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Net-proton number fluctuations and the Quantum Chromody-
namics critical point

Observations from collisions of heavy-ion at relativistic energies have established the
formation of a new phase of matter, Quark Gluon Plasma (QGP), a deconfined state of quarks
and gluons ! in a specific region of the temperature versus baryonic chemical potential phase
diagram of strong interactions. A program to study the features of the phase diagram, such
as a possible critical point, by varying the collision energy (,/snn), is performed at the Rela-
tivistic Heavy-Ion Collider (RHIC) facility. Non-monotonic variation with ,/sxy of moments
of the net-baryon number distribution, related to the correlation length and the susceptibil-
ities of the system, is suggested as a signature for a critical point >3. We report the first evi-
dence of a non-monotonic variation in kurtosis x variance of the net-proton number (proxy
for net-baryon number) distribution as a function of /sy with 3.00 significance, for head-
on (central) gold-on-gold (Au+Au) collisions measured using the STAR detector 4 at RHIC.
Non-central Au+Au collisions and models of heavy-ion collisions without a critical point show

a monotonic variation as a function of ,/snn.

One of the fundamental goals in physics is to understand the properties of matter when sub-
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QCD phase diagram

v Need to investigate the QCD phase structure in wide (uB,T) region.
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Beam Energy Scan

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

I {CEA ; ey - Crossover at yg=0 MeV
BHENDS . RS R i~ o Y. Aoki et al, Nature 443, 675(2006)
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Beam Energy Scan

v Need to investigate the QCD phase structure in wide (uB,T) region.
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- Crossover at ys=0 MeV
Y. Aoki et al, Nature 443, 675(2006)

- 1st-order phase transition at large
HB?
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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 - Crossover at ys=0 MeV

62.4 47 160.3 70 Y. Aoki et al, Nature 443, 675(2006)
54.4 550 160.0 83

39 2010-] 386 156.4 160 - 1st-order phase transition at large
19.6 15 153.9 188

11.5 6.6 149.4 287

7.7 3 144.3 398
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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 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 = Moment v" Cumulant : additivity
<IN>=N-<N > Co(X+Y)=C,(X)+C,(Y)

Cr=M=< N >

Cy = 0? =< (6N)? >
Cs = So° =< (6N)° >
Cy = ko' =< (N)* > =3 < (6N)? >? T. Nonaka, TCHoU member meeting 2020

—P proportional to volume



Fluctuations of conserved quantities PAL 105, 022302 (2010
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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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v RAW distribution!

Net-proton multiplicity distributions
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STAR Collaboration, arXiv:2001.02852, submitted to NP
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Efficiency correction

+ Efficiency follows binomial distribution.

4+ Factorial moments can be easily corrected.
- M. Kitazawa and M. Asakawa : PRC.86.069902 (2012)

- A. Bzdak and V. Koch : PRC.86.044904 (2012), X. Luo : PRC.91.034907 (2016)

- T. Nonaka, M. Kitazawa, S. Esumi : PRC.95.064912 (2017)

N _ i _k
n!(N —n)! ka — EpEpbar

B(n,N;e) = e"(1 —e)N—m

F;

4+ Corrected cumulants are expressed in terms of measured factorial

moments and efficiency.

