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Abstract
This thesis presents a study of light (anti)nucleus production in high-energy collisions,focusing on the interplay between coalescence and nucleon–nucleon (N–N) interactions.The formation of loosely bound states such as (anti)deuterons and (anti)helium nucleiis a rare process that requires correlated (anti)nucleons in the final state. A consis-tent modelling of this process must therefore account for both bound-state formationand final-state interactions, which modify two-particle distributions and influence theprobability of clustering.A model is developed and coupled through an afterburner to the Monte Carlo eventgenerator PYTHIA8 to simulate proton–proton and electron–proton collisions. Twocomplementary implementations of the coalescence mechanism are presented: a wave-function-based formalism and a Wigner-function approach, where in both cases thecoalescence probability is computed. Within the same framework, N–N interactions areincorporated through a semiclassical energy-conservation prescription, and the modelis extended iteratively to describe nuclei and antinuclei up to A = 4.Themodel is applied to pp collisions at√s = 13.6 TeV, where transverse-momentumspectra and the coalescence parameters B2 and B3 are compared to ALICE measure-ments. A grid-based χ2 minimisation is performed to constrain the source and deuteronsize parameters. The result of themodel is further compared to ZEUS data in ep collisionsand used to provide predictions for the future Electron–Ion Collider, including yields and

B2 distributions within the ePIC dRICH acceptance.
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Introduction

The formation mechanism of light nuclei and antinuclei in high-energy collisionsis still not fully understood while it could offer insights to characterize nuclear mat-ter under extreme conditions as well as to interpret potential dark-matter signals inindirect searches in cosmic ray. In hadronic interactions, (anti)nucleus production isstrongly suppressed with respect to (anti)proton production, and the formation of aloosely-bound nuclear cluster requires specific final-state correlations among nucleons.For this reason, measurements of light (anti)nuclei at accelerators provide a uniquebenchmark for the microscopic formation mechanism, and are tightly connected tofemtoscopic observables that probe the space–time structure of the emitting source. Aquantitative description of these phenomena must simultaneously address two com-plementary aspects: nucleon–nucleon (N–N) interactions, which modify two-particledistributions without producing a bound state, and binding (modelled via coalescence),which instead converts correlated nucleon pairs into composite nuclei. Developing amodel able to treat both effects consistently is therefore essential not only to reproducesingle-particle yields, but also to interpret correlation functions and the depletion oflow-k∗ pairs induced by bound-state formation.
The goal of this thesis is to implement a model that can be coupled through an after-burner to an event generator (in this work PYTHIA8) and that treats the formation ofbound states via coalescence and N–N interactions within a unified approach. Themodelis developed in two equivalent formalisms: a wave function–based description, wherethe coalescence probability is obtained from the scalar product between a Gaussiansource wave function and the nuclear bound-state wave function, and aWigner functionformalism, where both the source and the bound state are described in phase space andthe coalescence probability is computed through their overlap. Within the same frame-work, N–N interactions are implemented through a semiclassical energy-conservationtreatment. The model is then extended iteratively to form nuclei and antinuclei up to
A = 4, including the treatment of photon emission associated with the transition fromthe initial two-body system to the final bound state.
After establishing the model, its applications are presented for proton–proton (pp) and
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electron–proton (ep) collisions in configurations relevant for the Large Hadron Collider(LHC), Hadron-Electron Ring Accelerator (HERA), and the future Electron–Ion Collider(EIC). In pp collisions at√s = 13.6 TeV, transverse-momentum spectra of p,D, T , 3He,and 4He are compared to ALICE measurements, and the coalescence parametersB2 and
B3 are extracted. In addition, the associated photon production from (anti)deuteronformation is investigated, highlighting how γ–d̄ kinematics can be exploited to recon-struct the pre-coalescence p̄–n̄ relative-momentum distribution. Finally, the interplaybetween coalescence and final-state interactions is studied through two-particle cor-relation functions C(k∗), quantifying the suppression of low-k∗ nucleon pairs whencoalescence is enabled and discussing its implications for correlation measurementsinvolving light nuclei.
In ep collisions, the framework is first tested against ZEUS results at √s = 318 GeVthrough the comparison of simulated B2 distributions for D and D. Building on thisvalidation, predictions are provided for the EIC configuration, including pseudorapidity-dependent yields of deuterons and antideuterons and the corresponding B2 distribu-tions within the acceptance of the future ePIC dual RICH (dRICH) detector for differentphoton-virtuality selections. In this way, the present work establishes a coherent de-scription of light-(anti)nucleus formation across different collision systems and kinematicregimes, providing a quantitative link between coalescence, nucleon correlations, andexperimental observables.
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Chapter 1

Light (anti)Nuclei Production Models

The experimental discovery of antimatter and Antinuclei produced in proton–nucleuscollision experiments established that bound systems of antinucleons can be formedunder suitable conditions. Today, light nuclei and antinuclei produced in high-energycollisions are considered probes of weakly bound objects emerging from a source, mak-ing their production sensitive to nucleon correlations and to the space–time extent ofthe emission region.
This chapter first provides a historical overview of the fundamental milestones in an-timatter and antinuclei research. It then introduces the strong interaction and nu-cleon–nucleon potentials, which form the theoretical backbone of the production mod-els presented thereafter. The production of (anti)nuclei in high-energy interactionsis discussed within the frameworks of statistical hadronisation and coalescence ap-proaches, with particular emphasis on the coalescence picture and its dependence onthe source size. Finally, the femtoscopic determination of the nucleon source is outlined,illustrating how two-particle correlations constrain the emission region relevant forbound-state formation.

1.1 Historical overview
The existence of antimatter has been established since the 1930s, although its possi-bility had been discussed for more than three decades prior to its experimental discovery.The term antimatter was introduced in 1898 by Arthur Schuster in a letter to Nature [1],where he speculated about a hypothetical form of matter characterized by negativegravitational interaction and capable of annihilating ordinary matter. Schuster’s ideasreflected the scientific context of the time, when classical electrodynamics and statisticalmechanics dominated the theoretical description of physical phenomena, and questions
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about gravitational effects at the atomic scale were actively debated.
The modern theoretical foundation of antimatter is due to Paul Adrien Maurice Dirac [2].In the mid-1920s, efforts to reconcile quantum mechanics with special relativity ledto the formulation of the Klein–Gordon equation [3], which extended Schrödinger’snon-relativistic framework by incorporating Einstein’s relativistic energy–momentumrelation. While successful in describing spin–0 particles, this equation exhibited severalconceptual problems, most notably the presence of negative energy solutions and theinability to consistently describe particles with half-integer spin. These issues remainedunresolved for several years and challenged the standard probabilistic interpretation ofquantum mechanics.
In 1928, Dirac provided a decisive breakthrough by formulating a relativistically consistentwave equation for fermions [3]. His approach naturally incorporated spin and yieldedboth positive- and negative-energy solutions while maintaining a positive-definite prob-ability density. Unlike earlier formulations, the negative-energy states could not bedismissed and were required for mathematical completeness. Dirac initially interpretedthese states through what later became known as the “Dirac sea,” an idea that impliedthe existence of particles identical in mass but opposite in electric charge to ordinaryfermions.
At first, Dirac speculated that the proton might play the role of the electron’s antiparticle,but this hypothesis was quickly ruled out due to the large mass difference. Shortlythereafter, Robert Oppenheimer and Hermann Weyl demonstrated that the antiparticleof the electron must have a mass comparable to that of the electron itself. This led tothe prediction of the antielectron, later called the positron, marking the first concretetheoretical anticipation of antimatter as a fundamental component of nature.
The discovery of the positron

The positron was discovered in 1932 by Carl David Anderson [4]. Using a cloudchamber immersed in a magnetic field, Anderson observed a positively charged cosmic-ray particle with a mass compatible with that of the electron. The characteristics of thetrack ruled out a proton interpretation, providing the first experimental evidence forthe positron.
The discovery of the antiproton

In 1955, Owen Chamberlain and Emilio Segrè observed the antiproton at the BerkeleyNational Laboratory [5]. Using the Bevatron accelerator, 6.2 GeV protons were collidedwith a fixed copper target, producing particles that were analyzed with magnetic ele-
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ments, scintillators, and Cherenkov detectors. Among the products, a small numberof negatively charged particles with a mass compatible with that of the proton wereidentified, providing the first experimental evidence for the antiproton. The productionrate was extremely low, with an antiproton-to-pion ratio of about 1/44000.
The discovery of the antideuteron

The discovery of the antiproton following that of the positron had a profound impacton particle physics, demonstrating that antiparticle counterparts exist for both leptonsand hadrons. This result strongly supported the hypothesis of more complex forms ofantimatter, including antinuclei, and motivated intense experimental activity. At thesame time, the study of antimatter became closely connected to fundamental symmetrytests, particularly CPT invariance, which gained further relevance after the observationof parity and CP violation [6]. In this context, the search for bound states of antinucleons,such as the antideuteron, emerged as a natural next step.The first artificial production of antinuclei was achieved independently in 1965 by a groupled by Antonino Zichichi at CERN using the Proton Synchrotron (PS) [7], and by a group ledby Leon Ledermann and Samuel C. C. Ting at Brookhaven National Laboratory using theAlternating Gradient Synchrotron (AGS) [8, 9]. At CERN, 19.2 GeV/c protons were collidedwith a beryllium target, and negatively charged particles with a mass compatible withthat of the deuteron were identified. A clear candidate signal was observed as a peak inthe mass spectrum measured by the electrostatic separator (Fig. 1.1), corresponding toan antideuteron. The measured antideuteron-to-pion ratio was of the order of 8× 10−9.A similar observation was reported at Brookhaven, where antideuteron candidates with

Figure 1.1: The antideuteron signal as a peak measured by the electrostatic separator [7]
a mass of about 1.86 GeV/c2 were detected in proton–beryllium collisions. Searchesfor heavier antinuclei, such as antitritons, were also performed, but no signals wereobserved in those early experiments.
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The discovery of A = 3 antinuclei

The first antinuclei with A = 3 were discovered a few years later. In 1970, thefirst antihelium-3 (3He) nuclei were produced using the U-70 accelerator at Serpukhov,Russia [10]. The U-70 synchrotron was able to accelerate protons up to 76 GeV, andproton beams of 70 GeV were made to collide with an aluminium target, above theestimated production threshold for 3He and antitritium. Five 3He candidates wereidentified among 2.4 × 1011 measured particles, with mass and charge compatiblewith the expected values. In 1974, the group at Serpukhov led by N. K. Vishnevskydiscovered the antitriton, observing the first four candidates [11]. After these results,the discovery of new antinuclei produced at proton accelerators in pA collisions reacheda stall. Nevertheless, the study of antinuclei production mechanisms remained of greatinterest.
The discovery of the anti-alpha particle

At the end of the 1970s, it became clear that a significant increase in productionyields was required to further study the properties of antimatter. The technologicallimitations of fixed-target experiments prevented improvements by orders of magnitude,motivating, in the early 1980s, the upgrade of major proton accelerators such as the AGSand the PS to enable heavy-ion acceleration. At the AGS, gold–gold (Au–Au) collisionswere achieved at a center-of-mass energy per nucleon pair of√sNN = 4.8GeV, while thePS enabled lead–lead (Pb–Pb) collisions at√sNN = 17 GeV. Further studies were carriedout by the NA49 experiment at CERN in Pb–Pb collisions at √sNN = 17.2 GeV [12],marking an important phase in the development of heavy-ion collision physics andallowing the observation of new states of matter such as quark–gluon plasma (QGP).At the beginning of the 2000s, the Relativistic Heavy Ion Collider (RHIC [13]) at BNLstarted operations with the BRAHMS, PHENIX, PHOBOS, and STAR experiments. Heavy-ion collisions were performed up to √
sNN = 200 GeV. While the primary goal ofthe RHIC physics programme was the study of the quark–gluon plasma [14, 15], theexperiments also led to important discoveries in antimatter physics. In particular, theSTAR Collaboration observed antideuteron and antihelium-3 production in √

sNN =
130 GeV [16], and reported the first observation of antinuclei withA = 4, (antihelium-4),produced in Au–Au collisions at √sNN = 200 GeV [17]. These results confirmed theexponential suppression of light (anti)nuclei yields with increasing baryonic number,extending earlier observations up to A = 4.
Antinuclei from pp collisions

At the beginning of the 1970s, the search for hadrons heavier than protons producedin pp collisions was mainly carried out at CERN at the Intersecting Storage Rings (ISR) [18,19], the world’s first hadron collider. There, the antideuteron production cross section
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Figure 1.2: (Left) Invariant differential cross sections for antideuteron production inproton–proton collisions at√s = 45 GeV, with statistical uncertainties only. The filledsymbols correspond to data taken at√s = 53 GeV at the ISR. (Right) The deuteron–to–antideuteron ratio (circles) compared with the square of the proton–to–antiproton ratio(squares), evaluated at half the transverse momentum (pT/A, with A = 2), for both ISRenergies [18, 19].
was measured in pp collisions at√s = 45 and 53 GeV at low transverse momentum.These measurements, shown in Fig. 1.2, suffered from large statistical uncertainties andled to an antideuteron-to-deuteron ratio of about 3–5, indicating a clear dominanceof matter over antimatter production at these energies. In 2009, the energy frontierwas reached with the start of the Large Hadron Collider (LHC), operating in pp collisionsat center-of-mass energies from √

s = 900 GeV up to 13.6 TeV. Thanks to the largeintegrated luminosities and advanced detector systems, the ALICE experiment performedan extensive program of measurements of light (anti)nuclei production in differentcollision systems and energies. In particular, ALICE measured the transverse-momentumspectra of deuterons and antideuterons in inelastic pp collisions over a wide energyrange [20], enabling precise tests of the antimatter-to-matter balance at LHC energies.Themeasured antinucleus-to-nucleus ratioswere found to approach unity as the collisionenergy increases, in agreement with expectations and with the behavior observed forantibaryon-to-baryon ratios [21]. More recently, ALICE extended these studies to heavierantinuclei, measuring (anti)helium production in several collision systems, including ppcollisions at√s = 7 and 13 TeV [22], as well as p–Pb and heavy-ion collisions [23, 24,25, 26]. These measurements represent the most comprehensive set of light antinucleiresults obtained at collider experiments and provide a benchmark for comparisons withearlier low-energy measurements.
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1.2 Strong interaction
The strong interaction, described by Quantum ChromoDynamics (QCD) [27], is a keycomponent of the Standard Model and governs quarks and gluons, the only particlescarrying color charge. This chapter provides a brief introduction to QCD followed by adiscussion of the nucleon–nucleon interaction.

1.2.1 Quantum Chromodynamics in the Standard Model
Quarks exist in six flavors and three color charges (red, green, blue). Each quarkis a spin-1/2 fermion described by the spinor field ψf

c , where f denotes the flavorand c the color, while gluons are the eight spin-1 gauge fields mediating the stronginteraction. Quantum Chromodynamics (QCD) is the non-abelian gauge theory basedon the symmetry group SU(3)c [27]. Because the group is non-abelian, colored statescannot be isolated: quarks are confined inside color-neutral hadrons. The free quarkLagrangian is
L0 =

6∑
f=1

∑
C=r,g,b

ψ
f

c (iγ
µ∂µ −mf

0)ψ
f
c . (1.1)

Requiring localSU(3)c invariance replaces the derivative ∂µ with the covariant derivative
Dµ = ∂µ + igsAµ, (1.2)

where αs = g2s/(4π) is the strong coupling constant and Aµ are the eight gluon fields.These fields transform as
Aµ → Aµ′

= U(x)AµU−1(x) +
i

gs
[∂µU(x)]U−1(x), (1.3)

with U(x) a unitary matrix in SU(3)c.The gluon field-strength tensor is defined via
[Dµ, Dν ] = igsFµν , (1.4)

allowing one to write the full QCD Lagrangian:
LQCD =

6∑
f=1

∑
C=r,g,b

ψ
f

c (iγ
µDµ −mf

0)ψ
f
c − 1

4

8∑
a=1

F a
µνF

aµν . (1.5)
This expression contains both quark–gluon and gluon–gluon interaction terms, the latterreflecting gluon self-interaction, visible in Fig. 1.3.Vacuum polarization induces screening by quark loops and anti-screening by gluon loops,
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Figure 1.3: QCD basic Feynman vertices.: quark–gluon, three-gluon, and four-gluon.
leading to confinement at large distances and to asymptotic freedom [28] at short dis-tances. The scale dependence of the strong coupling αs [29] is shown schematically inFig.1.4. At low quadri-momentum transfer (Q), αs ≈ 1, making perturbation theory inef-fective; in this regime lattice QCD is required. At higherQ, perturbative QCD becomesapplicable, and for energies aboveO(100 GeV) quarks and gluons behave as nearly free,forming a deconfined state of matter [30].The SU(3)c invariance ensures conservation of color charge, while the additional U(1)and SU(2) symmetries of the strong sector imply, respectively, fermion number conser-vation and strong isospin conservation (restricted to up and down quarks).

Figure 1.4: The strong coupling αs is shown as a function of the energy scale Q, with allvalues calculated at the energy equivalent to the Z-boson mass [29].
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1.2.2 Nucleon–Nucleon interaction
Quarks are the elementary constituents of nucleons, namely protons (up–up–down)and neutrons (up–down–down). Deriving the nuclear force directly from quark andgluon dynamics is extremely difficult and requires large computational resources. Atlow energies, the nuclear force can be interpreted as a residual color interaction amongquarks and is therefore studied within non-perturbative QCD, typically through latticeQCD or effective field theory approaches [31, 32].In nuclear physics, the properties of the nucleon–nucleon (N–N) interaction can besummarized as follows:
• At short distances, the strong interaction becomes stronger than the Coulombforce, allowing it to overcome the repulsion between protons within a nucleus.
• The strong interaction is short-ranged: at distances comparable to atomic scalesthe nuclear force becomes negligible, leaving the Coulomb force as the relevantinteraction.
• Colorless particles, such as electrons, do not experience the strong force.
• The N-N interaction exhibits isospin symmetry, meaning it is independent ofwhether the nucleon is a proton or a neutron.
• The N–N interaction depends on the spin configuration of the nucleons involved(triplet or singlet state).
• A repulsive component of the potential is required at very short distances tomaintain an average separation between nucleons. This term must be non-centralto ensure the non-conservation of orbital angular momentum.
These characteristicsmust be incorporated into theHamiltonian and into the Schrödingerequation when modeling nuclear structure.

