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Search for the QCD Ciritical Point
Exploring the QCD Phase Diagram

Early Universe The Phases of QCD

- Critical Point: Endpoint of the first order phase transition

Temperature

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

Quark-Gluon Plasma

- BEvent-by-event fluctuations of conserved quantities to l? (Z\ _
study of the phase transition

- Charge Q/ baryon number B / strangeness S dacron Gas \ S
Nuclear \

Mafter Newtron Stars
-
-

L

—Xperimental observables:

B;a."i,'or‘ Chemical Potential
- 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

Susceptibility ratios of conserved guantities are assumed B = 0" (P/T")
to be related to the moments of experimentally measurable Nps/T)" |7
multiplicity distributions

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

Lattice QCD . . Experiment
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The STAR detector

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

Time-Of-Flight detector Time Projection Chamber

R » PID (time-of-flight) _~ Tracking, PID (dE/dx), vertexing,
B X — multiplicity
7 /7
A //
“ _/// :/
' Beam-Beam Counter
- Minimum-bias trigger
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Analysis Detalls

RHIC Beam Energy Scan Phase | (BES 1)
Au+Au sy : 7.7, 11.5,14.5,19.6, 27, 39, 62.4, and 200 GeV

Event Selection

Js Good events Hs T
. - : NN recorded Year Me (MeV)
Minimum bias trigger (GeV) M events) gAY, 10-5%)

| ]
Pile up removal with TOF 7.7 4 2010 422 140
. 11.5 12 2010 316 152
0-80% Centrality

145 20 2014 264 156

Track selection 19.6 36 2011 206 160

27 70 2011 156 162

Good primary particles with 39 130 2010 112 164

sufficient Igngth in the TPC 62 .4 67 2010 73 165

DCA to primary vertex < 1 cm 200 350 2010 24 166
Kinematic cuts (next slide) ug, T : J. Cleymans et al., PRC 73, 034905 (2006)|

Efficiency * acceptance corrections done
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Analysis Detalils

Net-Charge

0.2<p (GeVic) <2.0
In| < 0.5

Kinematic cuts

Reject protons form
spallation for p, < 0.4 GeV/c

Particle Identification

Uncorrected charged primary
particles multiplicity
distribution

05<|n <10

Centrality definition,
- to avoid auto-correlations

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

X > >

. Bzdak and V. Koch, PRC86, 044904 (2012)
. Bzdak and V. Koch, PRC91, 027901 (2015)
_uo, PRC91, 034907 (2015)

Apply correction on raw net-particle distributions

Finite Tracking / PID efficiency
— Factorial Moments

10*

Volume fluctuations @
& 10°

n >
Remove auto-correlation effects 0
10

Net-Charge

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
Net-Charge, 0-5%, uncorrected
Au+Au collisions | s, = 14.5 GeV
0.2< P (GeV/c) < 2.0

ml < 0.5
STAR Preliminary
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Average efficiency for particle/anti-particles -0 =0 o 50
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Analysis Method

Error Estimation
Statistical Errors based on Delta Theorem
Au+Au 14.5 GeV Net-Charge  Net-Proton Net-Kaon
Typical Width (o) 12.2 4.2 3.4
Average efficiency (g) 65% 75% 38%
0?2/ €2 355 32 82

- With same N events:

X. Luo, PRC91, 034907 (2015)|

error(net-charge) > error(net-kaon) > error(r

Protons are the favored probe |

| o > 0.8:
Systematic error estimation g

ch, 0.6."

Includes uncertainties on § .

efficiency and |

efficiency fluctuations A

0

o

D and track cuts

Jochen Thader, LBNL

GSI, Darmstadt, Germany

o" 6 : Skellam Distribution (6, 3)
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Efficiency Studies
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Efficiency Studies

Overview

Construct efficiencies for charged particles
M, K, p tracking efficiencies extracted from embedding

Use relative fractions for 1, K, p to get charged efficiencies

For efficiencies study
Extract efficiency per 100 events of different pr bins

Use the width as systematic uncertainty

“WSTAR -
TG > | 10/ 25
'i'.;’}',‘;'&?.» S

=

Jochen Théader, LBNL GSI, Darmstadt, Germany



Tracking Efficiencies for Identified Hadrons
VS = 7.7 GeV -200 GeV,. 0.2 < p. <2.0GeV/c, |n| < 0.5, 0-5% central

Tracking Efficiency x, K, p - [0-5%] - ml < 0.5

AuAu IS\ =77 GeV AuAu IS\ =115 GeV AuAu ISw = 14.5 GeV AuAu ISw = 19.6 GeV AuAu ISw = 27.0 GeV AuAu ISw = 39.0 GeV AuAu IS\ = 62.4 GeV AuAu ISw = 200 GeV
L} L} L} n T | | | | | | | | | | | | | | | | | T | | | | | | | | | | | | | | | | | | | | | |

e
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Tracking Efficiencies for Identified Hadrons
VS = 7.7 GeV -200 GeV,. 0.2 < p. <2.0GeV/c, |n| < 0.5, 0-5% central

