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Introduction



QCD phase diagram

4+ Quark Gluon Plasma can be experimentally created by heavy ion collisions.
4+ Higher order fluctuations of conserved quantities can probe the QCD phase

structure.
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Higher order fluctuations

4+ Moments and Cumulants are mathematical measures of “shape”
of a histogram which probe the fluctuation of observables.

v" Moments : Mean(M), sigma(o), skewness(S) and kurtosis(k).
v S and k are non-gaussian fluctuations.
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Fluctuations of conserved quantities

4+ Net-baryon, net-charge and net-strangeness x tw, ciarse workshop 2016

@ Tsukuba University
- Au+Au 200 GeV e . 0-5% 3
D 15[ 0.4<p <08 (GeVic) w"m . A Ano) ]
o 10 3 |y|<05 tt*! 30 40 /O

“Net” : positive - negative Fill in histograms 106

ANq = Nq — NE’ q — B’ Q’ S over many collisions
AN

.* -
o > * a. ®70-80% -
No. of positively charged No. of negatively charged Lﬁ 10° E . .. *, 3
particles in one collision particles in one collision o) 3 . ¢ s *
— 10 :F *l * * 3
-y . (<) ; LI i
(1) Sensitive to correlation length 9402 ‘m ¢ L ?
E E * o o * 3
= o “
10 * . 5
Cy =< (5N)2 o 62 C5 =< (5N)5 >R 59'5 = ? dow e ’ I
_ 3 ~ 4.5 — 6 ~ 12 Ll S A A A S A T
_ 4 ~ 7 et Proton (A
04 =< (5N) 2 § —neutrons canl\|l1pot be measured
(2) Direct comparison with susceptibilities. 1ol x5 -
M. Cheng et al, PRD 79, 074505 (2009) x5 —
8.0 X4S
S_@_ﬁ 2_04_X4 6.0
= C — (B = e = open: N.=4
2 X2 Cy X2 . full: Ny=6
1 O"p/T*
q — q — —_— 20 .|
Xn VT3xcn 8/,67?’ ) q B7Q75 ‘ij . ‘SB .
9 0.0 . . TiMevl
Volume dependence can be canceled by taking ratio. 15e €50 300 S50 400 450

T. Nonaka, Defence for Ph.D thesis, Feb. 9 6



Statistical baseline (Poisson)

v Higher order fluctuations are compared to statistical
baselines of the Poisson distribution.

v Poisson - Poisson = Skellam

M1, M2 : mean parameter of Poisson k/2
p(k; 1, p2) = Pr{K = k} = e~ (1 *#2) (%) Iy (2/E1F2)
v Odd(even) order cumulant of Skellam distribution is
difference(sum) between means of two Poissons.
Codd = p11 — 12 O g —po o Ca

So=—== KO
Ceven = U1 IF U2 02 1 = 2

e
Cs

C4a/Co= Ce/C2 =1
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Critical end point?

v’ Measured non-momotonic behaviour of fourth order fluctuation of
net-proton distribution might be a signal for the critical end point.

X. Luo (STAR collaboration) arXiv:1503.02558v2
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Net-charge and net-kaon

v" No non-monotonic behaviour is observed in net-charge and net-kaon.
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Crossover phase transition with Cg

v' Lattice calculations predict a “smooth crossover” at us=0.

Y. Aoki, Nature 443, 675(2006)

v No experimental evidence for (crossover) phase transition.

v" Any observable shows no discontinuity for this smooth crossover.

v" Theoretically, the six order cumulant of net-baryon and net-charge
fluctuation change sign if the chiral phase transition is close to the

freeze-out line.
Friman et al, Eur. Phys. J. C (2011) 71:1694
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Known issues?

v Non-momotonic behaviour of fourth order fluctuation of net-proton
distribution might be a signal for the critical end point.

X. Luo (STAR collaboration) arXiv:1503.02558v2
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Known issues

v" Huge calculation cost on
binomial efficiency correction

- T. Nonaka, M. Kitazawa, S. Esumi :

PRC.95.064912

v" Non-binomial efficiency
- A. Bzdak, R. Holtzmann, V. Koch :
PRC.94.064907

v" Volume fluctuation

- P. Braun-Munzinger, A. Rustamoy,
J. Stachel: arXiv:1612.00702
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Known issues?

v Those effects on Cs are expected to be much larger than C4
since the higher order cumulant consists of combinations of
all the lower order cumulants.

Even if the background effects on C4 is small enough, it is

danerous to be Iind for C...

1,

H2 — ,U%,
p3 — Spap1 + 2p1,

Un : N-th order moment
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Motivation

| Find an experimental evidence for the phase transition with

measurement of the sixth order cumulant of net-proton

distribution in Au+Au collisions at Vsnn = 200 GeV at the
STAR experiment.

(The world’s first measurement!)

T

' Investigate (develop) existing (new) analysis
techniques to derive “true” fluctuations

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Outline

Experiment and Datasets

Detector Effect : experimental correction

Efficiency correction
Unfolding (NEW!)

Volume Fluctuation : physics correction

Centrality Bin Width Correction
Volume Fluctuation Correction (NEW!)

Results
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Solenoidal "racker At FHIC

SV TPC
N\

\/ :’,“ ¥
Vi X
v Large & uniform acceptance
(full azimuth, Ini<1)

v Excellent particle identification



Da ta set s 4+ As C; is very statistical hungry, we focus on Vsyn =

200 GeV datasets which have the largest statistics.

4+ Minimum bias trigger for Run10 and Runi1 are
analyzed separately, and combine them to reduce
statistical errors.

v" Event selection
IVzI<B0cm, IVrl<2cm, |VpdVz-VzI<3cm

Pileup rejection using tofmatched tracks

v’ Track selection 0-10%  10-80%

DCA<1cm, nHitsFit>20, nHitsFit/nFitPoss>0.52, ~160M  ~200M

nHitsDedx>5, lyl<0.5

PID cut : 0.4<p7<0.8 : INCprotonl<2
0.8<pT1<2.0 : InOprotonl<2 && 0.6<m?<1.2

~50M ~450M
210M 650M

| 11 1 l L 1 1~

p*q (GeV/c)
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Experimental correction

Detector Effect

- Efficiency correction
- Unfolding
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Binomial model

+ Efficiency follows binomial distribution.

4+ Factorial moments can be easily corrected.

- M. Kitazawa : PRC.86.024904, M. Kitazawa and M. Asakawa : PRC.86.024904
- A. Bzdak and V. Koch : PRC.86.044904, PRC.91.027901, X. Luo : PRC.91.034907
- T. Nonaka, M. Kitazawa, S. Esumi : PRC.95.064912 . .
. 1+ 2:
Far = <(N1 — (N, - k>!>
N!

n —n _ ik
B(n,N;e) = T =i (1—¢e)N fir = 5p5pba,er’k f_k5< n!  mg! >

(n1 — 1,)' (7’1,2 — k)'

4+ Corrected cumulants are expressed in terms of
measured factorial moments and efficiency.

( h ( h

ka(AN) = (Fio/er) + T(fao/e2) + 6(fao/e3) + (fuo/e?) — A(fro/e1)? — Measured True
111?((1{20//8%}(%0/(6;)_/4({?;/6;)({10?{6%)765510§81§2;6§f%3€;%)§f13/€(1}2_/3§§10§€1)4)_ factorial factorial
11/€1/€2)—(J10/€1)(Jo1/€2)to(J21/€1/€2)—9(J20/€ 01/€2)+(J31/€1/€2)—
(fso/é‘?)(fm/&z)—3(f11/€1/€2)(f10/€1)+3(f10/€1)2(f01}€2)—3(f21/€%/€2)(f10/€1)+ moment iust divide moment
3(f20/€%)(f10/€1)(fo1/e2)+3(f11/e1/€2)(f10/€1)%—3(f10/€1)3 (fo1/€2))+6((f11/€1/€2)+ \- / by efficiencyk J
(fr2/e1/€3)—2(f11/e1/€2)(for/€2)+(fro/€1) (for /€2)?+(far /€3 /€2)+(faz /€3 [€3)— l

2(fa1/€1/e2)(for/e2)+(fa0/€1) (for/€2)?—2(f11/e1/€2) (f10/€1)—2(f12/€1/€3)(f10/€1)+

4(f11/e1/e2)(fr0/€1)(for/€2)—3(f10/€1)* (for/€2)?+(f10/€1)? (for/€2)+(foz/€5) (f10/€1)%)—

4((f11/e1/e2)+3(f12/e1/€3)+(f13/e1/€3)—3(f11/€1/€2)(for/€2)—3(fr2/€1/€3) (for/e2)+

:(3J(Cf1}/§)1(/;2)/(fo)l/gg)(j‘_:j(fl)o(/fsl)/(fo)l/@gif_(fm;?})(;01gf;)_/3(§32/?%}(f1/0/§1)_
€5)(Jio/€1) +3(J10/€1 1/€2)% + 6%161 1/€2))+ 1/€2)+

G G LA oo | Messwred | ol T

6(fo1/€2)°+6(fo2/€ 1/€2)“—3(fo1/€2 -3 10/€1)+(f20/€7)—(Sf10/€1)°)—

2((fu fex/e2) ~ (Fro/en) Gor /) + (Uonf2) + Joaf€3) — (o ea)2))? cumulant cumulant
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Efficiency bins

v Experimentally, efficiency will depend on pr ,rapidity and
azimuthal angle, which needs to be implemented in the
efficiency correction.

N—" 1 \é ' g T T g T
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Efficiency correction with many efficiency bins

1 eff. bin

ks(AN) = (((fio/e1) + T(f20/€3) + 6(f30/€3) + (fao/€1) — 4(fr0/€1)* —
12(f20/€2)(f10/€1)—4(f30/€3) (f10/€1)+6(f10/€1)>+6(f20/€2) (f10/€1)2—=3(f10/€1)*)—
4((f11/e1/e2)—(fr0/e1)(for/€2)+3(fa1 /€3 /e2)—3(f20/€3) (for/e2)+(f31/€3 [e2)—
(f30/€3)(fo1/€2)—3(f11/€1/€2) (fr0/€1)+3(f10/€1)?(for/€2)—3(fa1/€3 /€2) (fr0/€1)+
3(fa0/€1)(fr0/€1)(for/€2)+3(f11/e1/€2)(f10/€1)*—3(f10/€1)* (for/€2))+6((f11/€1/€2)+
(frz/€1/€3)—=2(f11/e1/€2)(for/e2)+(fr0/€1)(for/€2)*+(f21/€3 [e2)+(faz /€3 /€3) —
2(f21/€3 /€2)(for/e2)+(f20/€3) (for/€2)?—2(f11/e1/€2) (fro/€1)—2(f12/€1/€3) (f10/€1)+

(
4(f11/61/62)§f10/€1)(f01/€2)—3(f10/€1)2(f01/62)2+(f10/€1)2(f01/€2)+(f02/€%)(f10/€1)2)—

4((f11/e1/e2)+3(f12/e1/€3)+(f13/e1/€3)—3(f11/€1/€2) (for /e2)—3(fr2/€1/€3) (for/€2)+
3(f11/€1/€2)(for/€2)?=3(f10/€1)(for/€2)3—(f10/€1) (for /€2)—3(foz/€3) (fr0/€1)—
(fos/€3)(f10/€1) +3(f10/€1) (for/€2)? + 3(foz/€3) (f10/€1) (for /€2)) + ((for /e2) +
7(foz/€5)+6(fo3/€3)+(fos/€3)—4(for /e2)>—12(fo2 /€3) (for/€2)—4(fo3/€3) (for /€2)+
6(fo1/€2)3+6(foz/€5)(fo1/€2)*—3(for/e2)*))—3(((fr0/€1)+(f20/€3)—(f10/€1)%)—
2((f11/e1/e2) — (fro/€1)(for/€2)) + ((for/e2) + (foz/€3) — (for/€2)?))?

