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For decisive contributions to the LIGO detector
and the observation of gravitation wave

4

Rainer Weiss  Barry C. Barish Kip S. Thorne
(MIT) (Caltech) (Caltech)

The initial LIGO collected data from 2002 to 2010 but no gravitational waves were detected.

1. 100 years prediction from Einstein’s General Relativity.

2. 40 years experimental search : Collaboration (>1000 members) + High
precision detector. (Hardware New technique)

3. Novel data analysis techniques: machine learning. (Software New technique)
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Physics Motivation

® ? \ \ .
g 1&’”/,“””9’“’ The Phases of QCD @ 1000
© LHC Exj nts .
g | 2
- e
) 2 E = 100 -
ke 3y § 5 100
'sy@ (& G:.)
S <
/{)/. Q
% Quark-Gluon Plasma
10 & 1 1
b
180 }
© 140 }
Critical Point g 120 F
\ Color-’ 2 100 r
o Geas \ Superconductor S 80Fb
Ry S
P \ o E 60
- vacuun Neutron Stars [
0 Mev—+~ ] = = 40 F : .
0 MeV 900 MeV ]
Baryon Chemical Potential o K0
Centre-of-mass collision energy
: lliding nucleon pair (GeV
Exploring the QCD phase structure PR SR TE IR RN a9
1. Onset of the sQGP signal. Scan the QCD phase diagram by tuning the
2. Search for the QCD Critical Point colliding energies in heavy-ion collisions !
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© Critical Point and Critical Phenomena

T. Andrews.Phil. Trans. Royal Soc., 159:575, 1869.
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Critical Phenomena :

> Density fluctuations and cluster formations.

> Divergence of Correlation length (§).
Susceptibilities (), heat capacity (Cy) ,
Compressibility (k) etc.
Critical opalescence.

» Universality and critical exponents determined
by the symmetry and dimensions of underlying

system.
> Finite Size and Finite time effects.

First CP is discovered in 1869 for CO,
by Andrews.

T.=31°C

Can we discovery the Critical Point
of Quark Matter ? (Put a permanent
mark in the QCD phase diagram in text book. )

T, ~ Trillion (1012) °C
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Location of CEP: Theoretical Prediction
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DSE:
1): Y. X. Liu, et al., PRD90, 076006 (2014); 94,
076009 (2016).

(WEg, TF) = (372,129) ; (262.3,126.3) MeV

2): Hong-shi Zong et al., JHEP 07, 014 (2014).
(UEg, Tg )= (405, 127) MeV

3): C. S. Fischer et al., PRD90, 034022 (2014).
(UEg, TE) = (504, 115) MeV

Lattice QCD:
1): Fodor&Katz, JHEP 0404,050 (2004):

(UEg, Tg )= (360, 162) MeV (Reweighting)

2): Gavai&Gupta, NPA 904, 883c (2013)
(UEg, Tg )= (279, 155) MeV (Taylor Expansion)

3): F. Karsch (uky/ Tg >2, CPOD2016)

WE, =262 ~ 504 MeV, T = 115~162, pEy/ Te =1.74~4.38
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Fluctuations and Correlations

Two-point correlation functions of magnetic moment:

G(¥) = (S(F)S(0))— (SF)){S(0))

S(7) : Spatial Magnetic moment

In 3D case: 1 Correlation length
G(F)oc—e ™" cn=gur”
r
Susceptibility (fluctuations) < > Correlation length

2 o< [GEMF < & (1)
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Quantify the Fluctuations

Cumulants generating fun.: ” Factorial
Moment
(a) moment

GO)=,e"P(n)=(e") (i) =2KO $o $o

Factorial
. . .o . Cumulant lant
¢ For Poisson distributions: C_=C, @) cumulan

% For Gaussian distributions: C_=0, (n>=3)

M. Kitazawa, X. Luo, PRC96, 024910 (2017)

» Describe the shape of the distribution
» “Factorial”: Remove self-correlations,
easy efficiency correction.

