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We report the beam energy and collision centrality dependence of fifth and sixth order cumulants112

(C5, C6) and factorial cumulants (κ5, κ6) of net-proton and proton number distributions, from113

center-of-mass energy (
√
sNN ) 3 GeV to 200 GeV Au+Au collisions at RHIC. Cumulant ratios of114
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net-proton (taken as proxy for net-baryon) distributions generally follow the hierarchy expected from115

QCD thermodynamics, except for the case of collisions at 3 GeV. The measured values of C6/C2116

for 0-40% centrality collisions show progressively negative trend with decreasing energy, while it117

is positive for the lowest energy studied. These observed negative signs are consistent with QCD118

calculations (for baryon chemical potential, µB ≤ 110 MeV) which contains the crossover transition119

range. In addition, for energies above 7.7 GeV, the measured proton κn, within uncertainties, does120

not support the two-component (Poisson+Binomial) shape of proton number distributions that121

would be expected from a first-order phase transition. Taken in combination, the hyper-order proton122

number fluctuations suggest that the structure of QCD matter at high baryon density, µB ∼ 750123

MeV at
√
sNN = 3 GeV is starkly different from those at vanishing µB ∼ 24 MeV at

√
sNN = 200124

GeV and higher collision energies.125

An important goal of heavy-ion physics is to study the126

phase structure of strongly interacting matter. The phase127

diagram of such strongly-interacting matter, known as128

the Quantum Chromodynamics (QCD) phase diagram,129

shows the phase structure as a function of temperature130

(T ) and baryon chemical potential (µB) [1, 2]. Lattice131

QCD (LQCD) calculations have established the quark-132

hadron phase transition as a smooth crossover at vanish-133

ing µB [3]. At large µB , QCD-based model calculations134

indicate that the crossover is replaced by a first-order135

transition [4, 5] which terminates at a critical point.136

Varying the collision energy of heavy nuclei results137

in a variation in T and µB of the strongly-interacting138

system produced in these collisions, allowing an exper-139

imental study of the QCD phase diagram [6]. Event-140

by-event fluctuations or cumulants of net-particle num-141

ber (N) distributions in heavy-ion collisions are sensi-142

tive observables for this study [7–10]. The cumulants143

are extensive quantities that can be used to character-144

ize the shape of a distribution. The fifth and sixth-145

order cumulants, relevant to the current study, are de-146

fined as follows: C5 = 〈δN5〉 − 10〈δN3〉〈δN2〉 and147

C6 = 〈δN6〉 − 15〈δN4〉〈δN2〉 − 10〈δN3〉2 + 30〈δN2〉3,148

where δN = N − 〈N〉 (For details see Supplemental Ma-149

terial [11]). For a thermalized system, the ratio of cumu-150

lants are directly linked to the susceptibilities (χn) cal-151

culated in a fixed volume, as done in lattice QCD, and in152

QCD-based and thermal models [12–15]. Experimental153

measurement of higher order cumulants are also impor-154

tant to understand thermalization in high energy nuclear155

collisions where the size and duration of the medium is156

limited [16]. The cumulants, up to the fourth order of157

various net-particle multiplicity distributions have been158

