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Measurements of (anti)proton, (anti)deuteron, and (anti)3He production in the rapidity range −1 < y < 0
as a function of the transverse momentum and event multiplicity in p–Pb collisions at a center-of-mass 
energy per nucleon–nucleon pair √sNN = 8.16 TeV are presented. The coalescence parameters B2 and 
B3, measured as a function of the transverse momentum per nucleon and of the mean charged-particle 
multiplicity density, confirm a smooth evolution from low to high multiplicity across different collision 
systems and energies. The ratios between (anti)deuteron and (anti)3He yields and those of (anti)protons
are also reported as a function of the mean charged-particle multiplicity density. A comparison with the 
predictions of the statistical hadronization and coalescence models for different collision systems and 
center-of-mass energies favors the coalescence description for the deuteron-to-proton yield ratio with 
respect to the canonical statistical model.

© 2023 European Organization for Nuclear Research. Published by Elsevier B.V. This is an open access 
article under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

1. Introduction

In ultra-relativistic hadronic collisions, light nuclei and antinu-
clei are produced in addition to other particles, but in very rare 
amounts with respect to the production of other light particles 
such as pions, kaons and protons. The reduction of the yield of 
light (anti)nuclei for each additional nucleon measured at the Large 
Hadron Collider (LHC) energies is about 300 in Pb–Pb [1] and about 
1000 in pp collisions [2]. Detailed measurements of the production 
of light (anti)nuclei, up to 4He, in the LHC energy regime have 
been carried out in recent years by the ALICE Collaboration [1–13]. 
The production of light nuclei has been studied extensively also 
at lower collision energies, from the AGS [14–17], to SPS [18] and 
RHIC [19–24].

Although the separation energy of nucleons and the binding en-
ergy of light nuclei are much smaller than the system temperature 
in heavy-ion collisions, their production yields are reasonably de-
scribed within the statistical hadronization model (SHM) [25–32], 
leaving open the question of their formation and survival in the 
post-hadronization phase. A different approach, based on the coa-
lescence of protons and neutrons into a nucleus with mass number 
A, has also been developed [33–39]. The coalescence probability is 
given by the parameter B A , defined as

B A =
(

1

2π p A
T

d2N A

dydp A
T

)/(
1

2π pp
T

d2Np

dydpp
T

)A

, (1)
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where the labels A and p indicate the nucleus with mass number 
A and the proton, respectively, pT is the transverse momentum 
and pp

T = p A
T /A. In such a model, neutrons and protons are as-

sumed to have the same production spectra, since both belong to 
the same isospin doublet.

State-of-the-art SHM and coalescence model provide similar 
predictions for the yields of (anti)nuclei [40–42]. Possibilities to 
discriminate between the two approaches could come from the 
study of the production yields of different nuclei that differ in 
size. The coalescence model, indeed, is sensitive to the size of 
the nucleus, in particular to the relation between nuclear size and 
emission source size [35,37]. On the contrary, the predictions of 
the SHM depend only on the mass and on the spin degeneracy 
factor of the nucleus. In a simple coalescence model, in which 
the size of the emitting source is not taken into account, the B A

parameter is expected to be independent of transverse momen-
tum, multiplicity and source size. However, previous experimental 
results have shown that B A at a given pT weakly depends on mul-
tiplicity in pp collisions [6,9], while in Pb–Pb collisions it shows 
a strong decrease with multiplicity [4,8,43]. From different fem-
toscopy measurements at different multiplicities [44], it is known 
that the source radius (R) is related to the average charged particle 
multiplicity density (〈dNch/dηlab〉) through the following parame-
terization:

R = a〈dNch/dηlab〉1/3 + b, (2)

where a and b are free parameters [41]. Therefore, the mean 
charged-particle multiplicity density allows the comparison of dif-
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ferent collision systems at similar nuclear emission volumes. The 
p–Pb collision system covers multiplicities that are between pp 
and Pb–Pb collisions and offers the possibility to explore interme-
diate source sizes.

The production mechanism of light (anti)nuclei can be further 
investigated by comparing the ratio of their yields to those of 
protons for different multiplicities with the SHM and coalescence 
model predictions.

In a different context, the study of light (anti)nuclei produc-
tion in high-energy pp and p–A collisions could provide new inputs 
to the understanding of the abundance of antimatter searched in 
space experiments [45–47], such as AMS-02 [48] and GAPS [49]. 
The observation of antinuclei with a mass larger than that of an-
tiprotons could be related either to segregated primordial antimat-
ter or to the annihilation of dark matter particles in the galactic 
halo [50]. In this respect, the understanding of the production rate 
of antinuclei stemming from energetic collisions at LHC energies 
is an important input for estimates of the background originat-
ing from interactions between cosmic rays and the interstellar 
medium.

Previous articles from the ALICE experiment have already 
reported results on the production of (anti)protons and light 
(anti)nuclei in p–Pb collisions at a center-of-mass energy per 
nucleon–nucleon pair 

√
sNN = 5.02 TeV [7,8,51]. This article reports 

new results on the production of (anti)protons, (anti)deuterons, 
and (anti)3He nuclei in p–Pb collisions at 

√
sNN = 8.16 TeV. Trans-

verse momentum differential yields of (anti)protons in seven mul-
tiplicity classes, of (anti)deuterons in four multiplicity classes, 
and of (anti)3He in the multiplicity-integrated data sample are 
presented. Antinuclei-to-nuclei ratios are found to be consistent 
with unity [2,4,7–9] as expected from coalescence and thermal 
models and the (anti)baryon symmetry at midrapidity at LHC en-
ergies [52]. Coalescence parameters B2 and B3 are studied as a 
function of pT/A. In addition, the values of B2 as a function of the 
mean charged-particle multiplicity density are compared to the re-
sults obtained for different collision systems and energies, as well 
as to model predictions.

2. Experimental apparatus and data sample

ALICE is a general-purpose detector system designed to study 
heavy-ion collisions at the LHC. Thanks to its excellent tracking 
and particle identification (PID) capabilities, ALICE is ideally suited 
to study light nuclei and antinuclei in different collision systems. 
A detailed description of the ALICE subsystems and their perfor-
mance can be found in Refs. [53,54] and references therein.

