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Editor: H. Gao We report the measurements of proton-deuteron (𝑝-𝑑) and deuteron-deuteron (𝑑-𝑑) correlation functions in 
Au + Au collisions at √𝑠NN = 3 GeV using fixed-target mode with the STAR experiment at the Relativistic 
Heavy-Ion Collider (RHIC). For the first time, the source size (𝑅𝐺), scattering length (𝑓0), and effective range 
(𝑑0) are extracted from the measured correlation functions with a simultaneous fit. The spin-averaged 𝑓0 for 
𝑝-𝑑 and 𝑑-𝑑 interactions are determined to be -5.28 ± 0.11(stat.) ± 0.82(syst.) fm and -2.62 ± 0.02(stat.) ±
0.24(syst.) fm, respectively. The measured 𝑝-𝑑 interaction is consistent with theoretical calculations and low
energy scattering experiment results, demonstrating the feasibility of extracting interaction parameters using 
the femtoscopy technique. The reasonable agreement between the experimental data and the calculations from 
the transport model indicates that deuteron production in these collisions is primarily governed by nucleon 
coalescence.

1. Introduction

In heavy-ion collisions, the measurements of two-particle femto
scopic correlations have proven to be a powerful tool for gaining insights 
into the space-time geometry of the particle emitting sources, as well as 
the interactions between pairs of particles [1--5]. Experimental efforts 
have been devoted to studying the strong interactions between parti
cles measured in heavy-ion collisions at RHIC and LHC energies [5--7]. 
However, a majority of the studies have focused on the interactions 
between light and strange hadrons, such as 𝑝-𝑝 [8], 𝑝̄-𝑝̄ [6], 𝑝-𝜙 [9], 
𝐾−-𝑝 [10], 𝑝-Λ [8,11,12], 𝑝-Ξ [5], 𝑝-Ω [5,13], and Λ-Λ [8,14] pairs. 
Light nuclei, such as the deuteron, consist of loosely bound nucleons 
with binding energies on the order of several MeV. Conducting femto
scopic measurements between pairs of particles involving light nuclei, 
such as 𝑝-𝑑 and 𝑑-𝑑, has significant relevance for the investigation of 
few-nucleon systems. These systems serve as crucial testing grounds for 
three-body nuclear forces, which may be essential for a more compre
hensive understanding of the properties of the dense matter [7,15--17].

The production of light nuclei in heavy-ion collisions has been ex
tensively explored both experimentally [3,18--26] and theoretically [27--
30]. The statistical thermal model [31,32] and nucleon coalescence [33--
35] are the two most popular models proposed to explain their produc
tion in heavy-ion collisions. The statistical thermal model assumes that 
light nuclei are formed in chemical equilibrium in a thermalized sys
tem, while the nucleon coalescence model suggests that light nuclei are 
formed by the coalescence of nucleons at the final stage of the collision. 

E-mail address: star-publication@bnl.gov.

It is important to note that the role of coalescence in light nuclei pro
duction, particularly at lower energies, has been discussed extensively 
in previous work, such as that at the STAR [22,24,36] and AGS [25,26]. 
Femtoscopic correlations, which provide information about the spatial 
distribution of particle emissions, are particularly sensitive to the size 
of the emitting source. Therefore, by analyzing the femtoscopic correla
tions of light nuclei, we can also gain further insight into the nature of 
their production mechanisms.

2. Experiment and data analysis

In this Letter, we report the femtoscopic measurement of two-particle 
correlation functions of light nuclei pairs, 𝑝-𝑑, and 𝑑-𝑑, in Au + Au col
lisions at 

√
𝑠NN = 3 GeV. The data was recorded by the Solenoidal 

Tracker at RHIC (STAR) under the fixed-target configuration [37] in the 
year 2018. A beam of gold nuclei of energy 3.85 GeV/u was incident on a 
gold target of thickness 0.25 mm, corresponding to 1% of an interaction 
length. The target was installed inside the vacuum pipe, 2 cm below the 
center of the normal beam axis, and located 200.7 cm to the west of the 
center of the STAR detector. The minimum bias (MB) trigger condition 
was provided by simultaneous signals from the Beam-Beam Counters 
(BBC) [38] and the Time of Flight (TOF) detector [39]. To remove col
lisions between the beam and beam pipe, the reconstructed collision 
vertex position along the beam direction is required to be within ± 2 
cm and the primary vertex position in the radial plane is required to be 
located within ± 1.5 cm from the center of the Au target. In total, ap
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Fig. 1. (a) ⟨𝑑𝐸∕𝑑𝑥⟩ of charged tracks versus particle rigidity in Au + Au colli
sions at √𝑠NN = 3 GeV. The dashed lines are Bichsel theoretical curves for the 
corresponding particle species as labeled. (b) Particle 𝑚2∕𝑞2 versus rigidity. The 
bands correspond to 𝜋+, 𝐾+, 𝑝, 𝑑, 𝑡, 3He and 4He as labeled. Similar values of 
𝑚2∕𝑞2 are found for (𝑑, 4He and 6Li) and (𝑡 and 6He), respectively. (c) and (d) 
Atomic mass number normalized transverse momentum (𝑝𝑇 ∕𝐴) versus rapidity 
in the center-of-momentum frame (𝑦𝑐𝑚) acceptances for 𝑝 and 𝑑. The bands in 
the distributions are caused by the momentum dependent requirements of the 
PID. The yellow boxes represent the selected phase space for correlation func
tion calculation. Target rapidity is at 𝑦𝑐𝑚 = −1.05.

proximately 2.6 × 108 events pass the selection criteria and are used in 
this analysis. The centrality of collisions, which quantifies the degree of 
nuclear overlap, is characterized by the Glauber model [40,41] fitting 
of the charged tracks measured in the Time Projection Chamber (TPC) 
[42] within the pseudo-rapidity (𝜂) region −2 < 𝜂 < 0. Here, 𝜂 is defined 
relative to the collision vertex. Further details about the experimental 
setup are given in Ref. [43]. The 0-60% central events, corresponding 
to the 60% of inelastic events with the smallest impact parameters, are 
used in this analysis. 

Charged-track trajectories are reconstructed from the measured 
space points information in the TPC. In order to select the primary 
tracks, each track is required to have a distance of closest approach 
(DCA) to the event vertex of less than 3 cm. To ensure the quality of re
constructed tracks, each track is required to have at least 15 measured 
points in the TPC and to have at least 52% of the possible maximum 
possible points for its particular geometry. The charged-particle identi
fication is accomplished using the specific energy loss 𝑑𝐸∕𝑑𝑥 measured 
in the TPC and the reconstructed rigidity. Fig. 1 (a) shows the energy 
loss 𝑑𝐸∕𝑑𝑥 distribution of protons and deuterons as a function of rigid
ity. For momentum less than 2 GeV/𝑐, the proton and deuteron bands 
are sufficiently separated that particle identification (PID) can be done 
cleanly using only the TPC. In order to improve purity for momentum 
above 2 GeV/𝑐, an additional mass-squared cut is performed using PID 
information from the TOF. Fig. 1 (b) shows 𝑚2∕𝑞2 versus momentum 
with TOF PID. Figs. 1 (c) and (d) show the momentum-space acceptance 
of selected protons and deuterons as a function of 𝑝𝑇 and rapidity (𝑦𝑐𝑚) 
in the center-of-mass frame. The target is at 𝑦𝑐𝑚 = −1.05 and the sign of 
𝑦𝑐𝑚 is chosen such that the beam travels in the positive 𝑦𝑐𝑚 direction. 
The 𝑝𝑇 − 𝑦𝑐𝑚 acceptance windows used for this analysis are indicated 
in Fig. 1 (c,d).