Tracking Efficiency m, K, p - [5-10%] - 0.2 < p.<2.0 (GeV/c)

AuAu IS\ =77 GeV AuAu IS\ =115 GeV AuAu ISw = 14.5 GeV AuAu ISw = 19.6 GeV AuAu ISw = 27.0 GeV AuAu ISw = 39.0 GeV AuAu IS\ = 62.4 GeV AuAu ISw = 200 GeV
L} L} L} n T | | | | | | | | | | | | | | | | | | | | | | | L | | | | | | | | | | | | | | | | | | | | | | | | | |
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Tracking Efficiencies for Charged Hadrons
Vs = 7.7 GeV-200 GeV. 0.2 < p. < 2.0GeV/c, |n| < 0.5, 0-80% central

Au+Au collisions, 0.2 < p. (GeV/c) < 2.0, | < 0.5 —— neg. Hadrons —— pos. Hadrons ... avg. Efficiency STAR Preliminary
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Efficiency - o’

Efficiency Studies

—fficiency Distribution vs p, (100 events per entry)

Efficiency vs P,
AuAu \{SNN =200 GeV
ml < 0.5

sample size 100 events each

Efficiency vs P,
AuAu \s,, = 19.6 GeV
Il < 0.5

sample size 100 events each

Jochen Thader, LBNL

Efficiency vs [
AuAu \s,, = 11.5 GeV
ml <0.5

sample size 100 events each

GSI, Darmstadt, Germany

Efficiency - K’

-pP

Efficiency

Efficiency vs P,
AuAu \(SNN =19.6 GeV
Il <0.5

sample size 100 events each

Efficiency vs P,
AuAu \s, = 19.6 GeV
ml <0.5

sample size 100 events each




Efficiency Studies

—fficiency Distribution Profile - 1.1 < p; < 1.4 (GeV/c)

0%}

0-5%
§§§%

T Efficiency Width Efficiency Width
¥ o
i 5-10% AuAu \s,, = 11.5 GeV AuAu \s,,, = 19.6 GeV
- ml <0.5 ml <0.5
11<p_<1.4(GeVic) 1.1<p_<1.4 (GeV/c)
T
sample size 100 events each sample size 100 events each

gt R Plon

i 5-10%
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Efficiency Protile
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Jochen Thader, LBNL
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Efficiency Studies
—fficiency Distribution Width -
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Event-By-Event Net-Particle Multiplicity Distribution

Au+Au collisions at Vs, = 14.5 GeV

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 | I | | | I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 | | I | |
Au+Au \ S = 14.5GeV STAR Preliminary
108k 0-2 <p; (GeVic) <2, < 0.5 0.2<p (GeV/)g) <16,lyl<05 ] 0.4<p_(GeVic)<2,lyl <0.5
o 0-5% N ¢ *
2 [ o 30-40% A, o il
o 10°F % 70-80% Ei* 5 % : * 2
> T T
- oS, 0% I 2 ) I *
= 10 o * o + g *Ho E3 *on
O gD E] o) ¥ O* o © ¥ O o - O
S 40 ax o 1 ¢! P 1 £ o 0
Bk L0 % ¥ S k5% .52 0%
g (gl 0 O 1 OD ] @) T O D o
Z 10° ° O o * O x ©
OH % 4, O 0 M= oo 0o u o
10 “n 0 0 0o go* o °
* m| & * % o o) [Eh o
| I | | | | I | | | II I | ] | | I | IDI I | IDI I | | | I | | | I | | | I | | | % | |
-90 0 50 -20 0 20 20 O 20 40
Net-Charge (AN, ) Net-Kaon (AN ) Net-Proton (AN )

Uncorrected raw event-by-event net-particle multiplicity distribution
for Au+Au collisions at v/snny = 14.5 GeV

v
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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

—4- Net-Charge

—S— Net-Kaon

“l'}\" Net-Proton

Corr./Uncorr.

200 300 200

(Noart
Correction smallest for net-protons for all cumulants

Corrections approximately flat with <Npart>

Jochen Thader, LBNL GSI, Darmstadt, Germany ﬂ%‘@ , ',ij



Corrected Cumulant Ratio of Net-Charge

Collision Energy Dependence

150 _
- Net-Charge i
- Au+Au collisions at RHIC ) . -
< 100|- 02<p_(GeV/c) <20, <05 e
T EEe e
: : I_I--:g":Q-_:f—Q:::: ‘i/% :
0 B @:g* N
10 : | -
e O .
© - i
[ Y S ]
o OF _
A - 1
o - i
-5 ]
10F | ]
N I
© Z
" 1ol T
-10F % S0-5% --- 0-5% Poisson -
[ & 70-80% - - - 70-80% Poisson
T % 0-5% UrQMD
78 10 20 30 40 100 200
\ Sy (GEV)

Jochen Thader, LBNL

14.5 GeV data-point added to published
Phys. Rev. Lett. 113, 092301 (2014)

Fits well Into trends

02/M increases with increasing collision
enerqgy

For most central collisions (0-5%), ko2 and
So/Skellam are consistent with unity

UrQMD (no Critical Point), shows no energy
dependence

GSI, Darmstadt, Germany
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n, AN Dependence Studies

JISTAR
A > | 20/ 25
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Net-Charge — n, An Dependence

Au+Au collisions at Vs, = 14.5 GeV

o2/M
(00]

7k

6 !

