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Statistical models [1, 2]

• Hadrons emitted from a source in 
local thermodynamical equilibrium


• dN/dy ∼ e−m/TchemProduction of 4He and 4He ALICE Collaboration
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Fig. 3: Thermal model fits, with three different implementations, to the light flavour hadron yields in central (0-
10%) Pb–Pb collisions at

p
sNN = 2.76 TeV. The data points are taken from [1, 2, 38, 51–54] and details of the fits

can be found in [10, 11]. The upper panel shows the fit results together with the data, whereas the middle panel
shows the difference between model and data normalised to the model value and the lower panel the difference
between model and data normalised to the experimental uncertainties.
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Coalescence models [3]

• Nuclei are produced from the overlap 
of nucleons’ phase-space and 
Wigner density of the bound state


Ei
d3Ni

dp3
i

= BA (Ep
d3Np

dp3
p )

A

A Large Ion Collider Experiment

Introduction

2

Antihelium-4: a probe for indirect DM searches, very low astrophysical background 
Has been observed so far only in heavy-ion collisions (ALICE, STAR) 
• For astrophysics: pp collisions are of primary interest!

remove the nonannihilating contribution using a meas-
urement presented in Ref. [31], that is σd̄Hno–ann ¼ 4 mb.
This nonannihilation contribution is also used to calculate
the tertiary source term QIII following Ref. [46]. Our
prescription for annihilation and tertiary is in very good
agreement with that presented in Ref. [31]. To calculate
the annihilation and tertiary production of anti-helium-3
and 4, we rescale all cross sections by a factor ðA=2Þ2.2=3.
We treat the solar modulation in the force field approxi-
mation, setting the Fisk potential to 0.730 GV, the
average value over AMS02 data taking period [49].
Our secondary predictions of antideuteron, antihelium-
3 and -4 fluxes ϕ ¼ βcf=ð4πÞ are plotted in Fig. 2. We
also show the antiproton flux associated to the same cross
section and propagation parameters, in order to illustrate
the relative amount of each antispecies from secondary
production in our Galaxy. However, we stress that our
secondary prediction for antiproton is not the most up-to-
date one and can be within 50% of the most recent
calculation done in Ref. [28]. We thus implemented the
antiproton cross section parametrization from Ref. [28]
and checked that it does not affect our conclusions
regarding antideuteron and antihelium. We also checked
that the impact of a break in the diffusion coefficient, as
advocated in Refs. [28,50] from an analysis of the recent
AMS-02 proton, helium and B/C data, is negligible in the
energy range we are interested in. Similarly, changing the
value of the Fisk potential does not affect our prediction
above a few GeV per nucleon.
In Fig. 3 we show the secondary prediction on anti-

helium-3 and -4 compared to the advocated sensitivity of
AMS-02 after 5 years [51]. In principle, we should compare
our prediction to the measured flux, but this one is not
available. Still, we can deduce from the claimed ratio of
He=He ∼ 10−8 that this flux is larger by a factor of ∼10

than the advocated sensitivity of AMS-02 after 5 years
around 10 GeV. Hence, we confirm that it is very
challenging to explain the potential AMS02 anti-He signal
as a pure secondary component. The 3He is typically one to
two orders of magnitude below the sensitivity of AMS-02
after 5 years, and the 4He is roughly 5 orders of magnitude
below AMS-02 sensitivity. Our results are in very good
agreement with Ref. [52], who also found that the secon-
dary prediction is, at best, roughly an order of magnitude
below the tentative detection. Reference [44] on the other
hand, concluded that a pure secondary explanation of the
3He events was still viable. The main difference with
Ref. [44] lies in the range of values considered for the
coalescence momentum. As the analysis of Ref. [44] was
completed, the Alice experiment had not yet published
updated values for the coalescence factor of anti-helium B3.
Hence, the considered uncertainty range considered by
Ref. [44] is much broader (up to 20 × 10−4 GeV4) than the
one considered in this work. When considering similar
values of B3, our results are in good agreement, even
though the propagation of cosmic rays is treated in very
different manners.

C. Boosting the production by spallation

Given the uncertainty on the mass measurement, it is
conceivable that all of the antihelium nuclei are actually
3He isotopes. The standard 3He calculation yields a flux that
is a factor ∼30–100 below what is measured by AMS-02.
While uncertainties in the propagation are unlikely to be
responsible for such mismatch, one might argue that the
production term from spallation is underestimated. In order

FIG. 2. Predicted secondary flux of p̄, d̄, 3He and 4He showing
the uncertainty associated to the propagation and the coalescence
momentum.

FIG. 3. Predicted secondary flux of 3He and 4He using the upper
limit on the coalescence momentum deduced from the ALICE
experiment and showing the uncertainty associated to the MED to
MAX propagation model from Ref. [53]. We also show the
expected sensitivity from AMS-02 [51].
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centred around the expected value25 for 4He particles is shown in
Fig. 2b and indicates that the detector is well-calibrated. In Fig. 2a,
where p/jZj is less than 1.4GeV/c (where c is the velocity of light), four
negative particles are particularly well separated from the 3He band
and are located within the expected band for 4He. Above 1.75GeV/c,
ÆdE/dxæ values of 3He and 4Hemerge and the TOF system is needed to
separate these two species.
Figure 3a and b shows the ÆdE/dxæ (in units of multiples of sdE/dx,

nsdE=dx ) versus calculated mass m~ p=cð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2c2=L2{1ð Þ

p
, where sdE/dx

is the r.m.s. width of the ÆdE/dxæ distribution for 4He or 4He, and t and L
are the time of flight and path length, respectively. Negatively and posi-
tively charged particles are shown in Fig. 3a and b, respectively. In both
panels, majority species are 3He and 3He. In Fig. 3b, the 4He particles
cluster around nsdE=dx

~0 and mass 3.73GeV/c2, the appropriate mass
for 4He. A similar but smaller cluster of particles can be found in Fig. 3a
for 4He. In Fig. 3cwe show the projection onto themass axis for particles
in Fig. 3a and bwith nsdE=dx of22 to 3. There is clear separation between
3He and 4He mass peaks. Eighteen counts for 4He are observed. Of
those, sixteen are from collisions recorded in 2010. Two counts26 iden-
tified by ÆdE/dxæ alone from data recorded in 2007 are not included in
this figure, because the STAR TOF was not installed at that time.
To evaluate the background in 4He due to 3He contamination, we

simulate the 3Hemass distribution withmomenta and path lengths, as
well as the expected time of flight from 3He particles with timing
resolution derived from the same data sample. The contamination
from misidentifying 3He as 4He is estimated by integrating over the
region of the 4He selection. We estimate that the background contri-
butes 1.4 (0.05) counts of the 15 (1) total counts from Au1Au colli-
sions at 200 (62)GeV recorded in 2010. Therefore, the probability of
misidentification is at the 10211 level.
The observed counts are used to calculate the antimatter yield with

appropriate normalization (the differential invariant yield) in order to
compare to the theoretical expectation. Detector acceptance, efficiency,
and antimatter annihilation with the detector material are taken into
account when computing yields. Various uncertainties related to track-
ing in the TPC, matching in the TOF, and triggering in the HLT are
cancelled when the yield ratios of 4He/3He and 4He

"3He are calcu-
lated. The ratios are 4He=3He~ 3:0 + 1:3 statð Þz0:5

{0:3 sysð Þ
# $

| 10{3

and 4He
"
3He ~ 3:2 + 2:3 statð Þz0:7

{0:2 sysð Þ
# $

| 10{3 for central
Au1Au collisions at 200GeV (where ‘stat’ and ‘sys’ indicate the statis-
tical and systematic errors). The ratios were obtained in two windows.
The first was 40u, h, 140u, where the polar angle, h, is the angle
between the particle’s momentum vector and the beam axis (these h
limits correspond to limits of 21 to 1 in a related quantity, pseudo-
rapidity). The second was a pT per baryon window centred at pT/

jBj5 0.875GeV/cwith awidthof 0.25GeV/c, wherepT is theprojection
of the momentum vector on the plane that is transverse to the beam
axis. Ratios calculated by a Blastwave model27 for the pT/jBj window
mentioned above and for the whole range of pT/jBj differ by only 1%.
The differential yields (see legend to Fig. 4) for 4He (4He) are obtained
by multiplying the ratio of 4He/3He (4He

