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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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Y. Aoki, Nature 443, 675(2006)
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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.

skewness—asymmetry
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v" Cumulant <= Moment
< ON>=N—-—<N >
Ci=M=<N >
Cy =02 =< (6N)? >
Cs = So° =< (6N)° >

Cs = ko' =< (6N)* > -3 < (6N)? >2

| fro;n ;/vikipedia
v Cumulant : additivity
Co(X+Y)=C,(X)+ C,(Y)
- Volume dependence
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Fluctuations of conserved quantities

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

@ Tsukuba University
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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
1

k/2
p(k; 1, p2) = Pr{K = k} = e~ (1 *#2) (—) Iy (2/E1F2)

M2

v Odd(even) order cumulant of Skellam distribution is
difference(sum) between means of two Poissons.

Codd = H1 — U2 Cs 1 — 2 5 Oy
So = — KO = —

= = —1
Ceven = U1 IF U2 02 1 = 2

=0

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

S T L M. A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011)
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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

2
, Freeze-out
I D conditions
m, S HRG
=0
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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

pa — dpspr — 3ps + 12popf — 647,

ps — opgp1 — 10pgpg -

- 20p3p1 + 30p3py — 60pous + 2443,

pe — Opspy — 15papts -

- 30pap7 — 10p3 + 120p3 941 — 120#3#1

- +30u2 270#2#1 + 360#2#1 — 120#1, o
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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
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Outline

Experiment and Datasets
Detector Effect

Efficiency correction
Unfolding
Volume Fluctuation

Centrality Bin Width Correction
Volume Fluctuation Correction

Results and Discussions

T. Nonaka, UTTAC seminar, Nov. 30

13



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 + As Cs is very statistical hungry, we focus on Vsnn =

200 GeV datasets which have the largest statistics.

4+ Minimum bias trigger for Run10 and Runi1, and
central trigger in Run10 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

p*q (GeV/c)
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Detector Effect

- Efficiency correction
- Unfolding



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 N .
. 1+ 2:
. Fin = <(N1 — ) (V2 - k>!>

n —-n __ At k
B(n,N;e) = T (1—¢e)N fir = €p€pbaTFik f_kE< n!  mg! >

(n1 — Z)' (’I’Lz — 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%}(1030/(6;)_/4({?;/6;)({103/8)765510§€1§2;6§f%3€;%)5f13/€(1}2_/3§§10§€1)4)_ factorial factorial
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(fso/é‘?)(fm/&z)—3(f11/€1/€2)(f10/61)+3(f10/€1)2(f01}€2)—3(f21/€%/€2)(f10/61)+ moment iust divide moment
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(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)(f10/€1)(for/€2)—3(f10/€1)* (for/€2)*+(f10/€1)? (for/€2)+(fo2/€3) (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)+

AT e oAy e et i s e
€5)(Jio/€1) +3(J10/€1 1/€2)° + €5)(J10/€1 1/€2))+ 1/€2)+

e .| Messusd | Sl Te
1/€2)°+ 2/€ 1/€2)"— 1/€2 — 10/€1)+(J20/€1)—(J10/€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.

/5, =200GeV

lyl<0.5

e TPC

m TOF
¢ TPCxTOF(0.8<p_<2.0

I |{|

S
>, 1
&)
-
D 0.8
O
© 0.6 ®
g 1
5 04 !
o '
0.2 ;
of o
sl s lay
0 0.5

1

T 15 2
pT (GeV/c)

Efficiency (%)

0.2 } 0-5% centrality,

b

Ol;.|...l

T. Nonaka, WPCF2017

@® proton
(O antiproton

0.4 <pr<2.0 (GeV/c)

2 0 2
phi (rad.)

