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Abstract

Understanding the production mechanism of light (anti)nuclei is one of the key challenges of nuclear
physics and has important consequences for astrophysics, since it provides an input for indirect dark-
matter searches in space. In this paper, the latest results about the production of light (anti)nuclei
in pp collisions at

√
s = 13 TeV are presented, focusing on the comparison with the predictions of

coalescence and thermal models. For the first time, the coalescence parameters B2 for deuterons and
B3 for helions are compared with parameter-free theoretical predictions that are directly constrained
by the femtoscopic measurement of the source radius in the same event class. A fair description
of the data with a Gaussian wave function is observed for both deuteron and helion, supporting the
coalescence mechanism for the production of light (anti)nuclei in pp collisions. This method paves
the way for future investigations of the internal structure of more complex nuclear clusters, including
the hypertriton.

*See Appendix B for the list of collaboration members
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1 Introduction

In high-energy hadronic collisions at the LHC, the production of light (anti)nuclei and more complex
multi-baryon bound states, such as (anti)hypertriton [1], is observed. An unexpectedly large yield of
light nuclei was observed for the first time in proton-nucleus collisions at the CERN PS accelerator [2].
Twenty-five years later, the study of nuclear production was carried out at Brookhaven AGS and at CERN
SPS, with the beginning of the program of relativistic nuclear collisions [3]. Extensive studies of the pro-
duction of light (anti)nuclei were later performed at the Relativistic Heavy-Ion Collider (RHIC) [4–7],
including the first observation of an antihypernucleus [8] and of anti(alpha) [9]. In this paper, the focus
will be on results obtained at LHC. The production yields of light (anti)nuclei have been measured as
a function of transverse momentum (pT) and charged-particle multiplicity in different collision systems
and at different center-of-mass energies by ALICE [10–17]. One of the most interesting observations
obtained from such a large variety of experimental data is that the production of light (anti)nuclei seems
to depend solely on the charged-particle multiplicity (hereinafter denoted multiplicity). This observation
manifests itself in the continuous evolution of the deuteron-to-proton (d/p) and 3He-to-proton (3He/p)
ratios with the event multiplicity across different collision systems and energies [16, 17]. The results
presented in this paper complement the existing picture, providing measurements in yet unexplored mul-
tiplicity regions.

These measurements have an important astrophysical value as they provide input for the background
estimates in indirect dark matter searches in space. Indeed, only small systems like pp collisions are
relevant for such searches because the interstellar medium consists mostly of hydrogen (protons) and
helium (alpha particles). In this context, the observation of a significant antimatter excess with respect to
the expected background of antimatter produced in ordinary cosmic ray pp or p–alpha interactions would
represent a signal for dark matter annihilation in the galactic halo or for the existence of antimatter islands
in our universe [18–21].

The theoretical description of the production mechanism of (anti)nuclei is still an open problem and under
intense debate in the scientific community. Two phenomenological models are typically used to describe
the production of multi-baryon bound states: the statistical hadronisation model (SHM) [22–28] and the
coalescence model [29–34]. In the former, light nuclei are assumed to be emitted by a source in local ther-
mal and hadrochemical equilibrium and their abundances are fixed at chemical freeze-out. The version of
this model using the grand-canonical ensemble reproduces the light-flavoured hadron yields measured in
central nucleus–nucleus collisions, including those of (anti)nuclei and (anti)hypernuclei [22]. In pp and
p–Pb collisions, the production of light nuclei can be described using a different implementation of this
model based on the canonical ensemble, where exact conservation of the electric charge, strangeness, and
baryon quantum numbers is applied within a pre-defined correlation volume [25, 28]. In the coalescence
model, light nuclei are assumed to be formed by the coalescence of protons and neutrons which are close
in phase space at kinetic freeze-out [30]. In the most simple version of this model, nucleons are treated
as point-like particles and only correlations in momentum space are considered, i.e. the bound state is as-
sumed to be formed if the difference between the momenta of nucleons is smaller than a given threshold
p0, a free parameter of the model which is typically of the order of 100 MeV/c. This simple version of
the coalescence model can approximately reproduce deuteron production data in low-multiplicity colli-
sions and was recently used to describe the jet-associated deuteron pT-differential yields in pp collisions
at
√

s =13 TeV [35]. In recent developments [31, 36], the quantum-mechanical properties of nucleons
and nuclei are taken into account and the coalescence probability is calculated from the overlap between
the source function of the emitted protons and neutrons, which are mapped on the Wigner density of the
nucleus. This state-of-the-art coalescence model describes the d/p and 3He/p ratios measured in different
collision systems as a function of multiplicity [33]. On the contrary, the simple coalescence approach
provides a description of pT spectra of light (anti)nuclei measured in high-energy hadronic collisions
only in the low-multiplicity regime [15].
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In this paper, the measurement of the production yields of light (anti)nuclei in pp collisions at
√

s=13 TeV
are presented. In particular, part of the results is obtained from data collected with a high-multiplicity
trigger (see Sec. 2), accessing a multiplicity typically obtained in p–Pb and peripheral Pb–Pb collisions.
For the first time, the yields of (anti)nuclei are measured in a multiplicity region in which high-precision
femtostopic measurements of the source size [37] are available. This allows for a parameter-free com-
parison of the coalescence measurements with theoretical calculations, showing the potential of this
technique to set constraints on the wave function of (anti)nuclei.

2 Detector and data sample

A detailed description of the ALICE apparatus and its performance can be found in Refs. [38] and [39].
The trajectories of charged particles are reconstructed in the ALICE central barrel with the Inner Track-
ing System (ITS) [40] and the Time Projection Chamber (TPC) [41]. The ITS consists of six cylindrical
layers of silicon detectors and the two innermost layers form the Silicon Pixel Detector (SPD). The ITS
is used for the reconstruction of primary and secondary vertices and of charged-particle trajectories. The
TPC is used for track reconstruction, charged-particle momentum measurement and for charged-particle
identification via the measurement of their specific energy loss (dE/dx) in the TPC gas [39]. Particle
identification at high momentum is complemented by the time-of-flight measurement provided by the
TOF detector [42]. The aforementioned detectors are located inside a large solenoid magnet, which pro-
vides a homogeneous magnetic field of 0.5 T parallel to the beam line, and cover the pseudorapidity
interval |η |< 0.9. Collision events are triggered by two plastic scintillator arrays, V0C and V0A [43], lo-
cated along the beam axis of the interaction point, covering the pseudorapidity regions−3.7 < η < −1.7
and 2.8 < η < 5.1, respectively. The signals from V0A and V0C are summed to form the V0M signal,
which is used to define event classes to which the measured multiplicity is associated [44]. Moreover, the
timing information of the V0 detectors is used for the offline rejection of events triggered by interactions
of the beam with the residual gas in the LHC vacuum pipe.