ka(AN) = (((fro/e1) + T(fa0/€1) + 6(f30/€?) + (fao/el) — 4(f10/€1)* —
12(f20/5%)(f10/€1)—4(f30/5‘;’)(f1o/€1)+6(f10/51)3+6(f20/5%)(f10/€1)2—3(f10/51)4)—
4((f11/e1/€2)—(fr0/€1)(for/€2)+3(fa1/€%/€2)—3(fa0/€1) (for/€2)+(f31/€1 /€2)—
(f30/€3)(for/€2)—3(f11/€1/€2)(f10/€1)+3(f10/€1)? (for/€2) —3(fa1/€1/€2) (fr0/€1)+
3(f20/€%)(fro/€1)(for/€2)+3(f11/€1/€2)(f10/€1)%—3(f10/€1)? (for/€2))+6((f11/€1/€2)+
(f12/e1/€5)—2(f11/€1/€2)(for/€2)+(fr0/€1) (for/€2)?+(for/€1/€2)+(fae /€% /€5)—
2(f21/€%/e2)(for/e2)+(f20/€3)(for/€2)?—2(f11/€1/€2) (fr0/€1)—2(f12/€1/€5) (f10/€1)+
4(f11/e1/e2)(fro/€1)(for/€2)—3(f10/€1)* (for/€2)?+(f10/€1)*(for/€2)+(fo2/€5) (f10/€1)?)—
4((f11/e1/€2)+3(f12/e1/€3)+(f13/e1/€3)—3(f11/€1/€2) (for/€2)—3(f12/€1/€5) (for/€2)+
3(f11/€1/€2)(fo1/€2)?—=3(f10/€1)(for/€2)°—(fr0/€1) (for/€2) =3 (foz/€5) (f10/€1)—
(fo3/€3)(f10/€1) +3(f10/€1)(for/€2)* + 3(foz/€3) (f10/€1) (for/€2)) + ((for /€2) +
(foz/e3)+6(fo3/€3)+(fos/€5)—4(for/e2)* —12(foz /€3) (for/e2) —4(fos/€3) (for/€2)+
6(fo1/€2)°+6(foz/€3)(fo1/€2)°—3(for/€2)*))—3(((f10/€1)+(f20/€3)—(f10/€1)%) -
2((f11/e1/€2) — (fio/e1)(for/€2)) + ((for/€2) + (foz/€3) — (fo1/€2)?))?
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C4/C:> for critical point search

STAR Collaboration, arXiv:2001.02852, submitted to NP v KO?2 (C 4/()2) shows a non-monotonic

5 S - behaviour. The trend is consistent
L m . with the theoretical calculation.
I UrQMD 0-5% - _
4 W UrQMD 70-80% - v'Enhancement at low beam energies
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B ° - :
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C4/C:> for critical point search

-

Net-Proton
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with the theoretical calculation.
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STAR Collaboration, arXiv:2001.02852, submitted to NP

Net-Proton Ko?

5-Illl

method iIs no longer valid.
- A. Bzdak et al : PRC.94.064907 (2016)

+If not, how to correct?
4 I Vi ; =~ -

\/
C l l I ]

S 10 20 50 100 200

Collision Energy \s,,, (GeV)

C4/C:> for critical point search

v Ko2 (C4/C2) shows a non-monotonic

behaviour. The trend Is consistent
with the theoretical calculation.

+Efficiencies are really binomial?

hadron gas

If efficiencies are not binomial, the efficiency correction

o model, M.A. Stephanov,

nuclear PRL107, 052301 (2011)

martter

1 ug, GeV
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Embedding simulation
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T. Nonaka, NPA982 863-866 (2019)

Np : # of reconstructed protons

60

v First results on detector
efficiency distributions,
reported in QM2018.

v Efficiencies follow beta-
binomial distribution.

v How much are final results
affected?

T. Nonaka, TCHoU member meeting 2020
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Correction methods

v Unfolding v Moment expansion method

S. Esumi and T. Nonaka, arXiv:2002.11253 (submitted to NIM) T. Nonaka, M. Kitazawa, S. Esumi, NIM A906 10-17 (2018)
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Results

v’ Results are consistent with those from

STAR Collaboration, arXiv:2001.02852, submitted to NP binomial efficiency correction!
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v' STAR paper is in collaboration review..
Will be submitted to Nature Physics soon.
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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 Cg/C2 < 0 is predicted at Vsnn> 60 GeV.

v High-statistics data sets at Vsnn = 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)

Friman et al, Eur. Phys. J. C (2011) . .
A. Bazavov et al, ’ F t al, Eur. Phys. J. C (2011) 71:1694
2avoy 71:1694 : PQM model riman et al, Eur. Phys. J. € (2011)

