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Abstract

This Letter presents the most precise measurement to date of the matter–antimatter imbalance at
midrapidity in Pb–Pb collisions at a center-of-mass energy per nucleon pair

√
sNN = 5.02 TeV. Using

the Statistical Hadronization framework, it is possible to obtain the value of the electric charge and
baryon chemical potentials, µQ =−0.18±0.90 MeV and µB = 0.71±0.45 MeV, with unprecedented
precision. A centrality-differential study of the antiparticle-to-particle yield ratios of charged pions,
protons, Ω-baryons, and light (hyper)nuclei is performed. These results indicate that the system cre-
ated in Pb–Pb collisions at the LHC is on average baryon–free and electrically neutral at midrapidity.

*See Appendix D for the list of collaboration members
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Introduction. Nuclear matter at extremely high energy densities can be generated in the laboratory
through relativistic heavy-ion collisions [1–3]. At the LHC, the beam remnants from the collision are
located at rapidities y ≈±6 and a fraction of the collision energy is deposited at midrapidity [4]. In this
region, particles are formed from a nearly baryon number and electric charge free medium. This process
can be described in the Color Glass Condensate model via gluon radiation by static quarks, frozen by
time dilation [5]. Conversely, string-fragmentation models explain it through the breaking of color flux
tubes. Part of the initial baryon number can be transported to midrapidity via either baryon junction
formation [6] or diquark breaking [7]. This phenomenon, known as nuclear stopping, influences the net-
baryon density of the system formed at midrapidity [8–10]. The baryon number transport is minimal at
the LHC, and the nuclear transparency regime [11] is reached. In this regime, conditions akin to those of
the early Universe are replicated, where nearly equal abundances of matter and antimatter were present,
as described by the standard cosmological model [12]. Experimentally, one can gauge the extent to which
heavy-ion collisions approach the early Universe conditions by measuring the antimatter-to-matter yield
ratios across various hadron species.

A comprehensive framework for interpreting these ratios is provided by the Statistical Hadronization
Model (SHM)[13–18]. Among the several models that can be used to describe a heavy-ion collision,
the SHM is the most successful in describing the yields of all light-flavor hadronic species, which are
determined starting from the partition function of the fireball at the freeze-out of inelastic scatterings.
This fireball is an equilibrated gas composed of hadrons and resonances. Because of the substantial
particle multiplicity and the finite kinematical acceptance, a Grand Canonical (GC) ensemble description
is employed for heavy-ion collisions. In this approach, the conservation of charges, namely the baryon
number (B), the electric charge (Q), and strangeness (S), is regulated by the corresponding chemical
potentials µB, µQ, and µS, respectively [19, 20]. The baryon chemical potential µB represents the net-
baryon density of the system, with µB = 0 corresponding to an equilibrated gas composed of hadrons and
resonances with same amount of baryons and antibaryons. The electric charge potential µQ encodes the
positive-negative charge imbalance of the gas; it is connected to µB by the atomic-to-mass-number ratio
Z/A of the colliding ions [21, 22]. The requirement of strangeness neutrality constrains µS throughout the
entire volume of the fireball [21, 22]. Chemical potentials determine the abundance of hadrons through
the fugacity, λi = exp[(BiµB +QiµQ + SiµS)/Tch], where Bi, Qi, and Si denote the quantum numbers
of the considered species i, and Tch is the chemical freeze-out temperature, at which hadron yields are
determined.

Over the last three decades, the asymmetry between antimatter and matter of the fireball has been sys-
tematically studied at different experimental facilities [23–38]. The decreasing trend of µB, from about
400 MeV at the SPS to 20 MeV at the top RHIC energy of 200 GeV, and µB = 0.7± 3.8 MeV at the
LHC is consistent with the decrease of baryon number transport to midrapidity with increasing beam
rapidity [36, 37, 39–79]. The formation of baryon number free matter at midrapidity was first reported
in pp collisions by ALICE, which observed that the p̄/p yield ratio is compatible with unity [80]. At
fixed collision energy, it is also possible to explore nuclear transparency as a function of centrality, i.e.,
the transverse displacement between the centers of the colliding nuclei, as it affects the dynamics of the
colliding nucleons. In particular, a slight increase in µB from peripheral to central (head-on) collisions
was observed at low energies by STAR at the RHIC beam energy scan [79]. These results were obtained
by either comparing the SHM predictions with the measured yields of hadrons and their antimatter coun-
terparts [81] or by directly fitting antiparticle-to-particle yield ratios [76, 79].

In this Letter, we report the most precise estimation to date of µB and µQ obtained from a set of
antiparticle-to-particle yield ratios. Compared to previous estimations, the precision of the current results
has improved by about an order of magnitude. This improvement in precision is attributed to the proper
treatment of the cancelation of particle-antiparticle correlated uncertainties and the reduced dependence
on model parameters, such as the system volume, V , which is eliminated in the antiparticle-to-particle

2



Measurements of chemical potentials in Pb–Pb collisions at
√

sNN = 5.02 TeV ALICE Collaboration

yield ratios. The analyzed species are charged pions, protons, Ω− baryons, and light (hyper)nuclei.
(Anti)protons are the most abundantly produced (anti)baryons at midrapidity (≈ 35 and ≈ 2 protons on
average in central and peripheral Pb–Pb collisions, respectively [82]). Consequently, the antiproton-to-
proton yield ratio can probe the antibaryon-to-baryon imbalance [80, 83] with high precision. On the
other hand, the sensitivity to baryon asymmetry is enhanced when light (hyper)nuclei are included be-
cause of their larger baryon content. In this work, 3He, its isobar 3H, and hypertriton 3

Λ
H, which is a

bound state of a proton, a neutron, and a Λ, along with their antimatter counterparts, are considered1.
The ratio of oppositely charged pions provides a precise constraint on the imbalance of electric charge,
as the yield ratio depends predominantly on µQ. Finally, the dependence of antimatter-to-matter ratios
on strangeness is probed with (anti)Ω− baryons, which, unlike (anti)Λ and (anti)Ξ−, have negligible
contamination coming from heavier hadron decays.

