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Temperature (MeV)

“Conjectured” QCD phase diagram
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Beam Energy Scan Phase-| (BES-I)

VvSnn (GeV) No. of events (million) Te, (MeV) up (MeV)

200 238 164.3 28
62.4 47 160.3 70
54.4 550 160.0 83
39 2010- 86 156.4 160
27 2017 30 155.0 144
19.6 15 153.9 188
14.5 20 151.6 264
11.5 6.6 149.4 287
7.7 3 144.3 398
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* Crossover at yg = 0 MeV
* Y. Aoki et al, Nature 443,675(2006)

 1st-order phase transition at large pg?

e Critical point?

Fluctuations of conserved charges have
been measured for BES-I data.

Complementary measurements at RHIC: BES-II, FXT (2019-2022)
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V, vs. V, Distribution
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Higher-order fluctuation

Moments and cumulants are mathematical measures of “shape” of
a distribution, which probes fluctuations of an observable.

Skewness (S) — asymmetry Kurtosis (k) — sharpness
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« Cumulant ¢ Central moment « Cumulants have additivity : proportional
Cl — (N}, Cy=((6N)??) &N = N — (N) to the system volume

<<>\ %) Ca={((6N)*) = 3((6N)?)*
< >—10<(5V) ><(5\) >
((ON >+30<<0\)> —15{(6N)*) ((6N)*)
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Cumulants of conserved charges

« Measure event-by-event distributions of net-baryon,
net-charge, and net-strangeness number

AN,=N,—- Nz, ¢q=B,Q,S
(1) Sensitive to the correlation length
Cs =< (6N)? 5.2 €2 Co=< (6N)® »oas £F
03 — ((5N)3 > A 54.5 Cg =< (5N)G > A 512
Cy =< (6N)* >~ &7

M. A. Stephanov, PRL102.032301(2009), PRL107.052301(2011)
M. Asakawa, S. Ejiri, and M. Kitazawa, PRL103262301(2009)

(2) Comparison with susceptibilities
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STAR, PRL105.022302(2010)
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Baselines

M1

) . . k/2
o Skellam distribution  »(k;p1, p2) = Pr{K = k} = MW(E) (2 /)

 “Statistical” baseline:

* (Poisson) — (Poisson) = (Skellam)
* Ci=C3=Cs=py- |y
* Cy=Cy=Ce=py +

* Non-critical basellne
« Initial volume fluctuation, baryon number conservation...

 Cy/Cy=CyJC,=CylC, =1

P.Braun-Munzinger et al, NPA982.307(2019), NPA1008.122141(2021)
A. Bzdak et al, EPJC77(2017)5.288, A. Bhattacharyya et al, PRC90.034909(2014)
A. Bzdak, V. Koch, V. Skokov, PRC87.014901(2013)



Methodology

Detector efficiency, Initial volume fluctuations, pileup corrections

2024/7/2 T. Nonaka, TCHoU member meeting
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Raw net-proton multiplicity distribution

Normalized Number of Events
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* Need to consider various experimental effects.
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STAR, PRL126.092301(2021), PRC104.024902(2021)
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Experimental challenges

Detector efficiency correction

« Binomial distribution
* M. Kitazawa and M. Asakawa, PRC86.024904(2012), A. Bzdak and V. Koch, PRC86.044904(2012), X. Luo, PRC91.034907(2016),
* T. Nonaka, M. Kitazawa, S. Esumi, PRC95.064912(2017), X. Luo and T. Nonaka, PRC99.044917(2019)
* Non-binomial distribution
* T. Nonaka, M. Kitazawa, S. Esumi, NIMA906 10-17(2018)
* S. Esumi, K. Nakagawa, T. Nonaka, NIMA987.164802(2021)