T. Nonaka, UTTAC seminar, Nov. 30

18



Efficiency correction with many efficiency bins

1 eff. bin 2 eff. bins : 412 terms

ka(AN) = (((fro00/€1 + for00/€2) + T(f2000/€% + fi100/€1/€2 + fii00/€1/€2 + fo200/€3) + 6(f3000/€3 + for00/€%/E2 +

Kq (AN) = (((f10/€1) + 7(f20/‘€%) + 6(f30/5?) + (f40/€‘11) - 4(f10/€1)2 - J2100/€3/€2+ fi200/€1/€3 + Faroo/€3/€2 + frao0/€1/€5+ fiz200/€1/€5 + fosoo/€3) + (f1000/€1 + F3100/€3 /€2 + Far00/€3 /€2 +
12(f20/€%) (f10/€1)—4(f30/6‘%)(f10/€1)+6(f10/€1)3+6(f20/€%) (f10/€1)2—3(f10/€1)4)— f2200/51/52+f3100/51/62+f2200/51/52+flz(]()/al/52+f1300/51/52+f3100/51/52+f2200/51/52+f2200/51/52+f13()0/51/52+
4((f11/e1/€2)—(f10/e1)(for/e2)+3(f21/€3/€2)—3(f20/€3) (for/€2)+(f31/€3 /€2)— ;2200551)/(5;+j;1500f1],/527f1)3(f/2§52 +/f040+0/€z) /4(}°100(fl +J}J100//52) - 12(/f2070/5i+ Frioo/€1/€>+ frico/1/E2 +
(f30/€2) (for/e2) =3(f11/€1/€2)(f10/€1)+3(f10/€1)* (for /€2) —3(fan /€1 /€2) (fro/e1) + f?jgz/if/leiofoo;;/gz)(0}(11200?51+f01o:?g(:)i'l6(fif)i)%lil“fijoo/fiz)miﬁe(lf;fxozfr}?u;l/;z/fzf}izﬁé{;éz:J{)lzzozo//eil)/(?looo/el+

12/€1/€3 —2(f11/e1/e2)(fo1/e2)+(fio/€1 01/€2)“+(f21 €1/€2 —+( fo2 €e1/€3)— 0001/€4 2010 51 €31 J2001 51 54 1110/ €1/ €2/ €31 J1101/€1/ €2/ €41 J1110/ €1/ €2/ €31 J1101/ €1/ €2/ €41 JO210 52 €3
2(f21/¢3/2) for/e2) +(Fao ) o /€2)* ~2( s fey/2) o/ 1) -2 a1 /<8 o)+ AT VY o I e Ty AP N T N P YA T e 0
4(f11/51/52)(flO/El)(f01/52)_3(f10/51)2(f01/52)2+(f10/51)2(f01/52)+(f02/5%)(f10/51)2)_ fzml/Ei/Ez/ed + f1210/€1/€g/€3 + f1101/51/52/54 + f1210/€1/51/€s + f1201/€21/€2/€4 + delO/éz/sd + f0501/52/54)
4((f11/e1/e2)+3(f12/€1/€3)+(f13/e1/€3)—3(f11/e1/€2)(for/e2)—3(f12/€1/€3) (fo1/€2)+ (fs000/€3 + far00/€3/€2 + far00/€3/€2 + frao0/€1/€5 + far00/€3/€2 + frao0/€1/€5 + fraoo/€1/€5 + deOO/Ez)(fOOIO/Ed +
3(f11/€1/€2)(fo1/€2)* =3(f10/e1) (for/€2)>—(f10/€1) (for /€2)—3(foz/€5) (f10/€1)— §°0°1§z4§ 3E§1010§§1§?ij}wm//?é?1?110//562//?75]001]}/82//?)/(Efl;?/-i?—fo}(e]-:()//?)/_;:}-({-f}ooo/;;-75f01/(?/j—zf) U/t
(fos/eg)(fm/ﬂ) +3(f10/€1)(f01/€2)2 + 3(f02/6%)(f10/61)(f01 /82)) + ((fOl /62) + fgzgi/ﬁg/&t)(ffs;s/el +df01020(;);2) + g(fzotylol/oﬁf 1-i- .;110(‘:/6:‘1}2‘21-f-lfu(zm/;l/x‘z‘:l-li(-J fOZO()/ZEZ;(fIOj)z)()/lEI ii- ;010:/52)0(2}20102/5:4-
7(f02 /6%)-{-6(]"03/8‘3)+(f04/€%)—4(f01 /62)2 —12(f02 /8%) (f01/€2)—4(f03/€g)(f01 /82)+ f0001/54)+3(f1010/51/53+f1001/61/64+f0110/62/63+f0101/52/54)(f1000/51+f0100/522)2—3(f1000/61+f0100/52)3(f0010/53+
6(for /€2)°+6(foz/23) (fos /e2)*~3(for /22)))~3((( fro /1) +(fa0/€3)—( fro 1))~ Y Gy R A SOy R YL Ry oy ARy O
2((‘f11/61/62) o (f10/€1)(f01/€2)) + ((‘fOI/E?) + (‘f02/€%) o (f01/€2)2))2 fOlOl/52/5:)(f0010/53+f3001/54)+(flOOO/El+f0100/52)(f0010/53+f0001/5:)2+(f2010/5%/53+f2001/E%/E4+f1110/51/52/53“"

