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v Introduction
Beam Energy Scan
The STAR detector

v Experimental results
Freeze-out conditions
The 1st-order phase transition
Critical point
- Higher-order fluctuations
- Light nuclei production
Crossover

v BES-II

v Summary
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v Need to investigate the QCD phase structure in wide (uB,T) region.
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v  Large data sets in various collision energies.
v Large and homogeneous acceptance, especially important

Transverse Momentum (GeV/c)

TTTTT

TPC

- Au+Au 7.7 GeV

-

I

i

2

p, (GeV/c)

T T

Le :AutAu 7.7 GeV
- STAR Preliminary

BRI (= (515 1S 1SS SIS S s ey
l o £ | N

Ly

P, (GeV/c)

-t
o

L L LR L

TTTTTT

TT

TTTTTTT

TTTT T

TPC

Au+Au 7.7 GeV
STAR Preliminary

for fluctuation analysis.

39 GeV

LB L LB L LR B LRI B

PC. -_ Au+Au 39 GeV
@ iz’ QTARP}glimiﬁary

T T T T T T T T T T T T
I I T I | T |

i Au+A:u 39 GeV
*._“STAR-Preliminary

|

=

.

1 £ ===
Cli= it = o=y
PR ST ST PRI R

LLELELE BUELEL S BLALELELE BLALIL BLE BRLEL AL BLALELELE BB BB

P

TPC Au+Au 39 GeV
STAR Preliminary

Ee

PRI USRS AU IR S

-0.5 0 . 1

Rapidi

200 GeV

- . JTPC . Au+Au200 GeV
52_ . " STAR-Preliminary
o
~a
\L E
Q
1 .
6': | Fami A A i ol
F K- - To--tec-AudAwr200 Gev
Lo °
4
6 |
3
oI
L) 2___
s
|- o =T 1
p TPC Au+Au 200 GeV
53_ STAR Preliminary
~ 4;
L I
> r L
G 3
\L E
Q
1—._
0_ I

Particle Rapidity

Toshihiro Nonaka, XQCD2019, Tokyo, Japan

4



TY s Sl
\RR#1T S e
S hARY ‘t;rg::, (o
3 s N YR 3 s T
B S NG / B
“:ﬁt:t LE S v
SR, Y i b
ey \ W -
s R <
ey = 2 B
‘“'u' - ; =
e g SR W
e 5 2, - Ay
e e o R
PR AT RN WL LN
A ,7!‘ 7 YRR AN
il
‘ 1 i m 1IN
' ‘ b | | | B\ |
¢ y B ‘L—: _7‘_: "\_ ‘j:::'j‘—: ,>7‘\ ‘ .
5 \‘ \‘ ‘7 | | y] ‘ ‘ .v :
g ' —g O s — b e 1L N\
- | * i i = | “
‘ 1

s

,,,,,,

\ = IL /
Pors, Sy ® Large & uniform acceptance
B Al (full azimuth, |n|<1)

Excellent

narticle identification

Toshihiro Nonaka, XQCD2019, Tokyo, Japan 5



v  dE/dx measured with TPC is used for proton identification at low pr region.

v' The combined PID with m2 from TOF is used at high prt region.

p*q (GeV/c)
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v Chemical freeze-out v Kinetic freeze-out
- Weak temperature dependence - Central collisions—lower value of Tkin
- Centrality dependence of g and larger collectivity <>

- Stronger collectivity at higher energy,
even for peripheral collisions.
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v' Both the larger separation of the
freeze-out temperature (Tch-Tkin) and
stronger collectivity imply a longer
hadronic interactions at higher
collision energies.

PRC96, 44904(2017) : STAR Collaboration
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Particle Aisotropy Flow First Harmonic v,

V1 versus collision energy

10-40% Au+Au Collisions at RHIC (STAR 1708.07132)
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STAR: PRL112, 162301(2014)
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Minimum at Vsyn = 14.5 GeV for net-proton
and net-A, but net-kaon v slope continue
decreasing as energy decreases.

At low energy, or in the region where the
net-baryon density is large, repulsive force
IS expected, vi slope is large and positive.

Softest point only for baryons?