The ALICE detector and data analysis. The results reported in this analysis are obtained from a sample
of Pb–Pb collisions at

√
sNN = 5.02 TeV collected in 2018 by ALICE at the LHC. The ALICE apparatus

and its performance are described in detail in Refs. [85, 86]. The minimum-bias collision and centrality
triggers are provided by the V0 system [87], which is composed of two arrays of plastic scintillators
covering the forward (2.8 < η < 5.1) and backward (−3.7 < η < −1.7) regions of pseudorapidity.
The coincidence of signals in both detectors determines the minimum bias trigger. The amplitude of
the V0 signal is proportional to the charge deposited in the detectors, which is related to the produced
charged-particle multiplicity that, in turn, is controlled by the collision centrality. The V0 amplitude is
then used to trigger specific categories of central and semicentral events, and to estimate centrality [88].
Five centrality intervals are considered in this Letter, namely 0–5%, 5–10%, 10–30%, 30–50%, and
50–90%, expressed as percentiles of the total hadronic cross section for Pb–Pb collisions. The position
of the primary interaction vertex is required to be within a 10 cm wide region centered at the nominal
interaction point to profit from the full acceptance of the ALICE central barrel detectors. Events with
multiple interaction vertices are rejected to ensure the correct association of reconstructed tracks and
primary vertices. The number of events passing these selections is approximately 300 million.

Charged pions, protons, 3He, and tritons produced at midrapidity, |y|< 0.5, are tracked in the ALICE cen-
tral barrel: hereafter, charge conjugates are implied unless stated otherwise. The tracks are reconstructed
within |η | < 0.8 and in the full azimuth using the Inner Tracking System (ITS) [89] and the Time Pro-
jection Chamber (TPC) [90]. These detectors are placed in a solenoid that provides a uniform magnetic
field of 0.5 T parallel to the beam axis. The antiparticle-to-particle yield ratios are measured as a function
of the transverse momentum pT in the ranges 0.7 ≤ pT < 1.6 GeV/c for π−/π+, 0.5 ≤ pT < 3 GeV/c
for p̄/p, 1.6 ≤ pT < 3 GeV/c for 3H/3H, and 2 ≤ pT < 8 GeV/c for 3He/3He to select the bulk of the
production and ensure good identification performance.

The analysis procedure for extracting particle yields is similar to the one adopted in previous analy-
ses [82, 91, 92]. Standard selections on the χ2 of the track fit, on the number of reconstructed track
points in the ITS and the TPC, and on the distance of closest approach of the extrapolation of the track
to the primary interaction vertex ensure a good reconstruction of tracks originating from the collisions.
Particle identification is performed on a statistical basis by measuring the specific energy loss (dE/dx)
in both the TPC and the ITS, and particle velocity depending on the transverse momentum of the mea-
sured particles with the Time-Of-Flight detector (TOF). Further details about the particle identification
are provided in Appendix A.1.

The residual contamination due to hyperon weak decays and spallation reactions of primary particles in
the apparatus is evaluated by fitting the measured distance of closest approach distribution in the plane
transverse to the beam axis with templates computed via Monte Carlo (MC) simulations for the various
processes involved [82, 91, 92]. The extracted yields are corrected for the detector acceptance and

1(Anti)deuterons, d(d̄) are not considered in this Letter since the efficiency correction for d̄ is based on the d̄ absorption
cross section extracted by the ALICE Collaboration from the measured d̄/d yield ratio itself [84].
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candidate selection efficiency, computed using MC simulations, as the fraction of particles reconstructed
out of all MC-generated primary particles. The Pb–Pb event is generated with HIJING [93], while the
particles are transported through a realistic model of the ALICE apparatus with GEANT4 [94]. To
increase the simulated sample size protons, 3He nuclei, and tritons are injected on top of each HIJING
event. The available measurements of hadron inelastic cross sections are used to correct the GEANT4
parameterizations of the corresponding reactions [95–109].

The 3
Λ

H candidates are reconstructed from their two-body charged mesonic decay 3
Λ

H → 3He+π−. The
reconstruction algorithm is the same as the one applied in previous measurements [110–113]. The Ω− is
reconstructed with a similar procedure from the decay into a charged kaon and a Λ baryon, that, in turn,
is reconstructed from its charged two-body decay, Ω− → K−+Λ(→ π−+p) [114–116]. The ratios are
extracted in intervals of proper decay length ct = cML/p, with M, L, and p being the mass, trajectory
length, and candidate momentum, respectively. In particular, 2 ≤ ct < 35 cm for 3

Λ
H and 1 ≤ ct < 10 cm

for Ω− are used. The 3
Λ

H and Ω− candidates are selected with Boosted Decision Tree algorithms [117],
which are applied on top of preliminary kinematic and topological selections to enhance the background
rejection. The Boosted Decision Tree internal parameters and selections are optimized using samples of
correctly classified signal and background candidates, as explained in detail in Appendix A.2.

The invariant mass distribution of the selected candidates is fitted with a probability density function
built with a Kernel Density Estimation [118, 119] in the MC for 3

Λ
H, whereas an extended Crystal-

Ball function is used for the Ω− signal [120]. An exponential function is used to model the residual
background in both cases. The yields extracted as the integral of the signal functions obtained from the
fits are corrected by the overall selection efficiency and acceptance computed in the MC simulations.
As in previous 3

Λ
H analyses [113], an absorption correction factor is included to account for undetected

candidates absorbed in the detector material before their decay.