f1101/El/52/54+f1110/51/52/63+f1101/61/62/E4+f0210/53/53+f0201/63/6«1)-*-(fzozo/E%/Eg+f2011/€%/53/54+f2011/Ef/Es/Erl-
Fao02/€3/€3+ frizo/€1/€2/€5+ frin [€1/ €2 /€5 /€at Frr11/ €1 /€2 €3/ €4+ frroa /€1 2/ €3+ frin0/€1/ 2/ €3+ Fiinn J€1/ €2/ €3/ €4+
fu/e1/ea/es/es + Frioa/e1/€a/€2 + foreo/€E/€3 + foonr/€3/€s/ea + foni/€l/es/Ea + foroa/€R/E2) — 2(faor0/€2 /3 +
f2001/€f/€4 + f1110/61/62/53 + f1101/61/52/54 + f1110/51/€2/53 + f1101/€1/52/64 + f0210/€§/63 + f0201/€§/€4)(f0010/€3 +
fooo1/€4) + (f2000/5% + fuoo/€1/€2 + f1100/51/52 + f0200/6%)(f0010/53 + f0001/54)2 - 2(f1010/€1/63 + f1001/€1/54 +
fo0/€2/€3+ foror /€2/€4)(fro00/€1+ for00/€2) —2(fro20/€1/ €5+ fro11/€1/ €3/ €at Fro11/€1/€3/€a+ frovz /€1 /€54 forao /€2 / €5+
for1/€2/€s/ea+t for11/€2/€3/€a+ foroa/E2/€3) (Froo0/€1+ foroo/€2)+4(fro10/ €1/ €3+ fro01/€1/ €4+ forr0/ €2/ €5+ for01/€2/€4) (Fro00/€1+
for00/€2)(foor0/€3+ fooor/€4) —3(fro00/€1+ Foroo/€2)*(fooro/€3+ fovo1/€4)? + (fro00/€1+ Ffor00/€2)* (Fooro/ €3+ fovo1/€4) +
(foo2o/€% + foor1/€s/€a + foor1/€s/€x+ foooa/€2)(frooo/€1 + foro0/€2)?) — 4((fro10/€1/€3 + froo1/€1/€1 + forro/e2/€3 +
f0101/52/54)+3(f1020/51/E§+f1011/51/53/E4+f1011/51/53/E4+f1002/51/Eﬁ+f0120/52/6§+f0111/52/63/54+f0111/52/63/E4+
foro2/€2/€3) + (froso/€1/€3 + from/er/€3/ea + from/€r1/€3/es + froro/€1/€3/€2 + From/e1/€d/es + froa/€1/E5/€s +
fro12/€1/€3/€3+ froos/€1/€3+ forao/€2/ €3+ forar /€2 /€3 €4t forar /€2 /€8 €at forrz/€a/ €3/ €3+ forar €2/ €3/ €at forra/€a/ €3/ €3+
f0112/62/63/6,21+f0103/€2/63)—3(f1010/51/63+f1001/61/€4+f0110/62/€3+f0101/52/64)(f0010/53+f0001/64)—3(f1020/51/€§+
fio11/€1/€s/ea+ fron/er/esfea+ f1002/51/62 + f0120/52/€§ + f0111/€2/53/54 + f0111/52/€3/€4 + f0102/€2/5§)(f0010/53 +