Cumulants and Central Moments:

Cinv= <N>’ C,y= <(5N)2> e O —
07 b k>0 § é:;m —
Cyy=(BN)'). C,y=(BN)")=3(@ENY) Hla =
" N
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Variance, Skewness and Kurtosis: A |

k<0
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@) Cumulants of Conserved Charges Distributions

The cumulants of conserved charges (B, Q, S) in grand canonical
ensemble are extensive variables, and are directly connected to the

susceptibility of the system.

a0 _
Cn,q—VT Xy =

Cancel out the volume dependence by
taking ratios of cumulants:

C
L =Ko’ Zc(lz)
C2,q Zq
C Z(3)
~=S0 = @
C2,61 Zq

S. Ejiri et al,Phys.Lett. B 633 (2006) 275. B. Friman et al.,
EPJC 71 (2011) 1694. F. Karsch and K. Redlich, PLB 695,
136 (2011). S. Gupta, et al., Science, 332, 1525(2012).
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Observables measured at STAR

Cumulants of the event-by-event net-proton, net-charge
and net-kaon distributions.

(Net-Baryon, B)

» Net-Proton: N —-N, o1k >0 /\ 1=

» Net-Charge: N, -N,

» Net-Kaon: v~ -N_

K
(Net-Strangeness, S)

C2,q o< 52 ’C3,q o< 64-5 ’C4,q o< 57

M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009). C )
M.Asakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009). 4
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STAR Detector

> Excellent Particle Identification
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Beam Energy Scan -1 (2010-2017)
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*(H8, Tepy) : J. Cleymans et al., PRC73, 034905 (2006) Particle Rapidity

» Large and homogeneous acceptance at mid-rapidity.

» STAR has good opportunity to explore the QCD phase structure by
accessing broad region of phase diagram.
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Analysis Details

Net-Charge Net-Proton Net-Kaon
: . 0.2<p, (GeVic) <2.0 0.4<p, (GeVic) <2.0 0.2<p. (GeVic) <16
Kinematic cuts In < 0.5 V<05 ¥ <05
: S Reject protons form 0.4 <p,(GeVic)<0.8 ~TPC 0.2<p, (GeVlc)<0.4 ~TPC
Particle Identification spallation for p, < 0.4 GeVlc 0.8 <p, (GeV/c) <2.0 ~TPC+TOF 0.4 <p_ (GeVic) < 1.6 - TPC+TOF
T e Uncorrected charged primary  Uncorrected charged primary Uncorrected charged primary
- avg g o; . particles multiplicity particles multiplicity distribution, particles multiplicity distribution,
- distribution without (anti-)protons without (anti-)kaons
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c2/M

S c/Skellam

Net-Charge (Q)

Net-Kaon (S)

Experimental Results : Energy dependence

Net-Proton (B)

150 - r T T T . T
i Net-Charge 1 o (a) Net Kaon 1ol Au+Au Collisions at RHIC =]
i Au+Au collisions at RHIC " ] I ‘ﬁé ° Au+A Net-Proton Q
100 0.2<p_ (GeV/c) <2.0, Il <0.5 O A 0.3 ¢ TR e u+AU 0.4<p_<2(GeV/c),lyl<0.5 "
[ '.' ":.;»% : Nb 02 I g;"":a:%_:.: 2 T ,",.
ol o 1 = o1f i % 57 S i
of ¥ Zo S 1 o003} c-o oo 8 ®
05% STAR . 1.2 | STAR Preliminary :
70-80% STAR
0-5% Poisson _
0-5% ;Fj;o % o5 ]
0-5% UrQMD D ™ -
(f) 08 @ 'Y ® L -4 1
1 ©
n 06 *é 8
[ 4 T | ® 05% STAR - 0-51’/o Poisson 1
[ ) 5-10% STAR 5-10% Poisson
I . 3t 70-80% STAR ----70-80% Poisson ]
: N ! 0-5% UrQMD
i o)
[ 1 & 2t
-10 I 2e0-5% -~ 0:5% Poisson
[ ©70-80%  --- 70-80% Poisson | 1f
3880-5% UrQMD i
-20 i t . ] N . . N . Ot L ]
7 10 20 3040 100 200 78 10 20 30 40 100 200 7 10 20 30 100 200
s\ (GeV) ‘
VS ISy ( GeV) \ s (GeV)
§$22 (P)I:\{AL;(;135092301 (2014) STAR, submitted to PLB [arXiv: 1709.00773] STAR, PRL105,022302 (2010);
’ . . - STAR, PRL112,032302 (2014).
1. Large errors are observed in Q and S fluctautions, Statistical Errors: Q > S > B. STAR. CPOD 2014. QM 2015
2. Non-monotonic energy dependence observed in 4t order net-proton fluctuations.
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What those data can be used for ?
1. Search for QCD Critical Point (CP).

