of detection and identification of antiproton annihilation vertices in a nuclear
emulsion stack, it was necessary to slow-down the antiprotons in a passive absorber. This increased the probability that
antiprotons which did not interact in flight would come to rest inside the emulsion and then annihilate. In themeasurement
of Chamberlain et al. [25], antiprotons with a momentum of 1.09 GeV/c , selected by a magnetic spectrometer, traversed
a copper absorber of thickness 132 g/cm2, after which they entered and stopped inside the emulsion; see the composite
microscopic image of a sample annihilation vertex in Fig. 3 [25].

1.3. Early experimental discoveries of antinuclei at proton accelerators

The next fundamental question in the early history of antimatter was whether antinucleons could form antinuclei with
properties identical to those of their matter partners. At the Alternating Gradient Synchrotron (AGS) at Brookhaven National
Laboratory, which began operation in 1960 and could accelerate protons to 33 GeV, Dorfan, Eades, Lederman, Lee and
Ting used a high-transmission mass-analyzing beamline to search for various new states of positive and negative electric
charge [26]. In 1965, while studying 30 GeV protons on a beryllium target, they observed particles with negative electric
charge, and mass consistent with that of the deuteron. In Fig. 4, the plotted time-of-flight correlations demonstrate the
detection of 21 antideuteron candidates within the acceptance of the detector. In a paper received earlier but published
later than that of Dorfan et al., Massam,Muller, Righini, Schneegans and Zichichi [28] presented lower-statistics results from
a similar p+Be experiment [29] at the CERN Proton Synchrotron, also reporting an observation of antideuterons. Fig. 5 shows
the layout of the beamline spectrometer used by the authors of Refs. [28] and [29].



Please cite this article in press as: J. Chen, et al., Antinuclei in heavy-ion collisions, Physics Reports (2018), https://doi.org/10.1016/j.physrep.2018.07.002.

4 J. Chen et al. / Physics Reports ( ) –

Fig. 2. The mass resolution of the magnetic spectrometer of Chamberlain et al., demonstrating that the mass of the new negatively-charged particle was
within 5% of the proton mass [23].

Fig. 3. An antiproton annihilation vertex in nuclear emulsion. In the microscopic image reproduced here, the emitted charged particles include two pions,
a proton, and several unidentified charged particles [25].

Models that were used in the early 1960s to calculate the production rate of antideuterons (and heavier antinuclei)
had much in common with those used to describe measurements of deuterons (and heavier nuclei) in proton–nucleus
collisions [30–34]. These experiments dealt with forward kinematic regions, where composite nuclei could not have
originated from multifragmentation of an excited target spectator. One such model, proposed by Dmitrii Blokhintsev [35],
attributed an important role to density fluctuations in the target nucleus,while Rolf Hagedorn proposed a statistical approach
in which a deuteron could be directly produced in an elementary nucleon–nucleon interaction [36]. Hagedorn subsequently
employed this model to calculate the rate of antideuteron production in p-nucleus interactions [37], but the resulting
prediction differed greatly from the observations of Dorfan et al. [26], namely, the prediction exceeded the measured rate
of antideuteron production by a factor of about 2 × 103. Butler and Pearson were the first to propose the idea of statistical
coalescence of nucleons produced independently, an approach that was immediately found to offer better agreement with
the experimentalmeasurements available at the time [38–40]. Statistical coalescencepredicts that the invariantmomentum-
space density ρA for deuterons or heavier composite nuclei with mass number A and momentum Ap can be obtained from
the nucleon density ρA=1 at momentum p to the power of A. Some contemporary papers referred to this as the ‘‘sticking
model’’, but this terminology has since fallen out of use, and behavior of the type

ρA(Ap) ∝ ρA
A=1(p) (1)

is generally referred to as the coalescence power law in the current literature.
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Fig. 4. Dorfan et al. [27] observed 21 p+Be collisions at 30 GeV in which negatively-charged secondary particles had time-of-flight correlations consistent
with these fragments having a mass within 3% of the deuteron mass.

Fig. 5. The layout of the 61 meter-long beamline [29] at the CERN Proton Synchrotron, used to identify antideuteron candidates in 1965.

The threshold kinetic energy in a fixed-target configuration for production of an antinucleon is 5.6 GeV; for two
antinucleons, the threshold is 15 GeV, and for three antinucleons, it is 28 GeV. However, to detect an antinucleus with
mass number A = −3 in practice involves a search over a large sample of events with a beam energy well above the
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Fig. 6. The ratio of antinucleus to pion production as a function of antinucleus mass number, under the conditions of the experiment of Antipov et al. [46].

threshold energy. For instance, the maximum proton beam energy at the AGS at Brookhaven National Laboratory exceeded
the threshold for antitritiumproduction, but Dorfan et al. reported, with 90% confidence, that no antitritium candidateswere
detected down to a level of about 3 × 10−10 times the rate of pion production with a 30 GeV proton beam [26].

Beginning in the late 1960s, various collaborations reported results of searches for new negatively-charged heavy states
using the higher energies of new proton accelerators. The first of these new facilities was the 70 GeV synchrotron at
the Institute of High Energy Physics, Protvino (Serpukhov), USSR, which began operation in 1967. Next came the CERN
Intersecting Storage Rings; the first proton–proton collisions at the ISR took place in 1971, and it initially operated at

√
s = 53

GeV. Meanwhile, the US National Accelerator Laboratory (NAL) in Illinois (later renamed Fermilab) accelerated protons to
200 GeV in 1972, and soon afterwards reached 300 GeV.

The first results from Serpukhov, published in 1969, investigated proton–aluminum collisions at beam energies of 43 and
52 GeV as well as the top energy of 70 GeV [41,42], and provided greatly improved antideuteron statistics compared with
Refs. [26] and [28], includingmeasurement of differential cross sections, but reported only an upper limit for antitritons. The
first ISR results followed in 1973, when Alper et al. [43] reported a substantial antideuteron signal and an unprecedentedly-
low deuteron to antideuteron ratio of 3.7 ± 1.2. However, Alper et al. found no signal for antitritons or anti-3He. The initial
search for heavy negatives at Fermilab, published in 1974 by Appel et al. [44], used 300 GeV protons on a tungsten target,
with a mass-identifying beam line of length 1.1 km. As in previous experiments, antideuterons were produced at rates that
agreed well with the coalescence power law, but again, no antitriton or anti-3He signal was found.

The 70 GeV Serpukhov facility reached the milestone of the first detection of antihelium-3 [45,46] in the year 1970. The
apparatus of Antipov et al., which sampled 2.4 × 1011 forward-going tracks emitted from p + Al collisions, had similarities
to that used for antideuteron discovery at Brookhaven and CERN. It consisted of a long magnetic spectrometer which used
Čerenkov counters, dE/dx and time-of-flight to identify five 3He tracks. The Protvino authors were also the first to draw
attention to the exponentially decreasing probability of antinucleus formation as the mass number increases; under the
conditions of their detector, as demonstrated in Fig. 6, the probability dropped about 4 orders of magnitude going from
antiprotons to antideuterons, and another 4 orders going from antideuterons to antihelium-3 [45,46]. This observation
supports the statistical coalescence picture first proposed by Butler and Pearson [38–40], and at least in the environment
of the measurements under discussion, disfavors the above-mentioned alternative approaches of Blokhintsev [35], and of
Hagedorn [36].

In 1974, a different collaboration working at the same Protvino facility reported the observation of four antitriton
candidates [47]. Four years later, the CERN WA33 collaboration carried out an experiment using the 200 GeV proton beam
from the Super Proton Synchrotron (SPS) on beryllium and aluminum targets. Improved statistics for deuterons, tritons, 3He
and their antimatter partners were reported [48]. Production of light nuclei and antinuclei was presented in the form of
ratios of nuclei and antinuclei to positive and negative pions, respectively, at various laboratory momentum settings of the
WA33 detector. The raw data were corrected for pion decays and for secondary interactions in the target and in the detector
material [48].

Fig. 7 shows the ratios d/π+ and d̄/π− versus the laboratory momentum of the secondaries detected at zero degrees.
These produced particles were from collisions of the 200 GeV proton beam of the CERN SPS on an aluminum target (solid
points) and on a beryllium target (open points). The d/π+ ratio increases with laboratory momentum, and the ratio with an
aluminum target is about 1.4 times larger than with a beryllium target. The data indicate that deuteron production in the
WA33 experiment depends on the target mass number and may be related to the leading particle effects of the scattered
protons. In contrast, the antideuteron to π− ratio is the same for the beryllium and aluminum targets. This ratio has a
maximum at about 30 GeV/c . Bozzoli et al. argue that the measurements favor a scenario where antideuteron production
takes place in elementary proton–nucleon collisions [48]. They further point out that sufficient statistics were not available
to address whether or not the same scenario is valid for antitriton and antihelium-3 production. The WA33 authors also
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Fig. 7. Deuteron to π+ and antideuteron to π− ratios versus laboratory momentum of the detected secondaries at 0◦ . These produced particles were from
collisions of the 200 GeV CERN SPS proton beam on an aluminum target (solid points) and on a beryllium target (open points) [48].

Fig. 8. A compilation of antideuteron to π− ratios versus laboratory momentum, as published by WA33 [48], combining results from Refs. [26,41–44,49]
(but not includingWA33’s ownmeasurements). The various experiments in the compilation have somewhat different kinematic conditions, but the plotted
results generally correspond to Bjorken |x| ≲ 0.2 and pT ≲ 0.2 GeV/c .

corroborated the observation by Antipov et al. [45,46] of an exponential decrease in the probability of production of both
nuclei and antinuclei as mass number increases from 1 to 3.

Another valuable insight offered in the paper of Bozzoli et al. [48] is a compilation of antideuteron to π− ratios
versus laboratory momentum, combining results from many prior experiments, as reported in Refs. [26,41–44,49]; this
compilation is reproduced in Fig. 8. The various experiments whose results are summarized in Fig. 8 (which does not
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Fig. 9. A subset of CPT tests and their precision in dimensionless units. The tests represented here involve the mass difference between K 0 and K
0
[58,59],

the g-2 for the positron [60–62] and muon [63,64], the charge-to-mass ratio and g-factor of the antiproton [65,66], and two forthcoming comparisons
between neutral atoms of antihydrogen and hydrogen [67]: the ground-state hyperfine-splitting (GS-HFS) and the 1S–2S transition frequency [68,69].

includemeasurements fromWA33) have somewhat different kinematic conditions, but the plottedmeasurements generally
correspond to Bjorken |x| ≲ 0.2 and pT ≲ 0.2 GeV/c . These conditions also apply in the case of theWA33measurements. The
compiled d̄/π ratios have a strong dependence on laboratory momentum over most of the plotted range, with evidence of
flattening above 100 GeV/c. However, the WA33 measurements reproduced in Fig. 7 indicate considerably higher rates of
antideuteron production than the rates compiled in Fig. 8, well beyond the reported errors.

1.4. Antimatter and symmetry

Symmetries play a major role in our understanding of many aspects of the structure of matter at the most elementary
level, and play an essential role in our understanding of antimatter [50,51]. The charge conjugation operator C changes a
particle into its antiparticle; thus, it reverses the sign of electric charge, baryonnumber, leptonnumber, aswell as strangeness
and heavy quark flavor quantum numbers. The parity operator P applies an inversion, i.e., it reverses the sign of all three
spatial coordinates in a Cartesian system; a plane mirror reflection reverses one coordinate only, and is a useful proxy for an
inversion, since it is equivalent to an inversion and a 180◦ rotation.

