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 a b s t r a c t

This work reports femtoscopic correlations of p–p (p–p) and p–d (p–d) pairs measured in Pb–Pb collisions at center-
of-mass energy per nucleon √𝑠NN = 5.02 TeV in the ALICE Collaboration. A fit to the measured proton-proton 
correlation functions allows one to extract the dependence of the nucleon femtoscopic radius of the particle-
emitting source on the pair transverse mass (𝑚T) and on the average charge particle multiplicity ⟨dNch∕d𝜂⟩1∕3
for three centrality intervals (0 − 10%, 10 − 30%, 30 − 50%). In both cases, the expected power-law and linear 
scalings are observed, respectively. The measured p–d correlations can be described by both two- and three-
body calculations, indicating that the femtoscopy observable is not sensitive to the short-distance features of the 
dynamics of the p-(p-n) system, due to the large inter-particle distances in Pb–Pb collisions at the LHC. Indeed, 
in this study, the minimum measured femtoscopic source sizes for protons and deuterons have a minimum value 
at 2.73+0.05−0.05 and 3.10+1.04−0.86 fm, respectively, for the 30–50% centrality collisions. Moreover, the 𝑚T-scaling obtained 
for the p–p and p–d systems is compatible within 1𝜎 of the uncertainties. These findings provide new input for 
fundamental studies on the production of light (anti)nuclei under extreme conditions.

1.  Introduction

The energy density reached in ultra-relativistic heavy-ion collisions 
(HICs) allows for the production of short-lived droplets made of decon-
fined quarks and gluons [1–8]. This state of matter, called the quark–
gluon plasma (QGP), evolves in approximately 10 fm∕𝑐 [9,10] into final-
state particles through the hadronization process, after which the quarks 
and gluons are confined inside hadrons [11].

In HICs, statistical hadronization models (SHMs) [12,13] can well 
reproduce the production yields of abundant hadron species such as 𝜋
and p, as well as light ions and particles containing heavier quarks, e.g., 
d, 3He, K, Λ, and 𝜙. These models describe the system that undergoes 
hadronization at a chemical potential close to zero and a temperature 
of approximately 156 ± 9  MeV [14]. This temperature value is also 
predicted by lattice quantum chromodynamics calculations [15] for the 
cross-over of the QGP system into a hadronic system. It is surprising that 
the models also work well in predicting the yield of nucleon-based com-
posite objects, such as deuterons and other light nuclei or even hypernu-
clei, despite the large difference between the temperatures that charac-
terize the hadronization process and the binding energy of these parti-
cles. For example, the binding energy of the deuteron is 2.22 MeV [16], 
70 times smaller than the chemical equilibrium temperature extracted 
employing the SHMs. Alternative descriptions of data on nuclei are 
based on the coalescence mechanism [17,18]. It describes the formation 
of light nuclei in high-energy hadron collisions by combining nucleons 
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that are close in phase space during the expansion of the fireball. Cal-
culations based on the coalescence mechanism have shown significant 
success in reproducing experimental data on light-nucleus production 
from measurements conducted at the Large Hadron Collider (LHC) and 
the Relativistic Heavy Ion Collider (RHIC), demonstrating its effective-
ness in capturing the dynamics of nuclear formation in HICs [19,20].

In addition to the aforementioned spectra studies, light ion produc-
tion mechanisms can be investigated through the measurement of el-
liptic flow, which is sensitive to the conditions in the early stages of 
the system evolution [20–23]. However, the elliptic flow distribution 
of deuterons could not be consistently reproduced across all centrali-
ties using only SHMs or the coalescence approach [23]. Additionally, 
the production of deuterons in HICs should be reflected in fluctuation 
measurements [24], the results of which have been well reproduced by 
SHMs but not by simple coalescence models. Despite the combined ef-
forts across different observables, the overall understanding of deuteron 
production in collisions involving the QGP state remains ambiguous.

Furthermore, momentum correlations involving nuclei can be ex-
ploited to study the production mechanisms of light ions [25–28] by 
comparing their emission properties with those of abundant hadrons 
emitted in the collisions. Femtoscopy, which relies on analyzing mo-
mentum correlations between particles, is used to study the space-time 
properties of particle emission and to examine the final-state inter-
actions (FSI) of the emitted hadrons [29]. Measurements carried out 
in HICs for particles which are formed directly in the hadronization
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process, such as 𝜋, K, and p [30–35], showed a linear dependence of 
the femtoscopic radii with the cube root of the mean charged-particle 
multiplicity [35–40] and a decreasing power-law dependence upon the 
pair transverse mass, 𝑚T [35,41]. For single particles, the latter is de-
fined as 𝑚T =

√

𝑝2T + 𝑚2, where 𝑝T is the particle’s transverse momentum 
and 𝑚 is its rest mass. For identical particle pairs, 𝑝T in this expression is 
replaced by 𝑘T = |

|

𝒑T,1 + 𝒑T,2||∕2, which is the average transverse momen-
tum of the pair. The observed 𝑚T-scaling is attributed to the radial flow 
of the collective expansion of the system driven by internal pressure. In-
deed, these effects can be replicated by models that include a QGP phase 
described through relativistic hydrodynamic calculations [42–44]. A di-
rect consequence of the hydrodynamic evolution of the system is the ob-
servation that the higher the transverse mass of the particle, the smaller 
the femtoscopic source size [45]. The common 𝑚T-scaling has been ob-
served for mesons and baryons such as 𝜋, K, and p both in pp and Pb–
Pb collisions [35,40,40,46,47]. However, it remains an open question, 
whether light nuclei and hypernuclei follow the common 𝑚T-scaling of 
the other hadrons.