3. Two-particle correlation function

The method used to investigate the 𝑝-𝑑 and 𝑑-𝑑 interaction relies on 
the particle pair correlations measured as a function of 𝑘∗ , defined as 
the reduced relative momentum of the pair (𝑘∗ = |𝑝1 −𝑝2|∕2) in the pair 

rest frame [1,6,8], where 𝑝1 and 𝑝2 are the momenta of the particles. 
The experimental correlation function is defined as:

𝐶exp(𝑘∗) = 𝑁same(𝑘∗) 
𝑁mixed(𝑘∗)

, (1)

where 𝑁same(𝑘∗) is the measured distribution of pairs with both parti
cles coming from the same event, 𝑁mixed(𝑘∗) is the reference distribution 
generated from mixed events, and  is a normalization parameter. The 
denominator, 𝑁mixed(𝑘∗), is obtained by mixing particles from different 
events that have approximately the same centrality interval (divided 
into 7 bins: 0-5%, 5-10%, 10-20%,..., 50-60%) and vertex position in
terval along the 𝑧-direction (a single bin, [198, 202] cm, due to the 
narrow 𝑉𝑧 distribution in FXT). The normalization parameter  is cho
sen such that the mean value of the correlation function equals unity 
for 300 < 𝑘∗ < 500 MeV/𝑐. Identical single-particle cuts are applied 
in both same and mixed events. The track splitting (one single particle 
reconstructed as two tracks) and track merging (two particles with sim
ilar momenta reconstructed as one track) effects are removed following 
a standard method used in STAR [44]. The efficiency and acceptance ef
fects cancel in the 𝑁same(𝑘∗)∕𝑁mixed(𝑘∗) ratio. The effect of momentum 
resolution on the correlation functions has been investigated using sim
ulated tracks with known momenta, embedded into real events. More 
details can be found in [44]. The impact of momentum resolution on 
correlation functions is found to be less than 1%. Knockout particles 
from interactions of high-energy particles with detector materials or the 
beam pipe may contribute to background contamination. A full GEANT 
simulation of the STAR detector in Au + Au collisions at 

√
𝑠NN = 3 GeV 

was conducted [24] and it is found that knockout-particles constitute 
less than 2% of the background contamination in the measured accep
tance region. Therefore, no knockout correction was applied.

When studying two-particle correlations, it is essential to account for 
feed-down contributions and PID impurities. In this analysis, the purity 
of protons and deuterons exceeds 98%, resulting in a minimal contri
bution from misidentification. According to the data-driven study [24], 
the proton feed-down fraction from weak decays is less than 1% in the 
3 GeV Au + Au collisions, and no feed-down contribution is accounted 
for deuterons. Given these considerations, corrections to the raw corre
lation functions were applied according to the following expression:

𝐶gen(𝑘∗) =
𝐶exp(𝑘∗) − 1

𝑃𝑃 (𝑘∗) 
+ 1 (2)

where 𝑃𝑃 (𝑘∗) is the pair purity.
The Lednický-Lyuboshits (LL) approach [45,46] is used to parame

terize the measured 𝑝-𝑑 and 𝑑-𝑑 correlation function. Theoretically, the 
correlation function can be expressed as

𝐶
(
𝑘∗
)
= ∫ 𝑆(𝑟)

||||Ψ
(
⃖⃖⃖⃗𝑘∗, 𝑟

)||||
2
d3𝑟 (3)

where 𝑟 is the relative distance of the particles that make up the pair 
of interest, 𝑆(𝑟) is the incoherent source for particle emission, and 
Ψ
(
⃖⃖⃖⃗𝑘∗, 𝑟

)
is the wave function describing the relative motion of the 

pair. The wave function for a system of two charged point-like parti
cles is expressed as the sum of a free wave and a scattered spherical 
wave modified by the scattering amplitude 𝑓𝑐 (𝑘∗) [45]:

Ψ
(
𝑘⃗∗, 𝑟∗

)
= 𝑒𝑖𝛿𝑐

√
𝐴𝑐(𝜂)

[
𝑒−𝑖𝑘⃗∗⋅𝑟∗𝐹 (−𝑖𝜂,1, 𝑖𝜉)

+𝑓𝑆
𝑐

(
𝑘∗
) 𝐺̃(𝜌, 𝜂)

𝑟 ∗ 

] (4)

where 𝑒𝑖𝛿𝑐 = Γ(1 + 𝑖𝜂) is the Coulomb phase shift factor, 𝜂 = (𝑘∗𝑎𝑐)−1, 
𝑎𝑐 is the Bohr radius for particle pairs, 𝜉 = 𝜌(1 + 𝑐𝑜𝑠(𝜃∗)), 𝜃 is the angle 
between 𝑘⃗∗ and 𝑟∗, 𝜌 = 𝑘∗𝑟∗, 𝐴𝑐(𝜂) = 2𝜋𝜂(𝑒2𝜋𝜂 − 1)−1 is the Coulomb 
penetration factor. The 𝐹 (−𝑖𝜂,1, 𝑖𝜉) is a confluent hypergeometric func
tion and 𝐺̃(𝜌, 𝜂) =

√
𝐴𝑐(𝐺0 + 𝑖𝐹0) is a combination of the regular (𝐹0) 
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Fig. 2. Centrality dependence of the mid-rapidity correlation functions for 𝑝-𝑑, (top panel) and 𝑑-𝑑, (bottom panel) displayed as a function of the relative momenta. 
Statistical and systematic uncertainties from the measurements are shown as bars and boxes, respectively. The results of the Lednický-Lyuboshits (LL) fits are shown 
as the red-lines. Orange bands represent the calculations from the SMASH model with coalescence procedure for the formation of deuterons plus CRAB afterburner 
while gray bands show the model calculation with directly produced deuterons plus CRAB. Blue dashed lines are the results with Coulomb interactions only.

and singular (𝐺0) s-wave Coulomb functions. The scattering amplitude 
𝑓𝑆
𝑐 (𝑘∗), which includes Coulomb interaction, is given by:

𝑓𝑆
𝑐

(
𝑘∗
)
=
[

1 
𝑓𝑆
0

+ 1
2
𝑑𝑆
0 𝑘∗2 − 2 

𝑎𝑐
ℎ(𝜂) − 𝑖𝑘∗𝐴𝑐(𝜂)

]−1
(5)

ℎ(𝜂) = 𝜂2
∞ ∑
𝑛=1 

[
𝑛(𝑛2 + 𝜂2)

]−1 −𝐶 − ln |𝜂| (6)

(here 𝐶 = 0.5772 is the Euler constant), 𝑓𝑆
0 is the scattering length and 

𝑑𝑆
0 is the effective range for a given total spin 𝑆 . For 𝑝-𝑑 interactions, 
two possible spin configurations are considered, 𝑆 = 1/2 and 𝑆 = 3/2, 
for a doublet and quartet state, respectively. For 𝑑-𝑑 interactions, one 
considers 𝑆 = 0 and 𝑆 = 2, for a singlet and quintet state. For the 
𝑑-𝑑 pairs, the S = 1 triplet state is quantum mechanically not allowed 
after the symmetrized the wave function. The different spin configura
tions cannot be distinguished in these measurements, so spin-averaged 
results are presented. There is no analytical form of the LL approach 
that accounts for the Coulomb potential. Therefore, we use numerical 
integration of Eq. (3) to compute the correlation function. Throughout 
this paper the standard sign convention is adopted, where, a positive 
𝑓0 indicates an attractive interaction in a baryon-baryon system, and a 
negative sign represents a repulsive potential or the presence of a bound 
state. More detailed discussions about the LL approach can be found in 
Refs. [6,45,46]. Note the following caveats: (i) The size of deuteron is 
not considered in our treatment and it is treated as a point-like particle; 
(ii) The source 𝑆(𝑟) is assumed to be a Gaussian type in the fit and it is 
noted as 𝑅𝐺 in the following discussions; (iii) Only s-wave is considered 
in the wave function [45]; and (iv) as discussed in [47], the LL model 
relies on the smoothness assumption. These effects may become more 
significant in small colliding systems, such as p + p collisions, however, 
the relatively large source size observed in heavy-ion collisions justifies 
the application of the LL approach [45]. Additionally, the interference 
between different spins is not considered in this analysis.