Initial volume fluctuation

* M.l Gorenstein and M. Gazdzicki, PRC84.014904 (2011), V. Skokov, B. Friman, and K. Redlich, PRC88,034911 (2013)
* X. Luo, J. Xu, B. Mohanty, N. Xu, J. Phys. G40.105104 (2013), P. Munzinger, A. Rustamov, and J. Stachel, NPA960.114 (2017)
* T. Sugiura, T. Nonaka, and S. Esumi, PRC100.044904 (2019)

Pileup events
* S. Sombun et al, J.Phys.G45.025101(2018), P. Garg and D. Mishra, PRC96.044908(2017)
* T. Nonaka, M. Kitazawa, S. Esumi, NIMA984.164632(2020), Y. Zhang, Y. Huang, T. Nonaka, X. Luo, NIMA1026.166246(2022)

|dentity method
* M. Gazdzicki, K. Grebieszkow, M. Mackowiak, and S. Mrowczynski, PRC83.054907 (2011)
« A. Rustamov and M. I. Gorenstein, PRC86.044906 (2012), M. I. Gorenstein, PRC84.024902 (2018)
* M. Arslandok and A. Rustamov, NIMA946.162622 (2019)
More to be resolved...
» Net-proton#net-baryon, purity correction, acceptance dependence for comparison with theory, ....

*Not all important studies are listed here
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Initial volume fluctuation

« Initial and final state variables are not one-to-one corresponding, which is
referred to as the initial volume fluctuations.

« How does it affect the cumulant measurements?
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UrQMD study fitted by
Glauber+two-component model

Counts
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<t

Centrality Bin Width Correction (CBWC)
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- % ?ﬁ X. Luo et al., J. Phys. G40.105104 (2013)
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initial volume fluctuations.
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Experimental results

o 4th-order fluctuations from BES-| and BES-II

2024/7/2 T. Nonaka, TCHoU member meeting
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Net-proton C,/C,

STAR, PRL126.092301(2021)  Non-monotonic beam energy dependence (3.10) of
4o BLELRRRY E net-p C,/C, in Au+Au central collisions.
C4/C2 SZARO ] « Enhancement at ~7.7 GeV is not reproduced by non-
i ; 3 (;/5 gz) N | critical baselines.
: BN Stat. uriceralrity « Qualitatively consistent with the model prediction
- mm Syst. uncertainty incorporating a critical point.
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a stat. uncertainty
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Collision energy dependence
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2024/7/2

\

T, GeV Ko’
cril_iclul 1l 1 baseline
1?\% poin
Al e ' ! ! ‘/:,

0.1

hadron gas

M.A. Stephanov, PRL107,
052301 (2011)

nuclear
\ matter

0 1 1z, GeV

No clear enhancement is observed for 2.4
and 3.0 GeV data from HADES and STAR.

Negative value at 3GeV is reproduced by
UrQMD, which incorporates baryon number
conservation.

The data implies that the QCD critical
region could only exist at energies > 3GeV.
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BES-I| datasets

Au+Au Collisions at RHIC

Events used for net-proton
fluctuation studies (Collider runs)

Collider Runs Fixed-Target Runs
: _ BES-II vs BES-I
SI. no. ‘/FN_N Noofcollected #B Sl. no. \/m No. OfOO!IO_Cted Hp
LiE (GeV) | events (millions) (MeV) (GeV) |events (millions)|  (MeV) VsaN Events Events
, — . || Gev) | BESI BES-II
1 200 380 25 1 13.7 (100) 50 280 (106) (106)
2 62.4 46 75 2 115 (70) 50 |_—%16 77 3 45
3 544 1200 85 3 921445 | s 372 o ; -3
4 39 86 112 4 77 3L | 260 420 -
5 27 585 156 S 7.2(26.5) 470 440 1.5 7 110
6 19.6 595 206 s 6.2 (19.5) 120 490 14.5 20 178
73 17.3 256 230 7 52(135) 100 540 7.3 - 116
8 14.6 340 262 8 45 9.8) 110 590 19 6 15 270
9 115 257 316 9 39(1.3) 120 633 27 30 220
10 9.2 160 372 10 3.5(5.75) 120 670
= BE7;-II o d(l: T r::: a7 1; :; :4:)j 26;0(:’“0“ (7)()) ~10-18 fold improvement in statistics
9.2 and 17.3 GeV added to energy scan
3 <\ /syy (GeV) <200 — 750 > pp (MeV) > 25 | High precision, widest uz coverage to date
2024/7/2 T. Nonaka, TCHoU member meeting 19