The results presented in this paper are obtained from data collected in 2016, 2017 and 2018, both with
minimum bias (MB) and high multiplicity (HM) triggers. For the minimum-bias event trigger, coincident
signals in both V0 scintillators are required to be synchronous with the beam crossing time defined by the
LHC clock. Events with high charged-particle multiplicities are triggered on by additionally requiring
the total signal amplitude measured in the V0 detector to exceed a threshold. At the analysis level, the
0–0.1% percentile of inelastic events with the highest V0 multiplicity (V0M) is selected to define the
high-multiplicity event class. Events with multiple vertices identified with the SPD are tagged as pile-up
in the same bunch crossing (in-bunch pile-up) and removed from the analysis [39]. Assuming that all the
in-buch pile-up is in the 0–0.01% percentile of inelastic events, which is the worst-case scenario, only
3% of the selected events (in the 0–0.01% percentile) would be pile-up events. Therefore, the effect of
in-bunch pile-up on the production spectra is negligible. Pile-up in different bunch crossings, instead, is
rejected by requiring track hits in the SPD and its contribution is negligible. The data sample consists of
approximately 2.6 billion MB events and 650 million HM events.

For the measurements of (anti)protons and (anti)deuterons, the high-multiplicity data sample is divided
into three multiplicity classes: HM I, HM II and HM III. The multiplicity classes are determined from
the sum of the signal amplitudes measured by the V0 detectors and defined in terms of the percentiles of
the INEL > 0 pp cross section, where an INEL > 0 event is a collision with at least a charged particle
in the pseudorapidity region |η |< 1 [45]. For this purpose, charged particles are measured with SPD
tracklets, obtained from a pair of hits in the first and second layer of the SPD, respectively. In the case
of (anti)triton (3H) and (anti)helion (3He), due to their lower production rate, it is not possible to divide
the HM sample into smaller classes, but for (anti)helion the MB sample is divided into two multiplicity
classes, MB I and MB II, defined from the percentiles of the INEL > 0 pp cross section. The average
charged particle multiplicity 〈dNch/dη〉 for all the multiplicity classes will be reported in Tab. 2. It is
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defined as the number of primary charged particles produced in the pseudorapidity interval |η |< 0.5. A
detailed description of the 〈dNch/dη〉 estimation can be found in Ref. [46].

3 Data analysis

3.1 Track selection

(Anti)nuclei candidates are selected from the charged-particle tracks reconstructed in the ITS and TPC
in the pseudorapidity interval |η |< 0.8. The criteria used for track selection are the same as reported
in Ref. [17]. Particle identification is performed using the dE/dx measured by the TPC and the time-
of-flight measured by the TOF. For the TPC analysis, the signal is obtained from the nσTPC distribution,
where nσTPC is the difference between the measured and expected signals for a given particle hypothesis,
divided by the resolution. For the TOF analysis, the yield in each pT interval is extracted from the
distribution of the TOF squared-mass, defined as m2 = p2

(
t2
TOF/L2−1/c2

)
, where tTOF is the measured

time-of-flight, L is the length of the track and p is the momentum of the particle. Similarly to the
TPC case, one defines nσTOF as the difference between the measured and expected time of flight for
a given particle hypothesis, divided by the resolution. For the TOF analysis, a pre-selection based on
the measured TPC dE/dx (|nσTPC|< 3) is performed to reduce the background originating from other
particle species. More details about particle identification with TPC and with TOF can be found in
Ref. [17].

The (anti)deuteron yield is extracted from the TPC signal for pT < 1 GeV/c, while at higher pT the yield
is extracted from the TOF after the pre-selection using the TPC signal. For (anti)protons, the TOF is
used for the entire pT range. (Anti)tritons are identified through the TPC signal and after a pre-selection
with TOF (|nσTOF|< 3) for pT < 2 GeV/c. The (anti)helion identification is based only on the TPC
dE/dx, which provides a good separation of its signal from that of other particle species. This is due to
the charge Z = 2 of this nucleus.

3.2 Efficiency and acceptance correction

The estimation of reconstruction efficiencies of both nuclei and antinuclei, as well as those of the con-
tamination to the raw pT spectra of nuclei from spallation and of the signal loss due to event selection,
requires Monte Carlo (MC) simulations. Simulated pp collision events, generated using Pythia 8 [47]
(Monash 2013 tune [48]), are enriched by an injected sample of (anti-)nuclei generated with a flat pT
distribution in the transverse-momentum range 0 < pT < 10 GeV/c and a flat rapidity distribution in the
range |y|< 1. The interactions of the generated particles with the experimental apparatus are modeled by
GEANT4 [49]. The detector conditions during the data taking are reproduced in the simulations.

The raw pT spectra of (anti)nuclei are corrected for the reconstruction efficiency and acceptance, defined
as

ε(pT) =
Nrec(|η |< 0.8, |y|< 0.5, prec

T )

Ngen(|y|< 0.5, pT)
, (1)

where Nrec and Ngen are the number of reconstructed and generated (anti)nuclei, respectively. The same
criteria for the track selection and particle identification used in the real data analysis are applied to
reconstructed tracks in the simulation. Considering that (anti)nuclei are injected with a flat pT distribution
into the simulated events, their input distributions are reshaped using pT-dependent weights to match the
real shape observed in data. The latter is parameterised using a Lévy-Tsallis function whose parameters
are determined using an iterative procedure: they are initialized using the values taken from Ref. [17], the
corrected spectrum is then fitted with the same function and a new set of parameters is determined and
used for the next iteration. The parameters are found to converge after two iterations, with differences

4



(Anti)nuclei in pp collisions at
√

s = 13 TeV ALICE Collaboration

from the previous one of less than one per mille. Protons are abundantly produced by Pythia 8 and their
spectral shape is consistent with the one obtained in real data. For this reason, (anti)protons are not
injected additionally into the simulation and their shape is not modified.

3.3 Fraction of primary nuclei

Secondary nuclei are produced in the interaction of particles with the detector material. To obtain the
yields of primary nuclei produced in a collision, the number of secondaries must be subtracted from the
measured yield. Since the production of secondary antinuclei is extremely rare, this correction is applied
only to nuclei and not to antinuclei. For (anti)protons, instead, also a contribution from weak decays of
heavier unstable particles (for example Λ hyperons) is present and cannot be neglected. The fraction of
primary nuclei is evaluated using different techniques according to the analysis.