4. Results and discussion

The centrality dependence of the mid-rapidity correlation functions 
for 𝑝-𝑑, (top panel) and 𝑑-𝑑, (bottom panel) are displayed as a func
tion of the relative momentum in Fig. 2. The systematic uncertainties of 
correlation functions are obtained by varying single-particle selection 
criteria for protons and deuterons, feed-down contribution to protons, 
pair selection and normalization range. The resulting uncertainties on 
the correlation functions are added in quadrature. A significant sup
pression below unity is observed at low relative momentum of the 𝑝-𝑑
and 𝑑-𝑑 correlation functions, indicating an overall repulsive interac
tion [7]. Note that in this analysis, the effect of the 3rd-body Coulomb 
interactions on the final correlation functions is not discussed.

The measured correlation functions are compared to those calculated 
using the ``Simulating Many Accelerated Strongly interaction Hadrons'' 
(SMASH) model [48] under cascade mode. The SMASH is a newly de
veloped hadronic transport model especially suitable for studying the 
dynamical evolution of heavy-ion collisions at high baryon density [48]. 
Key features of nuclear collision dynamics including initial condition, 
baryon stopping [49,50], resonances production and detail balance are 
implemented in the model. The model offers full phase information 
of particles at kinetic freeze-out, recorded at the last scattering time, 
allowing apply experimental cuts which is specially important for real
istically determination of collision centrality, the correlation analysis as 
well as light nuclei production [24,29,51]. Within the SMASH frame
work, we consider two distinct production mechanisms for deuterons. 
In the first approach, deuterons were produced through nucleon coa
lescence, with their formation probability determined by the Wigner 
function, which takes into account the relative momentum and spa
tial coordinates of protons and neutrons [52]. The second mechanism 
accounts for directly-produced deuterons through hadron scattering pro
cesses (p + n +𝜋 ↔ d +𝜋) in a pion-induced reaction under default setting 
from SMASH [53]. This process seems to work for deuteron produc
tion at the LHC energies within the experimental uncertainties [54,55]. 
The calculations with the coalescence mechanism provide a better de
scription of the 𝑑-𝑑 correlation functions, accurately capturing the ob
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Fig. 3. Collision centrality dependence of the source radius parameter extracted 
from 𝑝-𝑑, (circles) and 𝑑-𝑑, (squares) correlation functions in √𝑠NN = 3 GeV 
Au + Au collisions. Statistical and systematic uncertainties are all smaller than 
the size of the symbols. The values of the Gaussian source radius from SMASH 
model are shown as green and blue bands, for 𝑝-𝑑 and 𝑑-𝑑 pairs, respectively. 
The shadow bands represent the RMS values calculated from SMASH model.

Table 1
The extracted source size 𝑅𝐺 parameters in 𝑝-𝑑 and 𝑑-𝑑 pairs with individ
ual fit and simultaneous fit. The errors represent statistical uncertainites 
from fitting.
𝑝-𝑑 pair 
Method 𝑅𝐺 (0-10%) 𝑅𝐺 (10-20%) 𝑅𝐺 (20-40%) 𝑅𝐺 (40-60%) 
Indi. Fit 3.22 ± 0.04 3.11 ± 0.04 2.94 ± 0.03 2.85 ± 0.05 
Simu. Fit 3.26 ± 0.02 3.12 ± 0.02 2.95 ± 0.02 2.84 ± 0.03 

𝑑-𝑑 pair 
Method 𝑅𝐺 (0-10%) 𝑅𝐺 (10-20%) 𝑅𝐺 (20-40%) 𝑅𝐺 (40-60%) 
Indi. Fit 1.99 ± 0.02 1.87 ± 0.02 1.75 ± 0.02 1.57 ± 0.03 
Simu. Fit 1.98 ± 0.01 1.86 ± 0.01 1.75 ± 0.01 1.54 ± 0.01 

served correlations. For the 𝑝-𝑑 correlation, the model does not provide 
a perfect description possibly due to the lack of higher-order wave func
tions [56,57]. However in comparison, the directly-produced mecha
nism tends to underestimate the strength of the correlations, especially 
for the 𝑑-𝑑 pairs. These correlation functions provide further evidence 
supporting the notion that deuterons are primarily created through the 
coalescence mechanism, as indicated by the previous measurements of 
collectivity and yields of light nuclei [34,58--60] in high-energy nuclear 
collisions. Note that the SMASH model itself does not incorporate the 
effect of quantum statistics or the final-state interaction (the Coulomb 
potential and strong interaction) after kinetic freeze-out, hence these 
are calculated by the ``Correlation After Burner (CRAB) [61]'', in which 
the strong interaction potentials for the 𝑝-𝑑 and 𝑑-𝑑 are adopted from 
previous studies [62].

The source radius and interaction parameters are extracted by fitting 
the 𝑝-𝑑 and 𝑑-𝑑 correlation functions with the LL model over the range 
𝑘∗ < 200 MeV/c. The fitting is performed individually to each centrality 
(𝑅𝐺 , 𝑓0 and 𝑑0 for each centrality) and simultaneously in four central
ity bins to the data (one 𝑅𝑑𝑎𝑡𝑎

𝐺
for each centrality and common 𝑓0 and 

𝑑0). To evaluate the systematic uncertainties associated with the fitting 
procedure, different fitting ranges are considered. The extracted 𝑅𝑑𝑎𝑡𝑎

𝐺
for the 𝑝-𝑑 and 𝑑-𝑑 pairs in different centralities, obtained from the LL 
fit, are listed in Table 1. These values were derived through individual 
fits for each centrality as well as a simultaneous fit across all four cen
tralities. The 𝑅𝑑𝑎𝑡𝑎

𝐺
results from the simultaneous fit are presented in 

Fig. 3. It is observed that the 𝑅𝐺 of both 𝑝-𝑑 and 𝑑-𝑑 pairs exhibit a 
monotonic decrease from central to peripheral collisions. Additionally, 

the 𝑅𝑑𝑎𝑡𝑎
𝐺

of 𝑝-𝑑 is consistently larger than that of 𝑑-𝑑 in all centrality 
classes. Based on the observation of 𝑚𝑇 -scaling [43,63,64], the overall 
larger ⟨𝑚𝑇 ⟩ of 𝑑-𝑑 pairs (2.05 ± 0.01 GeV/c) compared to that of the 
𝑝-𝑑 pairs (1.57 ± 0.01 GeV/c) might explain the observed difference in 
source radii. A similar phenomenon in 𝑝-𝑑 and 𝑑-𝑑 correlation analyses 
was also observed in 40Ar +58Ni collisions at 77 MeV/u [65]. As shown 
in Fig. 2, the model calculations, using the coalescence for deuteron 
production plus CRAB for both 𝑝-𝑑 and 𝑑-𝑑 correlation functions, are 
compatible with the experimental data. The resulting radii 𝑅𝑆𝑀𝐴𝑆𝐻

𝐺
from the same LL fit closely match to the data. As one can see in Fig. 3, 
the root mean square (RMS) values of the source radii directly extracted 
from SMASH model calculation are larger than the static source radii ob
tained under the Gaussian assumption. The difference between RMS and 
𝑅𝐺 can be attributed to the dynamical expansion of the system in nu
clear collisions [36,66,67]. The resulting source has a time distribution 
in the model calculation. This leads to a tail in the distance distribution, 
which in turn cannot be described by a simple Gaussian distribution, 
making the value of 𝑅𝐺 smaller than that of the RMS value. It should 
be noted that the extracted 𝑅𝐺 are comparable to the spatial extent of 
the deuteron. While the deuteron size may have an impact on the re
sults, the current LL model approximates it as a point-like particle, and 
the potential effect of its size warrants further investigation. Recently, 
the ALICE experiment reported a new measurement of the 𝑝-𝑑 correla
tion function from 13 TeV p + p collisions [7], where the deuteron size 
effect was not considered, even in p + p collisions.