"3He) with the 3He (3He)
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Secondary antihelium fluxes [1]

AMS-02 sensitivity

(Anti)nuclei yields in Pb−Pb √sNN = 5.02 TeV (Anti)helium events in Au−Au √sNN = 200 GeV [2]

confirmed, their detection would be a breakthrough discov-
ery, with immediate and considerable implications onto our
current understanding of cosmology. The discovery of a
single antihelium-4 nucleus is challenging to explain in
terms of known physics. In this article, we start stressing
why such a discovery is unexpected. For this, we reevaluate
the secondary flux of antihelium nuclei. In particular, we
provide the first estimate of the 4He flux at the Earth coming
from the spallation of primary CR onto the ISM. We show
that it is impossible to explain AMS results in terms of a pure
secondary component, even though large uncertainties still
affect the prediction. Moreover, we argue that the DM
explanations of these events face similar difficulties,
although given the virtually infinite freedom in the building
of DM models, it is conceivable that a tuned scenario might
succeed in explaining these events.
We then discuss the implications of the antihelium

observation. We essentially suggest that the putative detec-
tion of 3He and 4He by AMS-02 indicates the existence of an
anti-world, i.e., a world made of antimatter, in the form of
antistars or anticlouds. We discuss properties of these
regions, as well as relevant constraints on the presence of
anticlouds in our Galaxy. We present constraints from the
survival of anticlouds in the Milky Way and in the early
Universe, as well as from CMB, gamma-ray and cosmic-ray
observations. We show in particular that these require the
anticlouds to be almost free of normal matter. Moreover, we
show how the isotopic ratio of antihelium nuclei might
suggest that BBN happened inhomogeneously, resulting in
antiregions with a antibaryon-to-photon ratio η̄ ≃ 10−3η.
Given the very strong constraints applying to the existence
and survival of anticlouds, we also discuss an alternative
scenario in which antidomains are dominated by antistars.
We suggest that part of the unidentified sources in the 3FGL
catalog can be anticlouds or antistars. Future AMS-02 and
GAPS data could further probe this scenario.
The paper is structured as follows. Section II is devoted

to a thorough reevaluation of the secondary astrophysical
component from spallation within the coalescence scheme.
A discussion on the possible limitations of our estimates
and on the DM scenario is also provided. In Sec. III, we
discuss the possibility of antidomains in our Galaxy being
responsible for AMS-02 events. Properties of anticlouds
and their constraints are presented in Sec. III A, while the
alternative antistar scenario is developed in Sec. III B.
Finally, we draw our conclusions in Sec. IV.

II. UPDATED CALCULATION OF d̄, 3He AND 4He
FROM SPALLATION ONTO THE ISM

As for any secondaries, the prediction of the 3He flux at
Earth is the result of two main processes affected by
potentially large uncertainties: (i) the production due to
spallation of primary CR onto the ISM and (ii) the
propagation of cosmic rays in the magnetic field of our

Galaxy, eventually modulated by the impact of the Sun.
In this section, we briefly review how to calculate the
secondary flux of 3He from spallation onto the ISM in a
semianalytical way.

A. Source term for antinuclei
in the coalescence scenario

The spallation production cross section of an antinucleus
A from the collision of a primary CR species i onto an ISM
species j can be computed within the coalescence scenario
as follows:

EA

σij

d3σijA
d3kA

¼ BA ·
!
Ep

σij

d3σijp
d3kp

"
Z
·
!
En

σij

d3σijn
d3kn

"
A−Z

; ð1Þ

where σij is the total inelastic cross section for the ij
collision, and the constituent momenta are taken at
kp ¼ kn ¼ kA=A. BA is the coalescence factor, whose role
is to capture the probability for A antinucleons produced in
a collision to merge into a composite antinucleus. It is often
written as

BA ¼
!
4π
3

p3
coal

8

"
A−1 mA

mZ
pmA−Z

n
; ð2Þ

where pcoal is the diameter of a sphere in phase-space
within which antinucleons have to lie in order to form
an anti-nucleus. The coalescence factor BA is a key quantity
which can be estimated from pp-collision data, as has
been done recently by the ALICE collaboration [41] for
antideuteron and antihelium. We use the values measured
at low transverse momentum as these are adequate for
CR spallation, namely B2 ≃ ð15$ 5Þ × 10−2 GeV2 and
B3 ≃ ð2$ 1Þ × 10−4 GeV4. We extrapolate these values
to pA and AA collisions. There is no measurement of B4 yet
available. Hence, we make use of Eq. (2) in order to extract
the coalescence momentum (common to each species in the
coalescence model) from the B3 measurement. This gives a
coalesence momentum that varies between 0.218 GeV and
0.262 GeV. Using the measurement of B2, the coalescence
momentum varies between 0.208 GeV and 0.262 GeV,
which is in excellent agreement with the value extracted
from B3. We stress that the fact that the coalescence
momenta extracted from both coalescence factors agree
is far from trivial. It indicates that the coalescence scenario
is much more predictive and accurate than one might have
naively expected from its apparent simplicity. To phrase
this otherwise: from the B2 measurement of ALICE,
one can predict how many antihelium-3 ALICE should
measure; this turns out to be in very good agreement with
the actual measurement, which is quite remarkable.
The final step is thus to apply Eq. (2) to the case of
antihelium-4. We find that B4 varies between 7.7 ×
10−7 GeV6 and 3.9 × 10−6 GeV6.
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Use pcoal from B2 and B3 to estimate B4 according to:

Cosmic rays ISM

• Coalescence parameter BA  (↔︎ coalescence probability):
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    Chiara Pinto, Wed 6 Sept, 12:40

2chiara.pinto@cern.ch                                                                                                         QM2023 – Sept. 6th, 2023                                                                                                      2

Motivation
Antinuclei production:

• pp, p–A and (few) A–A 
reactions between primary 
cosmic rays and the  
interstellar medium

• dark-matter annihilation 
processes

! Nature Phys. (2023) 19, 61–71

Schematic antinuclei fluxes near Earth
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Measurements of light antinuclei production is of the 
utmost importance for astrophysics!

3He production and propagation in the Galaxy [1]

Dimensions of (light) nuclear chart: antinuclei
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Hypernuclei: bound states of nucleons and hyperons

• Formation of interesting states (hypertriton, hyperhelium, …),  
testing the nuclear shell model [1]


• Neutron stars’ EOS [2] (understanding of Λ−N and Λ−Λ interaction!)

[1] Gal et al., Rev.Mod.Phys. 88 (2016) 3, 035004

[2] Logoteta et al., Eur.Phys.J.A 55 (2019) 11, 207
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Hypernuclei: Motivation
But why hypernuclei? 
What are they good for?

1) Λ hyperons in a system of nucleons
allow for the formation of interesting 
bound states, e.g. the hyperhelium-5 
or the hypertriton 

2) Hyperons in neutron stars? Very dense 
objects (mass > 2 solar masses while 
having a radius of a few km)

 → understanding of the Λ-N and 
  Λ-Λ interaction

x

D. Logoteta, I. Vidana, I. Bombaci, Eur. Phys. J. A (2019) 55: 207
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A. Gal, E.V. Hungerford, D.J. Millener, Rev.Mod.Phys. 88 (2016) 3, 035004
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Λ hyperon

 
A. Gal, E.V. Hungerford, D.J. Millener, Rev.Mod.Phys. 88 (2016) 3, 035004

ALICE has measured the 
production and properties of 

(anti)hypertriton [3] ✅ 

Can we study the A = 4 hypernuclei 

with ALICE? Yes we can!