For deuterons and (anti)protons, the primary fraction is obtained by fitting the distribution of the mea-
sured distance of closest approach to the primary vertex in the transverse plane (DCAxy). For the fit, tem-
plates obtained from MC are used, as described in Ref. [10]. The DCAxy distribution of anti-deuterons
is used as a template for primary deuterons considering the negligible feed-down from weak decays of
hypertriton. The production of secondary deuterons is more relevant at low pT (at pT = 0.7 GeV/c the
fraction of secondary deuterons is ∼ 40%), decreases exponentially with the transverse momentum (<
5% for pT = 1.4 GeV/c) and becomes negligible for pT > 1.6 GeV/c. For the (anti)proton analysis, all
the templates are taken from MC. In this case, also a template for weak decay is used. The fraction of
secondary protons from material is maximum at low transverse momentum (∼5% for pT = 0.4 GeV/c)
and decreases exponentially, becoming negligible for pT > 1 GeV/c. Also, the fraction of secondary
(anti)protons from weak decays is maximum at low transverse momentum (∼30% for pT = 0.4 GeV/c)
and decreases exponentially (∼10% for pT = 5 GeV/c).

For helion and triton, the primary fraction is obtained by fitting the DCAxy distribution with two Gaussian
functions with different widths, one for the primary and one for the secondary nuclei, respectively. The
spallation background is also fitted using a parabola and a constant function to estimate the systematic
uncertainties. For the latter, variations of the binning and fit range are also considered. A smooth function
can be used in this case, considering that the peak in the DCAxy distribution of secondary nuclei, which
typically appears close to zero and is caused by the wrong association of one SPD cluster to the track
during reconstruction, is negligible for pT > 1.5 GeV/c. The fraction of secondary helions and tritons,
for both MB and HM pp collisions, are found to be about 15% in the pT interval 1.5 < pT < 2 GeV/c,
about 3% in the pT interval 2 < pT < 2.5 GeV/c and negligible for higher pT. For tritons and helions,
only antinuclei are used for pT < 1.5 GeV/c, where the secondary fraction for nuclei becomes large and
it is difficult to constrain the value of the correction.

3.4 Systematic uncertainties

A summary of the systematic uncertainties for all the measurements is reported in Tab. 1. Values are
provided for low (1.5 GeV/c) and high (4 GeV/c) transverse momentum. Where the systematic uncer-
tainty differs between matter and antimatter, the latter is reported within brackets. The first source of
systematic uncertainty is related to track selection. This source takes into account the imprecision in the
description of the detector response in the MC simulation. The uncertainties are evaluated by varying the
relevant selection criteria, as done in Ref. [11]. It is worth mentioning that at low pT uncertainties are
generally larger for matter than for antimatter, due to the increasing number of secondary nuclei selected
when loosing the selection on the DCA. It is one of the main sources. The second source is related to
signal extraction. It is evaluated by changing the fit function used to evaluate the raw yield or, when the
direct count is used, by varying the interval in which the count is performed (see Ref. [11] and Ref. [17]
for further details). Its value increases with transverse momentum. The effect of the incomplete knowl-
edge of the material budget of the detector is evaluated by comparing different MC simulations in which
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the material budget is varied by ±4.5%. This value corresponds to the uncertainty on the determination
of the material budget by measuring photon conversions [39]. Similarly, the limited precision in the
measurements of inelastic cross sections of (anti)nuclei with matter is a source of systematic uncertainty.
It is evaluated by comparing experimental measurements of the inelastic cross section with the values
implemented in GEANT4, following the same approach used in Ref. [50]. For antihelion, the difference
between the momentum-dependent inelastic cross sections implemented in GEANT3 [51] and GEANT4
is also considered. This contribution is maximum (3%) for pT < 1.5 GeV/c and decreases to a negligible
level going to higher pT. Finally, the last sources of systematic uncertainty are related to the matching
of the tracks between ITS and TPC and between TPC and TOF. They are evaluated from the difference
between the ITS–TPC (TPC–TOF) matching in data and MC.

Table 1: Summary of the main contributions to the systematic uncertainties for all the particle species under study
at pT = 1.5 GeV/c and at pT = 4 GeV/c. Values in brackets refer to antiparticles. If they are not present, the
systematic uncertainty is the same for particles and antiparticles. A dash symbol is used where the uncertainty
from the corresponding source is not applicable. More details about the sources of the uncertainties can be found
in the text.

Source
pT = 1.5 GeV/c pT = 4 GeV/c

p (p) d (d) 3He (3He) 3H (3H) p (p) d (d) 3He (3He)

Track selection 3% 1% 14% (10%) 14% (10%) 3% 2% 10% (7%)

Signal extraction <1% 3% 13% (<1%) <1% 5% 2% <1%

Material budget 1% 1% 2% 2% 1% <1% 2%

Hadronic interaction 1% (2%) 2% (6%) 1% (2%) 9% (6%) 1% (2%) 2% (6%) 1% (1%)

ITS–TPC matching 2% 2% 2% 2% 2% 2% 2%

TPC–TOF matching 3% 2% − 3% 3% 2% −

Total 6% (7%) 4% (7%) 22% (11%) 20% (17%) 7% (8%) 4% (7%) 8%

4 Results and discussion

The production spectra for all the species under study are shown in Fig. 1. The multiplicity classes
used for this measurement are reported in Tab 2, together with the corresponding pT-integrated yields.
(Anti)protons, (anti)deuterons and (anti)helions are fitted with a Lévy-Tsallis function [52], which is used
to extrapolate the yields in the unmeasured pT region. For (anti)triton, the fit parameters (except for the
mass and the normalisation) are fixed to those of (anti)helion, due to the few data points available. The
extrapolation amounts to about 20% of the total pT-integrated yield for (anti)protons and (anti)deuterons,
about 30% for (anti)helions, and about 50% for (anti)tritons. Alternative fit functions such as a simple
exponential depending on mT, a Boltzmann function or a Blast-wave function [53–55], are used to evalu-
ate the systematic uncertainty on the pT-integrated yield as done in Ref. [15–17]. This uncertainty varies
between 0.5% and 3% for protons, deuterons and helions in the HM analysis. For tritons it is around 8%
due to the narrower pT coverage. In the MB analysis, it is around 8% (14%) for helions (tritons).

4.1 Coalescence parameter as a function of transverse momentum

In the coalescence model, the production probability of a nucleus with mass number A is proportional to
the coalescence parameter BA, defined as
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Table 2: Multiplicity classes for the different measurements, with the corresponding multiplicity
〈dNch/dη〉|ηlab|<0.5, and pT-integrated yields dN/dy for the different species (average for particle and antiparti-
cle). For 〈dNch/dη〉|ηlab|<0.5, only the systematic uncertainty is reported, because the statistical one is negligible.
For dN/dy, the first uncertainty is statistical and the second is systematic.