The detectors used in this analysis are the Inner Tracking Sys-
tem (ITS), the Time Projection Chamber (TPC) and the Time-Of-
Flight (TOF) detector. These detectors are located in the central 
barrel inside a solenoidal magnet with a field strength of B = 0.5 
T.

The ITS [53,55], which covers the full azimuthal angle and the 
pseudorapidity interval |ηlab| < 0.9, is mainly used to determine 
the primary vertex of the collision and the secondary vertices 
from weak decays for the track reconstruction. It is composed of 
three subsystems of silicon detectors placed around the nominal 
beam axis with a cylindrical symmetry: the two innermost layers 
are Silicon Pixel Detectors (SPD), followed by two layers of Sili-
con Drift Detectors (SDD), and finally by two layers of Silicon Strip 
Detectors (SSD). As discussed in the next Section, the ITS is also 
used to separate primary nuclei from secondary nuclei produced 
in the interaction of primary particles with the detector material, 
via the determination of the distance-of-closest approach (DCA) of 
the track to the primary vertex.

The TPC [56] is the main tracking detector and allows for par-
ticle identification by measuring the specific ionization energy loss 

(dE/dx) in the gas. The TPC is a cylindrical drift chamber, coaxial 
with the beam pipe and filled with a gas mixture containing 90% 
Ar and 10% CO2 at atmospheric pressure. With a radius ranging 
from 85 to 250 cm and a length of 500 cm in the beam direction, 
the TPC volume occupies the same pseudorapidity interval cov-
ered by the ITS. The trajectory of a charged particle is estimated 
by measuring the gas ionization in up to 159 samples (clusters) 
along a path of about 160 cm. The TPC provides a measurement 
of the charged-particle transverse momentum with a resolution 
ranging from about 1% at 1 GeV/c to about 3% at 10 GeV/c. By 
combining the TPC tracking capabilities with the ones of the ITS 
and Transition Radiation Detector (TRD) [57], the transverse mo-
mentum resolution improves by a factor 5–7 depending on the 
pT [53]. Moreover, the TPC provides a measurement of the spe-
cific energy loss with a resolution ranging from about 5.2% in pp 
collisions to about 6.5% in central Pb–Pb collisions [54], for mini-
mum ionizing particles crossing the full detector.

The TOF [58] detector covers the full azimuth and the pseu-
dorapidity interval |ηlab| < 0.9. The detector is made of Multi-gap 
Resistive Plate Chambers (MRPC) located at an average distance of 
380 cm from the beam axis. The TOF time resolution is 56 ps [59], 
while the event time resolution varies depending on the collision 
system and on the track multiplicity [60]. The best precision on the 
event time (t0) evaluation is obtained by using the TOF detector it-
self, with a resolution better than 20 ps if more than 50 tracks are 
used for its determination, which is the case of high multiplicity 
p–Pb collisions. The start time for the time of flight is provided by 
the T0 detector [61] and by the TOF detector itself, the latter being 
particularly useful for measurements at large multiplicities. The T0 
consists of two arrays of Cherenkov counters, T0A and T0C, placed 
on opposite sides of the nominal interaction point, covering the 
pseudorapidity regions 4.6 < ηlab < 4.9 and −3.3 < ηlab < −3.0. A 
weighted average is performed when both T0 and TOF detectors 
have measured the start time [60]. Particles are identified by com-
paring the measured time-of-flight with that evaluated from track 
momentum and length for each mass hypothesis.

The V0 detector [61] consists of two plastic scintillator ar-
rays (V0A and V0C) located at asymmetric positions, one on each 
side of the interaction point, and covering the pseudorapidity re-
gions 2.8 < ηlab < 5.1 and −3.7 < ηlab < −1.7. The V0 detector 
is used to define the minimum-bias trigger and to select events 
based on multiplicity. The (anti)proton and (anti)deuteron analy-
ses were carried out also for several multiplicity classes, defined 
as percentiles of the V0 signal [62]: 0–5%, 5–10%, 10–20%, 20–40%, 
40–60%, 60–80%, and 80–100% for the former and 0–10%, 10–20%, 
20–40%, and 40–100% for the latter.

The analysis uses a sample of 40 million minimum-bias events 
collected by ALICE in 2016 during the LHC p–Pb campaign at √

sNN = 8.16 TeV. Two configurations of colliding beams were 
used, one corresponding to the proton beam traveling in the direc-
tion from V0A to V0C, while 208Pb ions circulated in the opposite 
direction (denoted by p–Pb), the other corresponding to a reversed 
direction of both beams (denoted by Pb–p). Due to the high in-
teraction rate available in the 2016 data taking (about 100 kHz), 
a fraction of the triggered events contains data corresponding to 
more than one collision (pile-up). Events with multiple vertices 
identified with the SPD are tagged as pile-up and removed from 
the analysis. The amount of pile-up events is about 2% of the to-
tal [63]. The selected events are those in which the colliding ions 
interact via inelastic collisions and at least one charged-particle is 
produced in the central pseudorapidity region |ηlab| < 1. This event 
class is referred to as INEL > 0.

Finally, only events with a reconstructed primary vertex posi-
tion along the beam axis within 10 cm from the nominal interac-
tion point are selected. In this analysis, the production of primary 
(anti)nuclei is measured in a rapidity window −1 < y < 0 in the 
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center-of-mass system. Since the energy per nucleon of the proton 
beam is higher than that of the Pb beam, the nucleon–nucleon 
center-of-mass system is shifted with respect to the laboratory 
frame by 0.465 units of rapidity in the direction of the proton 
beam.

3. Analysis procedure

In this section, the analysis procedure is described. Specifically, 
the criteria used for the track selection, the signal extraction, the 
corrections based on Monte Carlo (MC) simulations, and the eval-
uation of the systematic uncertainties are detailed and discussed.