KR4 (AN)

B e T

P. Tribedy

Ka(AN) = (((fro00/€1 + foroo/€2) + T(fao00/€3 + frioo/e1/e2 + frioo/er/er + foron/€3) + 6(fso00/€} + faron/el/e2 +
Far00/€3/€2+ Frzoo/€1/€5 + Far00/€1/€2 + Fraoo/€1/€5 + Fraoo/€1/€5 + fozoo/€3) + (Faono/€1 + Faroo/€3/E2 + Faroo/€t /€3 +
fzzon/El/Ez+f.um/51/51+fzzno/€1/ez+fzzau/51/52+fum/51/52+fsmn/€,/52+fzzm/€,/Ez+fzznn/5,/sl+f1.mﬂ/51/€z+
Faao/€3/€5 + fraoo/€1/€3 + fraoo/E1/€3 + fmuu/sﬁ) 4(f1000/€1+ forgo/€2)* — 12(fzoau/51 + fuoo/e1/€2+ frioo/er1/e2 +
Fo200/€3)(Fro00/€1 + foroo/€2) — 4(fao00/€3 + faroo/e}/€2 + Faro0/€l/€2 + frao/er1/€3 + faroo/€l/€2 + Fraoo/er/e5 +
f1200/51/51+fnd00/51)(flﬂuu/51+fulﬂu/52)+G(f1000/51+f0100/52) +6(faooo/€1+ Frio0/€1/€2+ frico/€1/ €2+ foron/€3) (frooo/E1+
foro0/22)° =3(frooo/€1+for00/2)") ~4((F1010/€1/€3+ Froo /1 /€4t forro/ €2/ €3+ foron [€2/€4) = (fiooo/e1-+ foroo/€2) (fooro/ e+
Fooor/€4)+3(Fa010/€3/ €3+ faoor /€1 /€4t Frrro/€1/€2/€s+ Frron /€1/€2/€x+ frino/er/ea/ea+ frio [€1/€a/Ea+ fomo €5 /€a+
Foaon/€3/€4) — 3(faooo/€] + frro0/€1/2 + frro/e1/€2 + foroo/€3)(fooro/€s + fooor/e) + (faono/e}/es + faoor/€}/en +
fano/el/€a/es+ frroi/€l/ezfen+ fono/€3/ea/Ea+ faron /€3 /€a/€a+ Frao/e1/€5/ €3+ fram [€1/€5en+ fovro/€3/e2/e5 +
foor/et/eafes + frao/er/esfes + fro/er/ebfes + fimo/er/es/es + fror/er/es/en + foso/ed/Es + fosor/ed/ea) —
(f.soob/&'l + leuo/El/Ez + fzmn/El/é‘z + fuuc/El/Eg + f)mu/El/&‘z + fllm/el/fg + leDU/El/Eg + fcsou/é‘ )(fUUIO/EJ +
fooor/€4)—3(fro10/€1/€3+ froor /€1 /Ea+ forro/€2/Es+ foro1/€2/€4) (Frooo/E1+ foron/€2)+3(fro00/€1+ foroo/€2)* (fooro /es+
fooor/€4)— 3(f2010/51/€3+f2um/51/54+fulu/51/52/53+f1101/51/51/54+fuw/Ex/Ez/En“fu(u/51/52/54+fu2m/€1/53+
foa01/€3/€4)(froo0/€1 + foroo/e2) + 3(faooo/€1 + froo/€1/€2 + Fuico/er/e2 + fozoo/fz)(flomr/fl + foroo/€2)(fooro/e3 +
fooor/€4)+3(fr010/€1/€3+ fioo1 /€1/€a+ forro/€2/€3+ foro1/€2/€4) (Frooo/€1+ foron/€2)* =3( frooo/€1+ foroo/€2)* (fooro/Es+
Fooo1/€4)) +6((fro10/€1/€3+ Froor/€1/€a+ forro/€2/€3+ fonon/€a/€a) + (fromo/€1/€3 + fron/e1/es/€a+ fron/e1/€s/ea+
Froo2/e1/e3+ forzo/e2/€3 + forrr/ea/es/ea+ forr/e2/es/ea+ foron/E2/2) — 2(fro10/€1/E3+ froo/€1/Ea+ forro/Ea/Es +
Foro1/2/€4)(fooro/e3+ fooor /£4)+(frovo/ €1+ forco/€2) (fooro/€a+ fooor [€4)*+(Fao10/€3 [€3+ favor /€3 €4+ frino /61 /€2 €3+
f)101/51/52/€4+f1110/51/5?/53+fnm/51/62/54+f02m/53/53+fnzm/53/54)'*-(f2020/5f/~5§+f2011/5?/53/E4+f2011/E§/53/€4+
Faooz/€3/€5+ Fuz/er/ea/€5+ i [e1/eafes ext fan/e1/ea/es/ext Frina/er/ea/€i+ friao/er/ea/ €5+ Fuun /1 [ea/€sfeat
fun/er/es/es/en + fuo/er/ea/ed + forn/e3/€5 + foan/e3/ea/en + fom/€b/es/ea + Foroa/€3/€R) _‘2(f2mo/5%/53 +
fooor/€2/ea+ firo/er/ea/es + frior/er/en/en+ fnw/S]/Eg/Ea + fuo/e1/ea/ea+ fmm/E%/Es + foz01/€3/€4)(fooro/€3 +
Jooor/€4) + (faooo/€3 + frioo/e1/€2 + frioo/er/e2 + foroo/€3)(fooro/€s + fooor/€4)® — 2(fior0/e1/E3 + from/er/ea +

L}
2 eff. bins
Foro/€2/€a+ foro1 /€2/€4) (fro/€1+ for00/€2) —2(frozo/€1/ €3+ fron /€1 /€s/€a+ Fron [€1/€s/€a+ fron /€1 / €5+ forzo €2/ €5+

Jorn/ez/es/eat forn/€a/€s/eat foro2/€2/€5) (Frooo/€1+ foroo/€2)+4( frono/€1/€3+ Froo /€1 /€a+ Forio/€2/€s+ foron /€2/€4) (Frooo/E1+
For00/€2)(fooro/€a+ fooor/€4) —3( fro00/€1+ foroo/€2)* (fooro/€a+ fooor/€4)* + (Fro00/€1+ foroo/€2)* (fooro/ €3+ foor/€4) + e rI I I S
(fooz0/€3 + foorr/es/es + foorr/es/ea+ foooz/e3)(froon/e1 + foroo/€2)?) — 4((fro10/€1/€3 + froo1/e1/ea + forro/Ea/Es +

foor/e2/ea)+3(from/e1/e5+ fron/e1/es/ent fron /€1 /es /et frova/€1/€+ forao €2/t fornr /e /es/ext forn [e2 /s eat
Jowoe/€2/€3) + (froso/e1/€5 + from/e1/8/ea + fron/er/€8/en + froa/er/es/el + from/e1/e8/en + froa/er/ea/ed +
Fro2/€1/€3/€3+ froos/€1/€3+ forso/€2/ €3+ forn [€2/€3/€at fonar [€2/ €5/ €at forra €2 /€3] €5+ forar /€a/ €3 €4t forra €2/ €5/ €5+
fonz/Ez/Ea/éi-*-fmoa/Ea/52)—3(f10m/51/53+fmm/51/54+fm10/52/53+fow1/52/54)(f00m/53+f00m/54)—3(f1020/€1/55+
fron/e1/es/ea+ fron/e1/es/ea+ frooa/e1/5 + forzo/e2/E3 + forir/e2/es/ea +f0111/52/€3/54 + foroe/e2/€3) (fooro/e3 +
Jooor/€4)+3(fror0/€1/€3+ froo1/€1/€a+ forro/€2/€s+ foror/€2/€4) (foor0/€5+ fooor /€4) —3(Froo0/ €1+ foro/€2) (fooro/€a+
Jooor/€4)* = (frooo/€1 + foroo/€2) (fooro/€3 + fooor/€a) — 3(foor0/€5 + foorr/es/ea + foor/es/€a+ foooa/€]) (from/E1 +
foro/2)— (fwdu/23+foozl/5 /54+fuuu/53/E4+f00u/53/54+f0021/53/54+fnulz/53/€4+fuuu/53/E4+f000$/54) frooo/E1+
For00/€2) + 3(fro00/€1 + foroo/€2)(fooro/€3 + fooor/€4)” + 3(f0020/E§ + foour/es/ea + foori/es/ea + foooa/EZ)(fmoo/El +
foroo/€2)(fooro/€3+ fooor/€4)) + ((fooro/€3+ fooor/€a) + T(fooz0/€3 + foor1/€3/€a+ foorr /€34 + foooz/€3) +6( fooso/e5 +
Jooar/€3/ea+ foom/€3/€a+ foma/es /€] + foon/€3/€a+ foorz/€3 /€7 + fonra/€a/E} + fooa/€d) + (Fooso/€5 + foonr /€3/€a+
Joost/€3/€a+ foona/€5/€5+ fonsr/€3/€a+ Fonr €3/ €3+ foona €3/ €5+ foors/ 3 /€i+ fonar /€3 €4+ Foora/ €5/€3+ Foona €3/ €5+
foors/ea/el + f0022/€3/54 + foois/€3/€} + foors/€s/€} + f0004/£4) 4(foor0/€3 + fooor/€4)* — 12(fnazo/53 + foorr/e3/ea+
foor/es/eq + foooz/ex) (Fooro/€s + fooor/ea) — 4 fooso/e} + fooa/€5/ea + fnoz1/53/54 + fooz/es/e% + foou/E5/Ea +
Joorz/€3/€5+ foora/€3/ €3+ Foous/€3) (fooro/€s+ fooor/€4) +6(fooro/€a+ fooor /€4)° +6 (foozo/ 5+ foorr/€s/€a+ Foon [€/ea+
Foooa/€3)(fooro/ €+ fooor/€4)* —3(Foor0/€a+ Fooor /4)*)) =3(((Fro00/€1+ foro0/€2) +(Fa000/€5 + Fraoo/€1/€a+ fraco/€1/€a+
Fozo0/€3)~(Fro00/€1+ foroo/€2)%)~2((fro10/€1/€5+ fro01 /€1/ €4+ forro/e2/ €3+ foro1 /€2/€4) — (froon/ €1+ Foroo/e2) (fooro/E3+
Jooo1/€4)) + ((fooro/€3 + fooor/€4) + (foo20/€3 + foors/a/ea + foor/es/ea + fovoa/e5) = (fooro/23 + fooor/€4)?))?