Dimensions of (light) nuclear chart: hypernuclei

Janik Ditzel’s poster
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[3] ALICE, Phys. Lett. B 754 (2016) 360, Phys. Lett. B 797 (2019) 134905, 
Phys. Rev. Lett. 128 (2022) 252003, Phys. Rev. Lett. 131 (2023) 102302
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ALICE detector in Run 2
Unique tracking and PID capabilities to study the production 
of (anti)(hyper)nuclei at the LHC energies!
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Unique tracking and PID capabilities to study the production 
of (anti)(hyper)nuclei at the LHC energies!
TPC: dE/dx in gas

• Separation of (anti)nuclei thanks to their 
large mass (and charge)

dE/dx in ALICE TPC

ALICE detector in Run 2
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Unique tracking and PID capabilities to study the production 
of (anti)(hyper)nuclei at the LHC energies!
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TPC: dE/dx in gas

• Separation of (anti)nuclei thanks to their 
large mass (and charge)

dE/dx in ALICE TPC TOF β

TOF measurements: β = v/c

• p = γβm → mass

ALICE detector in Run 2
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(Anti)(hyper)nuclei production across collision systems
Smooth evolution of d/p and 3He/p ratios with multiplicity and system size [1]

• Good description of A = 2, 3 data with coalescence models

• Tension between statistical models and A = 3 experimental results

[1] ALICE, arXiv:2212.04777

(Anti)nuclei production in p–Pb collisions at
√

sNN = 8.16 TeV ALICE Collaboration

volume Vc = dV /dy being consistent with the data at intermediate multiplicity and the version using Vc =

3dV /dy at low multiplicity only.

The 3He/p ratio, shown in Fig. 4, is fairly well described by the coalescence approach at low and in-

termediate charged-particle multiplicity densities, although significant differences are observed at high

multiplicities, where the predictions underestimate the data. Similarly to the d/p ratio, the CSM calcula-

tions provide a qualitative description of the data at low and intermediate multiplicities and are closer to

the data in the grand-canonical limit.
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Figure 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.

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)nuclei 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 is

observed, consistently with previous measurements [6, 7, 9, 10]. The production mechanisms of

(anti)deuterons and (anti)3He are investigated by comparing the multiplicity dependence of the coales-

cence parameters BA 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 in pp and Pb–Pb collisions,

corresponding to small and large system 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 description of the deuteron production measure-

ments by the coalescence 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. Implemen-

tations 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 canonical
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tations 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 canonical

14

(Anti)nuclei production in p–Pb collisions at
√

sNN = 8.16 TeV ALICE Collaboration

volume Vc = dV /dy being consistent with the data at intermediate multiplicity and the version using Vc =

3dV /dy at low multiplicity only.

The 3He/p ratio, shown in Fig. 4, is fairly well described by the coalescence approach at low and in-

termediate charged-particle multiplicity densities, although significant differences are observed at high

multiplicities, where the predictions underestimate the data. Similarly to the d/p ratio, the CSM calcula-

tions provide a qualitative description of the data at low and intermediate multiplicities and are closer to

the data in the grand-canonical limit.

1 10 210 310

|<0.5
lab

η|〉lab
η / dchNd〈

0

0.001

0.002

0.003

0.004

0.005

)p
) /

 (p
 +

 
d

 (d
 +

 

 = 8.16 TeV NNsPb, − p
 = 5.02 TeVNNsPb, − p

 = 2.76 TeVNNsPb, − Pb
 = 5.02 TeV NNsPb, − Pb

 = 5 TeVs pp, 
 = 7 TeVs pp, 
 = 13 TeVs pp, 
 = 13 TeV, HMs pp, 

ALICE

y/dV = 3 dcV = 155 MeV, chCSM, T
y/dV = dcV = 155 MeV, chCSM, T

Coalescence 

10 210 310

| < 0.5
lab

η|〉lab
η/dchNd〈

0

5

10

6−10×)p
) /

 (p
 +

 
H

e
3

H
e 

+ 
3  (

y/dV = 3 dcV = 155 MeV, 
ch

CSM, T
y/dV = dcV = 155 MeV, 

ch
CSM, T
Coalescence two-body 
Coalescence three-body 

 = 8.16 TeVNNsPb, − p
 = 5.02 TeV NNsPb, − p

 = 2.76 TeVNNsPb, − Pb
 = 5.02 TeVNNsPb, − Pb

 = 5 TeVs pp, 
 = 7 TeV s pp, 
 = 13 TeV s pp, 
 = 13 TeV, HM s pp, 

ALICE

Figure 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.

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)nuclei 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 is

observed, consistently with previous measurements [6, 7, 9, 10]. The production mechanisms of

(anti)deuterons and (anti)3He are investigated by comparing the multiplicity dependence of the coales-

cence parameters BA 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 in pp and Pb–Pb collisions,

corresponding to small and large system 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 description of the deuteron production measure-

ments by the coalescence 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. Implemen-

tations 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 canonical
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(Anti)(hyper)nuclei production across collision systems
Smooth evolution of d/p and 3He/p ratios with multiplicity and system size [1]

• Good description of A = 2, 3 data with coalescence models

• Tension between statistical models and A = 3 experimental results

[1] ALICE, arXiv:2212.04777

(Anti)nuclei production in p–Pb collisions at
√

sNN = 8.16 TeV ALICE Collaboration

volume Vc = dV /dy being consistent with the data at intermediate multiplicity and the version using Vc =

3dV /dy at low multiplicity only.

The 3He/p ratio, shown in Fig. 4, is fairly well described by the coalescence approach at low and in-

termediate charged-particle multiplicity densities, although significant differences are observed at high

multiplicities, where the predictions underestimate the data. Similarly to the d/p ratio, the CSM calcula-

tions provide a qualitative description of the data at low and intermediate multiplicities and are closer to

the data in the grand-canonical limit.
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as vertical lines, whereas boxes represent the systematic ones. The results are compared with the expectations of

CSM and Coalescence models.

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)nuclei 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 is

observed, consistently with previous measurements [6, 7, 9, 10]. The production mechanisms of

(anti)deuterons and (anti)3He are investigated by comparing the multiplicity dependence of the coales-

cence parameters BA 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 in pp and Pb–Pb collisions,

corresponding to small and large system 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 description of the deuteron production measure-

ments by the coalescence 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. Implemen-

tations 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 canonical
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• Recent  measurements [2] support coalescence model in small systems!3
ΛH/Λ

(Anti)nuclei production in p–Pb collisions at
√

sNN = 8.16 TeV ALICE Collaboration

volume Vc = dV /dy being consistent with the data at intermediate multiplicity and the version using Vc =

3dV /dy at low multiplicity only.

The 3He/p ratio, shown in Fig. 4, is fairly well described by the coalescence approach at low and in-

termediate charged-particle multiplicity densities, although significant differences are observed at high

multiplicities, where the predictions underestimate the data. Similarly to the d/p ratio, the CSM calcula-

tions provide a qualitative description of the data at low and intermediate multiplicities and are closer to

the data in the grand-canonical limit.
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5 Summary
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sNN =

8.16 TeV are presented. These results contribute to the understanding of the light (anti)nuclei 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 is

observed, consistently with previous measurements [6, 7, 9, 10]. The production mechanisms of

(anti)deuterons and (anti)3He are investigated by comparing the multiplicity dependence of the coales-

cence parameters BA 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 in pp and Pb–Pb collisions,

corresponding to small and large system 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.
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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.

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)nuclei 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 is

observed, consistently with previous measurements [6, 7, 9, 10]. The production mechanisms of

(anti)deuterons and (anti)3He are investigated by comparing the multiplicity dependence of the coales-

cence parameters BA 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 in pp and Pb–Pb collisions,

corresponding to small and large system 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 description of the deuteron production measure-

ments by the coalescence 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. Implemen-

tations 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 canonical

14

3
ΛH/Λd/p 3He/p

[2] ALICE, Phys. Rev. Lett. 128 (2022) 252003



A Large Ion Collider Experiment

8(Anti)(hyper)nuclei with ALICE | I. Vorobyev | Quark Matter 2023

Coalescence parameter BA
Smooth evolution of B2 and B3 with multiplicity and system size [1, 2]

• Large system size (r ~2−5 fm) → decrease of BA due to space separation between nucleons

[1] ALICE, arXiv:2212.04777

[2] ALICE, PRC 101, (2020) 044906
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Figure 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 coalescence calculations from Ref. [42] using two different parame-

terizations for the system size as a function of the mean charged-particle multiplicity density.

(CSM) used here, exact conservation of baryon number (B), electric charge (Q) and strangeness (S) is

implemented in the so-called correlation volume Vc. Different values of Vc 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 conserved charges B = Q = S = 0.

