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Introduction 0 Hadronic gas ~QGP

1 Crossover @ us=0
Y. Aoki, et al., Nature 443, 675 (2006)

O Critical point ?
\\ Quark-Gluon X

Experimental search
by Beam Energy Scan (BES)
at RHIC-STAR

Temperature
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Hadronic Gas

Baryon Chemical Potential g

STAR Collaboration, Nuclear Physics A 982, 899-902 (2019)
STAR public note, https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493

: Study the phase diagram of QCD
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BES-| Data at STAR

Vsnn (GeV) Events (106¢) Year us(MeV)

200 238 2010 25

62.4 43 2010 73

54.4 550 2017 83

39 92 2010 | 112

Au+Au : : s
27 31 2011 156

19.6 14 2011 206

14.5 14 2014 264

11.5 7 2010 315

7.7 2.2 2010 420

Vsnn (GeV)  Events (106) Year
200 220 2012

ptp

: to map the QCD phase diagram 25 < ug(MeV) <420



STAR detector

® Time Projection Chamber (TPC) : PID, Vertex
® Time Of Flight (TOF) : Extend proton PID up to pr=2 GeV/c

Full azimuthal angles,
In| <1.0

- TPC

STAR, Nucl.Instrum.Meth.A 499 624-632, (2003)

RHIC/AGS Annual Users’ Meeting Risa Nishitani



Particle identification

Protons and Antiprotons are identified by

e TPC for 0.4 < pT1(GeV/c)< 0.8
e TPC and TOF for 0.8< pTt (GeVI/c)< 2.0

p+p Collisioins
Vs =200 GeV

—_
o

p+p Collisioins
s = 200 GeV

dE/dx (keV/cm)
()

~2 —1 0 1 2
p/q (GeV/c) p/q (GeV/c)
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Fluctuation = Cumulant, Moment

¢ n-th order moment is defined by [Cumulanﬂ:{MomentJ
™y = S mP(m), (") = ((m — ()" S
) = m"P(m), (dm") = ((m— (m))"
- . E(<N > )
ChoEl < (5N)2 -
e Cumulants are extensive variables Cs k| < (6N)® >
CiE|< (6N)* > -3 < (6N)? >2
C.(X+Y)= C,L(X) =i Cn(Y) —/ \ J
X and Y are independent each other
Mean
e Volume terms are cancelled by taking ratio
to connect to baryon number susceptibility X C1 CS Cs
M=C1 = 021.5
Sog — % — ﬁ kewhes
Ca  Xxo
> Ci X4 C:2 Cs Ca
R = o =T 02=C K=
Ca X2 2 C2?
Siadma Kurtosis

e Cs/C2=C4/C2=1 ... Skellam baseline

Skellam = Poisson - Poisson’

Skellam : Difference between two independent Possion distributions

e Higher-order cumulants and ratios are sensitive to phase structure
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Net-proton distributions

Energy dependence of net-proton distributions

T PR I TR R N
Au+Au Collisions

L N .
o1 Vo (G

o 7.7 0-5% Central

0.08 = 115 4 < P; < 2.0 (GeVle), ly| < 0.5
¥ 145

0.06 o 19.6

0.04

0.02

Illllllllll|lll|lll

Normalized Number of Events

Net-proton (AN, = N, - Ny)

STAR Collaboration, Phys. Rev. Lett. 126, 092301 (2021)
STAR Collaboration, arXiv, 2101.12413 (2021)
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Efficiency correction

e Cumulants are corrected for detector efficiencies by assuming they follow the

binomial distribution. M. Kitazawa, PRC.86.024904 (2012),
M. Kitazawa and M. Asakawa, PRC.86.024904 (2012)
NI A. Bzdak and V. Koch, PRC.86.044904 (2012), PRC.91.027901
By n(n) = — p"(1—p)" (2015),
nl(N —n)! X. Luo, PRC.91.034907 (2015)

T. Nonaka et al, PRC.94.034909 (2016), T. Nonaka, M. Kitazawa,

. .. S. Esumi, PRC.95.064912 (2017)
* Efficiency variations on acceptance and [ ;) ..\’ : foimann, V. Koch, PRC.94.064907 (2016)

multiplicity are taken into account. X. Luo, T. Nonaka, Phys. Rev. C99, 044917 (2019)
Ci= (Q)c= a1 Girs) = Z a—j a: charge, ¢: efficiency

o) o) : E".