3.1. Track selection and particle identification

(Anti)proton, (anti)deuteron, and (anti)3He candidates are se-
lected from a sample of charged-particle tracks reconstructed in 
the ITS and TPC in the pseudorapidity range |ηlab| < 0.8. Several 
track quality criteria are applied, such as a minimum number of 
clusters in the TPC of at least 70 out of a maximum of 159, and 
in the ITS of at least 2 with one cluster located in any of the two 
innermost ITS layers. For (anti)protons, at least three clusters in 
the SDD and SSD are also requested. With such a small number 
of tracking points, the probability of having tracks with wrongly 
associated clusters is not negligible. This contribution is strongly 
suppressed by applying a selection on the quality of the track re-
construction procedure, namely χ2 per ITS cluster < 2.5. A good 
quality of the track fit is also needed, hence the χ2 per TPC re-
constructed point is required to be less than 4. The number of 
TPC clusters used in the dE/dx calculation is required to be larger 
than 50 to ensure a good dE/dx resolution. The contribution from 
secondary tracks is reduced by requiring a maximum DCA to the 
primary vertex in the transverse plane (DCAxy) and in the longi-
tudinal direction (DCAz) lower than 0.1 cm for (anti)deuterons and 
(anti)3He, and lower than 0.0105 + 0.0350/pT

1.1 cm and 2 cm, 
respectively, for (anti)protons.

(Anti)protons are identified by exploiting the combined infor-
mation from the specific energy loss measured in the ITS and 
in the TPC, in the transverse momentum range between 0.3 and 
0.8 GeV/c, and the information from the TPC and TOF in the pT
range between 0.8 and 2.5 GeV/c. For the ITS analysis, the value 
of dE/dx measured by the four outer layers of the ITS (two lay-
ers of SDD and two layers of SSD) is used. As the energy loss 
distribution in the silicon layers of the ITS is a Landau distribu-
tion with a typical long tail, a truncated mean approach is chosen 
in order to reduce the energy loss fluctuations [55]. The particle 
identification procedure consists in assigning a track to a particle 
species depending on the distance from the expected Bethe–Bloch 
parameterization. The (anti)protons are identified using the spe-
cific energy loss inside the active volume of the ITS, and (anti)nu-
clei using that of the TPC. For this purpose, the distribution of 
nσ ITS,TPC = (dE/dx − 〈dE/dx〉)/σ is extracted, being 〈dE/dx〉 the 
expected average dE/dx for the corresponding (anti)particle, and σ
the ITS or TPC dE/dx measured resolution. For the (anti)3He iden-
tification, the dE/dx measured in the TPC is required to be within 
3σ from the expected average for (anti)3He in the full pT range 
covered by these measurements (1.5 GeV/c < pT < 6.0 GeV/c).

(Anti)deuterons with pT < 1.2 GeV/c and (anti)protons with 
0.8< pT <2.5 GeV/c are identified by requiring that the measured 
energy loss is within 3σ from the corresponding expected aver-
age. For (anti)deuterons with pT > 1.2 GeV/c and (anti)protons 
with pT > 0.8 GeV/c, the information from the TOF detector is 
used in addition and the signal is extracted from a fit to the 
nσ TOF = (�t − �td)/σTOF distribution, where �t is the measured 
time-of-flight, �td its expected value for protons or deuterons and 
σTOF the resolution on the time-of-flight measurement. The fit 

function consists of a Gaussian with an exponential tail for the 
signal and the sum of two exponential functions for the back-
ground. The signal is extracted by integrating the signal function 
in an asymmetric range centered at μ0 (mean of the Gaussian 
signal), which is slightly different from zero because of small mis-
calibration effects of the TOF detector: [μ0 − 3σTOF, μ0 + 3.5σTOF]. 
A similar shift in the peak position of the TOF signal was also ob-
served in [3]. The background in the TOF response is negligible for 
(anti)deuterons with pT ≤ 1.6 GeV/c and increases up to 60% go-
ing to high pT.

3.2. Corrections

The raw spectra are corrected using a MC simulation taking 
into account the conditions of the detector during the data ac-
quisition. Particles are generated with a uniform distribution in 
transverse momentum and rapidity, within 0 < pT < 10 GeV/c and 
−1 < y < 1, respectively. (Anti)nuclei are injected on top of the 
underlying event generated by HIJING [64]. For particle propaga-
tion and simulation of the detector response, the GEANT4 package 
is used [65].

3.2.1. Background from spallation and weak decays of (anti)3
�H

The interaction of primary particles and nuclei in the detec-
tor material produces nuclear fragments, called spallation products. 
The DCA distributions of primary and secondary nuclei are dif-
ferent. The tracks of primary nuclei point to the primary vertex 
and therefore have a narrow distribution peaked at zero. Antinuclei 
cannot originate from the detector material. Spallation fragments, 
instead, show a broader and flatter distribution. Therefore, sec-
ondary nuclei produced by spallation can be discriminated using 
the DCA of their reconstructed tracks to the primary vertex [4]. The 
preselection on the DCAz (see Sect. 3.1) reduces the background, 
without affecting primary nuclei.

To remove the residual contribution of secondary nuclei, a tem-
plate fit of the DCAxy distributions is used, as done in previous 
measurements [7,9]. The templates describing secondary deuterons 
from material are obtained from MC simulations. The primary 
deuteron distribution is described by using antideuteron distri-
butions from data, since antideuterons do not have contribution 
from secondary nuclei from material. The fit is performed in the 
range |DCAxy| < 0.9 cm. The contamination of secondary deuterons 
amounts to about 15% in the lowest pT interval (0.6 < pT <

0.8 GeV/c) and decreases exponentially towards higher pT until 
it becomes negligible above 1.6 GeV/c. The limited number of 3He 
candidate tracks, instead, does not allow for a background subtrac-
tion based on this method. Therefore, the fraction of secondary 
3He and the corresponding uncertainty are taken from the previ-
ous analysis of p–Pb collisions [8], under the assumption that the 
relative contribution of secondary 3He from spallation does not 
change significantly from 

√
sNN = 5.02 TeV to 

√
sNN = 8.16 TeV. 

This corresponds to a secondary fraction of approximately 27% in 
the transverse momentum interval 1.5 < pT < 2 GeV/c and is neg-
ligible for higher pT.