The following systematic uncertainty contributions are estimated for the antiparticle-to-particle yield
ratios: candidate selection and signal extraction, MC data sample size, material budget uncertainty, ab-
sorption cross section uncertainties, and magnetic field polarity. The details about the estimation and
values of such contributions are reported in Appendix A.4.

Results. The fully corrected antiparticle-to-particle yield ratios do not exhibit any significant dependence
on pT and ct (see Appendix A.5). This observation, which is consistent across particle species and
centrality intervals, implies that the production spectra of charge-conjugate species only differ by nor-
malization factors proportional to their yields. The antiparticle-to-particle yield ratios of each species are
obtained as the averages weighted with the total uncorrelated uncertainties of the pT- and ct-differential
ratios in each centrality interval. For 3

Λ
H, no statistically significant signal is observed in the 50–90%

centrality range.

The chemical potentials µB and µQ are extracted by fitting the antiparticle-to-particle yield ratios with the
predictions of the GC statistical hadronization model using the Thermal-FIST code [22]. The measured
ratios and the SHM fit results are reported in Fig. 1. The chemical freeze-out temperature is set to
Tch = 155± 2 MeV, as obtained from a fit to the ALICE data [121, 122]: its value is compatible with
the pseudo-critical temperature extracted with lattice QCD calculations [123]. This value is fixed for
all centralities, since in heavy-ion collisions only a mild dependence of Tch on centrality is observed
(less than 3% [35, 79, 121, 124]); additionally, antiparticle-to-particle yield ratios show a negligible
dependence on Tch for µB ≈ 1 MeV [81]. The uncertainty on Tch, which is compatible with the range of
variations of Tch observed as a function of centrality, is considered as a centrality-correlated source of
systematic uncertainty. The strangeness chemical potential µS is constrained in the fit from strangeness
conservation. The contribution of strongly-decaying resonances is accounted in the model predictions as
it cannot be directly disentangled in the data. For the χ2 minimization, the quadratic sum of statistical
and uncorrelated systematic uncertainty is considered. The effect of the centrality-correlated sources
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Figure 1: Upper panels: statistical hadronization model fits to the measured antiparticle-to-particle yield ratios
in different centrality intervals. Error bars show the sum in quadrature of statistical and centrality-uncorrelated
systematic uncertainties. When not visible, error bars are hidden by the marker. Lower panels: pull distribution,
defined as the difference between data and fit values, normalized to the uncertainty in the data.

is evaluated by repeating the fit to ratios coherently increased or decreased by their uncertainties. The
uncertainty assigned to µB and µQ is half of the difference between the results obtained in the two cases.

In this Letter, yield ratios are analyzed within the GC statistical model also in the most peripheral events,
where canonical ensemble formulation is needed for an accurate description of hadron yields by requir-
ing exact conservation of charges over a finite volume [125, 126]. It is known, however, that effects
connected to the canonical conservation of charges cancel out when considering antiparticle-to-particle
yield ratios, and their values are well described by the GC ensemble [15, 127]. Indeed, good fit quality
is obtained across the 0–90% centrality range using the GC model to quantify these ratios. In addition,
the yield ratio Ω

+
/Ω− is compatible with unity as expected in the SHM, where it is weakly dependent

of µB and µS for µB ∼ 0 [16].

The chemical potentials obtained in different centrality intervals are shown in the left panel of Fig. 2.
The contours show a negative correlation between µB and µQ, which is connected to the approximate
exponential dependence of antiparticle-to-particle yield ratios on the linear combination of the chemical
potentials. The centrality dependence of µB and µQ is studied by fitting independently the centrality-
differential µB and µQ results with a constant function, taking into account the full correlation matrix
of the measurements. Both the correlation matrices and the χ2 profiles of the fits are reported in the
Appendix. The fit probability is P= 0.97 for µB and P= 0.64 for µQ: therefore, no evidence of centrality
dependence is found, even if a larger µB would be expected in more central collisions due to a potentially
larger baryon stopping [4]. The fit of the centrality-differential values yields chemical potentials µB =
0.71±0.45 MeV and µQ =−0.18±0.90 MeV, which are compatible with zero within 1.6σ and 0.2σ ,
respectively. The comparison with the previous data point of µB at the LHC [35–38] shows a significant
improvement in the precision by a factor larger than eight (no direct value of µQ was provided in that
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Figure 2: Left panel: µB and µQ obtained with Thermal-FIST [22] in different centrality intervals. The centrality-
correlated and centrality-uncorrelated uncertainties are represented with error bars and ellipses, respectively. Right
panel: µB extracted from data collected in Au–Au and Pb–Pb collisions at the AGS (E802, E866, E877, E895,
E896, E917 Collaborations), SPS (NA44, NA49, NA47 Collaborations), RHIC (BRAHMS, PHENIX, STAR Col-
laboration), and LHC (ALICE Collaboration) as a function of the center-of-mass energy per nucleon–nucleon
pair [76, 78, 79], and phenomenological parameterization of µB(

√
sNN) [36]. The inset shows more in detail the

results obtained at the LHC [36].

study, see below). These results imply that the system created at midrapidity in Pb–Pb collisions is
baryon- and electrically-neutral on average. As a consequence, this observation shows that the nuclear
transparency regime is reached, i.e., baryon transport from the colliding ions to the interaction region
is negligible. Because of the absence of any centrality dependence, it is also concluded that nuclear
transparency is achieved even in central Pb–Pb collisions, where a larger-than-zero µB could be expected
from a more significant baryon number transport at midrapidity.