The extracted spin-averaged scattering length 𝑓0 and effective range 
𝑑0 obtained from the model fit are listed in Table 2, including individual 
fits for each centrality as well as a simultaneous fit for all four centrali
ties. The results of the simultaneous fit results are shown in Fig. 4. It is 
observed that the strong interaction parameters extracted from different 
centralities are in good agreement within the uncertainties. For compar
ison, the interaction parameters for 𝑛-𝑝, 𝑝-𝑝, 𝑛-𝑝 singlet and triplet states 
[68,69] as well as 𝑝̄-𝑝̄ measured by STAR [6] are also shown in Fig. 4. 
In contrast to the data obtained from 𝑝̄-𝑝̄ correlations and the majority 
of model predictions for nucleon-nucleon interactions, it is remarkable 
that the values of the spin-averaged 𝑓0 are negative for both 𝑝-𝑑 and 
𝑑-𝑑 interactions. For 𝑝-𝑑 interactions, theoretical predictions [70--74] 
suggest that the negative sign of the scattering parameters corresponds 
to a repulsive interaction in the quartet state and a 3He bound state 
emerges with a anomalously modified standard effective range expan
sion (see Eq.(2) in [73]). The predicted 1∕𝑓0 of 𝑝-𝑑 interaction spans 
a range from -0.26 fm to 0.05 fm (hatched area in Fig. 4). The exper
imental measured 𝑓0 of 𝑝-𝑑 interactions from the femtoscopy method 
is in good agreement with the 𝑝-𝑑 interaction parameters from theo
retical calculations [70--74]. This consistency supports the feasibility 
of extracting interaction parameters using the two-particle correlation 
technique. From the measurement of the 𝑝-𝑑 correlation function in 13 
TeV p + p collisions [7], in contrast to the heavy-ion results presented 
here, that analysis indicates that a three-body interaction [75] seems to 
be required in order to reproduce the measured 𝑝-𝑑 correlation function 
in the elementary collisions. For 𝑑-𝑑 interactions, the negative 𝑓0 val
ues can be interpreted similarly, with a repulsive interaction observed 
in the quintet spin state, alongside the emergence of a 4He bound state. 
The 𝑑-𝑑 correlation functions and the extracted final state interaction 
parameters presented here are the first such experimental results from 
high-energy nuclear collisions.

5. Summary

In summary, we have reported the measurements of mid-rapidity 
light nuclei correlation functions for 𝑝-𝑑 and 𝑑-𝑑 pairs in Au + Au colli
sions at 

√
𝑠NN = 3 GeV measured by the STAR experiment at RHIC. The 

measured correlation functions are reasonably described by the trans
port model SMASH with a coalescence approach for deuteron formation 
and afterburner calculations for the correlation functions. Simultaneous 
LL fits to the correlation functions with different collision centrality are 
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Fig. 4. (a) Spin-averaged final state strong interaction parameters: 𝑓0 scattering length, and 𝑑0, effective range, extracted from 𝑝-𝑑 (filled circle) and 𝑑-𝑑 (filled 
square) correlation functions. The statistical uncertainties are smaller than the marker size. Open boxes represent the systematic uncertainties. Data of 𝑝̄-𝑝̄ correlation 
function in 200 GeV Au + Au collisions [6] are shown as the solid black point. The interaction parameters from 𝑛-𝑛, 𝑝-𝑝, 𝑛-𝑝 singlet (𝑠), 𝑛-𝑝 triplet (𝑡) states [68,69] 
and 𝑝-𝑑 [70--74] are shown as open symbols and hatched area. The 1-3𝜎 fitting contours are shown in the right plots (b,c).

Table 2
The extracted scattering length 𝑓0 and effective range 𝑑0 parameters from 𝑝-𝑑 and 𝑑-𝑑 correlation functions 
with individual fit and simultaneous fit. The errors represent statistical uncertainites from fitting.

𝑝-𝑑 pair 
Parameters (fm) Fit 𝐶𝑝𝑑 (0-10%) Fit 𝐶𝑝𝑑 (10-20%) Fit 𝐶𝑝𝑑 (20-40%) Fit 𝐶𝑝𝑑 (40-60%) Simu. Fit 
𝑓0 -5.45 ± 0.31 -5.04 ± 0.25 -5.53 ± 0.25 -5.14 ± 0.24 -5.28 ± 0.11 
𝑑0 4.30 ± 0.15 4.51 ± 0.15 4.46 ± 0.16 4.48 ± 0.21 -4.49 ± 0.08 

𝑑-𝑑 pair 
Parameters (fm) Fit 𝐶𝑑𝑑 (0-10%) Fit 𝐶𝑑𝑑 (10-20%) Fit 𝐶𝑑𝑑 (20-40%) Fit 𝐶𝑑𝑑 (40-60%) Simu. Fit 
𝑓0 -2.74 ± 0.04 -2.58 ± 0.04 -2.57 ± 0.03 -2.63 ± 0.05 -2.62 ± 0.02 
𝑑0 3.88 ± 0.08 3.67 ± 0.06 3.98 ± 0.04 3.90 ± 0.08 -3.99 ± 0.03 

done to both 𝑝-𝑑 and 𝑑-𝑑 pairs. The extracted Gaussian equivalent static 
source radii, 𝑅𝑑𝑎𝑡𝑎

𝐺
, display a decreasing trend from central to peripheral 

collisions. Larger values of the radii are observed from the 𝑝-𝑑 pairs com
pared to those of 𝑑-𝑑 pairs in all centrality bins. The values of the fitted 
𝑅𝑑𝑎𝑡𝑎

𝐺
are found to be consistently smaller than the RMS values extracted 

from the model calculations implying time-dependent expansion. For 
the first time, the strong interaction parameters of 𝑝-𝑑 and 𝑑-𝑑 pairs 
are extracted from heavy-ion collisions. The extracted scattering lengths 
(spin-averaged), 𝑓0, are found to be negative, which is consistent with 
the combination of the repulsive interactions along with the presence of 
bound state of light nuclei (3He and 4He), respectively. Within uncer
tainties, the measured parameters for the 𝑝-𝑑 interaction are consistent 
with results of low-energy scattering experiment and model calcula
tions [70--74]. In addition, results from the model calculations imply 
that coalescence is the dominant process for deuteron formation in the 
high-energy nuclear collisions. These systematic measurements of cor
relation functions and interaction parameters provide valuable insights 
into the production mechanism of light nuclei and many-body interac
tions.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We thank Drs. B. Dönigus, V. Koch, Y. Kamiya, A. Ohnishi, S. Pratt, 
A. Schwenk for insightful discussions. We thank the RHIC Operations 
Group and RCF at BNL, the NERSC Center at LBNL, and the Open Sci
ence Grid consortium for providing resources and support. This work 
was supported in part by the Office of Nuclear Physics within the U.S. 
DOE Office of Science, the U.S. National Science Foundation, National 
Natural Science Foundation of China, Chinese Academy of Science, the 
Ministry of Science and Technology of China and the Chinese Ministry 
of Education, the Higher Education Sprout Project by Ministry of Ed
ucation at NCKU, the National Research Foundation of Korea, Czech 
Science Foundation and Ministry of Education, Youth and Sports of the 
Czech Republic, Hungarian National Research, Development and Inno
vation Office, New National Excellency Programme of the Hungarian 
Ministry of Human Capacities, Department of Atomic Energy and De
partment of Science and Technology of the Government of India, the 
National Science Centre and WUT ID-UB of Poland, the Ministry of 
Science, Education and Sports of the Republic of Croatia, German Bun
desministerium für Bildung, Wissenschaft, Forschung und Technologie 
(BMBF), Helmholtz Association, Ministry of Education, Culture, Sports, 
Science and Technology (MEXT), Japan Society for the Promotion of Sci
ence (JSPS) and Agencia Nacional de Investigación y Desarrollo (ANID) 
of Chile.



Physics Letters B 864 (2025) 139412

6

The STAR Collaboration 

Data availability

Data will be made available on request.