analyzed from the first phase of the beam energy scan159

(BES) program at the Relativistic Heavy-Ion Collider160

(RHIC) facility [17–24] and by the HADES experiment161

at GSI [25]. The fourth-to-second order cumulant ra-162

tio, C4/C2, of net-proton number distributions from the163

Solenoidal Tracker at RHIC (STAR) experiment shows a164

non-monotonic collision energy dependence that is quali-165

tatively consistent with expectations from a critical point166

in the QCD phase diagram [19].167

Up to the fourth-order net-proton cumulant ratios, the168

experimental measurements are positive [19] which is re-169

produced by several model calculations. These include170

calculations with a crossover quark-hadron transition171

such as the LQCD [26] and the QCD-based functional172

renormalization group (FRG) model [27], and those with-173

out any phase transition effects like the hadronic trans-174

port model UrQMD [28] and the thermal hadron res-175

onance gas (HRG) model [15]. Only after extending176

the order of fluctuations to five and six (also called177

hyper-orders) do the theoretical calculations with and178

without QCD phase transitions show a difference in179

sign. Negative sign of baryon number susceptibility ra-180

tios, χB
5 /χ

B
1 and χB

6 /χ
B
2 (also called hyper-skewness and181

hyper-kurtosis, respectively) is predicted by LQCD [26,182

29] near the quark-hadron transition temperature for183

µB ≤ 110 MeV. The FRG calculations also yield neg-184

ative χB
5 /χ

B
1 and χB

6 /χ
B
2 over a wide µB range 24 –185

420 MeV corresponding to central Au+Au collisions at186 √
sNN = 200 − 7.7 GeV [27]. Additionally, a particu-187

lar ordering of susceptibility ratios: χB
3 /χ

B
1 > χB

4 /χ
B
2 >188

χB
5 /χ

B
1 > χB

6 /χ
B
2 is predicted by LQCD [26]. This is in189

contrast to the HRG model predictions with an ideal gas190

equation of state in a grand canonical ensemble frame-191

work which remain positive at unity for all ratios [29].192

In search of the first-order phase transition, the facto-193

rial cumulants of proton multiplicity distributions have194

been suggested [30]. Factorial cumulants, κn, up to the195

sixth order can be defined in terms of cumulants [31] as196

κ1 = C1, κ2 = −C1 + C2, κ3 = 2C1 − 3C2 + C3, κ4 =197

−6C1+11C2−6C3+C4, κ5 = 24C1−50C2+35C3−10C4+198

C5 and κ6 = −120C1+274C2−225C3+85C4−15C5+C6.199

The presence of a mixed phase in a first-order phase tran-200

sition results in a bimodal or two-component structure in201

the proton multiplicity distribution. Such a bimodal dis-202

tribution, modeled as Poisson+Binomial distributions,203

yields large factorial cumulants which increase in magni-204

tude and alternate in sign with increasing order [30, 32].205

In probing the two-component nature, the factorial cu-206

mulants are less demanding statistically and are more207

sensitive than regular cumulants [30].208

The work reported in this letter is intended to iden-209

tify the nature of the phase transition over a wide range210

in µB by examining the sign of the hyper-order fluctu-211

ations. A recent study of net-proton sixth-order cumu-212

lants by STAR hints at a crossover in Au+Au collisions213
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TABLE I. Total event statistics (in millions) in Au+Au colli-
sions for various collision energies (

√
sNN ).

