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® Crossover at ug=0.

® First order phase transition
expected at large pg.

® QCD Ciritical Point: The end
point of first order phase
transition boundary.

® Does CP(Critical Point)
exist? Where is it?
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STAR Fluctuations of Conserved Quantities(B,Q,S)

S SN Az
B =

» Sensitivity to correlation length (¢) and probe non-gaussian fluctuations
near the Critical Point.

((ow)") -2 (om)') - 54-5,<(5N)4>_3<(5N)2>2 .

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

» Direct connection to the susceptibility of the system.
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(cumulants):

C3,N

Higher Moments (fluctuations)
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» Cumulant Ratios (Cancel V dependence)
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» Experimentally, we measured the net-particle multiplicity fluctuations:

Experiment Observable

net-charge, net-proton (proxy for net-baryon) , net-kaon (proxy for net-
strangeness). The main observable is volume independent cumulant

ratios.
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otQCD, PRL109, 192302 (2012)
B Group, PRL111, 062005 (2013

Theory
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\ \’E}'AR RHIC Beam Energy Scan Phase 1 (BES |)

> In the first phase of the Beam Energy Scan (BES) program at RHIC, eight beam
energies have already been analysized from Vs\=7.7GeV to 200GeV.

S

2010 3.020

11.5 ~12 2010 315 152 2.084
14.5 ~ 20 2014 266 156 1.705
19.6 ~36 2011 205 160 1.287
27 ~70 2011 155 163 0.961

39 ~130 2010 115 164 0.684

62.4 ~67 2010 70 165 0.439
200 ~350 2010 20 166 0.142

Study QCD Phase Structure

uB, T : J. Cleymans et al., PRC 73, 034905 (2006) - Onset of sQGP
- Phase boundary and critical point.
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» Large, Uniform Acceptance at Mid-rapidity
» Excellent Particle Identification

(@ Maria & Alex Schmah
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Analysis Details

Net-Charge Net-Proton Net-Kaon
. . 0.2<p, (GeVic) <2.0 0.4<p, (GeVic) <2.0 0.2<p. (GeVic) <16
Kinematic cuts In <05 <05 y|<05
Reject protons form 0.4 <p, (GeVic)<0.8 ~TPC 0.2<p,(GeVic)<0.4 -TPC

Particle dentification spallation for p, < 0.4 GeVic  0.8<p_(GeVic) <20 ~TPC+TOF 0.4 <p. (GeVic) < 1.6 ~ TPC+TOF

e Uncorrected charged primary  Uncorrected charged primary Uncorrected charged primary
- avzd ety o;r . particles multiplicity particles multiplicity distribution, particles multiplicity distribution,
- distribution without (anti-)protons without (anti-)kaons
05<|n <10 Inl<1.0 Inl<1.0

p. (GeV/c)
p. (GeV/c)

W

ST B

c-.l..‘.I....]...‘I....I. PP PSRN RS R
-1 -0.5 0 0.5 1 -0.5 0 0.5

p*q (GeV/c) Proton Rapidity Kaon Rapidity
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Wil TAR Raw Event-By-Event Net-Particle Multiplicity Distribution
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Au+Au| S, = 14.5GeV STAR Preliminary
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Net-Charge (AN, ) Net-Kaon (AN ) Net-proton (ANp )

Effects needed to be addressed to get final moments/cumulants:
1. Auto-correlation effects.
2. Effects of volume fluctuations. A. Bzdak and V. Koch, PRC86, 044904 (2012)

3. Finite detector efficiency . X.Luo, et al. J. Phys. G40,105104(2013)
X.Luo, Phys. Rev. C 91, 034907 (2015)
A . Bzdak and V. Koch, PRC91, 027901 (2015)
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AR Efficiency Correlation and Error Estimation

