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Baryon Chemical Potential Centre-of-mass collision energy https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493

per colliding nucleon pair (GeV) 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 (u3).
M Fluctuations in conserved quantities are sensitive to phase structure and critical point.
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GCE Thermal Model
V
Yield of deuteron: N, = %mﬁT Ky(m,/T) exp(u,/T)

where, g,. degeneracy, u,;: chemical potential.

4 Deuteron is treated as a free and point particle.

M4 Degeneracy, mass and baryon number are inputs.
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Coalescence Model
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M Light nuclei created using protons and neutrons.
M4 B, extracted as a function of centrality, m;, and 4 /syy -
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™M Nucleon coalescence picture
works up to p;/A < 1.5 GeV/c.
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Coalescence Model
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GCE Thermal Model

V
Yield of deuteron: N, = g%ij Ky(m,/T) exp(u,/T)
T

where, g,. degeneracy, u,;: chemical potential.

M Deuteron is treated as a free and point particle. M Light nuclei created using protons and neutrons.

M4 Degeneracy, mass and baryon number are inputs.

M4 B, extracted as a function of centrality, m;, and 4 /syy -

works up to p;/A < 1.5 GeV/c.

M B, x (4/3)ap;

Po IS the radius in momentum
space.

M Anti-particle to particle ratio well explained
by the thermal model for a range of , /syy-
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61=<N>
62=<(6N)2>
C; =< (6N)3 >

C, =< (EN)* > —3 < (6N)? >°

(Z Higher-order cumulants characterise the subtle features of a distribution.

M = Mean

02= Variance
S = Skewness
K = Kurtosis

— Related to the correlation length and susceptibilities.
— Deuteron cumulants add more information on baryon number fluctuation.

C 2 "’5 2 C 4 "’5 7 *Quantitative numbers - Model dependent
(4) (3)
Xq 2 _ Cag Xg ~ _ _ B34
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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
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(Z Higher order cumulants of conserved number distributions are, in general, sensitive observables.

Pearson correlation coefficient

((6N, ON,))

Oy O,

p(N,, N,) =

p>0: Positive correlation
p<0: Anti-correlation

p measures linear correlation between two variables.
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https://en.wikipedia.org/wiki/Linear
https://en.wikipedia.org/wiki/Correlation_and_dependence

Coalescence Toy Model

Z. Feckova, J. Steinheimer, B. Tomasik and M. Bleicher: Phys. Rev. C 93, 054906 (2016)

Probability of deuteron formation, 4, = B, n, n,

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

] Atlow ,/Syy, B, increases. sTar: Phys. Rev. C 99, 064905 (2019)

[] Larger value of n, and n, at low 4 /syy.

M Results in rise of scaled moments of deuteron number.
Scaled Moments: ¢°/M = C,/C, , So = C,/C, , xo* = C,/C,

Two assumptions in the model:

Model A: Correlated p and n (n,=n,). Model B: Independent p and n.

1, =B, n? A, =B, n n
d 2 'y d 2 "'p "*n

((n, = (n,))(ny — (ng)))

Gbﬁd

p(np9 -

M Model A: p >0

Model B: p < ()
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STAR: Phys. Rev. Lett. 126 (2021) 092301
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Collision Energy |s,,, (GeV)

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

M Until now studies have been done only with baryons of |B|=1.
M 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
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N <. Momentum p (GeV/c)

Phase Space of Deuteron Phase Space of Proton
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STAR: Nucl.Instrum.Meth.A 499 (2003) 624-632 ' ARy T ] i | Ino,| < 2.0 | 15510
- . . . . 4 = : + I §
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Z, Distribution, 0-10% ,0.8 < p. < 1.0 GeV/c, lyl <0.5

. AU.+ Au, SNN= 19.6 GeV -g - Au + Au, SN 19.6 GeV
10* = purity[-0.2,0.2] = 92.3% 8 i purity[3,4] = 99.7%

: O

3 10°F
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=
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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.
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1) Detection efficiency correction - binomial model 3) Statistical uncertainty:

L i Using re-sampling technique called Bootstrap method.
: S O =~ a—— G| 1

0.85— a1 - 4¢7 — 1 g

o7E £l ! For a statistic X, Var(X) = D (X - X

Mo Au+Au, \s, =7.7GeV & | : S—135

05 Deuteron 1 Aushu, |5, =7.7GeV - S is the number of samples.

0.4F Iyl <0.5 i Iyl <0.5 X* is “X” measured from s-th sample.

® 0% -10% ® 0% -10%

0.33—

0 60% - 80% )

. & TPC Efficiency ToF Efficiency
I - B S R R RN R S
p_(GeVrc) p_(GeV/c) Sources:

— Particle identification from TPC and ToF

— Background/decay estimates (DCA)

— Quality cuts for track reconstruction

2) Centrality bin-width (CBW) correction: — Uncertainty in detection efficiency estimation

< Effect arises from the dependence of C, on multiplicity.

0.2 060%-80% -

4) Systematic uncertainty:

0.1-

STAR: Phys. Rev. C 104, 024902 (2021)
C — Z 0.C 0 — n, X. Luo, Phys. Rev. C 91, (2015) 034907
n - rn,r ° ro Z 7 " T. Nonaka et al, Phys. Rev. C 95, (2017) 064912
R Ny X. Luo et al, J.Phys. G 40, 105104 (2013)

X. Luo, J. Phys. G 39, 025008 (2012)

n. IS number of events in r-th multiplicity bin. X.Luo et al, Phys.Rev. C99 (2019) no.4, 044917
A.Pandav et al, Nucl. Phys. A 991, (2019)121608
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STAR
Preliminary

Au+Au (0% - 5%)

Deuteron
ly 1<0.5
0.8< p_ < 4.0 (GeV/c)

Uncorrected for efficiency and CBW effect.