Deuteron

The simplest two–nucleon system that admits an analytic quantum–mechanicalsolution is the deuteron (d or 2H), composed of one proton and one neutron. Thesenucleons interact through the strong force and do not experience Coulomb repulsionnor Pauli blocking. By comparing model predictions with experimental observations,the main features of the nuclear force can be tested.In a first approximation, the interaction between the two nucleons can be describedby a square–well potential of depth V0 and range R, as shown in Fig. 1.5. A boundstate exists only if the potential depth exceeds the kinetic energy of the pair. Using
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Figure 1.5: Square–well potential used to model the deuteron, with depth V0 and range
R. The bound-state energy corresponds to the deuteron binding energy [33].
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R ≈ 2.1 fm, consistent with the charge radius of the deuteron (visible in Tab. 1.1), and µas the reduced mass of the proton–neutron system, the condition becomes
V0 > Ekin =

ℏ2π2

8µc2R
= 23.1 MeV. (1.6)

The ground–state binding energy obtained from this model is
EBE = Ekin − V0 = −2.2 MeV. (1.7)

This value agrees well with the precise experimental determination [34], obtained fromthe mass difference between proton (p), neutron (n), and deuteron (d):
EBE = [m(p) +m(n)−m(d)] ≈ 2.224575± 0.00004 MeV. (1.8)

The square–well potential is written as
V (r) =

{
−V0 r < R,

0 r > R,
(1.9)

where r is the relative coordinate of the two nucleons.The Schrödinger equation for the system is(
− ℏ2

2µ

1

r2
∂

∂r

(
r2
∂

∂r

)
+

L̂2

2µr2
+ Vnucl(r)

)
Ψn,l,m(r, θ, ϕ) = EnΨn,l,m(r, θ, ϕ), (1.10)

where µ = mpmn

mp+mn
is the reduced mass, L̂2 is the angular momentum operator, Vnucl(r)is the nuclear potential of Eq. 1.9, andΨn,l,m is the two–body wave function in sphericalcoordinates.The ground state of the deuteron corresponds to orbital angular momentum l = 0. Noexcited bound states exist, because any excitation energy would break the system into afree proton and a free neutron.Since the problem is central, the Schrödinger equation separates into radial and angularparts. The angular solutions are the spherical harmonics:

L̂2Y m
l (θ, ϕ) = ℏ2l(l + 1)Y m

l (θ, ϕ). (1.11)
For l = 0, the radial equation is[

− ℏ2

2µ

1

r

∂2

∂r2
+ Vnucl(r)

]
u0(r) = E0 u0(r), (1.12)

whose solutions are
u0(r) = A sin(k1r) +B cos(k1r), 0 < r < R,
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u0(r) = Ce−k2r +Dek2r, r > R,

with
k1 =

√
2m(V0 + E)/ℏ2, k2 =

√
−2mE/ℏ2.

The constants A,B,C, andD follow from the boundary conditions requiring continuityof u(r) and ∂ru(r).Spin interactions must also be considered, contributing a spin–dependent term to thepotential. The total angular momentum is
I⃗ = L⃗+ S⃗n + S⃗p + L⃗ · S⃗, (1.13)

where S⃗n and S⃗p are the neutron and proton spins (each 1/2), L⃗ is the orbital angular
momentum (zero for l = 0), and L⃗S⃗ is the spin–orbit term. In principle, the total spincan form a singlet state (I = 0) or a triplet state (I = 1). The deuteron is observedexclusively in the triplet configuration, which corresponds to the lower energy state.
1.2.3 Argonne ν18

Many nucleon–nucleon interaction potentials have been developed with the pri-mary goal of reproducing the experimentally measured nucleon–nucleon scatteringobservables, in particular the phase shifts extracted from elastic scattering data. Amongthese, one of the most successful phenomenological models is the Argonne ν18 poten-tial [35], a high-quality nonrelativistic and explicitly charge-dependent N–N potential.It consists of a charge-independent part (Argonne ν14), supplemented by additionalcharge-dependent and charge-asymmetric operators, together with the electromag-netic interaction. The latter accounts for long-range contributions such as Coulomb,Darwin–Foldy (a small relativistic correction related to the finite mass of the nucleon),vacuum polarization, and magnetic moment terms. The resulting potential is local and isconstructed directly in coordinate space, without separating the interaction into partial-wave components.
The parameters of the Argonne ν18 potential were obtained by a direct fit to theNijmegenN–N scattering database, reproducing proton–neutron elastic scattering data with areduced chi-square χ2 ∼ 1 for laboratory energies up to 350 MeV [35]. In this frame-work, the quality of a potential is assessed by its ability to reproduce the experimentalphase shifts in all relevant partial waves, which encode the angular-momentum- andspin-dependent structure of the interaction. The agreement between the Argonne ν18predictions and the experimental phase-shift analyses for np, pp, and nn scattering,compared with other interaction models, is shown in Fig. 1.6.
Beyond scattering observables, the Argonne ν18 interaction provides an accurate de-scription of bound nuclear systems. In particular, it predicts the internal structure of

13



Light (anti)Nuclei Production Models 1.2.3

Figure 1.6: Comparison of phase shifts in the 1S0 and 3P0 channels for np, pp, and nnscattering from the Nijmegen database with fits obtained using the charge-dependentArgonne ν18 interaction [35].
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the deuteron through the radial wave functions of its dominant S-state and admixture
D-state components, u(r)/r and w(r)/r, respectively, shown in Fig. 1.7. These wavefunctions reflect the tensor component of the nuclear force and are essential for aquantitative description of deuteron properties. Using them, electromagnetic observ-ables of the deuteron have been recalculated with high precision, further demonstratingthe reliability of the Argonne ν18 potential as a realistic model of the nucleon–nucleoninteraction.

Figure 1.7: The deuteron u(r)/r and w(r)/r wave functions for the S- and D-statecomponents, obtained using the Argonne ν18 potential and compared with the charge-independent Argonne ν14 interaction [35].

1.3 Production models of (anti)nuclei
The production of light (anti)nuclei in high-energy collisions is usually describedthrough twodifferent approaches: formation by nucleon coalescence or thermal–statisticalproduction.Thanks to large amounts of data from pp, p–Pb and Pb–Pb collisions collected duringthe first ten years of data taking at LHC, ALICE has measured the production of light(anti)nuclei at different center-of-mass energies, providing crucial experimental data [36].Some properties of the (anti)nuclei under discussion are reported in Table 1.1. In Fig. 1.8,for example, the transverse-momentum distributions for deuteron and antideuteronare shown as measured by ALICE at rapidity |y| < 0.5 in inelastic pp collisions at√s =900 GeV, 2.76 TeV and 7 TeV [20].
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Figure 1.8: Invariant differential yield of deuterons (left) and antideuterons (right) ininelastic pp at √s = 0.9, 2.76 and 7 TeV. Systematic uncertainties are represented byboxes and the data are multiplied by constant factors for clarity in the figure. The lowest-
pT point for deuterons at√s = 7 TeV was taken from [37]. The dashed line representsthe result of a fit with a Tsallis function [20].
In collision systems in which few particles are produced in the final state (often referredto as "small collision systems" or "low multiplicity"), the experimental data seem toconfirm the validity of coalescence. Moreover, the most recent measurements as afunction of the charged-particle multiplicity indicate a dependence of the coalescenceprocess on the source volume [24].This aspect is particularly evident frommeasurements of nuclear production in heavy-ioncollisions, where coalescence models that do not take the source size into account fail toreproduce the experimental data [42]. On the other hand, it has been observed that theproduction of light (anti)nuclei measured in Pb–Pb collisions at LHC [37] is consistent withthe predictions of the statistical hadronisation ("thermal") model [43], which assumesthat the particle source is quantum gas of fermions and bosons in thermal and chemicalequilibrium. It is worth recalling here that in Pb–Pb collisions the production of a stateof nuclear matter, the quark–gluon plasma (QGP), is expected, in which quarks andgluons, the fundamentals constituents of hadronic matter, are no longer confined withinthe nucleons of the incoming nuclei but are almost free. This phase of nuclear matteroccurs at high energy densities and high temperatures (of the order of 102 MeV [44],which is the critical temperature around which this transition occurs, as predicted by
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Mass number Nucleus Composition EBE (MeV) Spin JA λmeas
A (fm) rA (fm) Refs.

A = 2 d pn 2.224575 (9) 1 2.1413± 0.0025 3.2 [38, 34]A = 3 3H pnn 8.4817986 (20) 1/2 1.755± 0.086 2.15 [39]A = 3 3He ppn 7.7180428 (23) 1/2 1.959± 0.030 2.48 [39]A = 4 4He ppnn 28.29566 (20) 0 1.6755± 0.0028 1.9 [40, 41]
Table 1.1: Properties of nuclei with A≤ 4. EBE is the binding energy, rA is the harmonic-oscillator size parameter, chosen to approximate the measured characteristic size of thecharge distribution, λmeas

A .
theoretical calculations). As soon as the quark–gluon plasma produced in the collisionexpands and cools, quarks and gluons are reconfined into hadrons, crossing the phasetransition. In thermal models, it is assumed that nuclei and light antinuclei are producedtogether with other light particles such as pions and protons at instants just after thephase transition.The statistical model predicts only the number of (anti)nuclei produced, but does notdescribe their formation from a dynamical point of view. The coalescencemodel, instead,allows the production of nuclei from nucleons to occur later during the expansion phaseof the hadronic gas. Moreover, it provides a dynamical description of the formation pro-cess of the bound states. In this section, therefore, we focus on the coalescence modelfor the formation of (anti)nuclei, as it is the model we use for the later development.
1.3.1 Statistical Hadronisation Models

Statistical Hadronisation Models (SHM), are used to describe and predict the abun-dances of hadrons produced in high-energy particle collisions. Their origins trace backto the pioneering work of Fermi in the 1950s [45], later extended by Hagedorn in the1960s [46]. A major milestone was reached in the 1990s, when SHM successfully repro-duced hadron yields measured in heavy-ion collisions at the BNL AGS and in Si+Au(Pb)systems [47]. In the same period, the influence of resonance decays on pion spectra wasquantitatively described within a thermal framework [48].
The main assumption of SHM is that, at hadronisation, all particle species compatiblewith conservation laws can be produced, with relative abundances determined by theirstatistical weights. The medium formed after the collision is modelled as an expandinghadron-resonance gas (HRG), composed of non-interacting hadrons and resonances.Depending on the size of the interaction volume, different statistical ensembles are usedto enforce the conservation of quantum numbers.
In central relativistic heavy-ion collisions, whereO(103) hadrons are produced per unitof rapidity in the final state, the large particle multiplicity drives the system close to the
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Figure 1.9: Comparison between the equation of state predicted by the Hadron Reso-nance Gas model and lattice QCD calculations [50].
thermodynamic limit, making the Grand Canonical (GC) ensemble applicable [43]. In thisframework, energy and conserved charges (baryon number, strangeness, and electriccharge) are conserved on average. The thermodynamic properties of the system aredescribed by a small set of parameters, namely the temperature T , the volume V , andthe chemical potentials associated with the conserved charges. The HRG formulationsuccessfully reproduces the QCD equation of state obtained from lattice calculationsover a broad temperature range below the deconfinement transition [44, 49, 50]. Acomparison between HRG and lattice QCD predictions is shown in Fig. 1.9.
Within the GC-SHM, hadron yields depend primarily on the temperature and chemicalpotentials, while the explicit volume dependence cancels out when yield ratios areconsidered. Resonance decays provide an essential contribution to the final observedyields and must be included to accurately reproduce experimental data [43]. The modelsuccessfully describes hadron yields over a wide mass range, from pions up to light(anti)nuclei. As shown in Fig. 1.10, particle yields exhibit an approximately exponentialdependence on particle mass, with deviations for light hadrons due to feed-down con-tributions.
Remarkably, the SHM also reproduces the yields of light (anti)nuclei, despite their bind-ing energies being much smaller than the chemical freeze-out temperature [43, 51].Their production is governed by phase-space population rather than by their internalstructure. The model further predicts the antimatter-over-matter ratios as a function of
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Figure 1.10: Hadron yields measured in central Pb–Pb collisions at√sNN = 2.76 TeV as afunction of particle mass, compared with SHM predictions [43].
collision energy, with matter–antimatter symmetry emerging at LHC energies where thebaryochemical potential approaches zero [52].For smaller systems, such as pp or e+e− collisions, the assumptions of the GC ensembleare no longer valid due to the limited reaction volume. In these cases, exact local con-servation of quantum numbers must be imposed, leading to the Canonical StatisticalHadronisation Model (CSM) [53, 54, 55, 56]. A direct consequence of the canonical treat-ment is the suppression of particles carrying conserved charges, known as canonicalsuppression, which is particularly pronounced for strange hadrons.
The canonical approach has been extended to include light (anti)nuclei and applied toLHC energies using modern implementations such as the Thermal-FIST framework [57].While a baseline CSM assuming full chemical equilibrium reproduces several yield ratios,it fails to describe observables such as theK/π and ϕ/π ratios at low multiplicity [53,58]. These discrepancies indicate incomplete chemical equilibration in small systems.
An improved description is obtained by introducing a strangeness saturation factor γS ,leading to the γS-CSM [59, 60]. This extension accounts for incomplete strangenessequilibration and allows for a system-size-dependent freeze-out scenario. With a cor-relation volume scaling with the charged-particle multiplicity, this model provides asignificantly improved description of hadron and light-nucleus yields across differentcollision systems and multiplicities [58].
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1.3.2 Coalescence model
The coalescence approach is still a subject of intense discussion and research [42, 61,62, 63, 64, 65]. In the coalescence model the nucleons produced in the collision bind ifthey have similar coordinates and momenta, therefore if they are close in phase space.In the earliest, simplest coalescence models [61, 62], given two nucleons with momenta

p⃗1 and p⃗2, coalescence occurs if
|p⃗1 − p⃗2| < p0 (1.14)

with p0 called the coalescence momentum.
For a nucleus with mass number A (where A = Z + N, with Z the number of protonsand N the number of neutrons), the coalescence probability is expressed through thecoalescence parameter BA, defined by the relation [63]:

EA
d3N

d3pA
= BA

(
Ep
d3Np

d3pp

)Z (
En

d3Nn

d3pn

)N (1.15)
where EA is the energy of the nucleus, p⃗A the momentum of the nucleus, p⃗p the mo-mentum of the individual protons, and p⃗n the momentum of the individual neutrons.If one assumes that the energy distributions of protons and neutrons are the same, onehas:

EA
d3N

d3pA
= BA

(
Ep,n

d3Np,n

d3pp,n

)A
∣∣∣∣∣
pp=pn=

pA
A

. (1.16)
This assumption allows Eq. 1.16 to be used for the experimental extraction of the coales-cence parameterBA from measured proton spectra only, since neutrons are experimen-tally difficult to detect (for example, the ALICE apparatus detects only charged particles).At high energies it is nevertheless reasonable to assume that protons and neutrons areproduced with the same distribution due to isospin symmetry.In Fig. 1.11, the coalescence parameter for deuterons and antideuterons, B2, is shown asa function of the transverse momentum per nucleon, as measured by ALICE in inelasticpp collisions at√s = 900 GeV, 2.76 TeV, and 7 TeV [20]. From the comparison of thevalues on the vertical axis at the different collision energies, it can be observed that
B2 does not exhibit a significant dependence on√

s when increasing the energy from
900 GeV to 7 TeV. In Fig. 1.12, the same behaviour can be observed for different collisionsystems.The simplest coalescence models however, in which BA does not depend on the sourcesize, are not able to explain somemeasurements, such as the elliptic flowof deuterons—anobservable sensitive to the hydrodynamic collective evolution of hadrons produced bythe QGP in heavy-ion collisions and to the space–momentum correlations that arise
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Figure 1.11: Coalescence parameter B2 as a function of the transverse momentum pernucleon for antideuterons in inelastic pp collisions at√s = 900 GeV (yellow triangles),√
s = 2.76 TeV (green crosses), and √

s = 7 TeV (blue squares). The (anti)deuteron
B2 distribution for pp collisions at√s = 13 TeV is also shown for different multiplicityclasses (red triangles for minimum bias, black filled circles for HM I, open black circlesfor HM II, and open squares for HM III). Uncertainties are represented by boxes [20].
from the collision geometry [69]. More advanced coalescence models [63] take intoaccount the dependence of the coalescence parameter on the source size R, and showthat since nucleons must be close in order to coalesce, BA decreases as R increases.
Role of the source in the coalescence process

Coalescence is a quantum-mechanical process; for this reason the classical definitionof phase space is replaced by the Wigner formalism in most recent approaches [63,70]. The wave function of a nucleus can be approximated by the stationary-state wavefunctions of a spherically symmetric isotropic harmonic oscillator with rA as the onlycharacteristic size parameter.For the deuteron d, a possible Gaussian wave function is
ϕd(r⃗) = (πr2d)

− 3
4 exp

(
− r2

2r2d

)
. (1.17)

To produce a deuteron by coalescence, in quantum-mechanical terms, one must projectthe bound-statewave function onto thewave function of the pair formed by the nucleons
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Figure 1.12: Coalescence parameter B2 for antideuterons produced in inelastic pp colli-sions at√s = 7 TeV (circles), compared with measurements at lower energies in pp [18,19], γp [66], and ep [67] collisions (squares and open circles), as well as in p–Cu and p–Pbcollisions [68] (band at pT/A = 0 GeV/c) [20].
of interest, i.e. a proton and a neutron:

d3Nd

dp3d
= tr(ρdρpn) (1.18)

where ρd is the density matrix of deuterons, ρpn is the two-nucleon density matrix, and
tr denotes the trace of a matrix.
The quantum-mechanical nature of the coalescence products is implemented in themodel through the introduction of an average correction factor ⟨CA⟩, which accountsfor both the spatial distribution of the nucleon source and the spatial distribution ofthe nucleons themselves (both are extended, non-pointlike objects). In particular, oneobtains [63]:

⟨CA⟩ =
3∏

i=1

[
1 +

r2i
4R2

i

]− 1
2
(A−1) (1.19)

whereRi are the characteristic dimensions of the coalescence volume. This formulationwas introduced in [63] with Pb–Pb collisions in mind, where the volume from whichnucleons—and thus nuclei—are emitted is spatially extended. For deuteron (D, A = 2),
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it can be written as
⟨CD⟩ ≈

[
1 +

(
rD

2R(mT )

)2
]− 3

2 (1.20)
In Eq. 1.20 it is evident that the probability of forming a bound state depends on therelation between the size of the nucleus and the size of the source. Assuming a sphericalvolume, i.e. R1 ≈ R2 ≈ R3 ≈ R, one can obtain:

BA =
2JA + 1

2A
1√
A

1

mA−1
T

(
2π

R2 + ( rA
2
)2

) 3
2
(A−1) (1.21)

where JA denotes the spin of the nucleus,mT its transverse mass, defined asmT =√
p2T +m2

A, withmA the mass of the nucleus. The transverse momentum is given by
pT =

|pT,1+pT,2|
2

. Furthermore, rA denotes the size of the produced nucleus, while Rrepresents the size of the emission source.Eq. 1.21 can be used to directly compare the predicted BA with the experimental data.Eq. 1.21 explicitly accounts for the source size R, since the probability of coalescence

Figure 1.13: Coalescence parameterBA as a function of the source radiusR as predictedby the coalescence model (Eq. 1.21) for various composite objects with pT/A = 0.75GeV/c. For each (hyper)nucleus the legend reports the radius r used for the calculation;in cases where more than one estimate of the latter is available, the smaller value isadopted for the calculations [42].
naturally decreases for nucleons with similar momenta that are produced far apart
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in configuration space. Moreover, the source size is identified with the effective sub-volume of the entire system from which particles with similar momenta are emitted, i.e.the femtoscopic homogeneity region as discussed in hydrodynamic and HBT studies [63].This connection was later implemented in the coalescence framework in Ref. [71], and isexperimentally accessible through femtoscopic interferometry techniques based on themeasurement of two-particle correlation functions.Fig. 1.13 shows the dependence on the source radius of BA (Eq. 1.21) for nuclei with A =2, 3 and 4 whose properties are reported in Table 1.1 and hypernuclei (nuclei where aneutron is replaced by a Λ baryon).One observes that the coalescence probability decreases with increasing mass numberand that BA decreases as the radius increases. For a given A, the larger the radiusof the object, the smaller BA. For the same A, mass and spin (for example 3H and
3He), BA differs only because of the different radius rA and this difference is morerelevant in small sources, because in extended collision systems the difference betweennuclear radii is much smaller than the size of the source. Thus, for small sources, with
R → 0, the coalescence probability is inversely proportional to the harmonic-oscillatorsize parameter and, therefore, in the harmonic-oscillator model, proportional to thedepth of the potential well, i.e. to the nuclear binding energy BA. For a large source,where R ≫ rA, the coalescence probability is dominated by the classical phase-spaceseparation, decreasing for large distances in configuration space.