As a cross check, the SHM fits described above are repeated by also constraining µQ from initial con-
ditions via conservation laws, as it was done also in past measurements [36, 76, 79]. Specifically, the
µQ/µB ratio is fixed by requiring that the average charge-to-baryon density ratio of the created hadron
system, ⟨nQ⟩/⟨nB⟩, is equivalent to the Z/A ratio of colliding nuclei, i.e., ⟨nQ⟩/⟨nB⟩ = Z/A ≈ 0.4 for
208Pb [21]. The µB values extracted from the fits in each centrality interval are successfully fitted with a
constant function (fit probability P = 0.09). The resulting µB value is compatible with the one reported
above within uncertainties. Similar results are obtained by fitting the antiparticle-to-particle yield ratios
using the GSI-Heidelberg model [15, 37, 76], with Tch = 156.6±1.7 MeV [38] and µQ is fixed to initial
conditions: the average value across centrality is µB = 0.90± 0.43 MeV. The χ2 profile of the fit is
reported in Appendix C. Using the values of µB and µQ extracted in the 5% most central collisions, the
inclusive net-proton density at midrapidity, 2/⟨Npart⟩dNp−p/dy, can be computed in the SHM framework.
The value extracted with Thermal-FIST is (3.4±1.4)×10−3, while using the GSI-Heidelberg model, a
value of 5.9+2.2

−2.8 ×10−3 is obtained. In both cases, the obtained results agree with the exponential trend
as a function of beam rapidity predicted by the baryon-junction mechanism [128].

The right panel of Fig. 2 shows the comparison of the current with past estimations of µB as a function of
the center-of-mass energy of the collision [36, 76, 78, 79]. The comparison with the previous LHC data
point is highlighted in the inset of the figure. The result reported in this Letter is compatible with the
extrapolation of the phenomenological parameterization based on previous data and reported in Ref. [36].
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Conclusions. In summary, the most precise measurement of the asymmetry between matter and antimat-
ter at the LHC is reported in this Letter. The asymmetry is quantified through antiparticle-to-particle
yield ratios of different hadrons, which are analyzed within the statistical hadronization framework
to extract the chemical potentials µB and µQ. The GC version of the model accurately describes the
antiparticle-to-particle yield ratios across centrality, indicating the elimination of effects from canonical
charge conservation in peripheral events. The cancelation of correlated uncertainties in these ratios leads
to a significant improvement in the µB precision: the uncertainty on the obtained value is about one
order of magnitude smaller than the previously published one [36]. In addition, a direct estimation of
µQ is provided. Furthermore, the first centrality-differential study of chemical potentials at the LHC is
reported in this Letter. The obtained chemical potentials are consistent with zero, i.e., with the nuclear
transparency regime being reached across the full centrality range, thus indicating that baryon transport
to midrapidity is negligible even in the most central events at the LHC.
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A Antiparticle-to-particle ratios

A.1 Particle identification of tracked species

The particle identification (PID) of charged pions, protons, 3He, and tritons is performed by measuring
the specific energy loss (dE/dx) in both the TPC and the ITS, and particle velocity depending on the
transverse momentum of the measured particles with the Time-Of-Flight detector (TOF). Due to its
electric charge Z = 2, 3He is identified using the TPC dE/dx within |nσTPC| < 3, where nσ is the
deviation of the measured dE/dx from the expected one, normalized to the experimental resolution. A
similar approach is applied to protons for pT < 1 GeV/c after a preliminary |nσ ITS|< 3 selection, which
is required to reduce the electron contamination. Higher-pT protons, pions, and tritons are identified
using TOF after preliminary TPC PID selections. These PID pre-selections lead to a signal loss smaller
than 0.5% taken into account by the efficiency corrections computed via Monte Carlo simulations. The
main contamination to the charged pion and proton PID is due to charged kaons and electrons. In the
light-nuclei sector, the triton PID is mainly contaminated by deuterons, while tritons slightly affect the
3He PID for pT < 3 GeV/c. The contribution of such misidentified tracks is estimated by fitting the
corresponding nσTPC and nσTOF distributions. The nσTPC or nσTOF background distributions are fitted
outside of the signal window. Their extrapolation within the signal region is integrated to statistically
subtract the contamination due to either misidentified particles or the mismatch of TPC tracks and TOF
space points.

A.2 Machine Learning analysis of Ω and 3
Λ

H

The Machine Learning (ML) selection of Ω and 3
Λ

H candidates is based on Boosted Decision Trees
(BDT). The optimization of the BDT internal parameters is performed using samples of correctly clas-
sified signal and background candidates. The signal sample is built from simulated candidates injected
on top of a HIJING Pb–Pb event with a Blast-wave pT distribution [129] derived from the measured
production of light flavor hadrons for Ω [82] and of 3He for 3

Λ
H [92]. The background 3

Λ
H candidates

are obtained in the data from same-sign combinations of 3He and π tracks. For Ω−, all the candidates
with an invariant-mass deviating more than 7σ from the nominal Ω− mass are considered as background
candidates, with σ ≈ 1.7 MeV/c2 being the invariant-mass resolution in the data. The same training
variables used in previous analyses are employed for 3

Λ
H [112, 113]: the cosine of the pointing angle

cos(θp) (i.e., the angle between the reconstructed candidate momentum and the straight line connecting
the production and decay vertices), the DCA between the decay tracks and the primary vertex (PV), and
between the two tracks themselves, the number of TPC space points for the 3He track, and the nσTPC of
the decay tracks. For the Ω−, the BDT input variables include the DCA of the K−, π− and p to the PV,
the DCA of the reconstructed Λ to the PV, the minimum distance between the π− and p, and between
the K− and Λ. The cos(θp) for both the Ω− and Λ, and the nσTPC for p, are also used as BDT input
variables. Signal candidates are selected requiring a BDT output score larger than a preset threshold. For
3
Λ

H, the threshold is optimized by maximizing the expected signal significance; for the Ω−, a BDT signal
selection efficiency of 50% is required, as it ensures a consistent BDT response in data and MC.