This paper presents measurements of the space-time properties of 
the emission of nucleons and deuterons as a function of pair 𝑚T based 
on the femtoscopy of two identical protons (p–p) and femtoscopy of 
proton–deuteron pairs (p–d). In both p–p and p–d analyses, three cen-
trality intervals were chosen 0–10%, 10–30%, and 30–50%. The most 
precise measurements of p–p correlation functions in eight 𝑚T ranges in 
Pb–Pb collisions at √𝑠NN = 5.02 TeV are presented, aimed at determin-
ing the 𝑚T scaling of nucleon femtoscopic radii. The p–d correlations 
were then interpreted using two different models for the FSI [48,49] to 
extract the corresponding single nucleon and deuteron source radii in 
two distinct 𝑚T ranges. This analysis implies that deuterons follow the 
same 𝑚T-scaling behavior observed for single nucleons.

2.  Data analysis

The study is based on 337 × 106 Pb–Pb collisions at √𝑠NN = 5.02 TeV 
collected during the LHC Run 2 period (2018) with the ALICE detec-
tor [50,51]. The main sub-detectors used in this work are the V0 de-
tectors and three central barrel detectors: the Inner Tracking System 
(ITS) [52], the Time Projection Chamber (TPC) [53], and the Time-Of-
Flight detector (TOF) [53]. The V0 detectors (V0A and V0C) [54] are lo-
cated outside the central barrel on both sides of the interaction point. All 
the central barrel detectors are placed in a homogenous 0.5 T solenoidal 
magnetic field that is parallel to the beam direction.

The V0 detectors are utilized in the trigger system to determine the 
centrality of the collision. They consist of two arrays of scintillators, 
each comprising 32 scintillator counters, covering the pseudorapidity 
ranges of 2.8 < 𝜂 < 5.1 (V0A), and −3.7 < 𝜂 < −1.7 (V0C). The minimum 
bias trigger for recording collision events requires that both V0 detectors 
register at least one hit simultaneously, coinciding with a collision oc-
curring within a bunch crossing at the center of the ALICE detector. The 
centrality of the collision, expressed as a percentage of the total hadronic 
cross section, is determined based on the amplitudes of the signals left in 
both V0 arrays [55]. In this study, the collisions are classified into three 
intervals of the Pb–Pb cross section: 0 − 10%, 10 − 30%, and 30 − 50%. 
All centrality classes use events selected using the minimum bias trig-
ger. In addition, the central and semi-central triggers [56] are used to 
enhance the statistical significance in 0-10% and 30-50% centrality in-
tervals, respectively. To ensure uniform acceptance at midrapidity, only 
collisions occurring within ± 10 cm of the nominal interaction point 
along the beam axis are used in the study.

The ITS is a silicon detector made of six cylindrical layers used for 
precise primary vertex reconstruction. It also participates in pile-up re-
moval by utilizing hit information from the SPD layers, resulting in a 
negligible residual pile-up contribution [51,52]. The TPC is the main 
tracking detector, used for momentum reconstruction and particle iden-
tification (PID) via specific energy-loss (d𝐸/d𝑥) measurement. It is a 

gas-filled cylindrical barrel, divided into two halves by a central cath-
ode, with each half having its readout. Charged particles ionize the gas, 
producing drifting electrons that create signals in the pad rows of one 
of 18 azimuthal sectors. The reconstructed tracks are required to have 
at least 80 clusters deposited in the TPC by a single particle. The TOF 
detector is also used in PID, as it can determine the mass hypothesis of 
a measured particle by combining its time-of-flight measurement with 
the expected trajectory length and momentum. It is shaped as a hollow 
cylinder surrounding the other detectors at a distance of about 380 cm 
from the center of the beam pipe. The TOF utilizes Multigap Resistive 
Plate Chamber (MRPC) detectors to measure the time at which charged 
particles cross its sensitive gas volume.

The PID is based on evaluating absolute deviations from the sig-
nal hypotheses, denoted 𝑛𝜎,TPC and 𝑛𝜎,TOF, expressed in units of the re-
spective detector resolutions at specific particle momentum. For this 
analysis, different transverse momentum intervals were considered for 
the tracks, depending on the particle species. The 𝑝T ranges are 0.5 −
3.0 GeV/𝑐 for (anti)protons and 0.8 − 2.0 GeV/𝑐 for (anti)deuterons. 
The (anti)proton candidates are selected by combining TPC and TOF 
signals, requiring 

√

𝑛2𝜎,TPC + 𝑛2𝜎,TOF < 3. To ensure high-quality identi-
fication of (anti)deuterons, the strict criterion of 𝑛𝜎,TPC < 2 is applied 
for momenta 𝑝 < 1.3 GeV/𝑐, while above this range, both 𝑛𝜎,TPC < 2
and 𝑛𝜎,TOF < 2 are employed simultaneously. The particles under study 
are identified in the pseudorapidity range |𝜂| < 0.8. To reduce the 
contribution of (anti)protons and deuterons candidates originating 
from weak decays or knock-out occurring in the interaction of parti-
cles with the detector material, the distance of the closest approach 
(DCA) to the primary vertex is required to be smaller than 0.0105 +
0.0350∕(𝑝T∕(GeV∕𝑐))1.1 cm in the transverse plane and 1 cm along the 
beam direction [57], as most secondary particles have larger DCAs. The 
contribution of (anti)deuterons originating from weak decays is negligi-
ble, and there are no secondary antideuterons from the material. There-
fore, antideuteron tracks are accepted if the DCA is smaller than 2.4 cm 
in the transverse plane and 3.2 cm along the beam direction, which 
corresponds to loose spatial criteria that maximize the efficiency for de-
tecting primary particles originating from the event vertex.