1.4 Determination of nucleon source for
coalescence

Considering two particles (for example a proton and a neutron) emitted by a source,there are two possibilities:
1. if the particles are emitted close in phase space they can bind and form a boundstate;
2. if the particles are emitted far apart they do not form the bound state.

The correlation between coalescence probability and correlation function [70], in thecase of the deuteron, is given by :
B2(p) ≈

2(2s+ 1)

m(2sN + 1)

∫
d3kF(k)C2(p, k) (1.22)

where k is the relative momentum, s is the spin of the bound state, sN is the spin ofthe nucleons and is equal to 1/2,m is the mass, p explicitly indicates the presence of a
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proton, and F(k) is the momentum-space form factor.The momentum-space form factor is closely related to the bound-state wave function,by the following defining equation:
|ϕ(r)|2 =

∫
d3k
(2π)3

eikrF(k) (1.23)
Eq. 1.22 states that the coalescence probabilityB2(p) depends on the prefactor precedingthe integral, set by the spin orientation and the Pauli exclusion principle; onF(k), henceon the bound-state wave function; and on C(p, k), i.e. the correlation function thatencodes the potential. Thus, again considering the deuteron, once its wave function isknown and the source is determined, it is possible to obtain the coalescence probability.In Fig. 1.14B2 is shown as a function of the multiplicity pseudorapidity density of chargedparticles (or simplymultiplicity)
⟨dNch/dηlab⟩|ηlab|<0.5 for different collision systems and energies. The charged-particlemultiplicity is a proxy of the system size [72]. The data corresponding to the differentsystems and collision energies confirm a dependence on multiplicity that can be in-terpreted as an effect of the interplay between the size of the system and that of thenucleus. In fact, at low charged-particle multiplicity, the size of the system is comparableto the size of the nucleus, leading to a slow decrease with multiplicity. Conversely, asthe multiplicity increases, the system size becomes larger and larger than the nuclearsize, making the coalescence process increasingly unlikely [37, 42].
1.4.1 Correlation function and source size

The femtoscopy technique makes it possible to determine the space–time character-istics of the source that emits the particles using the measurement of the particle corre-lations in momentum space [74]. The fundamental observable measured in femtoscopyis the correlation function C(k∗). For simplicity, a two-body problem is considered.The correlation function is expressed in terms of the relative distance between twofinal-state particles r∗ and their reduced relative momentum, k∗ = |p∗2−p∗1|
2

in the pairrest frame, with p∗1 = −p∗2, by the Koonin–Pratt formula [75, 76]:
C(k∗) =

∫
S(r∗)|ϕ(r∗, k∗)|2d3r∗. (1.24)

In Eq. 1.24, the first term, S(r∗), describes the source that emits the particles; the secondterm contains the information of the final-state interaction (FSI) through the two-particlewave function ϕ(r∗, k∗), from which it follows that the shape of the correlation functionis determined by the characteristics of the source and by the sign (attractive or repulsive)and strength of the interaction.
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Figure 1.14: B2 as a function of the mean charged-particle multiplicity density,
⟨dNch/dηlab⟩, for a fixed value of pT/A = 0.75 GeV/c. The experimental results arecompared with coalescence model calculations from Ref. [42], performed using twodifferent parameterizations of the system size as a function of ⟨dNch/dη⟩ [73].
The effects of the interaction are primarily reflected in the correlation function at smallvalues of k∗, where final-state interactions are most significant. In the absence of in-teractions, no correlations are present and the correlation function is equal to unity
C(k∗) = 1.A repulsive interaction, characterized by positive values of the local potential, leads to acorrelation function with values between 0 and 1. For an attractive interaction, instead,the correlation function takes values greater than unity. This intuitive picture is modified,however, if the attraction is strong enough to support the formation of a bound state.In this case, a deviation of the correlation function, whose magnitude depends on thebinding energyBE , can be observed [77]. This deviation arises because the particles thatform the bound state end up in a different final state and therefore do not contribute to
C(k∗).The correlation strength is amplified by small source sizes, as discussed below. Othereffects, not caused by the final-state interaction, can be visible at different k∗ intervalsof the correlation function, such as quantum-mechanical interference, resonance pro-duction, and conservation laws.In Fig. 1.15, the sensitivity of the femtoscopic method to the study of the interaction insmall colliding systems is illustrated, assuming an attractive, repulsive, or bound-statepotential. In particular, looking at Fig. 1.15 on the right, one notes that the typical char-acteristics of attractive and repulsive interactions and the presence of a bound stateare much more pronounced in the case of a small source size. For larger source sizes,
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Figure 1.15: Top left: three examples of a potential V (r∗): attractive in orange, repulsivein blue, and a potential with a bound state in pink. Bottom left: the squared modulusof the total wave functions, |ψ(r∗, k∗)|2, as a function of the relative distance r∗ for thethree example potentials. The profile of the emitting source, assumed to be Gaussian, isshown in the same plot for 1 fm (black dashed line) and 4 fm (black dotted line). On theright, the resulting correlation functionC(k∗) is shown for each of the three interactions,evaluated for the two different source sizes, r0 = 1 fm (dashed lines) and 4 fm (dottedlines) [78].
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the correlation function becomes smoother and approaches unity, reflecting a reducedsensitivity to the details of the interaction. In the case of the bound state, the correlationfunction changes concavity, passing from above to below unity for different source sizesas a consequence of a very sharp peak present at small distances in the wave function,due to the much stronger localization of the bound state. This translates into a largercorrelation for small radii, while for large radii only the asymptotic part of the wavefunction, which deflects due to probability conservation, affects the correlation functionand brings it below one.
The method used to study the interactions between hadrons consists in comparing thetheoretically expected correlation function with a correlation function obtained experi-mentally. The experimental correlation function [75] is obtained as the ratio between thedistribution of the relative momentum of particle pairs produced in the same event (SE),which constitutes the sample of correlated pairs, and a reference distribution obtainedby combining particles produced in different collisions, using the so-called mixed-event(ME) technique:

C(k∗) = ξ(k∗)
NSE

NME

. (1.25)
The corrections for experimental effects are denoted by ξ(k∗) in Eq. 1.25. Thesecorrections account for the finite experimental resolution, for adjustments to the mixed-event (ME) distributions to reproduce the same acceptance and event characteristics asin the same-event sample, and for the normalization. In general, ξ does not accountfor contributions from misidentification, weak decays, or residual background inducedby mini-jets and event-by-event momentum conservation. These effects are taken intoaccount when fitting the correlation functions.The experimental correlation function is further distorted by two distinct mechanisms.The sample of particle pairs can include primary particles and secondary particles fromhadrons that decay only weakly (we define resonances as those that undergo short-liveddecays), introducing contributions from different pairs not originally correlated into themeasured correlation function. The treatment of these contributions is described indetail in [79].
1.4.2 Determination of the nucleon source

After the collision between two protons and the completion of hadronisation pro-cesses, hadrons can undergo inelastic and elastic scatterings until their decoupling,after which they propagate freely to the detectors. We identify the source size as givenby the distribution of spatial coordinates at which the various particles assume theirmomentum values.In the simplest case one can assume that the source in pp and heavy-ion collisions ischaracterized by a Gaussian profile in one or three dimensions [75, 80]. The Gaussian
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profile of a one-dimensional source can be expressed as:
S(r∗) =

1

(4πr20)
3/2
exp

(
− r∗2

4r20

)
(1.26)

where r0 represents the source radius.
For the study of the formation of light nuclei, for example the deuteron, one needs toknow the source of protons and neutrons. Neutrons are not measurable, but ALICEhas demonstrated that the source of baryons is common [81], hence it is sufficient tomeasure the radius of the (anti)proton source via the correlation of p − −p and p–ppairs, respectively. The extraction of the numerical value of the radius r0 starts fromEq. 1.24. Since C(k∗) can be computed by constructing the samples of correlated pairsand subsequently applying Eq. 1.25, work that will be carried out in this thesis, theremaining ingredient is to compute the wave function ϕ.To compute the wave function one can use the CATS framework [82], which allows oneto solve the Schrödinger equation numerically given a known potential. The potentialbetween (anti)protons is known, because it is the sum of the various potentials thatmake up the total interaction, namely:

• the potential associatedwith Pauli repulsion due to the fermionic nature of protonsand antiprotons,
• the potential associated with the repulsive Coulomb interaction,
• the potential associated with the strong interaction.

CATS, acronym for Correlation Analysis Tool using the Schrödinger equation, is an analysisframework that makes it possible to find the wave function without any approxima-tion by numerically solving the Schrödinger equation. It also allows the calculation ofthe correlation function for a two-particle femtoscopic system, for different functionsdescribing the source profile and different interaction potentials. This framework isdescribed in detail in [82].Once the correlation function, the wave function and the analytical profile that modelsthe emission source—that is, the Gaussian profile in Eq. 1.26—are known, the right-handside of Eq. 1.25 becomes a function of r0. In this way one can extract the value of r0through a fit of the measured correlation function using the CATS framework [82]. Anexample of the application of this procedure is visible in Fig. 1.16, where the correla-tion function for proton and antiproton pairs measured by the ALICE experiment in ppcollisions at√s = 13 TeV is shown. The proton sample includes both primary protonsproduced in the collision and those produced by strong resonance decays. The resultinginteraction between protons is modelled using CATS [82], assuming Argonne v18 [35] asthe strong-interaction potential and including the Coulomb interaction together with
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Figure 1.16: The plot shows the correlation function for proton and antiproton pairsmeasured in pp collisions at√s = 13 TeV by the ALICE experiment at the LHC, for high-multiplicity events. The sample of (anti)protons includes those from strong resonancedecays, while contributions from weak decays are excluded. In blue, the result of the fitto the correlation function is shown. The grey boxes represent the systematic uncertaintyof the data [79].
the appropriate antisymmetrization of the wave function, to account for the fermionicnature of protons. The underlying strong interaction between protons is known withhigh precision and is accurately described by the Argonne v18 potential [35], enablinga reliable determination of the parameter r0. As shown in Fig. 1.16, the data are wellreproduced by the modelled correlation function. The same study was repeated byselecting different intervals of the proton-pair transverse massmT , and the extractedsource size is shown in Fig. 1.17 [81]. When the analysis is repeated for different particlepairs and the known resonance contribution is subtracted in a model-driven way, it isfound that the source is common to different baryons produced in the collision.

30



Light (anti)Nuclei Production Models 1.4.2

Figure 1.17: Source radius as a function of ⟨mT ⟩ for the hypothesis of a Gaussian sourcewith added resonances. Note that rcore represents the source radius for the hypothesisof a Gaussian source with additional resonances. The blue crosses derive from the fitof the p–p correlation function with the Argonne v18 strong potential [35]. The greensquare crosses (red diagonal crosses) derive from the fit of the p–Λ correlation functionswith the χEFT LO [83] (NLO [84]) strong potential. Statistical (lines) and systematic(boxes) uncertainties are shown separately [81].
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Chapter 2

Light (anti)nuclei at Colliders
Accelerators and Cosmic Rays

In this chapter, the experimental study of light (anti)nuclei production is reviewed,starting frommeasurements performed at accelerator facilities and extending to searchesin cosmic rays. Results from collider and fixed-target experiments are discussed as abenchmark for antinucleus formation models, with particular emphasis on measure-ments carried out at the Large Hadron Collider (LHC) and at lepton colliders. The chapterthen introduces cosmic rays and the ongoing experimental efforts to detect antinuclei inspace, highlighting their relevance for dark matter searches and for the interpretationof rare antimatter signals.

2.1 Measurements at accelerators
The controlled environment of collider and fixed-target experiments has been crucialfor establishing the experimental knowledge on light (anti)nuclei production. In high-energy hadronic interactions, antinuclei are produced with very small probabilities withrespect to (anti)protons [20], typically suppressed by about three orders of magnitudefor each added antinucleon. Nevertheless, modern detectors with excellent trackingand particle-identification capabilities have enabled precision measurements of lightantinuclei, in particular (anti)deuterons and, more recently, heavier species such as(anti)3He. These measurements provide an essential benchmark for microscopic forma-tion models (e.g. coalescence, Sec. 1.3.2) and for thermal-statistical approaches (Sec.1.3.1), and they are also a key ingredient for the interpretation of cosmic-ray antinucleisearches, where accelerator data are used to constrain production rates and reducesystematic uncertainties in background predictions [71, 85, 86].From an experimental standpoint, accelerator results span several complementary initial
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states and energy regimes. At the LHC, the A Large Ion Collider Experiment (ALICE) exper-iment has measured light (anti)deuteron production across multiple collision systemssuch as proton–proton (pp), proton–lead (p–Pb), and lead–lead (Pb–Pb) and center-of-mass energies, enabling systematic studies versus event activity and system size,and extending the programme towards rarer species such as antihelium with increasedstatistics in recent LHC runs [25, 87, 88, 89]. At lepton colliders, the ALEPH experimentat LEP provided an important measurement of deuteron and antideuteron productionin e+e− collisions at the Z resonance energy, offering a clean environment to test(anti)deuteron formation in a fragmentation-dominated regime [90]. At HERA, ZEUSreported the observation of (anti)deuterons in deep-inelastic ep scattering, allowing astudy of (anti)deuteron production in a distinct kinematic configuration and providingadditional constraints for coalescence-based interpretations [67]. Looking ahead, thefuture Electron–Ion Collider (EIC) will extend precision QCD measurements in ep ande–A collisions; in this context, light antinuclei measurements will have the potential toconnect hadronisation studies to the nuclear degrees of freedom relevant for antinucleiformation [91].
2.1.1 The ALICE experiment at the LHC

ALICE is an experiment at the Large Hadron Collider (LHC) [92, 93] dedicated to heavy-ion collisions and is located at interaction point 2, approximately 56 m underground.It was proposed to study the properties of the strong interaction and to characterizethe Quark–Gluon Plasma (QGP), a very hot and dense state of matter composed ofdeconfined quarks and gluons. The QGP is produced in high-energy heavy-ion collisionsand is believed to have existed during the first moments of the evolution of the Universe[92].The ALICE physics programme is not only devoted to the study of heavy-ion collisions,such as Pb–Pb interactions, but also includes pp and p–Pb collisions. Thanks to its particleidentification systems and an excellent tracking system, ALICE is capable of measuringparticles down to very low transverse momenta (pT ) in a high-multiplicity environment[92].
ALICE began operation in 2009, when the LHC Run 1 (2009–2013) started with pp colli-sions at a center-of-mass energy of√s = 0.9 TeV. During Run 1, pp collisions were alsorecorded at√s = 2.76, 7, and 8 TeV. The experiment collected more data during Run 2(2015–2018), with pp collisions at√s = 5.02 and 13 TeV, together with p–Pb collisionsat√sNN = 5.02 (Run 1) and 8.16 TeV and Pb–Pb collisions at√sNN = 2.76 (Run 1) and5.02 TeV.Following the Long Shutdown 2, ALICE entered Run 3 (2022–2026), operating with anupgraded detector and recording pp collisions at√s = 13.6 TeV. In addition, Pb–Pb colli-sions at a nucleon–nucleon center-of-mass energy of√sNN = 5.36 TeVwere successfully
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collected during Run 3. These data significantly extend the available experimental sam-ple for studies of strongly interacting matter and rare probes, including light (anti)nuclei.
The ALICE detector weighs approximately 10 000 tonnes and has dimensions of about26 m in length and 16 m in both height and width. It is built with cylindrical symmetryaround the beam pipes, as shown in Fig. 2.1. The beam axis defines the z-axis of thedetector reference frame, while the transverse plane corresponds to the x–y plane.The detector is composed of several sub-detectors designed to characterize the mainproperties of the collision events. A central barrel, a forward Muon Spectrometer, andadditional smaller detectors constitute the ALICE apparatus. The central barrel is locatedinside a large solenoidal magnet providing a uniform magnetic field of B = 0.5 T alongthe beam direction [92]. The magnet (in red Fig. 2.1), inherited from the former LEPexperiment L3, surrounds the central barrel detectors and includes:

• the Inner Tracking System (ITS);
• the Time Projection Chamber (TPC);
• the Time-Of-Flight detector (TOF);
• the Transition Radiation Detector (TRD), used for track reconstruction andmomen-tum determination of charged particles in the region |η| < 0.9, and for electronidentification and pion background suppression;
• the Electromagnetic Calorimeter (EMCal), used to detect electrons and photonsproduced in heavy-flavor hadron decays and neutralmesons, and to provide triggercapabilities;
• the Photon Spectrometer (PHOS), a high-resolution electromagnetic calorimeteroptimized for photon measurements;
• the High Momentum Particle Identification Detector (HMPID), a ring-imagingCherenkov detector used to identify hadrons at high transverse momentum overa limited acceptance.