Multiplicity 〈dNch/dη〉|ηlab|<0.5
dN/dy

p d 3He 3H

HM 31.5 ± 0.3 0.80 ± 0.01 ± 0.05 (23.3 ± 1 ± 3) ×10−7 (25 ± 2 ± 4) ×10−7

HM I 35.8 ± 0.5 0.91 ± 0.01 ± 0.05 (22.1 ± 0.1 ± 1.4) ×10−4

HM II 32.2 ± 0.4 0.83 ± 0.01 ± 0.05 (19.8 ± 0.1 ± 1.3) ×10−4

HM III 30.1 ± 0.4 0.77 ± 0.01 ± 0.04 (18.4 ± 0.1 ± 1.1) ×10−4

MB 6.9 ± 0.1 (2.4 ± 0.3 ± 0.4) ×10−7 (1.7 ± 0.3 ± 0.4) ×10−7

MB I 18.7 ± 0.3 (11 ± 2 ± 2) ×10−7

MB II 6.0 ± 0.2 (1.5 ± 0.2 ± 0.3) ×10−7

BA
(

pp
T

)
=

1
2π pA

T

d2NA

dydpA
T

/(
1

2π pp
T

d2Np

dydpp
T

)A

, (2)

where the labels p and A refer to protons and the (anti)nucleus with mass-number A, respectively. The
invariant spectra of the (anti)protons are evaluated at the transverse momentum of the (anti)nucleus,
divided by the mass-number A. For (anti)deuterons, for example, BA = B2 and pp

T = pA
T/A = pd

T/2.

The coalescence parameters for (anti)deuterons (B2) and for (anti)helions (B3) are shown in Fig. 2 as
a function of pT/A for different multiplicity classes. Some of the measurements are scaled for better
visibility (see the legend), but for B2 the three curves are consistent with each other. A clear increase of
both B2 and B3 with increasing pT/A is observed. Previous measurements of B2 in pp [11, 17] and p–
Pb [15] collisions indicated an almost flat trend with pT/A. However, in Ref. [17] and in Ref. [11] it was
shown that even though B2 evaluated in multiplicity classes was flat, B2 evaluated in the multiplicity-
integrated sample showed a rise with pT/A. The trend shown in Ref. [11] is a consequence of the
mathematical definition of B2 and of the hardening of the proton spectra. Given the narrow multiplicity
intervals used in the present measurement, the significant rise of the coalescence parameters with pT/A
cannot be attributed to effects originating from a different hardening of the (anti)proton and (anti)nuclei
spectra within these multiplicity intervals [11].

The measurement of the coalescence parameter as a function of transverse momentum is compared with
predictions from the coalescence model, using different nuclei wave functions [56] and the precise mea-
surement of the source radii for the same data set [37]. In the case of (anti)deuterons, the following wave
functions are used: single and double Gaussian [34], Hulthen [32], and a function obtained from chiral
Effective Field Theory (χEFT) of order N4LO with a cutoff at 500 MeV [57]. For (anti)helion, only
calculations using a Gaussian wave function are currently available, because the general recipe used for
B2 cannot be extended to B3 but new calculations ab initio are needed. These wave functions and more
details about the adopted theoretical models can be found in Appendix A. In the coalescence model, the
coalescence parameter depends on the radial extension of the particle emitting source [56]. The source
radius is measured in HM pp collisions at

√
s = 13 TeV by ALICE using p–p and p–Λ correlations as a

function of the mean transverse mass 〈mT〉 of the pair [37]. In Ref. [37] two different measurements of
the source radius are reported, reffective and rcore, respectively. The difference between the two is that rcore
takes into account the contributions coming from the strong decay of resonances by subtracting them. It
is shown that rcore is universal, since it could describe simultaneously p–p and p–Λ correlations. In this
analysis, rcore is used. The difference between rcore and reffective is small: B2 is on average 7% smaller
using reffective, while B3 is on average 20% smaller, due to the stronger dependence on the system size
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Figure 1: Transverse-momentum spectra of (anti)protons, (anti)deuterons, (anti)helion, and (anti)triton, measured
in HM and MB pp collisions at

√
s = 13 TeV at midrapidity (|y|< 0.5). The results are shown in the multiplicity

classes reported in Tab. 2. Vertical bars and boxes represent statistical and systematic uncertainties, respectively.
The dashed lines are individual fits with a Lévy-Tsallis function.

for A >2 (see Eq. A.7). For B2, only the HM I class is considered, because the B2 values in the three
multiplicity classes are compatible.

The data in Ref. [37] are parameterised as rsource(〈mT〉) = c0 + exp(c1 + c2〈mT〉), with ci free param-
eters, to map the transverse-mass to the source radius. The value of pT corresponding to mT is taken
from mT =

√
m2

p +(pT/A)2, where mp is the proton mass. The radius of the deuteron and 3He are taken
from Ref. [58]. The coalescence predictions are shown in comparison with the data in Fig. 3. Bands
represent the uncertainty propagated from the measurement of the source radius. In the case of B2, the
Gaussian wave function provides the best description of the data, even though the Hulthen wave function
is favoured by low-energy scattering experiments [59]. The other wave functions are significantly larger
than the measurement. For the B3, the coalescence predictions using a Gaussian wave function of helion
are above the data by almost a factor of 2 except for the last pT interval, which is consistent with the
measured B3 within the uncertainties. In the future, a systematic investigation of the coalescence param-
eter B3 using different wave functions, in the context of the coalescence model, will gauge the potential
of coalescence measurements to further constrain the wave function of helion. This technique can be
used in a more general context to obtain information on the internal wave function of more complex
(hyper)nuclei, such as alpha (4He) and hypertriton.
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Figure 2: Coalescence parameters B2 (a) and B3 (b) as a function of pT/A for the multiplicity classes reported in
Tab. 2. Vertical bars and boxes represent statistical and systematic uncertainties, respectively.
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Figure 3: Comparison between measurements and theoretical predictions for the coalescence parameters B2 for
(anti)deuterons (a) and B3 for (anti)helions (b) as a function of pT/A. Vertical bars and boxes represent statistical
and systematic uncertainties, respectively. Theoretical predictions are obtained using different wave functions to
describe nuclei: Gaussian (yellow), Hulthen (blue), χEFT (gray) and two Gaussians (green).