Finally, the selected (anti)proton and (anti)deuteron candidates are 
combined to build proton–proton, antiproton–antiproton (p–p), proton–
deuteron, and antiproton–antideuteron (p–d) pairs. To ensure good track 
quality and suppress the effect of possible multiple (cloned or split) 
tracks originating from the signal left by a single particle, reconstructed 
track pairs are required to share less than 5% of their clusters. Further-
more, to minimize detector effects, such as track merging, a similar ap-
proach based on a close-pair-rejection criterion [57] is applied when the 
relative pseudorapidity of the two tracks is less than 0.01 (|Δ𝜂| < 0.01). 
Pairs of tracks within the volume of the TPC are removed if their spatial 
overlap, defined as the percentage of points where the distance between 
two tracks in TPC is smaller than 3 cm, is above 5% and 2% for p–p and 
p–d study, respectively. The pair selection criteria are optimized individ-
ually for each analysis to enhance the purity and quality of the selected 
pairs, while maintaining sufficient statistical precision.

3.  The femtoscopic correlation function

The femtoscopic correlation function, denoted as 𝐶(𝑘∗), is measured 
as a function of the relative momentum. Here, 𝑘∗ is defined as 𝑘∗ =
|𝒑∗1 − 𝒑∗2|∕2, where 𝒑∗1∕2 are the particle momenta in the pair rest frame, 
indicated by the asterisk (∗) notation. Experimentally, it is computed as

𝐶exp(𝑘∗) = 
𝑁same(𝑘∗)
𝑁mixed(𝑘∗)

, (1)

where 𝑁same(𝑘∗) is the correlated distribution of 𝑘∗, which is obtained 
from particle pairs originating in the same collision (same event), and 
𝑁mixed(𝑘∗) is the corresponding distribution of uncorrelated pairs. The 
latter is generated using the mixed-event technique [29]. Mixed pairs 
are constructed by selecting particles from different events with similar 
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Table 1 
Number of p–p, p–p, p–d, and p–d pairs originating in the same colli-
sions and contributing to the 𝑘∗ < 200 MeV/𝑐 interval.
    Centrality p–p p–p p–d p–d  
  0-10% 1.5 × 108 9.0 × 107 6.0 × 104 2.8 × 104 
  10-30% 1.5 × 107 9.6 × 106 7.0 × 103 3.5 × 103 
  30-50% 1.2 × 107 7.2 × 106 5.6 × 103 3.0 × 103 

primary vertex positions – difference less than 2 cm, and similar cen-
trality classes – specifically, a centrality difference of less than 2.5% for 
central collisions (0–10%) and less than 5% for semi-central collisions 
(10–30% and 30–50%). Each event is mixed with 10 others. The nor-
malization term   is used to scale the mixed-event distribution such 
that the integral over the selected range is equivalent to the analogous 
integral calculated for the same events. The   factor is obtained within 
the range 𝑘∗ ∈ (300, 600) MeV∕𝑐 for p–p and p–d pairs. This interval is 
selected to ensure the absence of a femtoscopic signal, i.e. when 𝐶(𝑘∗)
approaches unity. The number of pairs used in the analysis that con-
tribute to the 𝑘∗ < 200 MeV/𝑐 interval, is summarized in Table 1.

The relation between the experimental 𝐶exp(𝑘∗) and model 𝐶femto(𝑘∗)
correlation function can be expressed as
𝐶exp(𝑘∗) = 𝐶baseline(𝑘∗) ⋅ 𝐶femto(𝑘∗), (2)

where 𝐶baseline(𝑘∗) describes the non-femtoscopic background which ac-
counts for any residual contributions in 𝐶exp(𝑘∗). In this study, the back-
ground in the femtoscopic region primarily arises from elliptic flow [58], 
which is a consequence of the event-wise angular distribution of parti-
cles. While deuteron production may be enhanced within jets due to co-
alescence, the dominant source of deuterons in central and semi-central 
Pb–Pb collisions is the underlying event. Most particles in such collisions 
are emitted from a large, thermalized source exhibiting collective behav-
ior, rather than from independent jet fragmentation. Given the strong 
jet quenching in these collisions, any minijet-related contributions to 
the femtoscopic correlation functions are expected to be negligible. The 
handling of the non-femtoscopic background in the analysis depends on 
the fitting method and is described in the corresponding sections of the 
p–p and p–d studies in the text below.

The model correlation function accounts not only for the genuine 
correlations originating from pairs produced in primary processes after 
collisions, but also for the distortion of the measured correlation func-
tion due to particle misidentification and for secondary particles result-
ing from weak decays and spallation processes in the detector material. 
These contributions are taken into account by calculating the model cor-
relation function 𝐶femto(𝑘∗) as
𝐶femto(𝑘∗) = 1 + 𝜆gen

(

𝐶gen(𝑘∗) − 1
)

+ 𝜆feed
(

𝐶feed(𝑘∗) − 1
)

+ 𝜆misid
(

𝐶misid(𝑘∗) − 1
)

, (3)

which takes into account all contributions with the method discussed in 
Ref. [40]. In particular, the contributions of genuine and non-genuine 
particles are quantified by the so-called 𝜆 parameters, which can be eval-
uated as
𝜆 = 𝑖𝑖𝑗𝑗 . (4)

