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We report the triton (t) production in mid-rapidity (|y| < 0.5) Au+Au collisions at
√

sNN = 7.7–200 GeV155

measured by the STAR experiment from the first phase of the beam energy scan at the Relativistic Heavy156

Ion Collider (RHIC). The nuclear compound yield ratio (Nt ×Np/N2
d), which is predicted to be sensitive to the157

fluctuation of local neutron density, is observed to decrease monotonically with increasing charged-particle mul-158

tiplicity (dNch/dη) and follows a scaling behavior. The dNch/dη dependence of the yield ratio is compared to159

calculations from coalescence and thermal models. Enhancements in the yield ratios relative to the coalescence160

baseline are observed in the 0%-10% most central collisions at 19.6 and 27 GeV, with a significance of 2.3σ and161

3.4σ, respectively, giving a combined significance of 4.1σ. The enhancements are not observed in peripheral162

collisions or model calculations without critical fluctuation, and decreases with a smaller pT acceptance. The163

physics implications of these results on the QCD phase structure and the production mechanism of light nuclei164

in heavy-ion collisions are discussed.165
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Quantum Chromodynamics (QCD) is the fundamental the-166

ory that describes the strong interaction. One of the main167

goals of the Beam Energy Scan (BES) program at Relativistic168

Heavy Ion Collider (RHIC) is to explore the QCD phase struc-169

ture [1, 2]. Lattice QCD calculations indicate that the transi-170

tion between hadronic matter and the Quark-Gluon Plasma171

(QGP) is a smooth crossover at vanishing baryon chemical172

potential (µB = 0 MeV) [3], with a transition temperature of173

about Tc = 156 MeV [4]. QCD-based models suggest that174

there could be a first-order phase transition at large baryon175

chemical potential [5–8]. If theory postulations are correct,176

the first-order phase transition line would end at a critical177

point (CP) [9–11]. A fundamental question is whether we178

can experimentally find the CP and pin down its location in179

the QCD phase diagram [12–17]. In the BES program, the180

STAR experiment has measured the energy dependence of ob-181

servables that are sensitive to the CP and/or first-order phase182

transition, including pion HBT radii [18, 19], baryon directed183

flow [20, 21], net-proton fluctuations [16, 17] and intermit-184

tency of charged hadrons [22]. Non-monotonic energy de-185

pendencies were observed in all of these observables, and the186

energy ranges where peak or dip structures appear are around187 √
sNN ≈ 7.7–39 GeV. Those intriguing observations are of188