Deuteron production increases towards low /s,y -

Events with zero N, value are most probable.
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Uncorrected Deuteron Number (Nd)
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(1) C,

Au+Au Collisions at RHIC

Deuteron
ly1<0.5, 08< p. < 4.0 (GeV/c)
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o

Cumulants of Deuteron Distribution
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© o oo
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100 200 5 10 20 50

(2) C,
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A 70% - 80% Cumulants (C,) of the deuteron

STAR distributions.
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S

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

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

\/syy decreases.
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o
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™M Cumulant ratios in 0-5% centrality, show
1.05 monotonic dependence on ,/syy-
M Ratios in 70-80% centrality show weak
: \/syy dependence and are close to 1.
Au+A lisi . :
Dut u Collisions ® 0% - 5% ™ In panel(4), negative value of correlation
lf‘ffrgg R suggests, proton and deuteron number
d: 0.4 < p_/2<2.0 (GeV/c) A 70_/° - 80% 0.95 are anti-correlated across all collision
p: 0.4 < p_ <2.0 (GeVic) --- Poisson energy and centrality.
STAR Preliminary 1) 19-0% 15 With lowering the /5, anti-correlation
5 do0.02 becomes stronger.
0
-0.02
-0.04

5 10 20 50 100 2005 10 20 50 100 200
Collision Energy | s, (GeV)

Black bars: statistical uncertainties * Model-A: Correlated Proton and Neutron numbers (n,=1n,)
Grey caps: systematic uncertainties Model-B: Independent Proton and Neutron numbers.
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™M Cumulant ratios in 0-5% centrality, show
1.05 monotonic dependence on ,/syy-

M Ratios in 70-80% centrality show weak
\/syy dependence and are close to 1.

Au+Au Collisions

oO = 500
lDelIJtergg ® 0% - 5% suggests, proton and deuteron number
y1<u. A 70% - 80% 0.95

d: 0.4 < p_/2<2.0 (GeV/c) | are anti-correlated across all collision
p: 0.4 < p. <2.0 (GeVc) --- Poisson energy and centrality.

™ In panel(4), negative value of correlation

STAR Preliminary 0.04 ™ With lowering the ,/syy, anti-correlation
0.02 becomes stronger.

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

-0.02 N

-0.04

5 10 20 50 100 2005 10 20 50 100 200
Collision Energy | s, (GeV)

Black bars: statistical uncertainties = Model-A: Correlated Proton and Neutron numbers (7, =1n,)
Grey caps: systematic uncertainties Model-B: Independent Proton and Neutron numbers.
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™M Cumulant ratios in 0-5% centrality, show
1.05 monotonic dependence on ,/syy-

M Ratios in 70-80% centrality show weak
\/syy dependence and are close to 1.

Au+Au Collisions

oO = 500
lDelIJtergg ® 0% - 5% suggests, proton and deuteron number
y1<u. A 70% - 80% 0.95

d: 0.4 < p_/2<2.0 (GeV/c) | are anti-correlated across all collision
p: 0.4 < p. <2.0 (GeVc) --- Poisson energy and centrality.

0.04

™ In panel(4), negative value of correlation

™ With lowering the ,/syy, anti-correlation
0.02 becomes stronger.

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

-0.02 N

UrQMD+Coalescence

: Coalescence
Thermal-FIST ‘ -+-p, n Correlated (x 0.1) 1-0.04 |5y UrQMD+Coalescence model qualitatively

- =p, n Independent

reproduces collision energy dependence.

5 10 20 50 100 200 5 10 20 50 100 200
Collision Energy \/?NN (GeV) ™M Neither correlated nor independent
assumption for proton and neutron in the
Black bars: statistical uncertainties Model-A: Correlated Proton and Neutron numbers (np =n,) toy model from z. Feckovs et. al,: Phys. Rev. C 93,
Grey caps: systematic uncertainties Model-B: Independent Proton and Neutron numbers. 054906 (2016) reproduce the data.
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Non-Monotonic at a level 3.1c

4 = —
© Most Central Au+Au collisions
- = Net-proton
3| S & 04<p <20 GeVic, lyl <0.5
Q o3
S| E:
o v ® STAR Data
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G TS { stat. uncertainty
= o P
&6 STAR FXT §
O - L 3
: c 5
2y
R S F3: -
2 5 10 20 50 100 200

Collision Energy \'s,,, (GeV)

Ratio C4 / 02

Monotonic

1.2 STAR Preliminary Au+Au Collisions
Deuteron, | y 1 < 0.5
0.8< p. < 4.0 (GeV/c)

1
@ 0% - 5%
/\ 70% - 80%
0.8 - - - Poisson
Thermal-FIST
0.6 +GCE =—CE UrQMD+Coalescence

200

5 10 20 50 100
Collision Energy |'s,, (GeV)

Black bars: statistical uncertainties
Grey caps: systematic uncertainties

™ Deuteron number K62

Possibilities:

in 0-5% centrality show monotonic energy dependence in contrast to protons.

— 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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Summary:

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

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

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

M HRG GCE thermal model fails to describe cumulant ratios at collision energies , /s,y < 19.6 GeV. HRG CE and

UrQMD show suppression below unity for lower , /s,y, a@s seen in the data, could arise from the effect of global
baryon number conservation. Sensitive to the choice of ensembles.

M Kurtosis x Variance of deuteron number in 0-5% centrality shows monotonic energy dependence in contrast to
proton fluctuations.sTaRr: phys. Rev.Lett. 126 (2021) 092301

Outlook:
Using BES-1I data,
— Study contribution of p, d, t, He’ etc. together to understand net-baryon fluctuation in low | /syy.

— Understand the production mechanism and freeze-out properties of light nuclei.
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