In this formula,  represents the PID purity of a given particle species 
accepted for the study, and  denotes the fraction of particles of inter-
est with either primary or secondary origin. Both quantities are obtained 
separately for the two particles contributing to the pair, denoted by the 
subscripts 𝑖, 𝑗. The fractions are calculated using approaches already em-
ployed in other femtoscopy studies [57,59]. The identification purity of 
the (anti)proton is estimated from Monte Carlo (MC) simulations using 
the HIJING [60] event generator coupled with the GEANT3 [61] trans-
port code. The fraction of correctly identified and misidentified parti-
cles within an accepted sample of (anti)deuterons is calculated using 
a data-driven approach that incorporates information on signals in the 

Table 2 
The averages of the PID purity PID, the primary fraction primary, 
feed-down contribution of weak decays feed-down, and material 
budget material for (anti)protons and (anti)deuterons. The values 
are presented as left- and right-range values, corresponding to the 
0–10% and 30–50% centrality intervals, respectively.
   p(p̄) d d̄  
 PID 97–99% 93–98% 93–98% 
 primary 88–90% 74–89% 100%  
 feed-down 12–10%  -  -  
 material < 1% 26–11%  -  

TPC and TOF detectors. To estimate the primary and secondary contri-
butions to the (anti)proton samples, a combined MC and data-driven 
method involving template fits to the DCA𝑥𝑦 distributions is employed. 
The primary fraction of antideuterons,  , is assumed to be 100%, as 
such particles cannot be produced via material knock-out due to baryon 
number conservation. The average  and  fractions for (anti)protons 
and (anti)deuterons are listed in Table 2. Consequently, the genuine 
component fraction of 𝐶femto(𝑘∗) for correctly identified primary parti-
cle pairs corresponds to 𝜆gen, the residual contribution from feed-down 
of weak decays corresponds to 𝜆feed, and the residual contributions of 
misidentified particles is given by 𝜆misid. The functional form of 𝐶gen is 
obtained from the model description of the interaction of the pair under 
study, 𝐶misid is assumed to be flat and 𝐶feed is obtained by projecting 
the contribution of weak decays onto the 𝑘∗ of the genuine pairs. More 
details about the 𝜆 methodology can be found in Refs. [46,62]. To better 
reflect the properties of the data samples, the genuine 𝜆gen parameters 
of p–p and p–d pairs are computed as a function of 𝑚T and 𝑘∗, respec-
tively. After applying the 𝜆 corrections, no systematic difference is ob-
served between particle and antiparticle pairs within the uncertainties. 
Since no difference is expected in their interactions, the distributions of 
particle and antiparticle pairs are combined to reduce the statistical un-
certainty. Therefore, in the following text, the terms p–p and p–d refer 
to the combination of p–p⊕ p–p and p–d⊕ p–d, respectively.

From the theoretical perspective, the two-particle correlation func-
tion is defined via the Koonin–Pratt formula [29,63]:

𝐶(𝑘∗) = ∫ 𝑆(𝒓∗)|𝜓(𝒓∗,𝒌∗)|2d3𝑟∗, (5)

where 𝒓∗ describes the relative distance between the two particles in 
the pair rest frame and 𝜓(𝒓∗,𝒌∗) is the two-particle wave function. The 
source function 𝑆(𝒓∗) is related to the probability of producing two par-
ticles at a relative distance 𝑟∗, and it can be modeled using a Gaussian 
profile:

𝑆(𝒓∗) = 1
(

2𝜋𝑅2
𝑖𝑗

)3∕2
exp

(

− 𝑟∗2

2𝑅2
𝑖𝑗

)

. (6)

Here, the source size, referred to as radius, is characterized by the 
two-particle Gaussian source width of the distribution of the 𝑖–𝑗 pair, 
𝑅𝑖𝑗 , where 𝑖 and 𝑗 indicate the particle species forming the pair (e.g., 
𝑝𝑝 for proton–proton and 𝑝𝑑 for proton–deuteron pairs). In the case 
of identical particles, 𝑅𝑖𝑖 =

√

2𝑅𝑖 where 𝑅𝑖 denotes the single-particle 
femtoscopic source radius. In pp collisions, due to the small source size 
(𝑅𝑖 ∼1.5 fm), the contributions of short-lived (strongly decaying) res-
onances (𝑐𝜏 ≤ 5 fm) effectively increase the femtoscopic source size by 
introducing exponential tails to the source function. This effect is known 
as “resonance halo” [40,46]. This effect can be neglected for sources of 
𝑅𝑖 ∼ 3–8 fm, typical for Pb–Pb collisions, as the convolution of the ex-
ponential with a Gaussian does not distort the width of the distribution 
within the sensitivity of the measurement. Thus, this analysis extracts 
the effective femtoscopic source radii.
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3.1.  The proton–proton correlation function and nucleon 𝑚T-scaling

The experimental p–p correlations are investigated and fitted in the 
𝑘∗ range up to 300 MeV/𝑐, across eight different 𝑚T intervals (1.0–1.3, 
1.3–1.4, 1.4–1.5, 1.5–1.6, 1.6–1.7, 1.7–1.8, 1.8–2.0, 2.0–3.2 GeV/𝑐2) and 
three centrality classes using Eqs.  (2) and (3). The genuine part of 
the p–p correlation function, with the contribution 𝜆gen calculated as 
described for three multiplicity classes mentioned in Section 3, is com-
puted employing the CATS [64] framework that includes the Argonne 
𝑣18 (AV18) potential [65], the Coulomb interaction, and the Pauli-
blocking effect between the two identical fermions. The 𝐶baseline(𝑘∗) de-
scribing the non-femtoscopic background of p–p pairs is modeled using 
a linear function as a part of the correlation function fit.