A.3 Efficiency and absorption corrections

The efficiency corrections applied in this Letter take into account the tracking and candidate-selection
efficiencies, including PID. Charged pions, protons, and tritons are selected with an efficiency of about
40% when requiring TOF PID, while protons having pT < 1 GeV/c and 3He candidates are selected
with an efficiency of approximately 70%. For antiproton, antitriton, and 3He candidates, the obtained
efficiencies are lower than those of their respective charge-conjugates by about 5% to 10% due to their
larger absorption cross sections inside the ALICE apparatus. For Ω− baryons, the efficiency of the
preliminary selections is about 5%, while the BDT signal-selection efficiency is about 50%. For 3

Λ
H,

these two efficiencies are about 30% and 70%, respectively.
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The modeling of the absorption cross sections in GEANT 4 is improved by using the available mea-
surements of absorption cross sections in different materials [95–109]. Dedicated correction factors are
computed as the ratios between the efficiencies computed using either the default parameterizations or
those re-tuned on the experimental data. For charged pions and protons, the measurements obtained in
lower energy experiments are used, while for tritons and 3He the available ALICE measurements are
employed. For the light (anti)nuclei, the observed effect is between 1% and 3% across the analysed pT
range. The uncertainties on the measured cross sections are propagated to the antiparticle-to-particle ra-
tios as centrality-correlated sources of systematic uncertainties. The resulting uncertainties are reported
in Table A.1. For the 3

Λ
H, an absorption factor is computed to correct for undetected hypernuclei that are

absorbed in the apparatus before decaying. A sample of simulated 3He candidates is used to approxi-
mate the absorption of 3

Λ
H inside the ALICE apparatus. The absorbed fraction is about 6% and 4% for

3
Λ

H and 3
Λ

H, respectively.

A.4 Systematic uncertainties

The centrality-uncorrelated systematic uncertainty on the yield ratio is obtained as the variance of mul-
tiple reanalyses done by varying the tracking and PID selections for π , p, 3He, and 3H, and of the BDT
output selections for 3

Λ
H and Ω− around their nominal values used in the analysis. The background fit

function is also changed from exponential to polynomial in the invariant mass fit of 3
Λ

H and Ω−, while
the yields of 3He and 3H are alternatively extracted as the integral of a Gaussian fit to the nσTPC and
nσTOF distributions, respectively. The variations are applied coherently to antiparticles and particles to
allow for the cancelation of correlated contributions in the antiparticle-to-particle yield ratios. The MC
statistical precision is also considered as a centrality-uncorrelated source of systematic uncertainty. The
uncertainty on the material-budget description in MC simulations is correlated with centrality. It is eval-
uated by varying the amount of material crossed by simulated particles by its uncertainty, estimated to be
±4.5% [86]. The uncertainties on the measured absorption cross sections used to correct the GEANT4
ones are also propagated to the ratios. The consistency of the results obtained with opposite magnetic
field polarities is assessed by repeating the measurement separately with the two configurations: a sta-
tistically significant discrepancy of about 0.4% and 0.6% due to imperfections in the MC description is
observed in semicentral and central collisions, respectively. The maximum half dispersion between the
opposite field polarity results is then assigned as a further centrality-correlated uncertainty. The values
of the various contributions are summarised in Table A.1.

Table A.1: Relative systematic uncertainty on the average antiparticle-to-particle ratios due to the different sources
considered in the analysis. Only the statistically significant contributions to systematic uncertainties are reported
in the table.

Source Ω
+
/Ω− π+/π− p/p 3

Λ
H/3

Λ
H 3H/3H 3He/3He

Candidate selection + signal extract. 0.5% 0.05% 0.05% 10% 3% 0.5%
Monte Carlo precision 0.5% 0.1% 0.1% 1% 1% 1%
Material budget – 0.1% 0.5% – – –
Absorption cross section – 0.7% 0.5% 1% 10% 1%
Magnetic field polarity – 0.2–0.3% 0.2–0.3% – – –

A.5 Results for the antiparticle-to-particle ratios
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Figure A.1: pT- and ct-differential ratios of the species used for the chemical potential measurement in the various
centrality intervals. Error bars show statistical uncertainties, while boxes represent centrality-uncorrelated uncer-
tainties. The value of R represents the averages weighted with the total uncorrelated uncertainties of the differential
measurements. The correlated uncertainties are not shown in the plots.
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Figure B.1: Covariance matrices of µB (left) and µQ (right) obtained with Thermal-FIST [22] in the different
centrality intervals.

C χ2 profiles of chemical potential fits

C.1 Thermal-FIST model

Table C.1: Confidence intervals (C.I.) at 1σ , 2σ , and 3σ levels for µB and µQ.

Observable 1σ C.I. (MeV) 2σ C.I. (MeV) 3σ C.I. (MeV)
µB [0.26,1.16] [−0.20,1.61] [−0.65,2.07]
µQ [−1.08,0.73] [−1.98,1.63] [−2.89,2.54]

C.2 GSI-Heidelberg model

Table C.2: Confidence intervals (C.I.) at 1σ , 2σ , and 3σ levels for µB and µQ.