Jooor/€4)+3(fro10/€1/€3+ froo1/€1/€4+ forro/€a/€3+ foror /€2/€1) (fooro/€3+ fooor /€4)2 —3(f1000/€1+ for00/€2) (fooro/€3+
fooo1/€4)* — (frooo/€1 + for00/€2) (fooro/€3 + focor/€4) — 3(foozo/€3 + foorr/€3/€a + foorr/€3/€x + foooz/€3)(fro00/€1 +
f(noo/&‘z)—(f0030/6§+f0021/E§/€4+f0021/Eg/E4+f0012/63/Ei+f0021/6§/€4+f0012/83/62+f0012/53/6,%+f0003/62)(f1000/61+
foo0/€2) + 3(fro00/€1 + foro0/€2) (foor0/€3 + fooor/€4)* + 3(foozo/€5 + foor1/€a/ea + foor1/€3/€a + foooz/€5)(frooo/E1 +
for00/€2)(foor0/€3+ fooor/€4)) + ((fooro/€3+ fooor/€4) + 7(f0020/£§ + foor1/€3/€a+ foor1/€3/€a+ foooz/t”ﬁ) + G(fooso/Eg +
foo21/€3/€4+ fooz/€3/€a+ foora/€3/€5+ Fooor/€5/€a+ foora/€s/E% + f0012/53'/5:‘; + fooos/€%) + (fooro/€5 + Foos1/€3/€a+
foos1/€3/€a+ fooza/€2/€3+ Foosr [ €3/ €a+ fooaa/ €3 /€24 fouaa €3/ €2+ foora/€3/€5+ foosr €5/ €a+ foona €3/ €2+ fovaa /€3 /€2 +
foors/es/e3 + fooza/€2/€2 + foors/es/ed + foors/es/es + foooa/EL) — 4(foor0/€3+ fooor/€a)? — 12(foo20/€2 + foor1/€s/€a+
foor1/es/eq + foooz/eﬁ)(foom/& + fooo1/€4) — 4(f0030/€§ + f0021/E§/€4 + f0021/€§/€4 + f0012/€3/53 + f0021/€§/€4 +
Joor2/€3/€2+ foor2/€3/ €3+ fooos/€3) (fooro/€3+ fovo1/€4) +6(fooro/ €3+ fooor /€4)3+6(foozo/ €3+ foor1/€3/€a+ foor1/€3/€a+
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Efficiency correction with many efficiency bins
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Efficiency correction with many efficiency bins
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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)
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Analytical calculation