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

—OH

11—

[]

I A A_A_A A I

Ei|_||_||_|E|
[] O

STAR Preliminary

statistical errors only : ]

l horizontal error: An width: ~

~10}

" &5 An=01 HAn=0.3 __ﬁ An=0.5
| 5-An=07 FAn=1.0 Poisson

Jochen Thader, LBNL

An dependence of fluctuation observables

encode history of the hot medium

Constant prrange: 0.2 < pr < 2.0 GeV/c

Varied width of pseudo rapidity interval An :
0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1.0

Varied midpoint of interval | An, | |
But always within |n| < 0.5 | ,
For data points at n = 0O: 05 0 05
An window Indicated by horizontal error bars 1

Data points are at middle of An window

GSI, Darmstadt, Germany {\g%@a ‘{IA R * 21 /25
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Net-Charge — An Dependence

Au+Au collisions at Vs, = 14.5 GeV

20r STAR Preliminary ][ Au-+Au collisions |'s, = 14.5 GeV
0 O O o . % Net-Charge, 0.2 < P (GeV/c) < 2.01
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Ny I
10 L O aln ;;%
P9 ogo 0o - *% %} % 3
] - %
5 — -
0.6—:::::_:_:::::::::::::=:——::::_:_:::::::::=:::
| Au+Au collisions | s, = 14.5 GeV | STAR Preliminary
Net-Charge, 0.2 < p_(GeV/c) <2.0, 0-5% 1F ; T -
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[ ——— 5-10% [ =
| —— 30-40% | 46— An=07
_10-_ —O— 70-80% B —f— An=1.0
X Poisson Poisson
0 0.2 0.4 0.6 0.8 1 o 100 200 300
AT] <,\Ipart>

Jochen Thader, LBNL

GSI, Darmstadt, Germany

Smooth trend for o¢2/M, So
and ko2 with increasing An

Different trend of ko2 for
central and peripheral
collisions vs An

The smaller the An window,
the closer to poisson
expectation

Ordering in An vs <Npart> for
02/M, SO and ko? observed

WSTAR *
A > | 22 | 25
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Net-Charge — An Dependence

Au+Au collisions at Vs, = 14.5 GeV

SOE‘.S'I;AI.?I;re-Iirr.lin-ar); """"""" EE_-ST.$I.:1FI>réIirr.1in-ar3I/ """"""" ‘ De_COrrelate Charges |n d|fferent
40 ila O O O 7 '
2 f_@@©@8880025 regions
- Separate charges in positive
W2 000008888 I : and negative pseudo rapidity
I ot
o I3 ' positive particles: n > 0
bos % % $ $ % T negative particles: n < O
0.1:—% % O - 8 8 8_
; Q i 0O g O 6 8 0 8 o .
e E e positive particles: n < 0
O;QQ@@@@éiéi l 00060008008 negative particles: n > 0
Ng _5:_ 0-5% - I 70-80% -
——— 0-5% - pos: n>0, neg: n<0 ——— 70-80% - pos: n>0, neg: n<0
T A T B B ¥ R Y-S T I -> Closer to POISSON eXpeCtathﬂ
A A i
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Net-Charge — An Dependence

Au+Au collisions at Vs, = 14.5 GeV
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De-correlate charges in different
regions

500000 O0:

Separate charges in positive

Q. Q O

and negative pseudo rapidity
regions

positive particles: n > 0

o 0 O O

atistical errors only

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

1[. Au+Au collisions |s, = 14.5 GeV
1L Net-Charge, 0.2 < P, (GeV/c) < 2.0, 0-5%
1r atistical errors only

negative particles: n < 0

positive particles: n < 0
negative particles: n > 0

[ ——— 0-5% - pos: >0, neg: n<0
_2F —&— 0-5% - pos: 1<0, neg: >0

- ©@@@% :

L0868 0 """ = 1090608000000 :
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0-5% - 30-40% -

]l —E&— 30-40% - pos: >0, neg: n<0
- ——— 30-40% - pos: 1<0, neg: >0

-> Closer to poisson expectation
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Plans for Beam Energy Scan Phase li

(2019-2020)

iTPC Upgrade
Replace aging wires
Full pad coverage
— better dE/dx
-1.59<n< 1.5

pr > 60 MeV/c

Jochen Thader, LBNL

.~ 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<45

GSI, Darmstadt, Germany

1o : TPC > iTPC —
| Net-Proton, 0-5%

10 Au+Au collisions | sy, = 7.7 GeV
| STAR Preliminary

6 = 0.4<p_(GeVic)<20
Estimated Error BES I

[ - 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

Not a lot of news since QM :)

New results for Vsyn = 14.5 GeV Au+Au collisions for net-charge

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

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

Immediate next steps: study pseudo-rapidity dependence also
for other energies
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