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Temperature (MeV)

QCD phase diagram

v QCD phase structure in wide (uB,T) region.

The Phases of QCD

Quark-Gluon Plasma - Crossover at uys=0 MeV
Y. Aoki et al, Nature 443, 675(2006)

- 1st-order phase transition at large
HB?
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A. Bzdak et al, Phys. Rep. 853 pp 1-87 (2020) T. Nonaka, QCD#EERZAFFT %= (Zoom) 3



Beam Energy Scan

v Need to investigate the QCD phase structure in wide (ps,T) region.

VSnN (GeV) No. of events (million) Tch, (MeV) us (MeV)

200 238 164.3 28
62.4 47 160.3 70
54.4 500 160.0 33
39 2010- 36 156.4 160
27 30 155.0 144
19.6 15 153.9 138
14.5 20 151.6 264
11.5 6.6 149.4 287
7.7 3 144.3 398

- Crossover at ys=0 MeV
Y. Aoki et al, Nature 443, 675(2006)

- 1st-order phase transition at large
HB?

- Critical point?
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Higher-order fluctuations

4+ Moments and cumulants are mathematical measures of “shape” of a distribution
which probe the fluctuation of observables.

v" Moments: mean (M), standard deviation (o), skewness (S) and kurtosis (k).
v S and k are sensitive to non-gaussian fluctuations.

e % Al
skewness—asymmetry K >0 kurtosis—sharpness
\\ , 0.2 F | \ .
_ \ N / ~ Iy ~ from wikipedia
Negative Skew Positive Skew e e
v’ Cumulant = Central Moment v" Cumulant : additivity
<IN>=N-<N > Co(X+Y)=C,(X)+C,(Y)

Ci=M=<N>

Cy =0° =< (6N)? >
Cs = So° =< (6N)° >
Cs = ko* =< (6N)* > =3 < (§N)? >2 T. Nonaka, QCD1HE:Z 55 = (Zoom)

—P proportional to volume



Fluctuations of conserved quantities A 22302 (2010)

T R A RS
4+ Net baryon, net charge and net strangeness I Dot L IR
G ., =y _ = +— = T " n 30‘400/0 2
Net™ : positive - negative Fill in histograms GCJ L ly|<0.5 ;f* ;!t.t e 70-80%
ANq — Nq _ ]\7_(7 q = B Q q over many collisions = 10%} Ny N °
) ) ? z = " . =
AN ™ S 10° | NI -
No. of positively charged No. of negatively charged g ] ; e « "t :
particles in one collision particles in one collision c 10°F e . . 3
- _ 2 o 2 w i
(1) Sensitive to correlation length Z 10} E Y 4o

* | | |
1E 1 T iYL .

Cy =< (0N)? >~ & Cs5 =< (6N)? > .~
Cy =< (6N)3 >~ 45 Co =< (ON)° >~ ¢

Cy =< (N)* >~ &7

M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009)
M. A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011)
MAsakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009)

(2) Direct comparison with susceptibilities.
M. Cheng et al, PRD 79, 074505 (2009)
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M. Cheng et al, PRD 79, 074505 (2009)
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Raw net-proton distribution

v Avoid auto-correlation effects : New centrality definition
v" Suppress Iinitial volume fluctuation : Centrality bin width correction
v' Detector efficiency correction : Binomial model
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X.Luo, J. Xu, B. Mohanty and N. Xu. J. Phys. G40,105104(2013)  Net-proton (AN, = N, - Ns) STAR Collaboration,
M. Kitazawa : PRC.86.024904(2012) PRL.126.092301(2021)
A. Bzdak and V. Koch : PRC.86.044904(2012), X. Luo : PRC.91.034907(2016) PRC.104.024902(2021)

T. Nonaka, M. Kitazawa, S. Esumi : PRC.95.064912(2017), NIMA906 10-17 (2018),
NIMA984(2020)164632

X. Luo, T. Nonaka : PRC.99.044917(2019) T. Nonaka, QCDMHEEEAM = (Zoom)



C4/C: for critical point search

v Net-proton ko2 (C4/C2) shows a non-monotonic

STAR Collaboration, PRL.126.092301(2021) behaviour. The trend is consistent with the
40 expectation from theoretical calculations
(2) KG?2 having a critical point.
STAR Data :
® 0-5% v Enhancement at low beam energies cannot be
3.0 O 70-80% explained by baryon number conservation.
= Stat. uncertainty .
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2.0 Projected BES-II
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p 4
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matter 052301 (2011)
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Ces/C> for crossover search

v There isn’t yet any direct experimental evidence for the smooth crossover at ug~O0.

v Ces/C2 <0 is predicted as a signature of crossover transition.

v High-statistics data sets at Vsnn = 27, 54.4, and 200 GeV are analyzed to look for the
experimental signature of crossover transition.

C.Schmidt,Prog. Theor.Phys.Suppl.186,563-566(2010)
Cheng et al, Phys. Rev. D 79, 074505 (2009)

A. Bazavov et al, priman ot al L PRys. J. € (2011) Friman et al, Eur. Phys. J. C (2011) 71:1694
PhysRevD.95.054504 : LQCD 71:1694 : PQM mode T o o o
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https://doi.org/10.1103/PhysRevD.95.054504

Centrality dependence of Ces/C>
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STAR, arXiv:2105.14698

v Cs/C2 values are progressively
negative from peripheral to
central collisions at 200 GeV,
which is consistent with LQCD
calculations.

v Could suggest a smooth
crossover transition at top RHIC
energy.
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Cs/C1

Au+Au collisions at RHIC

Net-proton
04 < p. < 2.0 GeVlc, lyl <0.5

STAR Preliminary

5 - = . Poisson baseline -
® 0-40%
O 70-80%
775 LQCD, PRD.101.074502(2020)
| FRG, arXiv:2101.06035
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- — HRG CE, NPA.1008.122141(2021)
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Energy dependence of C5/C1 and Ces/C>

v Weak collision energy
dependence observed for 0-40%
centrality.

| v Deviations from zero at a level of

< 20 observed for 0-40%
centrality.
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Bazavov et al., Phys.Rev.D101,074502 (2020)
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Multiplicity dependence

v Cs/C1 and Ce/C2 are positive for p+p collisions, while negative for central Au+Au collisions.
v Lattice calculations imply chiral phase transition in the thermalized QCD matter, which is
not the case in 200 GeV p+p collisions.
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Charged Particle Multiplicity

e Only statistical errors are shown for Au+Au results
e Efficiency is not corrected for x-axis

STAR Collaboration,

PRC.104.024902(2021)
LQCD : Phys. Rev. D 101, 074502 (2020)

STAR Collaboration,
Nuclear Physics A, 1005,
121882 (2021)
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Centrality
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Npart 5=
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e 5-10%
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#1EFE 1 : Centrality bin width correction

7.7 GeV

Au + Au Collisions
Net-Proton
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STAR Collaboration, PRC.104.024902(2021)
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#1EFE 2 : Volume fluctuation correction
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FIELLER

Centrality bin width correction
- BETIVICEREF LR,
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Volume fluctuation correction
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p+p vs A+A ?

V p+p EAUHAUD EIMEIBRD S ZTL ERE U T, ANFANS AR WD ?

Cumulant Ratios
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Charged Particle Multiplicity

e Only statistical errors are shown for Au+Au results
e Efficiency is not corrected for x-axis

STAR Collaboration,
PRC.104.024902(2021)
LQCD : Phys. Rev. D 101, 074502 (2020)

STAR Collaboration,
Nuclear Physics A, 1005,
121882 (2021)
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STAR Collaboration, PRL.126.092301(2021)
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