great interest and more investigation and analysis are required189

to reach definitive conclusion.190

Light nuclei, such as deuteron (d), triton (t), helium-3191

(3He), are loosely bound objects with binding energies of sev-192

eral MeV. Their production in heavy-ion collisions is an ac-193

tive area of research both experimentally [23–34] and the-194

oretically [35–50]. It provides important information about195

the properties of nuclear matter at high densities and temper-196

atures, such as the equation of state [51–53], the symmetry197

energy [54, 55] and the nucleosynthesis that takes place in198

stars [32, 56, 57]. Based on coalescence model, it was pre-199

dicted that the compound yield ratio Nt ×Np/N2
d of tritons200

(Nt ), deuterons (Nd), and protons (Np), is sensitive to the neu-201

tron density fluctuations, making it a promising observable to202

search for the signature of the CP and/or a first-order phase203

transition in heavy-ion collisions [51–53, 58–62]. The ex-204

pected signature of CP is the non-monotonic variation as a205

function of collision energy.206

In addition to exploring the QCD phase structure, the sys-207

tematic measurement of triton yields and yield ratios Nt ×208

Np/N2
d across a broad energy range provide valuable in-209

sights into the production mechanism of light nuclei in heavy-210

ion collisions. Several models have been proposed to ex-211

plain this production, such as coalescence [35, 38, 63], ther-212

mal [64, 65] and dynamical [41, 42, 66] models. In the coales-213

cence model, light nuclei are not considered as point-like par-214

ticles, but rather have a finite size. Due to the size effect [35],215

the coalescence model [67, 68] predicts that the yield ratio216

Nt ×Np/N2
d should increase as the size of the system or the217

charged-particle multiplicity decrease. This trend is opposite218

to what is predicted by thermal model calculations [69]. As219

a result, the study of the yield ratio can be used to distin-220

guish between these two production mechanisms. The ther-221

mal model has been successful in describing the measured222

yields of hadrons and light (anti-)nuclei in central Pb+Pb col-223

lisions at the Large Hadron Collider (LHC) [70, 71]. How-224

ever, the survival of light nuclei in the hot medium created in225

heavy-ion collisions remains a puzzle. One possible explana-226

tion is that the hadronic re-scatterings play a crucial role dur-227

ing the hadronic expansion phase. Dynamical model calcula-228

tions with hadronic re-scatterings implemented using both the229

saha [42] and rate equations [66] show that the deuteron, tri-230

ton, and helium-3 yields remain unchanged during hadronic231

expansion. A similar conclusion is obtained in a transport232

model simulation of hadronic re-scattering processes realized233

by the dissociation and regeneration of deuterons via the re-234

action πNN ↔ πd [41]. Recently, a calculation using the ki-235

netic approach [72] showed that the effects of hadronic re-236

scatterings during the hadronic expansion stage could reduce237

the triton and helium-3 yields by approximately a factor of 1.8238

from their initial values predicted by the thermal model. The239

systematic measurement of triton production and the yield ra-240

tio Nt ×Np/N2
d not only offer a probe into the QCD phase241

structure, but also serve as valuable experimental evidence for242

verifying different model calculations and improving our un-243

derstanding of the production mechanism.244

In this letter, we report triton production at mid-rapidity245

(|y| < 0.5) in Au+Au collisions at
√

sNN = 7.7, 11.5, 14.5,246

19.6, 27, 39, 54.4, 62.4, and 200 GeV measured by the STAR247

experiment from the first phase of the Beam Energy Scan248

(BES-I, 2010-2017) program at RHIC [73]. The results pre-249

sented are analyzed from minimum bias events of Au+Au col-250

lisions, occurring within +/-30 cm for 200 GeV and +/-40 cm251

for other energies of the nominal interaction point along the252

beam axis. Collision centralities are determined by fitting the253

measured charged particle multiplicities within pseudorapid-254

ity |η| < 0.5 with a Monte Carlo Glauber model [74]. The255

selected tracks are required to have a distance of closest ap-256

proach (DCA) to the primary collision vertex of less than 1 cm257

and have at least 20 hit points measured in the Time Projec-258

tion Chamber (TPC). Triton identification is performed using259

information from the TPC and Time-Of-Flight (TOF) detec-260

tors [75]. Based on the measurement of the specific ionization261

energy deposited (dE/dx) by charged particles in the TPC,262

a new variable z is defined to properly deconvolve these ef-263

fects into a Gaussian. It is defined as z = ln
(
〈dE/dx〉
〈dE/dx〉B

)
, where264

〈dE/dx〉B is the Bichsel function for each particle species. A265

cut of |z|6 0.3 is applied to remove most contamination from266

the triton raw signals. To extract the raw triton yields, the267

mass squared (m2) distributions from the TOF detector were268

used, which is defined as m2 = p2
(

c2t2

L2 −1
)

, where t, L, and269

c are the particle flight time, track length, and speed of light,270

respectively. The m2 distribution is fit with a superposition271

of a Gaussian function and an exponential tail for the triton272

signal and background, respectively.273

The final triton pT spectra are obtained by applying several274

corrections to the raw spectra, including corrections for the275

tracking efficiency, low momentum energy loss, and absorp-276

tion of light nuclei by the detector material. These correc-277

tions were calculated using the embedding simulations from278

the experiment [33, 76]. Because the TOF detector is used279

to identify tritons at high pT , we also need to correct for the280
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FIG. 1. Transverse momentum (pT ) spectra for mid-rapidity (|y|< 0.5) tritons from 0%-10%, 10%-20%, 20%-40%, and 40%-80% centralities
in Au+Au collisions at

√
sNN = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, and 200 GeV. Dashed-lines are the corresponding Blast-Wave fits with

the profile parameter n = 1. The statistical and systematic uncertainties are shown as vertical lines and boxes, respectively.