4.2 Ratio between triton and helion yields

The statistical hadronisation and coalescence models predict different yields of nuclei with similar masses
but different radii. To test the production model, the ratio of triton and helion is measured as a function
of pT for HM pp collisions (Fig. 4) and compared with the model predictions. Two different versions of
coalescence are considered, based on Ref. [33] and Ref. [36], respectively. The main difference between
the two models concerns the source size R: while in Ref. [33] the value of R is constrained from the
parameters of a thermal fit, in Ref. [36] R is an independent variable, for which the aforementioned pT
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Figure 4: Ratio between the pT spectra of triton and helion for the HM data sample. Vertical bars and boxes
represent statistical and systematic uncertainties, respectively. The measurements are compared with the prediction
of thermal (red) and coalescence models from Ref. [36] (yellow) and Ref. [33] (green and blue).

dependence has been taken into account. In the former approach, R is about a factor of 2 larger than in
the latter, determining very different predictions. The coalescence model predicts a slightly larger yield
of triton as compared to helion due to its smaller nuclear radius. In the statistical hadronisation model,
the yield ratio between these two nuclei is given by exp(−∆m/Tchem), where ∆m is the mass difference
between triton and helion, taken from Ref. [60], and Tchem the chemical freeze-out temperature. For the
latter, Tchem = 155 MeV is used, as done in the canonical statistical model [61]. Given the small mass
difference, the statistical hadronisation model predicts a ratio which is very close to unity. The precision
of the present data prevents distinguishing between the models. The 3H/3He ratio will be measured with
higher precision in Run 3 [62] of the LHC. Indeed, the new ITS, which is characterised by a low material
budget, will reduce the systematic uncertainty related to track reconstruction [63]. Moreover, with a
better description of the nuclear absorption cross section, it will be possible to reduce the corresponding
systematic uncertainties.

4.3 Coalescence parameter as a function of multiplicity

The evolution of BA with multiplicity 〈dNch/dη〉 provides an insight on the dependence of the production
mechanisms of light (anti)nuclei. Fig. 5(a) shows B2 as a function of 〈dNch/dη〉 for different collision
systems and energies at pT = 0.75 GeV/c and B3 at pT = 0.73 GeV/c. The measurements are com-
pared with the theoretical predictions from Ref. [58], using r(d) = 3.2 fm and r(3He) = 2.48 fm as
deuteron and helion radii, respectively. Two different parameterisations (named A and B in the follow-
ing) of the system radius as a function of multiplicity are used. Parameterisation A is based on a fit to
the ALICE measurements of system radii R from femtoscopic measurement as a function of multiplic-
ity [64]. In parameterisation B, the relation between the system radius and the multiplicity is fixed to
reproduce the B2 of deuterons in Pb–Pb collisions at

√
sNN = 2.76 TeV in the centrality class 0–10%

(see Ref. [58] for more details). The B2 measurement in HM pp collisions agrees with observations in
p–Pb collisions at

√
sNN = 5 TeV [15] at similar multiplicity and confirms the trend observed in all the

previous measurements. This measurement further strengthen the idea of a production mechanism that
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Figure 5: (a): B2 at pT/A = 0.75 GeV/c as a function of multiplicity in HM pp collisions at
√

s = 13 TeV, in MB
pp collisions at

√
s = 13 TeV [17] and at

√
s = 7 TeV [11], in p–Pb collisions at

√
sNN = 5.02 TeV [15], and in

Pb–Pb collisions at
√

sNN = 2.76 TeV [10]. (b): B3 at pT/A = 0.73 GeV/c as a function of multiplicity in HM pp
collisions at

√
s = 13 TeV, in MB pp collisions at

√
s = 13 TeV, in p–Pb collisions at

√
sNN = 5.02 TeV [15],

and in Pb–Pb collisions at
√

sNN = 2.76 TeV [10]. Vertical bars and boxes represent statistical and systematic
uncertainties, respectively. The two lines are theoretical predictions based on two different parameterisations of
the source radius.

depends only on the multiplicity and not on the collision system nor the centre-of-mass energy. Simi-
larly, Fig. 5(b) shows the evolution of B3 as a function of multiplicity. The measurements are compared
with the theoretical prediction from Ref. [58], using the same two paremeterisations as for B2. Also in
this case, the coalescence model qualitatively describes the trend but fails in accurately describing the
measurements in the whole multiplicity range. For both B2 and B3, one reason could be that multiplicity
is not a perfect proxy for the system size, because for each multiplicity the source radius depends also
on the transverse momentum of the particle of interest, as shown in Fig. 2. In the future, it is important
to have more measurements of the source radius as a function of mT for the different multiplicity classes
in order to test the agreement between the models and the BA measurement over the whole multiplicity
range.

4.4 Ratio between integrated yields of nuclei and protons as a function of multiplicity

The measurements of the ratios between the pT-integrated yields of nuclei and protons as a function of
multiplicity are shown. Figure 6 shows the measurement for different collision systems and energies
for deuterons (d/p) and helions (3He/p), on the left and right panels, respectively. The new measure-
ments complement the existing picture and are consistent with the global trend obtained from previous
measurements [10–17], for both d/p and 3He/p: the ratio increases as a function of multiplicity and
eventually saturates at high multiplicities. This trend can be interpreted as a consequence of the inter-
play between the evolution of the yields and of the system size with multiplicity. The measurements
are compared with the prediction of both Thermal-FIST Canonical Statistical Model (CSM) [61] and
coalescence model [33]. The predictions from CSM suggest correlation volumes VC between 1 and 3
units of rapidity. However, the measurement of the proton-to-pion (p/π) ratio is better described by a
correlation volume of 6 rapidity units [28]. On the contrary, the coalescence model provides a better
description of the data. For d/p, the agreement is good for the whole multiplicity range. For 3He/p, in-
stead, there are more tensions between data and model in the multiplicity region corresponding to p–Pb
and high-multiplicity pp collisions. Remarkably, the two-body coalescence appears to describe the data
better than the three-body coalescence prediction.
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Figure 6: Ratio between the pT-integrated yields of nuclei and protons as a function of multiplicity for
(anti)deuterons (a) and (anti)helions (b). Measurements are performed in HM pp collisions at

√
s = 13 TeV, in

MB pp collisions at
√

s = 13 TeV [17] and at
√

s = 7 TeV [11], in p–Pb collisions at
√

sNN = 5.02 TeV [15, 16],
and in Pb–Pb collisions at

√
sNN = 2.76 TeV [10]. Vertical bars and boxes represent statistical and systematic

uncertainties, respectively. The two black lines are the theoretical predictions of the Thermal-FIST CSM [61]
for two sizes of the correlation volume VC. For (anti)deuterons, the green line represents the expectation from a
coalescence model [33]. For (anti)helion, the blue and green lines represent the expectations from a two-body and
three-body coalescence model, respectively [33].

5 Summary

In this paper, the measurements of the production yields of (anti)nuclei in minimum bias and high-
multiplicity pp collisions at

√
s = 13 TeV are reported.