To model the experimental p–p correlation function, residual cor-
relations from the feed-down of p–Λ pairs are explicitly considered 
using Chiral Effective Field Theory at next-to-leading order (𝜒EFT at 
NLO) [66–68]. The effect of the p–Λ correlation function on the p–p cor-
relation is included by projecting [40] this contribution onto the 𝑘∗ of 
p–p pairs via a decay matrix [69,70], which is built according to the kine-
matics of the decay. The contribution from the feed-down of p–Λ pairs to 
p–p pairs is at most 2%. All other feed-down and misidentification con-
tributions are considered to be flat. All contributions in 𝐶femto(𝑘∗) are 
smeared to account for the finite momentum resolution of the ALICE 
detector [69].

The measured p–p correlation function employed to extract the 
𝑚T-scaling of 𝑅p is shown in Fig. 1 for one representative 𝑚T interval. 
The vertical bars and grey boxes represent the statistical and systematic 
uncertainties of the data, respectively. The systematic uncertainties 
of the p–p correlation function data points are calculated by varying 
event and track selection criteria. This includes changing the distance 
of the primary vertex to the center of the ALICE detector in the beam 
direction from ± 10 cm to ± 7 cm, the PID selection from 3𝜎 to 2.5𝜎 or 
3.5𝜎, |𝜂| range from 0.8 to 0.77 and 0.83, the minimal 𝑝T range from 
0.7 GeV/𝑐 to 0.6 or 0.8 GeV/𝑐, and the number of TPC space points 
required in the reconstruction process of the tracks from 80 to 70 or 
90. The final uncertainty is estimated as the difference between the 
maximum and minimum values of the correlation function divided by 
the standard deviation of the uniform distribution. The fitted 𝐶exp(𝑘∗)
functions are shown in Fig. 1 by the red bands and the obtained baseline 
contributions 𝐶baseline(𝑘∗) are shown as light cyan bands. The resulting 
baseline shows no significant contribution to the correlation function 
in all considered 𝑚T bins. The transition from central to peripheral 

collisions in a given 𝑚T interval leads to a smaller emission source 
size, which visibly impacts the strength of the correlation function. 
This behavior is accurately captured by the fitting procedure currently
employed.

The 𝑅p values obtained from fitting the p–p correlation function 
across each 𝑚T interval are displayed in the left panel of Fig. 2. These 
values are shown for the 0–10%, 10–30%, and 30–50% centrality inter-
vals, represented by solid red, blue, and green markers, respectively. The 
measured femtoscopic source sizes are relatively large, ranging from a 
minimum of 2.73+0.05−0.05 fm for the highest 𝑚T bin in the 30–50% centrality 
collisions to 5.66+0.16−0.16 fm for the lowest 𝑚T bin in the 0–10% centrality 
collisions. The values are quoted with combined systematic and statis-
tical uncertainties. The systematic uncertainties of all 𝑅p are estimated 
as 1𝜎 of the source radii distribution calculated for different settings 
of the analysis and fitting method. The uncertainties contributing from 
the experimental correlation functions are accounted by the bootstrap 
method [71] where data points are resampled using a Gaussian distribu-
tion of the statistical and systematic error. The uncertainty originating 
from the fitting technique is accounted for by varying the predefined 
fitting settings. To evaluate the possible impact of the fit range on the 
stability of the constrained baseline, the upper limit of the fit range was 
modified by ± 50 MeV/c. Additionally, the baseline was modeled us-
ing either a first- or third-degree polynomial with a fixed linear term 
to accommodate potentially more complex shapes of non-femtoscopic 
effects. Finally, the 𝜆gen parameters are varied by up to ± 5% to ad-
dress potential underestimation or overestimation in the calculation of 
the genuine particle fractions in the sample. This ± 5% variation is a 
conservative estimate intended to cover the full range of uncertainty 
arising from changes in particle purities and primary fractions due to 
variations in selection criteria used in systematic checks, as well as from 
uncertainties in the template fits to DCA distributions and the purity es-
timations obtained via data-driven methods. Shaded bands in the left 
panel represent the 1𝜎 uncertainties of the femtoscopic source sizes de-
pendence of 𝑚T, described using a power-law parametrization, 𝑅p = 𝑎 +
𝑏 ⋅ ⟨𝑚T⟩

𝑐 . The obtained values of the parameters 𝑎, 𝑏, 𝑐 are summarized in
Appendix A. The values of 𝑅p exhibit the same trend with increasing 𝑚T
observed in previous femtoscopy analyses of 𝜋, K, and p in Pb–Pb col-
lisions at √𝑠NN = 2.76 TeV [35]. The 𝑚T scaling presented in the figure 
also includes nucleon-systems measurements from a proton-deuteron 
study, based on three-body (denoted in the figure as PISA) and two-body 
(Lednický–Lyuboshitz approach denoted as L–L) analyses, which are de-
scribed in more detail in the next section. Furthermore, the measured 

Fig. 1. Top panels: raw p–p correlation functions as a function of 𝑘∗ in one exemplary 𝑚T interval obtained from Pb–Pb collisions at √𝑠NN = 5.02 TeV in the 0–10% (a), 
10–30% (b) and 30–50% (c) centrality intervals, respectively. The black open markers represent the data, while the vertical lines and the boxes indicate the statistical 
and systematic uncertainties, respectively. The red region represents the 1𝜎 uncertainty range of the fits performed using CATS [64]. The non-femtoscopic background 
contributions are shown by the light cyan bands. Bottom panels: 𝑛𝜎 calculated as data-to-fit difference, normalized by the total uncertainty of experimental data.
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Fig. 2. Left panel: The femtoscopic source size of protons (𝑅p) measured as a function of 𝑚T in Pb–Pb collisions at 
√