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

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

€ =1(epn+¢ep)/2 Aec=¢p—¢B

AK,, = K, — K& =2C,, — K@°

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

K" = (Na) +(Np) = <n;> + <ngB>
o 5ACl 8301 o
=Tz Tz T L (a)
v  Higher the order of cumulant is, larger deviation
200
appears. C=20, Cz=25, CS= 0,C = 0
v Interestingly, deviation becomes zero if both
distributions are Poisson (Cn=C1). ><¢1 100
1 e\?
AK; = 5(—> (C2 —Cy)
2
AK3 = E(f) (C3 —2C2 + C) o
2\ ¢
1/ As)\> I A
AK, = —(—) (6C4 — 18C3 + 19C, — 7Cy) 0 0.2 0.4 0.6
2 A
€
A

&
1 £ 4
+ = (T) (Cs —6C3 + 11C, — 6Cy),
¢ T. Nonaka, UTTAC seminar, Nov. 30 23



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

—_—

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

O

centrality by using conventional correction formulas, while it
has been reduced to less than 2 days by using new formulas.

proton

— Bad — Good

:0‘

Q.I.-.

Vs=200GeV
lyl<0.5

OF

?§
b4
*
bt
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e TPC
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Detector Effect

- Efficiency correction
- Unfolding



Non-binomial efficiency

' v Track splitting

/o’

4 reconstruct as particle 1

. reconstruct as particle 2

Shared TPC pad

- === True track

Reconstructed track
- === True track 1 |

= === True track 2

~ N.Tanaka |

+ 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.
I I I I I I I I I I I
10° b Mg e .
; - =
10° F == — — E
: N=10, £=0.6 .
4 | _
10" g o=
— 0=3
103 = — o=b =
— a=10 ]
102 E « Binomial E
E | | | | | | | | | | | E

n : # of measured particles
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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 i 140

=0.001 -{ -0.001

Mean x 10
Meany 7.002

RMS x 3.166

Generated avsy 26478 .,
coordinate ?

prar

30
0.004

0.002

= 0.001

0

_0.001 On-lllllllll

.0006 u|||||||||
"<0.005 :

—-10.004

0 L -0.001
0 10 20 30

N x 1.151e+16

Mean x 10.81
Meany 6.302
RMS x 3.286
RMSy 2512

Reconstructed kiikhes

_ Meany 4.903
coordinate RMSx 3

RMSy 2.214

e Y 8.925e+15 |

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 €, = 0.9, €ppar = 0.7 T. Nonaka, UTTAC seminar, Nov. 30 27




prar

Toy model

input
incremental
conventional

0 50 100 150 0 50 100 150

-500

-1000

-1500

-2000

-2500

- | ']
0 50 100 150

iteration

MC filter : binomial efficiency €, = 0.8, €ppar = 0.6 T. Nonaka, UTTAC seminar, Nov. 30 28




Non-binomial distribution

Nw : white balls, Np: black balls

Nw=const 1

l—e N, > o oC — v" Smaller a for Hypergeometric
c N, | set Ny = 2aN N distribution, becomes narrower
than binomial distribution.
Hypergeometric distribution Beta-binomial distribution _ _
Draw a ball from urn, if it is white, Draw a ball from urn, if it is white, v S_mal_ler a for Beta-blnom_la/
count particle. This is repeated count particle. And return two white dls"”b_Uthn_, be(_:orr_les \_Nlder
without replacement. balls to urn (similar for black balls). than binomial distribution.
T T T T T T T T T 1 T T T T T T T T T 1 v"  Both non-binomial
.o S . distributions become close to
10° ' E the binomial with large a.
10° : N=10, £=0.6 - : > T T T T T T T T 1
N=10, £=0.6 O N=10, £¢=0.6
104 — o=1 3 105:_ — o=1 = D.17_ |
_ _ ©
— o=3 — 0=3
10° L o . P Beta-binomial
: — 0=10 10* L — a=10 - ~ |Binomial
102 F Binomial Binomial =
[ | ] ] ] ] ] ] ] ] ] ] [ ] ] ] ] ] ] ] ] ] | 15 B . n
I U 12—~ Hypergeometric
/ _ I \\ ‘\-\ / .[.[
[CREERY = \ - 8 g TN ‘,’\ / PR 1.4 —
E / -, \ E ‘~~\\ \‘ / 'é'
@) PRSI (@) N d ,»
< ,1; _’-: -- e £ RN & f"‘
@ L = ‘V\h m T &v.; T 13k _
S o7 oV d "-'/ sk I S N R T TR S N N
Z oo} 4,/ R - \_, _ 1234567 8910
P /
2 Ill! / \ | a’
0802 3 4 5 6 7 8 9 10 0802 3 4 5 6 7 & 9 10
" n T. Nonaka, UTTAC seminar, Nov. 30 29




Embeddmg datlasets

v2/ndf

2INDF = 3.51/9(0.39)
o2NDF = 7.88/10(0.79
+2INDF = 2.41/10(0.24

0.1p=

o= 4 O6+O 29

0 2 4 6 8 10 12 12
np : Number of reconstructed protons

Binomial
Hypergeometric
Beta-binomial

1 1
7 8 9 10 11 12

# of input protons

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

I
13

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.

S 20 L L L
" Fitting function : y = [0] + [1}¥/x i
15 |- =
obd proton B
- antiproton :
5 - %FD% -
- S | T e ]
Oy =020 30 %0

# of input protons

T. Nonaka, UTTAC seminar, Nov. 30 30



Summary for the detector effect

- 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.

- A non-binomial distribution is inferred with
embedding simulations, which will be included in
systematic uncertainties.