In the forward region, the Muon Spectrometer includes an absorber to suppress back-ground contributions, tracking chambers located before, inside, and after a dipole mag-net, and dedicated trigger chambers. Within its acceptance region,−3.6 < η < −2.45,the Muon Spectrometer allows for the identification of muons produced in hadronicdecays with a pointing resolution of the order of 100 µm [36]. Finally, the Zero DegreeCalorimeters (ZDC) are used to determine the collision centrality, while since Run 3 theFast Interaction Trigger (FIT) system has been employed as interaction trigger, onlineluminometer, initial vertex indicator, and forward multiplicity counter [94].

34



Light (anti)nuclei at Colliders Accelerators and Cosmic Rays 2.1.1

Figure 2.1: The ALICE detector during Run 3 [95].
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The experimental characteristics described above make ALICE particularly well suitedfor the study of light (anti)nuclei production at accelerators. The measurement of com-posite objects such as antideuterons and heavier antinuclei requires an experimentalsetup capable of reconstructing charged particles with very low transverse momentum,providing precise momentum determination, and achieving robust particle identifica-tion in an environment dominated by lighter hadrons. Thanks to its excellent trackingperformance, low material budget, and redundant particle-identification capabilities,ALICE fulfills all these requirements [92, 96].In particular, the combination of specific energy-loss measurements in the Time Pro-jection Chamber (TPC) and time-of-flight information from the TOF detector allows anunambiguous identification of light (anti)nuclei over a broad momentum range. Anexample of the separation power of the TPC for light nuclei and antinuclei is illustratedby the distinct dE/dx bands shown in Fig. 2.2. The low material budget of the centralbarrel significantly reduces secondary interactions and absorption effects, which repre-sent one of the dominant sources of systematic uncertainty in antinuclei measurements[20]. These features are essential for achieving high-purity antinucleus samples and forcontrolling background contributions from misidentified particles.Moreover, the broad physics programmeof ALICE enables investigations of light (anti)nucleiproduction across different collision systems and over a wide range of event multiplici-ties, from small systems such as pp collisions to large systems such as Pb–Pb collisions.This versatility allows systematic studies of antinucleus formation under varying sourceconditions, providing essential experimental constraints for coalescence-based andthermal-statistical models [25, 20]. Consequently, ALICE results represent the primaryexperimental benchmark in this field and play a crucial role in guiding theoretical inter-pretations and in supporting cosmic-ray antinuclei searches [20].
2.1.2 ALEPH experiment at LEP

The Large Electron–Positron Collider (LEP) at CERN featured e+e− collisions at centerof mass energies at the Z-mass resonance and up to√
s ≃ 209 GeV, which provided aclean environment useful for precision physics in the study of hadron production andfragmentation. It was in the context of the LEP that the ALEPH experiment measuredthe production of deuteron and antideuteron in hadronic Z decays [90].

The ALEPH detector, shown in Fig. 2.3, featured a cylindrical geometry with full az-imuthal coverage, optimized for precision tracking and calorimetry. Charged particlereconstruction was provided by an inner tracking system composed of a silicon vertexdetector, an inner drift chamber and a large Time Projection Chamber (TPC), all im-mersed in a solenoidal magnetic field of 1.5 T. The TPC provides particle identificationvia dE/dxmeasurements over a broad momentum range (2–50 GeV/c), with effective
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Figure 2.2: Specific energy loss dE/dxmeasured in the ALICE TPC as a function of rigidity,showing the separation of light nuclei and antinuclei from lighter hadrons [20].

Figure 2.3: Schematic overview of the ALEPH detector at LEP [97].
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e–π separation at the level of about 3 standard deviations for momenta below approxi-mately 10 GeV/c [97]. Surrounding the tracking volume, electromagnetic and hadroniccalorimeters provided energy measurements, while an outer muon system ensuredefficient muon identification [97].

Figure 2.4: dE/dx as a function of momentum for charged particles measured by ALEPH,illustrating the separation of deuterons (and antideuterons) from lighter hadrons [90].
The identification of light (anti)nuclei in ALEPH relied primarily on the measurementof dE/dx in the TPC. Due to their different masses, (anti)deuterons could be clearlyseparated from lighter hadrons at low and intermediate momenta using the ionizationenergy loss, as shown in Fig. 2.4. This capability allowed ALEPH to reconstruct deuteronsand antideuterons produced in hadronic Z decays with high purity [90].ALEPH employed the coalescence framework introduced in Sec. 2, extracting the antinu-cleus formation probability through the coalescence parameter B (see Fig. 2.5). TheALEPH results represent an essential benchmark for testing coalescence models in ele-mentary e+e− collisions and for constraining the universality of antinucleus productionmechanisms across different collision systems [90].
2.1.3 ZEUS experiment at HERA

The Hadron–Electron Ring Accelerator (HERA) collider at DESY provided electron–proton collisions up to a center-of-mass energy of √s = 318 GeV, enabling detailedstudies of hadron production in a lepton–hadron environment. In this context, the
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Figure 2.5: Values of the coalescence parameter B2 measured in heavy-ion and elemen-tary collisions, compared to the result from ALEPH in hadronic Z decays and to the OPALupper limit [90]. For ALEPH themeasurement is integrated over 0.62 < p < 1.03GeV/c,corresponding to 0.31 < p/A < 0.515 GeV/c.
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ZEUS experiment performed the first observation of (anti)deuteron production in deep-inelastic scattering (DIS) reactions [67].
The ZEUS detector [98], visible in Fig. 2.6, comprised a central tracking system im-

Figure 2.6: Schematic overview of the ZEUS detector at HERA [98].
mersed in a solenoidal magnetic field of 1.43 T and a high-resolution uranium–scintillatorcalorimeter. Charged-particle tracking and momentum reconstruction were provided bythe Central Tracking Detector (CTD), covering the polar-angle range 15◦ < θ < 164◦. TheCTD also delivered measurements of the ionization energy loss, dE/dx, with a typicalresolution of about 9% for full-length tracks, enabling particle identification at low and in-termediatemomenta up to 10 GeV/c [67]. The event kinematics and the scattered-leptonreconstruction were determined using the electromagnetic and hadronic calorimetersystem, which consisted of forward, barrel, and rear sections and provided energy mea-surements. The magnetic field and tracking performance ensured sufficient momentumresolution to reconstruct heavy charged particles such as light (anti)nuclei [98].
In ZEUS (anti)deuterons were identified exploiting their characteristic large ionizationenergy loss, dE/dx, in the central tracking detector, allowing separation from lighterhadrons at low and intermediate momenta (0.3 < pT/M < 0.7) [67], thanks to thedifferent mass, as visible in Fig. 2.7. ZEUS measured deuterons and antideuterons inDIS events (typically requiringQ2 > 1 GeV2) and extracted the coalescence parameter
B2, introduced in Chap. 2, which expresses the formation probability of a deuteron andantideuteron. The B2 observable is particularly useful for cross-system comparisons,
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(a) Positive tracks (b) Negative tracks
Figure 2.7: The dE/dx distributions as a function of track momentum for positive andnegative tracks [67] in ZEUS.
since it is sensitive to the effective source conditions relevant for the formation of looselybound states. The ZEUS results for the pT/M dependence of B2 in DIS, compared tothose obtained in photoproduction events using a common analysis strategy [67], areshown in Fig. 2.8.
The ZEUS measurement provides an important reference point for light (anti)nucleusproduction in a collision system where the underlying event structure and hadronisationdynamics differ from those in hadron–hadron and nucleus–nucleus collisions. In partic-ular, the comparison between DIS and photoproduction within the same experimentconstrains the systematics of antideuteron formation in a fragmentation-dominatedregime [67].
2.1.4 Electron–Ion Collider (EIC)

The Electron–Ion Collider (EIC) is a next-generation lepton–hadron collider plannedfor construction at Brookhaven National Laboratory (BNL) in the United States. The EICwill provide collisions of polarized electrons with polarized protons and light ions, as wellas with heavier nuclei, over a broad range of center-of-mass energies,√s ≃ 20–100GeV,with a possible upgrade up to√
s ≃ 140 GeV. The design luminosity, reaching valuesof 1033–1034 cm−2s−1, will exceed that of previous lepton–hadron facilities by orders ofmagnitude, enabling precision studies of Quantum Chromodynamics in both nucleonsand nuclei [91].

The EIC physics programme is primarily focused on studying the internal structure of
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Figure 2.8: The pT/M dependence of the coalescence parameter B2 for deuteronsand antideuterons in DIS and photoproduction as measured by ZEUS at HERA at√s =
318 GeV, based on an integrated luminosity of 120 pb−1 [67].
hadrons and nuclei in terms of quarks and gluons, including the origin of the nucleonmass and the spin, three-dimensional partonic imaging, and the dynamics of color chargein cold nuclear matter. The collider will operate in a kinematic regime intermediatebetween fixed-target deep-inelastic scattering experiments and high-energy hadron col-liders, providing a unique environment for the study of hadronisation and fragmentationprocesses in lepton–ion collisions [91].
The experimental programme foresees at least one multi-purpose detector with nearlyfull solid-angle coverage, optimized for precision tracking, vertexing, electron and hadronidentification, and calorimetry over a wide rapidity range [91]. The ePIC detector con-cepts, visible in Fig. 2.10 (a), include high-resolution silicon vertex detectors, large-acceptance tracking systems embedded in solenoidal magnetic fields, and advancedparticle-identification subsystems based on time-of-flight measurements, Cherenkovdetectors, and calorimetry. Dedicated forward and backward detector regions are de-signed to ensure efficient reconstruction of the scattered electron and the hadronicfinal state, even at low momentum transfer [91]. In particular, the dual Ring ImagingCherenkov (dRICH) detector, visible in Fig. 2.10 (b), is designed to provide precise particleidentification in the forward region of the future ePIC experiment at the Electron-IonCollider. By combining aerogel and gas radiators with silicon photomultiplier sensors,it achieves more than 3σ pion–kaon separation up to about 50 GeV/c [100] within thepseudorapidity region 1.5 < η < 3.5, thus meeting the stringent PID requirements of
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Figure 2.9: Schematic overview of the planned Electron–Ion Collider facility [99].
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the EIC physics programme.
The construction of the EIC builds upon the existing RHIC infrastructure. Constructionis beginning now, with the goal of being fully operational in the early 2030s. From aphysics perspective, measurements of light (anti)nuclei production at the EIC wouldprovide a natural extension of existing results from e+e−, ep, and hadronic collisionsystems. In particular, they would enable the investigation of antinucleus formationin a fragmentation-dominated regime, offering sensitivity to coalescence mechanisms(see Sec. 2) in cold nuclear matter and to the space–time structure of hadronisation indeep-inelastic scattering [91].

(a) (b)
Figure 2.10: (a) ePIC detector scheme [91], (b) dRICH 3D CAD model [100]

2.2 Cosmic Rays and the Search for Antin-
uclei

At the beginning of the 20th century, the nature of the penetrating radiation ob-served in the atmosphere was still unknown. In 1912, Victor Hess addressed this byperforming a series of balloon flights equipped with an electroscope, demonstratingthat the intensity of ionizing radiation increased with altitude. This result proved thatthe radiation did not originate from terrestrial sources such as natural radioactivity, butinstead had an extraterrestrial origin, leading to the term cosmic rays. Since then, cosmicrays (CRs) have been extensively studied, and their composition, energy spectra, andpropagation properties are now relatively well understood.
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The observation of antimatter in cosmic rays has since developed into a mature field,with precision measurements of positrons and antiprotons performed by balloon-borneand space-borne experiments. In contrast, the search for antinuclei (i.e. compositeantimatter states heavier than the antiproton) remains one of the most challengingfrontiers of charged-particle astroparticle physics [101].
From a phenomenological perspective, antinuclei observed near Earth can be producedas secondary particles through hadronic interactions of primary cosmic rays, predom-inantly protons and helium nuclei, with the interstellar matter (ISM), which is itselfmainly composed of hydrogen and helium [102, 103]. Because antinucleus formationrequires the simultaneous production of multiple antinucleons in a single interaction,followed by their fusion into a loosely bound state, the resulting yields are stronglysuppressed relative to those of single antinucleons. In particular, the production ofantideuterons and antihelium nuclei involves both high kinematic thresholds and anadditional coalescence penalty, leading to fluxes typically suppressed by a factor of
103–104 compared to the antiproton flux [101, 104].This strong suppression makes the experimental search for cosmic antinuclei especiallycompelling. At low kinetic energy per nucleon, where solar modulation and propaga-tion effects significantly reshape cosmic-ray spectra [102, 103], scenarios beyond purelysecondary production predict a comparatively enhanced antinuclei component, whilethe expected astrophysical background remains extremely small [101, 102]. In particular,extensions of the Standard Model of particle physics allow for the production of antimat-ter through dark matter annihilation or decay, giving a fundamentally new significanceto the observation of cosmic antinuclei [85].
Experimentally, the search for cosmic-ray antinuclei is carried on by instruments de-signed to cope with extremely low expected fluxes and stringent background-rejectionrequirements. Past and current searches have been carried out mainly by balloon-borneand space-borne experiments such as BESS and AMS-02, which directly measure thecharged cosmic-ray flux near Earth and perform event-by-event identification of antin-uclei using redundant determinations of charge sign, rigidity, velocity, and mass [105,106]. In parallel, dedicated detection concepts such as the GAPS, ADHD experiment [107]have been developed to optimize sensitivity in the low kinetic-energy region, where theantinuclei signal is expected to be most prominent and experimental backgrounds arestrongly suppressed [108].
2.2.1 Dark Matter searches

A wide set of astrophysical and cosmological observations indicate that most of thematter content of the Universe is not made of baryons, but of a non electromagneticallyinteracting component commonly referred to as Dark Matter (DM), indirectly through its
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Figure 2.11: Rotation curve example illustrating the need for a non-luminous mass com-ponent to reproduce the observed circular velocity at large radii. Adapted from a classicrotation-curve measurement [111].
gravitational effects on ordinary matter [109, 110]. Historically, direct indications camefrom the dynamics of galaxies: the observed rotation curves remain approximately flatat large radii, which imply the presence of an extended mass distribution well beyondthe visible disk [111]. As it can be seen in Fig. 2.11, the measured rotational velocity profilecannot be reproduced by the visible components alone. The DM hypothesis is supportedby multiple and independent probes, including gravitational lensing, the dynamics ofgalaxy clusters, and the precise determination of the matter density from the CosmicMicrowave Background (CMB) anisotropies [110].From a particle-physics perspective, the existence of Dark Matter implies the presenceof new degrees of freedom beyond the Standard Model. Among the various candidatesproposed, Weakly Interacting Massive Particles (WIMPs) [112] are often considered as areference scenario for indirect searches. In this framework, Dark Matter particles mayannihilate or decay into Standard Model states, potentially giving rise to observablesignatures in cosmic rays. The identification of such signatures requires a careful under-standing of astrophysical backgrounds and of the transport of charged particles in theGalaxy.
WIMPs may interact with Standard Model particles via new mediators or via effectiveoperators, and can annihilate (or, in alternative scenarios, decay) into Standard Model fi-nal states [112]. Depending on the dominant couplings, annihilation channels can involve
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quarks, gauge bosons, leptons, or Higgs states. Hadronic channels in particular lead tothe production of antiprotons, antineutrons, and mesons through parton showering andhadronisation. A schematic overview of the typical annihilation chains and the resultingmessengers relevant for indirect searches is shown in Fig. 2.12. While the underlyingmicroscopic interaction is model-dependent, the key experimental point is that any DMcontribution to charged cosmic rays must be identified on top of astrophysical back-grounds generated by known non exotic sources, standard acceleration and propagationmechanisms.

Figure 2.12: Possible WIMP annihilation channels into Standard Model particles and theresulting indirect messengers (photons, neutrinos, and antimatter) [113].

Figure 2.13: Complementarity of direct detection, indirect detection, and collidersearches for particle DM [114]).
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The investigation of dark matter can be pursued through several complementary ap-proaches, as schematically illustrated in Fig. 2.13. Direct detection experiments aimto observe the interaction between dark matter particles and ordinary matter usingtwo primary techniques. The first relies on large detectors consisting of tanks filledwith hundreds of liters of a noble element in the liquid phase (such as xenon or argon).In this case, a collision between a dark matter particle and an atomic nucleus of theliquid induces the emission of a flash of light. The second technique employs absorptivecrystals (for instance, germanium), in which the interaction releases energy that is de-tected as a small increase in temperature. In both approaches, the signals of interestare microscopic and extremely rare. Consequently, experiments of this type must bestrongly shielded from external sources of background, in particular cosmic rays, whichcan traverse the detectors and produce spurious signals. For this reason, undergroundlaboratories have been constructed to achieve a high level of shielding, like for examplethe Laboratori Nazionali del Gran Sasso (LNGS) with the XENONnT detector [115].
An alternative strategy is pursued at high-energy colliders such as the LHC, where darkmatter particles could be produced through collisions of known particles, in a manneranalogous to the production of the Higgs boson in proton–proton interactions. Sincedark matter particles interact only weakly with ordinary matter, their presence would beinferred from a large imbalance in transverse momentum in proton–proton collisions.Indirect detection of dark matter, instead, exploits the possibility that dark matter par-ticles may annihilate, in analogy with ordinary matter, producing secondary particlessuch as gamma rays, charged particles (electrons, positrons, etc.), and neutrinos. Theseproducts contribute to cosmic radiation of astrophysical origin, although they are ex-pected to be subdominant. Nevertheless, the search for stable antiparticles in cosmicradiation represents a promising avenue for identifying a potential dark matter signal.Antimatter, in fact, is significantly less abundant than primary cosmic radiation, andrecent results obtained by experiments such as HEAT [116], PAMELA [117], and AMS-02[118], and shown in Fig. 2.14, have revealed an excess of positrons in the cosmic-rayspectrum [109]. Many models of dark matter annihilation or decay are able to naturallyreproduce the observed increase in the positron fraction (green curve in Fig. 2.14),although this typically requires annihilation cross sections that are much larger thanthose predicted. Alternative explanations have also been proposed; as illustrated in Fig.2.14, the contribution of a nearby pulsar (red curve) or modifications to current modelsof cosmic-ray propagation (blue curve) could account for both the positron excess andthe observed electron spectrum [119].It should be emphasized that antimatter plays a crucial role not only in the context ofdark matter searches, but also because the apparent dominance of matter over anti-matter in the Universe represents one of the major open questions in cosmology andparticle physics.