3 eff. bins
1188 terms

3-bins
1188 terms

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Efficiency correction with many efficiency bins

£a(AN) = (((fooo/e1 + foroo/2) + T(F2000/€3 + fraoo/e1/e2 + fraoo/erfe2 + forn/e8) + 6(fso00/ed + faroo/eF/e2 +
Far00/€3/€2+ Frzoo/€1/€5 + Far00/€1/€2 + Fraoo/€1/€5 + Fraoo/€1/€5 + fozoo/€3) + (Faono/€1 + Faroo/€3/E2 + Faroo/€t /€3 +
fuou/El/El+fuuu/51/53+fuu(y/5l/sz+fzzuu/51/52+f1.suu/51/52+fnun/E,/Ez+fzzuu/51/El+fzz()u/51/sl+f1;uu/51/51+
Faao/€3/€5 + fraoo/€1/€3 + fraoo/E1/€3 + fmuu/% 4(f1000/€1+ forgo/€2)* — 12(fzouu/51 +fuuu/51/51 + fuo/e1/ex +
fuz(m/sz)(fm(m/fl + fowoo/€2) = 4(fa000/e% + faroo/et/e2 + fzmn/E]/Ez + fizno/e1/€3 + faroo/€l/e2 + frzoo/er/es +
ful)u/sl/;1+fﬂduﬂ/52)(f1000/51+f0100/51)+G(f1000/51+f0100/52) +6(fa000/€1+ fr100/€1/€2+ fir00/€1/ €27+ fonoo/€3) (Fromo/E1+

u foro0/22)° =3(frooo/€1+for00/2)") ~4((F1010/€1/€3+ Froo /1 /€4t forro/ €2/ €3+ foron [€2/€4) = (fiooo/e1-+ foroo/€2) (fooro/ e+

fooo1/€4)+3( fz()lu/51/5!+fzou1/51/54+fum/fl/fz/fx+fuu|/51/51/54+f11m/51/52/54+f11m/51/52/54+f011u/51/5i+

Foaon/€3/€4) — 3(faooo/€] + frro0/€1/2 + frro/e1/€2 + foroo/€3)(fooro/€s + fooor/e) + (faono/e}/es + faoor/€}/en +

fonno/€}/e2/es+ frron/€1/E2[En+ Fonro/e3/e2/E5+ Fron /€1 /e2/Ea + Frawo/e1/€3 €5+ fran/E1/€3 /€4 + fanro/€l/ea/es +

fao1/el/ea/ea + fimo/er/e5/es + frao/er/e3/eq + frao/er/e/es + frao/er/er/es + foso/es/es + fosor/ed/€a) —

(fa000/€3 + lem)/E /€2 + faro/€}/e2 + fleO/El/E; + fawo/€3/e2 + fraoo/€1/€5 + frao/e1/€5 + fosoo/€3)(fooro/e3 +

;uum;ﬂ) 3E§IUJU§E|§Ex+j;mu1//€;//€4+ffmm//51//E‘ﬁ/‘fum]f/iz//ﬂ)/f];uu/5}+fu}no//52)/+3(f}uuu/7l7fu)/un/51} (fu/um;f.s’*’

_ 2 3 4 2 0001/€4) —3(fa010/€3 /€3+ Faoo1 /€3 [€a+ Firro/e1/€/€3+ frior/€1/e2/€a+ fiino/€1/ea/€s+ frior/e1/€/Ea+ fomo /€ /e3+

k4(AN) = €1) +7 €7) + 6 ey) + e1) — 4 €1)° — Foo/€3/0) a1 + foioo/e2) + 33 + faoo/£1/2 + Fuan/1/22 + Fao]22) Fiowo €1 + foon €)oo/ +
4 ( ) (((f].O/ 1) (f20/ 1 ) (fSO/ 1) (f40/ 1) (flO/ 1 ) fooor/€4)+3(fr010/€1/€3+ fioo1 /€1/€a+ forro/€2/€3+ foro1/€2/€4) (Frooo/€1+ foron/€2)* =3( frooo/€1+ foroo/€2)* (fooro/Es+

12(f20/5%) (f10/€1)—4(f30/€:%)(f10/€1)+6(f10/€1)3+6(f20/€%) (f10/€1)2_3(f10/€1)4)— Fooor/€4)) +6((fro0/21/€3+ froo/€1/€a+ forwo/e2/€3+ fonon /€2/€4) + fmzu/El/‘ + fon/er/es/ea+ fon/e1/es/ea+

Froo2/e1/e3+ forzo/e2/€3 + forrr/ea/es/ea+ forr/e2/es/ea+ foron/E2/2) — 2(fro10/€1/E3+ froo/€1/Ea+ forro/Ea/Es +

A(f11/e1/e2)—(fro/e1)(for /e2)+3(fa1 /€1/€2)~3(fao/eF) (for /e2)+ (fs1 /€ /e2) - e L o e ey Oy A, s 1 w0 2 eff. bins

(f30/€7)(fo1/€2)=3(f11/€1/€2) (fr0/€1)+3(f10/€1)* (for /€2) =3(f21/€% /e2) (fr0/E1) + S N R e I L e ey e
i; }fz;/s%)(flo/el)(f01/ e2)+3(f11/e1/22)(f10/21)* =3(f10/€1)* (for/€2)) +6((f11 /e1/e2) + Tonfed ol s e o o S s fonies
12 81 0110 /€2 /€ Q101 /€0 /€. 000 /€ 0100 /E2) Qo0 /E/E Q11 /E1/E3/E. QL /EL/ER/E, 000 /€0 /E0 Qo0 /€0 /€.

2(fa1/¢

w4y Number of terms drastically increases!

3(f11/e

sl v Although it can be automated, calculations won’t

6(~f():|-/8 U - U - = U - - U/ o i A 0013/€3/€3 + Joo22/€3/€5 + Joo13/€3/ €4 + Joor3/€3/€5 + Joooa/€4) — 4(Joor0/€3 + Jooor/€4)" — 0020, 53 0011/€3/€4
2((f11/e1/22) — (fro/er) (for/e2)) + ((for/e2) + (foz/€2) — (for/e2)?))? fz::?i:ﬁi:ffiizvlffidi“};zﬁf;ss(ff:ﬂ;;//i?;fﬁfffszafa * s Dyl e ol fomie

foo02/23) (fooro/€3+Fooor /€4)2 =3 (Foor0/€3+ fooor /€4)")) —3(( (f1000/51+f0100/52) (fzomn/ﬂ+fu00/51/52+fnon/51/€2+

Number of factorial moments

+ fooo2/21) = (fomu/ea + fuum/EU )

f€4:(1ﬁs]\f)

m : order of cumulant
M : # of efficiency bins 3 eff.

m
fm
N =~ = r+M—1Cr —m+M Cm —1

m
r=1

bins
1188 terms

~M™ for large M

3-bins
1188 terms !!

P. Tribedy T. Nonaka, Defence for Ph.D thesis, Feb. 9 21



More efficient formulas

v Derivation using factorial cumulants.
v For more details, see PRC.95.064912.

measured cumulant

v Number of terms does not
depend on efficiency bins.

measured factorial cumulant v’ Calculation cost has been

drastically suppressed.

just divide by efficiency

corrected factorial cumulant

corrected cumulants

M- H of effic . 6 [ N -
L : # of efficiency bins 10" E 6 =
9r,s) = 4@ /p*) = Z (ai /pl-)n,- n : # of particles E Ng -
i=1 p : efficiency 5 ... il
(Q)e = (qa.1)e, a : electric charge (62) ) 10 E 3
(Q%)e = (ad.1)), + (@@n)e — (@22)e: (63) g - .
(@) = (q(31 1))c +3{qa,n9e,1)e — 3(q1,1)92.2))c + (43,1))c — 3(43,2))c + 2(q3,3))c> (64) _'G_)‘ 1 04 ;_ _;
(@M = (90.,1)), + gt ndev)e — 6a0, n9e.2): + Haa,ng6,0)e +3(a0,1). + 3(ai2) — 12(@0,n96.2) "'6 E 3
+8(q1,109G.3))c — 6{d2.n92.2)c T (9. 1)e — T{q@2))c + 12(q@,3))c — 6(q@.9)c; (65) — -
(Q%)e = (q.1)), + 10(gg. nae.v), — 10(gd. nae2), + 10(gd.1y96.0), — 30(ad.1y96.2), +20(9d 1a6.3), + 15(ak.290.D), 8 1 03 _ ‘ Number of terms has
+ 15(‘1(22,1)61(1,1))c —30{(q1,n9¢,192,2))c + 5(qa,19@,1))c — 35(q0,1)9@,2))c + 60{q1,119@4,3))c — 30{q1,1)q@,4))c E é been reduced by a
+10(ge,n93,1)c — 30{g2,1193,2))c + 20(92,1)93,3))c — 10{92,293,1))c + 30(92,293.,2))c — 20(q92,293,3))c + (45,1))c =) K factor of ~102with M=8
— 15(gs,2))c + 50(g(s,3))c — 60(q(5,4))c + 24(q5,5))c (66) < 1 02 - =
(QG)C _ (‘1(61,1))c + 15<q€1,1)‘1(2,1))c _ 15(‘1?1,1)‘1(2,2)>c + 20(‘1(31,1)61(3,1)>c _ 60(‘1(31,1)q(372))c + 40(q(31,1)q(3’3))c — 90((1(21,1)(1(2,2)(1(2,1))c E ............ T T TP PP P PP PPR PP §
+45(g,186, ) +43(40,090.2) + 15(@6,n). — 15(40.2). + 154G, p9e.0). — 105(gG 1962} +180(g 1dw.p). - T
- 90(61(21, na@.), — 45(61(22, nde.2), + 45(4(22,2)q(2,1))c + 60{(q(1,109¢2,193,1))c — 180(q(1,1)92,1)93,2))c 1 O E IE
+120(q1,192,193,3)c — 60(q1,192,293.1)c + 180(g1,192.293,2))c — 120(91,1)92,293,3)c + 6(9a, 146, 1)e - ! 1 1 -
—90(q1,19¢5,2))c + 300(q(1,1)9(5.3))c — 360(q(1,1)9(5.4))c + 144(q(1,1)95.5))c + 15{q2.19,1))c — 105(g(2,1)94.2))c 0 5 10 15 20

+180(q2,1)94,3))c — 90(q2,1)94,4))c — 15(92,2)9@4,1))c + 105(q2,29(4,2))c — 180(q2,2)9(4,3))c + 90(q2,2)94,4))c
+10(g3.1)), — 60(93.1)96.2))c + 40(46,143.3)c + 90(aG 1)), — 120(96.296.3)c +40(gk 3, + (@6.n)e — 31(ge6.2)e
+ 180(g¢6.3))c — 390(q(6,4))c + 360(g(6,5))c — 120(g(6.6))c> (67)

Number of efficiency bins (M)

T. Nonaka, Defence for Ph.D thesis, Feb. 9 22



Analytical calculation

v Assume two distributions which have the same
cumulants (Cn+Cm=2Cn) with different efficiencies.

v' Apply correction using the averaged efficiency and
see the deviation.