After the 1956 proposal by Lee and Yang [52] to search for parity violation in weak decays, and the subsequent
experimental discovery of such a violation in the beta decay of 60Co [53], it was initially speculated that the combined
operator CP might be conserved without exception. However, even before the discovery of parity violation, Gell-Mann and
Pais pointed out that the K 0 and its antiparticle K

0
must have remarkable properties by virtue of their common decaymodes

and the consequent second-order weak coupling between them [54]. These ideas led to the 1964 discovery by Christenson,
Cronin, Fitch and Turlay of a small CP violation through the decay (with a probability of about 1/500) of K 0

L to two pions
instead of the parity-conserving three pion decay [55].

Another related operator is time reversal, T . This operator is relevant for antimatter in part due to the Stueckelberg–
Feynman [56,57] interpretation of a hole in the negative-energy sea (an antiparticle) being equivalent to a particle
propagating backward in time. Time reversal symmetry is especially difficult to test directly for weak interactions, but there
are compelling reasons to believe that it is violated when CP is not conserved — see below.

In parallel with the above theoretical and experimental developments in the area of parity and CP , independent work by
Schwinger [70], Lüders [71–73], Pauli [74] and Bell [75], based on general considerations of quantum field theory, locality
and Lorentz invariance, established the CPT theorem. This theorem indicates that every process in nature exactly conserves
the three combined operators C , P and T . A further consequence is that particle–antiparticle partners have exactly the same
mass and lifetime, and exactly oppositemagneticmoments [50,51]. Many tests of thesematter–antimatter symmetries have
been carried out, of which a subset is represented in Fig. 9. No CPT violations have ever been observed, and an especially
precise test is provided by the magnitude of the mass difference between K 0 and K

0
, depicted in terms of a dimensionless

fraction by the first (red) bar in Fig. 9, and known to be< 4×10−19 GeV/c2 at 90% confidence level [58,59,76,77]. Owing to the
fundamental importance of CPT , many qualitatively different tests of this symmetry are of scientific interest and continue
to be investigated and improved. Overviews of the relevant literature can be found in Refs. [59,66,78].
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Fig. 10. Schematic view of the STAR detector system. Each sub-detector is described in the text.

Baryogenesis refers to the process whereby the universe at the time of the Big Bang evolved into its present baryon-
dominated form [79–81]. For a time after the first observation of CP violation, this asymmetry was considered to be a
promising contender to account for the baryogenesis puzzle, namely, the surprising lack of any present-day remnants of
the antibaryonic matter produced in the Big Bang. Within the framework on the Standard Model, a number of sources of CP
violation have been identified, but all investigations to date have demonstrated that CP violation does not produce a large
enough asymmetry to explain the observed universe [79–81].

Apart from CP violation, there are other proposed candidates to explain the baryogenesis puzzle: for example, the possible
existence of bulk primordial antimatter in remote regions of the universe. Cosmic ray experiments have been searching for
antihelium in space, since such an observation could support the bulk antimatter hypothesis. Another focus in the cosmic
ray physics community is the investigation of the spectrum of positrons in space, which has connections to bulk primordial
antimatter or dark matter hypotheses [59,79,81–83]. See Section 6.1 for further details.

A variety of extensions beyond the Standard Model have also been proposed in connection with the baryogenesis
puzzle, including possible consequences of Grand Unified Theories [84,85] or a possible time reversal (T ) asymmetry
and an associated non-zero electric dipole moment for elementary particles that would be asymmetric under T . To date,
no candidate electric dipole moment signal has been observed, and recent atomic physics measurements have achieved
about a ten-fold improvement in the upper limit on the electron’s electric dipole moment that significantly constrains
T -violating physics [86]. Overall, within or beyond the framework of the Standard Model, no known mechanism offers
an adequate explanation for the imbalance between matter and antimatter in the observed universe, and the absence
today of antibaryonic matter left-over from the Big Bang is invariably counted among the ‘‘major unsolved problems of
physics’’ [59,79–81].

2. State-of-the-art detectors for relativistic heavy-ion collisions

The Solenoidal Tracker at RHIC (STAR) and A Large Ion Collider Experiment (ALICE) are currently active experiments
dedicated to relativistic heavy-ion physics. Their subsystems undergo periodic upgrades, providing optimum performance
in the area of detecting andmeasuring antinuclei as well as inmeasuringmany other observables of current physics interest.

2.1. The STAR detector

STAR [87] is one of four experiments installed at the Relativistic Heavy Ion Collider (RHIC) [88] at BNL, and the only one
in operation as of the year 2018. STAR has a complex set of detector subsystems with a broad coverage of difference physics
topics. Fig. 10 shows a schematic view of the STAR detector system.

The main tracking device in STAR is a gas-filled cylindrical Time Projection Chamber (TPC) [89], which is 4.2 m long and
4 m in diameter. It is located inside a large solenoidal magnet that operates at 0.5 T [90]. The TPC is filled with P10 gas (10%
methane, 90% argon) regulated at 2mbar above atmospheric pressure [91]. It can record the tracks of particles, measure their
momenta, and identify particles via their ionization energy loss (dE/dx). Each track in the TPC is reconstructed using up to 45
hit points. The STAR TPC covers up to ±1.8 units of pseudorapidity (η) with a full 360 degrees of azimuthal acceptance [87].

The STAR Barrel Electro-Magnetic Calorimeter (BEMC) is used to trigger on high pT events, including jets, isolated photons
and heavy quarkonia. Its acceptance is |η| < 1 and 2π in azimuthal angle, φ. The STAR BEMC uses layers of lead and plastic
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Fig. 11. Schematic view of the ALICE detector system.

scintillator with 20 times a radiation length at η = 0 [92]. The BEMC includes a Shower Maximum Detector (SMD) which is
used to provide fine spatial resolution. The precise spatial information provided by the SMD is essential forπ0 reconstruction,
direct γ identification, and electron identification.

The STAR Time-of-Flight (TOF) detector is located between the TPC and BEMC, with an azimuthal coverage of 2π and
|η| < 0.9. This TOF detector is based on the technology of Multi-gap Resistive Plate Chambers (MRPC) [93], which consist
of a stack of resistive plates (float glass of 0.54 mm thickness) with five 220 mm gas gaps. There are 120 TOF trays and each
contains 32 MRPC modules. The whole TOF system consists of the barrel TOF and the Vertex Position Detector (VPD). The
start time of the detected particles is provided by the VPD. The time resolution of the VPD and barrel TOF can achieve∼30 ps
and <80 ps, respectively, in heavy-ion collisions. With this performance, the TOF system allows π/K separation up to ∼1.6
GeV/c and (π, K )/p separation up to ∼3 GeV/c [94].

The Muon Telescope Detector (MTD) [95,96] is also based on MRPC technology [93]. The MTD can trigger on and identify
muons based on its precise timing andmodest position resolution [97], allowingmeasurements of dileptons through the di-
muon channel. It provides single-muon and di-muon triggers based on the number of hits within a predefined online timing
window. The MTD modules are installed at a radius of about 403 cm, and cover about 45% in azimuth within |η| < 0.5. The
timing resolution of the MTD is ∼100 ps and the spatial resolution is ∼1–2 cm in both r–φ and z directions [98].

A new STAR detector, closest to the beam pipe, is the Heavy Flavor Tracker (HFT) which achieves topological recon-
struction of secondary decay vertices of open heavy-flavor hadrons [99,100]. The HFT consists of three sub-detectors: the
Silicon Strip Detector (SSD), the Intermediate Silicon Tracker (IST), and the Pixel (PXL) detector. The innermost sub-detector
(PXL) has two layers which use state-of-the-art ultra-thin CMOS Monolithic Active Pixel Sensors (MAPS). STAR is the first
collaboration to use a CMOS MAPS detector in a collider experiment [99]. The IST has single-sided double-metal silicon pad
sensors, and its radius is about 14 cm and thickness is less than 1.5% radiation lengths. The SSD and IST are fast detectors
which can reduce track pile-up.

2.2. The ALICE detector

ALICE is a general-purpose, heavy-ion detector at the Large Hadron Collider (LHC) which focuses on QCD, the strong-
interaction sector of the Standard Model. It is designed to address the physics of strongly interacting matter and the
quark–gluon plasma at extreme values of energy density (>10 GeV/fm3) and temperature (≥0.2 GeV) in nucleus–nucleus
collisions [101,102]. Fig. 11 shows a schematic viewof the ALICE detector system. The Inner Tracking System (ITS) [103] is the
subsystem that is closest to the beam pipe. The main tasks of the ITS are to reconstruct the primary and secondary vertices,
to track and identify particles with momentum below 200 MeV/c , and to improve the momentum and angle resolution for
particles reconstructed by the TPC [104]. The ITS consists of six cylindrical layers of silicon detectors, located at radii between
3.9 cm and 43.0 cm. The two innermost layers are the Silicon Pixel Detectors (SPD). They are followed by a pair of Silicon
Drift Detectors (SDD), characterized by a very good multitrack reconstruction capability. Finally, two layers of Silicon Strip
Detector complete the ALICE ITS. In addition to participating in the ALICE global tracking, the ITS is capable of performing
stand-alone reconstruction with the advantage of restoring tracks lost during global tracking due to spatial acceptance, the
intrinsic pT cutoff of the outer detectors, or due to particle decay [103].
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Following the ITS in the radial direction is the TPC, which is the main tracking detector of the central barrel and
provides, together with the other central barrel detectors, charged-particle momentummeasurements with good two-track
separation, particle identification, and vertex determination [105]. Its tracking efficiency reaches∼80%within |η| < 0.8with
a momentum resolution σ (pT )/pT ∼ 5%, corresponding to ∼2.5% up to pT = 10 GeV/c (and increasing at higher transverse
momenta) when combined with the ITS. Each track in the TPC is reconstructed using up to 159 space points, with a spatial
resolution of 0.8 mm in the x–y plane, and 1.2 mm in the z direction.

The TPC is surrounded by the Transition Radiation Detector (TRD). The main purpose of the ALICE TRD is to provide
electron identification in the central barrel for momentum above 1 GeV/c [106]. The TRD was designed to provide a fast
trigger for charged particles with highmomentum. It is part of the Level-1 trigger and can significantly enhance the recorded
γ yields, high pT J/Ψ , the high-mass region of the dilepton continuum, as well as jets. The TRD consists of 540 individual
read-out detector modules. They are arranged into 18 super modules, each containing 30 modules arranged in five stacks
along z and six layers in radius. In the longitudinal (z) direction, the active length is 7 m, and the overall length of an entire
super module is 7.8 m with a weight of 1650 kg.

The TRD is surrounded by the TOF, at a radius of 3.7 m from the interaction point. The TOF detector is a large-area array
that covers the central pseudorapidity region (|η| < 0.9) for Particle Identification (PID) in the intermediate-momentum
range, below about 2.5 GeV/c for pions and kaons, up to 4 GeV/c for protons, with a π/K and K/p separation better than
3σ [107,108]. The TOF, coupled with the ITS and TPC for track and vertex reconstruction and for dE/dxmeasurements in the
low-momentum range (up to about 1 GeV/c), provides event-by-event identification of large samples of pions, kaons and
protons.