References

[1] R. Lednicky, Nucl. Phys. A 774 (2006) 189, arXiv:nucl-th/0510020.
[2] F.-q. Wang, S. Pratt, Phys. Rev. Lett. 83 (1999) 3138, arXiv:nucl-th/9907019.
[3] J. Chen, et al., arXiv:2407.02935 [nucl-ex], 2024.
[4] L. Adamczyk, et al., STAR, Phys. Rev. C 92 (2015) 014904, arXiv:1403.4972 [nucl-

ex].
[5] A. Collaboration, et al., ALICE, Nature 588 (2020) 232, arXiv:2005.11495 [nucl-ex], 

Erratum: Nature 590 (2021) E13.
[6] L. Adamczyk, et al., STAR, Nature 527 (2015) 345, arXiv:1507.07158 [nucl-ex].
[7] S. Acharya, et al., ALICE, Phys. Rev. X 14 (2024) 031051, arXiv:2308.16120 [nucl-

ex].
[8] S. Acharya, et al., ALICE, Phys. Rev. C 99 (2019) 024001, arXiv:1805.12455 [nucl-

ex].
[9] S. Acharya, et al., ALICE, Phys. Rev. Lett. 127 (2021) 172301, arXiv:2105.05578 

[nucl-ex].
[10] S. Acharya, et al., ALICE, Phys. Rev. Lett. 124 (2020) 092301, arXiv:1905.13470 

[nucl-ex].
[11] J. Adams, et al., STAR, Phys. Rev. C 74 (2006) 064906, arXiv:nucl-ex/0511003.
[12] S. Acharya, et al., ALICE, Phys. Lett. B 833 (2022) 137272, arXiv:2104.04427 [nucl-

ex].
[13] J. Adam, et al., STAR, Phys. Lett. B 790 (2019) 490, arXiv:1808.02511 [hep-ex].
[14] L. Adamczyk, et al., STAR, Phys. Rev. Lett. 114 (2015) 022301, arXiv:1408.4360 

[nucl-ex].
[15] D. Gerstung, N. Kaiser, W. Weise, Eur. Phys. J. A 56 (2020) 175, arXiv:2001.10563 

[nucl-th].
[16] D. Lonardoni, A. Lovato, S. Gandolfi, F. Pederiva, Phys. Rev. Lett. 114 (2015) 

092301, arXiv:1407.4448 [nucl-th].
[17] K. Hebeler, J.D. Holt, J. Menendez, A. Schwenk, Annu. Rev. Nucl. Part. Sci. 65 (2015) 

457, arXiv:1508.06893 [nucl-th].
[18] J. Adam, et al., ALICE, Phys. Rev. C 93 (2016) 024917, arXiv:1506.08951 [nucl-ex].
[19] L. Adamczyk, et al., STAR, Phys. Rev. C 94 (2016) 034908, arXiv:1601.07052 [nucl-

ex].
[20] S. Acharya, et al., ALICE, Phys. Rev. C 97 (2018) 024615, arXiv:1709.08522 [nucl-

ex].
[21] J. Adam, et al., STAR, Phys. Rev. C 99 (2019) 064905, arXiv:1903.11778 [nucl-ex].
[22] M. Abdulhamid, et al., STAR, Phys. Rev. Lett. 130 (2023) 202301, arXiv:2209.08058 

[nucl-ex].
[23] S. Acharya, et al., ALICE, Phys. Rev. C 107 (2023) 064904, arXiv:2211.14015 [nucl-

ex].
[24] M. Abdulhamid, et al., STAR, Phys. Rev. C 110 (2024) 054911, arXiv:2311.11020 

[nucl-ex].
[25] T.A. Armstrong, et al., E864, Phys. Rev. C 61 (2000) 064908, arXiv:nucl-ex/

0003009.
[26] M.J. Bennett, et al., E878, Phys. Rev. C 58 (1998) 1155.
[27] X.-Y. Zhao, Y.-T. Feng, F.-L. Shao, R.-Q. Wang, J. Song, Phys. Rev. C 105 (2022) 

054908, arXiv:2201.10354 [hep-ph].
[28] S. Gläßel, V. Kireyeu, V. Voronyuk, J. Aichelin, C. Blume, E. Bratkovskaya, G. Coci, V. 

Kolesnikov, M. Winn, Phys. Rev. C 105 (2022) 014908, arXiv:2106.14839 [nucl-th].
[29] J. Staudenmaier, D. Oliinychenko, J.M. Torres-Rincon, H. Elfner, SMASH, Phys. Rev. 

C 104 (2021) 034908, arXiv:2106.14287 [hep-ph].
[30] W. Zhao, C. Shen, C.M. Ko, Q. Liu, H. Song, Phys. Rev. C 102 (2020) 044912, arXiv:

2009.06959 [nucl-th].
[31] T.R. Halemane, A.Z. Mekjian, Phys. Rev. C 25 (1982) 2398.
[32] A. Andronic, P. Braun-Munzinger, J. Stachel, H. Stocker, Phys. Lett. B 697 (2011) 

203, arXiv:1010.2995 [nucl-th].
[33] L.P. Csernai, J.I. Kapusta, Phys. Rep. 131 (1986) 223.

[34] Y. Oh, Z.-W. Lin, C.M. Ko, Phys. Rev. C 80 (2009) 064902, arXiv:0910.1977 [nucl-
th].

[35] H. Sato, K. Yazaki, Phys. Lett. B 98 (1981) 153.
[36] M.S. Abdallah, et al., STAR, Phys. Lett. B 827 (2022) 137003, arXiv:2108.00908 

[nucl-ex].
[37] K.C. Meehan, STAR, J. Phys. Conf. Ser. 742 (2016) 012022.
[38] F.S. Bieser, et al., Nucl. Instrum. Methods A 499 (2003) 766.
[39] W.J. Llope, STAR, Nucl. Instrum. Methods A 661 (2012) S110.
[40] R.L. Ray, M. Daugherity, J. Phys. G 35 (2008) 125106, arXiv:nucl-ex/0702039.
[41] M.L. Miller, K. Reygers, S.J. Sanders, P. Steinberg, Annu. Rev. Nucl. Part. Sci. 57 

(2007) 205, arXiv:nucl-ex/0701025.
[42] M. Anderson, et al., Nucl. Instrum. Methods A 499 (2003) 659, arXiv:nucl-ex/

0301015.
[43] J. Adam, et al., STAR, Phys. Rev. C 103 (2021) 034908, arXiv:2007.14005 [nucl-ex].
[44] J. Adams, et al., STAR, Phys. Rev. C 71 (2005) 044906, arXiv:nucl-ex/0411036.
[45] R. Lednicky, V.L. Lyuboshits, Yad. Fiz. 35 (1981) 1316.
[46] K. Morita, S. Gongyo, T. Hatsuda, T. Hyodo, Y. Kamiya, A. Ohnishi, Phys. Rev. C 101 

(2020) 015201, arXiv:1908.05414 [nucl-th].
[47] M.A. Lisa, S. Pratt, R. Soltz, U. Wiedemann, Annu. Rev. Nucl. Part. Sci. 55 (2005) 

357, arXiv:nucl-ex/0505014.
[48] J. Weil, et al., Phys. Rev. C 94 (2016) 054905, arXiv:1606.06642 [nucl-th].
[49] A. Schäfer, I. Karpenko, X.-Y. Wu, J. Hammelmann, H. Elfner, SMASH, Eur. Phys. J. 

A 58 (2022) 230, arXiv:2112.08724 [hep-ph].
[50] J. Mohs, S. Ryu, H. Elfner, SMASH, J. Phys. G 47 (2020) 065101, arXiv:1909.05586 

[nucl-th].
[51] J. Mohs, M. Ege, H. Elfner, M. Mayer, SMASH, Phys. Rev. C 105 (2022) 034906, 

arXiv:2012.11454 [nucl-th].
[52] W. Zhao, L. Zhu, H. Zheng, C.M. Ko, H. Song, Phys. Rev. C 98 (2018) 054905, arXiv:

1807.02813 [nucl-th].
[53] D. Oliinychenko, L.-G. Pang, H. Elfner, V. Koch, SMASH, Phys. Rev. C 99 (2019) 

044907, arXiv:1809.03071 [hep-ph].
[54] D. Oliinychenko, Nucl. Phys. A 1005 (2021) 121754, arXiv:2003.05476 [hep-ph].
[55] D. Oliinychenko, C. Shen, V. Koch, SMASH, Phys. Rev. C 103 (2021) 034913, arXiv:

2009.01915 [hep-ph].
[56] J.M. Torres-Rincon, A. Ramos, J. Rufí, arXiv:2410.23853 [nucl-th], 2024.
[57] W. Rzęsa, M. Stefaniak, S. Pratt, arXiv:2410.13983 [nucl-th], 2024.
[58] M.S. Abdallah, et al., STAR, Phys. Lett. B 827 (2022) 136941, arXiv:2112.04066 

[nucl-ex].
[59] M.I. Abdulhamid, et al., STAR Collaboration, Phys. Rev. Lett. 130 (2023) 202301.
[60] J. Steinheimer, K. Gudima, A. Botvina, I. Mishustin, M. Bleicher, H. Stocker, Phys. 