48



Light (anti)nuclei at Colliders Accelerators and Cosmic Rays 2.2.1

Figure 2.14: The positron fraction as a function of the particle kinetic energy in cosmicrays measured by HEAT, PAMELA, and AMS-02. The solid black line is a model of puresecondary production, and the three colored thin lines show three representative at-tempts to model the positron excess with different phenomena: green is for dark matterdecay, blue is for propagation physics, red is for production in pulsars. The ratio below10 GeV depends on the polarity of the solar magnetic field [119].
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2.2.2 Cosmic antinuclei as an indirect probe of Dark Matter
Research on dark matter through the observation of positrons or gamma rays relieson the identification of a small excess over other relevant astrophysical sources, whichconstitute a substantial background. This circumstance poses significant challenges inthe extraction of a possible dark matter signal. The case of antiprotons, measured byexperiments such as BESS [120], PAMELA [121], and AMS-02 [122], is similarly demanding,since the observed flux is compatible with several theoretical models that predict sourcesunrelated to dark matter. Nevertheless, these measurements allow stringent constraintsto be placed on scenarios of astrophysical production and propagation. In this paragraph,however, we focus on a different aspect of dark matter investigations: cosmic antinuclei.

Antinuclei represent an extremely promising probe for dark matter searches because, incontrast to positrons or antiprotons, they are characterized by a very low backgroundfrom astrophysical processes at low energies. As discussed at the beginning of thissection, although several astrophysical mechanisms can produce antimatter, antinucleiformation requires specific threshold energies and occurs only rarely through secondarycosmic-ray (CR) interactions with the interstellar medium. As shown in Fig. 2.15 [85],a potential dark matter (DM) signal is expected to dominate at low kinetic energyper nucleon (T/n ≲ 1 GeV), while the secondary CR background peaks in the 1–10GeV/n range. The large uncertainty bands in the figure reflect the significant modelinguncertainties related to CR sources and propagation, which remain a major limitationin predicting the secondary antinuclei flux. Consequently, the potential observation ofcosmic antinuclei would constitute an unambiguous signature of new physics.
The most stringent experimental limits on cosmic antinuclei have been set by the BESSCollaboration. Using BESS-Polar II [123], a high-precision measurement of the low-energyantiproton spectrum below 1 GeV was achieved. No antideuteron candidate eventswere observed; however, combining its missions, BESS established an upper limit onthe antideuteron flux of Φd < 5.5 × 10−5m−2 sr−1 (GeV/n)−1 [124]. The antiheliumsearch resulted in a new upper limit on the antihelium-to-helium ratio of 6.9× 10−8 at95% confidence level, representing the most stringent constraint to date [124].Beginning with the first BESS [125] (Balloon-borne Experiment with SuperconductingSpectrometer) balloon flight in 1993, the Collaboration carried out a total of 11 balloonmissions, including two long-duration flights over Antarctica, with the last flight takingplace in 2008. The original BESS-Polar experiment was flown over Antarctica in late2004, followed by the BESS-Polar II mission, which collected data during 24.5 daysbetween December 2007 and January 2008. The detector featured a coaxial cylindricalgeometry with a geometric acceptance of 0.23 m2sr and consisted of a 0.8 T solenoidalmagnet housing inner drift chambers (IDC) and a jet-type drift tracking chamber (JET),together with an aerogel Cherenkov counter and a time-of-flight system. Details of the
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Figure 2.15: Comparison between the expected flux originating from dark matter interac-tions and the flux produced by cosmic rays interacting with the interstellar medium as afunction of the kinetic energy per nucleon. The red solid line represents the dark matter(DM) contribution, while the blue solid line shows the secondary cosmic-ray componentand the green solid line the tertiary component. The shaded bands around each curverepresent the uncertainties associated with cosmic-ray propagation parameters in theGalaxy. The gray shaded boxes indicate current experimental limits and projected sensi-tivities of future or ongoing experiments. The arrow highlights the energy region wherethe dark matter signal is expected to dominate over the secondary background. It canbe observed that below 1 GeV/n the red curve dominates over the blue one [85].
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apparatus are shown in Fig. 2.16.

Figure 2.16: The BESS-Polar II experiment. From: [101].
In more recent years, the search for cosmic antinuclei has been continued by AMS-02, currently operating on the International Space Station. Thanks to AMS-02, themost precise measurement of the antiproton spectrum to date has been achieved inthe energy range from 1 to 450 GeV [126]. In 2018, the Collaboration also reported asmall number of candidate events compatible with antihelium nuclei, namely six 3Heand two 4He candidates [127]; however, these events have not yet been independentlyconfirmed.Installed on the International Space Station in May 2011 [106, 122, 128], AMS-02 is asolenoidal magnetic spectrometer designed to measure charged cosmic-ray spectraover a wide energy range, up to the TeV scale, and to detect high-energy photons withenergies of a few hundred GeV. It also investigates the nuclear component of cosmicrays and searches for indirect signatures of dark matter.As illustrated in Fig. 2.17, AMS-02 consists of several sub-detectors. The TransitionRadiation Detector rejects low-mass particles such as electrons, pions, and kaons anddetermines the relativistic Lorentz factor γ. The time-of-flight (ToF) system measuresparticle velocity (up to β ≃ 0.8) and provides the trigger for the experiment. Theparticle momentum is reconstructed using the 0.15 T magnetic field, while at highvelocities particle identification is further improved by a proximity-focusing Ring ImagingCherenkov (RICH) detector employing a dual-radiator configuration of silica aerogel andsodium chloride.
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Figure 2.17: Schematic overview of the AMS-02 experiment [129].
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Chapter 3

Modelling N–N Interaction and
Coalescence

To investigate final-state correlations and nuclei production, a model must be estab-lished that describes both nucleon–nucleon (N–N) interactions (which do not result in abound state) and coalescence (which instead leads to the formation of a nuclear boundstate). In this chapter, a model capable of satisfying this requirement is implemented asan afterburner to be coupled with an event generator (e.g., PYTHIA). The afterburnercan simultaneously treat coalescence and N–N interactions within two formalisms: thewave function formalism and the Wigner formalism. Such an afterburner is developedin a way similar to [130], which has been proven successful in reproducing ALICE data.
This chapter first introduces a wave function–based description of the source and thedeuteron bound state. From this framework, the coalescence probability is derived viathe scalar product of the corresponding wave functions and subsequently applied tothe production of nuclei up to A = 4, including the associated treatment of photonemission.Within this framework, a semiclassical treatment of the N–N interaction is implementedby comparing the initial energy of the system with the final asymptotic energy. Specificattention is paid to the treatment of the initial kinetic energy to ensure consistencywith the kinematic input from the event generator. An alternative formulation based onWigner functions is then presented, in which both the source and the bound state aredescribed in phase space, and the coalescence probability is computed accordingly.Finally, the event-generator configurations used as input to the afterburner are dis-cussed.
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3.1 Coalescence model
The model describing coalescence has been developed within two formalisms: awave function–based formalism and a Wigner function–based formalism.

3.1.1 Coalescence in a wave function–based model
To provide a quantitative description of bound-state formation starting from corre-lated nucleon pairs produced in high-energy collisions, the wave function formalism isemployed. Both the emitting source and the nuclear bound state are described quantummechanically, and the coalescence probability is given by the scalar product of the wavefunctions.

Within this approach, the source emitting the nucleon pair is modelled as a Gaussian dis-tribution in coordinate space, as in [130], and it is additionallymodulated by a plane-wavefactor that encodes the relative momentum of the pair,
ψsrc(r⃗, k⃗ ∗) = A exp

(
− r2

2R2
0

)
exp
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)
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where R0 is the fixed source radius, A is the normalization constant, r⃗ is the positionvector, k⃗ ∗ = |p⃗1−p⃗2|
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is the relative momentum of the particle pair in their rest frame,and r = |r⃗|.
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The normalization constant A is obtained by imposing∫
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Equation 3.2, evaluated in spherical coordinates, gives
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The deuteron S-state wave function1is modeled starting from a square-well potential
V (r) = −V0Θ(RD − r), (3.5)

whereΘ(x) is the Heaviside step function, and RD is a fixed deuteron radius, while V0is the depth of the square well, fixed such that the resulting binding energy matches themeasured valueEBE ≈ 2.2MeV. Solving the Schrödinger equation with the potential inEq. 3.5 leads to the ground-state (S-wave) function:
ψdeut(r⃗) = u(r)

r
Y00(θ, ϕ), (3.6)

where u(r) is given by
u(r) =

N sin(kr), for r < RD,

N sin(κRD) e
−κ(r−RD), for r ≥ RD,

(3.7)

where k =
√

2µ(V0−|EBE |)
ℏ and κ =

√
2µ|EBE |

ℏ , with EBE being the binding energy and
µ the reduced mass. N is the normalization constant determined by∫ ∞

0

|u(r)|2 dr = 1, (3.8)
and Y00(θ, ϕ) is the spherical harmonic with quantum numbers ℓ = 0 andm = 0, givenby

Y00(θ, ϕ) =
1√
4π
. (3.9)

The coalescence probability is then given by the projection of the source wave functiononto the deuteron ground state:
Pcoal(k∗) =

∣∣∣⟨ψsrc(r⃗, k⃗ ∗) |ψdeut(r⃗)⟩
∣∣∣2 = ∣∣∣∣∫ ψdeut(r⃗)ψsrc(r⃗, k⃗ ∗) d3r

∣∣∣∣2 . (3.10)

3.1.2 Coalescence in a Wigner function formalism
An alternative implementation of the coalescence model has been developed inthe afterburner, based on Wigner functions, which are quasi-probability distributions in
1An S-state wave function is a quantum state with orbital angular momentum equal to 0.
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phase space defined over the real field and that completely describe a quantum state.A generic Wigner function for a particle pair can be defined as
W (r⃗, p⃗) =

1

(2πℏ)3

∫
ϕ∗
(
r⃗ +

s⃗

2

)
ϕ

(
r⃗ − s⃗

2

)
exp

(
−ip⃗ · s⃗

ℏ

)
d3s, (3.11)

where ϕ is a wave function for the given quantum state.In our case, the Wigner function of the source,Wsrc, is obtained by imposing ϕ = ψsrcfrom Eq. 3.1, which results in
Wsrc(r⃗, p⃗) = 1

(2πℏ)3
exp

(
− r2

4R2
0

)
exp

[
−4R2

0

ℏ2
(
k⃗ ∗ + p⃗

)2]
. (3.12)

Equation 3.33 is Gaussian in both coordinate and momentum space, with inverselyproportional widths, σr = ℏ/σk ∗ .
The Wigner function of the deuteron S-state,Wdeut, is computed by imposing ϕ = ψdeutfrom Eq. 3.6 into Eq. 3.11. The calculation has not been carried out analytically, butnumerically. The results for a deuteron radius RD = 3.2 fm are shown in Fig. 3.1.
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Figure 3.1: Deuteron S-state Wigner function for a deuteron radius of RD = 3.2 fm.

Once the source and deuteron S-state Wigner functions are known, it is possible tocompute the coalescence probability as
P (k ∗) =

∫
Wdeut(r⃗, p⃗)Wsrc(r⃗, p⃗; k ∗) d3r d3p. (3.13)
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The two formalisms, wave function and Wigner function, yield the same results andare therefore compatible, as shown in Fig. 3.2. The wave function formalism is chosenbecause it is computationally more efficient, being approximately 33 times faster thanthe Wigner formalism.
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Figure 3.2: Coalescence probability as a function of k∗, obtained with the Wigner for-malism (green open circles) and the wave function formalism (black open circles). Thedistributions are obtainedwith the same source radiusR0 = 1 fm and the samedeuteronradius RD = 3.2 fm.

3.1.3 Nucleon spin
The (anti)deuteron, as a (anti)proton–(anti)neutron bound state, exists exclusively ina specific spin configuration. More precisely, it is a triplet state with total spin S = 1,where the two nucleon spins are aligned. Conversely, the singlet configuration with totalspin S = 0, corresponding to anti-aligned spins, does not yield a stable bound state dueto the nature of the nuclear force.

In a more complete description, the spin degree of freedom is coupled to the orbitalangular momentum through the spin–orbit interaction. The deuteron ground statecorresponds primarily to an L = 0 (S-wave) configuration with total angular momentum
J = 1, with a small admixture of L = 2 (D-wave) induced by the tensor componentof the nuclear force. Thus, the allowed bound state requires not only the triplet spinconfiguration (S = 1), which statistically represents 3

4
of the possible spin combinations,but also the appropriate coupling between spin and orbital angular momentum thatproduces the correct total angular momentum J = 1.
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In the presented model (in both formalisms), spin and orbital angular momentum arenot explicitly included. The coalescence probabilities given in Eq. 3.10 and Eq. 3.13 im-plicitly assume that all proton–neutron pairs can potentially fuse to form a deuteron.In reality, only a subset of proton–neutron pairs can form a bound deuteron. Sincethe deuteron exists exclusively in the spin–triplet state (S = 1), only three out of thefour possible spin combinations of two spin-1
2
nucleons contribute, yielding a statisticalfactor of 3

4
. In addition, the deuteron is an isospin singlet state with total isospin I = 0.In the coalescence process we start from a proton and a neutron, which have fixedisospin projections I3 = +1

2
and I3 = −1

2
, respectively, so that the pair has total thirdcomponent I3 = 0. Such a proton–neutron system can belong either to the isospinsinglet state (I = 0, I3 = 0) or to the isospin triplet state (I = 1, I3 = 0). Assuming thatthese configurations are equally populated in an uncorrelated and unpolarized source,only half of the proton–neutron pairs correspond to the correct isospin configuration re-quired to form a deuteron. This introduces an additional factor of 1/2 in the coalescenceprobability. Altogether, these considerations lead to the statistical factor. In order toaccount for this factor within the model, the coalescence probabilities given in Eq. 3.10and Eq. 3.13 are multiplied by a statistical factor g effectively implementing a mean-fieldcorrection:

P finalcoal (k∗) = g Pcoal(k∗). (3.14)
with g being

g =
3

4
× 1

2
=

3

8
. (3.15)

3.2 Production of nuclei up toA = 4
In the afterburner nuclei up to A = 4 are formed by iteratively applying coalescenceto the previously formed, lighter nuclei, as visible in Fig. 3.3. Starting from protons andneutrons from the event generator, deuterium is created through coalescence; then,by further iterations, tritium or helium-3 are formed, and finally helium-4. The processstops when there is no coalescence or helium-4 is reached. The same procedure isapplied for antinuclei starting from antinucleons.

3.2.1 wave function approximation
As seen in Eq. 3.10, the coalescence probability is computed using the deuteron

S-state wave function given in Eq. 3.6. Therefore, for the proton–neutron bound state(deuteron), the coalescence probability is evaluated without any approximation.
In the case of nuclei heavier than A = 2, an approximation is introduced. The wave
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Figure 3.3: (Anti)Nuclei formation conceptual scheme.
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function is no longer the exact ground-state wave function of the nucleus, but an ap-proximation based on the deuteron wave function of Eq. 3.6. In this approach, thedepth of the square-well potential, V0, which determines the form of u(r) in Eq. 3.6, isinitially taken from the deuteron case. For the formation of heavier nuclei, this depth isscaled assuming that the effective strong charge of a nuclear cluster is proportional toits number of nucleons A. The underlying potential for the interaction between twoclusters is then taken to be proportional to the product of their individual strong charges.
For instance, in the coalescence of a deuteron (assumed to have an effective strongcharge of 2) and a proton (charge 1) into a triton (T), the depth of the potential wellwould be scaled as

VD+p = (2× 1)V0 = 2V0. (3.16)
After this scaling, the radius of the square well is adjusted as a free parameter toreproduce the known binding energy of the specific nucleus under consideration (e.g.,
T, 3He, 4He, see Tab. 1.1). An example of this approximation is shown in Fig. 3.4.

Figure 3.4: Example of the approximate ground-state wave function of tritium (blue)compared to the exact deuteron ground-state wave function (red).

3.2.2 Photon production
In the afterburner model, when a nucleus is produced there is a difference in energybetween the initial and the final state,

∆E =Minit −Mbound state, (3.17)
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whereMinit andMbound state are, respectively, the initial and bound-state invariant masses.The energy difference∆E is released as a photon in order to obey energy conservation.An example with a p–n pair forming a deuteron is shown in Fig. 3.5, but the samemechanism is also applied in the formation of T , 3He, 4He, and the correspondingantiparticles.

Figure 3.5: Schematic example of the production, in the rest frame, of a photon–deuteronpair.

The photon is produced isotropically in the rest frame of the photon–bound-state system.The fundamental point is the transformation between the rest frame and the laboratoryframe, in which both the photon and the deuteron receive a boost. The energy boost ofthe photon is described by
Elab = γE∗(1 + β cos θ∗

)
, (3.18)

whereE∗ is the energy of the photon in the rest frame, γ = 1√
1−β2

is the Lorentz factor,
β = vCM

c
is the velocity of the rest frame, and θ∗ is the polar angle, i.e. the emissionangle of the photon in the nucleus rest frame.The momentum p⃗ = (px, py, pz) is then described, taking the z axis as the direction ofmotion of the rest frame, as

pz,lab = γ
(
p∗z + β E∗/c

)
= γ

E∗

c

(
cos θ∗ + β

)
, (3.19)
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px,lab = p∗x =
E∗

c
sin θ∗ cosϕ∗, (3.20)

py,lab = p∗y =
E∗

c
sin θ∗ sinϕ∗, (3.21)

where ϕ∗ is the azimuthal emission angle of the photon in the rest frame. As shownby Eqs. 3.19–3.21, only the longitudinal component (pz) changes, while the transversecomponents (px, py) remain unchanged. In the laboratory frame, θ∗ transforms as
tan θlab = p⊥,lab

pz,lab =
sin θ∗

γ(cos θ∗ + β)
, with p⊥ =

√
p2x + p2y. (3.22)

The angle ϕ∗ remains unchanged. From Eq. 3.22 it can be observed that the larger theboost, the smaller θlab becomes; therefore, the photon and the bound-state nucleus aremore collimated.