(7 (q >(. = <q(2.2)>c» j=1 7

+
4+ 3{qa.n9e.1))c — 3(901.1)92.2))c + {93.1))c — 3(93.2))c + 2(q:3,3))cs

61(4 ). +6(ad naen). — 6lad nae.y). + Haa.nge.n)e + 3a50). + 3a5.0). — 12(a0.196.2)
40,1933 — 642 1902.2))c + (@, 1))e — 7{q@,2))c + 12(q@,3))c — 6{(q@.4))c

+
o ~
/\—

Centrality bin width correction
X. Luo et al, J. Phys. G40, 105104 (2013)

e Cumulants are calculated for each multiplicity bin,  °© Chatterice ot al., PRC 101, 034902 (2020)
and averaged for each centrality class.

O — Zq; wiC(n,i) 7 :Multiplicity bin Effects of initial volume fluctuations
" > Wi w; :Numberofevent  are suppressed in a data-driven way.
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Fourth-order fluctuations for critical point search

o 40 7T, AusAuCollisions at RHIC — 7 Gev Ko’
C KO [y <0.5, 0.4<p <2.0(GeV/c) .
. " Netproton  STAR Data ‘ Bkl i
-5% o 1 gy ‘
o 30r O 70 - 80% N L Vs
E - Bl Stat. uncertainty | 0.1
c W Syst. uncertainty
@) 2.0 W Projected BES-Il  — hadron gas o model, M.A. Stephanov,
':E Stat. uncertainty \”ﬂﬁ:ﬁf} PRL107, 052301 (2011)
= Q -5% - .
B ) UrQMD 0-5 . 1 o Gev
S 1of-{z--H=sp _ g ] DTS $ :
O 2 0O i: Non-monotonic beam energy
Gt "5 *i l dependence of K02 has been
# ]
L e ey - observed for net-proton fluctuations
5 10 2 50 100 20 J,

Collision Energy |'s\, (GeV)

| Possible signhature
STAR Collaboration, Phys. Rev. Lett. 126, 092301 (2021) - .
STAR Collaboration, arXiv, 2101.12413 (2021) of critical pomt
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BES-Il Data at STAR

Vsnn (GeV) Events (1069) Year us(MeV)
27 | 560 2018 156
19.6 | 582 2019 206
146 | 324 2019 262
Au+Au 115 | 235 2020 316
9.2 162 2020 373
7.7 101 2021 420
3 (FXT) | 565+ 2018 721

+FXT data at 9.2, 11.5, 13.7 GeV, ~50M for each

e 10 - 20 times larger statistics than BES-I
e Collision energies : 3 - 20 GeV

* ug:20-720 MeV
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Crossover

: Identification of O(4) chiral criticality on the phase boundary

g,‘ﬁ [GeV]: 200 624544 39 27
NLO, RE,(Tpe)
1} RE(Tpo) . : |
Lattice QCD
. HotQCD, Phys. Rev. D101, 074502 (2020) | oo |
[ | Ppp——
o™
o - EED -109
-2+ ] 10! -
-3 I ! ! L ! L R1BZ=MB/0% -
o 01 02 03 04 05 06 07 08

Cs, Cs:

e Negative for LQCD, FRG,
® Positive for HRG and UrQMD (no QCD transition)

1 L | ] L I 1 | L il 1

FRG: Functional Renormalisation Group | .

Wei-jie Fu et al., arXiv, 2101.12413 (2021)

PQM - crossover

n o
S~

n o
=
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Sixth-order fluctuations for crossover search

A. Bazavov et al, Phys. Rev. D 95, 054504 (2017)

STAR, arXiv : 2105.14698 HotQCD Collaboration, Phys. Rev. D 101, 074502 (2020)

cont. est. 1
NT=6 e

I B T . T 8 W
- ® 2 mg/m=20 (open) -

| 27 (filled)
ag HRG _
0 = &
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o