€ =(ea+¢€e)/2 Ae=¢ep—¢B
AK,, = K,, — K @ve) _ 2C,, — K @ve)

v The 1st order cumulant can be recovered by
averaged efficiency.

K" = (Na) +(Np) = <n;> + <ngB>
_ EAgcl 1 83501 _ 201
v  Higher the order of cumulant is, larger deviation
appears.
v Interestingly, deviation becomes zero if both
distributions are Poisson (Cm=C1). ><¢1
1 2
AK2 = 5(_8> (Cz - Cl)
2
AK;3 = §(g) (C3 —2C,+ Cy)
2\ ¢
2
AKy = %(E) (6C4 — 18C3 + 19C, — 7CH)
A

&
1/As\*
+ - — ) (C4 —6C3 + 11C;, — 6C)),
g

(@)

2001 =20, € =25,C =0,C,= 0

A€

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Efficiency bins

v Number of efficiency bins = 8 = (charge) x (pT) x (TPC sector)

v It will take more than 1 year to calculate Cs as a function of
centrality by using conventional correction formulas, while it
has been reduced to less than 2 days by using new formulas.

—_—

proton efficiency (%)
© o © ©°
N e (o] Qo

O

proton

— Bad — Good

:0‘

Q.I.-.

Vs=200GeV
lyl<0.5

OF

?§
b4
*
bt
-

e TPC

¢ TPCXTOF(0.8<p_<2.0)

.l....l....l.-']

o

o
(4

1 1.5 2
P (GeV/c)

m TOF (D [

- -1 —:).5 0 0..5 1 . -1 —0.5. ] 0" ] 0.5 1
y 0-5%, 0.4<p1<2.0 GeV/c
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Experimental correction

Detector Effect

- Efficiency correction
- Unfolding (NEW!)

T. Nonaka, Defence for Ph.D thesis, Feb. 9 25



Non-binomial efficiency

' v Track splitting

/

4 reconstruct as particle 1

. reconstruct as particle 2

Shared TPC pad

- === True track

Reconstructed track i
- === True track 1 |

= === True track 2

+ Efficiency correction does not work in
the case of non-binomial efficiency.
- A. Bzdak et al : PRC.94.064907
+ Unfolding is necessary.
- Reconstruct the distribution itself by
using well-described detector response

functions.
T T T T T T T T T 1
10° E
N=10, €=0.6
5 _
10" E o=
— =3
— a=b -
10* | — a=10 .
: . Binomial ]
1 T Y I N AN NN N BN B

n : # of measured particles

T. Nonaka, Defence for Ph.D thesis, Feb. 9 26



S. Esumi et al : in preparation

Mean x 11.03
Meany 8.222

C’) =C) + C.F_gen [VYEY
RMSy 2.944

Methodology

v Two Poisson distributions which have different
mean value are generated and randomly sampled
with efficiency.

v  Difference between exp.meas and sim.meas is
applied to sim.true to get the corrected
distribution, which is repeated with iterative MC.

. 0.006

= 0.005

=1 0.003 ru n MC
iteratively

Mean x 12.01
Meany 9.003 C.F_gen =RM,, x C.F_rec

RMS x  3.463 :
o oo

RMSy 3.003
C) Sim. true ; 10

Mean x 10
Meany 7.002

RMS x 3.166

Generated avsy 26478 .,
coordinate ?

prar

30
0.004

0.002

= 0.001

= 0-001 -{ -0.001

10 -
0 I ~0.002
00 1 20 30 -0.001 -0.001 0:'-)'- - -1'0
.0-006 BERRERRRES ""1.0.012
Reconstructed Mean x 9.001 Mean x 10.81 Moo : N x 1.151e+16 100

_ Meany 4.903
coordinate RMSx 3

RMSy 2.214

Meany 6.302

RMS x 3.286
RMSy 2512

e Y 8.925e+15 |

—-10.004

y 8.925e+15 |1 4 0.004

20

B) Exp. meas

10

0

0 ol -0.001 -0.001 0 b
0 10 20 30 0 10 20 30 0

Np
MC filter : binomial efficiency g, = 0.9, €ppar = 0.7 T. Nonaka, Defence for Ph.D thesis, Feb. 9 27




Critical shape

v’ Can we extract any unknown distribution??

prar
A) Exp. true

B) Exp. meas

C) Sim. true

D) Sim. meas

MC filter : binomial efficiency €p = 0.6, €pbar = 0.4

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Critical shape

v Two-peak structure in net-distribution has been recovered.

Exp. True Sim. True 1stqc iteration
ST B " e
104 §m% 104
(@]
©) le) é) O
102 o S 102 o o
0 O (e) @]
Q Q o
1 T?f 1 i
10735 =0 0 20 20 19 45 0 0 26 20 20
5 | | | 5 1 | 1
10 10
104 104
10° 10°
102 102
10 10
. !
10745 20 0.4 0 A0
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Toy model

4+ Cumulants up to 6th order have been recovered.

20
1.5
10
1
0
0.5 incremental
. conventional -10
-20
0 800
-500 600
-1000
400
-1500
-2000 200
-2500

g 50 T00 T50

iteration

MC filter : binomial efficiency &p = 0.8, €pbar = 0.6 T. Nonaka, Defence for Ph.D thesis, Feb. 9 30




Non-binomial distribution

Nw : white balls, Np: black balls

1—¢ Nb

€ Ny,

Iset Ny =2aN —» &

Nw=const 1

N

Hypergeometric distribution
Draw a ball from urn, if it is white,
count particle. This is repeated
without replacement.

Beta-binomial distribution
Draw a ball from urn, if it is white,

count particle. And return two white

balls to urn (similar for black balls).

“_ﬁ

10°
5 .
10 N=10, £=0.6
4
10 =
10° g e
E —— a=5
- — a=10
10° Binomial
1é| A A N NN N MR N N N
. — T ,\ T

/\”_

Beta./Binomial

106 E_ ) —E

N=10, £=0.6

— o=1

— 0=3

—— oa=5 -
— a=10 .
Binomial -

1.2 LAY LI YL L} L} L} L} L} II v
\ g \ N4
v 17

o
: [.-
= :1:-":'-'\".
o8] 1 /f,/ N
~ '¢" \V:~~
g: 09 ~l/ '\ﬂ \\~~
T .’ 7 \'\ \
g ‘) .
. |
¢
0.8 2 { 2 3 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
n

- :’
1.1 \\\\ \"\ / v
son M ‘
| A 2
N2,
h,."/
'l 'l
0.8 2 3 4 5 6 7 8 9

10

v" Smaller a for Hypergeometric
distribution, becomes narrower
than binomial distribution.

v Smaller a for Beta-binomial
distribution, becomes wider
than binomial distribution.

v" Both non-binomial
distributions become close to
the binomial with large a.

N=10, ¢=0.6

Beta-binomial

Binomial

Hypergeometric

R N R T B B
1 2 3 45 6 7 8 910
o

.. Nonaka, Defence for Ph.D thesis, Feb. 9



Embedding datasets

—r1 v  Beta-binomial distribution is the best
function to describe the experimental
data.

v  Results of unfolding with beta-binomial
- model will be included in systematic
uncertainties.

+2INDF = 3.51/9(0.39)
o2INDF = 7.88/10(0.79
2INDF = 2.41/10(0.24

0.1p=

Np=13 o = 4.37:0.6 . -
o = 4.06+0.29 v The recent embedding study indicates
0 — == a~15 with Np~40 at Vsnn = 19 GeV.

np : Number of reconstructed protons
Fitting function : y =[0] + [1]/x

320 ]

y— 4 I T T T T T T B 7
2 : X Ve = 19 GeV ]
c§< Binomial i 15 -]
°F  Hypergeometric ] - .

- Beta-binomial - -

2 - - 10 — —

: E proton :

na _ sL "t antiproton -

— ~—_ - S | T e ]

00— g 3 76 TR 15 ol oty v T

0 10 20 30 40

# of input protons # of input protons

Embedding samples, Vsnn = 200 GeV,
0-5% centrality, 1.0<p1<2.0 (GeV/c) T. Nonaka, Defence for Ph.D thesis, Feb. 9



Non-binomial detector effect

v Unfolding has been applied with beta-binomial model.
v Corrections are within statistical errors.

Vsnn = 200 GeV, RuniA

Eff. corr 5
Unf. beta-binomial

0-10% ¢

. 20-30%
10-20%
OF™& @ & 50.40%

e & g % %

0 100 200 300 0 50 100 150
<N part>

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Summary for the experimental correction

-+ More efficient formulas for efficiency correction are
derived, which enables us to apply efficiency
correction on Cs with reasonable CPU time.

- Unfolding approach is establised to correct non-
binomial detector effect.

- The “detector filter” has been determined by using
the embedding simulations.

- Non-binomial detector effects on Ce/C> is negligible.

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Physics correction

Volume Fluctuation

Centrality Bin Width Correction
Volume Fluctuation Correction (NEW!)

T. Nonaka, Defence for Ph.D thesis, Feb. 9 35



Volume fluctuation?

15 _I [ | | I | I_
10| - v We have two kinds of “geometry” fluctuations.
8 il 1. Number of participant nucleons fluctuates event by
E ol . event even at fixed impact parameter.
X sl ) 2. Number of produced particles fluctuates event by event
: even at fixed number of participant nucleons.
_10_— Au+Au |
5| b=6Mm ] — need to be removed
—115 I—1IO 1—15 | (l) | é | 1IO | 115
z (fm)
T T T T T T 1 T T T T T T <= 1200 N 106
1200 Au+AuN_, | = -
_ cl 1000 = TWO component model - 5
1000 Um0 ----e- AutAu N, - i
= : _ _ CutCuN_ - - i ;
e% 800l urCu N, | 800 _ ‘ 104
=" I - — = Cu+Cu Npa . e '..._» . ........... 5
X o0/ ] 600 - i P 10
é 4001 ‘/STN -200GeV 400 :_ .................... .......................................... 10°
N : 200 fo g 0
. . _ ] o o ’
0 2 4 6 8 10 12 14 0 100 200 300 400
Impact parameter b (fm) N

part
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Centrality Bin Width Correction (CBWC)

v Calculate cumulants in each multiplicity bin, and average
them in one centrality.

v Strongly depend on the centrality resolution.

