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Search for the QCD Critical Point
Exploring the QCD Phase Diagram

Early Universe The Phases of QCD

o Critical Point: Endpoint of the first order phase transition

Temperature

- RHIC Beam Energy Scan Phase 1 (BES |) | STAR Note 0598 |
vary temperature [ and baryon chemical potential ug

Quark-Gluon Plasma

- Event-by-event tluctuations of conserved quantities to l? (—Z\ :
study of the phase transition

:nll‘ ;

- Charge Q/ baryon number B / strangeness S padron Gas . Color”

\\ Superconductor
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Vantor Newtron Stars
-
-
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o EXperimental observables:

Baryon Chemical Potential

o Cumulants of event-by-event net-particle multiplicity distributions:
Net-charge / net-proton (proxy for net-baryon) / net-kaon (proxy for net-
strangeness)

> Volume independent cumulant ratios
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Connection to Theoretical Calculations

o Susceptibility ratios of conserved quantities are assumed B = 0" (P/T")
to be related to the moments of experimentally measurable Nps/T)" |1

multiplicity distributions

- Comparing first principal Lattice calculations with measured moments of conserved
quantities, e.g. net-charge — extract the chemical freeze out parameters T and g

Lattice QCD
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The STAR detector

Full azimuthal coverage, Inl <1 — excellent PID, large uniform acceptance

Time-Of-Flight detector Time Projection Chamber

741 .
j N » PID (time-of-flight) .~ Tracking, PID (dE/dx), vertexing,
. T P multiplicity
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Analysis Detalils

- RHIC Beam Energy Scan Phase | (BES |)

o Au+Au sy i 7.7, 11.5, 14,5, 19.6, 27, 39, 62.4, and 200 GeV

- Event Selection
> Minimum bias trigger
- Pile up removal with TOF
> 0-80% Centrality

> Track selection

- Good primary particles with
sufficient length in the TPC
DCA to primary vertex < 1 cm

- Kinematic cuts (next slide)

- Efficiency * acceptance corrections done

Jochen Thader

Js Good events Hg T
NN recorded Year (MeV) (MeV)
(GeV) (M events) [0-5%) [0-5%)
7.7 4 2010 422 140
11.5 12 2010 316 152
14.5 20 2014 264 156
19.6 36 2011 206 160
27 70 2011 156 162
39 130 2010 112 164
62.4 67 2010 73 165
200 350 2010 24 166

ug, T J. Cleymans et al., PRC 73, 034905 (2006)|
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Analysis Detalils

STAR, Phys. Rev. Lett. 112, 032302 (2014)
STAR, Phys. Rev. Lett. 113, 092301 (2014)

Net-Charge Net-Proton Net-Kaon
: : 0.2<p (GeVic) <2.0 0.4<p_ (GeVic) <2.0 0.2<p_(GeVic) <1.6
Kinematic cuts | < 0.5 ¥l < 0.5 iyl < 0.5
Reject protons form 0.4 <p. (GeVic)<0.8 - TPC 0.2<p. (GeVic)<0.4 - TPC

Particle Identification

Centrality definition,
- o avoid auto-correlations

2
£ Net-Charge
5 Analysis
4 O
-1 -0.5 0.5
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05<|n<1.0

Centrality

spallation for p, < 0.4 GeV/c

Uncorrected charged primary
particles multiplicity
distribution

0.8 <p, (GeV/c) < 2.0 ~ TPC+TOF

Uncorrected charged primary
particles multiplicity distribution,
without (anti-)protons
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0.4 <p, (GeV/c) < 1.6 —~ TPC+TOF

Uncorrected charged primary
particles multiplicity distribution,
without (anti-)kaons

In| < 1.0
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Analysis Method

A. Bzdak and V. Koch, PRC86, 044904 (2012)
A. Bzdak and V. Koch, PRC91, 027901 (2015)

X. Luo, PRC91, 034907 (2015)

- Apply correction on raw net-particle distributions

- Finite Tracking / PID efficiency
— Factorial Moments

> Volume fluctuations

- Remove auto-correlation effects

- Net-Charge

10° f Au+Au collisions |'sy, = 14.5 GeV
0.2 < P, (GeV/c) < 2.0
ml <0.5
10
STAR Preliminary
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C 103 E
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- Average efficiency for particle/anti-particles

- Net-Proton / Net-Kaon

. pr dependent efficiency (2 pr efficiency bins)
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1 1 I 1 1 1 1
Net-Charge, 0-5%, uncorrected
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Analysis Method X. Luo, PRC91, 034907 (2015)|

Error Estimation
. _ 6l : Skellam Distribution (6, 3
. Statistical Errors based on Delta Theorem error(c,)=, | oot oo i
e | e ¢ K 0°
O ¢
Au+Au 14.5 GeV Net-Charge  Net-Proton Net-Kaon Coy ot 2 " ild Si’?M
Typical Width (o) 12.2 4.2 3.4 error( > )’ s Jor n>2 8 (¢ ’
Average efficiency (g) 65% 75% 38% £ 2k & Error: Delta Theorem
02/ g 355 32 82 error (S o)oc—O- I SN
C O "~--;.‘.;.u....o......‘:.'.'.’.'z:;‘.:az:::Q:m.....‘..........
- With same N events: ervor(x o?)oc O, 0 02 04 06 08 1
c” Efficiency (g)
o error(net-charge) > error(net-kaon) > error(net-proton)
Protons are the favored probe el b e R
. Systematic error estimation ;o #Wﬁ*# — :'
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Event-By-Event Net-Particle Multiplicity Distribution