Another background contribution is given by secondary (anti)3He 
from mesonic weak decays of (anti)3

�H [66] (secondary nuclei from 
feed-down). The contribution of secondary (anti)3He from feed-
down is estimated using MC simulations and then subtracted from 
the inclusive pT distribution, as described in Ref. [8]. The fraction 
of secondary (anti)3He from feed-down is given by:

f feed-down(pT) = εfeed-down(pT)

ε3He(pT)
× B R ×

3
�H
3He

. (3)

The (anti)3
�H-to-(anti)3He ratio is extrapolated to the integrated 

multiplicity class of p–Pb collisions at 
√

sNN = 8.16 TeV, using the 
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Table 1
Summary of the different contributions to the overall systematic uncertainties, reported for (anti)protons, (anti)deuterons, and (anti)3He in the lowermost and uppermost pT

intervals. All values are given in percentage.

Particle p (p) d (d) 3He (3He)

pT range (GeV/c) 0.30 – 0.35 2.4 – 2.5 0.6 – 0.8 3.4 – 4.2 1.5 – 2.0 3.0 – 6.0

Source of uncertainty
Tracking 4.2 (4.0) 6.0 (8.5) 1.6 (2.3) 1.1 (2.5) 2.6 (4.4) 2.6 (4.4)
ITS–TPC matching – 1.0 (1.0) 1.0 (1.0) 1.0 (1.0) 1.0 (1.0) 1.0 (1.0)
Signal extraction 8.0 (8.5) 0.5 (0.5) 1.4 (1.3) 3.3 (3.0) 2.7 negl.
Secondaries material 1.0 (1.0) 1.0 (1.0) 0.2 negl. 9.0 negl.
Secondaries feed-down negl. negl. – – 3.4 (3.5) 2.6 (2.8)
Material Budget 4.5 (6.0) negl. 1.0 (1.0) 1.0 (1.0) 0.2 (0.3) 0.2 (0.3)
Hadronic interaction negl. negl. 0.6 (1.0) 1.5 (6.0) 1.0 (3.0) 1.0 (3.0)
TPC-TOF matching – 1.0 (1.0) – 4.2 (5.2) – –
Signal loss correction 3.0 (3.0) 3.0 (3.0) 1.0 (1.0) 1.0 (1.0) – –

Total 10.5 (11.5) 7.0 (9.2) 3.6 (3.4) 5.9 (6.8) 10.3 (6.4) 3.8 (6.0)

measured ratio as a function of 〈dNch/dηlab〉 in Pb–Pb collisions at √
sNN = 2.76 TeV [67], assuming a linear trend. As a cross-check, 

this ratio is compared to the expectations of the canonical statis-
tical model [68], resulting in good agreement. The B R represents 
the branching ratio of the mesonic decay of 3

�H, which amounts 
to about 25%, as reported in Ref. [66]. Monte Carlo simulations 
are used to evaluate the fraction of (anti)3

�H that passes the track 
selection in the 3He (anti)nucleus channel. This fraction is esti-
mated using the ratio of the reconstruction efficiency of secondary 
(anti)3He from (anti)3

�H decays (εfeed-down) to the reconstruction 
efficiency of primary (anti)3He (ε3He). The fraction of secondary 
nuclei from feed-down is about 4% with a weak dependence on 
transverse momentum.

The relative contribution of secondary (anti)deuterons from 
(anti)3

�H is estimated with the same method and is found to be 
negligible, due to the much larger abundance of primary deuterons 
with respect to 3

�H.

3.2.2. Acceptance and efficiency correction
The reconstruction Acceptance × Efficiency (A × ε) is defined 

as the ratio between the reconstructed primary tracks, in the ra-
pidity and pseudorapidity regions of interest, and the generated 
particles in the same rapidity interval, as given by:

A × ε = Nrec,|y|<0.5,|ηlab|<0.8

Ngen,|y|<0.5
. (4)

The same track selection criteria used for data are applied to 
the reconstructed tracks in MC, in order to select only (anti)nu-
clei of our interest, namely (anti)protons, (anti)deuterons and 
(anti)3He. The efficiency for the antinuclei is reduced compared 
to that of nuclei because of annihilation processes with the beam 
pipe and the detector material. The efficiency for (anti)deuterons 
depends on pT and it ranges between 35 and 70% in the region 
of pT < 1.2 GeV/c, where the analysis is performed using only the 
TPC information, while it is around 50% for pT > 1.2 GeV/c, be-
cause of the additional requirement of having a hit in the TOF 
detector for (anti)deuteron tracks. The latter implies the cross-
ing of the TRD and part of the support structure, which are lo-
cated between the TPC and the TOF detector. The efficiency of 
(anti)protons ranges between 20 and 60% in the low pT region 
(0.3< pT <0.8 GeV/c) where the analysis is done using ITS and 
TPC, while it is ∼ 70% in the region where the analysis is done 
with TOF (0.8< pT <2.5 GeV/c). Finally, the efficiency of (anti)3He 
is ∼ 75% and only mildly dependent on pT, since the analysis is 
performed using the TPC only.

3.2.3. Signal and event loss
An additional correction is related to the event and signal loss 

due to the trigger efficiency. In order to account for the INEL >

0 events that are erroneously rejected (event loss) and for all the 
(anti)nuclei lost because they were produced in the wrongly re-
jected events (signal loss), MC simulations are used to correct the 
measured pT spectra. The corrected spectrum is given by

1

N INEL>0
events

d2Ncorr

dydpT
= 1

Nevents
εevent

1

εsignal

fprimary

A × ε

d2N

dydpT
, (5)

where N INEL>0
events is the number of INEL > 0 events, Nevents is the 

number of selected events which fulfill the event selection criteria, 
εevent is the event selection efficiency, εsignal is the (anti)nuclei re-
construction efficiency, fprimary is the primary fraction discussed in 
Sect. 3.2.1 and A × ε is the efficiency estimated in Sect. 3.2.2. The 
event selection and (anti)nuclei reconstruction efficiencies are esti-
mated using MC simulations with the same procedure followed in 
Ref. [9]. Both, εevent and εsignal are approximately 90% in all multi-
plicity classes, the latter independently of pT.

3.3. Systematic uncertainties

The different contributions to the systematic uncertainties of 
(anti)protons, (anti)deuterons and (anti)3He are summarized in Ta-
ble 1. The total systematic uncertainty is calculated as the sum 
in quadrature of each contribution. The improvement of the sys-
tematic uncertainties of (anti)nuclei with respect to previous mea-
surements [6] is mainly due to a better knowledge of the detec-
tor and therefore to its better implementation in the MC simu-
lations. Moreover, the recent results on the absorption studies of 
(anti)deuterons [69] allowed for a better treatment of the system-
atic uncertainties related to the hadronic interaction.