PhysRevD.95.054504 : LQCD
y,s ?V. — Q. , ) , . , E _ B,.,B B,.,B Q, Q Q,.,Q
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© T/T
pC

Positive sign is predicted in Vsyn<60 GeV
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Results

2 [ STAR Preliminary — 200 GeV data taken in 2010 and 2011
Yl <0.5,0.4<p_(GeV/c) <2.0 I 54.4 GeV data taken in 2017
o [ PR e 11141 (s e s ettt ot
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B
o' O[T e .
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- —®— |5, =200 GeV ] 0-40% 1 collisions could be an
oD e o “ experimental indication of
= LQCD, PRD.95.054504, (T = 160 MeV, u_ =0 MeV) N smooth crossover at small us.
LQCD, JHEP.10.205, (T = 160 MeV, u_ =0 MeV) O
| |
0 50 100
<Npart>
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Comparison with LQCD

s!/2[GeV]: 200 62.4 54.4 39 27
1.2+ RB (T dashed lines: -
m pC) joint fit to

STAR data for
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Bazavov et al., Phys. Rev. D 101,074502 (2020)

0.8

v Consistent with
LQCD for 3rd and 4th
net-proton(baryon)
fluctuations
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Comparison with LQCD

g,L/NZ [GeV]: 200 62.454.4 39 27

NLO, RB. (To) EIJ v Ce/C2< 0 is predicted

B
1F Rg2(Tpc) | for \/SNN > 39 GeV
STAR preliminary: RE, £

B _ 2
3 I I I I I I R12_IAAB/C).B
o 01 02 03 04 05 06 07 08

Bazavov et al., Phys. Rev. D 101,074502 (2020)
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Acceptance dependence

v Which acceptance should be compared with LQCD calculations?
v Fluctuations should have minimum/maximum somewhere in acceptance size.

[Poisson limit
3

Fluctuation

41t limit

Acceptance size
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Acceptance dependence at 200 GeV

v Wide acceptance is crucial for fluctuation measurements!

- Rapidity dependence, 0.4 < P, < 2.0 (GeVic) 7

® ° ° ®
l‘l* - o
L w4 "
*
STAR Preliminary w

- |[s =200 GeV

P dependence, lyl < 0.5

o lyl <0.1 e 0.4<p._<0.8GeV/c
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A lyl<0.3 x 404<p <14 GeVic * -
— +lyl<04 -I-O.4<pT<1.7GeV/C B
* lyl < 0.5 *x 04 < p_ < 2.0 GeV/c ]

o R

2 2
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Future Plan



2019-2021 : BES-Il at RHIC

i Au + Au Collisions at RHIC

0-5% centrality
lyl <0.5, 0.4 < p; <2 (GeV/c)

net-proton
anti-proton _
proton

o BES-llerrorfornetp
UrQMD

50 100 2(|)O
Colliding Energy Vs, (GeV)

v Need to shrink the errors at low energies.

v’ BES-Il has started this year.

v Map the QCD phase diagram 200 < ps <420

MeV
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Beyond BES-II

[ ‘ | | | | LT ‘ |
Au + Au Collisions at RHIC
0-5% centrality
lyl <0.5,0.4 < p; <2 (GeV/c)

net-proton
anti-proton
proton

> @

BES-II error for net-p
UrQMD

5 10 20 50 100 200

Colliding Energy Vs, (GeV)

v Statistical uncertainties will be
dramatically reduced.

v Can we measure a possible
“peak” structure?

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

baseline
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FXT@STAR
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Beyond BES-II

u . . m m m
: Au + Au Collisions at RHIC v Fixed-target experiment is also
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Beyond BES-II

Ug(Mev) 750 400 200 0 ¥ High beam intensity facilities
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Summary

- Higher-order fluctuations of net-particle distributions to search
for the QCD phase structure

- Non-monotonic beam energy dependence of C4/C»
- Negative value of Ce/C2 at Vsnn = 200 GeV central collisions

- Future FXT experiments at Vsnn < 10 GeV with higher beam
Intensity
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