A significant increase of the coalescence parameter B2 with increasing pT/A is observed for the first
time in pp collisions. Indeed, previous measurements in small collision systems were consistent with a
flat trend within uncertainties. Given the very narrow multiplicity intervals used in the present measure-
ment, this rising trend cannot be attributed to effects coming from a different hardening of the proton and
deuteron spectra within the measured multiplicity intervals and thus points to some other physics effect.
Moreover, the coalescence parameters are compared with theoretical calculations based on the coales-
cence approach using different internal wave functions of nuclei. This comparison was possible due to
the availability of the measurement of the source radii in the same data sample. While the predictions for
B2 using a Gaussian approximation for the deuteron wave function are in very good agreement with the
experimental results, for B3 they overestimate the data by up to a factor of 2 at the lowest pT. Updated
theoretical calculations including also more complex wave functions for 3He would help in providing a
better description of this measurement.

The multiplicity evolution of the coalescence parameters for a fixed pT/A and of the ratios of integrated
yields d/p and 3He/p are consistent with the global trend from previous measurements. Moreover, the
d/p ratio is consistent with predictions from the coalescence model, while significant deviations are
observed between the 3He/p and coalescence expectations at intermediate multiplicities. The canonical
statistical model predictions provide a qualitative description of the particle ratios presented in this paper
at low and intermediate multiplicities covered by pp and p–Pb collisions and are consistent with the data
only in the grand-canonical limit (multiplicities covered by Pb–Pb collisions).

Acknowledgements

The ALICE Collaboration would like to thank all its engineers and technicians for their invaluable con-

12



(Anti)nuclei in pp collisions at
√

s = 13 TeV ALICE Collaboration

tributions to the construction of the experiment and the CERN accelerator teams for the outstanding
performance of the LHC complex. The ALICE Collaboration gratefully acknowledges the resources and
support provided by all Grid centres and the Worldwide LHC Computing Grid (WLCG) collaboration.
The ALICE Collaboration acknowledges the following funding agencies for their support in building and
running the ALICE detector: A. I. Alikhanyan National Science Laboratory (Yerevan Physics Institute)
Foundation (ANSL), State Committee of Science and World Federation of Scientists (WFS), Armenia;
Austrian Academy of Sciences, Austrian Science Fund (FWF): [M 2467-N36] and Nationalstiftung für
Forschung, Technologie und Entwicklung, Austria; Ministry of Communications and High Technolo-
gies, National Nuclear Research Center, Azerbaijan; Conselho Nacional de Desenvolvimento Científico
e Tecnológico (CNPq), Financiadora de Estudos e Projetos (Finep), Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP) and Universidade Federal do Rio Grande do Sul (UFRGS), Brazil; Min-
istry of Education of China (MOEC) , Ministry of Science & Technology of China (MSTC) and National
Natural Science Foundation of China (NSFC), China; Ministry of Science and Education and Croatian
Science Foundation, Croatia; Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN),
Cubaenergía, Cuba; Ministry of Education, Youth and Sports of the Czech Republic, Czech Republic;
The Danish Council for Independent Research | Natural Sciences, the VILLUM FONDEN and Danish
National Research Foundation (DNRF), Denmark; Helsinki Institute of Physics (HIP), Finland; Commis-
sariat à l’Energie Atomique (CEA) and Institut National de Physique Nucléaire et de Physique des Par-
ticules (IN2P3) and Centre National de la Recherche Scientifique (CNRS), France; Bundesministerium
für Bildung und Forschung (BMBF) and GSI Helmholtzzentrum für Schwerionenforschung GmbH, Ger-
many; General Secretariat for Research and Technology, Ministry of Education, Research and Religions,
Greece; National Research, Development and Innovation Office, Hungary; Department of Atomic En-
ergy Government of India (DAE), Department of Science and Technology, Government of India (DST),
University Grants Commission, Government of India (UGC) and Council of Scientific and Industrial
Research (CSIR), India; Indonesian Institute of Science, Indonesia; Istituto Nazionale di Fisica Nucleare
(INFN), Italy; Japanese Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan
Society for the Promotion of Science (JSPS) KAKENHI and Japanese Ministry of Education, Culture,
Sports, Science and Technology (MEXT)of Applied Science (IIST), Japan; Consejo Nacional de Cien-
cia (CONACYT) y Tecnología, through Fondo de Cooperación Internacional en Ciencia y Tecnología
(FONCICYT) and Dirección General de Asuntos del Personal Academico (DGAPA), Mexico; Neder-
landse Organisatie voor Wetenschappelijk Onderzoek (NWO), Netherlands; The Research Council of
Norway, Norway; Commission on Science and Technology for Sustainable Development in the South
(COMSATS) and Pakistan Atomic Energy Commission, Pakistan; Pontificia Universidad Católica del
Perú, Peru; Ministry of Education and Science, National Science Centre and WUT ID-UB, Poland; Ko-
rea Institute of Science and Technology Information and National Research Foundation of Korea (NRF),
Republic of Korea; Ministry of Education and Scientific Research, Institute of Atomic Physics and Min-
istry of Research and Innovation and Institute of Atomic Physics, Romania; Joint Institute for Nuclear
Research (JINR), Ministry of Education and Science of the Russian Federation, National Research Cen-
tre Kurchatov Institute, Russian Science Foundation and Russian Foundation for Basic Research, Russia;
Ministry of Education, Science, Research and Sport of the Slovak Republic, Slovakia; National Research
Foundation of South Africa, South Africa; Swedish Research Council (VR) and Knut & Alice Wallen-
berg Foundation (KAW), Sweden; European Organization for Nuclear Research, Switzerland; Suranaree
University of Technology (SUT), National Science and Technology Development Agency (NSDTA) and
Office of the Higher Education Commission under NRU project of Thailand, Thailand; Turkish Energy,
Nuclear and Mineral Research Agency (TENMAK), Turkey; National Academy of Sciences of Ukraine,
Ukraine; Science and Technology Facilities Council (STFC), United Kingdom; National Science Foun-
dation of the United States of America (NSF) and United States Department of Energy, Office of Nuclear
Physics (DOE NP), United States of America. In addition, individual groups and members have received
support from European Research Council, European Union.

13



(Anti)nuclei in pp collisions at
√

s = 13 TeV ALICE Collaboration

References

[1] ALICE Collaboration, J. Adam et al., “3
Λ

H and 3
Λ̄

H production in Pb-Pb collisions at
√

sNN = 2.76
TeV”, Phys. Lett. B754 (2016) 360–372, arXiv:1506.08453 [nucl-ex].

[2] V. T. Cocconi, T. Fazzini, G. Fidecaro, M. Legros, N. H. Lipman, and A. W. Merrison, “Mass
Analysis of the Secondary Particles Produced by the 25-Gev Proton Beam of the Cern Proton
Synchrotron”, Phys. Rev. Lett. 5 (1960) 19–21.