» We can express the moments and cumulants in terms

\‘.-

Au+Au 14.5GeV Net-Charge Net-Proton 0 _*?Qféﬁaf*f
0 0.2 04 0.6 0.8 1

of the factorial moments, which can be easily efficiency 6 T‘ ' Skellam Distribution (6, 3)-
corrected. X. Luo, PRC91, 034907 (2015); A. Bzdak and V. Koch, i Number of Events: 1 Million 1
PRC91, 027901 (2015) 0 B e K O |

o N
= 45 ©So —
'j_: . * 62M 1
> Statistical Errors based on Delta Theorem. Withsame ¢c [ |
N events: error(net-charge) > error(net-kaon) > £ op 4y  Error:DeltaTheorem |
error(net-proton) I RN ]

Typical Width(o) 12.2 Efficiency ()
Average 65% 75% 38%
efficiency(g)
0%/e? 355 32 82
. . o
numbers here not used in actual analysis error(SO’ —35
» Systematic error estimation €
* Includes uncertainties on ) ()'2
efficiency and error(Ko”™) o —
. , 2
efficiency fluctuations E

 PID and track cuts
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1 AuAu collision 1

39GeV

1 T Combined Efficiency
Kt
0.2 <

» 0.2<p; <0.4 (GeV/c), TPC only

» 0.4<p; <1.6 (GeV/c), TPC+TOF
Efficiency=Efficiency(Tracking)*Efficiency(TOF match)

» The input number is the p; weighted average efficiency.
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Cumulants for Net-Kaon

_
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C; and C, generally consistent with Poisson expectation.
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Cumulants for Net-Kaon
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Average Number of Participant Nucleons <Npart>

In general, cumulants are increasing with <N__ >.

part
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Cumulants

Cumulants vs. Baselines

Cumulants vs. Poisson (Protons) Cumulants vs. Poisson (Kaons)
40 (C)71 aof (C,) 40 _( C ) Au+Au Coliisions | 80 ‘(Czl) o Kaonl ]
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STAR  Poisson a0F Anfial?:on 7 ]
-5 Kk - - T
30f 1 100} FI>DD O - - — Net-kaon
5 l:l .......... | e -@ L _ - PEd -d h i
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6 10 20 30 100 200 6 10 20 30 100 200 5 - .‘.IO 2.0 - .1.00 260 5 . 10 20 100 200
\'sun(GeV) 'sun(GeV)

» The higher the order of cumulants, the larger deviations from Poisson
expectations for net-proton and proton.

» In general, the cumulants for net-kaon, kaon and antikaon are consistent
with Poisson baseline within uncertainties.
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UrQMD simulations

Cumulants vs. Poisson (Protons) Cumulants vs. Poisson (Kaons)
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O 40 3 - Proton T . I 3 8 --- Kaon I
[ | lyl<0.5 O I
I N Anti-proton | . ] e0Or e Anti-kaon T ]
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20 - o + "o * a 1 ]
e~ M + ‘ ﬂ E a ------- 0 40 —,_‘,l:"_“. 1
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» Deviations from Poisson expectations for net-proton and proton are
observed at low energes due to the baryon stopping effect.

> In general, the cumulants for net-kaon, kaon and antikaon are consistent
with Poisson baseline within uncertainties.
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F Au+Au collisions at RHIC ]
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100 200

Energy Dependence of Net-kaon

> The values of 0?/M increase as the

energy increases.

» The values of Sao/Skellam are consistent
with unity, within uncertainties.

» The values of ko2 are consistent with
unity within uncertainties.

» UrQMD (no Critical Point), shows no
energy dependence.
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- Net-Charge
- Au+Au collisions at RHIC

100 _ 02<p_(GeV/ic)<2.0,ml<0.5
° [ . -~ K]
50} L Qe -
S e -
I . . .:- . _;:-:* g
)
>
5
wn

- -« 0-5% Poisson .
--- 70-80% Poisson |
2250-5% UrQMD

20870 20 30 40
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100 200

Energy Dependence of net-charge

> 14.5 GeV data-point added to the
published data. Fits well into trends

Phys. Rev. Lett. 113, 092301 (2014)

> 0%/M increases with increasing collision
energy.

> Ko? and So/Skellam are consistent with
unity within uncertainties.

» UrQMD (no Critical Point), shows no
energy dependence.