In the central η region, ALICE has several sub-detectors, referred to as single-arm detectors, which have a limited
acceptance. They consist of a Čerenkov RICH detector (the HMPID), a homogeneous photon spectrometer (PHOS), and a
sampling electromagnetic calorimeter (EMCAL). At forward rapidities, there is a Photon Multiplicity Detector (PMD) and a
muon spectrometer (MUON).

2.3. PID technology in STAR and ALICE

In high energy nuclear collision experiments such as STAR andALICE, particle identification is accomplished bymeasuring
the track energy loss in the TPC gas as a function ofmomentumper charge. As particles traverse the TPC, they lose energy and
produce primary ionization in the gas. The ionization electrons drift to the endcap region of the TPC where gas amplification
occurs close to the anode wires. The average energy loss per unit track length can then be determined from the endcap pad
signals. The Bethe–Bloch formula Eq. (2) is the theoretical expression for the mean rate of energy loss [109]:⟨

dE
dx

⟩
= 2πN0q2r2e mec2ρ

Z
A

1
β2 [ln

2meγ
2v2EM
I2

− 2β2
], (2)

where N0 is Avogadro’s constant, q is the charge of the particle (in units of e), re is the classical radius of the electron, me is
the electron mass, c is the speed of light, ρ is the density of the medium, Z is the charge number of the medium, A is the
atomic mass of the medium, β (=v/c) is the speed of the particle, γ = 1/

√
1 − β2, I is the mean excitation energy, and EM

is the maximum kinetic energy which can be imparted to a free electron in a single collision. The measured energy loss can
be compared with the theoretical expectation from the Bethe–Bloch formula by defining

z = ln
⟨
dE
dx ⟩

⟨
dE
dx ⟩theory

, (3)

where ⟨dE/dx⟩theory is the expected energy loss for a given particle species. We define σz as the root mean squared width of
the z distribution, and nσ is the number of standard deviations from zero, which is the expected value of z. Fig. 12 shows
the average dE/dx of the measured charged particles plotted as a function of their momentum per charge (p/q) in Au + Au
collisions at RHIC. The curves are the theoretical expectation from the Bethe–Bloch formula. The TPC can identify pions,
kaons and (anti)protons at low momentum as seen from the figure. For higher momentum, particle identification needs
information from the TOF detector. The TOF detector measures the time (t) taken by a track to traverse the distance (L)
from the primary vertex to TOF. Knowing both t and L, one can calculate the velocity (β) of each track. Fig. 13 shows the
time-of-flight 1/β information as a function of momentum per charge (p/q). The particle species are well separated and the
pion, kaon, and proton separation is good, even for momenta above 1 GeV/c . Similar PID results on Pb + Pb collisions at the
LHC are presented in many publications, such as Refs. [110,111].

3. Antimatter nuclei in high-energy nucleus–nucleus collisions

3.1. Characteristics of heavy-ion accelerators

The discoveries of antinuclei produced at proton accelerators, as reviewed in Section 1.3, reached a plateau in the 1970s,
and no new species have been found in pp or in pA collisions since the work of Vishnevsky et al. in 1974 [47]. Meanwhile,
the first clear evidence for antiprotons in the field of cosmic ray experiments was reported by Golden et al. in 1979 [24],
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Fig. 12. The ⟨dE/dx⟩ for charged tracks at midrapidity (|y| < 0.5) as a function of momentum per charge (in units of the electron charge e) in Au + Au
collisions at

√
sNN = 200 GeV. The curves are based on the Bethe–Bloch formula.

Fig. 13. The same data as presented in Fig. 12, but now with the inverse velocity from TOF on the vertical axis.

whereas even up to the present day, no heavier antinucleus has been observed in a cosmic ray event [112–115]. In recent
decades, the search for new and heavier antinuclei has consequently migrated to the field of nucleus–nucleus collisions.
Nucleus–nucleus collisions at high energy create suitable conditions for the production of antinuclei, because a large amount
of energy is deposited into a volume that is more extended than in the case of elementary particle collisions. On the other
hand, in contrast to the Big Bang, high-energy nuclear collisions do not involve gravitational attraction and thus much of the
antimatter escapes, as opposed to being destroyed by annihilation.

To quantitatively study the fundamental properties of antimatter, the rate of production of antinuclei in nuclear collisions
over a range of energies, up to the highest available energy, is an important measurement. The relevant facilities include the
Alternating Gradient Synchrotron (AGS) at Brookhaven National Laboratory, the Super Proton Synchrotron (SPS) at CERN,
the Relativistic Heavy-Ion Collider (RHIC) at Brookhaven, and the Large Hadron Collider (LHC) at CERN. The AGS and SPS had
prominent roles in antinucleus research during the 1950s, 60s and 70s using proton–nucleus collisions (see Section 1.3). In
the 1980s, these two fixed-target machines were upgraded by adding the capability to accelerate heavy ions [116–118]. In
the case of the AGS (SPS), 197Au (208Pb) beams up to 11.5AGeV (158AGeV)were available, corresponding to a center-of-mass
energy per nucleon pair of

√
sNN = 4.8 (17) GeV in gold on gold (lead on lead) collisions. Beginning in 2000, a dedicated

heavy-ion collider, RHIC [88], began operation with Au + Au collisions at up to
√
sNN = 200 GeV, and less frequently, with

238U+
238U collisions at

√
sNN = 193 GeV.With the advent of the LHC heavy-ion program in 2010, Pb + Pb events at 2.76 TeV
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(later up to
√
sNN = 5 TeV) came within reach. These major facilities paved the way for detailed and comprehensive studies

of the then-known antinuclei, as well as searches for new, heavier species.
In heavy-ion collisions, the physics conditions are quite different from those in pp interactions. Heavy-ion collisions at

ultrarelativistic energies produce a hot and dense phase of matter containing approximately equal numbers of quarks and
antiquarks. This phase, called quark–gluon plasma (QGP) [119–122] persists for only a few times 10−23 seconds and exhibits
fluid properties with exceptionally low viscosity [123–127] and exceptionally high vorticity [128,129]. Then the hot and
dense plasma cools and undergoes a transition into a hadron gas, producingmesons, baryons, antibaryons, and occasionally,
antinuclei.

High-energy nuclear collisions are controlled experiments. Unlike the single event of the Big Bang, the ‘‘little bang’’ of
heavy-ion collisions can be repeated at will. We can switch between energies, colliding species, etc., in contrast to the
‘‘passive’’ observation process of a cosmic ray experiment.

In later sections of this paper, the possible production mechanisms for antinuclei are reviewed. We begin by reviewing
themeasured production characteristics of antinuclei in relativistic heavy-ion collisions at the four facilities discussed above,
namely, the AGS, SPS, RHIC and LHC.

3.2. Yields of antinuclei in heavy-ion collisions at the AGS and SPS

The first journal publication on measured production of antinuclei in nucleus–nucleus collisions dates from 1992, when
Aoki et al. [130] (AGS/E858 collaboration), reported results from the early phase of heavy-ion operations at the AGS
using a 28Si beam at 14.6A GeV. This laboratory beam energy is just below the threshold for production of a dd̄ pair in a
binary nucleon–nucleon interaction. Targets of Al, Cu and Au were investigated, and measurements of antideuterons were
performed at zero degrees using a beamline focusing spectrometer that was qualitatively similar to those described in
Section 1.3. The mechanism of direct antideuteron production via NN → NNNN d̄ or NN → NN dd̄, allowing for the effects
of Fermi momentum, was reported to be inconsistent with the measurements [130].

The other antideuteron production mechanism investigated by Aoki et al. was independent production of an antiproton
and an antineutron in the same event, followed by antideuteron formation via statistical coalescence. This mechanism has
already been discussed in Section 1.3 in the context of antideuteron formation in proton–nucleus collisions. Furthermore,
in extensive studies of kinematic regions dominated by participants from heavy-ion collisions at mostly lower energies, the
formation of deuterons and heavier composites has been shown to be largely explained by statistical coalescence [131–137].
Eq. (1) in Section 1.3 can be rewritten in terms of a coalescence parameter BA for a composite nucleus of mass number A and
charge Ze:

EA
d3NA

dp3A
= BA

(
Ep

d3Np

dp3p

)Z(
En

d3Nn

dp3n

)A−Z

, (4)

or EA
d3NA

dp3A
≈ BA

(
Ep

d3Np

dp3p

)A

, (5)

where E d3N
dp3

is the invariant momentum-space density, and pA, pp and pn are themomenta of a nucleus, proton and neutron,
respectively, assuming pA = App. The second expression above is a good approximation at high relativistic energies, where
the difference between proton and neutron spectra can be safely neglected.

Aoki et al. [130] reported that while the coalescence approach describes deuteron production in their experiment, it
overpredicts B2 for antideuterons by about an order of magnitude. In contrast, they also point out that a similar approach
works well for antideuteron production in proton–nucleus collisions. However, it should be noted that the coalescence
studies in the literature for composite nuclei [131–138] generally report agreement with the coalescence model insofar
as they observe a constant coalescence parameter BA as a function of appropriate kinematic variables within their datasets,
but either do not compare BA measurements across different experiments, or do not attribute differences in BA between
different experiments to a breakdown of the coalescence picture. In contrast, Aoki et al. [130] did not have suitable data for
investigating the constancy of B2 within their dataset, and instead tested the agreement of their antideuteron and antiproton
yields with B2 and B2 values from other experiments. As they pointed out, several experiments have reported similar B2
values, on the order of 1 to 2 ×10−2 GeV2/c3, but in general, BA values are expected to vary with the size of the particle
source, which can obviously depend on various factors like Aproj + Atarg, centrality, and probably beam energy.

Spatial correlation effects are ignored in Eqs. (4) and (5), and might not be negligible [139–141]. (Anti)nuclei have a
relatively small binding energy comparedwith the typical thermal energies in the participant fireball of a heavy-ion collision.
A recent paper by Zhang and Ko [142] considers how this relates to production of hypertritons with small binding energy
and large size. On the other hand, a process where two nucleons form a deuteron, for example, requires the mediation of
other matter in order to conserve energy and momentum. These countervailing factors mean that (anti)nuclei have the
potential to strongly constrain specific properties of the emitting source [143,144]. They imply a shell-like formation region,
especially for antinuclei [145,146]. Consequently, there has been theoretical speculation that BA might bemeasurably smaller
than BA [145–147]. An alternative picture based on thermalization favors no such difference by assuming that nucleons and
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Fig. 14. Invariant production cross sections at 0◦ versus rapidity for K− , antiprotons, antideuterons, and 3He in Pb + Pb collisions at
√
sNN = 17 GeV (158A

GeV laboratory beam energy) with a minimum-bias trigger, measured by the NA52 collaboration [151]. The solid markers are the measurements, and the
open markers are reflected about midrapidity. The error bars are statistical uncertainties only.

antinucleons have the same temperature, flow and freezeout density distributions prior to forming (anti)clusters [148].
Depending on the beam energy and the rapidity region under study, production of nuclei has some possibility to be
influenced by initial-state matter, whereas antinuclei are guaranteed to be unaffected by initial-state matter. Overall, BA and
BA measurements are a valuable complement to the source size information (homogeneity lengths) provided by femtoscopy
measurements [149].