For the tracking-related systematic uncertainty, the selection 
criteria used in the track selection discussed in Sect. 3.1 are varied, 
both in data and MC, using a random uniform distribution around 
the nominal value. The relative systematic uncertainty is given by 
the root mean square (RMS) divided by the mean value of the 
distributions of the (anti)deuteron and (anti)3He corrected yields 
in each pT interval. Variations consistent with statistical fluctua-
tions are rejected from the trials used to estimate the systematic 
uncertainties using the Barlow criterion [70]. This contribution is 
between 4.0% and 8.5% for (anti)protons, between 1.1% and 2.5%
for (anti)deuterons, and between 2.6% and 4.4% for (anti)3He, de-
pending on pT.

The difference between the ITS–TPC matching efficiency in data 
and MC is accounted for as a relative systematic uncertainty con-
tribution of 1% for all species.

To assess the systematic uncertainty due to the signal extrac-
tion of (anti)deuterons, the nσdE/dx interval used for the selection 
of candidates as well as the signal extraction range are varied 
and the spread of the efficiency-corrected yield in each transverse 
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momentum interval is considered as systematic uncertainty. The 
contribution coming from the difference between the bin-counting 
method and the integral of the signal function is added in quadra-
ture to the previous one. The systematic uncertainty due to the 
signal extraction of (anti)deuterons is between 1.3% at low pT and 
3.3% at high pT.

The systematic uncertainty on the (anti)3He signal extraction is 
given by the difference between the yields obtained by subtracting 
the 3H contribution using a Gaussian and an exponential function. 
This contribution is 2.7% and is relevant only in the transverse mo-
mentum interval 1.5 < pT < 2.0 GeV/c.

The systematic uncertainty due to the estimate of secondary 
nuclei from spallation processes is obtained by varying the DCAxy

and DCAz selection ranges as well as the bin width of the his-
tograms and the fit range. For protons this contribution is around 
1%, while for deuterons it is at most 0.2% at low pT and decreases 
exponentially becoming negligible for pT > 1.4 GeV/c. For 3He, the 
systematic uncertainty due to spallation background is 9%, taken 
from Ref. [8] for the first pT interval, and an additional 3% con-
tribution is assigned to the second pT interval as a conservative 
estimate based on the results obtained in Ref. [8].

For (anti)3He, the systematic uncertainty due to the feed-down 
correction is also estimated. This uncertainty is given by half of 
the difference between the maximum and the minimum values 
obtained by repeating the linear extrapolation of the 3

�H-to-3He 
ratio moving upwards and downwards the average values by their 
uncertainties. This contribution ranges between 2.6% and 3.5%.

The systematic uncertainty due to the limited precision of the 
description of the detector and support structure material is esti-
mated as half of the difference between the efficiencies obtained 
by increasing and decreasing in MC simulations the ALICE material 
budget by 4.5%. This value corresponds to the current uncertainty 
on the material obtained by photon conversion measurements [54]. 
The resulting systematic uncertainty is, for protons (antiprotons), 
4.5% (6.0%) at low pT and negligible at high pT, while it is ap-
proximately 1% for (anti)deuterons and at most 0.3% for (anti)3He, 
independent of pT.

The uncertainty on the hadronic interaction cross section of 
(anti)deuterons with the detector materials results in an uncer-
tainty on the measured (anti)deuteron pT spectrum. This con-
tribution is calculated using the existing experimental measure-
ments of the (anti)deuteron inelastic cross sections on different 
targets [71–74], and the first measurement for low-energy an-
tideuterons performed by ALICE [69]. The available experimental 
data are fitted simultaneously using the Glauber model parame-
terizations of GEANT4. In this fit, the momentum dependencies of 
the GEANT4 cross sections for the different targets are fixed and 
the only free parameter is a scaling factor which is determined 
with its uncertainty. The (anti)deuteron reconstruction efficiency 
is then calculated in the simulations by increasing and decreas-
ing the scaling factor by the obtained uncertainty. The systematic 
uncertainty due to the hadronic interaction is given by half of 
the difference between these efficiencies. This contribution is ap-
proximately 0.6% (1%) at low pT and 1.5% (6%) at higher pT for 
deuterons (antideuterons). A similar procedure gives 1% for 3He 
and 3% for anti3He.

In the (anti)deuteron spectrum for pT > 1.2 GeV/c, where the 
TOF is used for the signal extraction, the uncertainty on the ma-
terial thickness of the TRD and part of the space frame that is 
located between the TPC and the TOF is also considered. The un-
certainty on the material thickness results in an uncertainty on the 
TPC–TOF matching efficiency, which is given by ε = e−x/λd

I , where 
x is thickness of the average material located between the TPC and 
TOF and λd

I is the hadronic interaction length of (anti)deuterons 

crossing this material. The uncertainty on this efficiency due to the 
uncertainty on the material thickness is given by

�ε = | − 1

λd
I

| × �x × e−�x/λd
I → �ε

ε
= �x

λd
I

. (6)

Since (anti)deuterons cannot be identified with high purity us-
ing the TPC only for pT > 1.2 GeV/c, the uncertainty on the ma-
terial thickness �x is calculated using the ratio of the TPC–TOF 
matching efficiencies of (anti)protons measured in data to that 
in MC simulations. In data, a clean sample of (anti)protons from 
(anti)� decays is obtained by applying topological and invariant-
mass selections on the reconstructed tracks of the (anti)� candi-
date.

The ratio of the matching efficiencies of (anti)protons measured 
in data to that in MC simulations is given by

r = exp(−xtrue/λ
p
I )

exp(−xMC/λ
p
I )

= exp

(
− xtrue − xMC

λ
p
I

)
= exp

(
−�x

λ
p
I

)
, (7)

where xtrue is the “true” material thickness, xMC is its value imple-
mented in the simulation and λp

I is the hadronic interaction length 
of (anti)protons. The latter depends on the inelastic cross section 
which is very well reproduced by GEANT4 for (anti)protons [69].

