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Introduction

P. Braun-Munzinger, J. Stachel 
Nature 448:302-309,2007

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493  
https://drupal.star.bnl.gov/STAR/files/BES_WPII_ver6.9_Cover.pdf 

Goal: Study the phase diagram of QCD. 
Beam Energy Scan (BES): Varying beam energy varies temperature (T) and baryon chemical potential ( ). 

 Fluctuations in conserved quantities are sensitive to phase structure and critical point. 
μB

https://drupal.star.bnl.gov/STAR/files/BES_WPII_ver6.9_Cover.pdf
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Light Nuclei Synthesis

 Nucleon coalescence picture 
works up to   1.5 GeV/c.pT /A ≤

GCE Thermal Model 

 Yield of deuteron:  

where, : degeneracy, : chemical potential. 

 Deuteron is treated as a free and point particle. 
 Degeneracy, mass and baryon number are inputs.

Nd =
gdV
π2

m2
dT K2(md /T ) exp(μd /T )

gd μd
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STAR: Phys. Rev. C 99, 064905 (2019) 

 Anti-particle to particle ratio well explained 
by thermal model for a wide range of .sNN

Coalescence Model 

Invariant Yield:   

Elliptic Flow:   

  Light nuclei created using protons and neutrons. 
   extracted as a function of centrality,  , and  .
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STAR: Phys. Rev. C 99, 064905 (2019) 
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Typical Scales 

 Binding energy of deuteron ~ 2.2 MeV. 

 Hadronic yields and spectra are fixed around temperature  ~ 90 - 160 MeV.
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Observables
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  Higher-order cumulants characterise the subtle features of a distribution.
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  Higher order cumulants of conserved number distributions are, in general, sensitive observables. 
      — Related to the correlation length and susceptibilities. 
      — Deuteron cumulants add more information on baryon number fluctuation.

Pearson correlation coefficient

 measures linear correlation between two variables. 
>0: Positive correlation 

<0: Anti-correlation

ρ
ρ

ρ

ρ(Nx, Ny) =
⟨(δNx δNy)⟩

σx σy

S. Ejiri, F. Karsch, K. Redlich, Phys. Lett. B633 (2006) 275-282 
M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009) 
R.V. Gavai, S. Gupta, Phys. Lett. B696:459-463,2011 
A. Bazavov et. al, Phys. Rev. Lett. 109, 192302 (2012) 
A. Bzdak et. al, Physics Reports 853 (2020) pp. 1-87  
S. Borsanyi et. al, Phys. Rev. Lett. 111, 062005 (2013)

S < 0 S > 0

κ > 0

κ < 0
κ = 0

M = Mean

= Variance


  = Skewness

  = Kurtosis

σ2

S
κ

https://en.wikipedia.org/wiki/Linear
https://en.wikipedia.org/wiki/Correlation_and_dependence
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Fluctuation as Probe of Synthesis Mechanism

Coalescence Toy Model 
 Z. Fecková, J. Steinheimer, B. Tomášik and M. Bleicher: Phys. Rev. C 93, 054906 (2016) 

Probability of deuteron formation,  

Assume, proton ( ) and neutron ( ) follow Poisson distributions, 

  At low ,   increases. STAR: Phys. Rev. C 99, 064905 (2019) 

  Larger value of  and  at low .  

  Results in rise of scaled moments of deuteron number. 
      Scaled Moments:  ,    ,  

Two assumptions in the model: 
Model A: Correlated p and n ( = ).      Model B: Independent p and n. 

                                                                

 Model A:                                        Model B:  

λd = B2 np nn

np nn

sNN B2

np nn sNN

σ2/M = C2/C1 Sσ = C3/C2 κσ2 = C4/C2

np nn

λd = B2 n2
p λd = B2 np nn
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Baryon Number Fluctuation
STAR: Phys. Rev. Lett. 126 (2021) 092301

M. A. Stephanov Phys. Rev. Lett. 107, 052301 (2011) 
M. A. Stephanov 2011 J. Phys. G: Nucl. Part. Phys. 38 124147 

 Cumulants of deuteron number distribution and proton-deuteron correlation are sensitive to production mechanism. 