T. Nonaka, UTTAC seminar, Nov. 30 31



Volume Fluctuation

- Centrality Bin Width Correction
- Volume Fluctuation Correction

32



Volume fluctuation?

15 _I | | | I [ I_
10 - v We have two kinds of “geometry” fluctuations.
8 - 1. Number of participant nucleons fluctuates event by
E ol . event even at fixed impact parameter.
% sl ) 2. Number of produced particles fluctuates event by event
: even at fixed number of participant nucleons.
_10_— Au+Au ]
45| p=6Mm ) — need to be removed
—115 '—110 1—15 | (l) | é | 1IO | 115
z (fm)
T T T T T T I = 1200 - 106
1200 = AutAuN_, = -
_ el 1000 = TWO component model ” 5
1000 "= eeeee AutAuN_ . | - i
= - — — Cu+tCuN_, 1 - .
;Q_% 800l urLu v, | 800 ressosessarassusasassssasas sssssssssssossasssasssssosesssssnpniael R e 104
=>° I - - - CutCuN_,, e esessssnssssesesssses il e sessssssessesssssessenngOP ..o 5
2 600 . 600 - 10
\Zj& 400 |- ‘/?"" - 200GV ] 400 =l e, 107
2001~ == o _ : 200 e 10
. . _ ] o B e — ’
0 2 4 6 8 10 12 14 0 100 200 300 400
Impact parameter b (fm) Np art
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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 :_ O ... ,
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
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Correction formulas

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)
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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

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

]l 150F
1 100

] 50 k

0 100 200 300

10 |

Measured
CBWC
True

o V) NN » (00}
| B BN L L L LN L]
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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 corr., 8bin (eff.corr) —=— VFC, 8bin

Run10. Au+Au. Vsny = 200 GeV —=— CBWC —— WO corr., 16bin(eff.corr) —e— VFC, 16bin
minbias+central trigger - Skellam —— WO corr., 32bin(eff.corr) —— VFC, 32bin
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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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Summary for the volume fluctuation

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

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

- VFC needs to be applied with narrow centrality bin width in

order to avoid the effect of multiplicity dependent efficiency.

- However, VFC needs some model assumptions,
independent particle production model, glauber model, and
two-component model.

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

T. Nonaka, UTTAC seminar, Nov. 30
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Systematic uncertainties

variable default

<2.5

Ino,l <2.0 worsen purity

0.7<m?<1.3 decreas kaon

2 2

Mass 0.6<m*<1.2 0.8<m2<1.4 contamination
nHitsFit 20 15 increases the fraction of

track splitting

iIncreases secondory
<1.0 <1.5 e —

DCA

1.05™€1owpt , 1.05"Enignpt)
0.95"€10wpt ,0.95*Enignpt)
1.05*€1owpt ,0.95™€nighpt)

)

(
SGENTEA (Elowpt Ehighpt) E
(0.95*€iowpt , 1.05*Enighpt

Detector efficiency
effect correcction with
oolas- 1 ile)a @ Pinomial model

unfolding with beta-
binomial model
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Results



Results

v Three sets of results will be shown with different
combination of correction methods.

Detector effect

Eff. corr

Eff. corr

Unfolding with beta-
binomial model

Volume fluctuation

CBWC

VEC

with 2.5 % bin

standard in STAR

new method

new method
(systematic check)

T. Nonaka, UTTAC seminar, Nov. 30
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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, Runii, Eff.corr + CBWC

30-40%

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

20-30%

C

150

T. Nonaka, UTTAC seminar, Nov. 30
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Runi0 + Runif

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
30-40%  20-30%

0 100 200 300 0 50 100 150
<Npart> <Npart>

T. Nonaka, UTTAC seminar, Nov. 30
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Runi0 + Runif

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

e CBWC 0-10%
----- Poisson baseline

R Binomial baseline 20-30%
30-40%

10-20%

Ce/Co

0 100 200 300 0 50 100 150
<N part™

T. Nonaka, UTTAC seminar, Nov. 30
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Runi10 + Runi11 vs UrQMD

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 + Run11, Eff. corr + CBWC

. ] UrQMD with CBWC
-~ Poisson baseline 0-10% 20-30%

—me Binomial baseline

0 100 200 300 0 50 100 150
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CBWC vs VFC

v Volume fluctuation correction has
been also applied.

v’ Systematic uncertainties are not
estimated yet.