Finally, the relative systematic uncertainty on the (anti)deuteron 
pT spectrum due to the uncertainty on the material thickness be-
tween the TPC and TOF (Eq. (6)) is calculated as

�x

λd
I

= �x

λ
p
I

× σd

σp
, (8)

where σd and σp are the inelastic cross sections taken from 
GEANT4. This uncertainty is found to be about 4.2% (5.2%) at high 
pT for deuterons (antideuterons).

In the (anti)proton spectrum for pT > 0.8 GeV/c, the uncer-
tainty related to the TPC–TOF matching efficiency is estimated as 
the difference between data and MC for the TOF matching effi-
ciency for inclusive particles, as a function of pT, resulting in an 
average systematic uncertainty of 1%.

The difference between the ratio εsignal/εevent and unity is 
found to be 1% at most for (anti)nuclei and 3% for (anti)protons, 
and is taken as systematic uncertainty for the signal and event 
loss correction, as done in Ref. [9].

4. Results

4.1. Transverse momentum spectra

The corrected transverse momentum spectra of nuclei and 
antinuclei are found to be consistent within the uncertainties in 
all multiplicity classes, as expected in the case of vanishing bary-
ochemical potential at midrapidity.

Since the ratio between matter and antimatter is compatible 
with unity, the average pT spectra of protons (deuterons) and an-
tiprotons (antideuterons) are obtained, as presented in the left 
(central) panel of Fig. 1 for several multiplicity classes. Due to the 
limited statistics of nuclei with mass number A > 2, the trans-
verse momentum spectrum of (anti)3He is measured in the inte-
grated multiplicity class (0–100%) and shown in the right panel of 
Fig. 1. The proton and deuteron pT distributions become harder 
with increasing multiplicity. Such behavior was already observed 
in p–Pb collisions at 

√
sNN = 5.02 TeV [7] and in Pb–Pb collisions 

at 
√

sNN = 2.76 TeV [75]. However, the hardening of the spec-
tra in p–Pb at 

√
sNN = 8.16 TeV and that in p–Pb collisions at √

sNN = 5.02 TeV are different. In the former case, the hardening is 
more pronounced, for equal centrality classes. The stronger hard-
ening of the spectra is reflected in a larger mean transverse mo-
mentum for larger collision energies, which increases of about 35% 
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Fig. 1. Transverse momentum spectra of the average of protons and antiprotons (on the left) and of the average of deuterons and antideuterons (in the middle), in different 
multiplicity classes, and average of 3He and 3He (on the right). The pT distributions of deuterons and 3He are fitted using the Lévy–Tsallis function [78], while the pT

distributions of protons are fitted using the Blast-Wave function [79]. Vertical bars and boxes represent statistical and systematic uncertainties, respectively.

Table 2
Integrated yields (dN/dy) of (anti)protons, (anti)deuterons, and (anti)3He for each multiplicity class. The first uncertainty is statistical and the 
second is the systematic one.

V0A class 〈dNch/dηlab〉∣∣|ηlab |<0.5 dN/dy [(p + p)/2] × 10−1 dN/dy [(d + d)/2] × 10−3 dN/dy [(3He +3 He)/2] × 10−6

0–100% 20.3 ± 0.6 5.51 ± 0.02 ± 0.15 1.27 ± 0.01 ± 0.04 1.15 ± 0.16 ± 0.13
0–10% 47.8 ± 1.2 3.11 ± 0.03 ± 0.10
0–5% 53.2 ± 1.4 13.51 ± 0.04 ± 0.36
5–10% 42.4 ± 1.1 10.99 ± 0.04 ± 0.29
10–20% 35.5 ± 0.9 9.37 ± 0.03 ± 0.25 2.31 ± 0.02 ± 0.07
20–40% 26.9 ± 0.7 7.27 ± 0.02 ± 0.19 1.72 ± 0.02 ± 0.05
40–100% 13.0 ± 0.4 0.64 ± 0.01 ± 0.02
40–60% 18.4 ± 0.5 5.06 ± 0.02 ± 0.13
60–80% 11.0 ± 0.3 3.06 ± 0.01 ± 0.08
80–100% 4.5 ± 0.1 1.27 ± 0.01 ± 0.03

from p–Pb collisions at 
√

sNN = 5.02 to 
√

sNN = 8.16 TeV. The ob-
served increase of the mean transverse momentum with increas-
ing multiplicity and collision energy could be interpreted either in 
terms of a collective expansion of the system created in p–Pb col-
lisions or attributed to an increasing contribution of (anti)nuclei 
production in jets [11,76,77], as proposed in Ref. [8]. The spectra 
of (anti)nuclei in jets are, indeed, harder than the corresponding 
spectra in the underlying event, as shown in Refs. [11,77], and cor-
respondingly have larger mean transverse momenta.

For the calculation of the pT-integrated yields (dN/dy), the 
Lévy-Tsallis functional form [78] is used as the default function 
to fit the (anti)deuteron and (anti)3He spectra, while the Blast-
Wave [79] function is used as default for (anti)protons, in order 
to extrapolate to the unmeasured pT regions (see Table 2).

In the propagation of the systematic uncertainties associated 
with the pT spectra to the integrated yields, pT-correlated and un-
correlated uncertainties have been treated differently. Thanks to a 
better knowledge of the detectors, a reduction of the uncertainties 
by a factor of about 3 with respect to previous similar results [7]
was possible. The uncertainties on the relative contribution of sec-
ondary nuclei, material budget, signal extraction, hadronic interac-
tion, ITS–TPC matching efficiency, and TPC–TOF matching efficiency 
for (anti)d, are found to be highly correlated in pT and are con-
sidered as fully pT correlated, whereas the uncertainties due to 
track selection and signal-loss efficiency, and to 3H contamina-
tion subtraction for (anti)3He, are found to be mostly uncorrelated 
with transverse momentum. Data points in the spectra are shifted 
up and down by the correlated part of the systematic uncertain-
ties and refitted to provide extrapolated values. Half of the dif-
ference between the two resulting values has been used as the 
pT correlated part of the systematic uncertainty. To evaluate the 

pT uncorrelated contribution to the total systematic uncertainty 
of the yield, the Gaussian sampling method is applied. The lat-
ter consists in shifting the average (anti)nucleus data points using 
a random Gaussian distribution centered at the measured value 
of each pT interval, with a standard deviation given by the pT
uncorrelated systematic uncertainty of each point. The obtained 
pT spectra are fitted with several functions, thus yielding vari-
ous dN/dy values. The RMS of the distribution of such integrated 
yield values is assigned as systematic uncertainty. The contribu-
tion given by the spread between the values obtained by different 
fit functions is also considered to estimate the systematic uncer-
tainty on the yield. The spectra are refitted using several functions, 
namely Boltzmann [80], Fermi-Dirac [81], mT-exponential [82], 
Blast-Wave [79], and Lévy-Tsallis [78] when not used as default, 
and, for (anti)deuterons only, the power law [83] functional form. 
For this contribution, half of the difference between the maximum 
and the minimum yield is taken as systematic uncertainty. All the 
discussed contributions were finally summed in quadrature.