 Until now studies have been done only with baryons of |B|=1.  

 QCD critical point leads to large density fluctuation within certain correlation length.  

   Deuteron production might be affected by local density fluctuations. 

                                                                                                                                                   Ed. Shuryak et. al, Phys. Rev. C 101 (2020) 3, 034914  
                                                                                                                                                   K.J. Sun et. al, Phys. Lett. B 774 (2017) 103-107

=
Cnet−P

4

< NP + NP >

Qualitative feature near CP
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STAR Detector

Dataset: BES-I 

Collision system: Au+Au collision (centrality: 0-5% , 70-80%) 

CoM energy: 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, 200 GeV 

Year : 2010 — 2017
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PID and Centrality: Using both Time Projection 

Chamber (TPC) and Time-of-Flight (ToF) detectors.  

Uniform coverage for full azimuth and |η|<1. 
Excellent PID capability. 
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Purity
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To achieve better PID purity, deuterons are identified using always both TPC and ToF detector. 

Distance of Closest Approach (DCA) is kept as DCA<1cm to reduce the background contribution.

Zd = log
⟨dE/dx⟩measured

⟨dE/dx⟩Bichsel
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Centrality Definition
Centrality using charged particles within , excluding protons and deuterons|η | < 1.0

This definition excludes self/auto-correlations between centrality and particle of interest.

Charged particle 
multiplicity is corrected 
for dependencies on 
(a) Collision vertex and  
(b) Beam luminosity 

Not corrected for 
detector efficiency. 

STAR: Phys. Rev. C 104, 024902 (2021)
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FIG. 2. (Color online) The uncorrected reference charged particle multiplicity (Nch) within pseudo-rapidity |⌘| < 1 by ex-
cluding protons and anti-protons in Au+Au collisions at

p
sNN = 7.7 - 200 GeV. These distributions are used for centrality

determination. The shaded region at each
p

sNN, corresponds to 0-5% central collisions. The dashed line corresponds to Monte
Carlo Glauber model simulations [74].

tiplicities fluctuate even if the impact parameter is fixed.308

Through a model simulation it is seen that larger is the309

⌘ acceptance used for centrality selection, closer are the310

values of the cumulants to the actual values [77]. This is311

because the centrality resolution is improved by increas-312

ing the number of particles for the centrality definition313

with wider acceptance. Therefore, to suppress the ef-314

fect of centrality resolution, one should use the maximum315

available acceptance of charged particles for centrality se-316

lection. In addition, it may be mentioned that the choice317

of centrality definition also a↵ects the way volume fluctu-318

ations (discussed later) contribute to the measurements.319

These are the driving considerations for the centrality320

selection for net-proton studies presented in this paper321

and are discussed below. The basic idea is to maximize322

the acceptance window for centrality determination as323

allowed by the detectors and to not use proton and anti-324

protons for centrality selection. In addition, the central-325

ity determination method given below has been arrived at326

after several optimization studies using data and models.327

These studies were carried out by varying the acceptances328

in ⌘ and charged particle types in order to understand the329

e↵ect of the choice of centrality determination method on330

the analysis [76].331

In order to suppress the self correlation, centrality res-332

olution and volume fluctuation e↵ects with the available333

STAR detectors, a new centrality measure is defined com-334

pared to other analysis reported by STAR [8]. The cen-335

trality is determined from the uncorrected charge parti-336

cle multiplicity within pseudo-rapidity |⌘| < 1 (Nch) by337

excluding the protons and anti-protons. A strict par-338

ticle identification criteria is used to remove the pro-339

TABLE III. The uncorrected number of charged particles
other than protons and anti-protons (Nch) within the pseudo-
rapidity |⌘| < 1.0 used for centrality selection for various colli-
sion centralities expressed in % centrality in Au+Au collisions
at

p
sNN = 7.7 – 200 GeV.