Lett. B 714 (2012) 85, arXiv:1203.2547 [nucl-th].
[61] https://web.pa.msu.edu/people/pratts/freecodes/crab.
[62] B.K. Jennings, D.H. Boal, J.C. Shillcock, Phys. Rev. C 33 (1986) 1303.
[63] S. Acharya, et al., ALICE, Phys. Lett. B 811 (2020) 135849, arXiv:2004.08018 [nucl-

ex].
[64] J. Adam, et al., ALICE, Phys. Rev. C 92 (2015) 054908, arXiv:1506.07884 [nucl-ex].
[65] K. Wosinska, et al., Eur. Phys. J. A 32 (2007) 55.
[66] J. Adams, et al., STAR, Nucl. Phys. A 757 (2005) 102, arXiv:nucl-ex/0501009.
[67] Q. Li, M. Bleicher, H. Stocker, Phys. Lett. B 663 (2008) 395, arXiv:0802.3618 [nucl-

th].
[68] L. Mathelitsch, B.J. Verwest, Phys. Rev. C 29 (1984) 739.
[69] I. Šlaus, Y. Akaishi, H. Tanaka, Phys. Rep. 173 (1989) 257.
[70] T.C. Black, H.J. Karwowski, E.J. Ludwig, A. Kievsky, S. Rosati, M. Viviani, Phys. Lett. 

B 471 (1999) 103.
[71] E. Huttel, W. Arnold, H. Baumgart, H. Berg, G. Clausnitzer, Nucl. Phys. A 406 (1983) 

443.
[72] W.T.H. Van Oers, K.W. Brockman, Nucl. Phys. A 92 (1967) 561.
[73] A. Kievsky, S. Rosati, M. Viviani, C.R. Brune, H.J. Karwowski, E.J. Ludwig, M.H. 

Wood, Phys. Lett. B 406 (1997) 292, arXiv:nucl-th/9706077.
[74] J. Arvieux, Nucl. Phys. A 221 (1974) 253.
[75] M. Viviani, S. König, A. Kievsky, L.E. Marcucci, B. Singh, O. Vázquez Doce, Phys. 

Rev. C 108 (2023) 064002, arXiv:2306.02478 [nucl-th].

The STAR Collaboration

B.E. Aboona 57, J. Adam 17, L. Adamczyk 3, I. Aggarwal 44, M.M. Aggarwal 44, Z. Ahammed 64, E.C. Aschenauer 7, 
S. Aslam 29, J. Atchison 2, V. Bairathi 55, X. Bao 51, K. Barish 12, S. Behera 28, R. Bellwied 25, P. Bhagat 32, 
A. Bhasin 32, S. Bhatta 54, S.R. Bhosale 3, J. Bielcik 17, J. Bielcikova 42, J.D. Brandenburg 43, C. Broodo 25, 
X.Z. Cai 52, H. Caines 68, M. Calderón de la Barca Sánchez 10, D. Cebra 10, J. Ceska 17, I. Chakaberia 36, 
P. Chaloupka 17, B.K. Chan 11, Z. Chang 30, A. Chatterjee 19, D. Chen 12, J. Chen 51, J.H. Chen 22, Q. Chen 23, 
Z. Chen 51, J. Cheng 59, Y. Cheng 11, W. Christie 7, X. Chu 7, S. Corey 43, H.J. Crawford 9, M. Csanád 20, 
G. Dale-Gau 14, A. Das 17, I.M. Deppner 24, A. Deshpande 54, A. Dhamija 44, A. Dimri 54, P. Dixit 27, X. Dong 36, 
J.L. Drachenberg 2, E. Duckworth 33, J.C. Dunlop 7, J. Engelage 9, G. Eppley 46, S. Esumi 60, O. Evdokimov 14, 
O. Eyser 7, R. Fatemi 34, S. Fazio 8, Y. Feng 45, E. Finch 53, Y. Fisyak 7, F.A. Flor 68, C. Fu 31, T. Fu 51, 

