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e Corrections / Error Estimation

e Results from Net-Proton Higher Moments

* Results from Net-Charge Higher Moments
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Motivation

* Event-by-event fluctuations of conserved quantities have been proposed as most
direct observables for the study of the phase transition between a quark-gluon

plasma and hadronic matter

— Net-charge / net-baryon (net-proton) | net-strangeness

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

e Evolution of fluctuations

— Transition between high-T QGP
phase and low-T hadronic phase
occurs in small AT and leads to
rapid change in entropy and energy

density

— It is expected that these transitions
cause large fluctuations of

conserved quantities.

— Study tails of net-particle distributions
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Phys. Rev. Lett. 112 (2014) 032302
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Search for the QCD critical point

 Endpoint of the first order
phase transition boundary.

 Experimental discovery of
the QCD critical point will be

— an excellent test of QCD
theory in non-perturbative

region

— and a landmark of the
exploring the QCD phase

structure.
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HotQCD, PRL109, 192302(2012)

Freeze out param etfers WB Group, PRL111, 062005(2013)
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Comparing first principal Lattice calculations with measured
moments of conserved quantities (Net-Charge), one can extract the
chemical freeze out parameter T and p;
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Observables

 Higher order moments of conserved charges ¢
— Charge (Q), Strangeness (S), Baryon number (B)
« Expressed by fluctuations of net-particle distributions (AN =N, - N,)

— Net-charge, net-kaon (proxy for S), net-proton (proxy for B)
— Sensitive to correlation length (&) of the system

(AN))~E"  ((AN))=E™ ((AN))~E

e Direct comparison with Lattice calculations via susceptibilities (xa,)
which are cumulants by assumption

— — - Susceptibilities are
X1 = T <(ANP)> X2 = T <(ANP) ) calculable via Lattice
1 3 | ) . QCD for small p,
%= (AN xe =S IAND=3UANY) | aumulants via
experiment
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Experimental Observables

° Quantiﬁed via Mean M =T =0

: Variance : 0 = /it = ¢
— higher order moments, ‘

_ S oy 1 H3 €3
— their cumulants ¢, and RREEeY i = RE RETE
.'2 .-2
— cumulant ratios . _ [y . C4
Kurtosis : k = S S
e To cancel volume effects Ha Cy
2 C) 2 Cy o K >0 2
o' /M = —= better M/o™ = — ' - ——
C C, N s ‘
C K=0
So’ /M =3 * J
c, K <0 A
S o = 2 C \ r;';/ \:\\
— 2 4 W,
C KG —_ — |
2 c, | /4/ | N
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Experimental Access

Naively: Measure number of particles and anti-particles per event - take the
difference

e Higher order moments are extremely sensitive to

Detector or reconstruction/PID efficiencies
Event selection - avoid pile up events (more than one collision in TPC readout window)

Effects on both particles and anti-particles in the same way / in different ways / only
particles or anti-particles

Limited acceptance (¢/n) coverage

Secondary particles from weak decays (mainly protons)
Non-perfect PID, misidentification

Absorption of anti-particles in the material (anti-protons)
Secondary particles from the material (mainly protons)

Therefore: Correct the higher order cumulants for those effects!

But: a normal — on average — correction will only correct the mean.
... heed more sophisticated methods

FIAS Frankfurt Jochen Thaeder (LBNL)
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Simple (Poissonian) Toy MC

Study efficiency dependence c_ for €, VSE,

— Mean of number of particles/anti-particles per event (Np / prar): 40

Rec ¢, (5, =5) - [M =40, N = 50M]
100

Rec ¢, (s, =) - [M = 40, N = 50M]
g 100 e

B . Even cumulants:
" " the closer to 100%
50 % the better
; ; ¢, = ¢, =N, N,
Rec ¢, (s, =5)-[M =40, N = 50M] Rec ¢, (=,, 5) - [M = 40, N = 50M]
100 F 100
Odd cumulants:
. . equal efficiencies
s s preferred
a0 M C,=C= Nq+ B Nq-r
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Efﬁciency correction  [A:Bzdakand V. Koch, PRC8G, 044904 (2012)
Factorial Moments

e Factorize out different orders of efficiencies

Ny! Ny! > & Ny! No!
Fp={——— — P(Ny, Np) e
g <(h1—i)!{hg—k)1 wzzmzzk (M 2)(h1—z)!(hg—k:l!’

11! Tig! = — nq! Tio!
Jiw = <(n1 — i)l (ng - r’f:l!> - Z 2. p{ﬂ-l,nz)(n] — i)l (n ik}!'