RHIC & AGS Meeting, BNL, June 7, 2016
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o?/M

S o/Skellam

[ Net-Proton
- Au+Au collisions at RHIC
: 04<p_(GeVlic)<2.0,lyl<0.5

r %103

: \(w;ﬂ.’..,#‘_.._ﬂg \
0.8

- == 0-5% Poisson
---5-10% Poisson
=== 70-80% Poisson -]
%% 0-5% UrQMD

A R
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Energy Dependence of Net-proton

» 0%/M increases with increasing energy,
consistent with Poisson expectation.

» So/Skellam increases with increasing
energy.

» Non-monotonic behavior of net-proton
ko? seen in 0-5% and 5-10% central
collisions, the value of ko2 go down
below unity and then rise up from high to
low collision energies.

» Peripheral collisions show smooth trend.
» UrQMD (no Critical Point), shows

suppression at lower energies - due to
baryon number conservation.

20



Summary

» STAR results on collision energy dependence of net-Proton,
net-Kaon and net-Charge cumulant ratios for Au+Au collisions
at Vs\ = 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4 and 200 GeV are

presented.

» The values of net-Kaon’s and net-Charge’s kg% and So/
Skellam are consistent with Poisson distributions within errors.

> Non-monotonic behavior seen in net-Proton ko2 in 0-5% and
5-10% central collisions.
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Back Up
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3TAR PHENIX: Moments of the Net-charge Multiplicity Distribution

A.Adare et al., Phys. Rev. C 93, 011901 (2016) In| <0.35,0.2<pT <2.0GeVic
1H@)  Net-charge E(b)' PHElNIX
Ei AutAu (0-5)% 1  0.6¢ ® Data
°b .4 :'m|<o.35 —b04:‘ﬁ A NBD _
EU S O L2 . ‘
i 2 1 0.2 7 .
_ < | ; 8g
2 [ & i
0ot¢ ., . 3 00 . %
(©) | @ z
2.0r 1 2.0¢ i ]
o [ N ] 3 e ]
150 2. ~i&1s g
< :g = I ‘3(5) * :5u‘ ¢
1.0F e -4 1.0r- - - o
0.5 J 05 - :
100 10 100
ﬁ (GeV) s\ (GeV)
» Smaller error bars are due to small acceptance, both (n,o).

> “No clear evidence for structure attribute to the CP.”

Ji Xu(CCNU&LBNL)/jixu@lbl.gov RHIC & AGS Meeting, BNL, June 7, 2016

23



Beam Energy Scan |l

Event Plane Detector ! TPC ' '
12 = N iTPC > 7]
endcap TOF 3 Net-Proton, 0-5% ]
- L = s USD /0 i
inner TPC 10| AusAu collisions Sy = 7.7 GeV P
[ STAR Preliminary F ]
~  8[ ]
o ]
¥ B[ 4 04<p (GeVic)<20 ]
[ [ Estimated Error BES II ]
4T ... poisson Expectation ]
iTPC proposal: http://drupal.star.bnl.gov/STAR/starnotes/public/sn0619
BES-Il whitepaper: http://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
Errors estimate from: X. Luo, PHys. Rev. C91, 034907 (2015) I
Ay trend from: Bo Ling, Misha Stephanov, arXiv: 1512.09125 “‘b o:— .
> Inner TPC(iTP r ‘Inl <1t <1. VI, |
e C( C) Up_g ade Inl o | n | 5’ -1I Net-Kaon, 0-5% ]
better dE/dx resolution. [ ——0.2<p, (GeVic) <1.6 _
2F [} Fstrnated Brror BES I STAR Preliminary
| ----- Poisson Expectation
» Forward Event Plane Detector (EPD): i PG
Centrality and Event Plane Determination. ] ————l
1.8<|n| <4.5 0 0.5 1 15
Ay
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Correlation of charge and strangeness:
2
C. = Xos
os 2
S

Cqos =1 for T>T,
Cqos>1 for T>T,
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Off Diagonal Susceptibilities

R. V. Gavai and S. Gupta, Phys. Rev. D 73 (2006)
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Correlation of baryon and strangeness:

2
X
Cps = 3_325
Xs
Cqos =1 for T>T.
Cqos>1 for T>T,
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