TOF matching efficiency, defined as the ratio of the number281

of tracks matched in the TOF to the number of total tracks282

in the TPC within the same acceptance. The point-to-point283

systematic uncertainties on the spectra are estimated by vary-284

ing track selection, analysis cuts and by assessing the sam-285

ple purity from the dE/dx measurement. Track selection and286

particle identification contribute by ∼3% and signal extrac-287

tion contributes by less than ∼2% at low pT and increasing to288

∼10% at high pT due to the reduced resolution of the TPC.289

A correlated systematic uncertainty of 5% is estimated for all290

spectra and is dominated by uncertainties in the Monte Carlo291

determination of reconstruction efficiencies. All of these un-292

certainties are added in quadrature to obtain the final system-293

atic uncertainties.294

Figure 1 shows the pT spectra of identified tritons measured295

at mid-rapidity (|y|< 0.5) in Au+Au collisions at
√

sNN = 7.7,296

11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, and 200 GeV for 0%-297

10%, 10%-20%, 20%-40%, and 40%-80% centralities. The298

pT -integrated particle yields (dN/dy) are calculated from the299

measured pT range and extrapolated to the unmeasured re-300

gions with individual Blast-Wave model fits [82]. The extrap-301

olation of the pT spectra to the unmeasured low pT range is302

the main source of systematic uncertainty on dN/dy, which303

is estimated by fitting the pT spectra with different functions304

and comparing the extrapolated values. The systematic uncer-305

tainty of yield extrapolations is estimated to be around 5%-306

20%. All of the mid-rapidity proton pT spectra and dN/dy307

in Au+Au collisions at RHIC energies presented in this pa-308

per have been corrected for the weak decay feed-down via309

a data-driven approach [83], which uses the inclusive proton310

spectra [74, 84] and the yields of strange hadrons measured311

by the STAR experiment [85, 86]. In a previously published312

STAR paper [87], the proton feed-down correction was done313

by using a UrQMD + GEANT simulation, which underesti-314

mates the proton feed-down contributions from weak decays.315

316317

Figure 2 shows the energy dependence of dN/dy ra-318
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FIG. 2. Collision energy dependence of the mid-rapidity ratios
Nd/Np (blue solid squares) and Nt/Np (red solid circles) from the
top 0%-10% central Au+Au collisions. Statistical and systematic un-
certainties are shown as vertical lines and brackets, respectively. For
comparison, results from FOPI [77], E864 [25], PHENIX [78, 79],
and ALICE [28] are also shown. The lines are results from the ther-
mal model using chemical freeze-out conditions from Ref. [80, 81]

tios, Nd/Np [33] and Nt/Np, in the mid-rapidity of central319

heavy-ion collisions from different experiments, including the320

FOPI [77], E864 [25], PHENIX [78, 79], and ALICE [28] ex-321

periments. Both the Nt/Np and Nd/Np ratios decrease mono-322

tonically with increasing collision energy and the differences323

between the ratios get smaller at lower collision energies. The324

solid lines represent the results calculated from the thermal325

model which does not include excited nuclei [88], in which326

the parametrization of chemical freeze-out temperature and327

µB from Ref. [80, 81] are used. Quantitatively, the thermal328

model describes the Nd/Np ratios well, but it systematically329

overestimates the Nt/Np ratios except for the results from cen-330

tral Pb+Pb collisions at
√

sNN = 2.76 TeV [28]. In addition,331
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the coalescence model, which predicts light nuclei produc-332

tion at mid-rapidity based on baryon density (ρB) via the rela-333

tionship NA/Np ∝ ρ
A−1
B , can also describe energy dependence334

trends [68].335
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FIG. 3. The yield ratio Nt ×Np/N2
d as a function of charged-particle

multiplicity dNch/dη (|η|< 0.5) in Au+Au collisions at
√

sNN = 7.7
– 200 GeV for 0%-10%, 10%-20%, 20%-40%, and 40%-80% cen-
tralities. Statistical and systematic uncertainties are shown as vertical
lines and brackets, respectively. The black dot-dashed line denotes
the coalescence-inspired fit. The open diamond denotes the yield ra-
tio of 0%-20% central Au+Au collisions at

√
sNN = 54.4 GeV. The

red shaded vertical band on the right side of the figure represents
the multiplicity independent systematic uncertainties on these ratios.
The significance of the deviation relative to the fit is shown in the
lower panel. The results calculated from thermal model are shown
as the blue long-dashed line. Calculations from AMPT and MU-
SIC+UrQMD hybrid models [67, 68] are shown as shaded bands.