2
=t ns=k

o Apply “flat, average” efficiency for particle/anti-particles
fir = P'i : P'fi_ + Fik

e Extract cumulants:

c2=p(1—p) N +p°Ko,
c3 = p(1 — p°)Ky + 3p*(1 — p) (Fao — Foo — NK1) + p°K3, | gee talks of Adam and Volker
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- " A. Bzdak and V. Koch, PRC91, 027901 (2015)
EffICIenCy COrreCtlon X. Luo, PRC91, 034907 (2015)

| ocal Factorial Moments
e Use local factorial moments

— Allows for non-monotonic phase-spaced dependence
— Arbitrary binning

Aig (X1, X3 Xy, oo X)) = (NDIN(X2) = 85 ]+ - IN() — 6y oy — =+ — 85y 1]
N(x)DIN(E) — 85,.5] -+ - [N(Xx) — 85,5 — -+ — 851z ]),s

@ik (X1, .- X3 X1, X)) = (n(x)[n(x2) — 8y, - - - [n(x) — 8y, — -+ — 85 )
Aa(x)[Axz) — 0z, 5,1 - [A(Xk) — 8z, 5. — - — 8%,_,.5])

Qi = €(x1)---€(x;)E(X) - - - €(Xp)Ai k.

ﬁ, = ﬂ!',. {I:"'!If;j:"':j)'
) ,;,Z:x ,.;._;;ﬁ e 1 ‘ See talks of Adam and Volker
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Efficiency correction
Local Factorial Moments
e STAR use case:

A. Bzdak and V. Koch, PRC91, 027901 (2015)
X. Luo, PRC91, 034907 (2015)

— 2 p; bins for particle and anti-particle

Fur_l,j!-:[ PL’N s MWy

P

ﬁz} -

fi;,vd,k[ﬂpl 1 ﬂp; 5 'n'p] ¥ n‘pd]

(€p1)*(€p2)" (81 ¥ (€82 )"

Fry 53 (Noy Ng) = Fry r(Np, + Npoy N5, + N3, )

L z Z#]{r]-i]jﬁl{r'&'-‘izj <

t=Uap=l)

(Np, + Npy) (N, + N, ) >

~—— Rather involved formalism!

iz ;
E : g : i i) —8 §ra i riz—t art
— Z.‘J] T I] .':i"| M. 'E {: ( : ]‘NP] .'?"I'P‘_ ( : )_“I'PT EJ‘\'?‘I -
=l

iy =04a=0

F2 i1 iz

iy =Wl iz=l) =0 {=i)

rg i) $p §1—& a8 da—t |

—EZZZZZEEwmﬂm%;MT

iy =0 iz=l =0 {=0 u=l v=0 j=0 k=0

x 8a(i1 — 8, w)sa(s, v)saliz — ¢, 7)s2(t, k) % Fyuik(Np,, Ny, N5, N

FIAS Frankfurt
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See talks of Adam and Volker
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Statistical Error Estimation

Delta Theorem

6 & Skellam Distribution (6, 3)
: MNumber of Events; 1 Million
8 [ 5 gUE
= 4K Y
= « o4M
(1n )
o %
i ol i Error; Delta Theorem
371 : %
@ %
U --------- I a. ...... . ::.:.'.".'.t.:'.'.n'.:u.u..-.-n.-‘uu
i 0.2 0.4 0.6 0.8 1

Efficiency (g)
e Typical efficiencies

X. Luo, PRC91, 034907 (2015)

— g(proton) > g(net-charged) > g(kaon)

e Typical width

- o(net-charge) > o(net-proton) > o(net-kaon)
 With same N events
— error(net-charge) > error(net-kaon) > error(net-proton)

FIAS Frankfurt

n C n—2
error(cn)ocon 67’7”07”(6 JocL—nn, forn>2
€ 2
o 0 O
error (S o)oc—35 error (K 0~ )oc
€ €
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Other Contributions

e |nitial volume fluctuations

— Improve centrality resolution

— apply centrality-bin-width correction
e Remove auto-correlation

— Particles used in the analysis are
excluded in centrality definition

- STAR uses TPC to extract

event centrality Further Reading
STAR, PRL 105, 022302 (2010)

STAR, PRL112, 032302 (2014)