C. = sz'Ki K/ : r-th order cumulant in
I-th multiplicity bin

n; n' . # of events in i-th
YT S multiplicity bin

2

107 £1200 [ 10°
Z C
107 1000 |- 10°
107 800 — ................ A 4 10t
10_4 500 :_ ...................................................................................................... 103
10_5 :_ ...................................................................................................... ,
1 Data A0 P — 10
Glauber 200 g 10
107 SN EPEPE EPEPEE EPEPEE B | | M 0 P —— 1
0 200 400 600 800 1000 1200 0 100 200 300 400
MUltIpllClty Npart

T. Nonaka, Defence for Ph.D thesis, Feb. 9 37



New method (VFC)

v Derived based on the assumption of independent particle
production from source of Npart.

v Volume fluctuations can be completely eliminated with some
model inputs.

Measured True
cumulant cumulant

. . Additional terms appears from the event by
lil(AN) _ <NW> K1 (An) event participant fluctuation
ko(AN)i={(Nw) ka(An)i+ <A73’>2/<32(NW), ............
k3(AN)i=I{Nw) k3(An) +3 (AR) ko (An)ka(Ny) + (An)? /{g(Na}‘),
ka(AN) [=H(Nw) Ka(An) 3 4 (An) k3(An) sz (Ny) ‘
+ 3K2(An) ko (Niw) + 6 (An) P Ees(An) ks (Nw) + (An)* kg (N ).

| | ML TR An : net-proton per Nw
P. Braun-Munzinger, A. Rustamov, J. Stachel: arXiv:1612.00702 AN : net-proton
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Up to 6th order

v By using cumulant expansion techinique, correction
formulas up tp 6th order cumulant has been derived.

Measured True Additional terms appears from th.e event by
event participant fluctuation
cumulant cumulant

ks(AN) = Nw)ks(An) [+ {5&4(An)/@'1(An) + 1Om3(An)m2(An): ko (Nw)

+ {10/13(ATL)/€%(ATL) + 15/13(An)/<;1(An): k3 (Nw)

+ 1082 (An) &3 (An) ks (Nw) + &5 (An) ks (Nw)

Kg (AN) i

(Nw)re(An) H [6m5(An)m1(An) + 15Kk4(An)ko(An) + 10&§(An)] ko (Nw )

+ {15m4(An)m%(An) + 60k3(An) ko (An) k1 (An) + 1555 (An)

/ig(Nw)

+ [QORg(An)K)?(An) + 45/@%(An)m%(An): Ka(Nw)
+ 15k (An) kT (An) ks (Nw ) + &8 (An)ke(Nw)

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Toy model (Glauber + two-component model)

v Generate p and pbar from Npart
according to the Poisson distribution.

v' Cumulants from each source are

v" For centrality definition, charged
particles are generated from

- source.
independent.
20 F ,
- sy = 200 GeV o
[ e 10™" — g 1200p i
15[ proton o Data Z .
- antiproton S 1072 Glauber 1000 |- 10°
- | /Q/ o 1078 s00 |
O 10 - @ . E ot
[ @ 19 X°/NDF=1.9 600 | -
50 s 107 normalization>100 a00 E -
e 1078 Npp=4.0, k=1.1, :
;@@@’*@ e x=0.13, eff=0.12 200 | 10
S ol o e R e |
Noart Refmult3 N ar
4+ True cumulants can be expressed 4+ Two component model and NBD
by superposition of cumulants fluctuations.

from each Npart.

Km(AN) = (Npart)km (An)

l—=x
Nch — Npp TNpaTt + CCNcoll

~ I'(m+K) (npp/k)"™
P ) = o S DY) (g /b + 1777
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Effect of volume fluctuation

+ Net-p distributions are modified by volume fluctuations.

0-5% 20-30% 60-70%
F
10° |
10° |
10* |
10° |
102 |
1oi
— ! e e 1|.'. . L. - l
1.6F °f
8 M II 1.4F aF
X 105k 1.2F 3-
S Y. | S e 2F !
S bWt ol ) S (S
o095k 1, . | 06F . . 5 . .
=20 0 50 ~20 0 50 0 ~20 0 50
Np'prar
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Effect of volume fluctuation

10 |

4+ Effect of volume fluctuation on Cs is much larger than Ca.

]l 150F
1 100

] 50 k

0 100 200 300

o V) NN » (00}
| B BN L L L LN L]

Measured
CBWC
True
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“True” cumulants in UrQMD model

v’ Centrality is determined by using pions and kaons as is
done in the expreiment.

v’ True cumulants can be defined by using the event by event
Npart given by UrQMD.

v Calculate cumulants at each Npart, then averaged them in
one centrality.

UrQMD, Au+Au
Vsnn = 200 GeV

"'r
— (0-100%
— (0-10
— 10-20
— 20-30
— 30-40
— 40-50
— 50-60
— 60-70
— 70-80
0 500 1000 1500 2000 0 100 200 300 400
Refmult3 Npart
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Comparison with “true” fluctuation in UrQMD model

v' Both methods don’t reproduce the true cumulants.

v CBWC results are systematically and qualitatively closer to true
cumulants than VFC.
- IPP model would be broken in UrQMD.
- “True” fluctuation is partly killed by CBWC.

UrQMD, Au+Au, Vsnn = 200 GeV, net-proton, 0.4<p1<2.0 (GeV/c), lyl<0.5

—~#« CBWC-N (true)
= CBWC-M

0 100 200 300 0 100 200 300

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Summary for the physics correction

- Correction formulas up to 6th order cumulant are
derived.

- Effect of volume fluctuation on Ce is estimated with
the model, which is much larger than C4 and cannot
be eliminated by CBWC.

- UrQMD model has been analyzed to compare
CBWC and VFC to true cumulants.

- Both CBWC and VFC will be applied to Cs/Co.

T. Nonaka, Defence for Ph.D thesis, Feb. 9 45



Systematic study

default

variable

Inapl <2.0

mass? 0.6<m?<1.2
nHitsFit >20
DCA <1.0

SEER SN (Elowpt Enighpt)

Pileup rejection
(nTofMatch =
a*Refmult + b)

(a,b) = (0.5,-13)

<2.5

0.7<m?<1.3
0.8<m?<1.4

>15

<1.5

(1.05*€iowpt , 1.05*Ehighpt)
(0.95™€i0wpt ,0.95"€nighpt)
(1 .05*Elowpt ,0.95*8highpt)
(0.95*€Iowpt ,1.05*Ehighpt)

(0.3,-13)

details

Worsen purity

decreas kaon
contamination

increases the fraction of
track splitting

Increases secondory
protons

iIncludes some pileup
events

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Results



Up to 4th order fluctuation

v Large difference in mid-central collisions

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Beam energy dependence

v" Non-monotonic behaviour in C4/C- is robustness to the
methods for volume fluctuation correction.

T o1 12 retna: o S
ar 0.4<p <2 (GeVic)lyl<0.5 - - 0.4<p <2 (GeVrc),ly|<0.5 )
i CBWC VFC 1 - i
i 5% @ @ | E I
3+ 5-10% OO O ’ © 10
o | 70-80% W W % -
O | UrQMD, 0-5% X
3 ol 1 o
O X038
| Q | —
1} 1 S -
K *0 | 061 ?
0 - STAR Preliminary ) Al rQMD, 0-5% -
6 10 20 100 200 6 10 20 100 200
[Sun (GEV) (S (GeV)
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Cs/C, with the statistical baseline

v Results from run10 and run11 have been merged to
reduce errors.

v Results are systematically suppressed compared to the
Poisson baseline.

Vsnn = 200 GeV, Run10 + Runi1, Eff. corr + CBWC

—e— CBWC
---- Poisson baseline

10-20%

O o +

0] 100 200 300 20 100 150
<Npart>
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Cs/C, with the statistical baseline

v Binomial distributions are compared as statistical baseline by using
the width as well as mean parameter.

t—p __ b
Cge P = C’}; -+ C’}; o ,u : measured mean

03 = fhata £ = 0—2 - measured scaled variance
C¥ = pae,[120e] — 240e3 + 1502 — 30e, + 1] T oop

v Results can be described well by the binomial distribution.

Vsnn = 200 GeV, Run10 + Runi1, Eff. corr + CBWC

— o CBWC 0-10%
----- Poisson baseline
S Binomial baseline

10-20% _ 30-40% 20-30%

0 100 200 300 0) 50 100 150
<N part™
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v UrQMD data has been analyzed with ~40 M events.

v UrQMD shows smaller results compared to the Poisson baseline
in peripheral collisions, which might be due to the global baryon
number conservation.

v Experimental data are systematically smaller than UrQMD.

Vsnn = 200 GeV, Run10 + Runi11, CBWC

—o— CBWC
[ ] UrQMD with CBWC
----- Poisson baseline

0-10%

20-30%
10-20% 30-40%

0 100 200 300 0 50 100 150
<N part>
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CBWC vs VFC

v Volume fluctuation correction has been also applied.
v Systematic uncertainties are not estimated yet.

Vsnn = 200 GeV, Run10 + Run11, Eff.corr

—e— CBWC

—a— VFC

----- Poisson baseline

1 0'200/0 ) 20_300/0
30-40%
-20
0 100 200 300 0 50 100 150
<Npart>

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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CBWC vs VFC

v VFC has been applied to UrQMD data.

v  Experimental data are systematically
smaller than UrQMD as is seen iIn
CBWC.

Vsnn = 200 GeV, Run10 + Runi1

10-20%

0 100 200 300 0
<N part=

—e— CBWC

—=— VFC

.| UrQMD with CBWC
| UrQMD with VFC
----- Poisson baseline

20-30%
30-40%

50 100 150

T. Nonaka, Defence for Ph.D thesis, Feb. 9
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Signal of the phase transition?

Vsnn = 200 GeV, Run10 + Runi1, Eff.corr

—o— CB_WC | v Positive values at 60-70 and 70-80%
-~ - Poisson baseline centralities. & no QGP? or finite size

effect?

v Negative values at 0-60% centralities,
where the significance is the best at
30-40% centrality with 1.50.

Ce/Co

significance
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Signal of the phase transition?

Vsnn = 200 GeV, Run10 + Runi1, Eff.corr

v" VFC results show negative values
except the most central collisions.

v Negative at peripheral collisions??

v Conclusions will depend on the
correction methods on volume
fluctuation.

significance
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Comparison with theoretical model

v" The scenario of “Tfreeze/T,.>1” could be thown away.