The CERN NA52 collaboration reported on production of antideuterons in a heavy nucleus–nucleus system, 158A GeV Pb
+ Pb (

√
sNN = 17 GeV) in 1996 and 1998 [150,151]. Measurements were performed at zero degrees, again using a beamline

spectrometer. Fig. 14 illustrates that useful antideuteron statistics were obtained as a function of rapidity, with a standard
deviation of 0.6 units about midrapidity. NA52 also reported one 3He candidate, which is included on Fig. 14. The inferred B2
from the 1996 paper of NA52was (1.5±0.4)×10−3 GeV2/c3, similar to the E858 value [130] and about an order ofmagnitude
smaller than typical values for deuterons at lower energies. The authors of Ref. [150] attributed the difference to an increase
in the antiproton source size at AGS and SPS energies [139,140]. The 1998 NA52 paper [151] utilized the antideuteron B2 to
infer a source radius in the context of themodel of Sato and Yazaki [140]. Radii for particles and antiparticles were consistent
(for d̄, Rrms = 6.8± 0.8 fm and for d, Rrms = 7.2± 0.7 fm), and larger than the projectile radius, suggesting that the source
volume expands prior to freezeout of the antideuterons and deuterons.

The CERN NA44 collaboration reported results for antideuteron production in 0%–10% central collisions of a 158A GeV Pb
beam on a Pb target at the SPS [153]. The NA44 spectrometer differed from that of other collaborations discussed above
insofar as it selected secondaries emerging from the target at non-zero transverse momentum: the NA44 antideuteron
acceptance was confined to 0.8 < pT < 1.5 GeV/c. They conclude that source sizes based on deuteron and antideuteron
coalescence are consistent with radii inferred from femtoscopy [149] after applying appropriate corrections for various
systematic effects, especially the assumption of a Gaussian source distribution in femtoscopy analyses [153]. The NA44
coalescence parameters are included in Fig. 15.

In the year 2000, the Brookhaven E864 collaboration [152,154] reported B2 and B2 results for a 11.5A GeV Au beam on
a Pb or Pt target with a 0%–10% central trigger. One of their papers mostly focuses on antideuterons [152] and includes the
compilation plot reproduced in Fig. 15, showing B2 (antideuterons; open markers) and B2 (deuterons; solid markers) as a
function of the projectile’s total kinetic energy per mass number in central collisions of two heavy nuclei; plotted points
include data from NA52 [150,151], NA44 [153] and E864 [152,154]. The E864 collaboration [152] concluded that these
measurements favor the picture of Scheibl and Heinz [148] in which B2 and B2 are about equal, and disfavor the alternative
picture where B2 is smaller [145–147].
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Fig. 15. Coalescence parameters B2 for antideuterons (openmarkers) and deuterons (solid markers) as a function of the projectile’s total kinetic energy per
mass number in central collisions of two heavy nuclei [152]. The measurements come from NA52 [150,151], NA44 [153] and E864 [152,154].
Source: This figure is reproduced from Ref. [152].

Fig. 16. Differential invariant yields as a function of baryon number B. The yields were evaluated at pT /|B| = 0.875 GeV/c in central Au + Au collisions at
√
sNN = 200 GeV. The lines represent fits with an exponential formula ∝e−r|B| , where r is the reduction factor (‘‘penalty factor’’) for adding an additional

(anti)nucleon [157].

3.3. Yields of antinuclei in heavy-ion collisions at RHIC and LHC

TheBNLRHIC facility increases the available center-of-mass energy in nucleus–nucleus collisions bymore than anorder of
magnitude over Pb + Pb collisions at the CERN SPS. Measurements of the antiproton-to-proton ratio at midrapidity [119,155]
indicate that the central collision region at RHIC closely approaches the limit of zero net baryons. Such a system with large
multiplicity and small net-baryon density is well suited for the production of light antinuclei. Measurements of antideuteron
and 3He production in Au + Au collisions at

√
sNN = 130 GeV [156] show that the production rates are much larger than in

nucleus–nucleus collisions at lower energies. A coalescence model analysis of the antideuteron and 3He yields indicate that
there is little or no increase in the antinucleon freezeout volume compared to collisions at CERN SPS energy [156].

The STAR collaboration at RHIC has studied antinucleus production as far as baryon number B = −4 (see Section 4
for further details), extending the Protvino-based findings for proton-nucleus collisions presented in Fig. 6. Fig. 16 [157]
presents invariant momentum-space densities as a function of B over the range −4 to +4. These yields were evaluated at
pT/|B| = 0.875 GeV/c in central Au + Au collisions at

√
sNN = 200 GeV. The solid line and the dashed line are fits with an

exponential formula ∝ e−r|B| for nuclei and antinuclei, respectively, where r is the production reduction factor, also known



Please cite this article in press as: J. Chen, et al., Antinuclei in heavy-ion collisions, Physics Reports (2018), https://doi.org/10.1016/j.physrep.2018.07.002.

16 J. Chen et al. / Physics Reports ( ) –

Fig. 17. Ratios of d̄/d = (p̄/p)2 and 3He/3He versus pT per nucleon for various centrality classes in Pb + Pb collisions at
√
sNN = 2.76 TeV [110]. Error bars

indicate statistical uncertainties, and boxes are systematic uncertainties.

as the penalty factor. For nucleons, r = 1.1+0.3
−0.2 ×103; for antinucleons, r = 1.6+1.0

−0.6 ×103. The reduction factor for adding an
additional antinucleon at Protvino [45] is about a factor of 10 higher than at RHIC. A calculation based on the thermodynamic
model of Andronic et al. [158] can predict ratios of the yields at RHIC: 4He/3He = 3.1 × 10−3 and 4He/3He = 2.4 × 10−3,
consistent with the measurement in Fig. 16. The reasoning outlined above can give a good prediction of the yield of heavier
antinuclei. The yield of the stable antimatter nucleus next in line for discovery (B = −6) is predicted to be down by a factor
of 2.6 × 106 compared to 4He, and is thus well beyond the reach of current accelerator technology.

The most energetic heavy-ion accelerator, the LHC at CERN, now provides up to 25 times the center-of-mass energy
attainable at RHIC, while the LHC operated at almost 14 times RHIC energy during most of the time since operations began
in 2010. Antinucleus production relative to the corresponding nucleus at

√
sNN = 2.76 TeV is indistinguishable from unity,

as presented in Fig. 17 [110]. This figure reproduces d̄/d and 3He/3He ratios for various centrality bins in Pb + Pb collisions
at

√
sNN = 2.76 TeV, as published by the ALICE collaboration. All reported ratios are consistent with unity within errors, and

exhibit a flat trend versus pT aswell as versus collision centrality. The ALICE collaboration concluded that the reduction factor
is 307 ± 76 in 0%–20% central Pb + Pb collisions [110]. This penalty factor is about 5 times smaller than the corresponding
factor at RHIC. The ALICE experiment also measured antinucleus production in pp collisions at

√
s = 7 TeV [159], where the

antideuteron rapidity density dN/dy at midrapidity is as high as 10−4 and the dN/dy for 3He is 10−7. The reduction in the
yield for each additional antinucleon under these conditions is thus about 103. The ALICE paper [159] also reports the first
observation of antinuclei with B = −3 in pp collisions, where 6 t and 10 3He were detected.

3.4. Mechanisms for production of light antinuclei

The most successful and well tested models of antinucleus production are based on a thermal/statistical approach, or
assume that antinucleons form antinuclei via statistical coalescence. These established approaches are reviewed below
in Sections 3.4.1 and 3.4.2. However, alternative production mechanisms have been discussed in the literature. Here we
consider hypothesized collective antimatter production via vacuum excitation, advanced byWalter Greiner. Ref. [160] offers
the most up-to-date formulation of this idea, which has been developed over a period of time [160–163].

The collective antimatter production mechanism has an analogy with spontaneous positron emission and the vacuum
decay process in QED for strong fields [160–163]. In the framework of meson field theory, the energy spectrum of baryons
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Fig. 18. Schematic potential well for nucleons and antinucleons at low (left) and high (right) nucleon densities. The horizontal arrow in the panel on the
right denotes spontaneous creation of a baryon–antibaryon pair, while the antibaryons occupy bound states in the lower potential well. Such a situation,
where the lower potential well reaches into the upper continuum, is called supercritical. Four of the bound hole states (bound antinucleons) are marked
by a circle in the panel on the right, to illustrate possible formation of a ‘‘quasi-antihelium’’ cluster. Greiner hypothesized that the energetic dynamics of
the heavy-ion collision process might be capable of ejecting the quasi-antihelium into the lower continuum. If this mechanismwere to occur under certain
conditions, then the antinucleus production characteristics could deviate from what has been observed to date.
Source: This figure is reproduced from Ref. [160].

has a peculiar structure, with an upper and a lower continuum, as in the familiar case of electrons. Of special interest in
the case of the baryon spectrum is the potential well, built of the scalar and vector potential, which rises from the lower
continuum [164]. It is known since thework of Dirac in the late 1920s that the negative energy states of the lower continuum
have to be occupied, with the Pauli principle preventing decay.

It is important that the mechanism for the production of an antimatter cluster out of the highly correlated vacuum, as
depicted in Greiner’s conceptual diagram (Fig. 18) does not proceed via phase space. The required coalescence of many
particles in phase space suppresses the production of clusters, while it is favored by the direct production out of the highly
correlated vacuum. In a certain sense, the highly correlated vacuum is a kind of ‘‘cluster vacuum’’.

Greiner and others have pointed out that there are two problems associated with the coalescence picture for antinuclei,
including the rather small rate, due to the small coalescence probability in phase space. The second problem is the
reabsorption of antimatter fragments by the great amount of normal matter in the vicinity of the collision fireball; while
it is argued that such creation and annihilation processes can be treated reasonably well using one of the nuclear transport
models developed for describing collisions at high relativistic energies [165–170], such calculations may underestimate
the antinucleus production rate by many orders of magnitude if the hypothesized alternative mechanisms are possible.
Nonetheless, no experimental evidence has so far been found for collective antimatter production via vacuum excitation.