Based on the fit functions, also the mean transverse momentum 
〈pT〉 of average of (anti)3He, and average of (anti)deuteron, and 
average of (anti)proton is calculated, in the latter cases for several 
multiplicity classes. The results are reported in Table 3.

4.2. Coalescence parameters

According to coalescence models, the production of light 
(anti)nuclei can be explained via the coalescence of protons and 
neutrons which are close in phase space at the freeze-out and 
match the spin, thus forming a nucleus [33]. The key parameter of 
the coalescence models is the coalescence probability, B A , which 
is experimentally accessible using the invariant yields of protons 
and that of nuclei, following Eq. (1).
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Table 3
Mean transverse momentum of the average (anti)proton and (anti)deuteron spectra for each 
multiplicity class and of the average (anti)3He spectrum. The first uncertainty is statistical 
and the second is the systematic one. The mean pT is obtained from the Lévy–Tsallis fit for 
the average (anti)deuteron and (anti)3He spectra, whereas the Blast-Wave fit is used for the 
(anti)proton case.

V0A class proton 〈pT〉 (GeV/c) deuteron 〈pT〉 (GeV/c) 3He 〈pT〉 (GeV/c)

0–100% 1.176 ± 0.006 ± 0.035 1.45 ± 0.02 ± 0.02 2.08 ± 0.20 ± 0.06
0–10% 1.70 ± 0.02 ± 0.03
0–5% 1.286 ± 0.006 ± 0.039
5–10% 1.252 ± 0.006 ± 0.038
10–20% 1.236 ± 0.006 ± 0.037 1.59 ± 0.02 ± 0.03
20–40% 1.194 ± 0.006 ± 0.036 1.46 ± 0.02 ± 0.02
40–100% 1.36 ± 0.02 ± 0.02
40–60% 1.115 ± 0.005 ± 0.033
60–80% 0.983 ± 0.005 ± 0.029
80–100% 0.839 ± 0.004 ± 0.025

Fig. 2. Coalescence parameters B2 (left panel) and B3 (right panel) as a function of pT/A, measured for deuterons and 3He, respectively. Statistical uncertainties are repre-
sented as vertical lines whereas boxes represent the systematic ones.

In Fig. 2 the coalescence parameters B2 and B3 are shown as 
a function of the transverse momentum per nucleon (pT/A) for 
different multiplicity classes. The pT-differential yields of protons 
are averaged in the multiplicity classes and in the pT intervals of 
the deuteron and 3He analyses, to obtain the coalescence param-
eters. The coalescence parameters B2 and B3 show a rising trend 
with increasing pT/A in all multiplicity classes. The simple coales-
cence model, where only momentum correlations are considered, 
predicts a constant trend of the coalescence parameters with pT/A
for a fixed multiplicity. It was already demonstrated that, under 
the hypothesis of the simple coalescence model, the coalescence 
parameter develops an increasing trend within a wide multiplic-
ity interval because of the different hardening of the proton and 
nucleus spectra with multiplicity [6]. This could explain the in-
creasing trend of B2 in the multiplicity intervals used for this 
measurement. However, a re-calculation of the coalescence param-
eter B3 measured in p–Pb collisions at 

√
sNN = 5.02 TeV under 

the hypothesis of the simple coalescence model did not repro-
duce the experimental data [8]. This implies that the increase of 
B3 with pT/A cannot be fully explained by this kinematic effect 
and it is therefore a genuine physical effect. As a further confir-
mation, a rising trend is also observed in very narrow multiplicity 
intervals for both B2 and B3 in high-multiplicity pp collisions at √

s = 13 TeV [13].
In order to investigate the dependence of the coalescence prob-

ability on the size of the particle emitting source, as suggested 
by state-of-the-art coalescence models [40–42], the B2 parameters 
extracted in several collision systems and LHC energies [2,4–9,12,
13,51,84–86] are compared as a function of the charged-particle 
multiplicity for a fixed value of pT/A in Fig. 3. The measurements 
show a smooth transition from low to high charged-particle mul-
tiplicity densities, which correspond to an increasing system size. 
The continuous and consistent trend of B2 with increasing multi-

Fig. 3. B2 as a function of the mean charged-particle multiplicity density for a fixed 
value of pT/A = 0.75 GeV/c. The experimental results are compared to the coa-
lescence calculations from Ref. [41] using two different parameterizations for the 
system size as a function of the mean charged-particle multiplicity density.

plicity suggests that the dominant production mechanism evolves 
smoothly as a function of the system size and is independent of 
the collision system and center-of-mass energy. The experimental 
results are compared to the theoretical calculations from coales-
cence [41], using two different parameterizations of the size of the 
source as a function of multiplicity. Parameterization A is based 
on a fit of the source radii measured by ALICE as a function of 
multiplicity using femtoscopic techniques [44]. Parameterization 
B, instead, uses parameters constrained to reproduce the B2 of 
deuterons as extracted by ALICE in central (0–10%) Pb–Pb colli-
sions at 

√
sNN = 2.76 TeV. Parameterization B is less favored by the 
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Fig. 4. Ratio of deuteron (left panel) and of (anti)3He (right panel) and proton production yields as a function of the charged-particle multiplicity in different collision systems 
and energies. Statistical uncertainties are represented as vertical lines, whereas boxes represent the systematic ones. The results are compared with the expectations of CSM 
and Coalescence models.

p–Pb at 
√

sNN = 8.16 TeV results with respect to the parameteri-
zation A. Future dedicated studies of the relation between source 
size and multiplicity (and as a function of pT) will be crucial to 
further constrain or test the coalescence models.