Au+Au collisions at Vs, = 14.5 GeV
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> Uncorrected raw event-by-event net-particle multiplicity distribution
for Au+Au collisions at sy = 14.5 GeV
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Corrected Cumulants
Au+Au collisions at Vs, = 14.5 GeV

Net-Charge: 0.2 < P, (GeV/c) <2.0, Inl <0.5, Net-Kaon: 0.2 < P, (GeV/c) < 1.6, lyl <0.5, Net-Proton: 0.4 < [ (GeV/c)<2.0,lyl <0.5
40 250

Au+Au s, = 14.5 GeV STAR Preliminary | |$|
38 8 8 o
C4
—4- Net-Charge
—— Net-Kaon
“l'}\" Net-Proton
8
- Correction smallest for net-protons for all cumulants
- Corrections approximately flat with <Npart>
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Net-Charge — An Dependence

Au+Au collisions at Vs, = 14.5 GeV

20
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. % Net-Charge, 0.2 < P (GeV/c) < 2.01

i % statistical errors only 1
- WYy _

Au+Au collisions \'s, = 14.5 GeV |

| Au+Au collisions \s,,, = 14.5 GeV
- Net-Charge, 0.2 < P, (GeV/c) < 2.0, 0-5%

- statistical errors only
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S. Jeon, V. Koch, arXiv:hep-ph/0304012

V. Koch, arXiv:0810.2520

M. Kitazawa, Nucl. Phys. A942 (2015) 65-96
M. Sakaida et al, PRC90 (2014) 6, 064911

An dependence t

of fluctuation
observables
encode history

An

of the hot medium

Smooth trend for 0°/M. So and Ko?
with increasing An

. Different trend of ko® for central
and peripheral collisions vs An

The smaller the An window, the
closer to poisson expectation

Ordering in An vs <Npa> for o°/M,
So and ko® observed

"AR % 11/




Corrected Cumulant Ratio of Net-Charge

Collision Energy Dependence

PP neworae 1 ¢ 145 GeV data-point added to published
Ng 100;—0.2<,DT(GeV/c)<2.O,Inl<0.5 {O\(_ PhyS. Rev Lett 713, 092307 (2074)
P - Fits well into trends
_ 2S¢ ]
02/M increases with increasing collision
& I 1
Pt | energy
L "1 _ For most central collisions (0-5%), ko2 and
10} ] ' ' '
| So/Skellam are consistent with unity
JES
‘il T s e | o UrQMD (no Critical Point), shows no energy
I 70-80% - - - 70-80% Poisson
ot o vowe dependence
2075870 20 3040 100 200
\ S\ (GeV)

AR Y& 1206

Jochen Thader Quark Matter 2015




Corrected Cumulant Ratio of Net-Kaon
Collision Energy Dependence

ofwn 74 0?/M increases with energy

- Au+Au collisions at RHIC e
30} RO

:' 0.2<p_(GeV/c)<1.6,lyl<0.5
11 o 0%/M and So/Skellam are consistent with the
Poisson expectation for most central collisions
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Corrected Cumulant Ratio of Net-Proton

Collision Energy Dependence

'_ Net-Proton

10

- Au+Au collisions at RHIC

| 0.4< p. (GeV/c)<2.0,lyl <05

o2/M

S o/Skellam

L
4r e 0-5%

5-10%
3F & 70-80%
N i

- - - 0-5% Poisson
--=-5-10% Poisson i
---70-80% Poisson -]
£8% 0-5% UrQMD
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. 0°/M increases with INncreasing energy, consistent with

Poisson expectation

- So/Skellam increases with increasing energy

» Non-monotonic behavior of net-proton Ko~ seen in top 5%

central collisions
> 5-10% central collisions In between
— however: smooth trend Iin centrality

> Peripheral collisions show smooth trend

Detalled extensive studies have been carried out and
are still in progress

- UrQMD (no Critical Point), shows suppression at lower

D

nergies - due to baryon number conservation
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Plans for Beam Energy Scan Phase I

(2019-2020)

iITPC Upgrade
Replace aging wires
Full pad coverage
— better dE/dx
-1.5o<nN< 1.5

pr > 60 MeV/c

Jochen Thader

.~ Event Plane Detector

endcap TOF
inner TPC

EPD Upgrade

Replaces aging BBC

Event centrality

— Suppress auto-correlation
Better trigger & b/g reduction
-45<n<-18, 1.8<n<4.5

Quark Matter 2015

—
TPC

12 : > iTPC . _
[ Net-Proton, 0-5% :
10T Au+Au collisions |'Syn = 7.7 GeV r -

| STAR Preliminary
8 -

¥ BF = 04<p_(GeVic)<20
I Estimated Error BES Il

r ... Poisson Expectation B

o .
peeaae L - A TLCTITRI -

%~ 05 1 1.5

Larger rapidity acceptance crucial for
further critical point search with net-protons

eTOF

Larger rapidity coverage
Extends PID in forward direction
1.05<n< 1.5
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Summary and Outlook

. New results for Vsnn = 14.5 GeV Au+Au collisions for net-charge,
net-kaon, and net-proton

- New results of energy and centrality dependence of net-kaon

> Study of pseudo-rapidity dependence shows that acceptance is
crucial for the critical point search

. Non-monotonic behavior seen in net-proton Ko-

RHIC Beam Energy Scan Il will bring larger event sample and wider
phase-space to boost the critical point search
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