3.4.1. The thermal-statistical approach
Thermal models have been extensively used in describing the abundance of hadrons, including antinuclei, in heavy-ion

collisions [158,171–175].Within the framework of this type ofmodel, the system created in high-energy heavy-ion collisions
is characterized by the chemical freeze-out temperature (Tch), kinetic freeze-out temperature (Tkin), as well as the baryon,
strangeness and charge chemical potentials, µB, µS and µQ , respectively. The thermal model [176] represents a particle as
an object emitted by the fireball with production rate

ni(T , µ⃗) =
⟨Ni⟩

V
=

Tgi
2π2

∞∑
k=1

1
k2

λk
i m

2
i K2(
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T
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where µ⃗ = (µB, µS, µQ ), gi is the spin–isospin degeneracy factor, K2 is the modified Bessel function, and fugacity is given

by λi = exp( BiµB+SiµS+QiµQ
T ). Antinuclei can contribute to the determination of the baryon chemical potential via thermal

model fits of average production yields [111].
Fig. 19 shows thermal fits to the hadron yields in central Pb + Pb collisions at

√
sNN = 2.76 TeV in comparisons with

data. The fits with Tchem = 156 MeV, µB = 0.7 MeV and V = 5280 fm3 describe the data very well over 9 orders of
magnitude [177]. The chemical freeze-out temperature becomes 154± 4MeV if only data for nuclei (deuterons, 3He, 4He and
4He) are considered in the fit [158,175]. It is impressive that a simplemodel with a small number of parameters describes the
production of a large variety of hadrons over awide range of energywith such good accuracy. Another important observation
comes from the d/p and 3He/p ratios, which are constant as a function of centrality [110]. It is expected from a thermal
statistical interpretation that Tchem and µB do not vary with centrality in high-energy nuclear collisions.
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Fig. 19. Thermal model fits to hadron multiplicities in central (0%–10%) Pb + Pb collisions at the LHC.
Source: This figure is reproduced from Ref. [177].

Fig. 20. A compilation of coalescence parameters, B2 , for deuterons and antideuterons in central heavy-ion collisions [110,137,152,153,156,179–181].

3.4.2. The coalescence model
The physics framework of the coalescence model for description of the production of light nuclei and antinuclei has been

discussed in Section 1.3 in the context of proton–nucleus collisions, and in Sections 3.2 and 3.3 in the context of relativistic
heavy-ion collisions. Coalescencemodels based on Eqs. (4) and (5) generally offer a reasonable description of the production
of light nuclei and antinuclei at RHIC and LHC [143,144,178].

Fig. 20 shows the coalescence parameter B2 for deuterons and antideuterons in central Au+Au or Pb+Pb or Au+Pt(Pb)
collisions, where the results at PHENIX and ALICE are evaluated at pT = 1.3 GeV/c and 0%–20% centrality [110,181]. Fig. 20
demonstrates that B2 decreases rapidly from Bevalac energies through AGS and SPS energies, and then saturates at RHIC and
LHC [110,181]. The value B2 ∼ 4 × 10−4 GeV2/c3 at

√
sNN = 2.76 TeV [110] is only marginally lower than the observation

B2 ∼ (6 ± 1) × 10−4 GeV2/c3 at RHIC [181].
Fig. 21 presents coalescence parameters B3 for A = −3 and B3 for A = 3 clusters produced in pp collisions at

√
s = 7 TeV,

measured by the ALICE collaboration [159]. The observed pT dependence can be described by aQCD-inspired event generator
with a coalescence-based afterburner [159]. However, in heavy systems such as Au+Au and Pb+Pb, the prediction of the
coalescence model that Bn is independent of pT fails to reproduce early measurements at the AGS [179] as well as a recent
measurement at the LHC [182], where significant variation of B2 with pT for deuterons and antideuterons is reported. Overall,
thermal models and coalescence models have each demonstrated some success in reproducing measured yields of nuclei
and antinuclei, but with caveats as already noted [175,183,184].

The observed ratio d̄/p̄ can be taken as a measure of the antibaryon phase-space density at kinetic freeze-out where
coalescence also freezes. Fig. 22 presents a compilation by Liu and Xu [185,186] of the antideuteron to antiproton ratio as a
function of the center-of-mass energy of a wide variety of colliding systems: AA, pA, pp, p̄p, γ p and e+e−. A universal curve
is observed in all cases except e+e−, where there are reasons to expect a different pattern [185].

From Fig. 22, it is evident that the d̄/p̄ ratio increases from 10−5 at low energy to 10−3 at high energy. Each additional
antinucleon added to an antinucleus decreases its production rate by that same penalty factor. At a center of mass energy
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Fig. 21. Coalescence parameter B3 for tritons and 3He (left panel), and for the corresponding antinuclei (right panel), in inelastic pp collisions at
√
s = 7

TeV [159].

Fig. 22. A compilation by Liu and Xu [185] of the antideuteron to antiproton ratio as a function of the center-of-mass energy of the colliding system. The
datasets considered include collisions of heavy ions, pA, pp, p̄p, γ p and e+e− [41,44,130,151–154,156,181,187–191].

of 100 GeV and above, the penalty factor is relatively flat, at slightly below 10−3. It is noteworthy that this effective
measure of antibaryon density shows no difference among pp, pA and AA collisions. In heavy-ion collisions, more antiprotons
are produced in each event than in pp collisions. However, if more pp collisions are accumulated such that pp and AA
are compared with equivalent statistics, the same amount of coalesced antimatter is produced in pp and AA collisions.
Accordingly, there are two determining factors related to the discovery at RHIC of the 3

Λ̄
H and the 4He: the energy to

generate high antibaryon density for production of antinuclei, and high-luminosity heavy-ion collisions for efficient data
collection and particle identification. It is evident that the coefficient Bn on its own does not provide a complete picture of
the coalescence behavior of nucleons and antinucleons.

4. Recent observation of antinuclei in heavy-ion collisions

4.1. Observation of antihypernuclei in heavy-ion collisions

Hypernuclei are nuclei in which at least one nucleon is replaced by a hyperon (a baryon that contains one or more
strange quarks). The discovery of the first hyperons dates back to 1947, when Rochester and Butler [192] observed tracks
produced by cosmic rays in a Wilson cloud chamber, which they interpreted as the spontaneous decay of a new type of
elementary particle, one neutral and one charged. Three years later, Seriff et al. [193] obtained similar results in cloud-
chamber observations made at a maximum altitude of 10,000 ft, and from a study of 11,000 cloud-chamber photographs,
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Fig. 23. The invariant mass distribution for the decay 3
ΛH→

3He+π− (left) and 3
Λ̄
H→

3He+π+ (right), in Au + Au collisions measured by the STAR
collaboration [200].

they verified many further examples of the observations of Rochester and Butler. In the same year, Hopper and Biswas [194]
carried out an independent experiment using nuclear emulsion, where daughter tracks from a neutral parentwere identified
as a proton and pion. Furthermore, they concluded that the mass of the parent was 2370 ± 60 times the electron mass,
assuming that the daughter products consisted solely of the observed proton and pion. It was recognized that the new
particles reported by Rochester and Bulter [192] were kaons, while the observations reported in Refs. [193] and [194]
included Λ hyperons. Over the next few years, many more hyperons were discovered, including the Σ and the Ξ .

In 1952, the first proton accelerator with energy in the GeV range, the Brookhaven Cosmotron, began operating. Soon
it was possible to produce strange particles in the laboratory, whereas before this time, the only source of such particles
had been cosmic rays. These advances led to the discovery of the Ω [195], the baryon with the highest strangeness content.
Hyperons and their antiparticles enrich the physics of elementary particles, and their direct connection to this review is the
hypernucleus and antihypernucleus, which are discussed further in this section.

The first hypernucleus was observed in a cosmic ray experiment by Danysz and Pniewski in 1953 [196]. The lightest
hypernucleus is the hypertriton (3ΛH) containing a proton, a neutron and a Λ hyperon. The 3

Λ̄
H is likewise composed of an

antiproton, an antineutron and a Λ̄.
The antihypertriton (3

Λ̄
H) is the next heaviest antinucleus after 3He and the antitriton. Although the 3He and t̄ were

discovered at proton accelerators in the 1970s, the detection of 3
Λ̄
H remained a challenge due to its short lifetime [197]. In

2010, the first observation of an antimatter hypernucleus was reported by the STAR experiment at RHIC [198–200]. In STAR,
70 ± 17 3

Λ̄
H candidates were observed in an analysis of the invariant mass distribution for 3He + π+ at a distance of a few

centimeters away from the primary collision vertex. The data sample consisted of 9.1 × 107 minimum-bias trigger events,
along with 2.2 × 107 central trigger events, corresponding to Au + Au collisions at

√
sNN = 200 GeV collected in 2004 and

2007. A total of 2168 3He candidates were identified essentially free of background [200]. Fig. 23 shows the invariant mass

distributions for the 3He + π+ decay channels, with mass m(3
Λ̄
H) = 2.991 ±0.001 (stat.) ± 0.002 (syst.) GeV/c2. The STAR

collaboration also observed 157 ± 30 3
ΛH candidates in the same datasets using the 3He + π− channel (see Fig. 23), with a

mass consistent with that of the 3
Λ̄
H. In 2015, the production of 3

Λ̄
H and 3

ΛH in Pb + Pb collisions at
√
sNN = 2.76 TeV was also

measured by the ALICE experiment [201], as shown in Fig. 24.
Antihypernuclei can be produced in heavy-ion collisions through coalescence at the late stage of collision evolution.

In heavy-ion collisions, the coalescence mechanism has been successful in explaining production of light nuclei, and also
production of antinuclei like d̄ and 3He [130–137,150–154,202]. In this approach, the production ratio of 3

Λ̄
H to 3

ΛH should be
proportional to (Λ̄/Λ)(p̄/p)(n̄/n). This product of ratios from STAR data is 0.45 ± 0.08 (stat.) ± 0.10 (syst.) [200], consistent
with the observed number of 0.49 ± 0.18 (stat.) ± 0.07 (syst.) for 3

Λ̄
H/3ΛH. Equilibration among strange quarks and light

quarks is one of the proposed signatures of QGP formation [203], which would result in high (anti)hypernucleus yields.
Both the STAR and ALICE collaborations have measured these ratios, which are summarized in Table 1. The STAR results are
higher than those of ALICE, but still consistent within uncertainties. One should note that by assuming a branching ratio of
25% [204], the STAR 3He and 3He yields in the ratio calculation have subtracted the feed-down contribution from 3

Λ̄
H and

3
ΛH decay.
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Fig. 24. The invariant mass distribution for the decay 3
ΛH→

3He+π− (left) and 3
Λ̄
H→

3He+π+ (right), in Pb + Pb collisions measured by the ALICE
collaboration [201].

Fig. 25. The chart of the nuclides in the space of number of protons, Z , and number of neutrons, N , showing the extension into the strangeness (S)
dimension [200]. Hypernuclei lie at positive (N, Z) above the plane and antihypernuclei in the negative (N, Z) region.

Table 1
Particle ratios from Au + Au collisions at 200 GeV and Pb + Pb collisions at
2.76 TeV.

Particle type Ratio

Au + Au collisions:
3
3̄
H/3He 0.89 ± 0.28 ± 0.13

3
3H/3He 0.82 ± 0.16 ± 0.12

Pb + Pb collisions at 0%–10% centrality:
3
3̄
H/3He 0.42 ± 0.10 ± 0.13

3
3H/3He 0.47 ± 0.10 ± 0.13

The ability to produce antihypernuclei in relativistic heavy-ion collisions extends the conventional two-dimensional
chart of the nuclides into a third dimension, based on the strangeness quantum number as shown in Fig. 25. With nonzero
strangeness, new ideas related to the structure of nuclear matter can be explored [163,205,206].

Hypernuclei serve as an excellent laboratory to study hyperon–nucleon (YN) and hyperon–hyperon (YY ) interactions,
which are important for nuclear physics and nuclear astrophysics. The YN interaction plays a crucial role in understanding
the structure of neutron stars [207]. Additional degrees of freedom, such as strangeness, lower themaximummass of neutron
stars [208,209]. This makes it extremely difficult to describe recent observations [210,211] of neutron stars with masses
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Fig. 26. The 3
ΛH lifetime measurements from Refs. [200,201,222–228].