Need model to explain

M. Isse, A. Ohnishi et al, PRC72, 064908(05)
Y. Nara, A. Ohnishi, H. Stoecker, PRC94, 034906(16)
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Higher-order fluctuations

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

v" Moments: mean (M), standard deviation (o), skewness (S) and kurtosis (k).

v S and k are non-gaussian fluctuations.

skewness—asymmetry

\
\

>

Negative Skew
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/
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v Cumulant 2 Moment
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Ci=M==< N >
CQZO’2 =< (5N)2>

(3 = So? =< (5N)3 >

Cy = ko* =< (6N)* > =3 < (6N)? >2

i)

kurtosis—sharpness

K >0

from wikipedia

v" Cumulant : additivity

—JP proportional to volume

Toshihiro Nonaka, XQCD2019, Tokyo, Japan

12



s1aR Fluctuations of conserved quantities w1z oszs0eory.

STAR Collaboration
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v  Statistical error estimation : Delta theorem or bootstrap
v" Avoid auto-correlation effects : New centrality definition
v Suppress initial volume fluctuation : Centrality bin width correction

v Detector efficiency correction : Binomial model

X.Luo, J. Xu, B. Mohanty and N. Xu. J. Phys. G40,105104(2013)
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 -
X. Luo, T. Nonaka : PRC.99.044917 Toshihiro Nonaka, XQCD2019, Tokyo, Japan 14
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v At us< 210 MeV, the 4th-order fluctuation is found to be flat

as a function of collision energy.
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v  Deviation below Poisson baseline
(unity).

v Both 3rd- and 4th-order fluctuations
have their minima at Vsny = 19.6 GeV.
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v Large statistical
uncertainties, need
more data.
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v pt region can be extended up to 2.0 GeV by using TOF as well as TPC.
v (Anti)proton statistics is doubled with respect to the published results.
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STAR, PoS CPOD2014 (2015)019 v K02 (C4/C2) shows a non-monotonic

T TAD Demliain e, o behaviour. The trend is consistent
STAR Preliminary . . .
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Collision system and energy

Au+Au and 54.4 GeV

Baryon Chemical Potential

~ 90 MeV

No. of events

~553 M

Collision centrality

0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-
50%, 50-60%, 60-70%, 70-80%

Centrality M| < 1; charged particles other than
protons and antiprotons

Z \ertex +/-30cm

Vertex radial position 2cm

Detectors Time Projection Chamber and Time-of-Flight
Particle Type Proton and antiprotons

Rapidity +/- 0.5

Transverse Momentum Range | 0.4 to 2.0 GeV/c

Secondary proton |IDCA| <1cm

backgrounds

Normalised Counts

—h
<

10°°
107°
107
10™°
10™°
107/
10°°

New data set : 54.4 GeV

f | L L I L I L | L | L I
__STAR Preliminary Au+Au: 54.4 GeV
- s 0.4 <p_<2.0GeVlc, lyl <0.5
— Centrality %oﬁi’gg@gmg
= o o & o XXQ
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- 03040% o A%
= ©60-70% g o A%
- ©70-80% § ., @ * O A0,
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[ = ve Ao
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R I | 1 1 l%DI L 1 1 1 | 1 1 T ‘ll 1 1 | 1 1 | %

—
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-10

Net Proton(ANp)
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New data sets : 54.4 GeV

STAR, PoS CPOD2014 (2015)019

I I| I T I|
4-_ STAR Preliminary )
- Net-proton -
e Au+Au collisions at RHIC _
. 0.4 < p_ < 2 GeV/c, lyl<0.5.
3 0.5 ;
B 70-80% ; v’ Results at 54.4 GeV follow the
LY I Skellam & HRG - trend very well.
v T | Expectation
o :
1 ..... N T, AR e IO
i ]
_ ¢ s :
i ® E
O_ L —
NS AN

5 10 20 50 100 200
Colliding energy |'s,, (GeV)
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v At Vsnn<10 GeV, data shows ko2>1, while model shows ko<1
v No model simulations can explain the enhancement at low beam

energies.
g o | ®ea
I _ 0-5%
0.8— Q & — Au+Au: 5 GeV
Nl — O _
O - _
A'4 - _
0.6~ ©® O T
| C) _
0.4 B UrQMD Au+Au 5% most central Net-Proton ] o Cascade
- O AMPT string melting 0-4<p_ <2.0 GeV/c ly|<0.5 ] 0 Mean Field
_I I I | I I I I I I I I | I i
/7 8 10 20 30 40 60 100 200

\/ST\]N /GeV

Z. Feckova, et al., PRC92,064908(2015). J. Xu, et. al., PRC94, 024901(2016). X. Luo et al., NPA931,
808(14), PK. Netrakanti et al. 1405.4617, NPA947, 248(2016), P. Garg et al. PLB 726, 691(2013). S. He, —
et. al., PLB762,296 (2016). S. He, X. Luo, PLB 774, 623 (2017). Toshihiro Nonaka, XQCD2019, Tokyo, Japan 23
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v¥" There isn’t yet any experimental evidence for the smooth crossover at ps~0 MeV.

v Sixth-order cumulants of net-charge and net-baryon distributions are predicted to
be negative if the chemical freeze-out is close enough to the phase transition,
which is the characteristic signal for Vsyn>60 GeV.