√
sNN (GeV) 3 7.7 11.5 14.5 19.6 27 39 54.4 62.4 200

Events 140 3 6.6 20 15 30 86 550 47 900

at
√
sNN = 200 GeV (µB ≈ 20 MeV) [33]. In this work,214

we present new data down to the lowest energy acces-215

sible by STAR (
√
sNN = 3 GeV and µB ≈ 750 MeV),216

along with the measurements of fifth-order net-proton217

cumulants and fifth- and sixth-order proton factorial cu-218

mulants.219

The data from Au+Au collisions having signals in trig-220

ger detectors [34, 35] above a noise threshold (called min-221

imum bias) at ten collision energies from
√
sNN = 3 to222

200 GeV from the STAR BES-I and fixed-target (FXT)223

program were analyzed. The number of analyzed events224

at each energy is summarized in Table I. The 3 GeV col-225226

lision data were collected in FXT mode with a constraint227

on the interaction point (also known as the primary ver-228

tex) along the beam axis (Vz) of 199.5 < Vz < 202229

cm, and the remaining energies were taken in the col-230

lider mode of detector operation with Vz within ±30231

cm from the center of the STAR detector except for 7.7232

GeV data, where ±40 cm was used [20, 36]. The track-233

ing and particle identification (PID) are carried out us-234

ing time projection chamber (TPC) and time of flight235

(TOF) detectors [37]. Protons and antiprotons are re-236

quired to have rapidity |y| < 0.5 at collider energies, and237

−0.5 < y < 0 at 3 GeV due to the asymmetric detec-238

tor acceptance in the fixed-target mode. The distance of239

closest approach (DCA) of the (anti-)proton tracks to the240

primary vertex is required to be less than 1 cm to sup-241

press background [18]. The transverse momentum crite-242

rion of 0.4 < pT < 2.0 GeV/c is applied at all energies.243

A variable nσ [21] that quantifies, in terms of standard244

deviation, the difference between measured dE/dx from245

the TPC and its expected value for protons [38] is utilized246

for proton identification. We used |nσ| < 2. In addition,247

mass squared (m2) measured using the TOF detector is248

required to satisfy 0.6 < m2 < 1.2 GeV2/c4 in the pT249

range 0.8 < pT < 2.0 GeV/c to achieve high purity for250

protons [20]. For FXT energy at 3 GeV, PID using both251

TPC and TOF is shown in panel (a) of Fig. 1. At this252

energy, if momentum p ≤ 2 GeV/c, only the TPC is used253

for PID; otherwise, both TPC and TOF are used. The254

purity of protons in the selected kinematic space is higher255

than 95% at all energies [19]. Centrality is determined256

using the charged-particle multiplicity measured by the257

TPC, excluding protons and anti-protons to avoid self-258

correlations. Results from 0-40% and 50-60% centrality259

classes are reported. Pile-up events, which happen when260

separate collisions are reconstructed as a single event,261

are removed from the analysis by examining the corre-262

lation between multiplicities registered in the TPC and263

TOF [19, 33]. Additionally, at higher energies,
√
sNN >264

27 GeV, information from a vertex position detector is265

used for removing pileup events [20]. Due to higher colli-266

sion rates with the FXT configuration, the pile-up effect267

becomes large compared to that in collider mode. The268

correction of cumulants for this effect is then done fol-269

lowing the method suggested in Ref. [39].270

FIG. 1. (a) Particle identification using nσp (TPC) versus m2

(TOF) for Au+Au minimum bias collisions at 3 GeV (FXT).
A momentum criterion p > 2 GeV/c is applied when using
m2 for proton PID. (b) Proton multiplicity distributions from
three collision centralities. These distributions are not cor-
rected for detector efficiency and pile-up effects.

271

272

Panel (b) of Fig 1 shows proton multiplicity distribu-273

tions for 0-5%, 0-40% and 50-60% collision centralities274

for Au+Au collisions at 3 GeV. Because the number of275

anti-protons is negligible at this energy (less than the276

number of protons by 6 orders of magnitude [40]), cu-277

mulants of proton distributions are calculated instead of278

net-proton distributions. Cumulants are then corrected279

for finite detector efficiency assuming binomial detector280

response [41–47]. In previous work, relaxing the binomial281

assumption and implementing an unfolding-based correc-282

tion for cumulants up to the sixth order for Au+Au colli-283

sions at
√
sNN = 200 GeV yielded values consistent with284

an analytical binomial correction formula within uncer-285

tainties [19, 33]. To suppress the initial-volume fluctu-286

ation effects on cumulants for a given centrality, a cen-287

trality bin width correction (CBWC) is performed [48].288

While Monte-Carlo studies have shown that at low mul-289

tiplicities and lower energies residual volume fluctuation290

effects may remain, the magnitude of the additional cor-291

rection is highly model dependent [40, 49]. Further theo-292

retical understanding of these residual effects are clearly293

needed before applying to the data and therefore in this294

analysis only the CBWC is performed. From cumulants,295

we construct the factorial cumulants and ratios of cumu-296

lants which are the observables of this work. The sta-297

tistical uncertainties on these observables are estimated298

using the bootstrap method [43, 50, 51]. Systematic un-299

certainties are estimated by varying track selection, par-300

ticle identification criteria, background estimates (DCA),301

and track reconstruction efficiency.302
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FIG. 2. κ4 (a), κ5 (b), κ6 (c) of proton distribution in Au+Au collisions from 3 GeV to 200 GeV. The results are shown for 0-40%
(squares) and 50-60% (diamonds) centralities. The bars and bands on the data points represent the statistical and systematic
uncertainties, respectively. The Two-Component Model (0-40%) and UrQMD model (0-40% and 50-60%) calculations are
shown as red, brown bands and blue dashed lines, respectively. The Two-Component Model (with Binomial and Poissonian
distributions as constituent components) requires κn up to the fourth order as inputs to predict κ5 and κ6. Uncertainties are
statistical for the model calculations. The κ5 and κ6 data at 7.7 GeV (0-40%) are scaled down by a factor of 4 for clarity of
presentation.