http://refhub.elsevier.com/S0370-2693(25)00172-8/bib8770F9BD92063A238D059513B9AD7733s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibC1E2D81C1DA67454878D9EF56B3C7AF4s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibC7491BADD793A1EC427B45C7A03A6EA7s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib878991861AC3771209CBF5FAA19A4EEBs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib878991861AC3771209CBF5FAA19A4EEBs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibD6131D3094A4D0E61511DAB810C4C009s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibD6131D3094A4D0E61511DAB810C4C009s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib25DBAE6F7CD679DA372C4E7852AF7B4As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib6B7C9103B2B614655A6178B497B13A66s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib6B7C9103B2B614655A6178B497B13A66s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib1113295F0817DA85E35AB7F5A18CD7EAs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib1113295F0817DA85E35AB7F5A18CD7EAs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibACC103D0CD6B6BC9ADFE5ED95DF77674s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibACC103D0CD6B6BC9ADFE5ED95DF77674s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib2401996D6BFA2B6C2422696023FF5E72s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib2401996D6BFA2B6C2422696023FF5E72s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib038D80BDBF05EAD59FF09E3BCECE84E1s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib6F0DE886AF750A470E70AC51FC4BC2D5s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib6F0DE886AF750A470E70AC51FC4BC2D5s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib70BC8A7035A52EA4845FD07B89A56F7Bs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib97BF8035E008304E8BBF3CE86F23FB43s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib97BF8035E008304E8BBF3CE86F23FB43s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib780A60C677EF03854001ACCA2EA5571Ds1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib780A60C677EF03854001ACCA2EA5571Ds1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib8F934E36E218F2D31405C0D2ED89E128s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib8F934E36E218F2D31405C0D2ED89E128s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibE31A800BB6C2A300FB968DB9951B7807s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibE31A800BB6C2A300FB968DB9951B7807s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibC59FC99440546552D35842318C7AAB7Es1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib1E2C69A2BA49DF7CECA370C315A92831s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib1E2C69A2BA49DF7CECA370C315A92831s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibBB4B07839DEDEC0F459C87686F77BCC7s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibBB4B07839DEDEC0F459C87686F77BCC7s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib43CC134C5A92410725A08BB3091E70B8s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib1BEAB14CC356C8EAC14E3C233DD15480s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib1BEAB14CC356C8EAC14E3C233DD15480s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib48ABA8F044FF96542CB6F60F9DB0542As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib48ABA8F044FF96542CB6F60F9DB0542As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib2FD9B65BC10B8B5E86B61F1638DA891Bs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib2FD9B65BC10B8B5E86B61F1638DA891Bs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibB32F343C0C17DD94322FEFE82B6D36D1s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibB32F343C0C17DD94322FEFE82B6D36D1s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib669866880B4360C787864D0C38196E34s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib979D6C2FF0E637EA76DE43F7F9F1FAC9s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib979D6C2FF0E637EA76DE43F7F9F1FAC9s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibE7A422B4ECDCE5B9EFDFECDD68592D6Fs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibE7A422B4ECDCE5B9EFDFECDD68592D6Fs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibA5A5C91F91443E5F6F8DFFBFBF74E2CFs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibA5A5C91F91443E5F6F8DFFBFBF74E2CFs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibC6641460B8E483B1F8C43ACD4299E6C7s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibC6641460B8E483B1F8C43ACD4299E6C7s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibBD8E8AF11259E19F69834F42DEA0870Bs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib68DA13AA3171E971AFCA9B9FAD370A3Es1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib68DA13AA3171E971AFCA9B9FAD370A3Es1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibE7AE8A22E3BE1F9FF85F336ECAAB4719s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib25295018B113D2D97791AC9A97316FF5s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib25295018B113D2D97791AC9A97316FF5s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibC202A8FB5F30A7C4E5F87C9E7A21F1B2s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibEE1144FE0B38BE47919A56F1747F0237s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibEE1144FE0B38BE47919A56F1747F0237s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib5986867CD37A98503BCF88CD72C5D59Bs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibF53866A78A9507E423074AB5C6355F57s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib2BD4F308424BAFA3455784850CEFB5FBs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib705C0FB33905AD56AE6C5EC351D753F1s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib171647FF2011580E9FBA9034B3C3703As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib171647FF2011580E9FBA9034B3C3703As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibFAD3A2ECC58B0CB967F5384F305DE3A3s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibFAD3A2ECC58B0CB967F5384F305DE3A3s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib7312063B16E563AF840AB566A2FB27C7s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibCAEB7D43D3AF51128DF3309AE7993EDEs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib9B7C6A79758FDCB9CD5E71A9F70FCD9As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib95DB16A00429DEEA4C7D7600796BB9EDs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib95DB16A00429DEEA4C7D7600796BB9EDs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibB9E4A56DD2ED74B26066DB78D5156A07s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibB9E4A56DD2ED74B26066DB78D5156A07s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib02B37BD132186D8EB60FB957FEB02ED0s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib68AAD640F6227FDEDCB10DE7B6A60F28s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib68AAD640F6227FDEDCB10DE7B6A60F28s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib2F89C4C59FE829251B0E4412D3779852s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib2F89C4C59FE829251B0E4412D3779852s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibBB207975AD6FFE46E39256E8D2FF29D5s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibBB207975AD6FFE46E39256E8D2FF29D5s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibEA20435CDF4C9C6C99C54FBAE600FA8Cs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibEA20435CDF4C9C6C99C54FBAE600FA8Cs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibCEAC34BC119E3348C4EC8CA39AF3C9E3s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibCEAC34BC119E3348C4EC8CA39AF3C9E3s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibD55623CBF0EE97CB3945DADCC2F9D882s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibE2F29F80B53900C84E1516F6023A4408s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibE2F29F80B53900C84E1516F6023A4408s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib9A8D74D32F2A4BD7EB5A7676ACBD880Bs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib5E744018D1834807198420042513247As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib443CF6216EE331F77E6EC9ECDF9F3855s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib443CF6216EE331F77E6EC9ECDF9F3855s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib55A596AF5709C7292C39ACD7F3D7717Bs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib8DF4C2D946CA4FE116AE5E4AE3CEA187s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib8DF4C2D946CA4FE116AE5E4AE3CEA187s1
https://web.pa.msu.edu/people/pratts/freecodes/crab
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib9BAF5F52E8E0CB5A2AAF5BC5AA533B25s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib193AD10BFF596E7B68365F3C3423EA8As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib193AD10BFF596E7B68365F3C3423EA8As1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib7AD642548321633D66AFAA3D70AC07CDs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibC560777118B26F50FA90A6CA7BE1BFA9s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib17C4D32D47BE060AB697FF001FB3878Ds1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib84FD1C455AC91E7C19D5241ACE513239s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib84FD1C455AC91E7C19D5241ACE513239s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib03CBE8114A8303F5C657DCEF16D5DF5Cs1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib72C3BC7563BC2BED86554E6E91DF40D8s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib1114B1AA42EAA1E6EB1DBB6C170DCA44s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib1114B1AA42EAA1E6EB1DBB6C170DCA44s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib6480E1771C2140962364A46EAAB90F83s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib6480E1771C2140962364A46EAAB90F83s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib859B9482D78C1D99D5B64F884CD11428s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib44273FC14D732783731C8FEAA55BED03s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bib44273FC14D732783731C8FEAA55BED03s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibED2FAC4ABDD2F9743CF5B67B9654D547s1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibEA5DD5716F765AFD55030CDCB67DA61Ds1
http://refhub.elsevier.com/S0370-2693(25)00172-8/bibEA5DD5716F765AFD55030CDCB67DA61Ds1


Physics Letters B 864 (2025) 139412

7

The STAR Collaboration 

C.A. Gagliardi 57, T. Galatyuk 18, T. Gao 51, F. Geurts 46, N. Ghimire 56, A. Gibson 63, K. Gopal 28, X. Gou 51, 
D. Grosnick 63, A. Gu 26, A. Gupta 32, A. Hamed 5, X. Han 43, S. Harabasz 18, M.D. Harasty 10, J.W. Harris 68, 
H. Harrison-Smith 34, L.B. Havener 68, X.H. He 31, Y. He 51, N. Herrmann 24, L. Holub 17, C. Hu 61, Q. Hu 31, 
Y. Hu 36, H. Huang 41, H.Z. Huang 11, S.L. Huang 54, T. Huang 14, Y. Huang 59, Y. Huang 13, T.J. Humanic 43, 
M. Isshiki 60, W.W. Jacobs 30, A. Jalotra 32, C. Jena 28, A. Jentsch 7, Y. Ji 36, J. Jia 54,7, C. Jin 46, N. Jindal 43, 
X. Ju 48, E.G. Judd 9, S. Kabana 55, D. Kalinkin 34, K. Kang 59, D. Kapukchyan 12, K. Kauder 7, D. Keane 33, 
A. Khanal 66, Y.V. Khyzhniak 43, D.P. Kikoła 65, J. Kim 7, D. Kincses 20, I. Kisel 21, A. Kiselev 7, A.G. Knospe 37, 
H.S. Ko 36, J. Kołaś 65, B. Korodi 43, L.K. Kosarzewski 43, L. Kumar 44, M.C. Labonte 10, R. Lacey 54, 
J.M. Landgraf 7, C. Larson 34, J. Lauret 7, A. Lebedev 7, J.H. Lee 7, Y.H. Leung 24, C. Li 13, D. Li 48, H-S. Li 45, 
H. Li 67, H. Li 23, W. Li 46, X. Li 48, X. Li 48, Y. Li 59, Z. Li 49, Z. Li 48, X. Liang 12, Y. Liang 33, R. Licenik 42,17, 
T. Lin 51, Y. Lin 23, M.A. Lisa 43, C. Liu 31, G. Liu 49, H. Liu 13, L. Liu 13, Z. Liu 13, T. Ljubicic 46, O. Lomicky 17, 
R.S. Longacre 7, E.M. Loyd 12, T. Lu 31, J. Luo 48, X.F. Luo 13, L. Ma 22, R. Ma 7, Y.G. Ma 22, D. Mallick 65, 