C.Schmidt,Prog.Theor.Phys.Suppl.186,563-566(2010)
Cheng et al, Phys. Rev. D 79, 074505 (2009)

A. Bazavov et al, PhysRevD. Friman et al, Eur. Phys. J. C (2011) Friman et al, Eur. Phys. J. C (2011) 71:1694
95.054504 - LQCD 71:1694 : PQM model
R — e s Freeze-out B12 xEIE NG xe/xd
3 Ne=6 & | ‘ _ 1 conditions
8 M : :
2 F| . m¢/m=20 (open) -

27 (filled) HRG 1 1 ~2 ~10

QCD:

: I 43 = . freeze
0 4 —— = - | rfreeze)T <09 @ >1 > 1 ~2 ~10
10 W@ | [0 ] e ~ <
| A = i — . ’ e O e e e Y S e R B e e e e v e Sy
at A% _. N ——R/T=014 1 [oCD: ;

" negative si 3 \ e
negative sign : - My \‘/' - Tfreeze/ Tpe = 1 ~0.5 <0 ~1 <0

140 160 180 200 220 240 260 280 2 0.6 0.8 1 1.2
T [MeV] T/T

Predicted scenario for this measurement

Positive sign is predicted in Vsnv<60 GeV Toshihiro Nonaka, XQCD2019, Tokyo, Japan 24
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v Much better precision as compared to net-charge.

v Negative values are observed systematically from midcentral to central
collisions, which seems consistent with the theoretical prediction.

| ! | ! |
10 Au+Au, Vsnn = 200 GeV

STAR Prelimi
| reliminary _ error(C,) o

O_’I"

vV Neve

5| | " ¢ - Used statistics

0-10% 10-80%

Net-Proton, lyl<0.5, Runi0 ~160M ~200M
-157 O.4<pT<2.0 GeV/c L 0-10% Runii ~50M ~450M

| | | | | | |
0 100 200 300 400
<Npart>
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v Positive Cg is predicted in Vsnn<60 GeV (ps/T<0.5).
v STAR collected ~550M events at Vsnn = 54.4 GeV in 2017.

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

If freeze-out occurs close to the chiral crossover tem-
perature the sixth order cumulant of the net baryon num-

ber fluctuations will be negative at LHC energies as well as
for RHIC beam energies /SNy = 60 GeV, corresponding to

up/T < 0.5. This is in contrast to hadron resonance gas | ,
model calculations which yield a positive sixth order cumu- -1 —— l-lq/ T=0.14 | 4
lant —. u/T=044 |

: _ . \‘l

2706 08 1 12

T/T
pc
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v Positive values are observed systematically from peripheral to central collisions.

| ' | ' |
10 —e— QM17, \s, =200 GeV
—— \/SNN=54.4 GeV

>[ STAR Preliminary

o i i -
O o mm o g * SR EE—
O 1

*

Net-Proton, lyl<0.5, ino
10} 0.4<p7<2.0 GeV/c o 0-10%

] | ] | ] | ]
0 100 200 300 400
<Npart>
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v Clear separation and opposite signs between two energies in 0-40%.

70-80% 60-70% 50-60% 40-50% 0-40%
| |

" Net-Proton, lyl<0.5, 0.4<p1<2.0 GeV/c

—— |S, =544 GeV
oo STAR

i, 3y - _

—o— |[5,,,=200 GeV Preliminary l

|
0 50 100

<Npart>
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v Clear separation and opposite signs between two energies in 0-40%.
v UrQMD result shows positive signs for all centralities at Vsnn = 200 GeV.

<Npart>

70-80% 60-70% 50-60%  40-50% 0-40%
— | | —

Net-Proton, lyl<0.5, 0.4<p1<2.0 GeV/c

b5
£ '
®
—m— |5, =54.4 GeV
e \[5,,,=200 GeV STAR B
UrQMD, |s, =200 GeV Preliminary o
| |

0 50 100
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v Monotonic decrease with enlarging the acceptance.

v pt dependence seems to be saturated at 0.4<pt<1.7 GeV/c.