336

337338

As mentioned earlier, the yield ratio Nt ×Np/N2
d is pre-339

dicted to be sensitive to the local baryon density fluctuations340

and can be used to probe the QCD phase structure. Figure 3341

shows the charged-particle multiplicity dNch/dη (|η| < 0.5)342

dependence of the yield ratio Nt ×Np/N2
d in Au+Au colli-343

sions at
√

sNN = 7.7 - 200 GeV. The data from each colli-344

sion energy presented in the figure include four centrality bins:345

0%-10%, 10%-20%, 20%-40%, and 40%-80%, in addition, a346

single 0%-20% centrality bin is also presented for 54.4 GeV.347

It is observed that the yield ratio Nt ×Np/N2
d exhibits scal-348

ing, regardless of collision energy and centrality. The shaded349

bands in Fig. 3 are the corresponding results from the calcula-350

tions of hadronic transport AMPT and MUSIC+UrQMD hy-351

brid models [68]. MUSIC is a (3+1)D viscous hydrodynamics352

model [89, 90], which conserves both energy-momentum and353

baryon number and is used to describe the dynamical evolu-354

tion of the QGP. To provide a reliable baseline, neither critical355

point nor first-order phase transition is included in the AMPT356

and MUSIC+UrQMD hybrid model calculations. These two357

models are employed to generate the nucleon phase space at358

kinetic freeze-out, when light nuclei are formed via nucleon359

coalescence. It is found that the overall trend of the experi-360

mental data is well described by the model calculations. The361

light blue dashed line is the result calculated from the thermal362

model at chemical freeze-out [80, 81] for central Au+Au col-363

lisions, which overestimates the experimental data by more364

than a factor of two at dNch/dη ∼ 600. As discussed in365

Ref. [72], this overestimation could be due to the effects of366

hadronic re-scatterings during hadronic expansion, which re-367

duce the triton and helium-3 yields by about a factor of 1.8368

from their initial values predicted by thermal model. How-369

ever, this cannot explain the agreement between the thermal370

model calculations and the N3He ×Np/N2
d ratio from cen-371

tral Pb+Pb collisions at
√

sNN = 2.76 TeV where dNch/dη372

∼ 1100 [28, 43]. Obviously, further investigations are needed373

to understand the discrepancy.374

The black dot-dashed line is a fit to the data based on the co-
alescence model. As discussed in Ref. [68], assuming a ther-
mal equilibrated and static spherical Gaussian nucleon source,
one can obtain the fit function as:

Nt ×Np

N2
d

= p0×

(
R2 + 2

3 r2
d

R2 + 1
2 r2

t

)3

, (1)

where R = p1×(dNch/dη)1/3 denotes the radius of the spher-375

ical nucleon emission source. rd = 1.96 fm and rt = 1.59 fm376

are the nucleonic point root-mean-square radius of deuteron377

and triton [91], respectively. p0 and p1 are the two fitting pa-378

rameters where the best fit values are 0.37 ± 0.008 and 0.75379

± 0.04, respectively. At small values of dNch/dη, when the380

system size is comparable to the size of light nuclei, the yield381

ratio shows a rapid increase with decreasing dNch/dη, while382

it saturates at large charged-particle multiplicity. The gen-383

eral trend of the yield ratio Nt ×Np/N2
d is driven by the in-384

terplay between the finite size of light nuclei and the overall385

size of the fireball created in heavy-ion collisions. This pro-386

vides strong evidence that nucleon coalescence is the correct387

formation mechanism to describe the light nuclei production388

in such collisions. If we use the coalescence-inspired fit as the389

baseline, the lower panel of the Fig. 3 shows that most of the390

measurements are within significance of 2σ from the coales-391

cence baseline, except there are enhancements observed for392

the yield ratios in the 0%-10% most central Au+Au collisions393

at
√

sNN = 19.6 and 27 GeV with significance of 2.3σ and394

3.4σ, respectively, and for a combined significance of 4.1σ,395

as shown in the lower panel of Fig. 3. The yield ratio of 0%-396

20% central Au+Au collisions at 54.4 GeV is also shown in397

Fig. 3 as an open diamond. It agrees with the coalescence398

baseline at the same value of dNch/dη as those data points399

from central collisions at
√

sNN = 19.6 and 27 GeV. There-400

fore, the observed enhancement may be driven by the baryon401

density rather than the overall size of the system which is pro-402

portional to the charged-particle density dNch/dη. In order to403

understand the origin of the observed enhancement in the ra-404

tios, further dynamical modeling of heavy-ion collisions with405

a realistic equation of state is needed.406

Figure 4 shows the energy dependence of the yield ratio407
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FIG. 4. Collision energy, centrality, and pT dependence of the yield ratio Nt×Np/N2
d in Au+Au collisions at RHIC. Solid circles are the results