The system is assumed to be in full chemical equilibrium and the chemical freezeout temperature is

fixed at 155 MeV, independent of multiplicity [69]. Recent developments of the CSM, called γSCSM,

include an incomplete equilibration of strangeness, described by the strangeness saturation parameter γS,

a multiplicity-dependent chemical freezeout temperature and a correlation volume extending over three

units of rapidity [87]. The γSCSM model reproduces quite well the measured 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 probability is given by the overlap of the

nucleon phase-space distributions in the emission source with the Wigner density of the bound state. The

latter is calculated using a Gaussian approximation for the (anti)nuclei internal wave function [88]. In the

case of A = 3 nuclei, predictions from both two-body and three-body coalescence are considered [88].

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 (neutron). 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 observed, reaching constant values in Pb–Pb collisions. The plateau at high multiplicities

is described by the grand-canonical statistical model [30, 38, 42]. 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 measurements. The CSM calculations asymptotically

converge towards the grand-canonical limit at high multiplicity and they are both consistent with the Pb–

Pb measurements at
√

sNN = 2.76 TeV within the uncertainties. At low and intermediate multiplicities,

these calculations provide only a qualitative description of this ratio, with the version using as correlation
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Particle-emitting source radius [2]

ALICE Collaboration Physics Letters B 811 (2020) 135849

Fig. 1. The correlation function of p–p (left) and p–! (right) as a function of k∗ in one exemplary mT interval. Statistical (bars) and systematic (boxes) uncertainties are 
shown separately. The filled bands depict 1σ uncertainties of the fits with Cfit(k∗) and are obtained by using the Argonne v18 [70] (blue), χEFT LO [71] (green) and χEFT 
NLO [74] (red) potentials. See text for details.

In comparison to p–p, the theoretical models describing the 
p–! interaction are much less constrained since data from hy-
pernuclei and scattering experiments are scarce [41,71–74]. The 
femtoscopic fit is performed in the range k∗ ∈ [0, 224] MeV/c. The 
limited amount of experimental data leaves room for different the-
oretical descriptions of the p–! interaction. In the measurement 
this is accounted for by performing the fits twice, where the S
wave function of the p–! pair is obtained once from chiral ef-
fective field theory calculations (χEFT) at leading order (LO) [71]
and once from the one at next-to-leading order (NLO) [74]. The 
systematic uncertainties on r0 associated with the fit procedure 
are estimated by i) changing the upper limit of the fit region to 
204 MeV/c and 244 MeV/c, ii) replacing the normalization con-
stant Cnon−femto(k∗) = a by a linear function, and iii) modifying the 
λ parameters by varying R%0/! by ±20%.

The systematic uncertainties of the experimental p–p and p–!

correlation function take into consideration all single-particle se-
lection criteria introduced in the previous section, as well as the 
CPR criteria on the p–p pairs. All criteria are varied simultaneously 
up to 20% around the nominal values. To limit the bias of statis-
tical fluctuations, only variations with a maximum change of the 
pair yield of 20% are considered. To obtain the final systematic un-
certainty on the source size, the fit procedure is repeated for all 
variations of the experimental correlation function, using all possi-
ble configurations of the fit function. The standard deviation of the 
resulting distribution for r0 is considered as the final systematic 
uncertainty.

In Fig. 1 the p–p and p–! correlation functions of one rep-
resentative mT interval are shown. The grey boxes represent the 
systematic uncertainties of the data and correspond to the 1σ in-
terval extracted from the variations of the selection criteria. The 
resulting relative uncertainty of the p–p (p–!) correlation func-
tion reaches a maximum of 2.4% (6.3%) in the lowest measured k∗

interval. Unlike for meson–meson or baryon–antibaryon pairs, the 
broad background related to mini-jets is absent for baryon–baryon 
pairs [41,75]. The width of the fit curves corresponds to the 1σ
interval extracted from the variations of all the fits. In case of the 
p–p correlation function, this results in a χ2/ndf = 1.9. The fit of 
the p–! correlation function using χEFT calculations at LO yields a 
χ2/ndf = 0.91 while the fit using χEFT calculations at NLO yields 
a χ2/ndf = 0.67.

Each correlation function in every mT interval is fitted and the 
resulting radii are shown in Fig. 2. The central value corresponds 
to the mean estimated from the distribution of r0 obtained from 

Fig. 2. Source radius r0 as a function of 〈mT〉 for the assumption of a purely Gaus-
sian source. The blue crosses result from fitting the p–p correlation function with 
the strong Argonne v18 [70] potential. The green squared crosses (red diagonal 
crosses) result from fitting the p–! correlation functions with the strong χEFT 
LO [71] (NLO [74]) potential. Statistical (lines) and systematic (boxes) uncertainties 
are shown separately.

the systematic variations. The statistical uncertainties are marked 
with solid lines, while the boxes correspond to the systematic un-
certainties. The relative value of the latter is at most 2.4% for the 
radii extracted from p–p correlations and 8.3% and 5.7% for those 
extracted from p–! correlations using the NLO and LO calcula-
tions, respectively. The decrease of the source size with increasing 
mT is consistent with a hydrodynamic picture, however, the ex-
pected common scaling [16] of the different particle species is not 
observed for the two considered pair types. The two measurements 
show a similar trend that is shifted by an offset, indicating that 
there are differences in the emission of particles.

4. Modeling the short-lived resonances

The effect of short-lived resonances (cτ ! 10 fm) feeding into 
protons and ! baryons could be a possible explanation for the 
difference between the source sizes determined from p–p and 
p–! correlations, which was observed in Fig. 2. In the past, Bose-
Einstein correlations between identical pions, measured in heavy-
ion collisions, were interpreted in terms of a two-component 
source. It constitutes a core, which is the origin of primary par-

4
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Hulthén , the Argonne v18 wavefunctions, and �EFT as
shown in Fig. 8.
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Fig. 8. Deuteron wave functions using di↵erent potential hy-
potheses, namely Gaussian (red), Hulthén (green) [41], �EFT
N4LO S-wave and D-wave (solid and dashed orange curves,
respectively) [52], Argonne v18 [51] S-wave and D-wave (solid
and dashed blue curves, respectively).

A.1 Gaussian wavefunction

The most simple assumption is a single Gaussian wave-
function

�d(r) =
e
� r2

2d2

(⇡d2)3/4
, (20)

where d is a parameter related to the nucleus radius. For
this calculation, d = 3.2 fm, as in [60]. Using Eq. 13, the
corresponding Wigner density is

D(~r, ~q) = 8 e�
d4q2+r2

d2 . (21)

A.2 Hulthén wavefunction

The Hulthén wavefunction represents a more realistic hy-
pothesis for the deuteron wavefunction and it is based on
the Yukawa theory of interaction. The wavefunction has
the form

�d(r) =

s
↵�(↵+ �)

2⇡(↵� �)2
e
�↵r � e

��r

r
, (22)

where ↵ = 0.23 fm�1 and � = 1.61 fm�1 are parameters
taken from [41]. For convenience, the Wigner density is

calculated starting from the Fourier transform  (~k) of the
wavefunction

 (~k) =

p
↵+ �

⇡(↵� �)

✓
1

k2 + ↵2
� 1

k2 + �2

◆
. (23)

In Fourier space, Eq. 13 has the form

D(~r, ~q) =

Z
d3⇠

Z
d3k1

Z
d3k2  

⇤(~k2) (~k1)⇥

⇥ e
�i[ ~q·~⇠+~k2·(~r�~⇠/2)+~k2·(~r�~⇠/2)]

. (24)

Using the substitutions ~k2 = 2~q + ~k1 and ~k1 = ~k + ~q,
and integrating over ~⇠ and ~k2, one obtains the following
expression

D(~r, ~q) = 8

Z
d3k e2i~r·

~k
 
⇤(~q � ~k) (~q + ~k) =

=

Z
d3k ei~r·

~k
 
⇤(~q � ~k/2) (~q + ~k/2) . (25)

The integral depends on the angle ✓ between ~r and ~k. To
eliminate this dependence on the angle ✓, the angular av-
erage over ✓ is performed using sin(✓). With these simpli-
fications, the Wigner density of the Hulthén wavefunction
becomes

D(~r, ~q) =
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A.3 Argonne v18 wavefunction

The Argonne v18 potential is a phenomenological potential
constrained to proton-neutron scattering measurements [51].
In such a potential, the deuteron wavefunction has the
form

 d(~r) =
1p
4⇡ r


u(r) +

1p
8
w(r)S12(r̂)

�
�1m , (27)

where S12(r̂) = 3~�1 · ~r ~�2 · ~r � ~�1 · ~�2 is the spin tensor,
�1m is a spinor, and u(r) and w(r) are radial S and D
wavefunctions, respectively. We define ~r1 the coordinates
of the proton, ~r2 the coordinates of the neutron, ~r = ~r1�~r2

2 ,

and ~R = ~r1+~r2
2 .