% centrality
Nch values at di↵erent

p
sNN (GeV)

200 62.4 54.4 39 27 19.6 14.5 11.5 7.7
0-5 725 571 621 522 490 448 393 343 270
5-10 618 482 516 439 412 376 330 287 225
10-20 440 338 354 308 289 263 231 199 155
20-30 301 230 237 209 196 178 157 134 105
30-40 196 149 151 136 127 116 103 87 68
40-50 120 91 90 83 78 71 63 53 41
50-60 67 51 50 47 44 40 36 30 23
60-70 34 26 24 24 22 20 19 15 11
70-80 16 12 10 11 10 9 13 7 5

ton and anti-proton contributions. Charged tracks with340

N�,p < �3 are used and for those tracks which have TOF341

information an additional criteria, m2 < 0.4 is applied.342

The resultant distribution of charged particles are cor-343

rected for luminosity and Vz dependence at each
p

sNN.344

The corrected charged particle distribution is then fit-345

ted to a Monte Carlo Glauber Model [25, 74] to define346

the centrality classes in the experiment (the percentage347

cross section and the associated cuts on the charged par-348

ticle multiplicity). In the fitting process, a multiplicity349

dependent e�ciency has been applied [25].350

Figure 2 shows the reference charged particle multiplic-351

ity distributions by excluding protons and anti-protons352
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Analysis Methods

1) Detection efficiency correction - binomial model

STAR: Phys. Rev. C 104, 024902 (2021) 
X. Luo , Phys. Rev. C 91, (2015) 034907  
T. Nonaka  et al, Phys. Rev. C 95, (2017) 064912  
X. Luo  et al, J.Phys. G 40, 105104 (2013) 
X. Luo, J. Phys. G 39, 025008 (2012)  
X.Luo et al, Phys.Rev. C99 (2019) no.4, 044917 
A.Pandav et al, Nucl. Phys. A 991, (2019)121608

2) Centrality bin-width (CBW) correction: 
❖ Effect arises from the dependence of  on multiplicity. 

.    

 is number of events in r-th multiplicity bin.

 𝐂n

Cn = ∑
r

ωrCn,r , ωr =
nr

∑r nr

nr

3) Statistical uncertainty: 
Using re-sampling technique called Bootstrap method. 

For a statistic X, Var(X) = . 

 is the number of samples. 
 is “X” measured from s-th sample.

1
S − 1

S

∑
s=1

(X*s − X)2

S
X*s

4) Systematic uncertainty: 

Sources: 
—  Particle identification from TPC and ToF 
—  Background/decay estimates (DCA) 
—  Quality cuts for track reconstruction 
—  Uncertainty in detection efficiency estimation
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Raw Deuteron Number Distribution

Uncorrected for efficiency and CBW effect. 

Deuteron production increases towards low  . 

Mean and width of distribution increase for low .
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Cumulants of Deuteron Distribution

Cumulants ( ) of the deuteron 
distributions. 

 For peripheral (70%-80%) Au+Au  
collisions, cumulants are close to 
zero. 

 In most central (0-5%) collisions, 
cumulants increase as the collision 

 decreases.
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Cumulant Ratios and p-d Correlation
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Cumulant Ratios and p-d Correlation

10 100
0.6

0.8

1

1.2

Au+Au Collisions
Deuteron

 | < 0.5 y| 
/2 < 2.0 (GeV/c)

T
pd: 0.4 < 

 < 2.0 (GeV/c)
T
pp: 0.4 < 

2
dσdκ(1)  PreliminarySTAR

10 100

0.95

1

1.05

 
 
 

 
 
 

 
 
 

0% - 5%
70% - 80%
Poisson

dσd(2) S PreliminarySTAR

10 100
0.96

0.98

1

1.02

5 20 50 200

dM
2
dσ(3) 