from 0%-10% central (left panel) and 40%-80% peripheral (right panel) collisions. Colored-bands in panel (a) denote pT acceptance depen-
dence, for which the statistical and systematic uncertainties are added in quadrature. Red solid circles are the final results with extrapolation
to the full pT range. Statistical and systematic uncertainties are shown as bars and brackets, respectively. Red vertical bands on the right side
of panels represent the common systematic uncertainties. Dashed lines are the coalescence baselines obtained from the coalescence-inspired
fit. Shaded areas denote the calculations from hadronic transport AMPT and MUSIC+UrQMD hybrid models [68].

Nt ×Np/N2
d at mid-rapidity in central (0%-10%) and periph-408

eral (40%-80%) Au+Au collisions at
√

sNN = 7.7 - 200 GeV.409

For comparison, the coalescence baselines obtained by fitting410

the dNch/dη dependence of the yield ratio as shown in Fig. 3411

and the calculations of AMPT, MUSIC+UrQMD hybrid mod-412

els are displayed in Fig. 4. For the 0%-10% most central413

Au+Au collisions, the yield ratios are consistent with the co-414

alescence baseline and model calculations, except for the en-415

hancements of the yield ratios to coalescence baseline with a416

significance of 2.3σ and 3.4σ observed at
√

sNN = 19.6 and 27417

GeV, respectively. The colored bands in panel (a) denote the418

yield ratios, in which the proton, deuteron, and triton yields419

are obtained from the commonly measured pT/A range with-420

out any extrapolation. The enhancements and the significance421

of the measurements decrease with smaller pT acceptance in422

the region of interest. The combined (19.6 and 27 GeV) sig-423

nificance of enhancements to the corresponding coalescence424

baselines for 0.5 ≤ pT/A ≤ 1.0 GeV/c, 0.4 ≤ pT/A ≤ 1.2425

GeV/c, and the full pT/A range are 1.6σ, 2.5σ, and 4.1σ,426

respectively. In the model calculations, the physics of the427

critical point or first-order phase transition are not included.428

Therefore, the non-monotonic behavior observed in the en-429

ergy dependence of the yield ratio Nt×Np/N2
d from 0%-10%430

central Au+Au collisions may be due to the enhanced baryon431

density fluctuations induced by the critical point or first-order432

phase transition in heavy-ion collisions. The right panel of433

Fig. 4 shows the energy dependence of the yield ratio in pe-434

ripheral (40%-80%) Au+Au collisions. Within uncertainties,435

the experimental data can be well described by the coales-436

cence baseline (black-dashed line) whereas the calculations437

from AMPT and MUSIC+UrQMD hybrid models overesti-438

mate the data.439

In summary, we present the triton production and the yield440

ratio Nt×Np/N2
d in mid-rapidity Au+Au collisions at

√
sNN =441

7.7 – 200 GeV measured by the STAR experiment at RHIC.442

The yield ratio Nt×Np/N2
d shows a monotonic decrease with443

increasing charged-particle multiplicity (dNch/dη) and ex-444

hibits a scaling behavior, which can be attributed to the for-445

mation of deuteron and triton via nucleon coalescence. The446

thermal model, however, overestimates the triton over proton447

yield ratio Nt/Np and the Nt×Np/N2
d ratio at RHIC energies,448

possibly due to the effect of hadronic re-scatterings during449

the hadronic expansion stage. In the 0%-10% most central450

Au+Au collisions at
√

sNN = 19.6 and 27 GeV, Nt ×Np/N2
d451

shows enhancements relative to the coalescence baseline with452

a significance of 2.3σ and 3.4σ, respectively, and a combined453

significance of 4.1σ. The significance of the measurement de-454

creases with reduced pT range, indicating that the possible455

enhancement may have a strong dependence on the pT accep-456

tance. In peripheral collisions, similar to data, model calcula-457

tions have a smooth decreasing trend as a function of energy.458

Further studies from dynamical modeling of heavy-ion colli-459

sions with a realistic equation of state are required to confirm460

if the enhancements are due to large baryon density fluctua-461

tions near the critical point. These systematic measurements462

of triton yields and yield ratios over a broad energy range pro-463

vide important insights into the production dynamics of light464

nuclei and our understanding of the QCD phase diagram.465
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