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We report the measurements of proton-deuteron (p-d) and deuteron-deuteron (d-d) correlation functions in

Au+Au collisions at m = 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 (f;), and effective range
(dy) are extracted from the measured correlation functions with a simultaneous fit. The spin-averaged f, 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 [81, p-p [6], p-¢p [9],
K=-p [10], p-A [8,11,12], p-E [5], p-Q [5,13], and A-A [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.
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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 y/syy = 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 m = 3 GeV. The dashed lines are Bichsel theoretical curves for the
corresponding particle species as labeled. (b) Particle m?/q? versus rigidity. The
bands correspond to z*, K*, p, d, t, *He and *He as labeled. Similar values of
m?/q* are found for (d, “*He and °Li) and (¢ and ®He), respectively. (c) and (d)
Atomic mass number normalized transverse momentum (p;/A) versus rapidity
in the center-of-momentum frame (y,,,) 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 y,,, = —1.05.

proximately 2.6 x 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 (1) region —2 < 5 < 0. Here, 7 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 d E /d x measured
in the TPC and the reconstructed rigidity. Fig. 1 (a) shows the energy
loss d E /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 m? / 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 p; and rapidity (y,,,)
in the center-of-mass frame. The target is at y,,, = —1.05 and the sign of
Yem is chosen such that the beam travels in the positive y,,, direction.
The pr — y,,, 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* = |p; — p,|/2) in the pair
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rest frame [1,6,8], where p, and p, are the momenta of the particles.
The experimental correlation function is defined as:
Nsame(k*)

N mixcd(k*) ’

where N,,.(k*) is the measured distribution of pairs with both parti-
cles coming from the same event, N,;,.q(k*) is the reference distribution
generated from mixed events, and N is a normalization parameter. The
denominator, N ;..q(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 V,, distribution in FXT). The normalization parameter A 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 Ny, .(k*)/ Npixea(kK™) 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 y/syy = 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:

Cop®k) =N &

Coxpk™) =1
Coen(k) = ——— + 1 2
k) =~ @
where PP(k*) is the pair purity.
The Lednicky-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) G

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

2
&dr )

¥y (k*,?) 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 f,.(k*) [45]:

v (%*, 7*) = e \/A.(n) [e"ﬁ*'?‘ F(=in,1,i&)

G(p,n)
Ik

@
+15 (k)

where ¢'® =T°(1 + ix) is the Coulomb phase shift factor, n = (k*ac)_l,
a, is the Bohr radius for particle pairs, & = p(1 + cos(6)), 0 is the angle
between k* and P, p=kr*, A.(n) = 2zn(e2™ — 1)~! is the Coulomb
penetration factor. The F(—in, 1,i¢) is a confluent hypergeometric func-
tion and G(p,n) = \/A_C(GO + iFy) is a combination of the regular (F;)
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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 Lednicky-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 (G)) s-wave Coulomb functions. The scattering amplitude
f CS (k*), which includes Coulomb interaction, is given by:

-1

S *\ _ L l S *2_2 _iL*
1. (k>—[f(§+2dok o =ik A) ®)

h=n* Y [n? + 1) = C~In|y| ®)

n=1

(here C = 0.5772 is the Euler constant), fOS is the scattering length and
d(f is the effective range for a given total spin .S. For p-d interactions,
two possible spin configurations are considered, S = 1/2and .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
/o 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 R;; 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+ 7 < d+ x) 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 m = 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 R; 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 R (0-10%) R (10-20%) R (20-40%) R (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 R (0-10%) R (10-20%) R (20-40%) R (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, fo and dj for each centrality) and simultaneously in four central-
ity bins to the data (one Ré‘”“ for each centrality and common f;, and
dy). To evaluate the systematic uncertainties associated with the fitting
procedure, different fitting ranges are considered. The extracted RdG‘”"
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 Ré‘”" results from the simultaneous fit are presented in
Fig. 3. It is observed that the R; of both p-d and d-d pairs exhibit a
monotonic decrease from central to peripheral collisions. Additionally,
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the Rdc‘"” of p-d is consistently larger than that of d-d in all centrality
classes. Based on the observation of my-scaling [43,63,64], the overall
larger (mp) 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 *°Ar+ 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 RgM ASH
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
R 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 R; smaller than that of the RMS value. It should
be noted that the extracted R 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 f, and effective range
d 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 p-p measured by STAR [6] are also shown in Fig. 4.
In contrast to the data obtained from p-p correlations and the majority
of model predictions for nucleon-nucleon interactions, it is remarkable
that the values of the spin-averaged f, 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 >He bound state
emerges with a anomalously modified standard effective range expan-
sion (see Eq.(2) in [73]). The predicted 1/ f,, of p-d interaction spans
a range from -0.26 fm to 0.05 fm (hatched area in Fig. 4). The exper-
imental measured f;, 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 f val-
ues can be interpreted similarly, with a repulsive interaction observed
in the quintet spin state, alongside the emergence of a *He 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 4/syy = 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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Table 2

The extracted scattering length f,, and effective range d,, 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 Cp,, (0-10%) Fit de(10-20%) Fit Cp(, (20-40%) Fit C[,d(40-60%) Simu. Fit

fo -5.45 + 0.31 -5.04 + 0.25 -5.53 + 0.25 -5.14 + 0.24 -5.28 +0.11
d, 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 C;,(0-10%)  Fit C;,(10-20%)  Fit C,,(20-40%)  Fit C,,(40-60%)  Simu. Fit

fo -2.74 + 0.04 -2.58 + 0.04 -2.57 + 0.03 -2.63 + 0.05 -2.62 + 0.02
d, 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 Acknowledgements
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