𝑠NN = 5.02 TeV is represented by full red, blue, 
and green markers for the 0–10%, 10–30%, 30–50% centrality intervals, respectively. The open diamond and squared markers represent the values of femtoscopic 
source sizes of nucleons (𝑅N) and deuterons (𝑅d), obtained by fitting the measured p–d correlation function with the L–L [48] and Pisa [49] models, where in the 
later the AV18 [65]+UIX [72] potential is used. Right panel: 𝑅p as a function of ⟨dNch∕d𝜂⟩1∕3 for eight 𝑚T intervals. The shaded bands in the two panels depict the 
𝑚T and ⟨dNch∕d𝜂⟩1∕3 dependence of the measured radii fitted with power-law function, 𝑅p = 𝑎 + 𝑏 ⋅ ⟨𝑚T⟩𝑐 , and linear function 𝑅p = 𝐴 ⋅ ⟨dNch∕d𝜂⟩1∕3 + 𝐵, respectively. 
The bandwidth reflects the 1𝜎 range of the fit solutions, obtained by bootstrapping the radii over their statistical and systematic uncertainties.

𝑅p grows linearly with the cube root of the charged particle multiplicity 
for all 𝑚T ranges separately, as shown in the right panel of Fig. 2. The 
bands of this panel depict 1𝜎 uncertainties of fits to the ⟨dNch∕d𝜂⟩1∕3 de-
pendence of 𝑅p, obtained using 𝑅p = A ⋅ ⟨dNch∕d𝜂⟩1∕3 + B. The obtained 
values of the parameters 𝐴,𝐵 are summarized in Appendix A.

3.2.  The proton–deuteron correlation function

The genuine p–d correlation functions for the three centrality in-
tervals considered in this study are presented in Fig. 3. A flat distri-
bution is assumed for the p–d pairs originating from any of the sec-
ondary processes listed in Eq.  (3). Therefore, the genuine p–d func-
tions are constrained based on experimental measurements as 𝐶gen(𝑘∗) =
(𝐶femto(𝑘∗) − 1)∕𝜆gen + 1. The baseline presented in Fig. 3 as a light cyan 
line is obtained when considering the event-wise particle correlations 
due to elliptic flow, which contributes to the femtoscopic range of the 
p–d correlations in heavy-ion collisions. The single-particle azimuthal 

anisotropies result in a two-particle correlation in relative momentum 
space, which can be calculated using a data-driven approach. The cal-
culation uses a Monte Carlo data resampling method using measured 
elliptic flow coefficients [23,73] and momentum distributions of the 
considered particles. The obtained distribution was normalized by the 
one obtained using the same momenta distributions but with a flat az-
imuthal anisotropy. The resulting baseline shows no significant contri-
bution to the correlation function. The vertical bars and gray boxes 
of the data points represent the statistical and systematic uncertain-
ties, respectively. The systematic uncertainties of the p–d correlation 
functions data points are estimated based on variations of the analy-
sis settings such as the selection of events and particles described in 
Section 2, following the same pattern of settings and methodology as
in Ref. [74].

In order to extract the source size of the p–d system, the genuine 
p–d correlation function is first calculated using the method developed 
by the Pisa group [49]. This method employs a complete three-body 

Fig. 3. Top panels: genuine p–d correlation function as a function of 𝑘∗ obtained from Pb–Pb collisions at √𝑠NN = 5.02 TeV in the 0–10% (a), 10–30% (b) and 30–50%
(c) centrality intervals, respectively. The measured data are shown as black open markers, while the vertical lines and the boxes represent the statistical and systematic 
uncertainties, respectively. The correlation functions are shown together with a fit band of 1𝜎 uncertainties performed using the three-body approach employing 
AV18+UIX potentials (Pisa fit, red bands) and using the Lednický–Lyuboshitz approach (L–L fit, blue bands). The non-femtoscopic background contributions are 
represented by the light cyan band. Bottom panels: 𝑛𝜎 calculated as data-to-fit difference, normalized by the total uncertainty of experimental data.
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treatment of the p–d system within the Hyperspherical Harmonics (HH) 
approach [75,76] and accounts for strong interactions in p–d by us-
ing the AV18 potential [65] for two-nucleon (NN) and the Urbana IX 
(UIX) potential [72] for three-nucleon (NNN) interactions, as well as 
the Coulomb potential for both the short- and asymptotic-range inter-
actions. In the full calculations, all the partial waves up to 𝐽𝜋 = 7

2
−

are included providing an excellent description of the p–d correla-
tion function in pp collisions [59]. In the following, the full three-
body calculations are referred to as AV18+UIX calculations. Since 
the AV18+UIX calculations employ nucleons as the degrees of free-
dom, the relevant source term in this approach is derived under the 
condition that each nucleon in the three-body system is character-
ized by the same femtoscopic source radius of the nucleon–nucleon
pair, 𝑅N.