 PreliminarySTAR

10 100

0.04−

0.02−

0

0.02

0.04

dσpσ 
 (p,d)
 (1,1)C

(4) 
 PreliminarySTAR

5 20 50 200
 (GeV)NNsCollision Energy 

Black bars: statistical uncertainties 
Grey caps: systematic uncertainties

10 100
0.6

0.8

1

1.2

Au+Au Collisions
Deuteron

 | < 0.5 y| 
/2 < 2.0 (GeV/c)

T
pd: 0.4 < 

 < 2.0 (GeV/c)
T
pp: 0.4 < 

2
dσdκ(1)  PreliminarySTAR

10 100

0.95

1

1.05

 
 
 

 
 
 

 
 
 

0% - 5%
70% - 80%
Poisson

dσd(2) S PreliminarySTAR

10 100
0.96

0.98

1

1.02

5 20 50 200

dM
2
dσ(3) 

 PreliminarySTAR

Thermal-FIST
GCE CE

10 100

0.04−

0.02−

0

0.02

0.04

dσpσ 
 (p,d)
 (1,1)C

(4) 
 PreliminarySTAR

5 20 50 200
 (GeV)NNsCollision Energy 

 Cumulant ratios in 0-5% centrality, show 
monotonic dependence on . 
 Ratios in 70-80% centrality show weak 

 dependence and are close to 1.  

 In panel(4), negative value of correlation 
suggests, proton and deuteron number 
are anti-correlated across all collision 
energy and centrality.  

 With lowering the , anti-correlation 
becomes stronger. 

 GCE thermal model seems to fail to 
describe the cumulant ratios for lower 

.
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Cumulant Ratios and p-d Correlation

Black bars: statistical uncertainties 
Grey caps: systematic uncertainties
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 Cumulant ratios in 0-5% centrality, show 
monotonic dependence on . 
 Ratios in 70-80% centrality show weak 

 dependence and are close to 1.  

 In panel(4), negative value of correlation 
suggests, proton and deuteron number 
are anti-correlated across all collision 
energy and centrality.  

 With lowering the , anti-correlation  
becomes stronger. 

 GCE thermal model seems to fail to 
describe the cumulant ratios for lower 

. 

 UrQMD+Coalescence and CE thermal 
model qualitatively reproduce collision 
energy dependence. 

 Neither correlated nor independent 
assumption for proton and neutron in the 
toy model from Z. Fecková et. al,: PRC 93, 054906 

(2016)  reproduce the data. 
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Comparison with Net-proton
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Deuteron number       in 0-5% centrality shows monotonic energy dependence in contrast to protons.                             
                                    
Possibilities: 
 — Low yield of deuteron affecting sensitivity to critical point physics ? 
 — Probing different freeze-out surfaces ?  More investigation ongoing. Theoretical inputs are also needed.
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STAR: arXiv:2112.00240 
HADES: Phys. Rev. C 102, 024914 (2020)
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Summary
Summary:  

We reported the first measurements of cumulants of deuteron number distribution, their ratios and proton-
deuteron correlation in 0-5% and 70-80% central Au+Au collisions for 7.7 - 200 GeV. 

UrQMD + phase-space coalescence model fairly describes the cumulant ratios and correlation for 0-5% centrality. 

For all  , proton and deuteron numbers are anti-correlated. With lowering  , anti-correlation in 0-5% 
centrality becomes stronger.  

HRG GCE thermal model fails to describe cumulant ratios at collision energies 19.6 GeV. HRG CE and 
UrQMD show suppression below unity for lower , as seen in the data, could arise from the effect of global 
baryon number conservation. Sensitive to the choice of ensembles. 

 of deuteron number in 0-5% centrality shows monotonic energy dependence in contrast to proton 
fluctuations.   

Outlook:  
Using BES-II data, 
— Study contribution of p, d, t,  etc. together to understand net-baryon fluctuation in low . 
— Understand the production mechanism and freeze-out properties of light nuclei.

sNN =

sNN sNN

sNN ≤
sNN

κσ2

He3 sNN

STAR: Phys. Rev.Lett. 126 (2021) 092301