[3] S. Nagamiya, “Experimental overview”, Nucl. Phys. A 544 (1992) 5C–26C.

[4] STAR Collaboration, C. Adler et al., “Anti-deuteron and anti-He-3 production in s(NN)**(1/2) =
130-GeV Au+Au collisions”, Phys. Rev. Lett. 87 (2001) 262301, arXiv:nucl-ex/0108022.
[Erratum: Phys.Rev.Lett. 87, 279902 (2001)].

[5] PHENIX Collaboration, S. S. Adler et al., “Deuteron and antideuteron production in Au + Au
collisions at s(NN)**(1/2) = 200-GeV”, Phys. Rev. Lett. 94 (2005) 122302,
arXiv:nucl-ex/0406004.

[6] BRAHMS Collaboration, I. Arsene et al., “Rapidity dependence of deuteron production in Au+Au
collisions at

√
sNN = 200 GeV”, Phys. Rev. C 83 (2011) 044906, arXiv:1005.5427 [nucl-ex].

[7] STAR Collaboration, N. Yu, “Beam energy dependence of d and d̄ productions in Au+Au
collisions at RHIC”, Nucl. Phys. A 967 (2017) 788–791, arXiv:1704.04335 [nucl-ex].

[8] STAR Collaboration, B. I. Abelev et al., “Observation of an Antimatter Hypernucleus”, Science
328 (2010) 58–62, arXiv:1003.2030 [nucl-ex].

[9] STAR Collaboration, H. Agakishiev et al., “Observation of the antimatter helium-4 nucleus”,
Nature 473 (2011) 353, arXiv:1103.3312 [nucl-ex]. [Erratum: Nature 475, 412 (2011)].

[10] ALICE Collaboration, J. Adam et al., “Production of light nuclei and anti-nuclei in pp and Pb-Pb
collisions at energies available at the CERN Large Hadron Collider”, Phys. Rev. C 93 no. 2, (2016)
024917, arXiv:1506.08951 [nucl-ex].

[11] ALICE Collaboration, S. Acharya et al., “Multiplicity dependence of (anti-)deuteron production
in pp collisions at

√
s = 7 TeV”, Phys. Lett. B794 (2019) 50–63, arXiv:1902.09290 [nucl-ex].

[12] ALICE Collaboration, S. Acharya et al., “Measurement of deuteron spectra and elliptic flow in
Pb-Pb collisions at

√
sNN = 2.76 TeV at the LHC”, Eur. Phys. J. C77 no. 10, (2017) 658,

arXiv:1707.07304 [nucl-ex].

[13] ALICE Collaboration, S. Acharya et al., “Production of deuterons, tritons, 3He nuclei and their
antinuclei in pp collisions at

√
s = 0.9, 2.76 and 7 TeV”, Phys. Rev. C97 no. 2, (2018) 024615,

arXiv:1709.08522 [nucl-ex].

[14] ALICE Collaboration, S. Acharya et al., “Production of 4He and 4He in Pb-Pb collisions at
√

sNN
= 2.76 TeV at the LHC”, Nucl. Phys. A971 (2018) 1–20, arXiv:1710.07531 [nucl-ex].

[15] ALICE Collaboration, S. Acharya et al., “Multiplicity dependence of light (anti-)nuclei
production in p-Pb collisions at

√
sNN = 5.02 TeV”, Phys. Lett. B 800 (2020) 135043,

arXiv:1906.03136 [nucl-ex].

[16] ALICE Collaboration, S. Acharya et al., “Production of (anti-)3He and (anti-)3H in p-Pb collisions
at
√

sNN = 5.02 TeV”, Phys. Rev. C101 no. 4, (2020) 044906, arXiv:1910.14401 [nucl-ex].

14

http://dx.doi.org/10.1016/j.physletb.2016.01.040
http://arxiv.org/abs/1506.08453
http://dx.doi.org/10.1103/PhysRevLett.5.19
http://dx.doi.org/10.1016/0375-9474(92)90562-X
http://dx.doi.org/10.1103/PhysRevLett.87.262301
http://arxiv.org/abs/nucl-ex/0108022
http://dx.doi.org/10.1103/PhysRevLett.94.122302
http://arxiv.org/abs/nucl-ex/0406004
http://dx.doi.org/10.1103/PhysRevC.83.044906
http://arxiv.org/abs/1005.5427
http://dx.doi.org/10.1016/j.nuclphysa.2017.06.046
http://arxiv.org/abs/1704.04335
http://dx.doi.org/10.1126/science.1183980
http://dx.doi.org/10.1126/science.1183980
http://arxiv.org/abs/1003.2030
http://dx.doi.org/10.1038/nature10079
http://arxiv.org/abs/1103.3312
http://dx.doi.org/10.1103/PhysRevC.93.024917
http://dx.doi.org/10.1103/PhysRevC.93.024917
http://arxiv.org/abs/1506.08951
http://dx.doi.org/10.1016/j.physletb.2019.05.028
http://arxiv.org/abs/1902.09290
http://dx.doi.org/10.1140/epjc/s10052-017-5222-x
http://arxiv.org/abs/1707.07304
http://dx.doi.org/10.1103/PhysRevC.97.024615
http://arxiv.org/abs/1709.08522
http://dx.doi.org/10.1016/j.nuclphysa.2017.12.004
http://arxiv.org/abs/1710.07531
http://dx.doi.org/10.1016/j.physletb.2019.135043
http://arxiv.org/abs/1906.03136
http://dx.doi.org/10.1103/PhysRevC.101.044906
http://arxiv.org/abs/1910.14401


(Anti)nuclei in pp collisions at
√

s = 13 TeV ALICE Collaboration

[17] ALICE Collaboration, S. Acharya et al., “(Anti-)deuteron production in pp collisions at√
s = 13 TeV”, Eur. Phys. J. C 80 no. 9, (2020) 889, arXiv:2003.03184 [nucl-ex].

[18] K. Blum, K. C. Y. Ng, R. Sato, and M. Takimoto, “Cosmic rays, antihelium, and an old navy
spotlight”, Phys. Rev. D 96 no. 10, (2017) 103021, arXiv:1704.05431 [astro-ph.HE].

[19] V. Poulin, P. Salati, I. Cholis, M. Kamionkowski, and J. Silk, “Where do the AMS-02 antihelium
events come from?”, Phys. Rev. D 99 no. 2, (2019) 023016, arXiv:1808.08961
[astro-ph.HE].

[20] M. Korsmeier, F. Donato, and N. Fornengo, “Prospects to verify a possible dark matter hint in
cosmic antiprotons with antideuterons and antihelium”, Phys. Rev. D 97 no. 10, 103011,
arXiv:1711.08465 [astro-ph.HE].