X. Luo, J. Phys.: Conf. Ser. 316 012003 (2011)
X. Luo, JPG 39, 025008 (2012)

X. Luo,et al., JPG 40, 105104 (2013)

X. Luo, PRC 91, 043907 (2015)
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RHIC Beam Energy Scan Phase | (BES )

Search for the critical point

e Collide heavy-ions and vary beam (collision) energy to
change Temperature & Baryon Chemical Potential

e Baryon stopping is the reason that we can achieve finite

baryon chemical potential

« 2007: STAR Beam Energy Scan (BES)
Focus Group formed
2008: Test run at VsNN = 9.2 GeV
[PRC 81, 024911 (2010)]
. : 2009: Proposal for BES Phase-|
SET & 'y [STAR Note SN0493 & arXiv:1007.2613]
'dro;sévér:;’gr-{ﬂ___ %, 2010: BES-I data-taking began
T {*-order PT 39, 11.5 and 7.7 GeV
N 2011: Two further energies
A\ 27 and 19.6 GeV
Hadronic Gas ey \"'. 2012: Test at 5 GeV
2014: Final BES-I energy (14.5 GeV)
e My and BES-II proposal

Baryon Chemical Potential pig [MeWV)

& Early universe
[ ]

Temperature (MeV)
[}

é{:’j
7

¢
L
[ J
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RHIC Beam Energy Scan Phase | (BES I)

Search for the critical point
e Map phase transition boundary

e Search for possible QCD critical point
e Scanning 8 collision energies form 7.7 — 200 GeV

INn 2011, 2011, and 2014

b, , T:J. Cleymans et al., PRC 73, 034905 (2006)

Vs, (GeV) Statistics in 0-80% Year My T
(M events) (MeV) (MeV)

7.7 ~3 2010 422 140

11.5 ~6.6 2010 316 152

14.5 ~12.5 2014 264 156 <= QM '15
19.6 ~15 2011 206 160

27 ~32 2011 156 162

39 ~86 2010 112 164
62.4 ~45 2010 73 165

200 ~238 2010 24 166

FIAS Frankfurt Jochen Thaeder (LBNL) 16/31



The STAR detector

Full azimuthal coverage, |n| <1

\

FIAS Frankfurt

Jochen Thaeder (LBNL)

Time Projection Chamber
Tracking, PID (dE/dx), vertexing
multiplicity

Time-Of-Flight detector
PID (time-of-flight)

Beam-Beam Counter
Min-bias trigger

Magnet
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Analysis

Events QA: event quality cuts have been applied, bad run/events removed

Net-Proton
- 04<p;<2.0(GeVic), |y|<0.5

— Primary track selection:
e DCA <1cm, nHits;pc >= 20, nHitSpc/NHitsP0ss>0.52, nHits 4, > 5

— Centrality definition: primary particles, except protons in |y| < 0.5
Net-Charge

- 0.2<p;<2.0(GeVic), |n|<0.5

— Remove spallation protons for p; < 400 MeV/c

— Primary track selection:
e DCA <1cm, nHits;pc >= 20, nHitspc/NHitsP0ss>0.52, nHits 4, > 10
— Centrality definition: primary particles in 0.5<|n| < 1.0

Efficiency * acceptance corrections are done appropriately

FIAS Frankfurt Jochen Thaeder (LBNL) 18/31



Particle ldentification
Combined PID for Net-Proton (|Jy| < 0.5)

d i~
e TPC: 0.4<p;<0.8(GeV/c)
e TPC+TOF 0.8 < p;<2.0 (GeV/c) (37 o S

— New compared to published: | 5
PRL 112, 032302 (2014) 2 -

— Doubles total multiplicity for (anti-)protons [ o S e .
paiGaVic)

25—
- 2
S | i
(i = |
G 15 o
o ¥

1 15
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Efficiencies (Tracking + PID)

Combined PID for Net-Proton (|Jy| < 0.5)
e« TPC: 0.4 <p;<0.8 (GeV/c)

- &rpc Changes as a function of p;, <€;pc> ~ 0.8

— Centrality dependence is relatively small

« TPC+TOF 0.8 < p; < 2.0 (GeV/c)

— Significantly smaller efficiencies !

— TOF overall efficiency <e;o> ~ 0.7
e Fairly constant vs p;

— <E€rpcitor™ = <Erpc> ¥ <E€or> ~ 0.5

e small centrality variation

FIAS Frankfurt Jochen Thaeder (LBNL) 20/31



Efficiencies (Tracking + PID)

Combined PID for Net-Proton (|Jy| < 0.5)

Mid-rapidity p and pbar Efficiencies

FIAS Frankfurt

Au + Au CoII|S|ons at RHIC

" " T
.l (1) NSNN = 200 GeV (2) NSNN = 62 4 GeV | (3) '\ISNN =39 GeV

0.4<p,<0.8 (GeV/c) 0.4<p,<0.8 (GeVic) 0.4<p,<0.8 (GeVic)