Tfreeze /Tpc ~ 1 Tfreeze /Tpc S 0.9
Xz /X5 ~ 0.5 > 1
X6 /X5 <0 > 1

1,5 1 ' ! ' ! ' !

—o— CBWC 15k - Skellam i

—=— VFC | - CBWC
----- Poisson baseline

A VFC %

N )

() p-—mm *

~~ o

S =¢: ,

0.5 '.‘AA A A A * -

_ 0 2 2 2 o B o 2 2 2 0 o 2 2 20 2 0
20o 100 200 300 0 10 20 30

<Npart> <Npart>

Friman et al, Eur. Phys. J. C (2011) 71:1694
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Comparison with lattice QCD

cont. est.

° PRD. 95. 054504 n=6+ | v The quantitative comparison can only be
2l myme20 ((?-’ﬁ%) | done with the lattice QCD.

o 11_ i v Large errors for both experiment and lattice.
" Further understanding of global baryon

o LI
1

, 3 |
LR %i ¢ Region of interest for conservation effects, volume fluctuation

<4
Vo =200 GeV | effects, etc.. would be needed.

T
<

140 160 180 200 220 240 260 280
T [MeV]

—e— CBWC

—=— VFC
LQCD : PRD. 95. 054504

10-20% o
30-40% 20-30%

¢

0 100 200 300 0 50 100 150
<N part>
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Conclusions

- More efficiency formulas for efficiency correction and
unfolding methods have been developed.

- CBWC and VFC are compared with true cumulants in the
UrQMD model. Both methods would not provide true
answers even in the UrQMD. It is important to apply both
methods.

- In 30-40% centrality, Ce¢/C2 shows negative value with
1.50 significance, which is consistent with the
theoretical prediction, and could be possibly an
experimental evidence of phase transition.

T. Nonaka, Defence for Ph.D thesis, Feb. 9 59
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Unfolding with beta-binomial model

Vsnn = 200 GeV, Runi1 Eff. corr, Unf. beta-binomial

0 100 200 300 0 100 200 300 0 100 200 300

0 100 200 300 0 100 200 300 0 100 200 300

<N part>
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Comparison with theoretical model

v" The scenario of “Tfreeze/T,>1” could be thown away.

Tfreeze /Tpc ~ 1 Tfreeze /Tpc S 0.9

Xz /X5 ~ 0.5 > 1
X6 /X2 <0 > 1
2 T T T T

\
!
_1___uq/T=0.l4 \ ' i
—. w/T=044 - |
. q \/
_’) | N | " 1 A |
- 0.6 0.8 1 1.2
T/T

Friman et al, Eur. Phys. J. C (2011) 71:1694

Centrality 0-10 % 30-40 %

O8F0.IT  0.74F0.
Ca/Cy  O98ED 074 F0.03 |cBWC

0.76 £0.11  0.42+0.01 |vFC

42 = 19. —2.04 = L.
Cs/Cs U 9.7 0 05

298 £12.0 —-3.57=x0.95

100 200 300
<N part>
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Shape for Cs ?

Ca Ca &
= oo B oh B ox

D AN Ce
H oo BSOSO

)
C S 0 O
%%D ' DD\%D CBDD Riblala

Figure C.1: A simple sketch to stack n boxes for the n-th order cumulant.
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20

Cumulants Gaussian  expanded dented
C1 0 0 0
Cy 25 25.88 +0.01 24.69 = 0.01
C3 0 0 0
Cy 0 77.39 +1.03 —40.17 £+ 0.99
Cs 0 0 0
Cs 0 —5890 £+ 133 2131 £ 127
1 106 1T 1
10°
10*
10°
10°
10
1 1 1 1
. . - 2 .
® § 5 : 5
- 15F =~
(o] OO (o] - : -
QT r 1F o &, r
? % - 0.5 3 S ® _
20 0 20 40 0==0—=0 0 20 40

N : number of particles
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Net-proton distribution

Measured, Unfolded, Skellam, Gaussian
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Robustness to the efficiency dropping
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Effects from pileup events

8500_ T L 106
s V'° 5*"'13 n ;
/ ReSUItS SeemtS robust to the pileup g 400 :_ ..... Kl=0 *tx_13 ............ .................... | ........... 10
- o L ¥
events, which would be due tothe % ;0F ~ 10*
low fraction (less than 0.2%) with N b A 10°
respect to the total events. : 102
100 :_ .............................................. 10
0,4 oo a0 s 800 |
Refmult
40 L | | | | - | | | | - =
" 5L y—O 5*x-13 : default
i L y=0.3"x-13 : ~1M events rejected
o 20F _ - No cut
QO | 1 |
Y ofes ] T e ®
O 0 _ oy & # % - _ %
20 - 5}
o 100 200 _ 300 0 50 _ 100 150
<Npart>
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QCD phase diagram

v Ultimate goal is to elucidate the QCD phase structrue.
v There will be QGP phase and hadronic phase.
v¥"  Where is the phase transition line?
v"  What kind of phase transition?
v Critical end point?

Higher order fluctuations of conserved quantities

can probe the QCD phase structure

Temperature 7

sQGP

Quark-Gluon Plasma

Critical
Point

" Quarkyonic E_
Matter ~ __--—==E

Liquid-Gas 7 - <
C\ © @ < ColorSuperconductors
X CFL-KY, Crystalline CSC -

Nuclear Superfluid  meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase
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Temperature T (MeV)

200
(a) Chemical Freeze-out
O~ T
> @ 0O \
|
150 = %0 |
\ Y.
\\\‘_///
100 Au+Au collisions at RHIC
@ 0-5%
] 60-80%
50
A. Andronic, et al., NPAB34, 237(10)
J. Cleymans, et al., PRC73, 34905(06)
0
10 100 1000

Chemical Potential ug (MeV)

Chemical Freeze-out: (GCE)

- Weak temperature dependence
- Centrality dependence ugl!

- Lattice prediction on CP around

g ~ 300 - 400 MeV

3

; (b) Kinetic Freeze-out
(b
= w| |y
= "L‘!{*ﬁ.’..t" .' Au+Au at RHIC
= Yt
’ %&' v 7.7 GeV
' 4
D 100 : : % Ty 11.5 GeV
3 i 14.5 GeV
Q 19.6 GeV
O * 27 GeV
Q 50 )
E Pb+Pb at LHC 38 GoV
Q ¥ 276TeV ® 200 GeV
—
0
0 0.2 0.4 0.6 0.8 1

Collective Velocity <f> (c)

Kinetic Freeze-out:
- Central collisions => lower value of
T,, and larger collectivity B+

- Stronger collectivity at higher energy,
even for peripheral collisions

ALICE: B.Abelev et al., PRL109, 252301(12); PRC88, 044910(2013).
STAR: J. Adams, et al., NPA757, 102(05); X.L. Zhu, NPA931, c1098(14); L. Kumar, NPA931, c1114(14)

N. Xu, WPCF2015
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Published results in 2014

v It seems to be interesting around 20 GeV for net-proton results.

v Net-charge results are consistent with the baseline due to large
errors. - A wide distribution gives large statistical errors.

1'2_'""I ' '..' L L | 11711] Y T T 1 1T . 1T.T17
u+Au Collisions at RHIC j02L (@ Net-charge
1.0 _I‘___“.--\- .................................................................................................................... " g Au+Au -“.-’_,.—""‘-"__--" ’
08| I . Skellam Distribution | : <05 -
© - ' I o/._QNo :
W 06} 0. . 300/6508/06 - ol=
] . ‘ 0T 70 10 ==
041 Net proton 0 ‘,\D.@ - : % X
o 04<pT<?8 (GeV/C:)JYk?.S et -} ®? ———t
12r 0.6F(b)
1.0 0.4l
[aV) R
© o0s} B
o2 & p+p data 0.2 —
06+ O Au+Au 70%-80% r
‘ @ Au+Au 0%-5% -
04l # Au+Au 0%-5% (UrQMD)| | o
: | ® Ind. Prod. (0-5%) 3 (ic).]
1.05 } T + +— ‘_:;.i 5 =
cz% 1.00 ofF R e P
g % - * 0-5%
& 095 2 b Il ® 70-80%
© : —— 0°80% NBD
0.90 E — 70-80%
<2 -10F *x e 0-5% Poisson
i . E 1 . e 70-80% Poisson
085k . . | . R , Y9 S : PR S S S | .
5678 10 20 30 40 100 200 56 10 20 30 100 200
Colliding Energy s, (GeV) Vs (GeV)
PRL 112, 032302 (2014) PRL 113, 092301 (2014)
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Booistrap

------- ~.  bootstrap
.......... --="" . replications
......... 9
A
- - *D :
s(x"") it s(x"B)
---  bootstrap
"""""""""""""""""" T samples
e ey "'
54
X=(X1, X2, ---xn) <4---- dataset

B. Efron,R. Tibshirani, An introduction to the bootstrap,
Chapman & Hall (1993).
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BOOtS traE Input : Poisson - Poisson = Skellam
const double p[2] ={ 5, 4 };

const double ppvar[2] ={3, 1 };
const double €p[2] ={ 0.8, 0.6 };
const double gppar[2] ={ 0.7, 0.9 };

v Bootstrap (300 resampling) are performed with 50 independent trials.
v Efficiency correction in case of 2+2 phase space.
v Bootstrap works well for Cs and Cs/Co.

Ce =10 :74%! 1M events Ce/Co =10 : 64%

h}H'H'H‘ N MR
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Bootstrap application in unfolding

4+ Errors for each point has been calculated from 100
bootstrap samplings with one MC.

4+ 100 independent trials have been tested.

4+ Bootstrap works well.

3“j§: C 5 100k events, Nuc = 1, Nas = 100

Wbt ER TR
MU LEARG R I AL R

llllllllllllllllllllllllllllllllllllll

-Cs * .3 *C4
j Tk .Il { H 1 | + H 1 i..' |'- l. +H . ﬁ n dl :il
| T o R A HH

100 0
Tral
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Comparison with LQCD results

v uB ~20 MeV % 0 at Vsnn = 200 GeV.

v Finite size effect, volume fluctuation and baryon number
conservation will dilute the experimental resulits.

—e— CBWC
----- Poisso

0 50

n baseline

30-40%

100
<N part=

20-30%

150

A -
/i

T

PRD. 95. 054504

i

cont. est.
N, =6 r&

8

mg/m;=20 (open)
27 (filled)

140 1 60‘ 180 200 220 240 260 280

166 MeV

T [MeV]
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Efficiency correction with many efficiency bins

K4 (AN)

M(A’\) = ({{Sromoo/€1 + forooo/€2 + fomeo/€a) + T(faoco0/€T + fricoon/e1/€2 + lumxm/E]JEa . fmxm/Ex/E-» -
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P. Tribedy
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Response matrix

Forward Matrix (MCg" ---> MC'®)

(N,&" N, ") (0-39, 0-39)

(0,00 (4,00 (9,0) (14,0) (19,0)
(0,4) (44) (94
(0,9) (4,9)

(0,14)

(Narec' Nbrec)

table (40,40)
The integral is
normalized to 1.0

RMfor

Forward Response Matrix
for Re-folding

Reversed Matrix (MCrec ---> M Cgen)

(N,"ec,N, ") (0-39, 0-39)

(0,0) (4,0) (9,0) (14,0) (19,0)
(04) (44) (9,4)

(0,9 .(49) .