Observable 1σ C.I. (MeV) 2σ C.I. (MeV) 3σ C.I. (MeV)
µB [0.47,1.33] [0.05,1.75] [−0.38,2.18]
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Figure C.1: Profiles of the χ2 variable minimized in the fit of µB (left) and µQ (right) obtained with the Thermal-
FIST model [22]. The values obtained from the minimization, as well as the 1σ , 2σ , and 3σ confidence intervals,
are reported in the figures.
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S. Panebianco 131, H. Park 126, H. Park 105, J. Park 59, J.E. Parkkila 33, Y. Patley 48, B. Paul 23,

23

https://orcid.org/0000-0002-2843-2556
https://orcid.org/0000-0001-6178-648X
https://orcid.org/0000-0001-7474-0755
https://orcid.org/0009-0008-7071-0418
https://orcid.org/0000-0001-5805-6363
https://orcid.org/0000-0002-2420-7650
https://orcid.org/0000-0002-9336-5169
https://orcid.org/0000-0001-9231-8515
https://orcid.org/0009-0008-2630-1473
https://orcid.org/0000-0003-3808-7917
https://orcid.org/0000-0001-7099-9452
https://orcid.org/0009-0008-6551-4180
https://orcid.org/0000-0002-8305-3807
https://orcid.org/0000-0003-4518-3528
https://orcid.org/0009-0008-4642-7807
https://orcid.org/0000-0002-8535-3061
https://orcid.org/0009-0004-3528-4709
https://orcid.org/0009-0004-8067-2807
https://orcid.org/0000-0002-6529-560X
https://orcid.org/0000-0002-7638-2047
https://orcid.org/0000-0001-9593-6730
https://orcid.org/0000-0002-4743-2885
https://orcid.org/0000-0002-7404-8723
https://orcid.org/0000-0002-9335-9076
https://orcid.org/0009-0001-3006-7332
https://orcid.org/0000-0003-4004-5265
https://orcid.org/0000-0003-4692-7410
https://orcid.org/0009-0002-2276-3757
https://orcid.org/0009-0004-3122-4872
https://orcid.org/0009-0009-1031-8307
https://orcid.org/0000-0002-6527-1245
https://orcid.org/0000-0003-4562-2922
https://orcid.org/0000-0001-7272-8226
https://orcid.org/0000-0002-3850-8884
https://orcid.org/0000-0002-3632-4547
https://orcid.org/0000-0003-4016-3982
https://orcid.org/0000-0001-9001-4198
https://orcid.org/0009-0003-2644-3643
https://orcid.org/0000-0003-1477-8414
https://orcid.org/0000-0001-9352-5049
https://orcid.org/0000-0003-1008-5119
https://orcid.org/0009-0008-7787-9304
https://orcid.org/0000-0002-1488-4009
https://orcid.org/0000-0001-9904-1846
https://orcid.org/0000-0002-3693-2649
https://orcid.org/0000-0003-3895-9092
https://orcid.org/0000-0003-2478-9651
https://orcid.org/0000-0001-9059-2414
https://orcid.org/0000-0002-2134-967X
https://orcid.org/0000-0002-7934-4038
https://orcid.org/0000-0001-9047-4856
https://orcid.org/0000-0001-7461-7327
https://orcid.org/0009-0002-2983-9494
https://orcid.org/0000-0001-6533-4085
https://orcid.org/0000-0003-2406-911X
https://orcid.org/0000-0003-2889-2234
https://orcid.org/0000-0002-3066-855X
https://orcid.org/0000-0001-9980-5199
https://orcid.org/0000-0003-3958-9062
https://orcid.org/0000-0003-1969-6960
https://orcid.org/0000-0001-9334-3798
https://orcid.org/0000-0001-9087-4665
https://orcid.org/0000-0003-1317-1733
https://orcid.org/0009-0004-2421-5409
https://orcid.org/0000-0002-7685-0808
https://orcid.org/0000-0002-1605-5837
https://orcid.org/0009-0005-1821-6963
https://orcid.org/0000-0002-9492-3775
https://orcid.org/0000-0001-6811-5240
https://orcid.org/0009-0004-0872-2785
https://orcid.org/0009-0002-4730-9489
https://orcid.org/0009-0009-3972-0631
https://orcid.org/0000-0002-0559-6697
https://orcid.org/0000-0003-0618-4843
https://orcid.org/0000-0001-6907-0486
https://orcid.org/0000-0001-6297-2532
https://orcid.org/0000-0002-1726-5684
https://orcid.org/0000-0002-5629-5181
https://orcid.org/0000-0002-9355-6379
https://orcid.org/0000-0002-9057-9719
https://orcid.org/0000-0002-6603-6693
https://orcid.org/0000-0001-7602-1121
https://orcid.org/0000-0003-1831-7957
https://orcid.org/0000-0002-1474-6191
https://orcid.org/0009-0003-1055-0356
https://orcid.org/0000-0002-3493-3891
https://orcid.org/0000-0003-4132-2906
https://orcid.org/0000-0001-6189-3242
https://orcid.org/0000-0003-3075-2871
https://orcid.org/0000-0002-5741-7144
https://orcid.org/0000-0001-6653-6164
https://orcid.org/0000-0002-2724-668X
https://orcid.org/0000-0003-0996-8547
https://orcid.org/0009-0006-2998-3428
https://orcid.org/0009-0009-9098-9839
https://orcid.org/0000-0002-7504-2809
https://orcid.org/0000-0002-6434-7084
https://orcid.org/0000-0002-4816-283X
https://orcid.org/0000-0003-1433-6018