Figure 2 shows collision energy dependence of proton303

factorial cumulants, κ4, κ5 and κ6 for 0-40% and 50-60%304

centralities. At 7.7 GeV, large positive κ4 and negative305

κ5 are observed for 0-40% collisions, albeit with large un-306

certainties. In contrast, at higher energies, the factorial307

cumulants of all orders show small deviations from zero308

and from UrQMD expectations. UrQMD calculations309

reproduce the 3 GeV measurements. The energy depen-310

dence trend of the κ5 and κ6 measurements is largely re-311

produced by calculations from a Two-Component Model312

for proton multiplicity, motivated by the assumption of313

a first-order phase transition, which inputs in its con-314

struction the experimental data of κn up to the fourth315

order and predicts κ5 and κ6 [30, 32] (see Supplemen-316

tal Material [11] for details). Vanishing values of fac-317

torial cumulants would imply that only the Poissonian318

part of the Two-Component Model survives. The small319

deviation from zero observed for the proton κn and the320

absence of a sign change with increasing order for ener-321

gies above 7.7 GeV within uncertainties does not support322

the two-component structure for the proton multiplicity323

distributions at those energies. Note that at 54.4 GeV,324

a sign change is observed with increasing order for the325

three factorial cumulants at a level of 2.5 − 3 σtot (σtot326

is the statistical and systematic uncertainties added in327

quadrature). However the Two-Component Model cal-328

culation does not show such a trend. The peripheral 50-329

60% measurements are either positive or consistent with330

zero within uncertainties at all energies.331

As proxies for net-baryon cumulant ratios [42], C4/C2,332

C5/C1 and C6/C2 of net-proton distributions in Au+Au333

collisions from 3 GeV to 200 GeV for 0-40% and 50-60%334

centralities are presented in Fig. 3. C4/C2 for 0-40%335

centrality is positive at all energies. Various model cal-336

culations presented for C4/C2 are also positive. C5/C1337

for 0-40% centrality exhibits weak collision energy de-338

pendence and fluctuates about zero with . 2.2σtot sig-339

nificance except at 3 GeV where it has a large positive340

value. C6/C2 for the same centrality is increasingly neg-341

ative from higher to lower energies down to 7.7 GeV and342

becomes positive at 3 GeV. The deviations of C6/C2 from343

zero at all the energies are within 1.7σtot. When inter-344

preting the 3 GeV data, one should keep in mind that345

the initial volume fluctuation effects become significant346

due to lower charged particle multiplicity. The increas-347

ingly negative sign of C6/C2 with decreasing energy in348

the range 7.7 GeV to 200 GeV is qualitatively consis-349

tent with LQCD and FRG calculations that include a350

crossover quark-hadron transition, subject to caveats dis-351

cussed in Ref. [33]. The overall significance of observing352

negative C6/C2 in more than half of the collision energies353

in the range 7.7 GeV to 200 GeV is found to be 1.7σ (see354

Supplemental Material [11]). The UrQMD expectations355

for these two ratios are either positive or consistent with356

zero within uncertainties. Expectations from HRG CE357

are positive for energies greater than 19.6 GeV and be-358

come negative only for lower energies (see Supplemental359

Material [11] for an enlarged view of model calculations).360

Recent hydrodynamic calculations also show a similar361

energy dependence trend as HRG CE [53]. All three362

ratios are non-negative for peripheral 50-60% centrality363

and qualitatively consistent with UrQMD expectations.364

As the event statistics are lowest at 7.7 GeV (1.2 million365

events in 0-40% centrality) among all energies, within the366

current statistical limitations, the robustness of the neg-367

ative sign of C6/C2 at 7.7 GeV (0-40%) was verified by368

performing a study on K-statistics [54] (also known as369

unbiased estimators of a population’s cumulants) and on370
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the sample size dependence of net-proton C6/C2 which371