Figure 3.6: Schematic example of the boost in the case of theD–γ system, showing twosituations: the effect of the blueshift (upper sketch) and the effect of the redshift (lowersketch).

Figure 3.6 provides a schematic visualization, for the photon–deuteron system, of theapplication of Eq. 3.19:
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• if cos θ∗ > 0, a blueshift occurs; the momentum of the photon in the laboratoryframe is larger than in the rest frame, pz,lab > p∗z, and the emission angle in thelaboratory is almost collinear with the direction of motion of the nucleus (i.e. thedirection of motion of the rest frame);
• if cos θ∗ < 0, a redshift occurs; the momentum of the photon in the laboratoryframe is smaller than in the rest frame, pz,lab < p∗z, and the emission angle in thelaboratory is almost perpendicular to the direction of motion of the nucleus.

The blueshift can be significant.

3.3 N-N Interaction
Up to now, only coalescence has been described; however, not all nucleons andnuclei necessarily undergo coalescence, for several reasons. They may not satisfy therequirements for coalescence (for example, an antiproton–antineutron pair that is toofar apart in phase space). Moreover, coalescence is a statistical process, so even if therequirements are satisfied, a bound state may not form. It is also important to note thatthe particle pair under consideration may not possess a bound state (for example, anantiproton–antiproton pair). For these reasons, it is essential to include nucleon–nucleon(N–N) interactions in the model.

The N–N interaction is modeled within the wave function formalism using a semiclassicalapproach and is implemented in the afterburner to be applied simultaneously withcoalescence. The N–N interaction is based on the comparison between the initial energyof the source and the final energy at infinity (where, in our square-well potential model,the potential is assumed to vanish), from which the nucleon final relative momentum
k ∗
f is determined:

⟨ψsource|K + V |ψsource⟩ =
k∗2f
2µ

(v ≪ c) (3.23)
whereK is the kinetic energy, V is the strong plus Coulomb interaction potential, and
µ is the reduced mass. Note that, at this stage, as visible in Eq. 3.1, the source radius
R0 is fixed. The classical aspect of the model resides in energy conservation, whilethe quantum-mechanical aspect resides in the evaluation of the initial energy of thesystem. The potential V consists of a strong contribution plus a Coulomb term. Thestrong interaction is modeled by a square-well potential adjusted to the deuteron radius,which is the same potential introduced in Eq. 3.5 for the derivation of the deuteron
S-state wave function. The Coulomb interaction is given by

VCoul(r) = 1

4πϵ0

e2

r
=

1.44MeV fm
r

, (3.24)
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where ϵ0 is the vacuum permittivity.
However, this semiclassical approach presents an issue. To identify it, we first need toperform the Fourier transform of Eq. 3.1 in order to move from coordinate space tomomentum space:

ψ̃src(p⃗) = 1

(2πℏ)3/2

∫
ψsrc(r⃗) e−ip⃗·r⃗/ℏ d3r =

(
8R2

0

πℏ2

)3/4

exp

(
−2R2

0

(p⃗− k⃗)2

ℏ2

)
.

(3.25)Since the source radius R0 is fixed, the expectation value of the momentum and theexpectation value of the squared momentum for the pair are given, respectively, by
⟨p⃗⟩ =

∫ ∣∣∣ψ̃src(p⃗)
∣∣∣2 p⃗ d3p = ℏ⟨k ∗⟩, (3.26)

⟨p2⟩ =
∫ ∣∣∣ψ̃src(p⃗)

∣∣∣2 p2 d3p = (ℏk ∗)2 +
3ℏ2

8R2
0

. (3.27)
Equation 3.27 shows a contribution (ℏk ∗)2 arising from the relative momentum k ∗,taken as input from the event generator, and an additional term 3ℏ2

8R2
0
related to the fixed

source radius R0, introduced as a model parameter.From Eq. 3.27, the kinetic energyK can be written as
K =

⟨p2⟩
2µ

=
(ℏk ∗)2

2µ
+

3ℏ2

16R2
0µ
. (3.28)

Due to the presence of the term 3ℏ2
8R2

0
in Eq. 3.27, the kinetic energy exhibits a minimum

valueKmin. As can be seen from Eq. 3.28, even in the limit k ∗ → 0, the kinetic energydoes not vanish.The existence of a minimum kinetic energyKmin also implies the presence of a minimumrelative momentum k ∗min, defined through
Kmin = k ∗min2

2µ
, (3.29)

below which no final value of k ∗ can be obtained.
To overcome this issue and efficiently simulate the N–N interactions in a semiclassicalregime, the model must be modified. The adopted strategy is to take the kinetic energy
K of the particle pair directly from the event generator as input and to modify thesource wave function in Eq. 3.1 such that the kinetic energy entering the semiclassicalcalculation in Eq. 3.23 reproduces this input value. As a consequence, it is no longer
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possible to keep the source radius fixed. The source wave function is therefore rewrittenas
ψsrc(r⃗, k⃗ ∗) = A exp

(
− r2

2R2eff

)
exp

(
i
k⃗ ∗ · r⃗
ℏ

)
, (3.30)

where Reff is an effective radius, defined as
Reff =

√
Rmin(k ∗min)2 +R2

0. (3.31)
The minimum radius Rmin is given by

Rmin(k
∗min) =

√
3

8

ℏ
k ∗min

, (3.32)
which is obtained by imposing that the (ℏk ∗)2 term in Eq. 3.27 vanishes.The definition in Eq. 3.31 represents the simplest choice that allows one to introducea minimum radius compatible with the initial kinetic energy, while simultaneously in-corporating the effect of a Gaussian source with characteristic radius R0. With thisprescription, it is ensured that the kinetic energy does not exceed the initial value andthat the classical limit is recovered for large values of k ∗. Consequently, from Eq. 3.31, itfollows that:

• for small values of k ∗, the contribution from Rmin dominates;
• for large values of k ∗, the contribution from R0 dominates.

In Fig. 3.7 the C(k∗) distribution before the application (left) is compared to that afterthe application (right) of the model to p−−p pairs from simulated events. A peak isvisible after the application, originating from the strong interaction.The model has also been proven successful in reproducing the effect of the source size,as shown in Fig. 3.7 (left). When applied through the afterburner, the model correctlycaptures the dependence of the correlation function on the source size, with the peakof C(k∗) decreasing as the source radius R0 (which enters in Eq. 3.31) increases, as ex-pected from Fig. 1.15 (right). The value of the peak of C(k∗) (Fig. 1.15 (right)), consideringthe value of the source size from Fig. 1.16 (R0 = 1.125 fm [79]), is higher by a factor of 3.This is due to the semiclassical approximation.
The initial model, which hereafter will be referred to as the fixed R0 model, does notefficiently reproduce the N–N interaction due to the semiclassical approximation. Thismotivated its modification into a second model, referred to as the Reff(k

∗)model. How-ever, since the radius is modified in Eq. 3.1, the coalescence probability will also differ, asvisible in Fig. 3.8. Figure 3.8 also shows that, when the kinetic energy is fixed, a depletionappears in the low-k∗ region as a consequence of the large effective radius Reff.
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Figure 3.7: Right: Correlation function of p–p (black) and p̄–p̄ (red) pairs for one billionevents at√s = 13.6 TeV (LHC configuration), before the application of the afterburner.A cut on the rapidity is applied: |y| < 0.5. Left: Correlation function for antiproton–antiproton pairs as a function of k∗ for different source radiiR0 and fixed deuteron radius
RD = 3.2 fm. The following selections are applied: pair average transverse momentum
1 GeV< kT < 1.2 GeV, pseudorapidity |η| < 1 and rapidity |y| < 0.5.
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Figure 3.8: Coalescence probability as a function of k∗ for: the fixed R0 model (black)and the Reff(k∗)model (red), both with source radius R0 = 1 fm and a deuteron radius
RD = 1 fm.
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The model with fixed R0 remains valid for coalescence and will also apply to N–N in-teractions once a fully quantum-mechanical treatment is introduced. For this reason,results (excluding those related to N–N interactions) obtained with both models will beshown in Chap. 4.
N-N interaction in Wigner formalism

In the wave function formalism, the source wave function (Eq. 3.30) has been rede-fined to take into account the effective radius Reff (Eq. 3.31). Consequently, the Wignerfunction of the source, which is derived from the source wave function (see Eq. 3.11),becomes:
Wsrc(r⃗, p⃗) = 1

(2πℏ)3
exp

(
− r2

4R2eff

)
exp

[
−4R2eff

ℏ2
(
k⃗ ∗ + p⃗

)2]
. (3.33)

When compared to the wave function formalismwithin the samemodel, identical resultsare obtained, as shown in Fig. 3.9.
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Figure 3.9: Coalescence probability as a function of k∗, obtained with the Wigner for-malism (red open circles) and the wave function formalism (blue open circles) for themodel with fixed kinetic energy. The distributions are obtained with the same sourceradius R0 = 1 fm and the same deuteron radius RD = 3.2 fm.

Looking at the interaction from the Wigner-formalism point of view, the fundamentalidea is again to compare the initial energy of the source with the final energy at infinity,as done in Eq. 3.23, but with a different left-hand side, since wave functions are not usedin this case. The corresponding expression is
⟨K⟩+ ⟨V ⟩, (3.34)
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where
⟨K⟩ =

∫
R3

∫
R3

Ws(r⃗, p⃗)K(p⃗) d3r⃗ d3p⃗, (3.35)
and

⟨V ⟩ =
∫
R3

∫
R3

Ws(r⃗, p⃗)V (r⃗) d3r⃗ d3p⃗. (3.36)
Here, V (r⃗) is the same potential used in the wave function model, composed by thestrong interaction given in Eq. 3.5 and the Coulomb interaction given in Eq. 3.24.
The Wigner and wave formalisms yield the same results also for the N-N interaction, asshown in Fig. 3.10. The comparison demonstrates that the interaction effects, encodedin the Same Event distribution, are consistent between the two approaches. Addition-
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Figure 3.10: Comparison between the Same Event (SE) k∗ distribution for p–p pairs (left)and the Mixed Event (ME) k∗ distribution for p–p pairs (right), obtained with the Wigner-function formalism (orange) and the wave function formalism (blue). The bottom panelshows the ratio of the results obtained with the two formalisms.
ally, within this model and formalism, the spin–orbit dependence is implemented asdescribed in Sec. 3.1.3.
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3.4 Event simulation with PYTHIA
The afterburner, as already hinted in Secs. 3.1.1 and 3.2, is a framework that simulatescoalescence and interaction on already generated nucleon events. These events mustbe provided by an event generator; in this work, PYTHIA8 [131] is used.

For the purposes of this study, PYTHIA8 was used to simulate particle collisions underdifferent beam configurations and center-of-mass energies. The configurations consid-ered include proton–proton (pp) collisions at a center-of-mass energy of√s = 13.6 TeV,corresponding to the energy achieved during LHC Run 3 (2022–2026); electron–proton(ep) collisions at the HERA center-of-mass energy of√s = 318 GeV; and electron–proton(ep) collisions at the projected Electron–Ion Collider (EIC) beam energies, with a protonbeam energy of Ep = 130 GeV and an electron beam energy of Ee = 10 GeV.
proton–proton collisions at

√
s = 13.6 TeV (LHC)

The simulated events correspond to protons, antiprotons, neutrons, and antineu-trons from collisions at a center-of-mass energy of√s = 13.6 TeV, which is the energyreached at the LHC during Run 3, were simulated.
In the PYTHIA8 configuration both incoming beams are set to protons by assigning theParticle Data Group (PDG) code 2212 to beam A and beam B (Beams:idA = 2212 and
Beams:idB = 2212). The center-of-mass energy of the collision is fixed to Beams:eCM
= 13600, expressed in GeV.Only inelastic soft QCD processes are enabled in the simulation by setting SoftQCD:
inelastic = on. This choice allows the generation ofminimum-bias events dominatedby non-perturbative QCD interactions, which are responsible for the bulk production oflow-momentum hadrons and (anti)nucleons relevant for coalescence studies.
Particle decays are handled with particular care, since the afterburner relies on thespatial and kinematic correlations of nucleons. Long-lived particles are allowed to prop-agate up to a maximum proper lifetime of ParticleDecays:tau0Max = 10 mm/c,while decays are enabled only for selected resonances. In particular, decays of ρ and
∆ resonances are allowed, whereas weakly decaying strange baryons, kaons, pions,neutrons, and antineutrons are forced to be stable. This choice ensures that nucleonsoriginating from displaced weak decays are not mixed with promptly produced nucleons,preserving a well-defined production vertex for the coalescence procedure.
No explicit phase-space cuts are imposed on the hard scattering. The transverse momen-tum of the partonic interaction is left unrestricted by setting PhaseSpace:pTHatMin =
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0 and PhaseSpace:pTHatMax = -1, allowing the full kinematic range of soft interac-tions to be sampled.
Of the particles produced, only nucleons and antinucleons are selected to apply theafterburner. In Fig. 3.7 (left), the correlation function C(k∗) of p–p and p̄–p̄ pairs beforethe application of the afterburner is shown. In this case, C(k∗) is flat because no inter-action is applied to the nucleons, neither in PYTHIA8 nor in the afterburner. Figure 3.11shows the momentum spectra of these (anti)particles.
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Figure 3.11: Proton (black) and antiproton (red) pT distributions from 1 billion of proton–proton collision events at√s = 13.6 TeV (LHC configuration) produced by PYTHIA8. Aselection on rapidity is applied |y| < 0.5. The two spectra overlap, showing a symmetrybetween particles and antiparticles.

electron–proton collisions in the HERA regime

The simulated events correspond to 2 billion of electron–proton collisions eventsat HERA energies, with an electron beam energy of Ee = 27.5 GeV and a proton beamenergy of Ep = 920 GeV.
The incoming beams are set to an electron and a proton by assigning the Particle DataGroup (PDG) codes 11 and 2212 to beam A and beam B, respectively (Beams:idA =
11 and Beams:idB = 2212). The beam energies are fixed to Beams:eA = 27.5 forelectrons and Beams:eB = 920 for protons, expressed in GeV. The laboratory-frameconfiguration is enforced by setting Beams:frameType = 2.

71



Modelling N–N Interaction and Coalescence 3.4

The hard process is simulated through electroweak boson exchange enabling WeakBoson
Exchange: ff2ff(t:gmZ) = on. In addition, initial-state radiation is treated withthe dipole recoil scheme by setting SpaceShower:dipoleRecoil = on. A minimumvalue of the photon virtuality is imposed by requiring PhaseSpace:Q2min = 1.
Particle decays are handled consistently with the proton–proton setup. As previouslydone for pp collisions also here of the particles produced, only nucleons and antinucle-ons are selected to apply the afterburner. The starting proton and antiproton spectraare shown in Fig. 3.12.
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Figure 3.12: Proton (black) and antiproton (red) spectra from 2 billion electron–protoncollision events in the HERA configuration, produced by PYTHIA8. A rapidity cut |y| < 0.5is applied.

electron–proton collisions in the EIC regime

The simulated events correspond to 1 billion of electron–proton collisions events atElectron–Ion Collider (EIC) energies, with a proton beam energy of Ep = 130 GeV andan electron beam energy of Ee = 10 GeV.
The incoming beams are set to a proton and an electron by assigning the Particle DataGroup (PDG) codes 2212 and 11 to beamA and beam B, respectively (Beams:idA = 2212and Beams:idB = 11). The beam energies are fixed to Beams:eA = 130 for protonsand Beams:eB = 10 for electrons, expressed in GeV. The laboratory-frame configura-tion is enforced by setting Beams:frameType = 2.
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The hard scattering process is simulated through electroweak boson exchange by en-abling WeakBosonExchange:ff2ff(t:gmZ) = on. Initial-state radiation is treated us-ing the dipole recoil scheme by setting SpaceShower:dipoleRecoil = on. A lowerbound on the photon virtuality (the four-momentum transferred by the photon) isimposed through the parameter PhaseSpace:Q2min, varied for the analysis between
Q2 > 1, 5, 10, 20 GeV2.
Particle decays are handled consistently with the LHC pp and HERA ep setups. Also hereof the particles produced, only nucleons and antinucleons are selected to apply theafterburner. The starting proton and antiproton spectra are shown in Fig. 3.13.
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Figure 3.13: Proton (black) and antiproton (red) spectra from 1 billion of electron–protoncollision events in the EIC configuration, produced by PYTHIA8. No cut on rapidity orpseudorapidity has been applied, while the photon virtuality is set toQ2 > 1 GeV2.
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Chapter 4

Application of the Coalescence
Afterburner to pp and ep Collisions

After establishing the coalescence and nucleon–nucleon (N–N) interaction frame-work in the previous chapter, this chapter presents its applications in proton–protonand electron–proton collisions. The afterburner is coupled to PYTHIA event samplesgenerated with configurations relevant for the LHC, HERA, and the future EIC.
The first part of the chapter focuses on proton–proton collisions at √s = 13.6 TeV.Transverse-momentum spectra of p, D, T , 3He at midrapidity are compared to AL-ICE measurements. From these spectra, the coalescence parameters B2 and B3 areextracted and used to constrain the source parameters through a grid-basedχ2 minimisa-tion procedure, providing best-fit values, uncertainties, and correlations. The associatedphoton production from (anti)deuteron formation is then investigated, showing how
γ–d̄ kinematics can be exploited to reconstruct the relative-momentum distributionof p̄–n̄ pairs prior to coalescence. Finally, the interplay between coalescence and N–Ninteractions is studied through two-particle correlation functions C(k∗), by comparingscenarios with coalescence switched on and off in order to quantify the depletion oflow relative momentum (k∗) nucleon pairs due to bound-state formation. This effectis particularly relevant in the context of three-body correlations, such as those probedin deuteron–proton femtoscopy, where the formation of 3He can further reduce theavailable pair yield, thereby modifying the correlation signal and offering a direct handleon the interplay between clustering and final-state interactions.
The second part addresses electron–proton collisions. The framework is first confrontedwith HERA data at√s = 318 GeV by comparing the simulated B2 distributions forDand D to ZEUS measurements. Building on this validation, predictions are providedfor the EIC configuration, including pseudorapidity-dependent yields of deuterons andantideuterons and the corresponding B2 distributions within the acceptance of the
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Application of the Coalescence Afterburner to pp and ep Collisions 4.1

future ePIC dual RICH (dRICH) detector [99] for different photon-virtuality selections.

4.1 Proton–Proton collisions
In this section, we present the results, validations, and predictions obtained byapplying the afterburner to the 109 pp collision events at√s = 13.6 TeV generated withPYTHIA8 using the LHC configuration described in Sec. 3.4.