https://orcid.org/0009-0000-0438-5567
https://orcid.org/0000-0001-9676-3309
https://orcid.org/0000-0003-0078-8398
https://orcid.org/0000-0002-0906-062X
https://orcid.org/0000-0002-2102-7398
https://orcid.org/0000-0003-4558-7856
https://orcid.org/0009-0004-3408-5783
https://orcid.org/0009-0003-8978-9852
https://orcid.org/0000-0002-4808-419X
https://orcid.org/0000-0002-8354-7786
https://orcid.org/0000-0001-8322-9510
https://orcid.org/0000-0003-3902-8310
https://orcid.org/0000-0002-5592-0758
https://orcid.org/0000-0002-1301-1636
https://orcid.org/0000-0003-2841-6553
https://orcid.org/0000-0002-7285-3411
https://orcid.org/0009-0003-0133-319X
https://orcid.org/0000-0003-4116-7002
https://orcid.org/0000-0002-6497-3974
https://orcid.org/0000-0001-7296-5248
https://orcid.org/0000-0001-6203-9160
https://orcid.org/0009-0001-5996-0685
https://orcid.org/0000-0002-8831-4009
https://orcid.org/0000-0003-4824-2458
https://orcid.org/0000-0001-8738-7268
https://orcid.org/0000-0002-3652-6683
https://orcid.org/0009-0006-8921-5973
https://orcid.org/0000-0001-6810-6897
https://orcid.org/0000-0003-3576-4185
https://orcid.org/0000-0001-6012-6615
https://orcid.org/0000-0002-7568-7498
https://orcid.org/0000-0002-0669-7799
https://orcid.org/0000-0001-6441-9300
https://orcid.org/0000-0002-1381-3436
https://orcid.org/0000-0002-4824-8537
https://orcid.org/0000-0001-5091-4159
https://orcid.org/0000-0001-6593-4574
https://orcid.org/0000-0002-5569-1254
https://orcid.org/0009-0001-6795-6109
https://orcid.org/0000-0001-7174-6617
https://orcid.org/0000-0002-1706-4428
https://orcid.org/0000-0002-2197-4109
https://orcid.org/0000-0002-3567-5177
https://orcid.org/0000-0002-7998-5046
https://orcid.org/0000-0002-6987-2048
https://orcid.org/0000-0002-2746-9840
https://orcid.org/0000-0003-3049-9976
https://orcid.org/0000-0003-3150-2831
https://orcid.org/0000-0002-0613-5278
https://orcid.org/0000-0001-7672-2067
https://orcid.org/0000-0002-1851-4136
https://orcid.org/0000-0003-4528-6578
https://orcid.org/0000-0001-9289-2840
https://orcid.org/0009-0008-2898-3455
https://orcid.org/0000-0002-8958-4190
https://orcid.org/0009-0001-4180-0413
https://orcid.org/0000-0002-5267-0140
https://orcid.org/0000-0002-7291-8166
https://orcid.org/0009-0006-1840-462X
https://orcid.org/0000-0003-3185-0879
https://orcid.org/0000-0001-9471-1804
https://orcid.org/0000-0002-5489-3751
https://orcid.org/0009-0006-8424-015X
https://orcid.org/0000-0002-7017-4183
https://orcid.org/0000-0002-8384-0384
https://orcid.org/0000-0001-5955-0769
https://orcid.org/0009-0009-2096-752X
https://orcid.org/0009-0006-1392-7114
https://orcid.org/0009-0007-5832-8630
https://orcid.org/0009-0001-3545-3275
https://orcid.org/0000-0002-1259-979X
https://orcid.org/0000-0002-7919-2150
https://orcid.org/0000-0002-7480-7558
https://orcid.org/0000-0001-8367-8703
https://orcid.org/0009-0006-9345-9620
https://orcid.org/0000-0003-1752-2078
https://orcid.org/0000-0002-0425-9138
https://orcid.org/0000-0002-9188-9428
https://orcid.org/0009-0006-0273-5360
https://orcid.org/0000-0002-1904-296X
https://orcid.org/0000-0001-6335-7427
https://orcid.org/0009-0006-7301-988X
https://orcid.org/0000-0003-0062-0536
https://orcid.org/0009-0006-6383-6069
https://orcid.org/0000-0002-8397-7620
https://orcid.org/0000-0001-9674-196X
https://orcid.org/0000-0002-9063-1599
https://orcid.org/0000-0001-8635-8465
https://orcid.org/0000-0002-4447-4836
https://orcid.org/0000-0002-2817-8156
https://orcid.org/0000-0001-6486-2230
https://orcid.org/0000-0001-8159-8603
https://orcid.org/0000-0002-2850-4222
https://orcid.org/0000-0002-7002-0061
https://orcid.org/0009-0008-7139-3194
https://orcid.org/0009-0006-1802-5857
https://orcid.org/0000-0002-6027-0024
https://orcid.org/0000-0002-9901-2014
https://orcid.org/0000-0002-0233-9900
https://orcid.org/0009-0002-2291-691X
https://orcid.org/0000-0002-4831-2367
https://orcid.org/0000-0002-1622-3116
https://orcid.org/0009-0001-9974-0169
https://orcid.org/0000-0001-5455-9502
https://orcid.org/0000-0001-5682-0903
https://orcid.org/0000-0003-0311-9552
https://orcid.org/0000-0003-1723-4121
https://orcid.org/0000-0002-4256-052X
https://orcid.org/0000-0003-2706-1025
https://orcid.org/0000-0003-4486-4807
https://orcid.org/0000-0002-4515-5941
https://orcid.org/0000-0002-4772-3615
https://orcid.org/0009-0008-5115-943X
https://orcid.org/0000-0002-3102-1504
https://orcid.org/0000-0002-0786-8545