See Misha’s talk

2. Extract chemical freeze-out conditions in
heavy-ion collisions.
See Frithjof, Rene and Claudia’s talk

3. Other applications.
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Three questions need to be addressed for CP search

1. Do we precisely measure the fluctuations in heavy-
ion collisions (value and uncertainties) ?
(experimental analysis methods)

2. What’s the characteristic signature (model
independent) of the QCD critical point for the
fluctaution observable in heavy-in collisions ?

3. What’s the background (non-CP) contributions
to the experimental observables ?
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Data Analysis Methods

Raw net-p prob. distribution

—— 1. Initial Volume Fluctuations.

L
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il 0-5% = centrality bin width correction.
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4. Statistical Error Estimation.
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STAR, PRL105,022302 (2010);
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Delta theorem and Bootstrap

error o< O(G” /8“)

X.Luo, et al. J. Phys. G39, 025008 (2012); A. Bzdak and V. Koch, PRC86, 044904 (2012); X.Luo, et al. J. Phys.
G40,105104(2013); X.Luo, Phys. Rev. C 91, 034907 (2015),; A . Bzdak and V. Koch, PRC91, 027901 (2015). T.
Nonaka et al., PRC95, 064912 (2017). M. Kitazawa and X. Luo, PRC96, 024910 (2017).

Review article : X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017). [arXiv: 1701.02105]
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Collision Volume (Geometry) Fluctuations
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Impact parameter b (fm)

» Even at fix impact parameters, the number of participant and
binary collisions still show large fluctuations.

» The quantities (b, Npart, Ncoll) cannot be directly measured experimentally.

Grand Canonical Ensemble, but the system volume fluctuate event-by-event
How to control the volume fluctuations ?
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Centrality Determination Matters

Experimental results are usually reported within one wide centrality

12 10 8 6 4 2 0 <b(fm)> o o o o
S ] e N, ¢ Charged particle multiplicity
5[50 100 150 200 250 300 350  <Npart> Generally, collision centralities are determined

5 by N, n heavy-ion collisions.
g10° l<1 . | .

» Multiplicity Fluctuations by assuming
superposition of independent nucleon-nucleon
collisions:

107
PHYSICAL REVIEW D VOLUME 42, NUMBER 3 1 AUGUST 1990
Multiplicity moments and nuclear geometry in relativistic heavy-ion collisions
i : © © © /;9/ Zhuang Pengfei and Liu Lianshou
i O <) o o Institute of Particle Physics, Hua-Zhong Normal University, Wuhan 430070, China
1 0-3 = 8 g 8 g L cRecfeived 3 Ocl:ber 1989; reviseil manuscript recei{ed 19 April 1990)
B CI) Cl) CID v ”.’ The energy, target-mass, and rapidity-window independence or approximate independence of the
5 E M N £ L o muhiplicitygrync:megm; in high-:ncri;"r:icleu:-nucle:sieollc:sions are [:l:ml)'zed.[ It i‘sj ::in(:ed ou(r(;:n
R : E . : all of these properties are due to nuclear geometry. It is proved under general conditons that, when
=1 L L L the target mass is not extremely light and the rapidity window not very narrow, the normalized mo-
L 50 70 80 90 95 o ments of multiplicity are approximately equal to that of the number of participating nucleons. The
O/Gtot ( /0) calculated results for both minimum-bias and central events agree with recent experimental data.
10-4 LllJl!JlllJllllllllllLlllLlJllLJ!lllllllllLll L1l
0 400 800 1200 1600 200C
Nch ()_2 2
—A=—tt<n> _
My M, N_. . fluctuations.

part

Even for fixed N_, . or impact parameter, N, will show event-by-event fluctuations.

part
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Demonstrate Volume Fluctuations in Centrality Definition

2D histogram Fluctuations of N, (Number of Participant)
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Refmult3 Refmult3

Refmult3: To avoid auto-corr., the charged Kaon + Pion Multiplicities
are used to determine the centrality.

» Volume fluctuations are much smaller for central collisions than mid-central
and peripheral collisions.