4.1.1 Antiparticle spectra
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Figure 4.1: Transverse momentum pT distributions for p, D, T , 3He at midrapidity(|y| < 0.5). Simulated distributions (open markers) are obtained from 109 pp collisionsat√s = 13.6 TeV generated with PYTHIA, followed by the afterburner with parameters
R0 = 1.00 fm and RD = 2.375 fm. Data (full markers) are from ALICE [132, 22].

The simulated transversemomentum (pT ) distributions of antiproton (p), antideuteron(D), antitriton (T ), and antihelium-3 (3He), obtained with the method described inSec. 3.2 (fixed R0 model), are shown in Fig. 4.1. The results are in good agreement withthe ALICE data [132, 22]. The corresponding spectra obtained with theReff(k∗)model areshown in Fig. 4.2; in this case, the pT distribution of antihelium-4 (4He) is also included.All antinuclei are reported for rapidity |y| < 0.5 to allow for a direct comparison withthe ALICE measurements [132, 22].
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Figure 4.2: Transverse momentum pT distributions for p,D, T , 3He, and 4He at midra-pidity (|y| < 0.5). Simulated distributions (open markers) are obtained from 109 ppcollisions at√s = 13.6 TeV generated with PYTHIA, followed by the afterburner usingthe Reff(k∗) model, with parameters R0 = 1.05 fm and RD = 3.00 fm. Data (fullmarkers) are from ALICE [132, 22].
Reweighting of the spectra

The same afterburner applies to both nuclei and antinuclei. Here (Fig. 4.1, 4.2),only antimatter is reported. Since the antiproton and antineutron spectra are notgenerated through the coalescence mechanism, varying the values of RD and R0 doesnot modify their spectral shapes. However, it changes the overall number of nucleonsand antinucleons, as a fraction of them undergoes coalescence to form heavier nuclei.The simulations are reweighted event-by-event to rescale p, n, p, n spectra to the p and pmeasured distributions. It should be noted that no data are available for n, n, so isospinsymmetry arguments are applied in this procedure. Similarly antimatter is produced inequal amounts as matter as the LHC [22, 132] In Appendix A.1, the antiproton spectrawithout reweighting compared to the data and the reweighted ones are shown.
The spectra in Fig. 4.1 and Fig. 4.2 exhibit the characteristic decreasing trend as a functionof transverse momentum pT, with a strong suppression of the production yield as thebaryon number increases. The abundance decreases by seven orders of magnitudewhen moving from antiprotons to 3He, reflecting the progressively rarer formation ofheavier antinuclei. The production remains dominated by the low-pT region, as typicallyexpected in high-energy pp collisions. For 4He, only one candidate in 109 events has beenfound with the Reff(k∗)model (Fig. 4.2), and none with the fixed R0 model (Fig. 4.1).
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The coalescence parameter B2 obtained with fixed R0 configuration is shown in Fig. 4.3(open marker) and is consistent with the data (full marker). In Fig. 4.4, theB2 parameterobtained with theReff(k∗)model is presented. Within the explored kinematic range,B2shows a mild increasing trend with pT/A. This behaviour is quantitatively reproducedby the simulation within uncertainties, as confirmed by the ratio to data. The lowerpanels of the figures show the ratio between simulation and data, highlighting thatthe model reproduces the measured B2 within unity across the full pT/A interval. Theoverall agreement confirms that the implemented coalescence frameworks capture theessential features governing antideuteron production in high-energy pp collisions.
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Figure 4.3: B2 distribution (top panel) for pT/A at midrapidity (|y| < 0.5). In the fixed
R0 coalescence configuration with R0 = 1.00 fm and RD = 2.375 fm. The data (fullmarkers) are from [133]. The ratio between simulation and data (bottom panel) is alsoshown.

The spectra shown in Fig. 4.1 and Fig. 4.2 are obtained by reweighting the simulatedantinucleon distributions to the data [132, 22], while the parameters RD and R0 aredetermined, both for the spectra and for the B2 distribution, through a fine-tuningprocedure (described in detail in the following subsection).
The B3 parameter (obtained with A=3 in Eq. 1.16) reported in Fig. 4.5. In Fig. 4.6, the
B3 parameter obtained with the Reff(k∗) model is presented. In this case the valuesof R0 and RD are not fined tuned using B3 data, but they come from the fine tuningfrom the B2 distributions. Moreover, the T and 3He wave functions are not the exact
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Figure 4.4: B2 distribution (top panel) for pT/A atmidrapidity (|y| < 0.5). The simulation(open markers) is obtained from theReff(k∗)model, with parametersR0 = 1.05 fm and
RD = 3.00 fm. The data (full markers) are from [133]. The ratio between simulation anddata (bottom panel) is also shown.
ground-state solutions, but are constructed using the approximate square-well approachdescribed in Section 3.2.1. In this framework, the depth of the interaction potentialis scaled according to the effective strong charges of the clusters involved, while thewell radius is adjusted to reproduce the experimental binding energy of the nucleus.However, the results obtained are consistent with data. In Fig. 4.5 the ratio betweensimulation and data (bottom panel) is compatible with unity until 0.8 GeV/c, from thatpoint is still close and qualitative compatible. In Fig. 4.6 the ratio between simulationand data (bottom panel) is compatible with the unity for all the range.
Fine tuning of radius parameters

The fine tuning of theRD andR0 parameters is performed through the comparison ofthe B2 distribution obtained from the simulation with ALICE data [133]. The comparisonis carried out bin-by-bin using the definition χ2 =
∑n

i=1
(Oi−Ei)

2

σ2
i

, where Oi is thesimulated B2 value, Ei is the experimental B2 value [133], and σi represents the total(statistical and systematic, combined in quadrature) uncertainty associated with thedata [133]. Each set ofR0 andRD corresponds to a specificB2 distribution and thereforeto a given value of χ2. The optimal set of parameters is chosen as the one that minimisesthe χ2 value. The explored parameter ranges are:
• R0 varies from 0.8 fm to 1.5 fm in steps of 0.05 fm;
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Figure 4.5: B3 distribution (top panel) for pT/A in the fixedR0 coalescence configurationwith R0 = 1.00 fm and RD = 2.375 fm. The data (full markers) are from [22]. The ratiobetween simulation and data (bottom panel) is also shown.
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Figure 4.6: B3 distribution (top panel) for pT/A obtained from the Reff(k∗)model, withparameters R0 = 1.05 fm and RD = 3.00 fm. The data (full markers) are from [22]. Theratio between simulation and data (bottom panel) is also shown.
• RD varies from 1.5 fm to 3.625 fm in steps of 0.125 fm.

These variations are chosen also considering the computational aspects: the time re-quired for a single model is approximately 1, day · core/point. In this case, 270 grid
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points are evaluated using 20 cores, resulting in a total computation time of approxi-mately 14 days. The χ2 grids are shown in Fig. 4.7 and Fig. 4.8. Both grids exhibit a clearanticorrelation between R0 and RD, together with a qualitative consistency betweenthe two models.
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Figure 4.7: Distribution of χ2 as a function of R0 and RD for the model with fixed R0.

From Fig. 4.7, the best-fit values that reproduce the data for this model are R0 =
1.00± 0.06 fm and RD = 2.375± 0.234 fm, while for the model shown in Fig. 4.8 theoptimal parameters are R0 = 1.05± 0.03 fm and RD = 3.00± 0.20 fm.
Since the values of χ2 as a function of the radius parameters form a discrete distribution,the chosen method to estimate the uncertainties on the parameters is based on theminimisation of χ2,

χ2(θ) ≈ χ2min +
1

2
(θ − θ̂)TH(θ − θ̂), (4.1)

where χ2min is the minimum value of χ2 on the grid (Fig. 4.7 and Fig. 4.8), θ =
(
RD

R0

)
,

θ̂ =

(
R̂D

R̂0

)
, with R̂D and R̂0 being the values ofRD andR0 at χ2min. The Hessian matrix
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Figure 4.8: Distribution of χ2 as a function of R0 and RD for the Reff(k∗)model.
H is defined as

H =

(
H11 H12

H12 H22

)
=


∂2χ2

∂R2
D

∂2χ2

∂RD∂R0

∂2χ2

∂R0∂RD

∂2χ2

∂R2
0


θ̂

. (4.2)

From the Hessian matrix, it is possible to derive the covariance matrix Σ,
Σ = H−1 =

1

detH

(
H22 −H12

−H12 H11

)
. (4.3)

From the covariance matrix, the uncertainties on RD and R0 are obtained as
σRD

=
√
Σ11 =

√
H22

detH
, σR0 =

√
Σ22 =

√
H11

detH
. (4.4)

The correlation coefficient is
ρ =

Σ12

σRD
σR0

=
−H12√
H11H22

. (4.5)
The full method is described in Appendix A.2. The results obtained with this methodare reported in Tab. 4.1 under Hessian, and are compared, as a cross-check, with a
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fit procedure (Appendix A.3). From the table, it can be seen that the two methodsgive compatible results. Therefore, the values adopted in the simulations as best-fitparameters are:
• RD = 2.375 fm and R0 = 1.00 fm for the fixed R0 model,
• RD = 3.00 fm and R0 = 1.05 fm for the Reff(k∗)model.

The values of the correlation coefficients are also reported in Tab. 4.1 under Hessian. Forboth models, the coefficients are negative, indicating an anticorrelation between R0and RD.
Model Parameter Hessian Fit

Value±σ ρ Value +σR
−σL

R0 fixed model R0 1.00± 0.06 fm -0.92 0.98+0.07
−0.05 fm

RD 2.375± 0.234 fm 2.33+0.25
−0.20 fm

Reff(k∗)model R0 1.05± 0.03 fm -0.76 1.03+0.06
−0.03 fm

RD 3.00± 0.20 fm 2.96+0.32
−0.39 fm

Table 4.1: Comparison of parameter estimates from the Hessian and Fit methods. Forthe Hessian method, ρ is provided.

4.1.2 Photon production

From the knowledge of the k∗ distribution of photon-antideuteron (γ − D̄) pairs,as visible in Fig. 4.9 is possible to derive the k∗ distribution for antiproton–antineutronpairs, just using kinematics
k∗p̄n̄ =

0.5

M

√
M4 + (m2

n̄ −m2
p̄)2 − 2(m2

n̄ +m2
p̄)M2 (4.6)

whereM is the invariant mass of the γ− D̄ pair,mn̄ the mass of the antineutron andmp̄themass of the antiproton. The k∗p̄n̄ distribution obtained through Eq. 4.6 corresponds tothe relative momentum that the antiproton–antineutron pair had prior to coalescence.In events where coalescence occurs, the two nucleons do not appear as free final-stateparticles, but are bound into an antideuteron. Consequently, their original k∗ distributioncannot be accessed directly from the hadronic final state. The photon emitted in theradiative formation process carries the necessary kinematic information, allowing anindirect reconstruction of the initial p̄–n̄ relative momentum distribution, which, asvisible in Fig. 4.9, is in agreement with the respective coalescence probability (blue
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Figure 4.9: Photon-antideuteron (γ − D̄) and antiproton-antineutron (p̄− n̄) k∗ distri-butions. γ − D̄ is obtained from the fixed R0 coalescence afterburner configuration.The p̄− n̄ distribution is the result of the calculation through Eq. 4.6. The coalescenceprobability for p̄–n̄ is shown (blue), while the k∗ distribution for photons with laboratoryenergies greater than 100 MeV is shown (red), while the corresponding p̄–n̄ k∗ distribu-tion obtained from photons in the same laboratory-energy range is shown (magenta).
markers).
By looking at Fig. 4.9, it is possible to observe that the peak of the γ − D̄ k∗ (greenpoints) distribution occurs at a few tens of MeV, which is relatively low. In the restframe, photons with such energies would be difficult to detect in the laboratory frame.However, thanks to the blueshift discussed in Sec. 3.2.2, a significant fraction of photonsin the laboratory frame can reach energies above 100 MeV, as shown in Fig. 4.10 (reddotted line). This is particularly advantageous, since photons with laboratory energiesexceeding 100 MeV are experimentally detectable.Since not all photons satisfy this requirement, the full γ–D̄ k∗ distribution (green curve inFig. 4.9) cannot be reconstructed. The experimentally accessible observable is thereforethe γ–D k∗ distribution obtained for photons with Elab

γ > 100MeV, shown in red inFig. 4.9. Through Eq. 4.6, this distribution translates into the corresponding p̄–n̄ k∗distribution (magenta curve), which therefore represents the expected measurable p̄–n̄
k∗ spectrum. In Fig. 4.10 it is possible to observe a broad correlation between the γ andthe D̄. The width of such a correlation, as explained in Sec. 3.2.2, depends on the initial
k∗ of p̄–n̄ pairs and the angle of emission of the photon in the rest frame.
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Figure 4.10: Photon-antideuteron (γ − D̄) distribution obtained from the applicationof the afterburner with a R0 = 1.00 fm and RD = 2.375 fm on 109 pp collisionsat √s = 13.6 TeV generated with PYTHIA. The red dotted line at E(γ) = 100 MeVrepresents the typical γ detection threshold.
4.1.3 Correlation functions for p–p and p–n

The two-particle correlation function C(k∗) is computed as the ratio between thecorrelated pair distribution and a reference distribution obtained from uncorrelatedpairs, as a function of the relative momentum k∗, according to Sec. 1.4.1. The corre-lation function for p–p pairs shown in Fig. 4.11 (left) remains unchanged by switchingcoalescence on or off, as it is expected since these pairs cannot form bound states. Onthe contrary, a suppression in the correlation function for p–n pairs appears at low
k∗ as shown in Fig. 4.11 (right), when coalescence is enabled due to the formation of(anti)deuterons, which removes closely spaced pairs. The C(k∗) for p–n with coales-cence off and for p–p (both with coalescence on and off) are similar, both exhibitinga similar peak due to the strong interaction. Besides a small suppression at low k∗ ofthe C(k∗) for p–p due to the Coulomb repulsion. The similarity in the peaks is due tothe strong interaction, which is similar between p (p) and n (n). Although no data onthe p–n correlation are available this study represents a proof of concept of how thecoalescence mechanism modifies two-particle correlation functions. The same effect isexpected in experimentally accessible systems, such as deuteron–proton correlations,where the formation of 3He would remove low-k∗ pairs from the final state, leading toan analogous suppression pattern. Therefore, the present analysis provides a benchmarkfor future correlation studies involving light nuclei that can be directly reconstructedexperimentally.
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Figure 4.11: Correlation functions C(k∗) of nucleon pairs. Left: p–p correlations withcoalescence on and off. Right: p–n correlations with coalescence on and off. Thesimulation (openmarkers) is obtained from 109 pp collisions at√s = 13.6 TeV generatedwith PYTHIA, followed by the afterburner using the Reff(k∗) model, with parameters
R0 = 1.05 fm andRD = 3.00 fm. The following cuts are applied: pair average transversemomentum 1 GeV< kT < 1.2 GeV and pseudorapidity |η| < 1.

4.2 Electron-Proton collisions
The application of the afterburner on Electron-Proton collisions (Sec. 3.4) eventsis first compared to Electron-Proton collisions data from HERA experiment and thenthe prediction on EIC configuration are presented, considering in both cases the sourceand deuteron radius found from the fine tuning in pp collisions (Sec. 4.1). The choice toretain the same tuning as in pp collisions is motivated by the following considerations:
1. There are no sufficiently precise data from HERA to repeat the fine tuning.
2. No measurements of the source in ep collisions are available.

4.2.1 HERA
The coalescence parameter B2 extracted from the (anti)deuteron and (anti)protonsimulated spectra for electron–proton collisions at√s = 318 GeV is shown in Fig. 4.12.For the fixed-R0 model, the B2 distribution forD is compatible with the ZEUS data [67]up to pT/M ≈ 0.5. At higher values of pT/M , the simulation remains consistent at thelevel of the order of magnitude (blue markers in Fig. 4.12). For D, the simulated B2
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Figure 4.12: B2 distribution (top panel) as a function of pT/M (transverse momentumover nuclearmass) atmidrapidity (|y| < 0.4) forD andD. The simulation (openmarkers)is obtained from 2 · 109 ep collisions at√s = 318 GeV generated with PYTHIA, followedby the afterburner with parameters R0 = 1.00 fm and RD = 2.375 fm. These valuesrepresent the optimal set of parameters obtained from the χ2-minimisation proceduredescribed in the “Fine tuning” subsection. The data (full markers) are from [67]. Theratio between simulation and data is shown in the bottom panel.
values are likewise consistent with the experimental measurements within the sameorder of magnitude over the explored kinematic range (green markers in Fig. 4.12). Themodel reproduces the expected symmetry between B2(D) and B2(D). This symmetryis a direct consequence of the coalescence mechanism and is expected in the HERA dataas the measurements are performed at midrapidity, where the net-baryon asymmetryof the proton projectile does not influence the production yields. The corresponding
B2 distribution obtained with the Reff(k∗)model is presented in Fig. 4.13. The resultsobtained within this framework lead to the same conclusions as in the fixed-R0 scenario:the description of both D and D production is compatible with the ZEUS data up to
pT/M = 0.5 and remains consistent at the level of the order of magnitude at highertransverse momenta. In addition, the symmetry between matter and antimatter ispreserved in this implementation. The lower panels of Figs. 4.12 and 4.13 display theratio between simulation and data, quantitatively illustrating the level of agreementdiscussed above.
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Figure 4.13: B2 distribution (top panel) as a function of pT/M (transverse momentumover nuclear mass) at midrapidity (|y| < 0.4) for D and D. The simulation (openmarkers) is obtained from 2 · 109 ep collisions at√s = 318 GeV generated with PYTHIA,followed by the afterburner using the Reff(k∗)model, with parameters R0 = 1.05 fmandRD = 3.00 fm. These values represent the optimal set of parameters obtained fromthe χ2-minimisation procedure described in the “Fine tuning” subsection. The data (fullmarkers) are from [67]. The ratio between simulation and data is shown in the bottompanel.
4.2.2 EIC

We now turn to predictions for the Electron–Ion Collider (EIC), a future facility thatwill collide electrons with high-energy protons and nuclei [99]. A key advantage of deepinelastic scattering (DIS) experiments at the EIC is the possibility to vary the resolutionscale of the probe, which is determined by the virtuality of the exchanged photon,Q2.In deep inelastic scattering by selecting events with different Q2 thresholds, one caninvestigate light-nuclei production as a function of the momentum transfer, therebygaining insight into both the hadronization mechanism and the partonic structure ofthe proton. In the following, we present predictions for deuteron and antideuteronproduction at the EIC for two distinctQ2 intervals.
The variableQ2 is defined as the negative squared four-momentum transferred by theexchanged virtual photon, Q2 = −q2. Larger values of Q2 correspond to shorter dis-tance scales, allowing one to resolve the proton’s partonic substructure with increasingprecision.
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The following results are obtained from a sample of simulated ep collisions with a protonbeam energy of 130 GeV and an electron beam energy of 10 GeV that correspond to√
s = 72 GeV. A total of 109 events is generated with PYTHIA and processed throughthe afterburner.