Rapidity dependence, O.4<pT<2.O (GeV/c) p_ dependence, lyl<0.5 0-40%
1 .............................................................................................................................................................
® ® ° ° +
."l'k .A O - ."I* ° ° ¢ ¢
S . B AR R I . S . S
T | 4 i
§ STAR Preliminary STAR Preliminary
O
3 Vsnn = 200 GeV Vsnn = 200 GeV
0-40%
o o |yl<O.1 e 0.4<p <0.8 GeV/c
= |yl<0.2 o O.4<pT<‘ 1 GeV/c
A lyl<0.3 A 0.4<p <1.4 GeV/c +
-3 + lyl<0.4 * + 0.4<p_<1.7 GeV/c I
*x lyl<0.5 * 0.4<p_<2.0 GeV/c
-4
10° 10°
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v Results from the central bin of 200 GeV Au+Au collisions are consistent
with the LQCD prediction — remittance of chiral phase transition?

<Npart>

70-80% 60-70% 50-60% 40-50% 0-40%
| | | _|
Net-Proton, lyl<0.5, 0.4<p1<2.0 GeV/c
IR i S
n Ne
B T T -
O
i LQCD
—m— \/s,=54.4 GeV
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\/STN ° Preliminary LQCD : A. Bazavov et al,
UrQMD, |s, =200 GeV O PhysRevD.95.054504
| |
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v Baryon density fluctuation becomes large near the critical point
or 1st-order phase transition

Coalescence + nucleon density fluctuation

K 2 o 3/2
N; = — : N 1 + aAn),

C = g7 () Npl)(1+adn)
O 3/ 3
L= i 33;2 Vor . 5 ‘
g Nsy = T(moTL.gr) N,(n)°[1+ (1 4+ 2a)An|,
O
=
= 2
> , Critical region Nt ’ Np/Nd ~ g(l + An)
.4-:.’ I) —_— =
v . :
C Spinodal region
o

No phase First-order : C : :

transition | < e Neutron density fluctuation

An = ((8n)*)/(n)*

K. J. Sun, L.W. Chen, C. M. Ko, Z. Xu, Phys. Lett. B774,103 (2017).
K. J. Sun, L.W. Chen, C. M. Ko, J. Pu, Z. Xu, Phys. Lett. B781,499 (2018).

Edward Shuryak and Juan M. Torres-Rincon, arXiv:1805.04444 Toshihiro Nonaka, XQCD2019, Tokyo, Japan 32
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v Deuteron and triton yields
have been measured in
BES-I energies.
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v Non-monotonic energy dependence is observed in Au+Au collisions with a
peak around 20-30 GeV.

| | | | | | | | | | | |
v STAR Au+Au Collisions (0-10%)
O From NA49 Pb+Pb Data [K. Sun et al. PLB 781, 499 (2018)]
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Beam Energy Scan Phase Il

v' BES-Il has started this year.

v Luminosity has been improved

Events (106) | BES-I - with the electron cooling system.
(GeV) (MeV) (MeV)

2010 166 v Inner TPC has been fully
624 67 2010 73 165 integrated, which extends the
IR N 2017 pseudorapidity coverage from 1.0
39 39 2010 112 164 to 1.5
27 70 2011 156 162
19.6 400 / 36 2019-21 /2011 3 206 160 v'New centrality definition by EPD.
145 300/ 20 2019-21/2014 2.5 264 156
115 230/ 12 2019-21/2010 5 315 152 v eTOF for fixed-target program
9.2 160 /0.3 2019-21/2008 9.5 355 140

v Higher-order fluctuation
measurement with small errors
and large acceptance.

7.7 100/ 4 2019-21 /2010 14 420 140
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Beam Energy Scan Phase Il

v' BES-Il has started this year.

v Luminosity has been improved
12 = - TPC with the electron cooling system.

Net-Proton, 0-5%
10" Au+Au collisions s, = 7.7 GeV
STAR Preliminary

v’ Inner TPC has been fully
integrated, which extends the

N B pseudorapidity coverage from 1.0
® to1.5
¥ O = 04<p (GeVic)<20
Estimated Error BES || v'New centrality definition by EPD.
4r ... Poisson Expectation ]
v eTOF for fixed-target program
2
------ ir"‘-"“w?...w 558 v Higher-order fluctuation
O~ "985 = 4 /95 measurement with small errors
and large acceptance.