—eo— CBWC

7] UrQMD with CBWC
------- Poisson baseline
SR Binomial baseline

Vsnn = 200 GeV, Run10 + Runii

20-30%
30-40% 2

e ;EEE
i B

1 0-20%

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

v VFC has been applied to UrQMD data.

v Experimental data are systematically =7 UrQMD with CBWC
smaller than UrQMD as is seen in -1 UrQMD with VFC
CBWC. .-~ Poisson baseline

—m Binomial baseline

—e— CBWC
—s— VFC

Vsnn = 200 GeV, Run10 + Runi1

20-30%

0 100 200 300 0 50 100 150

<Npart> T. Nonaka, UTTAC seminar, Nov. 30 50



Non-binomial effect

v Unfolding has been applied with beta-binomial model.

v Corrections are within statistical errors.

Vsnn = 200 GeV, Runi1, WO/CBWC, cent. 32bin to 8bin

Eff. corr
Unf. beta-binomial

e o
o % %;. |

0 100 200 300 0 50 100 150

T. Nonaka, UTTAC seminar, Nov. 30
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Signal of phase transition?

Vsnn = 200 GeV, Run10 + Run11, CBWC applied

v Positive values at 60-70 and 70-80%

—o— CBWC centralities. = no QGP? or finite
-~ Poisson baseline size effect?

v Negative values at -60% centralities,
where the significance is the best at
30-40% centrality with 2.30.

Ce/Co

I — ot
NONPEAOOO®OOWONDN

significance
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Signal of phase transition?

Vsnn = 200 GeV, Run10 + Run11, CBWC applied

v" VFC results show negative values
—e— CBWC . .
VEC except the most central collisions.

___ Poisson baseline v Negative at peripheral collisions??

v Conclusions will depend on the
correction methods on volume
fluctuation = Which is better

-10 correction method, CBWC or VFC?

Ce/Co

significance

11
WD
o100
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How to define “true” fluctuation in UrQMD model ?

4+ In view of the participant fluctuation, “true” fluctuations
can be defined by calculating cumulants at each Npart value
given by UrQMD.

v Centrality is defined by using multiplicity distributions as is done in
experimental data.

Neoar | " . UrQMD, Vsnn = 200 GeV, Ny T j
40;— 10-20%, Npart = 240 E O.4<pT<2.0 (GeV/C), |y|<05 40;— 0-10%, Npart — 240 - |
sof : 30 — _

j 10 E T T T T I T T T T I T T T T T T T T T : : j

10-20% 0-10% E 20

10 |
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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 breaks in UrQMD.

- “True” fluctuation is partly killed by
CBWC.

v | decide to pick up CBWC as final results.

Ratio

—=— True
—+— CBWC

& VFC

0 T00 500 300

Ratio

-20 0 300

(@
N
(@
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Conclusions

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

- Two correction methods are compared with some models. Based on the
study using UrQMD model, | decided to pick up CBWC in final results. Note
that it is still unknow which method is correct in real experiment.

- In 30-40% centrality, C¢/C, shows negative value with 2.20 significance,
which is consistent with the theoretical prediction, and might be an
experimental evidence of phase transition.

- In that sense, positive values observed in 60-70 and 70-80% centralities
might be due to the absence of QGP or due to the finite size effect.

- In central collisions, statistical errors are huge and consistent with
statistical baselines.

- STAR experiment need to collect more statistics in order to derive more
definite physics messages.

T. Nonaka, UTTAC seminar, Nov. 30
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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 D
C\' — ColorrSuperconductors

— X CFL-K9, Crystalline CSC ~
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase

T. Nonaka, UTTAC seminar, Nov. 30
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3

2

Temperature T (MeV)
g 8

(a) Chemical Freeze-out

~
8

= e & N\
‘l‘!\.ﬁ].o. |

Au+Au collisions at RHIC

@ 0-5%
] 60-80%

A. Andronic, et al., NPAB34, 237(10)
J. Cleymans, et al., PRC73, 34905(06)

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
......... o] 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.