Source: The figure is reproduced from Ref. [228].

above twice the solar mass. Theoretical difficulties include the fact that realistic relativistic equations containing hyperons
become soft at high densities; this is known as the ‘‘hyperon puzzle’’. Possible solutions include deconfinement to quark
matter, or alternative YN and YY couplings [212–219].

On the other hand, our knowledge of the YN interaction, measured in hypernuclei experiments, is hampered by limited
statistics. Along with the binding energy of a hypernucleus, the strength of the YN interactions affects hypernuclear
lifetime [204,220]. Therefore, a precise determination of the lifetime of hypernuclei can provide direct information on the
YN interaction strength [204,221].

The STAR experiment at RHIC, the HypHI experiment [229] at the GSI Helmholtz Centre for Heavy Ion Research and the
ALICE experiment at LHC have updated the lifetime of the hypertriton relatively recently [200,201,227]. A 2014 reanalysis
of the HypHI data and the worldwide measurements using a Bayesian analysis estimated the lifetime of the 3

ΛH to be 217+19
−16

ps and they specify an upper limit of 250 ps at the 95% confidence level [230]. After including measurements from the ALICE
experiment, the world average of the 3

ΛH lifetime shifts down to 215+18
−16 ps [201]. The free Λ lifetime is 263 ± 2 ps [59] and

the world average of the 3
ΛH lifetime is shorter than that of the free Λ by a factor of 0.82+0.07

−0.06. The data are summarized in
Fig. 26.

Ameasurement of the 3
ΛH lifetime that is shorter than the freeΛ lifetime challenges the current theoretical understanding

of the 3
ΛH as being comprised of a weakly-bound deuteron core and a Λ. This picture motivates the assumption that the

3
ΛH lifetime is close to that of the free Λ. All currently available 3

ΛH lifetime predictions are based on the assumption that the
Λ binding energy is very small, although this binding energy is poorlymeasured [221,225]. The currentmeasurements of the
3
ΛH lifetime fromheavy-ion experiments provide anew referencepoint for fine-tuning theoreticalmodels [204,220,231–234]
and for advancing our understanding of the lightest hypernucleus.

The precision of the 3
ΛH lifetime is improved by measurements from the STAR collaboration based on data collected

in 2010 and 2011 [228] (see Fig. 26), leading to a new lifetime estimate that is 50% shorter than that of the free Λ, and
contribute to a new worldwide average of 211+18

−16 ps. Those results, in combination with previous measurements, clearly
motivate further study of 3

ΛH [235–239].
The STAR experiment will collect large datasets for Au + Au collisions during the upcoming Beam Energy Scan Phase-

II program during 2019–2021 [240]. Similarly, improved measurements from the HypHI and ALICE experiments are also
expected. Looking ahead to the next decade, the Facility for Antiproton and Ion Research (FAIR) [241] at Darmstadt is
projected to begin operation, and will lead to measurements with further improvements in statistics [186,242]. A precise
experimental determination of the binding energy of 3

ΛH and 3
Λ̄
H would help us to understand the structure of the lightest

hypernucleus in detail.

4.2. Observation of antimatter helium-4

One year after the observation of 3
Λ̄
H, the first 4He nuclei were observed by the STAR collaboration in Au + Au collisions

at
√
sNN = 200 and 62.4 GeV. A sample of one billion collision events was collected in 2007 and 2010 [157,243]. The STAR

results combine energy loss (⟨dE/dx⟩) in the TPC (see Fig. 12) and the time of travel for tracks measured by the barrel TOF
detector. Using the barrel TOF, the mass of particles can be calculated via m2

= p2(t2/L2 − 1), where t and L are the time
of flight and path length of tracks, respectively. Meanwhile, the online high level trigger (HLT) was employed to perform
preferential selection of collisions which contained tracks with electric charge Ze = ±2e for fast offline analysis. In the STAR
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Fig. 27. The two upper panels show the distribution of nσdE/dx versus mass in Au + Au collisions at
√
sNN = 200 GeV. The lower panel shows the projection

of the same entries onto the mass axis [157].

HLT analysis, a cut on the minimum distance from the collision vertex (Distance of Closest Approach, DCA) less than 3 cm
for negative tracks, and 0.5 cm for positive tracks, was used to reject background. Then nσdE/dx, which quantifies the number
of standard deviations of the observed track relative to the expected mean energy loss for that particle type (see. Eq. (3)
in Section 2), was applied as a further selection criterion to avoid misidentification of 3He (3He) and 4He (4He) at higher
momenta.

Fig. 27 shows the particle identification using the combination nσdE/dx andmassmeasurement based on the TOF detector.
Clusters of 4He and 4He are located at the expected positions, and are clearly separated from 3He and 3He, as well as from
3H and 3H. By counting the 4He signal within the cut windows −2 < nσdE/dx < 3 and 3.36 < mass < 4.04 GeV/c2 in the
upper panel of Fig. 27, sixteen 4He candidates were identified. Together with two 4He candidates detected by the TPC alone
in the year 2007, which are also presented in Fig. 27, eighteen 4He candidates were observed by the STAR collaboration, after
a search over more than half a trillion tracks. This constituted the rarest signal observed up to that time in any heavy-ion
experiment.

In 2011, the ALICE collaboration reported at a conference [244] on their observation of four 4He candidates in Pb + Pb
collisions at

√
sNN = 2.76 TeV, while their final publication on this topic was published in 2018 [111]. Fig. 28 presents the

velocity distributions of charged particles in the ALICE detector. A clean 4He signal is observed, although statistics are limited
in the LHC run-1 dataset. A factor of three times more statistics has been gathered at

√
sNN = 5.02 TeV in Pb + Pb collisions

and will soon lead to further improvements compared with the analyses presented in Ref. [111].
The 4He is the heaviest antimatter nucleus observed to date, and its detection in heavy-ion collisions provides a point of

reference for possible future observations in cosmic radiation, where hunting for antimatter and darkmatter in the Universe
is a science goal of very high interest and importance. The theoretical work of Blum et al. [245,246] provides new insights
on this topic. They took data on antinuclei for pA and AA collisions and combined it with the HBT scaling pointed out in
Ref. [148] to correctly predict 3He production in pp collisions at LHC energies. Their model predicts that the 3He yield is 1–2
orders of magnitude higher than most earlier estimates [245]. This in turn suggests that secondary production of antinuclei
in the cosmos may occur at a measurable rate. We consider this point in more detail in Section 6.2.

Considering the large penalty factor for producing antinuclei in heavy-ion collisions, in conjunction with the fact that
there are no stable nuclides with A = 5, it is likely that 4He will remain the heaviest stable antimatter nucleus observed
for the foreseeable future. Nevertheless, there is a theoretical calculation based on phase-space coalescence in the context
of a special freezeout configuration associated with 5Li and 5Li, whereby Sun and Chen argue that 5Li might be feasible to
observe at RHIC via the 4He + p̄ decay channel [247].
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Fig. 28. Velocity, β , versus momentum per charge, measured using the ALICE TOF detector. A selection band of −1.5 to 3σ around the mean of the TPC
specific energy-loss distribution is applied in this figure [111].

5. Properties of antimatter nuclei

5.1. Mass difference of antinuclei at the LHC

As introduced in Section 1.4, very precise measurements to search for a possible mass difference between the proton and
antiproton have been carried out [65,248,249], and large future improvements in such tests are expected [66]. The extension
of CPT tests to nuclei and their antimatter partners is of particular interest, and opens the possibility to search for possible
asymmetry associated with the nuclear binding mass in nuclei and antinuclei [250]. When explaining the importance of CPT
tests involving the masses of nuclei and their antinuclei, Akindinov et al. emphasize their significance for understanding the
color-confining transition from quark–gluon plasma to hadron gas [250].

The ALICE collaboration analyzed the difference between squared ratios of mass over charge based on time-of-flight
measurements, (m/z)2TOF, for d and d̄, and for 3He and 3He, in Pb + Pb collisions at

√
sNN = 2.76 TeV [251]. The quantity

(m/z)2 was chosen for this analysis because it is directly proportional to time-of-flight squared, and follows a well-
understood distribution. The high-precision tracking and identification capabilities of the ALICE detectors provide an
accurate measurement of the mass differences between nuclei and antinuclei [102]. The (m/z)2 distributions were fitted
in narrow intervals of p/|z| and pseudorapidity, using a Gaussian with a small exponential tail that reflects the time signal
distribution of the ALICE TOF detector. Fig. 29 shows examples of (m/z)2TOF distributions for d and 3He candidates in selected
rigidity intervals, and hereafter, the notation µ refers to m/z.

To reduce the systematic uncertainties related to tracking, spatial alignment and time calibration, the ALICEmeasurement
used the mass differences rather than the absolute masses. Nevertheless, imperfections in the detector alignment and in the
description of the magnetic field can lead to position-dependent systematic uncertainties. The measurement of momentum
brings the largest uncertainties for the mass differences [102]. The uncertainties are independent of the mass and are the
same for all particles of a given charge in a given momentum interval. The (anti-)deuteron and the (anti-)3He masses were
corrected by scaling factors based on masses compiled by the Particle Data Group [59]. Specifically, the corrected mass is
given by µA(Ā) = µTOF

A(Ā)
(µPDG

p(p̄)/µ
TOF
p(p̄)). These correction factors depend on track rigidity and deviate from unity by at most

1% [251].
The corrected µ values at the peak positions lead to differences ∆µ between nucleus and antinucleus, and these in turn

were reported in Ref. [251] as dimensionless ratios:
∆µdd̄

µd
= [0.9 ± 0.5 (stat.) ± 1.4 (syst.)] × 10−4, (7)

∆µ 3He 3He

µ 3He
= [−1.2 ± 0.9 (stat.) ± 1.0 (syst.)] × 10−3, (8)

where µd and µ 3He are the recommended fundamental physical constants from the CODATA group [254]. The mass-over-
charge differences are consistent with zero within errors, as expected from CPT symmetry. The left panel of Fig. 30 presents
these two ratios as solid red points.
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Fig. 29. Distributions of squared mass over charge, in selected rigidity intervals, for d, d̄, 3He and 3He, measured by the ALICE experiment in Pb + Pb
collisions at

√
sNN = 2.76 TeV [251].

Fig. 30. Left panel: Nucleus mass versus measured ratios, as defined in Eqs. (7) and (8). The solid red points correspond to the ALICE measurements [251],
while the open black circles, based on early measurements of the antideuteron [26,28] and anti-3He [45], are seen to have much larger error bars. The
vertical dashed line corresponding to zero on the horizontal axis marks the expectation of CPT symmetry. Right panel: A similar comparison for binding
energy εA versus ∆εAA/εA . In this case, the older point of comparison is based on measurements published in Refs. [252,253].
Source: This figure is reproduced from Ref. [251].