involved creating random samples of varying event statis-372

tics from 7.7 GeV data (see Supplemental Material [11]).373

Measurements of the three ratios at collider energies us-374

ing the same rapidity acceptance as for 3 GeV FXT data,375

i.e., −0.5 < y < 0 , yield similar conclusions regarding the376

sign as reported here (see Supplemental Material [11]).377

A particular ordering of net-baryon cumulant ratios:378

C3/C1 > C4/C2 > C5/C1 > C6/C2, predicted by LQCD379

was subjected to experimental verification in Fig. 4.380

Within uncertainties, the measurements for 0-40% cen-381

trality in the energy range 7.7 GeV to 200 GeV are382

consistent with the ordering expected from LQCD (al-383

though at 54.4 and 62.4 GeV, the hierarchy is not as384

clear as at other energies). While the FRG calcula-385

tions also follow the predicted hierarchy, the UrQMD386

calculations within uncertainties do not show any clear387

ordering and remain non-negative at all energies. At388

3 GeV the cumulant ratios show a reverse ordering:389

C3/C1 < C4/C2 < C5/C1 < C6/C2. The probability390

that the higher energy data would follow a 3 GeV order-391

ing varies between 0.14 − 10% (see Supplemental Mate-392

rial [11]). The ordering observed at 3 GeV is reproduced393

by UrQMD calculations. These observations suggest that394

the interactions are dominantly hadronic at 3 GeV. Re-395

cent results by the STAR experiment on proton C4/C2396
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showing suppression at 3 GeV for central 0-5% Au+Au397

collisions also supports this inference, indicating that the398

possible critical point could only exist at collision ener-399

gies higher than 3 GeV [40].400

In conclusion, measurements of net-proton C5/C1 and401

C6/C2 and proton κ5 and κ6 are reported in Au+Au col-402

lisions over a broad range of collision energies from 3 GeV403

to 200 GeV corresponding to a µB range of 750 MeV to 24404

MeV. The data are presented for 0-40% and 50-60% col-405

lision centralities. For the first time, we test the ordering406

of cumulant ratios C3/C1 > C4/C2 > C5/C1 > C6/C2407

expected from QCD thermodynamics. While the over-408

all measured trend for cumulant ratios from 7.7 GeV to409

200 GeV seem to follow this hierarchy, a reverse ordering410

is seen at 3 GeV. C6/C2 for 0-40% centrality is increas-411

ingly negative with decreasing energy, except at 3 GeV412

where it is positive. Their deviations from zero at each413

energy are within 1.7σtot. The significance of finding neg-414

ative C6/C2 (0-40%) at more than half of the collision415

energies over the range 7.7 GeV to 200 GeV was found416

to be 1.7σ. The negative sign of C6/C2 is consistent417

with QCD calculations (µB ≤ 110 MeV) that include a418

crossover quark-hadron transition. In contrast, the pe-419

ripheral 50-60% data, and calculations from the UrQMD420

model which does not include any QCD transition, are421

either positive or consistent with zero.422

Proton factorial cumulants κ4, κ5, κ6 (0-40%) are pre-423

sented as sensitive observables to probe a possible first-424

order phase transition [30]. The measurements indicate425

the possibility of a sign change at low collision energies,426

although the uncertainties are large. For energies above427

7.7 GeV, the measured proton κn within uncertainties428

do not support the two-component (Poisson+Binomial)429

shape of proton distributions that is expected from a430

first-order phase transition. Peripheral 50-60% data do431

not show a sign change with increasing order and are con-432

sistent with calculations from the UrQMD model at all433

energies. The agreement between the presented data and434

UrQMD at 3 GeV suggests that matter is predominantly435

hadronic at such low collision energies. Taken together,436

the hyper-order proton number fluctuations suggest that437

the structure of QCD matter at high baryon density,438

µB ∼ 750 MeV at
√
sNN = 3 GeV is starkly different439

from those at vanishing µB ∼ 24 MeV at
√
sNN = 200440

GeV and higher collision energies. Precision measure-441

ments in BES-II with large event statistics will be neces-442

sary to confirm these observations.443
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