STAR NPA 00(2016) Ay g P
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Critical point search in BES-II

STAR Data : PoS CPOD2014 (2015)019

TN ' v  Statistical uncertainties will be
: : Au + Au CoII|S|ons at RHIC ]
- O 0-5% centality dramatically reduced.
4: (\. : lyl <0.5,0.4 <p; <2 (GeVic)
‘“g » % E . : v Can we measure a possible
-~ - net-proton y .
..cé) 3% 0 : A anti-F:)roton . peak StrUCture?
) : . : proton
(ED : o : BES-II error for net-p
2 : S— : UrQMD B
- 2: L - Y
2 Q3 W
: O£ ¢
L T~ G Vi — A ¢ baseline
- - A A o — e} - - - - -
Py
TR (b SR ) NE

|
Y

..F..!! | | | I | |
5 10 20 50 100 200 11 19

Colliding Energy Vs, (GeV)

N |
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Freeze-out conditions have been determined in terms of chemical/kinetic
freeze-out in various collision energies.

Search for the softest point as a signal from the 1st-order phase transition, by
measuring v1 slope in various collision energies.

Non-monotonic behavior has been observed for net-proton ko2 in the central

Au+Au collisions as a function of collision energy, which is qualitatively similar
to the theoretical prediction.

Non-monotonic energy dependence is observed for neutron density
fluctuation in central Au+Au collisions.

BES-II will shrink the statistical uncertainties at 7.7—19.6 GeV region.
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Thank you for your attention



Back up



v Single-particle tracking efficiencies for /K/p have been estimated by
embedding simulation.

v TOF matching efficiency is obtained from the real data.

oof-... Au+Au/snn=200GeV | o= KI(TPC) b
b OTAR Preliminary £ == K* (TPC+TOF)....

S\ 078 VLTI TR CROTOTES ~SURCRTUOTERRy m.mK(TPC) ............................
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T Ny
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0.1 S TRCETOR) e == pbar (TPCETOR)
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Multiplicity
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Relative error w.r.t Skellam
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Efficiency

v Error estimation using a
simple toy model with
Skellam distributions.

v One order of cumulant
Increases, statistical errors
becomes x10. (Cs— Cs :
x100 err)

v Cs measurement is more
challenging than Ca..
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A. Bzdak, R. Holzmann, V. Koch : PRC.94.064907

1. Experimental effects 10
v The detector efficiency may not be binomial, s 10
which would be due to the particle mis- SN _
identification, track splitting/merging effects, and = 0 | = One example of nor-
many other reasons. . binomial distribution,
10 | Beta-binomial, is wider
I/ e binomial -\\‘\\ i distribution than binomial
2. MUItlleClty dependent efﬂClency 10'510/ 1'1'5 50 25 30 35 40

n

v Residual dependence of efficiency inside one multiplicity bin (for centrality)

needs to be taken into account.

. Op0.4<p <0.8

3 . 7 ,
- 1T KK , )
O - Now - Yo ! /
S Mase en® = —0.00032 -
Q_) 0.8 RAA TN :lg::_g /low — _0 00033 —
L_) - il gpbar y -
E o _555: .. \_,l.‘:&:’\ B A. Bzdak, R. Holzmann, V.
ad ! ‘--E;:;:B:__! Dl Koch : PRC.94.064907
0.4 ®p0.4<p <0.8 "5====:=:=~_\~ _

- STAR Prelimi N
0.2f WPO0-8<p<2.0 ey P(N) = (]Xz), -
O-...l...|...|.,,|,,,|...|: G(N)=€0+€(N—<N)),
0O 200 400 600 800 1000 1200 0001 -0.0005 0 0.0005 _ 0.001
T. Nonaka, WPCF2017 Multiplicity 2
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Unfolding

Vsnn = 19.6 GeV,
R(”]O? N. P> N. pbar ) 0-2.5% centrality

[T -~ r - 1 - 1 T

v We performed MC simulations by 107 %0 E
embedding protons and antiprotons, - P Vei -
e.g., Np=60 and Npbar=15 (which would 1072 | o =
be an extreme number), and see 2 : J ° -
whether those particles can be S 00 L _
reconstructed or not. S S STARPreliminary

all _ . i

v" The response matrix is close to the 4 L : o -
T L 107 E I Binomial : 2/NDF ~3.3 ° =
beta-binomial distribution, which is 5 5 A ' 3
wider than binomial - I Beta-binomial (a=15) : -

" 10™ E o x2/NDF ~ 1.0 —=

= “Urn model” for beta-binomial distribution, 18—
where the parameter a controls the deviation 10| TR _

from binomial. » 1'1 B B

Nw : white balls, Np: black balls, €: efficiency % 1 Yt

Ny = alNp &= Ny /(Ny + Np) T 09 | ]I -
08— 30 40 50 60

Np : # of reconstructed protons
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