Assuming that zd̄ = −zd and z 3He = −z 3He (as for the proton and antiproton [249]), the binding energy differences
between the two studied nucleus–antinucleus pairs were obtained by the ALICE collaboration using the mass-over-charge
differences discussed above and themass differences between the proton and antiproton [248,249] and between the neutron
and antineutron [255,256]. Defining εA = Zmp + (A− Z)mn −mA, wheremp andmn are the proton and neutron masses from
the PDG [59], andmA is the mass of the corresponding nucleus with atomic number Z and mass number A published by the
CODATA group [254], the obtained binding energy differences are

εdd̄

εd
= −0.04 ± 0.05 (stat.) ± 0.12 (syst.), (9)
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ε3He 3He

ε 3He
= 0.24 ± 0.16 (stat.) ± 0.18 (syst.). (10)

The ALICE collaboration plotted these results in the right panel of Fig. 30; they are the first-ever measurement of the binding
energy difference for the case of 3He minus 3He, and they offer a significant improvement over the prior measurement of
binding energy difference in the case of deuteron minus antideuteron. As in the case of the mass differences for nuclei and
their partner antinuclei, results are consistent with no measurable deviation from CPT symmetry.

5.2. Antiproton–antiproton interaction

Section 5.1 was devoted in part to the binding energy difference between d̄ and d, and between 3He and 3He, and this
form of analysis verifies that the attractive forces which bind the antinucleons inside antinuclei are indistinguishable, within
errors, from the corresponding forces in nuclei, as required by CPT symmetry. A different window into this physics can be
accessed by directly studying the strong interaction between two antiprotons. This section describes measurements by the
STAR collaboration of the momentum correlation function for antiproton–antiproton pairs produced in Au + Au collisions at
√
sNN = 200 GeV [257]. The observation of antideuterons and heavier antinuclei demonstrates the existence of an attractive

interaction among antinucleons, but the 2015 study by the STAR collaboration goes beyond that observation by determining
the scattering length (f0, related to elastic cross sections) and the effective range (d0) for the strong interaction between
antiproton pairs [257]. This analysis was made possible for the first time by the large event samples and high rate of
antiproton production in heavy-ion collisions at RHIC, and this form of characterization of the interaction is a fundamental
ingredient for understanding the structure of more complex antinuclei.

The technique used for probing the antiproton–antiproton interaction involves momentum correlation, and it resembles
the space–time correlation technique used in Hanbury–Brown and Twiss (HBT) intensity interferometry [149,258–261]. In
an experiment, the two-particle correlation function is defined as A(k∗)/B(k∗), where A(k∗) is the distribution of the relative
momentum (k∗) measured for the correlated pairs from the same event, while B(k∗) is the same for non-correlated pairs,
where eachmember of a pairmust come fromadifferent event (event-mixing technique). Themeasured correlation strength
can be reduced by particle ID impurities in the sample. This effect can be corrected by

CFcorrected(k∗) =
CFmeasured(k∗) − 1
PairPurity(k∗)

+ 1, (11)

where PairPurity(k∗) is the pair purity for the two particles, and CFmeasured(k∗) and CFcorrected(k∗) are, respectively, the
measured and corrected correlation functions.

In this type of study, it is important to simultaneously analyze both pp and p̄p̄ pairs. Inside the (anti)proton sample, there
are secondary (anti)protons that come fromweak decays of already-correlated primary particles. Thus, the measured corre-
lation function is contaminated by residual correlations. The dominant contaminations are from pΛ and ΛΛ correlations or
their antiparticle partners. The residual contamination in the correlation functions are taken into account by simultaneously
fitting the datawith the primary correlation function and the residual correlation function. Taking the two-proton correlation
function as an example [262],

Cinclusive(k∗) = 1 + xpp[Cpp(k∗
; Rpp) − 1]

+ xpΛ[CpΛ(k∗
; RpΛ) − 1] + xΛΛ[CΛΛ(k∗) − 1], (12)

where Cinclusive(k∗) is the inclusive CF, and Cpp(k∗
; Rpp) is the true proton–proton CF, which can be described by the Lednický

and Lyuboshitz analytical model [263]; other quantities in Eq. (12) are defined below. CpΛ(k∗
; RpΛ) is the pΛ CF taken from

a theoretical calculation [263] that includes all final-state interactions and has been successful in explaining experimental
data [264]. CΛΛ(k∗) is from an experimental measurement by the STAR collaboration with a purity correction [265]. Rpp and
RpΛ are the invariant Gaussian radii [264] for the proton–proton correlation and the proton-Λ correlation, respectively. In
the fits performed in Ref. [257], the latter are assumed to be the same. The quantities xpp, xpΛ and xΛΛ represent the relative
contributions from pairs with both daughters from the primary collision, pairs with one daughter from the primary collision
and the other from a Λ decay, and pairs with both daughters from a Λ decay, respectively; they are obtained from the
THERMINATOR2 model [266]. Finally,

CpΛ(k∗

pp) =

∫
CpΛ(k∗

pΛ)T (k
∗

pΛ, k∗

pp)dk
∗

pΛ,

where T (k∗

pΛ, k∗
pp) is a matrix generated by the THERMINATOR2 model to transform k∗

pΛ to k∗
pp [262].

In the year-2015measurement by the STARCollaboration [257], they fixed the scattering length f0 = 7.82 fmand effective
range d0 = 2.78 fm when fitting the proton–proton correlation function, as they are well-determined from proton–proton
elastic scattering [267]. Only the radius Rpp is treated as a free parameter.When fitting the antiproton–antiproton correlation
function, the quantitiesRp̄p̄, f0 and d0 are treated as free parameters, since there is nomeasurement of f0 or d0 for an antiproton
pair.

Fig. 31 presents the purity-corrected CF for 30%–80% centrality Au + Au collisions at
√
sNN = 200 GeV,with proton-proton

pairs in panel (a) and antiproton–antiproton pairs in panel (b). The red solid lines, Cinclusive, are the fits to the data, and the
dashed blue lines are the CFs for the pp contribution. The proton–proton CF exhibits a maximum at k∗

∼ 0.02 GeV which is
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Fig. 31. Panel (a) presents the proton–proton correlation, panel (b) the antiproton–antiproton correlation, and panel (c) the ratio of (a) to (b). Errors are
statistical only. The fits to the data using Eq. (12), Cinclusive(k∗), are plotted as solid lines, and the term 1+ xpp[Cpp(k∗

; Rpp)− 1] is shown as dashed lines. The
χ2/NDF of the fit is 1.66 and 1.61 for cases (a) and (b), respectively.
Source: The figure is edited from the published version in Ref. [257].

Table 2
The scattering length (f0) and effective range (d0) for nucleon–nucleon and
antiproton–antiproton interactions.

Proton–proton Antiproton–antiproton

f0 (fm) 7.82 ± 0.01 7.41 ± 0.19 (stat) ± 0.36 (sys)
d0 (fm) 2.78 ± 0.01 2.14 ± 0.27 (stat) ± 1.34 (sys)

Proton–neutron (triplet) Neutron–neutron
f0 (fm) −5.43 ± 0.02 16.70 ± 0.38
d0 (fm) 1.71 ± 0.05 2.78 ± 0.13

Proton–neutron (singlet)
f0 (fm) 23.72 ± 0.02
d0 (fm) 2.66 ± 0.06

caused by the attractive S-wave interaction between the two protons, and is consistent with previous measurements. The
antiproton–antiproton CF has an exactly similar structure, which indicates that the interaction between two antiprotons is
also attractive.

For the proton–proton CF, Rpp = 2.75 ± 0.01 fm; χ2/NDF = 1.66. For the antiproton–antiproton CF, Rp̄p̄ = 2.80 ± 0.02
fm; f0 = 7.41±0.19 (stat.)±0.36 (syst.) fm; d0 = 2.14±0.27 (stat.)±1.34 (syst.) fm; χ2/NDF= 1.61. Fig. 31(c) shows the
ratio of the inclusive CF for proton–proton pairs to that for antiproton–antiproton pairs. Throughout the studied k∗ region,
this ratio is indistinguishable from unity within errors, as expected if proton–proton and antiproton–antiproton pairs have
the same strong interaction.

Table 2presents the strong interactionparameters f0 (scattering length) and d0 (effective range) for antiproton–antiproton
interactions, as well as prior measurements for nucleon–nucleon interactions [267,268]. The f0 and d0 for the
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Fig. 32. A compilation of data on the upper limit of He/He in cosmic rays [113,114,272–278].
Source: This plot is reproduced from Ref. [272].

antiproton–antiproton interaction is consistent with the same for the proton–proton interaction within errors. This
measurement can provide the parameterization input for describing the interaction among cold-trapped gases of antimatter
ions, as in an ultra-cold environment, where S-wave scattering dominates, and effective-range theory shows that f0 and d0
can suffice to describe elastic collisions [269,270]. This result also provides a quantitative verification of matter–antimatter
symmetry with respect to the forces that are responsible for the binding of nuclei and antinuclei, and complements the
alternative approach reviewed in Section 5.1.

6. Implications for space-based experiments and for other fields

6.1. Space-based cosmic ray baryon measurements

By convention, the term ‘‘cosmic rays’’ refers to the non-photonic component of the radiation found in space. Primary
cosmic rays are composed of 99% hadrons and 1% electrons; the hadronic component is ∼90% protons, ∼9% alpha particles,
with heavier nuclei making up the remainder. Positrons and antiprotons are also present in cosmic rays [82,83]. At one
time, it was speculated that the latter component had a possible connection to the baryogenesis puzzle (see Section 1.4),
but now it is recognized that the primary flux interacts with interstellar matter as it traverses the cosmos, and that such
interactions are sufficient to explain the observation of stable antiparticles, namely positrons and antiprotons, among cosmic
rays [82,83].

With the advent of space-based detectors, the study of these positrons and antiprotons has made rapid progress. For
example, the recent direct detection by the DAMPE (DArk Matter Particle Explorer) collaboration of a spectral break at
E ∼ 0.9 TeV for cosmic ray electrons and positrons is an unexpected development and has been a source of excitement in
the field [271]. To date, there has been no observation of any antinucleus other than the antiproton. Such a discovery would
have a profound impact on our understanding of the Universe; for example, any observation of a |Z | > 2 antinucleus would
suggest the existence of antistellar nucleosynthesis in antimatter domains, while the detection of antihelium would point
towards the existence of residual antimatter from Big-Bang nucleosynthesis [82,83,272]. However, a recent study suggests
that secondary production of antinuclei in cosmic ray collisions could be larger that previously assumed [245,246]. The flux
could be as high as one 3He event per 5-year exposure of current active experiments.

Given the above perspective, searching for any antinucleus signal in the cosmos beyond antiprotons is one of the major
motivations for space detectors such as the current-generation Alpha Magnetic Spectrometer (AMS-02) [279] and the
Payload for AntimatterMatter Exploration and Light nuclei Astrophysics (PAMELA) [280]. TheAMS-02detectorwas launched
via the Space Shuttle and installed on the International Space Station in May 2011; one of its unique characteristics is its
long-duration mission, on the order of 20 years. The PAMELA detector was launched into Earth orbit in June 2006. Neither
experiment has detected any antihelium signal to date. Fig. 32 presents the world data on the upper limit of the He/He ratio.
Data from the PAMELA experiment spans the largest energy range [272]. In particular, no antihelium events with negative
rigidities were found among 6.3 million PAMELA events with charge |Z | ≥ 2 selected in the rigidity range from 0.6 to 600
GeV/c per charge in units of the electron charge [272].