STAR Au+Au Collisions
lyl <0.5,0.4 < P, (GeVic)<2.0

K

Net-proton Cumulant Ratio C /C,
|
(&)

i A
] — D
0 Vs (GEV) 27 54.4 200 s ° - | it
Data = 0O @ i 1 _.u
Theory i \ . :
] negative sign
_15 UrQMD D __ _2 1 " 1 gl L g 1

LQCD [l — —
1 1 1 1 I 1 1 1 1 I L 1 1 I 1 1 1 40 1 60 1 80 200 220 240 260 280
100 200 300 T [MeV]

Average Number of Participant Nucleons (Npart)

O—II|IIII|IIII|IIII

e From peripheral to central collisions, the values of Ce/C-
change from positive to negative at 200 GeV

e Lattice QCD calculations at jus = 0 show negative Ce/C->
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Collision energy dependence of Csand Ce in Au+Au

1 LI L I 1 1 | L L TI 1 T I T T T T T 17 I T
10k Au+Au collisions at RHIC | 100 Au+Au collisions at RHIC T
Net-proton - Net-proton -
04< P, < 2.0 GeV/c, lyl <0.5 | 50 04< p.< 2.0 GeV/c, lyl < 0.5
5 STAR Preliminary : STAR Preliminary
N
o O 7 © 0
o O“’ |
5 c
'9 O Badl { < 2 ] N
O = T 56 2 G o
= 0 O § lp R
o 5 -100[ -2 A
) ()} B 5 10 20 50 100 200
prd P V5 (GEV)
_5f- & --Poisson baseline _ -150 - - .Polsson basellne B
@® 0-40% R ® 0-40%
{ 70-80% O 70-80%
- LQCD, PRD.101.074502(2020) - -2001 LQCD, PRD.101.074502(2020) -
- FRG, arXiv:2101.06035 i FRG, arXiv:2101.06035
10 UrQMD(b < 3 fm) _ UrQMD (b < 3 fm)
= = HRG CE, NPA-1008-122:41 (2021) -250 — HRG CE, NPA.1008.122141(2021) —
I I | 1 1 1 L1 1 1.l 1 [ . | l 1 1 I R N N O | l 1
5 10 20 50 100 20 5 10 20 50 100 200
\[SNN (GeV) \/SNN (GeV)

e Weak collision energy dependence for Cs/C1(0-40%)
e Deviation from 0 at a level of <20
e Cs5/Cq,Ce/C2(70-80%) > O for all energies

RHIC/AGS Annual Users’ Meeting Risa Nishitani 14



Precise measurements in p+p 200 GeV

e Multiplicity / acceptance dependence would be available with high statistics dataset

e There is no initial volume fluctuations by construction, thus CBWC is just to take

averaging.

N l L] L I L] L] L I L ] ] l ] 1 1 I = - I ' ' ' ' I ! ! ' ' I
: . - @ 5<Multiplicity <30 Collisioins —
109_— . Inl<1, all charged particles except protons -] § . P ’
| ! Multiplicity = 5 used in physics analysis 10" % 30 SMU_""_)"_C'W oding 15=200 GeV _
0 e, 12 ---- 5 < Multiplicity < 50 0.4 < p_(GeVic) < 2.0 |
QC) 107_'_" : o ", ) % 8_ Efficiency uncorrected iyl <0.5 -
> L Mean = 11.39 1 S 10F o Net-Proton —
LLI 5- 1 5 & Lu . E E-.." )

b~ = = @ :
0 Wi . 1 © 10% ; : =
- Lt pu— L . '

o = g o - -9 —- -.—- —
-g 10°F ¢ . r -g 10%- A S S -
' i B i : -~ ]
= d e g - A St nahd =
< 10| N "y : 10 g, 7
i STAR Preliminary Ili : l . E +:-¢3°— STAR Preliminary 5 X
10—1 : g b o o o 8 5 9 ) o408, 1 — | E : : \ \ ] , , . . * :. ™

0 20 40 60 80 -5 0 5

Charged Particle Multiplicity Net-proton (AN,)
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Multiplicity dependence of net-proton cumulants

e Cumulants increase with increasing multiplicity

¢ Deviations from Skellam* and Pythia become larger for higher-order
x Skellam = (Poisson)proton - (POISSON)antiproton