The spin averaged density for the deuteron is

| d(~r)|2 =
1

3

X

m=0,±1
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, (28)
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Fig. 1. The correlation function of p–p (left) and p–! (right) as a function of k∗ in one exemplary mT interval. Statistical (bars) and systematic (boxes) uncertainties are 
shown separately. The filled bands depict 1σ uncertainties of the fits with Cfit(k∗) and are obtained by using the Argonne v18 [70] (blue), χEFT LO [71] (green) and χEFT 
NLO [74] (red) potentials. See text for details.

In comparison to p–p, the theoretical models describing the 
p–! interaction are much less constrained since data from hy-
pernuclei and scattering experiments are scarce [41,71–74]. The 
femtoscopic fit is performed in the range k∗ ∈ [0, 224] MeV/c. The 
limited amount of experimental data leaves room for different the-
oretical descriptions of the p–! interaction. In the measurement 
this is accounted for by performing the fits twice, where the S
wave function of the p–! pair is obtained once from chiral ef-
fective field theory calculations (χEFT) at leading order (LO) [71]
and once from the one at next-to-leading order (NLO) [74]. The 
systematic uncertainties on r0 associated with the fit procedure 
are estimated by i) changing the upper limit of the fit region to 
204 MeV/c and 244 MeV/c, ii) replacing the normalization con-
stant Cnon−femto(k∗) = a by a linear function, and iii) modifying the 
λ parameters by varying R%0/! by ±20%.

The systematic uncertainties of the experimental p–p and p–!

correlation function take into consideration all single-particle se-
lection criteria introduced in the previous section, as well as the 
CPR criteria on the p–p pairs. All criteria are varied simultaneously 
up to 20% around the nominal values. To limit the bias of statis-
tical fluctuations, only variations with a maximum change of the 
pair yield of 20% are considered. To obtain the final systematic un-
certainty on the source size, the fit procedure is repeated for all 
variations of the experimental correlation function, using all possi-
ble configurations of the fit function. The standard deviation of the 
resulting distribution for r0 is considered as the final systematic 
uncertainty.

In Fig. 1 the p–p and p–! correlation functions of one rep-
resentative mT interval are shown. The grey boxes represent the 
systematic uncertainties of the data and correspond to the 1σ in-
terval extracted from the variations of the selection criteria. The 
resulting relative uncertainty of the p–p (p–!) correlation func-
tion reaches a maximum of 2.4% (6.3%) in the lowest measured k∗

interval. Unlike for meson–meson or baryon–antibaryon pairs, the 
broad background related to mini-jets is absent for baryon–baryon 
pairs [41,75]. The width of the fit curves corresponds to the 1σ
interval extracted from the variations of all the fits. In case of the 
p–p correlation function, this results in a χ2/ndf = 1.9. The fit of 
the p–! correlation function using χEFT calculations at LO yields a 
χ2/ndf = 0.91 while the fit using χEFT calculations at NLO yields 
a χ2/ndf = 0.67.

Each correlation function in every mT interval is fitted and the 
resulting radii are shown in Fig. 2. The central value corresponds 
to the mean estimated from the distribution of r0 obtained from 

Fig. 2. Source radius r0 as a function of 〈mT〉 for the assumption of a purely Gaus-
sian source. The blue crosses result from fitting the p–p correlation function with 
the strong Argonne v18 [70] potential. The green squared crosses (red diagonal 
crosses) result from fitting the p–! correlation functions with the strong χEFT 
LO [71] (NLO [74]) potential. Statistical (lines) and systematic (boxes) uncertainties 
are shown separately.

the systematic variations. The statistical uncertainties are marked 
with solid lines, while the boxes correspond to the systematic un-
certainties. The relative value of the latter is at most 2.4% for the 
radii extracted from p–p correlations and 8.3% and 5.7% for those 
extracted from p–! correlations using the NLO and LO calcula-
tions, respectively. The decrease of the source size with increasing 
mT is consistent with a hydrodynamic picture, however, the ex-
pected common scaling [16] of the different particle species is not 
observed for the two considered pair types. The two measurements 
show a similar trend that is shifted by an offset, indicating that 
there are differences in the emission of particles.

4. Modeling the short-lived resonances

The effect of short-lived resonances (cτ ! 10 fm) feeding into 
protons and ! baryons could be a possible explanation for the 
difference between the source sizes determined from p–p and 
p–! correlations, which was observed in Fig. 2. In the past, Bose-
Einstein correlations between identical pions, measured in heavy-
ion collisions, were interpreted in terms of a two-component 
source. It constitutes a core, which is the origin of primary par-
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State-of-the-art coalescence modelling

[1] JHEP 01 (2022) 106

[3] Horst et al., arXiv:2302.12696

Description of d spectrum 

with coalescence model


with no free parameters [3] 

[2] ALICE. Phys. Lett. B 811 (2020) 135849

Chiara Pinto’s poster
Precise measurements of    

(anti)nucleons production in pp 13 TeV [1]

P. Larionov - LHCP 2023 - Belgrade, Serbia 10

• New results from ALICE on 
light (anti)nuclei production in 
pp collisions at  = 13 TeV  

• Extended pT range for 
antihelium

s

What else can we learn with 
the produced (anti)nuclei at 
colliders !

New data on the (anti)nuclei production by ALICE
ALICE collaboration, J. High Energ. Phys. 2022, 106 (2022) 

Maximilian Mahlein et al.: Novel parameter-free coalescence model for deuteron production 9

Hulthén , the Argonne v18 wavefunctions, and �EFT as
shown in Fig. 8.
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Fig. 8. Deuteron wave functions using di↵erent potential hy-
potheses, namely Gaussian (red), Hulthén (green) [41], �EFT
N4LO S-wave and D-wave (solid and dashed orange curves,
respectively) [52], Argonne v18 [51] S-wave and D-wave (solid
and dashed blue curves, respectively).

A.1 Gaussian wavefunction

The most simple assumption is a single Gaussian wave-
function

�d(r) =
e
� r2

2d2

(⇡d2)3/4
, (20)

where d is a parameter related to the nucleus radius. For
this calculation, d = 3.2 fm, as in [60]. Using Eq. 13, the
corresponding Wigner density is

D(~r, ~q) = 8 e�
d4q2+r2

d2 . (21)

A.2 Hulthén wavefunction

The Hulthén wavefunction represents a more realistic hy-
pothesis for the deuteron wavefunction and it is based on
the Yukawa theory of interaction. The wavefunction has
the form
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where ↵ = 0.23 fm�1 and � = 1.61 fm�1 are parameters
taken from [41]. For convenience, the Wigner density is

calculated starting from the Fourier transform  (~k) of the
wavefunction
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In Fourier space, Eq. 13 has the form
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Using the substitutions ~k2 = 2~q + ~k1 and ~k1 = ~k + ~q,
and integrating over ~⇠ and ~k2, one obtains the following
expression
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The integral depends on the angle ✓ between ~r and ~k. To
eliminate this dependence on the angle ✓, the angular av-
erage over ✓ is performed using sin(✓). With these simpli-
fications, the Wigner density of the Hulthén wavefunction
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A.3 Argonne v18 wavefunction

The Argonne v18 potential is a phenomenological potential
constrained to proton-neutron scattering measurements [51].
In such a potential, the deuteron wavefunction has the
form
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where S12(r̂) = 3~�1 · ~r ~�2 · ~r � ~�1 · ~�2 is the spin tensor,
�1m is a spinor, and u(r) and w(r) are radial S and D
wavefunctions, respectively. We define ~r1 the coordinates
of the proton, ~r2 the coordinates of the neutron, ~r = ~r1�~r2
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Fig. 1. The correlation function of p–p (left) and p–! (right) as a function of k∗ in one exemplary mT interval. Statistical (bars) and systematic (boxes) uncertainties are 
shown separately. The filled bands depict 1σ uncertainties of the fits with Cfit(k∗) and are obtained by using the Argonne v18 [70] (blue), χEFT LO [71] (green) and χEFT 
NLO [74] (red) potentials. See text for details.