31.6 —
= 100k events, Nuc = 1, Nss = 100
4 :— C2

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
3 H{ | LR :; | H HH
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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

"l %bﬁm

PRD. 95. 054504 "\ .

mg/m;=20 (open)

T 27 (filled)
{ HRG

8

T

140 1 60‘ 180 200 220 240 260 280

166 Mey " [MeV]
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Response matrix

Forward Matrix (MCg" ---> MC'®)

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

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

(04) (44) (9,4)

-

(0,9 .(49) .

(0,14)

( N agen’ N bgen)

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

RMI’EV

Reversed Response Matrix
for Un-folding

T. Nonaka, UTTAC seminar, Nov. 30



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

Unfolding of net-distribution, BES workshop in Fudan, Shanghai, China, 15-18/Aug/2017 Shinlchi Esumi, Univ. of Tsukuba, CiRfSE 8



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

o6 o

D N
Q afl 0 0

< "

= e _E| (E) - (D)XRM™Y | =
eeeeeendens ] : j : 0.00C
o N T e
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=

05

(B) : (A)XRMrev | :=

E 0004

RO

£oo.

£aoa:

CI 02 o6 org 0 10 bag

Repeat (C,D,E,F) cycle with a given (fixed) RMfr, RM"eV
L[ [

(F) : (B)+a(E)
[aa=1.0]

=0 003 = 003 ) 003
20 20
-‘ poz2 ‘1 poz2 'A 0oz
cemeaaaas - 1s 15 Sleeaas
e B D 0ot 10 { I h b oot - D001
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, PR . . 0001 b . . PR —— p— 0.001 o8 . . P e— ’ . 0001
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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

m3

O
as
i

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,, :'

0.0

16



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
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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

20
Preliminary

10

1072

ExpMeas " STAB .
Unfolding . I | Preliminary

-40 -20 0 20 40 60 -40 -20 0 20 40 60 -40 -40 -20 0 20 40 60
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Binomial model

+

6

4

8

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
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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!

. x/slm. =19.6GeV | | | Vsyn = 200 GeV

x : : 15 B | | || || || || || | | _
10 :— Binomial - [ i

Hypergeometric

Beta-binomial

10 |- -

3 4 5 6 7 8 9 7 8 9 10 11 12 13
“— 4 T T T T T T T 4 T T T T T T T
O
c
N
2k -1 2 -
1 =4 1} -
0 [ L 1 1 - 0 [ L L L T L L L
3 4 5 6 7 8 9 7 8 9 10 11 12 13
# of input protons # of input protons

Embedding samples, 0-5% centrality, _
1.0<p1<2.0 (GeV/c) T. Nonaka, UTTAC seminar, Nov. 30
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avs N

v a-1/N is nature of hypergeometric(beta-binomial) distributions when the

deviation from binomial doesn’t depend on N.

proton

3 T—T R I
19.6 GeV
Hypergeom 05
etric
XZ“ZLAL.-'. R
70 20 CHE N
5 T T T | |
Beta- :'.
binomial ",

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

£\

" Fitting
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antiproton

function : y =[0] + [1/x
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1/aN vs N

v" Binomial baseline ~ 0.
v" Deviation from binomial does not depend on number of input

protons, and it is less than 6%.
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R. Holtzman, QM2017
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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

| | L1 1

—&—

—o— %

III| | | IIIIII| |

2 3 456

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. |

T. Nonaka, UTTAC seminar, Nov. 30

79



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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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.

O »_u »
0 100

" P
200

300

<N part>
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N, cumulants for one multiplicity bin

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

CBWC.
300: of
200 | ~1000 }
100l ~2000 ]
L Cs |
3000 | ]
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- 60
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of 20
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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

Oo 100 200 300

0O 100 200 300
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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, UTTAC seminar, Nov. 30 85
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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
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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

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

6 10 20 100 200 050" 100 200 30()<N -> 100 200 300
/Sy (GeV) par
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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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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
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cumulants with different centrality bin width
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Vsnn = 200 GeV, Glauber + Two-component model
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Quark participant model
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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
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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
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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
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