(0,14)

( N agen’ N bgen)

table (40,40)

The integral is
R M rev normalized to 1.0

Reversed Response Matrix
for Un-folding
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Hybrid iteration
(g,=0.7, £,=0.65)

C, = 5+/- 0.01

485~

[ ’v‘\\/
i [ "

a0f N\

soly g Lo by e be o | sl Lo b o b v b bva bera leaad -||1||\m1|111||1||

) o0 40 &0 &0

o @on 40 &0 &0 100 o @00 40 0 &0 100 o o 40 &0 En 100

=)

100

original,|10th, 20th, 30th
and 40t MC8e"-MCrec matrix
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Conventional unfolding method with a critical shape (,=0.7, ¢,=0.65 )

— Y06 —Y06
(L o ML L

= o "N (A) Exp meas. | =

0 004 | = 004

0001
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D N
Q afl 0 0
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eeeeeendens ] : j : 0.00C
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=
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Repeat (C,D,E,F) cycle with a given (fixed) RMfr, RM"eV
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(F) : (B)+a(E)
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=0 003 = 003 ) 003
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h3

i |nputshape

Some examples of this hybrid unfolding with various
efficiency assumptions (critical shape 2)

Eff(A) =
Eff(B) =

2888

Entres 100160 Entries 100150 Entries 1001500
Meanx 450 . Mean » (- Mean x  7.502 .
Meany 186 % Mean v 2 - — Meany 3732 32
Sx 216 Sx 252 - . Sx 2841
RMS y 147 y Sy 187 Sy 2232 0
25 Eff( B) 0 3 l 25 Eff( ) - L] ! 25
2 2 20
15 i 15 i 15
10 1 10

| one of the last
black points

.................

one of the last
light blue points

Unfoldlng of net- dlstrlbutlon BS wor'shopm Fudan, Shang ai, China, 15- I8/ug72017 " Shinlchi Esum| Umv ofTsukuba GIiRfSE 13



Unfolding with Volume Fluctuation (V.F.)

Volume fluctuation is assumed to be known precisely according to Glauber (or any
other initial) model. V.F. naturally induces a positive correlation between N, vs Ng.
Gaussian fluctuation is used in this toy model simulation.

—y 06
v

Poisson superposition [[* - ——— _
| w/o Vol. Fluc. (0%) [ n, Vs ng” distribution per source will be
. . 0

extracted, where the number of sources
“n” has well known fluctuation from VF.

) 003

) 002

Poisson source : <n,>=0.15, <ng>=0.1
Gaussian fluc. : <ng> =100 +/- V.F.(%)
No=n,Xng, Ng=ngXng

) 01

L0001

Poisson superposition |k *§ Poisson superposition *{ Poisson superposition
‘| with Vol. Fluc. (10%) [w.. *§ with Vol. Fluc. (15%) “f with Vol. Fluc. (20%)

000N O

Unfolding of net-distribution, EMMI workshop, Wuhan, China, 10-14/Sep/2017 Shinlchi Esumi, Univ. of Tsukuba, TCHoU 14



Poisson Source-
with V.F.

* Poisson Source :
<n,>=0.15,<ng>=0.1
* Gaussian Vol. fluc. :
<ng> =100 +/- 15(%)
* ¢,~0.85,¢=0.65

Recovery of
Source distribution

Superimposed
fixed # of Sources

Unfolding of net-distribution, EMMI w'orlish'o, Wuhan

‘| EXP meas. (A) | [

E___roe

EXP true w. VF

1 MCrec. (B)
I co2

cot

—06

) C04

L0001

| e 06
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O
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MCgen. w. VF |:

= 8
).

Los

i
) C04

— Lo6
OO0

cos

L0001 0

, China, 10-14/Sep/2017

MC gen. w/o VF |«

—a [
(C) = (A)-(B) = =
e e N i

.............

0

" Shinlchi Esﬁmi, U'niv. of Tsdkdba; TCHoU

(D) = (C)*RM,, :'
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Poisson test : Cumulants

input
incremental
conventional

v We can stop iterations once
cumulants don’t change with
iterations.

v  Incremental unfolding is effective
way to recover bins that don’t
exist in simulation, but seems
difficult to get higher order
cumulants converged.

O 20 40 60 80 100 120 140

v’ Conventional unfolding (not
updating the response matrix) is
also implemented to get
cumulants converged.

O 20 40 60 80 100 120 140 O 20 40 60 80 100 120 140

Iiteration T. Nonaka, Defence for Ph.D thesis, Feb. 9 83



Unfolding with binomial model

Vsnn = 200 GeV, net-proton, lyl < 0.5, 0.4 < pr < 2.0 (GeV/c),
without CBWC, binomial model

prar

30 30-40% 70-80%

STAR
Preliminary

20

10

1
10 : : : : : 107
10 2 fp--orre oY : : :
: : : : : 102 e B
1072 . . : -
ExpMeas o2 fpeieofi 4| STAR

1074

Preliminary

Unfolding
107° S
107°

10~/

1078

1070 :
0—40 20 0 20 40 60 40 60 -40 -20 0 20 40 60 -40 -20 0 20 40 60

Np = prar
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Binomial model

+

8
6

4

Unfolding gives consistent results with efficiency
correction by assuming binomial model in MC filter.

Vsnn = 200 GeV, Runi1, net-proton, lyl < 0.5, 0.4 < pt < 2.0 (GeV/c),
without CBWC, binomial model

40 ' ' ' 8
. C‘I 30 CZ 0 6 CS
. D D
- ) 0 20 O 4 @) D Q
[ L D
- 0 10 0 2
[ D ] 0
el - o
0 100 200 300 OO 100 200 300 O0 100 200 300
Ca
(@]
@)
@)
0 100
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(Non)binomial fitting

4+ Extracted a parameter will be implemented in unfolding to
see how Cs is affected by non-binomial model.

L | | 03 ~ L ] L} L | L} - L] | L ] L} L ] | L ] L} L}
/F NDF = 8.36/6(1.39) =} v?INDF = 6.67/6(1.11)
w’INDF = 11.86/7(1.69), v?INDF = 11.54/7(1.65)
#Z[NDF = 5.58/7(0.80)/ |  ¢2INDF =3.44/7(0.4 -
Np=
0.1= . 0.1 -

o=7.24+2.60
a = 3.40+2.04

0 - 1 'l 1 'l A
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
T

2INDF = 5.15/7(0.74)
»’INDF = 10.90/8(1.3
o2INDF = 3.12/8(0.39)

2INDF = 6.67/9(0.74)
1 o2INDF = 11.09/10(1.1
2INDF = 5.95/10(0.5

+?NDF = 1.76/7(0.25)
#2INDF = 4.17/8(0.52)
4  “2NDF =3.77/8(0.47

0.1 Np=10 - S Np=11

a=5.72+0.54 a=5.18+0.6 a=4.70+0.4
o =5.32+3.74 o =4.88+0.34 o = 4.40+0.27

0 1 2 3 4 5 6 7 8 9 10 11 0 2 4 6 8 10 12 0 2 -4 6 8 10 12

+2INDF = 3.51/9(0.39)
oZNDF = 7.88/10(0.79
w?INDF = 2.41/10(0.24

1  Vsnn =200 GeV, 0-5% centrality,
embedding samples, 1.0<p1<2.0 (GeV/c)

S

Binomial
Hypergeometric
Beta-binomial

“T Np=1 3

a=4.37+x0.6
o =4.06+0.29

0 1
0 2 4 6 8 10 12 14

np : Number of reconstructed protons
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Comparison of x°/ndf

v At Vsnn = 200 GeV, beta-binomial seems to close to data, which might

be due to the superposition of different refmuit3.
v Mostly x2/ndf<1, more embedding statistics are necessary!

v2/ndf

. Vsun = 19.6 GeV

F Binomial
Hypergeometric
Beta-binomial

15

10

'\/SNN = 200 GeV

3 4 5 6 7 8 9 8 9 10 11 12 13
| | || || || || || | | 4 B 1 1 1 1 1 || i
p— — 3 p— —
p— — 2 p— —
C 1 'C -

L 1 1 0 [ L L L L L L L

3 4 5 6 7 8 9 8 9 10 11 12 13

# of input protons

Embedding samples, 0-5% centrality,
1.0<p1<2.0 (GeV/c)

# of input protons
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Sk

R. Holtzman, QM2017

| HADES
preliminary

(Net-)protons

HADES 0-10 %
HADES 30-40 %

I STAR 0-5 %
I STAR 30-40 %
L L
®
i t'
L L ]
I +
&
| | IIIIII| | | IIIIII| |
2 3456 10 2030 100 200

/S

NN

'HADES
_preliminary

(Net-)protons
®m HADES 0-10 %
m HADES 30-40 %

STAR 0-5 %
STAR 30-40 %

IIII|IIII

—&—

—o— %

IIIIII| | IIIIIII| |

2 3456 10 20 30

100 200

S

| red/black = unfolding (preferred method)h vol. flucs. corr. |

B green = evt-by-evt eff correction of factorial moments|+ vol. flucs. corr. |
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Centrality determination

1. Use charged particles except protons in order to suppress the
auto-correlation.

2. Those particles are counted at the wide eta range Ini<1.0 to
increase the centrality resolution.

4+ Glauber and two-component model (with NBD fluctuaiton)
are tuned to reproduce the measured multiplicity

distribution.
- e %2 — —
-2 Data Q B v 0.9926 + 0.0123 L )
10 Glauber O1 5k 2.644 + 1.279 |
3 SV ~1.99 + 1.13 | i
10 t 144.6 + 40.7 .
104 = STAR preliminary 1f -
1075 normalization>100 i ]
10—6 npp=4.0, k=1 .1, 0.5 —:
. x=0.13, eff=0.12 ¥2/NDF=1.9
10 T PP B P a1 | R 0'...1...|...|...|...|...'
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Refmult3 Refmult3
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CBWC in UrQMD model

X. Luo, et al : J. Phys., G40:105104, 2013.

S —— P —— I—————
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4 Npart cumulants have the extreme value at 10-20% (Npari~230).
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v Correction of C2 is small at high energies
ko(AN) = (Nw) kao(An) + (An)? ko Nyy)

Toy model

net-proton

O fluc Npart
/ |:|']:| fluc Npart, CBWC

Correction

4 There are still fractions of
volume fluctuations after
CBWC is applied.
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200

" P
200
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300 0 100

<N part>
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N, ... cumulants for one multiplicity bin

___part =~ o

4+ Npart cumulants have been calculated at each multiplicity bin
in order to estimate the effect of participant fluctuations on
CBWC.