[21] Y. Cui, J. D. Mason, and L. Randall, “General Analysis of Antideuteron Searches for Dark
Matter”, JHEP 11 (2010) 017, arXiv:1006.0983 [hep-ph].

[22] J. Cleymans, S. Kabana, I. Kraus, H. Oeschler, K. Redlich, and N. Sharma, “Antimatter
production in proton-proton and heavy-ion collisions at ultrarelativistic energies”, Phys. Rev. C84
(2011) 054916, arXiv:1105.3719 [hep-ph].

[23] A. Andronic, P. Braun-Munzinger, J. Stachel, and H. Stöcker, “Production of light nuclei,
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A Theoretical prediction for the coalescence parameter BA

In this appendix, the details about the theoretical prediction used for the coalescence parameter BA as a
function of the source radius are reported. The general recipe is taken from Ref. [36]. B2 is defined as

B2(p)≈ 3
2m

∫
d3qD(~q)C PRF

2 (~p,~q) , (A.1)

where m is the proton mass, p is the momentum of the nucleus, q is the relative momentum of the
nucleons, D(~q) is the deuteron Wigner density and C PRF

2 (~p,~q) is the correlation between two nucleons
in the rest frame of the pair (PRF), assuming a Gaussian source model. For these calculations, we assume
a homogeneous source, i.e. R = R‖ = R⊥. Hence, the correlation function has the form

C PRF
2 (~p,~q) = e−R2q2

, (A.2)

where R is the source radius. Finally, the Wigner density is defined as

D(~q) =
∫

d3r |φd(~r)|2e−i~q×~r, (A.3)

where φd is the deuteron wave function. In the following, we will provide different predictions for B2
as a function of the source radius R starting from Eq. A.1 and using different wave functions φd. The
theoretical predictions for B2 as a function of the source radius R is shown in Fig. A.1(a). At large
values of the source radius they all show the same trend. On the contrary, for small values they differ,
with a maximum spread of around a factor of 10. Eq. A.1 has not an equivalent for B3 and ab initio
calculations are needed. For this reason, it is currently not possible to obtain B3 predictions for different
wave functions as easily as for B2. However, it is possible to obtain a prediction for the case of a simple
Gaussian wave function (see Eq. A.7).

A.1 Gaussian wave function

The most simple assumption is a Gaussian wave function

φd(r) =
e−

r2

2d2

(πd2)3/4 , (A.4)

where d is the nucleus radius. For this calculations, d = 3.2 fm, as in Ref. [36]. The corresponding
Wigner density is

D(~q) = e−
q2d2

4 . (A.5)

This brings to the expression for B2 as a function of the source radius R

B2(R) =
3π2

2m
[
R2 +

(d
2

)2
] 3

2
. (A.6)

This function is shown in Fig. A.1(a), together with the other predictions for B2. As shown in Ref. [36],
Eq. A.6 can also be generalised for a nucleus with mass number A

BA(R) =
2JA +1
2A
√

A
1

mA−1

[
2π

R2 +(rA/2)2

] 3
2 (A−1)

, (A.7)

where JA is the spin of the nucleus. Eq. A.7 is used to calculate the theoretical prediction for B3, shown
in Fig. A.1(b).
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A.2 Hulthen wave function

The second hypothesis tested here is a Hulthen wave function

φd(r) =

√
αβ (α +β )

2π(α−β )2
e−αr− e−β r

r
, (A.8)

where α = 0.2 fm−1 and β = 1.56 fm−1 are parameters taken from Ref. [32]. The corresponding expres-
sion for B2 is

B2(R) =
3π2

R2
αβ (α +β )

(α−β )2

[
e4α2R2

erfc(2αR)−2e(α+β )2R2
erfc((α +β )R)+ e4β 2R2

erfc(2βR)
]
. (A.9)

This function is shown in Fig. A.1(a), together with the other predictions for B2.

A.3 Chiral Effective Field Theory wave function

The third hypothesis for deuteron wave function is obtained from Chiral Effective field theory (χEFT)
calculations (N4LO). It is based on Ref. [57] and the normalisation is based on Ref. [65]. A cutoff at
Λc = 500 MeV is used. The deuteron wave function is

φd(~r) =
1√
4π r

[
u(r) +

1√
8

w(r)S12(r̂)
]

χ1m , (A.10)

where u(r) and w(r) are radial wave functions, S12(r̂) is the spin tensor and χ1m is a spinor. The spin-
averaged density of the deuteron can be hence expressed as

|φd(r)|2 =
1

4π r2

[
u2(r) + w2(r)

]
. (A.11)

Using Eq. A.1 and Eq. A.3, one obtains

B2(R) =
6π

m

∫
Λc

0
dq
∫

∞

0
dr q

[
u(r)2 + w(r)2] sin(qr)

r
e−R2q2

. (A.12)

Integrating Eq. A.12 over q, one obtains

(A.13)B2(R) =
3π

mR2

∫
∞

0

dr
r

[
u2(r) + w2(r)

] {
e−Λ2

cR2
sin(Λcr)

+

√
πr

4R
e−

r2

4R2

[
erf
(

ir + 2R2Λc

2R

)
− erf

(
ir − 2R2Λc

2R

)]}
.

This function is shown in Fig. A.1(a), together with the other predictions for B2.

A.4 Combination of two Gaussians

The last considered wave function is a combination of two Gaussians, fitted to the Hulthen wave func-
tion [34]:

φd(r) = π
−3/4

[
∆1/2

d3/2
1

e−r2/(2d2
1) + eiα (1−∆)1/2

d3/2
2

e−r2/(2d2
2)

]
(A.14)

, where ∆ = 0.581, d1 = 3.979 fm and d1 = 0.890 fm. The corresponding density is

|φd(r)|2= π
−3/2

[
∆

d3
1

e−r2/d2
1 +

1−∆

d3
2

e−r2/d2
2

]
. (A.15)
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B2 can be hence written as

B2(R) =
24π5/2

m

∫
∞

0
dq
∫

∞

0
dr |φd(r)|2 sin(qr)r qe−R2q2

, (A.16)

and after integrating over q and r, one obtains:

B2(R) =
3π3/2

2mR3

[
∆

(
1 +

d2
1

4R2

)−3/2

+ (1 − ∆)

(
1 +

d2
2

4R2

)−3/2
]
. (A.17)

This function is shown in Fig. A.1(a), together with the other predictions for B2.
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Figure A.1: Coalescence parameters B2 (a) and B3 (b) as a function of the source radius R for different wave
functions (see the text for more details).
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V. Petráček38, M. Petrovici49, R.P. Pezzi118,72, S. Piano62, M. Pikna13, P. Pillot118, O. Pinazza55,35, L. Pinsky128,
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