L L L L L A T
C, C, i C.
| I -
0.04/- i+ I 1 i
TR 2
i Lt T ,n*i”l” T 1
) - el T oonat! 1 I ]
g 1 g — L1
C_U 0.02_— T o T 'qHII ]
=) . u p+p Collisioins 1 n e Multiplicity bin 1 p i H -
E S = 200 GeV @ CBWC (5 < RefMult3 < 50) =
= 04< P, (GeV/c) <2.0 T Skellam T
O O__ N Ity||:’< ?-5 ___ Systematic uncertainties ____ __
cC }::::}::::}:e::r?(})n:::}::::I::::'::::I:::I::::I::Hﬁ'ﬁ"ﬁ:{"'
e
e [ CZ o | C;4 j 1 CG ]
DI- 0.3 ..o'.. -1 '*I — —
5 | o ot '
Z 02-_ ....' _--_ ....ooio _“_ )
[ 0 I I | II
A 1 x ... T o III I
i T o.. T "*' I
0.1 Pythia 8 T T ’,Il ¢ -
_ = averageotpyinias |1 STAR Preliminary | ]
(0] S N B B | A S I R B | A R RS BT
0 10 20 30 0 10 20 30 0 10 20 30

Charged Particle Multiplicity



Multiplicity dependence of net-proton cumulant ratios

® C3/C2is consistent with the Skellam expectations
¢ Deviations from Skellam and Pythia become larger for higher-order

[~ T ] L L L « Multiplicity bin
@ CBWC (5 = RefMult3 < 50)
i i Skellam
0 s | | — 0'15__ T ] " Systematic uncertainties
3 | . - TR ; | i itias
= I - iy ||| ] Pythia 8
My - |
&U | i | I L B Average of Pythia 8
— T '.,I"' 1 °Tr B p + p Collisioins, ¥s = 200 GeV
C “0" : [ m ] 0.4<p_(GeVlc)<2.0,lyl<0.5
c_g 6 [ _ 0.05 i b Net-Proton
- . i A
O ———————— ——+——————————— ——— ] ———— | —
- ; - s . A
S [ CJ/C, 1 [ CJC, | I cJC,
e - . B - - -
1 a — 1 - 1 -
s | | . '
- . ** B . - .
o | S || | || | _
< ol QUL ) 1 osf LM A
0.5 4 osf 4 osf ,nl"l iy | || 4
i A . A . .
STAR Preliminary - -
.................. | PR S T T N TR T TR TN N T PR | B |- I PR S ST SN NN R TR N T N ST SR S S N SR T
0 10 20 30 0 10 20 30 0 10 20 30

Charged Particle Multiplicity
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Acceptance dependence of net-proton cumulant ratios

e Deviations from Skellam baseline become large with

Ay dependence increase of |Ay| acceptance except for Cs/C:

e C3/C2is consistent with Skellam

------------ | | |
- C2/C1 : : C3/02 : ® Cumulant Ratios
8- — 015 @ ® s - Skellam
I o ]
8 ° Systematic uncertainties
=
© 7 - 0.1} - L
C o ee— p + p Collisioins, Vs = 200 GeV
-E | _ i i 04< P, (GeVic) <2.0
S 6 _ i .. - Net-Proton
S 0 { %% STAR Preliminary 7
S5 .y oy ] ] ]
O I I I I I I_ I I I
- ]
@)
6 -
DL_ T e ® o ® ] T ® ] T ]
i ° ® ®
= e
() I ] [ e ° ] i e 1
< o5 4 osf - osf * e o A
C,/C, 1 | cyC, 1 [ C4C,
Y 0.4 0.6 Y BV o6 0 02 0.4 0.6
lyl < X
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Acceptance dependence of net-proton cumulant ratios

e Deviations from Skellam baseline become large with

ApT dependence

Net-Proton Cumulant Ratios

o
o

increase of pr acceptance except for C3/C-:

e C3/C2is consistent with Skellam

~ (o0]
T T T T T ] T 11

(o)}
T 1 T 11

------------------------
[ 03/02 I ® Cumulant ratios
0.15 — Skellam
i ® o o o o T _ o
Systematic uncertainties
o ’ p + p Collisioins, IS = 200 GeV
i lyl <0.5
I . I Net-Proton
005 STAR Preliminary -
————— e T
1= - 1~ -
. -
® o e o [
0.5F - 0.5 ® ¢ o o -
C./C, - C,/C,
NP PR BT PN AN D B PP B BN R
0.5 1 1.5 2 0.5 1 1.5 2