300 F
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Centrality bin width dependence?

v It was found that VFC results on experimentl data up to 4th order
cumulant depend on the centrality bin width.

v Results converge with small bin width.

- WO/CBWC, 8bin (eff.corry = VFC, 8bin

Run10, Au+Au, Vsnn = 200 GeV, — CBWC o WO/CBWC, 16bin (eff.corry e VFC, 16b!n
minbias+central trigger N Skellam » WO/CBWC, 32bin (eff.corr) s VFC, 32bin

100 200 300 0 100 200 300
<N part>
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Multiplicity dependent efficiency

4+ Centrality bin width dependence for VFC can be explained by multiplicity
dependent efficiency.

4+ For VFC : Efficiency correction is applied using the averaged efficiency in
one centrality, then apply VFC. This result is suppressed by multiplicity
dependent efficiency PRC.94.064907.

4+ This effect will be small by reducing the centrality bin width (efficiency

variation).
PRC.94.064907
3 ' 7 ‘ 1 —— S —
]{_l /K, /' / c>)~. [ T T T N T T ™
[ !y % — 0.00032
— I\’.—)‘,-" 1\2 ,/ / QC) 0.8 @Bg: :& /?OW a
2F —-— K./K, /'/ / / O . ) :&:- ~§ Epbar = —0.00033 |
'l & ) E :
W o6 Lgﬂ .. . -8 -®-- —
< | e, B: ‘M- RN, D
< , 04l ® p 0.4<p, <0. B\ -
- OP 0.4<p <0. 8 ;
slope y event by event i T i
ok v 4 ool ®WpO. 8<pT<2 .0 h
V.~ =) N (N = (V) [ DI°03<IC’T Vsnn = 200 GeV
o == averaged 0 C L 1 PP B P T B
— L L 0 200 400 600 800 1000 1200
-0.001 -0.0005 0 0.0005 0.001
¢’ Refmult3
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Beam energy dependence : C;,

4+ Centrality bin width dependence is observed in VFC at all beam energies,
and they seem to converge to certain value with narrow bin width.

4+ Csis enhanced by volume fluctuation but =~ would be larger if
multiplicity dependent efficiency is corrected.

—= CBWC —=— WO corr., 8bin (eff.corr) —» —=— VFC, 8bin
o Skellam ~ —— WO corr., 16bin(eff.corr) = —e— VFC, 16bin
—— WO corr., 32bin (eff.corr) —» —— VFC, 32bin

7.7 GeV 19.6 GeV 62.4 GeV
12

* L 0=
0] 100 200 300 0) 100 200 300 0 100 200 300
<N part>
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Beam enerqgy dependence : C,

<= CBWC —=— WO corr., 8bin (eff.corr) —» —=— VFC, 8bin
o Skellam ~ —— WO corr., 16bin(eff.corr) = —e— VFC, 16bin
—— WO corr., 32bin (eff.corr) —» —— VFC, 32bin

7.7 GeV 19.6 GeV 62.4 GeV 200 GeV

100

-100

0 i'
<N part>

Net-proton, lyl < 0.5, 0.4 < pr< 2.0 (GeV/c) T. Nonaka, Defence for Ph.D thesis, Feb. 9 97
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Beam energy dependence : C,/C,

<= CBWC —=— WO corr., 8bin (eff.corr) —» —=— VFC, 8bin
o Skellam ~ —— WO corr., 16bin(eff.corr) = —e— VFC, 16bin
—— WO corr., 32bin (eff.corr) —» —— VFC, 32bin

7.7 GeV __196GeV . 624GeV __200GeV
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1 0.15}
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Beam energy dependence : C,/C,

<= CBWC —=— WO corr., 8bin (eff.corr) —» —=— VFC, 8bin
o Skellam ~ —— WO corr., 16bin(eff.corr) = —e— VFC, 16bin
—— WO corr., 32bin (eff.corr) —» —— VFC, 32bin

19 6 GeV - 62 4 GeV 200 GeV

000 " so0 moo o oo 500 300 0100 200 300 0100 200 300
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Comparison with preliminary results

—=— VFC, 8bin —=— CBWC

™ L LN LN ! : —e— VFC, 16bin averaged to 9bin
AU+AU Collisions - —— VFC, 32bin averaged to 9bin

@ 0-5% OVFC"
3f & 5-10% i
' * 70-80% Y VFC]
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‘D 2 0.4<p_<2 (GeV/c),lyl<0.5 -

llllI | lllllll |
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Quark participant model

4+ Thanks to Jamie for suggestion.

4+ Assumption that particles are
generated from independent
source of quark participant.

4+ Fitting with quark participant
model to the STAR data at 200
GeV refmult3 distribution to
extract correction factors.

Nw (# of participant nucleons)
— # of participant quarks

k1 (AN) = (Ny) k1 (An),

ko (AN) = (Nyw) ko (An) + (An)? ky(Ny),

k3(AN) = (Nyw) k3(An) + 3 (An) ko (An) ke (Nw) + (An)? ks(Nw ),
ka(AN) = (Nyw) k4(An) + 4 (An) k3(An)ka(Ny)

+ 3k2(An) ke (Nw ) + 6 (An)? ko(An)rs(Nw) + (An)* ka(Ny)
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= o
arXiv : 1312.6676, 1603.02515 S [ |emex pro
DY =S AR I I I IS I I 3 T soo RMS y 2?2-2
i e I |
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i © |
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Quark participant model

participant nucleon

100

300

300

participant quark

I

w

\V)

Runi10, Au+Au, Vsxn = 200 GeV, minbias+central trigger

4+ Mostly consistent with
the participant nucleon
picture in small
centrality binning.

- SKellam

7» CBWC, 0-5, 5-10%
4+ CBWC, 8bin

7 VFC, 0-5, 5-10%

m VFC, 8bin

° VFC, 16bin

- VFC, 32bin
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Quark participant model

4+ Mostly consistent with the participant nucleon picture Iin

small centrality binning.
Run10 Au+Au Vsnn =200 GeV, mlnblas+central trlgger
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Additional check with two component source

Run10, Au+Au, Vsnn = 200 GeV, minbias+central trigger

o Nen = Ny 1_Taijart + TN o
S

é 4+ Use above two component
2 source for particle

2 production instead of Npart .
qv)

. - SKellam

% - CBWC, 0-5, 5-10%
z + CBWC, 8bin

% [] VFC, 0'5, 5-10%

= = VFC, 8bin

§ ® VFC, 16bin

g - VFC, 32bin
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Additional check with two component source

4+ Mostly consistent in small centrality binning.

Run10, Au+Au, Vsnn = 200 GeV, minbias+central trigger
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Results with difference source assumptions

4+ Another model assuming proton production from two component
source as Is used for centrality determination.

4+ Mostly consistent with the participant nucleon picture in small
centrality binning.

Run10, Au+Au, Vsyy = 200 GeV, minbias+central trigger

-..- Skellam
+ CBWC
e VFC, nucleon

o VFC, quark
o VFC, two component
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Np

art

cumulants with different centrality bin width

—=— cent. 8bhin
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Quark participant model

=~ cent. 8bin —=— cent. 16bin
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Centrality resolution

v Multiplicity is determined by two component model with negative
binomial fluctuation.

v" (Anti)Protons are generated from event by event Npart source
according to Poisson.

v" Look at the effect of centrality resolution on the volume fluctuation.

20 F ,
10¢ L Glauber + two component model ! e
N "w=3.0, k=2.0, x=0.13 ;5[ Pproton o
10° R S - antiproton -
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Results

[ WOCBWC | CBWC . VFC
. nor VFC | |
C1 4:- ’@,@::- ’@»@J; ’@rﬂﬁl
A L L T v' CBWC strongly depends on
R A A the centrality resolution.

v VFC is independent on the
centrality resolution.

O 100% reso.
0 509% reso.
7 20% reso.
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Results

v' CBWC strongly depends on the centrality resolution.
v VFC is independent on the centrality resolution.

s WO CBWC

% nor VFC VFC
C./Cq1 ﬁi? 4 Eg 4
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Comparison with true cumulants in UrQMD model

—#= CBWC-N (true)
-5 CBWC-M

Ratio

0 100 200
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Systematic uncertainties

Nop mass? DCA nHitsFit efficiency
0-10% 23.6 44.0 9.35 21.2 1.94
10-20% 2.31 23.9 27.9 40.5 5.36
20-30% 31.5 6.60 17.0 32.0 12.9
30-40% 514 21.3 4.07 7.47 15.8
40-50% 29.9 4.89 65.1 0.06 0.05
50-60% 8.06 12.3 62.6 7.30 9.76
60-70% 0.960 9.02 75.7 7.50 6.78
70-80% 48.1 413 0.10 29.1 18.6
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Statistical errors

4+ Simple toy model to estimate the statistical errors assuming 0-10%
centrality at 200 GeV.
4+ Statiscical errors strongly depends on efficiency
4+ Statistical errors with HFT will become 100 times larger than
without HFT (e.g. eff : 50%->10%).
4+ Cs analysis with HFT tracking will be hopeless.

Toy model with Skellam distribution assuming
Vsnn = 200 GeV, 0-10% by bootstrap

4
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Systematic study

variable default cut details

<2.5

Inopl <2.0 worsen purity

mass?2 0.6<m2<1.2 0.7<m?2<1.3 decreas kaon
| | 0.8<m2<1.4 contamination
nHitsFit >20 15 increases the fraction of

track splitting

Increases secondory
protons

DCA <1.0 <1.5

1.05"€lowpt, 1.05"Enighpt

( )

__ 0.95*iowpt0.95"En
efficiency REGCIReND, E1 .05*2:OW§ 10.95*225:23
( )

0.95"€iowpt ,1.05™Enighpt

Detector efficiency
effect correcction with
correction binomial model

unfolding with beta-
binomial model

Pileup rejection : :
S (ab) = (0.5,-13) (0.3,-13) neludes some plieup

a*Refmult + b)
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Runi10 and Runif

v Results from run10 and runi1 are consistent within 30.
v Results from run10 central trigger are not shown here.

Vsnn = 200 GeV, Eff.corr + CBWC

20-30%

30-40%

0 100 200 300 0 50 100 150
<N part=> <N part=>
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Systematic check (Run10)

N . . . y 2
RMS = \/%Z(X'Y Y)3 Total systematic error: Sys err.= Y’*\/Z RMS *
i—l J
: 1 sF .
20 - - 1 Inopl < 2.5
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Systematic check (Runii)

N - . : y 2
RMS = \/%Z(X'Y Y)3 Total systematic error: Syserr.= Y’*\/Z RMS
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DCA distribution

histo_dca Run10, central trigger, #11075013
80000; [\ héisto_dcga

m Entries 5628903
70000E / \ Mean  0.6997
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