STAR Major Upgrades for BES-II

Full EPD has been installed

EPD:

» Improves dE/dx » Forward rapidity coverage » Improves trigger
» Extends 7 coverage from 1.0 to 1.6 > PID atn=1.05t01.5 » Better centrality & event plane

» Lowers pr cut-in from 125 to 60 MeV/c » Borrowed from CBM-FAIR measurements
| > Ready in 2019 > Ready in 2019 » Ready in 2018

1) Enlarge rapidity acceptance: |n| <1.0- |n| < 1.6

2) Improve particle identification: p = 125 MeV/c - p; = 60 MeV/c

3) Enhance centrality/event plane resolution, suppress auto correlations
4) Enable the fixed-target program: ug < 420 MeV - ug < 750 MeV




Centrality

e Defined using charged particle multiplicity measured by STAR
e Exclude protons and antiprotons to avoid self correlation
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Refmult3 (BES-I)
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. : sl
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Refmult3/3X

Two choices of centrality

Refmult3: Charged particle
multiplicity excluding protons
measured within || < 1.0

Refmult3X: Charged particle
multiplicity excluding protons

measured within |7 | < 1.6
Possible due to iTPC upgrade

Larger multiplicity leads to better

centrality resolution:
Refmult3 X (BES-Il) > Refmult3 (BES-II) > Refmult3 (BES-I)

T. Nonaka, TCHoU member meeting



New results from BES-I|

Cumulant Ratio C,/C,

2024/7/2
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Deviation between BES-Il and BES-I data

7.7
11.5
14.6
19.6

27

e BES-II results consistent with BES-I within uncertainties.
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Cumulant Ratio C,/C,

—4

Effect of centrality resolution

Au+Au Collisions at RHIC
Net-proton, lyl < 0.5

0.4 <P, <2.0GeVre

O Data: 0-5%, Refmult3
¢ Data: 70-80%, Refmult3
@ Data: 0-5%, Refmult3X

STAR O Data: 70-80%, Refmult3X
o T }*
SRR °f> y

s } E £$ % § .
1 1 1 1 1 1 1 l 1 1 1 1 L1 11 l 1

3 10 30 100

Collision Energy \s,, (GeV)
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1. 0-5% centrality C,/C, results show good
agreement between Refmult3 and Refmult3X:
weak effect of centrality resolution.

2. BES-II results shown hereafter are with
Refmult3 X
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Model comparison

1 1 1 I LI I 1 1 1 I LI I 1 ._[ 1 1 | | I ] ] 1 1 1 11 I 1 ]
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C,/C, shows minimum around ~20 GeV comparing to non-CP models, 70-80% data
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HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)
Hydro: V. Vouchenko et al, PRC 105, 014904 (2022)
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Summary

* Net-proton C,/C, (BES-II) significant deviation from model
expectations at ~20 GeV. Theoretical input is needed for
interpretation.

» Results from FXT (3.3<Vspy<4.5 GeV) will come in near future.



Thank you for your attention



Statistical uncertainty

Detector efficiency for neutrons
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» Reconstruction efficiency for neutrons
Is varied to see the statistical
uncertainties after efficiency correction.

UrQMD, | s, = 5.2GeV
0-5% centrality

Baryon number fluctuation - Statistical uncertainties for C, and Cq

drastically increase below <20%
efficiency.

* More detailed requirement should be
determined based on the required
precision on final results and event
statistics.
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