0.4 <pr<x(GeV/c)
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Comparison between p+p and Au+Au collisions at 200 GeV

e The results from p+p collisions fit into the centrality dependence of
Au+Au collisions

e Cs/Cq and Ce/C2 > 0 for p+p collisions, while Cs/C1 and Cs/C2 < 0 for
Au+Au central collisions

w IIII I IIIIIII I I IIIIIII III 1 1 IIIIIII IIIIIII 1 1 IIIIIII 1 1 IIIIIII

O STAR Preliminary (1 )C4/C2 1 2 (2 )C5/C1 1 2 (3 )C6/C2 =
-C-lsﬁ ] i STAR Preliminary 7 i STAR Preliminary

e — 1 1

D: °* A A A A A — | e0e - - oe® t
— of ----4-~ Y W - of 2o -5 S——
C —

o T ;

5 0 _0_p_ +_p __________ - -1F 1 -1 qo,@%@;ﬂ;"’o, 0%5‘0,60 o50% 7
E O cBWC in p + p A Au + Au | I ] [ —

-2 —— - HRG GCE 4 2 B
S Net-protons from 200GeV Collisions L Pythia(8.2) | L A
O -1 lyl <0.5, 0.4<pT<2(GeV/c) | -3+ mmssss Lattice PRD101(2020) - -3 | =
L lll ll

1 1 llllllll 1 llllllll lllllll 1 llllllll 1 llllllll L1 111 1 llllllll 1 llllllll
10 100 1000 10 100 1000 10 100 1000

Charged Particle Multiplicity

e Only statistical errors are shown for Au+Au results
e Efficiency is not corrected for x-axis

Au+Au: STAR, arXiv:2103.12413 (2021), arXiv:2105.14698 (2021)

LQCD : Phys. Rev. D 101, 074502 (2020)
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Summary

4|Au+Au I

e Net-proton C4/C2 shows non-monotonic beam energy
dependence, which could be a signal from the critical point

e Net-proton Cs/Cq1 and Ce/C2 show negative values within large
uncertainties at Vsyn = 200 GeV

e Multiplicity dependence of net-proton cumulant has been
measured in p+p collisions at Vs = 200 GeV

® The ratios from higher order cumulants are all positive

While the results of the ratios of Cs/C1 and Ce/C2 are all [0
in 200 GeV|p+p|collisions, these ratios are progressively towards
1 ELE] in more central|Au+Aulcollisions at the same energy.

The observations are consistent with the chiral crossover
transition predicted by model calculations at vanishing us.
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Backup
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Why p+p ?

STAR Collaboration, Phys. Rev. Lett. 112, 32302 (2014)

:s ’ Au+Au Collisions at RHIC
0 [t
e As a baseline to be © osl @ . Skellam Distribution |
. &.. 0 - 70-80%
compared with Au+Au D o6 o &g
collisions %41 Netproton O . @
0.2 | 0.4<p <0.8 (GeV/c),lyl<0.5 e
e Statistics is 70 times ey
larger than previous Nb 10 ..D . D ............ |—: .................
i ] e = =
results o 081 S P
0.6 U Au+Au 70-8%
,Au+Au 0-5
e Multiplicity / acceptance 0.4 d | l;ﬁ?‘f,f@‘:.fg,s( g&;:ng
dependence would be £ L B N |
available with hlgh T 1,00 frommmmm % ............................ $
. . . " .
statistics dataset W 095 AP v
© 0.90
2]
085¢L . . | 1 e
5678 10 20 30 40 100

Colliding Energy |s,,, (GeV)
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Acceptance Dependence of Net-Proton Cumulants

|Ay| dependence e Cumulants become large with increasing |Ay| acceptance
o6k~ ~ .+ T~ T T T T T
- C o I G
0.04} Skellam - 1 _
Systematic uncertainties
i O 1 1 ]
@
0.02 ® + ® + -
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S i 1
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@ 03¢ T T ]
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02 I I ;
i |
[ . o
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[ s 1 1 ]
i ® o © °
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