In comparison to p–p, the theoretical models describing the 
p–! interaction are much less constrained since data from hy-
pernuclei and scattering experiments are scarce [41,71–74]. The 
femtoscopic fit is performed in the range k∗ ∈ [0, 224] MeV/c. The 
limited amount of experimental data leaves room for different the-
oretical descriptions of the p–! interaction. In the measurement 
this is accounted for by performing the fits twice, where the S
wave function of the p–! pair is obtained once from chiral ef-
fective field theory calculations (χEFT) at leading order (LO) [71]
and once from the one at next-to-leading order (NLO) [74]. The 
systematic uncertainties on r0 associated with the fit procedure 
are estimated by i) changing the upper limit of the fit region to 
204 MeV/c and 244 MeV/c, ii) replacing the normalization con-
stant Cnon−femto(k∗) = a by a linear function, and iii) modifying the 
λ parameters by varying R%0/! by ±20%.

The systematic uncertainties of the experimental p–p and p–!

correlation function take into consideration all single-particle se-
lection criteria introduced in the previous section, as well as the 
CPR criteria on the p–p pairs. All criteria are varied simultaneously 
up to 20% around the nominal values. To limit the bias of statis-
tical fluctuations, only variations with a maximum change of the 
pair yield of 20% are considered. To obtain the final systematic un-
certainty on the source size, the fit procedure is repeated for all 
variations of the experimental correlation function, using all possi-
ble configurations of the fit function. The standard deviation of the 
resulting distribution for r0 is considered as the final systematic 
uncertainty.

In Fig. 1 the p–p and p–! correlation functions of one rep-
resentative mT interval are shown. The grey boxes represent the 
systematic uncertainties of the data and correspond to the 1σ in-
terval extracted from the variations of the selection criteria. The 
resulting relative uncertainty of the p–p (p–!) correlation func-
tion reaches a maximum of 2.4% (6.3%) in the lowest measured k∗

interval. Unlike for meson–meson or baryon–antibaryon pairs, the 
broad background related to mini-jets is absent for baryon–baryon 
pairs [41,75]. The width of the fit curves corresponds to the 1σ
interval extracted from the variations of all the fits. In case of the 
p–p correlation function, this results in a χ2/ndf = 1.9. The fit of 
the p–! correlation function using χEFT calculations at LO yields a 
χ2/ndf = 0.91 while the fit using χEFT calculations at NLO yields 
a χ2/ndf = 0.67.

Each correlation function in every mT interval is fitted and the 
resulting radii are shown in Fig. 2. The central value corresponds 
to the mean estimated from the distribution of r0 obtained from 

Fig. 2. Source radius r0 as a function of 〈mT〉 for the assumption of a purely Gaus-
sian source. The blue crosses result from fitting the p–p correlation function with 
the strong Argonne v18 [70] potential. The green squared crosses (red diagonal 
crosses) result from fitting the p–! correlation functions with the strong χEFT 
LO [71] (NLO [74]) potential. Statistical (lines) and systematic (boxes) uncertainties 
are shown separately.

the systematic variations. The statistical uncertainties are marked 
with solid lines, while the boxes correspond to the systematic un-
certainties. The relative value of the latter is at most 2.4% for the 
radii extracted from p–p correlations and 8.3% and 5.7% for those 
extracted from p–! correlations using the NLO and LO calcula-
tions, respectively. The decrease of the source size with increasing 
mT is consistent with a hydrodynamic picture, however, the ex-
pected common scaling [16] of the different particle species is not 
observed for the two considered pair types. The two measurements 
show a similar trend that is shifted by an offset, indicating that 
there are differences in the emission of particles.

4. Modeling the short-lived resonances

The effect of short-lived resonances (cτ ! 10 fm) feeding into 
protons and ! baryons could be a possible explanation for the 
difference between the source sizes determined from p–p and 
p–! correlations, which was observed in Fig. 2. In the past, Bose-
Einstein correlations between identical pions, measured in heavy-
ion collisions, were interpreted in terms of a two-component 
source. It constitutes a core, which is the origin of primary par-
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A = 4 hypernuclei yield in theory

A. Andronic, private communication 
model from A. Andronic et al., Phys. Lett. B 697, 203 (2011)

921.08.2023 Hypernuclei – Janik Ditzel – EPS2023 9

• Expectations for hypernuclei
from the statistical hadronization
model at Tch = 156 MeV

• Penalty factor by adding one nucleon
to a particle ≈ 300 in Pb-Pb collisions

• Further suppression due to 
strangeness content

• Comparing to only a few antialpha
candidates in available Pb-Pb dataset
→ improbable to measure
     A = 4 hypernuclei

A = 4 hypernuclei in ALICE
• Penalty factor for adding one nucleon to a particle: ~300 for Pb−Pb collisions [1]

• Additional suppression due to strangeness content


[1] Andronic et al., Phys. Lett. B 697 (2011) 203
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• Expectations for hypernuclei
from the statistical hadronization
model at Tch = 156 MeV

• Penalty factor by adding one nucleon
to a particle ≈ 300 in Pb-Pb collisions

• Further suppression due to 
strangeness content

• Comparing to only a few antialpha
candidates in available Pb-Pb dataset
→ improbable to measure
     A = 4 hypernuclei

A = 4 hypernuclei in ALICE
• A = 4 hypernuclei are more 

bound and each has an excited state

• The yields of these hypernuclei are 
enhanced with respect to the ground state 
due to the feed-down from higher mass 
states

• Also the yields of the SHM scale with the 
spin-degeneracy 

• Resulting in a total enhancement
of a factor 4 for both hypernuclei
 

A = 4 hypernuclei in ALICE

1021.08.2023 Hypernuclei – Janik Ditzel – EPS2023 10

M. Schäfer, N. Barnea, A. Gal, Phys.Rev.C 106, L031001 (2022)
B. Dönigus, EPJ Web Conf. 276 (2023) 04002

Phys. Rev. Lett. 115, 222501 (2015)

• Penalty factor for adding one nucleon to a particle: ~300 for Pb−Pb collisions [1]

• Additional suppression due to strangeness content


[1] Andronic et al., Phys. Lett. B 697 (2011) 203

Chances to see A = 4 hypernuclei with Pb−Pb data from Run 2?

Feed-down from excited states [2, 3] → enhancement of a factor up to ~4 w.r.t. ground state [4]!

[2] J-PARC E13, Phys.Rev.Lett. 115 (2015) 22, 222501

[3] Schaefer et al., Phys.Rev.C 106 (2022) 3, L031001

[4] Dönigus, EPJ Web Conf. 276 (2023) 04002
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A = 4 hypernuclei in ALICE: !4
ΛH

Careful topological and kinematic selection, machine learning approach (BDT) for the signal extraction

First signal of  at the LHC energies!4
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• In the last couple of years, 
several precise results on 
the (anti)hypertriton production 
and properties were presented

• Are we able to also study heavier 
hypernuclei at the LHC?
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A = 4 hypernuclei in ALICE: !4
ΛH

Careful topological and kinematic selection, machine learning approach (BDT) for the signal extraction

First signal of  at the LHC energies!4

ΛH
Two-body decay:  c.c, local p-values of 6.0σ and 4.8σ! 4

ΛH →4 He + π−+

Janik Ditzel’s poster
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A = 4 hypernuclei in ALICE: !4
ΛHe

New! New!

Careful topological and kinematic selection, machine learning approach (BDT) for the signal extraction

First signal of  at the LHC energies!4

ΛHe
Three-body decay:  c.c, local p-values of 4.4σ and 3.1σ! 4

ΛHe →3 He + p + π−+
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Testing the dependence of the yields of the SHM 
with the spin-degeneracy


• Results agree with hypothesis of excited states 
for both (anti)hypernuclei


• Shedding light on the charge symmetry breaking

• Not understood from theoretical point of view

• Large statistical uncertainties, more to come 
with Run 3 data!