Since the DIS cross section decreases rapidly with increasingQ2, the effective integratedluminosity corresponding to 109 simulated events depends on the chosenQ2 threshold.Table 4.2 reports the integrated cross sections above differentQ2 thresholds togetherwith the corresponding expected number of events, computed assuming an integratedluminosity of L = 5.33 fb−1, corresponding to the first year of EIC data taking. Asexpected, the event yield decreases significantly when increasing the Q2 threshold,reflecting the rapid reduction of the cross section in this kinematic region. In Figs. 4.14
Q2 [GeV2] Cross section [mb] number of events
Q2 > 1 1.827× 10−1 9.7× 1011

Q2 > 5 2.340× 10−2 1.2× 1011

Q2 > 10 1.029× 10−3 5.5× 109

Q2 > 20 4.938× 10−4 2.6× 109

Table 4.2: Cross sections above differentQ2 thresholds and the corresponding expectednumber of events, assuming an integrated luminosity of L = 5.33 fb−1, correspondingto the first year of EIC data taking.
and 4.15, the pseudorapidity distribution of producedD is found to be larger than thatofD. In the forward region (the proton-going direction), a clear asymmetry betweennuclei and antinuclei production is observed, which originates from the baryon-numbertransport from the incoming proton. The red dotted lines in Figs. 4.14 and 4.15 indicatethe pseudorapidity coverage of the future ePIC dual RICH (dRICH) detector [99], whichcould be used to identifyD in future analyses.
From Figs. 4.14 and 4.15, it is possible to estimate the number of deuterons and an-tideuterons expected in the first year of EIC data taking. For Q2 > 1 GeV2, rescalingfrom the simulated luminosity to L = 5.33 fb−1 corresponds to approximately 6.7× 107deuteron events and 2.8 × 106 antideuteron events in the full pseudorapidity range.Within the dRICH acceptance (1.5 < |η| < 3.5), the expected yields are approximately
6.01× 105 deuterons and 1.26× 105 antideuterons.ForQ2 > 20 GeV2, the same rescaling gives approximately 2.45× 105 deuteron eventsand 2.6× 104 antideuteron events in the full pseudorapidity range. Within the dRICHacceptance, the expected yields are approximately 4.1× 104 deuterons and 1.2× 104antideuterons.
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Figure 4.14: Pseudorapidity distributions of D (green), D (blue), and their difference(orange) for ep collisions simulated with a proton beam energy of 130 GeV and anelectron beam energy of 10 GeV, corresponding to L = 5.33 fb−1. Events are generatedwith PYTHIA with photon virtuality (a)Q2 > 1 GeV2 and (b)Q2 > 20 GeV2, followed bythe afterburner (R0 fixed) with parameters R0 = 1.00 fm and RD = 2.375 fm. The reddotted lines indicate the ePIC dRICH acceptance, 1.5 < |η| < 3.5.
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Figure 4.15: Same as Fig. 4.14, but using the Reff(k∗) model, with parameters R0 =
1.05 fm and RD = 3.00 fm.
In Figs. 4.16, the predicted B2 distributions are shown as a function of pT/A within thedRICH acceptance region 1.5 < η < 3.5 for ep collisions at√s = 72 GeV, consideringtwo intervals of photon virtuality: (a)Q2 > 1GeV2 and (b)Q2 > 20GeV2. The resultsare obtained within the afterburner coalescence model using a source radiusR0 = 1.00fm and a deuteron radius RD = 2.375 fm. Figure 4.17 shows the corresponding distribu-
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tions obtained with the fixed kinetic energy implementation of the model, assuming
R0 = 1.05 fm and RD = 3.00 fm.In the low-virtuality case (Q2 > 1GeV2), B2 decreases rapidly at small pT/A, reaches aminimum around 0.6–0.8 GeV/c, and then exhibits a mild rise toward higher transversemomenta. ForQ2 > 20GeV2, the behavior changes: after a minimum at intermediate
pT/A, a more pronounced increase of B2 is observed at large transverse momentum.
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Figure 4.16: B2 as a function of pT/Awithin the dRICH acceptance region. The simulationis based on 109 ep collisions with a proton beam energy of 130 GeV and an electronbeam energy of 10 GeV. Events are generated with PYTHIA with photon virtuality (a)
Q2 > 1 GeV2 and (b)Q2 > 20 GeV2, followed by the afterburner using the model withfixed R0 with parameters R0 = 1.00 fm and RD = 2.375 fm.

Up to this point, a prediction for (anti)deuteron production has been presented.However, it is equally important to investigate the feasibility of their detection. In Fig. 4.18,the distribution of the number of deuterons is shown as a function of pseudorapidity
η and transverse momentum pT within the dRICH configuration, corresponding to anacceptance region of 1.5 < η < 3.5, as indicated on the vertical axis. Since the dRICHdetector relies on Cherenkov radiation, the threshold curve for Cherenkov emission isgiven by

η = arcsinh

(
pth
pT

)
, (4.7)

where pth is the threshold momentum for Cherenkov emission, defined as
pth =

m√
n2 − 1

, (4.8)
withm being the particle mass (deuteron or proton) and n the refractive index of theradiator medium. Figure 4.18 shows two threshold curves: one for deuterons (red line)
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Figure 4.17: B2 as a function of pT/Awithin the dRICH acceptance region. The simulationis based on 109 ep collisions with a proton beam energy of 130 GeV and an electronbeam energy of 10 GeV. Events are generated with PYTHIA with photon virtuality (a)
Q2 > 1 GeV2 and (b) Q2 > 20 GeV2, followed by the afterburner using the Reff(k∗)model, with parameters R0 = 1.05 fm and RD = 3.00 fm.
and one for protons (black line), for two different refractive indices (top and bottompanels), n = 1.02 and n = 1.03, which correspond to the limiting values of the refractiveindex of the dRICH radiator [100]. If a deuteron lies above its Cherenkov threshold curve,it will emit Cherenkov radiation and can therefore be detected. Similarly, protons (orany lighter particles) above their corresponding threshold will also produce Cherenkovradiation. A key feature is the separation between the proton and deuteron thresholdcurves. In the region between the black and red lines, deuterons can be identifiedthrough a veto technique: if no Cherenkov radiation is observed, the particle must beheavier than a proton. In this kinematic region, the most probable candidate is thedeuteron. Although heavier nuclei such as 3He could also satisfy this condition, theirproduction rate is approximately three orders ofmagnitude lower than that of deuterons,making their contribution statistically negligible. The main limitation arises from protonslying below their Cherenkov threshold curve, as they do not emit Cherenkov radiationand may therefore contaminate the deuteron sample. In Fig. 4.18, only the case with
Q2 > 20 GeV2 and coalescence modeled using the fixed R0 approach is shown, but thesame Cherenkov threshold curves and identification strategy can be applied to otherQ2

selections and to the Reff(k∗)model.From Fig. 4.18, it is also possible to determine a lower limit on pT/A for (anti)deuteronsentering the B2 analysis (with A = 2), arising from the experimental acceptance in
pT/A. In particular, considering η = 3.5, the minimum transverse momentum required
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Figure 4.18: Number of deuterons produced via coalescence as a function of pseudora-pidity (η) and transverse momentum (pT ) within the dRICH configuration for aQ2 > 20GeV2. The dashed lines indicate the Cherenkov detection thresholds for deuterons (reddashed line) and protons (black dashed line). The top panel shows the Cherenkov thresh-old curves for a refractive index n = 1.02 [99], while the bottom panel corresponds to
n = 1.03. The corresponding momentum thresholds for Cherenkov emission are alsodisplayed.
for deuteron Cherenkov emission is approximately pT ≃ 0.75 GeV, which correspondsto a minimum detectable transverse momentum per nucleon of pT/A ≈ 0.38 GeV.
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Conclusions

The aim of this thesis was to develop amodel for the description of light (anti)nucleusformation in high-energy collisions, consistently treating both coalescence and nucleon–nucleon (N–N) interactions. For this purpose, a model was implemented and coupledthrough an afterburner to PYTHIA8 event samples, allowing the study of proton–protonand electron–proton collisions within the same theoretical and computational setup.
The coalescence mechanism was formulated in two equivalent approaches: a wave-function-based formalism, where the formation probability is computed through thescalar product between a Gaussian source and the nuclear bound-state wave function,and a Wigner-function formalism based on the phase-space overlap of the source andbound-state distributions. In parallel, N–N interactions were incorporated through asemiclassical energy-conservation prescription, ensuring consistency between the initialkinematics provided by the event generator and the effective source radius entering thecalculation. The framework was extended iteratively to describe the formation of nucleiand antinuclei up to A = 4, including the treatment of photon emission associated withthe transition from a correlated nucleon pair to a bound state.
The model was first applied to proton–proton collisions at√s = 13.6 TeV. Transverse-momentum spectra of p, D, T , 3He, and 4He were obtained and compared to ALICEmeasurements. The coalescence parameters B2 and B3 were extracted from the simu-lated spectra. A grid-based χ2 minimisation procedure was performed to constrain thesource radius R0 and the deuteron radius RD, providing best-fit values, uncertainties,and correlation coefficients. The results show a clear anticorrelation between the twoparameters and demonstrate that both model implementations reproduce the experi-mental B2 distribution within uncertainties. The B3 observable, although not directlyused in the tuning procedure, was found to be qualitatively consistent with the availabledata, supporting the robustness of the iterative coalescence approach.
The associated photon production from (anti)deuteron formation was investigated,showing that the γ–d̄ kinematics can be exploited to reconstruct the pre-coalescence
p̄–n̄ relative-momentum distribution. This result highlights the possibility of accessing
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information on the initial nucleon correlations that are otherwise hidden once the boundstate is formed. Furthermore, the interplay between coalescence and final-state inter-actions was studied through two-particle correlation functions C(k∗). By comparingscenarios with coalescence switched on and off, a suppression of low-k∗ p̄–n̄ pairs wasobserved, directly quantifying the depletion induced by bound-state formation. Thiseffect provides a conceptual benchmark for future femtoscopic studies involving lightnuclei and offers a direct handle on the competition between clustering and final-stateinteractions.
The model was subsequently tested against electron–proton collision data. At a center-of-mass energy of √s = 318 GeV, the simulated B2 distributions for D and D werecompared to ZEUS data, showing compatibility within the explored kinematic rangeand preserving the expected symmetry between matter and antimatter at midrapidity.Building on this validation, predictions were provided for the future Electron–Ion Collider.Pseudorapidity-dependent yields of deuterons and antideuterons were obtained for dif-ferent photon-virtuality selections, together withB2 distributions within the acceptanceof the future ePIC dual RICH (dRICH) detector. Using the design refractive indices of thedRICH radiators, the Cherenkov threshold curves were evaluated, showing that deuteronidentification is feasible in specific kinematic regions within the detector acceptance andallowing the determination of the corresponding lower limits in pT/A for experimentalanalyses.
In conclusion, the significance of this work lies in the establishment of a coherent andflexible framework capable of describing light-(anti)nucleus formation across differentcollision systems and kinematic regimes. By linking coalescence probabilities, nucleoncorrelations, and measurable observables such as B2, B3, and C(k∗), the present studycontributes to a deeper understanding of the mechanisms governing the formation ofloosely bound states in high-energy collisions.

94



Appendix A

Appendix

A.1 Antinuclei Distributions Before
Reweighting

In Fig. A.1 the spectra with and without the reweight are shown compared to datawith the respective ratios. In the very low transverse momentum region (pT = 0.6–
0.8 GeV/c), both Data/Reweighted simulation and Data/not reweighted simulation de-viate significantly from unity, by approximately 30–40% and 35–45%, respectively. Inthe interval 1–3 GeV/c, the Data/Reweighted simulation ratio remains within approxi-mately 10–20%of unity (typically around 0.8–0.9), whileData/not reweighted simulationshows a comparable but slightly larger deviation, of order 15–20%. In this range, thereweighted simulation provides a marginally better description of the data. The differ-ence becomesmore pronounced at higher pT. Between 3 and 5GeV/c, Data/Reweightedsimulation stays within about 15–20% of unity, whereas Data/not reweighted simulationdeviates by roughly 20–25% below 1. Above 6 GeV/c, the trends clearly separate: theData/Reweighted simulation ratio remains within about 20% of unity up to∼ 8 GeV/cand increases to a deviation of roughly +20–30% in the highest pT bin. In contrast,Data/not reweighted simulation decreases to about −40% already around 7 GeV/cand reaches deviations of the order of−50% at the highest pT values (∼ 9–10 GeV/c).The ratio Reweighted simulation/not reweighted simulation directly quantifies the sizeof the reweighting effect. It is within 10% of unity up to about 2–3 GeV/c, increasesto 10–15% in the 3–5 GeV/c range, and becomes substantial above 6 GeV/c, wherethe reweighted spectra are reduced by roughly 30–50% relative to the not reweightedones at the highest pT. Overall, the Data/Reweighted simulation ratio is systematicallycloser to unity than Data/not reweighted simulation, especially at intermediate andhigh pT. While the not reweighted simulation deviates by up to∼ 50% at large pT, thereweighted spectra remain within about 20–30% of unity over most of the measured
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range. This demonstrates that the reweighting procedure significantly improves theagreement between data and simulation, particularly at high transverse momentum.this hold also for Fig. A.2.
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Figure A.1: Transverse momentum (pT ) distributions of p at midrapidity (|y| < 0.5).Simulated distributions (open markers) are obtained from 109 pp collisions at √s =
13.6 TeV generated with PYTHIA, followed by the afterburner with fixed R0 model, withparameters R0 = 1.00 fm and RD = 2.375 fm. The results are shown before (blue)and after (red) the reweighting procedure. Experimental data (full markers) are fromALICE [132, 22]. The bottom panel shows the ratio of data to simulation before andafter the reweighting, as well as the ratio between the simulations before and after thereweighting.

A.2 Hessian Method
Since theχ2 is evaluated on a discrete grid of points in the parameter space (RD, R0),the minimum value χ2min is identified as the smallest χ2 among all grid points. Thecorresponding parameter values are denoted as R̂D and R̂0, i.e.:

(R̂D, R̂0) = arg min
RD,R0

χ2(RD, R0), χ2min = χ2(R̂D, R̂0). (A.1)
In the vicinity of the minimum, the χ2 function can be approximated by a second-orderTaylor expansion:

χ2(θ) ≈ χ2min +
1

2
(θ − θ̂)TH(θ − θ̂), (A.2)
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Figure A.2: Transverse momentum (pT ) distributions of p at midrapidity (|y| < 0.5). Thesimulated distributions (open markers) are obtained from 109 pp collisions at √s =
13.6 TeV generated with PYTHIA, followed by the afterburner using the fixed Reff model,with parameters R0 = 1.05 fm and RD = 3.00 fm. The results are shown before (blue)and after (red) the reweighting procedure. Experimental data (full markers) are fromALICE [132, 22]. The bottom panel shows the ratio of data to simulation before andafter the reweighting, as well as the ratio between the simulations before and after thereweighting.
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where θ = (RD, R0)
T , θ̂ = (R̂D, R̂0)

T , and H is the Hessian matrix evaluated at theminimum:
H =

(
H11 H12

H12 H22

)
=


∂2χ2

∂R2
D

∂2χ2

∂RD∂R0

∂2χ2

∂R0∂RD

∂2χ2

∂R2
0


θ̂

. (A.3)

Since the χ2 is only known at discrete grid points, the second derivatives are computednumerically using finite difference formulas. Let∆RD and∆R0 be the grid steps alongthe RD and R0 directions, respectively. The diagonal elements of the Hessian are givenby:
H11 ≈

χ2(R̂D +∆RD, R̂0)− 2χ2min + χ2(R̂D −∆RD, R̂0)

(∆RD)2
, (A.4)

H22 ≈
χ2(R̂D, R̂0 +∆R0)− 2χ2min + χ2(R̂D, R̂0 −∆R0)

(∆R0)2
. (A.5)

The off-diagonal element is computed using a mixed second-order derivative formula:
H12 ≈

1

4∆RD∆R0

[
χ2(R̂D +∆RD, R̂0 +∆R0)

− χ2(R̂D +∆RD, R̂0 −∆R0)

− χ2(R̂D −∆RD, R̂0 +∆R0)

+ χ2(R̂D −∆RD, R̂0 −∆R0)
]
.

(A.6)

Once the Hessianmatrix is determined, the covariancematrixΣ is obtained as its inverse:
Σ = H−1 =

1

detH

(
H22 −H12

−H12 H11

)
, (A.7)

where the determinant is given by:
detH = H11H22 −H2

12. (A.8)
The statistical uncertainties on the parameters RD and R0 are then extracted from thediagonal elements of the covariance matrix:

σRD
=
√

Σ11 =

√
H22

detH
, σR0 =

√
Σ22 =

√
H11

detH
. (A.9)

Finally, the correlation coefficient between RD and R0 is given by:
ρ =

Σ12

σRD
σR0

=
−H12√
H11H22

. (A.10)
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Figure A.3: Example of the χ2 grid as a function ofRD andR0. The projection of χ2(R0)at the best-fit value R̂D (the value of RD that minimises χ2) is shown between theblue lines, while the projection of χ2(RD) at the best-fit value R̂0 (the value of R0 thatminimises χ2) is shown between the red lines.

A.3 Fit Method
As shown in Fig. A.3, starting from the χ2 grid, projections are obtained by fixingRD(leaving R0 as a free parameter) and R0 (leaving RD as a free parameter) at the valuesthat minimise χ2, denoted as R̂D and R̂0, respectively. In this way, two one-dimensionalcurves are obtained and fitted with the function:
fRi

= χ2
min

(
1 + (x ≤ R̂i)

(x− R̂i)
2

σ2
L

+ (x > R̂i)
(x− R̂i)

2

σ2
R

)
, i = 0, D (A.11)

The fitting results are shown in Fig. A.4 and Fig. A.5, and the corresponding parametervalues are also reported in Tab. 4.1.
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Figure A.4: Fitting results obtained with the model with fixed R0.
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