R. Manikandhan 25, S. Margetis 33, C. Markert 58, O. Matonoha 17, O. Mezhanska 17, K. Mi 13, , 
S. Mioduszewski 57, B. Mohanty 40, B. Mondal 40, M.M. Mondal 40, I. Mooney 68, J. Mrazkova 42,17, M.I. Nagy 20, 
C.J. Naim 54, A.S. Nain 44, J.D. Nam 56, M. Nasim 27, H. Nasrulloh 48, D. Neff 11, J.M. Nelson 9, M. Nie 51, 
G. Nigmatkulov 14, T. Niida 60, T. Nonaka 60, G. Odyniec 36, A. Ogawa 7, S. Oh 50, K. Okubo 60, B.S. Page 7, 
S. Pal 17, A. Pandav 36, A. Panday 27, A.K. Pandey 31, T. Pani 47, A. Paul 12, S. Paul 54, D. Pawlowska 65, 
C. Perkins 9, J. Pluta 65, B.R. Pokhrel 56, I.D. Ponce Pinto 68, M. Posik 56, S. Prodhan 28, T.L. Protzman 37, 
A. Prozorov 17, V. Prozorova 17, N.K. Pruthi 44, M. Przybycien 3, J. Putschke 66, Z. Qin 59, H. Qiu 31, 
S.K. Radhakrishnan 33, A. Rana 44, R.L. Ray 58, R. Reed 37, C.W. Robertson 45, M. Robotkova 42,17, 
M.A. Rosales Aguilar 34, D. Roy 47, P. Roy Chowdhury 65, L. Ruan 7, A.K. Sahoo 27, N.R. Sahoo 28, H. Sako 60, 
S. Salur 47, S.S. Sambyal 32, J.K. Sandhu 37, S. Sato 60, B.C. Schaefer 37, N. Schmitz 38, F-J. Seck 18, J. Seger 16, 
R. Seto 12, P. Seyboth 38, N. Shah 29, P.V. Shanmuganathan 7, T. Shao 22, M. Sharma 32, N. Sharma 27, 
R. Sharma 28, S.R. Sharma 28, A.I. Sheikh 33, D. Shen 51, D.Y. Shen 31, K. Shen 48, S. Shi 13, Y. Shi 51, F. Si 48, 
J. Singh 55, S. Singha 31, P. Sinha 28, M.J. Skoby 6,45, N. Smirnov 68, Y. Söhngen 24, Y. Song 68, 
T.D.S. Stanislaus 63, M. Stefaniak 43, Y. Su 48, M. Sumbera 42, X. Sun 31, Y. Sun 48, B. Surrow 56, M. Svoboda 42,17, 
Z.W. Sweger 10, A.C. Tamis 68, A.H. Tang 7, Z. Tang 48, T. Tarnowsky 39, J.H. Thomas 36, A.R. Timmins 25, 
D. Tlusty 16, T. Todoroki 60, D. Torres Valladares 46, S. Trentalange 11, P. Tribedy 7, S.K. Tripathy 65, 
T. Truhlar 17, B.A. Trzeciak 17, O.D. Tsai 11,7, C.Y. Tsang 33,7, Z. Tu 7, J. Tyler 57, T. Ullrich 7, D.G. Underwood 4,63, 
G. Van Buren 7, J. Vanek 7, I. Vassiliev 21, F. Videbæk 7, S.A. Voloshin 66, G. Wang 11, J.S. Wang 26, J. Wang 51, 
K. Wang 48, X. Wang 51, Y. Wang 48, Y. Wang 13, Y. Wang 59, Z. Wang 51, A.J. Watroba 3, J.C. Webb 7, 
P.C. Weidenkaff 24, G.D. Westfall 39, D. Wielanek 65, H. Wieman 36, G. Wilks 14, S.W. Wissink 30, R. Witt 62, 
C.P. Wong 7, J. Wu 13, J. Wu 61, X. Wu 11, X. Wu 48, B. Xi 22, Z.G. Xiao 59, G. Xie 61, W. Xie 45, H. Xu 26, N. Xu 36, 
Q.H. Xu 51, Y. Xu 51, Y. Xu 13, Z. Xu 33, Z. Xu 11, G. Yan 51, Z. Yan 54, C. Yang 51, Q. Yang 51, S. Yang 49, 
Y. Yang 1,41, Z. Ye 49, Z. Ye 36, L. Yi 51, Y. Yu 51, H. Zbroszczyk 65, W. Zha 48, C. Zhang 22, D. Zhang 49, J. Zhang 51, 
S. Zhang 15, W. Zhang 49, X. Zhang 31, Y. Zhang 31, Y. Zhang 48, Y. Zhang 51, Y. Zhang 23, Z. Zhang 7, Z. Zhang 14, 
F. Zhao 35, J. Zhao 22, M. Zhao 7, S. Zhou 13, Y. Zhou 13, X. Zhu 59, M. Zurek 4,7, M. Zyzak 21

1 Academia Sinica
2 Abilene Christian University, Abilene, TX 79699
3 AGH University of Krakow, FPACS, Cracow 30-059, Poland
4 Argonne National Laboratory, Argonne, IL 60439
5 American University in Cairo, New Cairo 11835, Egypt
6 Ball State University, Muncie, IN, 47306
7 Brookhaven National Laboratory, Upton, NY 11973
8 University of Calabria & INFN-Cosenza, Rende 87036, Italy
9 University of California, Berkeley, CA 94720
10 University of California, Davis, CA 95616
11 University of California, Los Angeles, CA 90095
12 University of California, Riverside, CA 92521
13 Central China Normal University, Wuhan, Hubei 430079
14 University of Illinois at Chicago, Chicago, IL 60607
15 Chongqing University, Chongqing, 401331
16 Creighton University, Omaha, NE 68178
17 Czech Technical University in Prague, FNSPE, Prague 115 19, Czech Republic
18 Technische Universität Darmstadt, Darmstadt 64289, Germany
19 National Institute of Technology Durgapur, Durgapur - 713209, India
20 ELTE Eötvös Loránd University, Budapest, H-1117, Hungary
21 Frankfurt Institute for Advanced Studies FIAS, Frankfurt 60438, Germany
22 Fudan University, Shanghai, 200433
23 Guangxi Normal University, Guilin, 541004

http://orcid.org/0000-0003-3022-7217


Physics Letters B 864 (2025) 139412

8

The STAR Collaboration 

24 University of Heidelberg, Heidelberg 69120, Germany
25 University of Houston, Houston, TX 77204
26 Huzhou University, Huzhou, Zhejiang 313000
27 Indian Institute of Science Education and Research (IISER), Berhampur 760010, India
28 Indian Institute of Science Education and Research (IISER) Tirupati, Tirupati 517507, India
29 Indian Institute Technology, Patna, Bihar 801106, India
30 Indiana University, Bloomington, IN 47408
31 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu 730000
32 University of Jammu, Jammu 180001, India
33 Kent State University, Kent, OH 44242
34 University of Kentucky, Lexington, KY 40506-0055
35 Lanzhou University
36 Lawrence Berkeley National Laboratory, Berkeley, CA 94720
37 Lehigh University, Bethlehem, PA 18015
38 Max-Planck-Institut für Physik, Munich 80805, Germany
39 Michigan State University, East Lansing, MI 48824
40 National Institute of Science Education and Research, HBNI, Jatni 752050, India
41 National Cheng Kung University, Tainan 70101
42 Nuclear Physics Institute of the CAS, Rez 250 68, Czech Republic
43 The Ohio State University, Columbus, OH 43210
44 Panjab University, Chandigarh 160014, India
45 Purdue University, West Lafayette, IN 47907
46 Rice University, Houston, TX 77251
47 Rutgers University, Piscataway, NJ 08854
48 University of Science and Technology of China, Hefei, Anhui 230026
49 South China Normal University, Guangzhou, Guangdong 510631
50 Sejong University, Seoul, 05006, South Korea
51 Shandong University, Qingdao, Shandong 266237
52 Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800
53 Southern Connecticut State University, New Haven, CT 06515
54 State University of New York, Stony Brook, NY 11794
55 Instituto de Alta Investigación, Universidad de Tarapacá, Arica 1000000, Chile
56 Temple University, Philadelphia, PA 19122
57 Texas A&M University, College Station, TX 77843
58 University of Texas, Austin, TX 78712
59 Tsinghua University, Beijing 100084
60 University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan
61 University of Chinese Academy of Sciences, Beijing, 101408
62 United States Naval Academy, Annapolis, MD 21402
63 Valparaiso University, Valparaiso, IN 46383
64 Variable Energy Cyclotron Centre, Kolkata 700064, India
65 Warsaw University of Technology, Warsaw 00-661, Poland
66 Wayne State University, Detroit, MI 48201
67 Wuhan University of Science and Technology, Wuhan, Hubei 430065
68 Yale University, New Haven, CT 06520


	Light nuclei femtoscopy and baryon interactions in 3 GeV Au+Au collisions at RHIC
	1 Introduction
	2 Experiment and data analysis
	3 Two-particle correlation function
	4 Results and discussion
	5 Summary
	Declaration of competing interest
	Acknowledgements
	Data availability
	References
	The STAR Collaboration