A = 4 hypernuclei in ALICE: comparison with SHM

New!

Janik Ditzel’s poster
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ALICE 2 Upgrade
à Tracking precision ✕3
à Pb-Pb rate ✕50

New GEM-based TPC
with continuous readout

New Inner Tracking System (ITS)
– 7 barrels, 10 m2 silicon tracker 
based on MAPS (12.5 G pixels)

New Muon Forward 
Tracker (MFT) - 5 disks 
based on MAPS

New Fast Interaction Trigger (FIT) 
– 3 detector technologies:
interaction trigger, online 
luminometer, forward multiplicity

New Beampipe 
smaller diameter (36.4 mm), first 
detection layer at 20 mm

New Trigger and Readout 
Upgrade of readout 
electronics of all detector, 
new Central Trigger 
ProcessorNew Online/Offline (O2)

The near and far future of HI at the LHC

F. Bellini, Emergence of QGP phenomena - EPS-HEP - 27.07.2021 36

ATLAS and CMS phase II
- Replace inner tracking systems to increase 

coverage 
- Timing layers: e.g. CMS MIP Timing Detector
- Calorimeters, muon system upgrades, etc…
ALICE ITS3 and FoCal

Major upgrades during LS2 for 
ALICE and LHCb

Precision era for flagship 
observables!
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High luminosity LHC
We are 
here

Link to LHC schedule
Run3 and run 4 expected lumi for heavy-ion programme: https://arxiv.org/pdf/1812.06772.pdf

ALICE3: a whole new 
dedicated HI experiment!

LHCb upgrade II 
(CERN-LHCC-2018-027) 

Much more in the Detector 
R&D and Data Handling 
parallel sessions…
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TPC dE/dx from 524 × 109 events collected in 2022

ALICE in 2010’s → ALICE in 2020’s
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Latest news from Run 3 data: (anti)nuclei identification
(Anti)nuclei identification with upgraded ALICE detector in TPC and TOF systems

• Clean signal of (anti)nuclei in pp and Pb−Pb collisions ✅

Giovanni Malfattore’s poster

New! New! New!

Performance
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Latest news from Run 3 data: (anti)hypernuclei in pp!
First invariant-mass spectra of  and  in pp collisions at 13.6 TeV!

Large data sample to be analysed:

• Precise studies of lifetime and binding energy in small systems

• Production yield as a function of multiplicity

• Comparison with theoretical models to unprecedented precision!

3
ΛH 4

ΛH

New! New!
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Latest news from Run 3 data:  in pp!4He
First signal of   in pp collisions!4He

New!
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Latest news from Run 3 data:  in pp!4He
First signal of   in pp collisions!4He

New!
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Latest news from Run 3 data:  in pp!4He

Secondary anti-helium fluxes

3He MED

8

Secondary anti-helium fluxes

3He MED
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Determination of the coalescence momentum

• No ab initio determination of p0 which needs to be fitted to data.
To do so, a model is required.

• Monte-Carlo event-generators are not devoid of problems.
They are tuned to specific processes 6= antinucleon production.
They yield di↵erent p0 when adjusted to di↵erent data sets.
p0 depends on

p
s.

• ALICE provides an experimental determination of B2 and B3.
p̄ production cross-section is measured.
Approximately the same value for p0 from d̄, t̄ and 3He .

208 MeV  pcoal  262 MeV

218 MeV  pcoal  262 MeV

S. Acharya et al., Phys. Rev. C97 (2018) 024615

Local source term for anti-nuclei production in cosmic-rays

qsec(He |EHe,x) =
X

i2p,↵

X

j2H,He
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dEi �i(Ei,x)nj(x)

d�
ij!He

dEHe

(Ei, EHe)

7.7⇥ 10�7  B4

GeV6
 3.9⇥ 10�6

V. Poulin et al., Phys. Rev. D99 (2019) 023016

M. Korsmeier et al., Phys. Rev. D97 (2018) 103011

The STAR Collaboration, Nature 473 (2011) 353
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qsec(d̄ |Ed̄,x) =
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i2p,↵

X

j2H,He
4⇡

Z
dEi �i(Ei,x)nj(x)
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(Ei, Ed̄)

d̄

Fusion of p̄ & n̄

Coalescence factor B

Coalescence is the largest source of uncertainty

coalescence ⌘ fusion of p̄ & n̄ into d̄ or 3He

S. Acharya et al., Phys. Rev. C97 (2018) 024615
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M. Korsmeier et al., Phys. Rev. D97 (2018) 103011

M. Korsmeier, F. Donato & N. Fornengo, Phys. Rev. D97 (2018) 103011
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Secondary anti-helium fluxes

8

A word of caution though

• AMS-02 has not yet published any He analysis. An up-date should be
presented next July at COSPAR – see V. Choutko’s talk.

• But we should not refrain ourselves from exploring the consequences of
these putative events. Observation and theory nurture each other.

• Interactions of high-energy cosmic-ray protons and helium nuclei on the
ISM yield a secondary anti-He flux well below AMS-02 sensitivity.

• The same conclusion holds for DM decays or annihilations although
M. Winkler and T. Linden have proposed a nice counter-example based
on ⇤̄b production if pure 3He events – Winkler+[2006.16251].

• Very recently, M. Winkler, P. De La Torre Luque and T. Linden have
proposed a scenario where DM is coupled to a dark QCD sector where
dark pions decay into t-quarks – Winkler+[2211.00025]

• The General Antiparticle Spectrometer (GAPS) is about to fly and measure
the p̄ flux below 200 MeV. GAPS has a cute way to disentangle p̄ from d̄.

• Dark Matter has triggered a hectic activity and has been systematicaly
hunted for. It may be time now to devote some attention to the possibility
of anti-matter domains in the universe – anti-clouds & anti-stars.

Domains of anti-matter gas inside the Milky Way disk and in the early universe

Two general arguments can be used irrespective of AMS-02 events.
Survival time (in MW and universe) and energy deposition (in IGM)
constrain matter and anti-matter mutual contaminations.

• Annihilation timescale of anti-matter ⌧ann > age t of the anti-cloud

np inside anti-cloud is constrained

3

AMS 5-years 
sensitivity

3He

4He

First signal of   in pp collisions!4He
• Of great importance for astrophysics, in context of potential  events in AMS-02! [1]

• Will help to constrain astrophysical background based on experimental data [2] 

4He

[1] S. Ting, CERN Colloquium 2023

[2] Poulin et al., Phys. Rev. D99 (2019) 023016

    Chiara Pinto, Wed 6 Sept, 12:40

 event in AMS-02 [1]4He Secondary antihelium fluxes [2]New!
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Summary
ALICE is in unique position to study the production 
of (anti)(hyper)nuclei at the LHC!


Results are an important input for:


• Nuclear physics

• Understanding the production mechanisms

• Testing theoretical nuclear models


• Astrophysical applications

• Equation of state of neutron stars

• Indirect dark matter searches with antinuclei in 
space


Much more to come with ongoing Run 3 campaign!

(Anti)nuclei production in p–Pb collisions at
√

sNN = 8.16 TeV
ALICE Collaboration

volume Vc = dV /dy being consistent with the data at intermediate multiplicity and the version using Vc =

3dV /dy at low multiplicity only.

The 3He/p ratio, shown in Fig. 4, is fairly well described by the coalescence approach at low and in-

termediate charged-particle multiplicity densities, although significant differences are observed at high

multiplicities, where the predictions underestimate the data. Similarly to the d/p ratio, the CSM calcula-

tions provide a qualitative description of the data at low and intermediate multiplicities and are closer to

the data in the grand-canonical limit.
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Figure 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.