4.3. Ratio to protons

The ratio of the measured yields of nuclei and that of protons 
is also sensitive to the light nuclei production mechanism. In Fig. 4
the yield ratios to protons for deuterons (left panel), and 3H or 3He 
(right panel) measured in pp, p–Pb and Pb–Pb collisions as a func-
tion of 〈dNch/dηlab〉 [2,4–9,12,13,51,84–87] are compared with the 
expectations of the models. In the canonical statistical hadroniza-
tion model (CSM) used here, exact conservation of baryon number 
(B), electric charge (Q) and strangeness (S) is implemented in the 
so-called correlation volume V c. Different values of V c are tested, 
extending from one to three units of rapidity. Considering that the 
matter produced at midrapidity at the LHC is practically baryon 
free, the model is applied for exactly vanishing values of the con-
served charges B = Q = S = 0. The system is assumed to be 
in full chemical equilibrium and the chemical freezeout temper-
ature is fixed at 155 MeV, independent of multiplicity [68]. Recent 
developments of the CSM, called γSCSM, include an incomplete 
equilibration of strangeness, described by the strangeness satu-
ration parameter γS, a multiplicity-dependent chemical freezeout 
temperature and a correlation volume extending over three units 
of rapidity [88]. The γSCSM model reproduces quite well the mea-
sured hadron-to-pion ratios as a function of multiplicity, except for 
the p/π ratio which is systematically overestimated by the model 
approximately by 2σ . No prediction is currently available for the 
nuclei-to-proton ratio from the γSCSM model.

In the coalescence calculations, the (anti)nuclei formation prob-
ability is given by the overlap of the nucleon phase-space distri-
butions in the emission source with the Wigner density of the 
bound state. The latter is calculated using a Gaussian approxima-
tion for the (anti)nuclei internal wave function [89]. In the case of 
A = 3 nuclei, predictions from both two-body and three-body co-
alescence are considered [89]. In the two-body coalescence of 3He 
(3H), a two-step process is assumed: first, the deuteron is formed 
by the coalescence of a proton and a neutron, then the 3He (3H) 
is formed by the coalescence of the deuteron and a proton (neu-
tron). In the three-body coalescence, three nucleons form 3He (3H) 
at once.

A smooth increase of deuteron-to-proton yield ratio (d/p) and 
3He-to-proton yield ratio (3He/p) with the system size is ob-
served, reaching constant values in Pb–Pb collisions. The plateau 
at high multiplicities is described by the grand-canonical statis-
tical model [29,37,41]. The two ratios show a similar trend with 

〈dNch/dηlab〉, however the increase from pp to Pb–Pb results is 
about a factor of 3 larger for 3He/p than for d/p. The evolution 
of the d/p ratio is well described by the coalescence approach 
over the full multiplicity interval covered by the existing measure-
ments. The CSM calculations asymptotically converge towards the 
grand-canonical limit at high multiplicity and they are both con-
sistent with the Pb–Pb measurements at 

√
sNN = 2.76 TeV within 

the uncertainties. At low and intermediate multiplicities, these cal-
culations provide only a qualitative description of this ratio, with 
the version using as correlation volume V c = dV /dy being con-
sistent with the data at intermediate multiplicity and the version 
using V c = 3dV /dy at low multiplicity only.

The 3He/p ratio, shown in Fig. 4, is fairly well described by the 
coalescence approach, especially at low and high charged-particle 
multiplicity densities, where the compatibility between data and 
two-body coalescence calculations is within 1.5σ . Some tension is 
observed at intermediate multiplicities (10 < 〈 dNch/dηlab〉 < 40), 
where the predictions underestimate the data, up to 5σ . Similarly 
to the d/p ratio, the CSM calculations provide a qualitative descrip-
tion of the data, with a compatibility that, in the case of the CSM 
with V c = dV /dy, decreases with increasing multiplicities, from 
2σ to 5σ . The version of CSM with V c = 3dV /dy is excluded 
by up to 12σ at low and intermediate multiplicities, while in the 
grand-canonical limit the agreement reaches 4σ .

5. Summary

Measurements of (anti)proton, (anti)deuteron, and (anti)3He 
production in p–Pb collisions at 

√
sNN = 8.16 TeV are presented. 

These results contribute to the understanding of the light (anti)nu-
clei production mechanism complementing the existing picture, 
which includes measurements done in different collision systems 
and at different center-of-mass energies.

A hardening of the (anti)proton and (anti)deuteron pT spectra 
with increasing event multiplicity and collision energy is observed, 
consistently with previous measurements [6–9], and could be in-
terpreted either in terms of a collective expansion of the system 
created in p–Pb collisions or attributed to an increasing contri-
bution of (anti)nuclei production in jets [11,76,77], as proposed 
in Ref. [8]. The production mechanisms of (anti)deuterons and 
(anti)3He are investigated by comparing the multiplicity depen-
dence of the coalescence parameters B A and their yields relative to 
protons, with the predictions of the canonical statistical model and 
of the coalescence model. A smooth evolution of these observables 
with multiplicity across different collision systems and energies is 
seen. The intermediate multiplicity range, which is covered in this 
measurement, is particularly interesting as it links existing results 
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in pp and Pb–Pb collisions, corresponding to small and large sys-
tem sizes, respectively. The results of B2 as a function of the mean 
charged-particle multiplicity density show a good agreement with 
the coalescence model that uses the parameterization of the source 
radii based on femtoscopic techniques.

The results presented in this article corroborate a better de-
scription of the deuteron production measurements by the coales-
cence model than by the canonical statistical hadronization model. 
However, in the case of the 3He/p ratio, significant deviations are 
measured at intermediate multiplicities between the data and the 
predictions of both the two-body and the three-body coalescence 
calculations. Implementations of the CSM with a fixed correlation 
volume cannot describe quantitatively the nucleus-to-proton ratio 
in the full multiplicity range spanned by the ALICE measurements, 
but capture the increasing trend qualitatively. At high multiplicity, 
CSM calculations are consistent with the data in the grand canon-
ical limit.
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