https://orcid.org/0000-0001-8494-628X
https://orcid.org/0000-0003-1965-7953
https://orcid.org/0000-0003-2146-0391
https://orcid.org/0000-0002-9069-0353
https://orcid.org/0000-0001-9675-4322
https://orcid.org/0000-0003-0288-202X
https://orcid.org/0000-0002-8503-3009
https://orcid.org/0000-0002-8657-6742
https://orcid.org/0009-0006-9081-931X
https://orcid.org/0000-0002-2064-6517
https://orcid.org/0000-0003-1880-5467
https://orcid.org/0000-0002-2699-1522
https://orcid.org/0000-0002-5475-5092
https://orcid.org/0000-0002-7160-5272
https://orcid.org/0000-0003-3711-8902
https://orcid.org/0000-0002-0015-9367
https://orcid.org/0000-0001-8255-3474
https://orcid.org/0000-0002-4524-563X
https://orcid.org/0000-0003-2570-8278
https://orcid.org/0009-0009-7230-3792
https://orcid.org/0000-0003-2613-2901
https://orcid.org/0000-0002-1415-4559
https://orcid.org/0000-0002-9745-0504
https://orcid.org/0000-0002-4165-505X
https://orcid.org/0000-0002-4856-8055
https://orcid.org/0009-0002-4871-6334
https://orcid.org/0000-0003-4389-7711
https://orcid.org/0009-0003-3911-1744
https://orcid.org/0009-0005-3106-8571
https://orcid.org/0000-0002-1430-6655
https://orcid.org/0009-0004-2669-5696
https://orcid.org/0000-0002-6726-6407
https://orcid.org/0000-0002-8627-9721
https://orcid.org/0000-0003-3056-8353
https://orcid.org/0000-0002-4767-1464
https://orcid.org/0000-0003-2845-8702
https://orcid.org/0000-0003-2569-2704
https://orcid.org/0000-0002-3265-9614
https://orcid.org/0000-0003-3941-7607
https://orcid.org/0000-0001-7286-4543
https://orcid.org/0000-0002-3276-0464
https://orcid.org/0000-0003-1281-8291
https://orcid.org/0000-0002-5624-6486
https://orcid.org/0000-0003-2378-9553
https://orcid.org/0000-0002-6905-4352
https://orcid.org/0000-0002-1074-5116
https://orcid.org/0000-0003-3695-3180
https://orcid.org/0000-0002-8334-6933
https://orcid.org/0000-0001-6548-6775
https://orcid.org/0000-0003-0548-588X
https://orcid.org/0000-0001-8814-2254
https://orcid.org/0000-0002-5729-4535
https://orcid.org/0000-0001-8506-2275
https://orcid.org/0000-0002-0172-6976
https://orcid.org/0000-0002-2926-0063
https://orcid.org/0009-0007-3988-5095
https://orcid.org/0000-0002-6039-190X
https://orcid.org/0000-0003-2080-9010
https://orcid.org/0000-0001-8927-2798
https://orcid.org/0009-0005-1524-5654
https://orcid.org/0000-0002-8768-6468
https://orcid.org/0000-0003-3795-8872
https://orcid.org/0000-0003-1059-8731
https://orcid.org/0000-0001-6412-7981
https://orcid.org/0009-0000-7829-4748
https://orcid.org/0000-0001-8585-7991
https://orcid.org/0000-0002-7839-2951
https://orcid.org/0000-0002-0091-1934
https://orcid.org/0000-0002-9394-1066
https://orcid.org/0000-0003-1242-4866
https://orcid.org/0000-0001-8573-0851
https://orcid.org/0000-0002-4826-6516
https://orcid.org/0000-0002-6704-0256
https://orcid.org/0000-0001-6104-1752
https://orcid.org/0009-0002-1220-1443
https://orcid.org/0000-0002-3783-5760
https://orcid.org/0000-0002-9609-566X
https://orcid.org/0000-0001-8971-0874
https://orcid.org/0000-0002-7877-2006
https://orcid.org/0009-0005-4425-586X
https://orcid.org/0000-0001-6126-1667
https://orcid.org/0000-0002-4214-5844
https://orcid.org/0000-0002-7162-5345
https://orcid.org/0000-0003-2966-4903
https://orcid.org/0000-0002-8848-1800
https://orcid.org/0000-0001-6194-4601
https://orcid.org/0000-0002-4788-7943
https://orcid.org/0000-0002-5471-6595
https://orcid.org/0000-0002-8576-1268
https://orcid.org/0000-0001-6142-1528
https://orcid.org/0009-0007-8144-2829
https://orcid.org/0000-0003-0333-448X
https://orcid.org/0000-0003-2513-2459
https://orcid.org/0009-0008-0106-3130
https://orcid.org/0000-0002-5686-6626
https://orcid.org/0000-0002-0343-2082
https://orcid.org/0000-0003-1180-3469
https://orcid.org/0009-0000-8571-0316
https://orcid.org/0000-0002-2540-2394
https://orcid.org/0000-0002-5166-5788
https://orcid.org/0000-0002-7923-3960
https://orcid.org/0000-0002-1461-3743


Measurements of chemical potentials in Pb–Pb collisions at
√

sNN = 5.02 TeV ALICE Collaboration

M.M.D.M. Paulino 111, H. Pei 6, T. Peitzmann 60, X. Peng 11, M. Pennisi 25, S. Perciballi 25,
D. Peresunko 142, G.M. Perez 7, Y. Pestov142, V. Petrov 142, M. Petrovici 46, R.P. Pezzi 104,67,
S. Piano 58, M. Pikna 13, P. Pillot 104, O. Pinazza 52,33, L. Pinsky117, C. Pinto 96, S. Pisano 50,
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