5 Summary

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

sNN =

8.16 TeV are presented. These results contribute to the understanding of the light (anti)nuclei 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 is

observed, consistently with previous measurements [6, 7, 9, 10]. The production mechanisms of

(anti)deuterons and (anti)3He are investigated by comparing the multiplicity dependence of the coales-

cence parameters BA 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 in pp and Pb–Pb collisions,

corresponding to small and large system 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 description of the deuteron production measure-

ments by the coalescence 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. Implemen-

tations 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 canonical
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(Anti)nuclei production in p–Pb collisions at
√

sNN = 8.16 TeV
ALICE Collaboration
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Figure 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 coalescence calculations from Ref. [42] using two different parame-

terizations for the system size as a function of the mean charged-particle multiplicity density.
(CSM) used here, exact conservation of baryon number (B), electric charge (Q) and strangeness (S) is

implemented in the so-called correlation volume Vc. Different values of Vc 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 conserved charges B = Q = S = 0.

The system is assumed to be in full chemical equilibrium and the chemical freezeout temperature is

fixed at 155 MeV, independent of multiplicity [69]. Recent developments of the CSM, called γSCSM,

include an incomplete equilibration of strangeness, described by the strangeness saturation parameter γS,

a multiplicity-dependent chemical freezeout temperature and a correlation volume extending over three

units of rapidity [87]. The γSCSM model reproduces quite well the measured 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 probability is given by the overlap of the

nucleon phase-space distributions in the emission source with the Wigner density of the bound state. The

latter is calculated using a Gaussian approximation for the (anti)nuclei internal wave function [88]. In the

case of A = 3 nuclei, predictions from both two-body and three-body coalescence are considered [88].

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 (neutron). 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 observed, reaching constant values in Pb–Pb collisions. The plateau at high multiplicities

is described by the grand-canonical statistical model [30, 38, 42]. 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 measurements. The CSM calculations asymptotically

converge towards the grand-canonical limit at high multiplicity and they are both consistent with the Pb–

Pb measurements at
√

sNN = 2.76 TeV within the uncertainties. At low and intermediate multiplicities,

these calculations provide only a qualitative description of this ratio, with the version using as correlation
13
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Summary
ALICE is in unique position to study the production 
of (anti)(hyper)nuclei at the LHC!


Results are an important input for:


• Nuclear physics

• Understanding the production mechanisms

• Testing theoretical nuclear models


• Astrophysical applications

• Equation of state of neutron stars

• Indirect dark matter searches with antinuclei in 
space


Much more to come with ongoing Run 3 campaign!

(Anti)nuclei production in p–Pb collisions at
√

sNN = 8.16 TeV
ALICE Collaboration

volume Vc = dV /dy being consistent with the data at intermediate multiplicity and the version using Vc =

3dV /dy at low multiplicity only.

The 3He/p ratio, shown in Fig. 4, is fairly well described by the coalescence approach at low and in-

termediate charged-particle multiplicity densities, although significant differences are observed at high

multiplicities, where the predictions underestimate the data. Similarly to the d/p ratio, the CSM calcula-

tions provide a qualitative description of the data at low and intermediate multiplicities and are closer to

the data in the grand-canonical limit.
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Figure 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.

5 Summary

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

sNN =

8.16 TeV are presented. These results contribute to the understanding of the light (anti)nuclei 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 is

observed, consistently with previous measurements [6, 7, 9, 10]. The production mechanisms of

(anti)deuterons and (anti)3He are investigated by comparing the multiplicity dependence of the coales-

cence parameters BA 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 in pp and Pb–Pb collisions,

corresponding to small and large system 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 description of the deuteron production measure-

ments by the coalescence 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. Implemen-

tations 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 canonical
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Figure 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 coalescence calculations from Ref. [42] using two different parame-

terizations for the system size as a function of the mean charged-particle multiplicity density.
(CSM) used here, exact conservation of baryon number (B), electric charge (Q) and strangeness (S) is

implemented in the so-called correlation volume Vc. Different values of Vc 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 conserved charges B = Q = S = 0.

The system is assumed to be in full chemical equilibrium and the chemical freezeout temperature is

fixed at 155 MeV, independent of multiplicity [69]. Recent developments of the CSM, called γSCSM,

include an incomplete equilibration of strangeness, described by the strangeness saturation parameter γS,

a multiplicity-dependent chemical freezeout temperature and a correlation volume extending over three

units of rapidity [87]. The γSCSM model reproduces quite well the measured 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 probability is given by the overlap of the

nucleon phase-space distributions in the emission source with the Wigner density of the bound state. The

latter is calculated using a Gaussian approximation for the (anti)nuclei internal wave function [88]. In the

case of A = 3 nuclei, predictions from both two-body and three-body coalescence are considered [88].

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 (neutron). 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 observed, reaching constant values in Pb–Pb collisions. The plateau at high multiplicities

is described by the grand-canonical statistical model [30, 38, 42]. 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 measurements. The CSM calculations asymptotically

converge towards the grand-canonical limit at high multiplicity and they are both consistent with the Pb–

Pb measurements at
√

sNN = 2.76 TeV within the uncertainties. At low and intermediate multiplicities,

these calculations provide only a qualitative description of this ratio, with the version using as correlation
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Signal extraction: hypernuclei
• Using a machine learning approach (Boosted 
Decision Tree) for the signal extraction  

• A machine is trained and tested using a dedicated 
MC sample with injected hypernuclei and 
a background sample  

• The result is a model that is applied on the data 
and allows a selection via the BDT output value 

https://hipe4ml.github.io/

https://hipe4ml.github.io/
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Free Λ lifetime
New, extremely precise measurement of 
the free Λ lifetime in Pb−Pb 5.02 TeV

• Reference for the hypertriton lifetime 

• About ×3 more precise than the current 
PDG value!
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Hypertriton lifetime
Recent measurement in Run 2 Pb−Pb 5.02 TeV

• Compatible with free Λ lifetime 
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Hypertriton measurements in pp and p−Pb
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Wigner function formalism

(Anti)nuclear formation using coalescence
● (Anti)protons and (anti)neutrons close in phase-space can coalesce and form a nucleus
● Simplistic implementation: spherical approximation

○ (Anti)nucleons with a relative momentum k*< p0 coalesce
○ p0 obtained by fitting measurements

● Improved coalescence model: Wigner function formalism [1]
○ Assigns a coalescence probability on an event-by-event basis
○ Depending on the nucleus wavefunction

Wigner function formalism
● Projecting the (anti)nucleon density matrix on the deuteron density matrix [1] we have 

d3N/dP3 = S∫d3q∫d3rp∫d3rn W(q,r)  Wnp(pn,pp,rn,rp)/(2π)6

being

● Hnp is the spatial distribution of nucleons. Assuming a Gaussian source [2] the coalescence 
probability p(q,σ) as a function of the relative momentum q and size of the emission 
source σ can be derived

● This allows us to calculate the coalescence probability for any Wigner function and to probe different
wavefunctions 𝜓 for the final state (several options)

● This probability can be applied on each (anti)proton-(anti)neutron pair (triplet) in each event

Deuteron 
Wigner function

Wigner function of 
the p-n state

From event generators

(Anti)deuteron spectra
● Once the event generators are tuned to the 

measurements, this model provides (anti)deuteron 
transverse momentum spectrum predictions 

● Excellent agreement with the measured distribution [4] is 
found when using a realistic wavefunction (Argonne v18)

● Coalescence model is sensitive to the source size and 
nucleus wavefunction

● No free parameters!

p n d
p

p n
3He
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Tuning the event generators
Event generators (EPOS 3, Pythia 8.3) are corrected using measurements:

● Multiplicity: a HM trigger into the event generator which mimics the trigger used by 
ALICE is implemented, reproducing the average midrapidity multiplicity (35.8 ± 0.5) [4]

● Momentum: proton pT spectra from [4] used to calibrate each (anti)nucleon pT 
distribution 

● Resonance cocktail: tuned to reproduce Statistical Hadronisation Model yields
● Source size: tuned to the r0 measured in pp collisions at 13 TeV with a HM trigger 

(0-0.01%) by ALICE (primordials + resonances) 
● Wavefunction: several wavefunctions are tested 
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The emission source
● The size of the particle emission source is an important input for 

the coalescence model
● The source size measured by ALICE [2] is used
● After the resonance abundancies are tuned to SHM, particles 

are propagated on an event-by-event basis 
● The native source size dpn

native is obtained 
● mT–dependent scaling is finally tuned to data

→This model can be extended to any collision 
energy, if nucleon pT spectra and emitting source 

size measurements are provided
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