As discussed in Section 4, the measurements of 4He in high-energy heavy-ion collisions can help to establish a baseline
for the expected rate of 4He in space from secondaries produced in primary cosmic ray collisions. Our information about
this baseline comes from the large penalty factor to add an extra antinucleon to an antinucleus (103 at the LHC, and a higher
penalty factor at lower energies— see Section 4), and the low rate of forming 4He in central heavy-ion collisions, for example,
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Fig. 33. The cosmic-ray electron and positron spectrum (multiplied by E3) measured by the DAMPE collaboration [271]. Data from AMS-02 [285], Fermi-
LAT [286], aswell as the ground-based experiment of the H.E.S.S. Collaboration [287] are plotted for comparison. The red dashed line represents a smoothly-
broken power-law model that best fits the DAMPE data.
Source: This plot is reproduced from Ref. [271].

a probability of 1.10 × 10−7 per central Au + Au collision at
√
sNN = 200 GeV [184]. Accordingly, it is clear that the current

sensitivity of any of the cosmic ray detectors in operation today is well below the rate estimated from accelerator-based
measurements.

6.2. Space-based cosmic ray electron-positron measurements

To date, the most novel and compelling results from the current generation of space-based cosmic-ray experiments
have come from positron measurements, notably the unexpected positron excess. The implications of recent antimatter
research in the field of relativistic heavy-ion collisions are most directly felt in cosmic-ray physics in the area of searches for
antibaryons and antinuclei in space, as set out in Section 6.1. However, positron observations also have implications for the
primordial bulk antimatter hypothesis. Furthermore, there are many aspects of overlap between the baryon and electron
measurements in space, and interdisciplinary implications connected to heavy-ion physics necessarily spill over those
boundaries. Many positrons originate in our own galaxy, and recent observations appear to reduce or possibly eliminate
the need for explanations involving exotica such as dark matter [281].

In the first report from the AMS-02 collaboration [279], over 25 billion cosmic ray events have been analyzed. An
anomalous positron fraction (the ratio of the positron flux to the combined flux of positrons and electrons) has been
reported, where the positron fraction increases steadily from 10 to ∼250 GeV [279]. This observation cannot be explained
by considering only secondary production of positrons [282–284]. Conclusions about the behavior above 250 GeV requires
more statistics than have been accumulated to date.

The latest result on cosmic ray electron and positron fraction comes from the DAMPE collaboration [271], and has
connections to the positron anomaly. Fig. 33 shows the first data from DAMPE, resulting from approximately 530 days of
operation. Unprecedentedly high energy resolution and low background are evident. The data in the energy range 55 GeV
to 2.63 TeV fit much better to a smoothly-broken power-law model than to a single power-law model [271]. The precise
measurement of the cosmic-ray electron and positron spectrumbyDAMPE can narrow-down the parameter space ofmodels,
including those related to the positron anomaly [271]. The parameters include, for example, the spectral cutoff energy of the
electrons accelerated by nearby pulsars or supernova remnants, or the rest mass and the annihilation cross section of a
dark-matter particle. Together with data from the cosmic microwave background or γ -rays, these improved constraints on
the model parameters obtained by DAMPE may clarify the connection between the positron anomaly and the annihilation
or decay of dark matter [271]. The reader is referred to Ref. [246] for a comprehensive review.

6.3. Muonic antiatoms

Muonic atoms are hydrogen-like systems made of a hadron and a muon. In the past, muonic atom systems were
studied mostly by examining the products of particle decays. For example, the πµ system in K 0

L decay [288,289]. Recently,
measurements of the Lamb shift [290] in the context ofmuonic atoms have been used to study proton structure [291,292]. In
heavy-ion collisions, when the high-temperature and high-density matter freezes out, it produces a mix of particle species
that are close in phase space, which is an ideal condition for the production of muonic atoms. Unlike systems that are
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Fig. 34. A schematic representation, in the plane perpendicular to the beam direction, of a muonic atom being dissociated at the STAR beam pipe, then
transiting into the STAR Time Projection Chamber as a proton and a muon.

created during freeze-out and are bound by the strong force, muonic atoms are created after freeze-out and are bound by
the Coulomb force. If it is close to hadrons in phase space, a muon can be captured by a charged hadron to form a Kµ, pµ or
πµ system [293]. Such systems are perfect tools to access the thermal emission of muons from a QCD system. Only thermal
muons, or muons from short-lived resonances, are able to form muonic systems. They may also allow access to primordial
single-lepton spectra [294].

Neither antimatter muonic hydrogen, nor the hyper-muonic atom, Kµ, have yet been discovered. Since the installation
of the STAR TOF detector, this RHIC experiment has been in a good position to search for such systems.When amuonic atom
is formed in a heavy-ion collision at STAR, it travels relatively slowly until it encounters the beam pipe, where it becomes
dissociated into a free muon and a free hadron. The free muon and hadron continue their motion, depositing energy along
their trajectories by ionizing the gas inside the TPC, after which they reach the TOF detector where they produce a timing
signal. Fig. 34 shows a schematic illustration of such a process.

A special trigger has been implemented at STAR to select particles with late arrival time at the TOF detector. For each
hadron–muon pair, the invariant mass of a possible muonic atom can be reconstructed using the daughter momenta and
masses. The following quantity has been studied [295] as a function of the difference between the possible invariant mass
of an atom and the mass sum for the daughters, δm ≡ (Minv − Mµ − Mhadron):

Θ(δm) =
UL × LS
ME2 − 1,

where UL and LS stand for the yield of unlike-sign and like-sign pairs, respectively, and ME stands for the mixed-event
background. The purpose of taking the product UL × LS is to cancel the Coulomb effect, since at low relative momentum
between pairs, the Coulomb effect will enhance the UL yield and suppress the LS yield. However, the product of the two
is not sensitive to such an effect. A sharp peak with a positive value at zero in the Θ(δm) distribution would indicate that
hadron–muon pairs have been formed. The STAR collaboration has shown [295] such peaks for pµ−, p̄µ+, K−µ+, and K+µ−

pairs, providing evidence for the existence of muonic atoms with these configurations.
The Kµ system has been further investigated via a study of emission asymmetry between two daughters. This technique

has beenused to study emission sequence in heavy-ion collisions [296,297]. The effect of Coulomband strong interactions are
different for the case of two particles initially moving towards each other versus the case of moving apart. Pairs are divided
into two groups, representing either the case where the kaons catch up with the muons, or the case where they move away
from the muons. Two 2-particle correlation functions, C+ and C−, are defined. Each is constructed as the correlated yield
normalized by the uncorrelated yield, similar to the correlation function used in the antiproton–antiproton study described
earlier in this review. The subscripts + and − reflect the sign of v⃗ · k⃗∗

K , where v⃗ is the pair velocity and k⃗∗

K is the kaon
momentum vector in the pair’s rest frame. If the average space–time emission points of kaons andmuons coincide, e.g., there
is emission from a single muonic atom, both correlation functions are identical and the ratio C+/C− will be unity. Otherwise,
the Coulomb correlation strength will be enhanced for the catching-up case compared to the moving-away case, and the
ratio C+/C− will deviate from unity.

The STAR collaboration has calculated [295] the C+/C− ratio for both Kµ and Kπ systems. The ratio for Kµ is indeed close
to unity, while the ratio for the Kπ system, which is not expected to form in heavy-ion collisions and serves as a consistency
check, deviates fromunity. This observation again supports the hypothesis that formation of Kµmuonic atoms has occurred.
As a side note, recently it was reported that Kπ systems can be formed in platinum or nickel foil targets when bombarded
by protons from the CERN PS [298]. This observation indicates that the kinematic range in heavy-ion collisions for kaons and
pions are well separated, which prevent them from binding together.
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Out of the four systems that the STAR collaboration has observed, if confirmed, the p̄µ+ system would be the first
observation of an antimatter muonic hydrogen atom. The Kµ system would also be the first observation of hyper-muonic
atoms. It is clearly desirable to have similar studies repeated at LHC energies.

7. Outlook

Research during recent years in the field of relativistic nucleus–nucleus collisions has yieldedmuch progress in the study
of antimatter nuclei, helped in particular by opening up of new center-of-mass energy frontiers aswell as constantly improv-
ing luminosity, detector acceptance and data acquisition performance at the Relativistic Heavy-Ion Collider [240,299,300]
and at the Large Hadron Collider [301–303]. Some of these upgrades and improvements have already yielded physics results,
as reviewed in previous sections and also in an early brief review [304], while others are still in progress. Future experimental
possibilities will also open up at new accelerator facilities, namely HIAF (High Intensity Heavy-Ion Accelerator Facility) in
Huizhou, China [305,306], NICA at JINR (Nuclotron-based Ion Collider fAcility at the Joint Institute for Nuclear Research) in
Dubna [307], FAIR (Facility for Antiproton and Ion Research) at Darmstadt [241], and J-PARC-HI (Japan – Proton Accelerator
Research Complex – Heavy Ions) [308]; while these new facilities will operate at much lower energies than RHIC and LHC,
their performance in terms of beam intensity and event rates will allow novel aspects of lighter antinuclei to be explored.

Looking ahead on the timescale of the coming decade or sooner, progress can be anticipated in many specific aspects
of research into antinuclei. In the domain of antihypernuclei and hypernuclei, where there has been relatively gradual
progress since the 1960s, we can look forward to much improved data for both lifetime and binding energy of the
antihypertriton and the hypertriton [228], with expected physics contributions from several facilities over a wide range
of beam energies [186,240–242]. Greatly improved statistics at the LHC will enhance many antimatter measurements, such
those reviewed in Sections 3.3, 3.4.1 and 3.4.2, aswell as the CPT symmetry tests in Section 5.1.With regard to the antinuclear
force derived from antiproton–antiproton interactions (Section 5.2), the scattering length f0 is relatively well determined,
but not the effective range d0. Future improvements in this determination will require a more accurate calculation of the pΛ
correlation function and a better measurement of the ΛΛ correlation function.

It is also appropriate here to summarize the prospects for future discovery of new species in the area of antinuclei. In
Ref. [157] and in Section 4.2, it is explained that it is likely that 4He will remain the heaviest stable antimatter nucleus
observed for the foreseeable future. Nevertheless, there is a theoretical calculation based on phase-space coalescence in the
context of a special freeze out configuration associated with 5Li and 5Li, whereby it is argued that 5Li might be feasible to
observe at RHIC via the 4He+ p̄ decay channel [247]. A search for the anti-resonance decay 4Li→3He+ p̄ is also deserving of
attention, but specific guidance on the likely rate for this antinucleus is lacking. The possible abundance of 4

3̄
H is argued to

be comparable to that of 4He [178], but for the proposed decay channel 4
3̄
H→

4He+π−, it is challenging (at least at RHIC) to
distinguish the signal from background due to the very low production rate of 4He and the large combinatorial background
that arises from pairing with pions. The ALICE collaboration is better-positioned to pursue this search, because they are
expected to have samples of about 5500 4He and 4He in LHC run 3, which begins in 2021 [111]. Note that at 2.76 TeV, the
4He to 4He ratio is consistent with unity [111], which puts them in an advantageous position for a successful search. Finally,
investigations of muonic atoms and antiatoms are expected to continue, with prospects for confirmed observations.
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