The source size 𝑅N is extracted across the three centrality inter-
vals, from the measured p–d correlations employing the 𝜒2 minimiza-
tion method [35,57] on the theoretical correlation functions given by 
a full three-body approach. The values of the source size parameter 
𝑅N are 6.02+1.08−0.61, 4.04+0.44−0.58, and 3.14+0.44−0.36 fm for the 0–10%, 10–30%, 
and 30–50% centrality intervals, respectively. The modeled correlation 
function exhibits an excellent agreement with the measured correlation 
function for all three centrality intervals, as demonstrated in the upper 
panels of Fig. 3. Since the NN pairs contribute to forming the p-(p-n) 
system [59] at small 𝑘∗, it is reasonable to evenly distribute the to-
tal momentum 2𝑘T of the p–d pair into the three nucleons. Based on 
the above definition, the 𝑚T of a nucleon inside the p–d system can 
be written as 𝑚T =

√

(

2𝑘pdT ∕3
)2

+ 𝑚2
p and is found to be approximately 

1.2 GeV/𝑐2. The 𝑅N parameters measured in this study are shown as 
empty diamond markers in Fig. 2. The values of the parameters are 
in agreement with the proton 𝑚T-scaling measured above. This consis-
tency confirms the validity of the 𝑚T-scaling for nucleon pairs that form
a p–d system.

Traditionally, the genuine p–d correlation functions can also be mod-
eled using the L–L formalism [48], which assumes two point-like parti-
cles. In this method, the deuteron is treated as a single particle rather 
than the two nucleons being considered individually in the final interac-
tion, which requires scattering parameters as input. In this study, these 
parameters are taken from five different theoretical analyses of p–d scat-
tering data [77–81]. In addition, the source size of the p–d system in 
the L–L method is determined based on the non-identical pair source 
expression 𝑅ij =

√

𝑅2
i + 𝑅

2
j  [45]. Here, 𝑅i∕j denotes the single particle 

femtoscopic source size of a proton and a deuteron for corresponding 
𝑚T of particles that contribute to the p–d 𝑘∗ range (0, 250) MeV/𝑐. In 
this range, the experimental p–d correlations are fitted using the L–L 
model with 𝑅pd as a free parameter by employing the 𝜒2 minimization 
method. An example of fitting results using representative scattering pa-
rameters [78] is shown as a blue band in Fig. 3. Similarly to the three-
body case, the two-body L–L approach also shows good agreement with 
the experimental data, unlike the p–d measurement in pp collisions [59]. 
The L–L model used for pp collision data with small femtoscopic sources 
predicts an unphysical peak at very small 𝑘∗, which is not observed in 
any data. Removing this artifact requires applying detailed inner cor-
rections or exact solutions of the scattering problem, which accounts for 
the detailed dynamics of the p–d pair. In large systems, such as those 
in heavy-ion collisions, the average intermediate distances between the 
considered particles are larger, making the results less sensitive to poten-
tial discrepancies caused by approximate solutions in the inner system 
region [82].

Furthermore, the deuteron source size is extracted using the expres-
sion 𝑅d =

√

𝑅2
pd − 𝑅

2
p, where 𝑅p is the single particle femtoscopic source 

size for the proton, constrained by 𝑚T-scaling of p–p pairs shown in 
Fig. 2. The 𝑅d values are evaluated taking an average of the results ob-
tained by fitting the L–L model with the five different scattering param-
eters [77–81] for the strong interaction. The values of 𝑅d, reported with 

total uncertainty, are 4.92+1.02−0.69, 3.64+1.01−1.33, and 3.10+1.04−0.86 fm for the 0–10%, 
10–30%, and 30–50% centrality intervals, respectively. The measured 
femtoscopic source sizes of deuterons are represented in Fig. 2 by the 
square markers, corresponding to the 𝑚T of deuterons contributing to 
low 𝑘∗ values, which is approximately 2.4 GeV/𝑐2 for the three central-
ity intervals.

The extracted single particle source sizes for deuterons are in agree-
ment with 𝑚T-scaling for p–p pairs, suggesting that deuterons, as com-
posite light nuclei, share a common flow velocity with nucleons in Pb–Pb 
collisions. The observations based on radial and elliptic flow [23] bear 
different natures, thus conclusions from one cannot be directly extrapo-
lated to the other. This is because elliptic flow and femtoscopic studies 
measure the system in different spaces. Therefore, in femtoscopic cor-
relation functions, the effect of elliptic flow is a long-range background 
beneath the FSI signal. On the other hand, the radial flow directly af-
fects the source function, thus the measured radii. The single deuteron 
radii have been previously obtained with larger systematic uncertain-
ties of approximately 50% in a study of pion-deuteron correlation func-
tions [74], originating mainly from the imprecise data used to estimate 
the pion component in the pion-deuteron source. The radii measured in 
the two studies are consistent with the combined statistical and system-
atic uncertainties.

The uncertainties of the femtoscopic radii measured in the p–d study 
are shown in Fig. 3 with combined statistical and systematic uncertain-
ties. They are derived from the 1𝜎 range of the distribution of source 
sizes obtained by resampling the data points of the correlation func-
tions within their systematic and statistical uncertainties, as well as by 
varying the fitting settings, which include: the upper limit of the fit re-
gion 150 or 250 MeV∕𝑐, modification of the 𝜆gen factor by ± 5%, and 
the baseline obtained from the simulation of the elliptic flow effect or 
second-order polynomial fit to the normalization region. In addition, 𝑅d
accounts for the uncertainty originating from the 𝑅p source prediction 
by resampling 𝑅p using bootstrap over its uncertainties, as well as from 
the scattering parameters used in the L–L parameterization.

The radii extracted for different 𝑚T values within the same centrality 
classes for the p–d system are currently compatible within uncertainties 
for two- and three-body methods. However, more precise measurements 
could enable us to test 𝑚T-scaling for p–d pairs with a level of precision 
comparable to that already achieved for p–p pairs. The ongoing Run 3 
at the LHC, where the ALICE detector has been upgraded to handle a 
rate 100 times larger than that of the Run 2 campaigns, will facilitate 
these precise measurements [83].