I i I
(4) sy = 27 GeV

CPOD 2014

0.4<p,<0.8 ;?#MA/ TPC
»
1ee* |, —TPC+TOF

_A-A- —AA a-A-AAA
-A-AAA -A-A-A A-AAA - —A,,_—A—__
| CaA——A—A- | A B A ah N AT
081 ya- et -A- ‘-ﬁ--ﬁ-‘ﬁ*‘*‘*"" AN Ay aah AR
abe A ah s
A 0.8<p;<2 (GeV/c) & 0.8<p;<2 (GeVi/c) & 0.8<p,<2 (GeV/c) 0.8<p;<2 (GeV/c)
0.4} =+ €1 + STAR Preliminary -
| | | | | | | | | | | | | | ]
| ' ' | ' | | ! ' | ' ! I I ' | ' I ' |
(5) Vspy = 19.6 GeV (6) Vs = 11.5 GeV (7) Vs = 7.7 GeV
e r 1 ] Efficiencies
0.4<p;<0.8 (GeV/c) 0.4<p.<0.8 (GeV/c) 0.4<p;<0.8 (GeV/c) (IyI <0 5)
0.8 222 &%ﬁﬁ M@Mﬁ%}
Proton

AAA

® low p; (TPC)
A high p; (TPC+ToF)

Anti-proton
» low p; (TPC)
. high p; (TPC+ToF)

-AAA —A—A—h— -A-A-AA~ A-A- -A-A-A—A-A-
0.6 A“_A_-A_—A— AAN A A—A M—A-_ A -A-
~AAA A A ATT A A
aB Ayt a8 A
0.8<p.<2 (GeV/c) 0.8<p,<2 (GeV/c) 0.8<p,<2 (GeVic)
0.4 I | T, | 1,

0 20 40 60 800 20 40 60 800 20 40 60 80

Fraction of Collision Centralities

(%)

Jochen Thaeder (LBNL)

Efficiency
* Weighted average
(by corrected p. spectra)

« Efficiency almost flat
within p_ range

21/31



Net-Proton / Protons / Anti-Protons

Mean

40
30
20
10

L]

20

10

(a) 7.7 GeV * | (b)11.5 GeV (c) 19.6 GeV R
* o 0.4<p, < 2 (GeVic) [yl<0.5
- = # Nei-proton
= b * Proton
= . . e * Anti-praton
L 1 -
- - < [ " STAR Preliminary
(d) 27 GeV (e) 39 GeV (f) 62.4 GeV (g) 200 GeV
L ) &
o L ] S - i
- . I - " . ®
-t -"' Laas * ° gle s . °
0 100 200 300 o 100 200 300 O 100 200 300 O 100 200 300

Average Number of Participant Nucleon {Nmn?

e Mean net-proton and (anti-)proton number increase with <N >

e Net-proton number is dominated by protons at low energies and
Increases when energy decreases

— (Interplay between baryon stopping and pair production)

FIAS Frankfurt

Jochen Thaeder (LBNL)

CPOD 2014
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Net-Proton Energy Dependence

Cumulants

Au+Au Collisions

O.4<p <2 (GeVic), lyl=0.5

1 10§
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Anti-proton
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CPOD 2014
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Net-Proton Energy Dependence CPOD 2014

Cumulants Ratios — Centrality Dependence Study

, Au+Au Collisions | Au+Au Collisions
1 : ; Met-proton
| Mo praion | 4 0.4<p_<2 (GeV/c),|y|<0.5
. 0.4<p_<2 (GeV) ly|<0.5 T
0.8 . - 3 0-5%
; .y j . 5-10%
b i STAR Preliminary - i 30-40%
0.6 | i ; © 70-80%
% | - = 2
04| i '
: 0-5% m) 1 - . = ™
2| 5-10% j £ & & B A &
0217 & 30-40% - ‘ '
; 70-80% - 0 STAR Preliminary
0l |
6 10 20 30 100 200 6 10 20 30 100 200
\'Snn (GeV) I'Sun (GEV)

e Error bars are statistical only. Systematic errors
estimation underway.

e Dominant contributors:

— efficiency corrections / PID

FIAS Frankfurt Jochen Thaeder (LBNL) 24/31



Net-Proton Energy Dependence CPOD 2014

Cumulants Ratios — Momentum Dependence Study

0-5% AU + Au Central Collisions at RHIC

1
(a) net-p x*o’ A (b) net-p S*o
4 py Range (Gelic) 08 A
® A 04<p <08 A
[STAR: PALTIZ ; + F' Y
3 0.4<py<1.2 :
Nﬂ U_MET <1.4 0.6 + ¢4
x _ 04<p, <18 JD v ,
Eﬂ 2 4 » [J-'lf.'p.l = 2.0 m o °
4 ' p, Range (GeW/ic) F Y
i A 04=p . <08 ]
1 IE.T.-:-I-'- F'FF;III‘I
I N4 @ GRlg M N
04 <p. <16
D ﬁ . ® 04« Pr =20
5 100 200 10 20 50 100 200
Collldlng Energy *JSNN (GeV)
Ko?: the energy dependence tends to be So: the values are smaller for
more pronounced with wider p_ acceptance, wider pT acceptance

relative to published results
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Net-Proton Energy Dependence CPOD 2014
Cumulants Ratios — Rapidity Dependence Study

Au+ay - 0-5% 1.1 Au+hu: 0-5% 0.4<p_< 2 (GeVic)
4 Met-proton oA T
0.d4=p <2 (GaVie) c |
Iyl<0.1 o : &
|:|=cn_:3 o 09
2] B [¥]=0.4 w :
b lyl<0.5 E'E 0.8 |
il }5 0.7 Net-proton
N ; ly|<0.1
| e T e e W n = 0 1yl<0.3
|3 ; 05 | lyl<0.4
0 ' STAR Preliminary " | STAR Preliminary ly|<0.5
[ 67 10 20 30 100 200 ' 67 10 20 30 100 200
\'Sn (GeV) | S (GeV)

Decreasing |y| brings cumulant ratios closer to Poisson Expectation

- Both in p_ and y acceptance impact the values of moments.
* The acceptance needs to be large enough to capture the dynamical fluctuations.

The related systematic errors should be carefully addressed.
FIAS Frankfurt Jochen Thaeder (LBNL) 26/31



Net-Charge Energy Dependence
Phys. Rev. Lett. 113, 092301 (2014)

028 Netcharge = » 02/M values increase
e B oo monotonically with
TS e increasing beam energy.

o * . .
i e So values increase with
6= decreasing beam energy.

B 0.4
? 02 e The values of ko2 seem to
g —— be consistent with no beam
B T |
5F : _ energy dependence
. Hﬁ——i}-
5 * 0-5%
¥ -5 @ 70-80%
10E — gf}?é?:)% NED
¥ i e

56 10 2030 100 200
Vsy\(GeV) NBD: Negative Binomial Distribution
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Net-Charge Centrality Dependence
Phys. Rev. Lett. 113, 092301 (2014)
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—— NEBD B ——  NBD
0.2f A0 J[
U:r. T " )
. b}11.5 Ge 0.4 c) 19.6 GeV 13}11 5 GeV j1sﬁaev
06 4 4 - s _% 1 5
0.4F e GE_“***ql( _________ Tk [ ok * * % +
02 : 2 o
- o -5 5
D D—T: ' " P BT b | ] | 'S_r- " | . |
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02F, 5 —— [ e
Efﬁr_f ¥ ?_"*"' oy i-x Bl R $ +\
o1 SR AT T = | u
[ Loemennn e o
O Lol | Ll T T T
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Plans Beam Energy Scan Phase I
(2018-2019)

Fine energy scan

Studying the Phase at Vs, <~ 20 GeV

Diagram of QCD ~
Matter at RHIC o> S Electron cooling
it M - g S 50 iIncreased luminosity factor 3-10

urrent understanding and

describing future plani

STAR detector upgrades
Improved tracking
Pseudo-rapidity coverage
Centrality determination
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Plans Beam Energy Scan Phase I

(2018-2019)

upgrade Improve
pseudo-rapidity coverage
vent !'lane | 'etector [ERLE]S)

iITPC upgrade: EPD Upgrade Other
Replace aging wires Replaces aging BBC Hcal

Sparse pads — cover full area, better dE/dx Greatly improved Event Plane Endcap TOF
-1.7<n<1.7 Better trigger & b/g reduction

p; > 60 MeV/c -45<n<-1.8, 1.8<n<4.5
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Summary and Outlook

e STAR has measured higher order moments of Net-
Charge and Net-Proton distribution for BES energies
Vs =7.7,11.5, 19.6, 27, 39, 62.4 and 200 GeV

 Results are corrected for tracking and PID efficiencies,
as well as the centrality-bin-width, auto-correlation effects
from the centrality definition have been taken care of

« New results from Vs, = 14.5 GeV and Net-Kaons are in
preparation, including study of rapidity dependence

* |Inthe upcoming BES Il, STAR will provide a larger
rapidity and momentum coverage, improved PID and
centrality estimation outside the central barrel
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Stay tuned for Quark Matteim
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