The correlation functions shown in Fig. 3 demonstrate the repulsive 
nature of p–d interactions in heavy-ion collisions, which can be accu-
rately described only by including FSI in the model. The experimentally 
observed presence of FSI between the analyzed particles in Pb–Pb colli-
sions, along with the complementary study of p–p collisions [59], sup-
ports further the notion of an early deuteron formation, as demonstrated 
in Ref. [84] and theoretically stated in Ref. [85].

The fact that both two- and three-body calculations provide an excel-
lent description of the experimental data and that the obtained 𝑅N and 
𝑅d radii values match the nucleon 𝑚T-scaling independently measured 
for p–p pairs demonstrates the sensitivity of the femtoscopy method, ap-
plied to ALICE data for different colliding systems, to the detailed fea-
tures of the strong interaction. Indeed, the previous analysis conducted 
for pp collisions at 13 TeV demonstrated that the two-body approach 
fails at small distances due to the short-range features of the interac-
tion, which cannot be adequately described by two-body calculations 
with the L–L model [59]. However, the three-body calculation provides 
the same description of the p–d data as the two-body calculation in Pb–
Pb collisions where the inter-particle distances are sufficiently large so 
that the short-range nature of the interaction no longer affects the cor-
relation observable.

Furthermore, in the two-body case, the obtained radii correspond 
to the 𝑚T of the deuteron treated as a nucleon-based composite parti-
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cle, whereas in the three-body case, the measured radii reflect the fem-
toscopic size of nucleons forming the deuteron at the 𝑚T of a single 
nucleon. The fact that the radii of the deuteron and the nucleon align 
with the general 𝑚T-scaling trend highlights that the nucleons forming 
deuterons cannot be distinguished from other nucleons based on this 
scaling.

4.  Summary

In conclusion, this work presents the first detailed study of p–p and 
p–d correlation functions measured in Pb–Pb collisions at √𝑠NN = 
5.02 TeV by ALICE at the LHC by employing state-of-the-art interaction 
models. The 𝑚T-scaling of proton femtoscopic source radii has been mea-
sured for three centrality classes in Pb–Pb collisions, and both two- and 
three-body calculations have been employed to describe the p–d correla-
tion functions successfully. This agreement demonstrates that in Pb–Pb 
collisions, the three-body approach converges to the two-body ones be-
cause of the increasing inter-particle distances. The nucleon femtoscopic 
source radii, obtained from the fits and reported with total uncertainty, 
range from 2.73+0.05−0.05 fm in 30–50% centrality collisions to 5.66+0.16−0.16 fm in 
0–10% centrality collisions, quantitatively supporting this conclusion. 
Moreover, the source values obtained from the two- and three-body 
fits follow the 𝑚T-scaling of the proton source radii, supporting the hy-
pothesis that the deuteron, as a nucleon-based composite object, shares 
common flow velocities with protons. Since uncertainties are still siz-
able, more experimental data, particularly from the upcoming Run 3 
measurement, will be crucial to verify this hypothesis and improve the 
precision of these results.
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Appendix A.  Scaling parameters

The parameters of the fits to the femtoscopic source sizes of protons 
shown in Fig. 2 are summarized in Table A.3 and A.4. Table A.3 presents 
the values of the parameters 𝑎, 𝑏, and 𝑐 of the power-law function fit 
to 𝑅p as a function of transverse mass: 𝑅p = 𝑎 + 𝑏 ⋅ ⟨𝑚T⟩

𝑐 . Table A.4 
presents the values of the parameters 𝐴 and 𝐵 of the linear function
fit to the 𝑅p as a function of ⟨dNch∕d𝜂⟩1∕3: 𝑅p = A ⋅ ⟨dNch∕d𝜂⟩1∕3 +
B.
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Table A.3 
The fitting parameters of the power-law function 𝑅p = 𝑎 + 𝑏 ⋅ ⟨𝑚T⟩𝑐 , 
obtained from the 𝑚T-scaling of the proton source size 𝑅p shown in 
Fig. 2(a).
    Centrality 𝑎 𝑏 𝑐  
  0–10% 3.59 ± 0.05 2.78 ± 0.04 −1.91 ± 0.09 
  10–30% 3.38 ± 0.02 2.21 ± 0.08 −3.16 ± 0.14 
  30–50% 2.50 ± 0.03 1.28 ± 0.03 −2.13 ± 0.14 

Table A.4 
The fitting parameters in the linear function 𝑅p = 𝐴 ⋅
⟨dNch∕d𝜂⟩1∕3 + 𝐵, obtained for the ⟨dNch∕d𝜂⟩1∕3-scaling of 
the proton source size 𝑅p in Fig. 2(b).
   𝑚T (GeV∕c2) 𝐴 𝐵  
 [1.0, 1.3) 0.496 ± 0.002 −0.39 ± 0.02 
 [1.3, 1.4) 0.428 ± 0.001 −0.05 ± 0.01 
 [1.4, 1.5) 0.392 ± 0.001 0.14 ± 0.01  
 [1.5, 1.6) 0.390 ± 0.001 0.07 ± 0.01  
 [1.6, 1.7) 0.388 ± 0.001 0.02 ± 0.01  
 [1.7, 1.8) 0.355 ± 0.001 0.25 ± 0.01  
 [1.8, 2.0) 0.341 ± 0.001 0.26 ± 0.01  
 [2.0, 3.2) 0.314 ± 0.001 0.39 ± 0.01  
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