» Volume fluctuations will be largely suppressed at mid-central and peripheral
collisions by increasing the particle multiplicities in the centrality definition.
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Suppress Volume Fluctuations in Moment Analysis

X.Luo, J. Xu, B. Mohanty and N. Xu. J. Phys. G40,105104(2013);
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part (CBWC): Cumulants calculated in a
» Volume fluctuations can be largely suppressed  wide centrality bin (for eg., 0-5%):
by including more particles in centrality det. N»
. . . . . Cr
and by applying centrality bin with correction. . r;:vl MmN o
= - — = w
. . n N, T'n
Can we find model independent methods to S n, =N
] . ? T=N|
completely ISOIa_te th,e volume fluctuations * where the n, is the number of events for multiplicity bin
See Anar and Viktor’s talk r and the corresponding weight for the multiplicity r,
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Effects of Finite Detection Efficiency

10° I;— S lslkelua‘m’(e’s)l IBlin<I)n;iaII (N 'Ef'f.)lz
: : Etf_300, Efficiency Response Function :
5 | mewre
107 ¢ o Eff.=40% 3
(0 - ¢ Eff=50% A
w OE s Eff=60% 3 N N-
c 0 Eff=70% - B(n;N,&) = g'(l-&)"™
o 10° -
S g A Eff.=80% 3 n'(N—n)'
LL o7 - o Eff.=100% -
1  With the total produced multiplicity N and
10F % 4  the detector efficiency ¢, the probability of
1 - ?ﬁ N detected number of particles can be treated as
- EeTe——— = a binomial process.
n
P Z ZP< ) X ()" (1 — )
ny N5 E,) P(L—¢g,) P P
Nomn No—ns ol (Np —mp)! P P
N!

(ep)"? (1 — gp)Nr "7

X
TLI—)! (‘Np — 'np)!

Effects of possible non-binomial efficiency are under studied via unfolding
technique See Shinlchi and Toshihiro’s talk
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Efficiency Correction and Error Estimation

We provide a unified description of efficiency correction and error estimation for
moments analysis in heavy-ion collisions.

L B L L
6 Skellam Distribution (6, 3)
. - . Number of Events: 1 Million
Fr vy (Nps Np) = Fr ry(Np, + Ny Ny + Nj,) i 7
o Lo e K 02
" , 4 o i |
= Z Z $1(r1,11)81(r2,12) < (Np, + Np, )" (Np, + Np,)" > utJ 41 °©So -
i1=017=0 — o '.‘ * GZ/M ]
Ty T2 11 7_,1 . i 2_2 _ 8 k ]
- 81(ry,11)81 (19, 19) < N 7°N? ( )N”_tth > =] B .
Z;Z 1y, )81 (r i) Z( s ) w2y ) NN ® Y Error: Delta Theorem
1=02=0 =0 t=0 = 2 \
ror2 i 2 i i . . ) K ]
=y > ZZsl(rl,il)sl(rg,i2)< sl ) ( ; ) < NI ™*N3 NZ7'NE > U N .
i1=0i3=0 8=0 t=0 - T e . 1
O LR G - T Ty NP SRRAD: Sfubbk SEEEE EETTY SIS S W

Ty T 4 dp i—8 § d2—t ¢ . ‘ g i ;‘ “"~- “‘ o L o L ‘
=ZZZZZZZZSI(”“)SI(T?’”)( s )( f) 0 02 04 06 08 1
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X 89(i1 — 8,u)s5(8,v)s2(ig — t,7)s2(t, k) X Fyupjk(Np,s Ny, Nj,, Nj, )

1
Fitting formula:  f(e) = Jmeb
We can express the moments and cumulants in terms of
the factorial moments and factorial cumulants, which can

0}
be easily efficiency corrected. error(S0) * —5

3/2
)

2
e O
Binomial response for efficiency: error(ko )“8_2
X. Luo, PRC91, 034907 (2015).
B g A P A. Bzdak and V. Koch, PRC91,027901(2015),
(ep1) " (€p2)”(€51) (€p2) PRC86, 044904(2012).
T. Nonaka, et al., PRC95, 064912 (2017).
I ——
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Eff

Efficiency for Proton and Anti-proton

o Proton 0 Anti- proton TPC Eff. (0 4<p <0.8 GeV/c) and TPC*TOF Eff. (p >0.8 GeV/c)
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% Net-Proton, Proton and Anti-Proton Cumulants (C,~C,)
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Average Number of Participant Nucleons <Npart>

1. Efficiency corrections are important for both value and statistical errors.
2. Generally, cumulants are linearly increasing with <N, >.

3. At low energies, the proton cumulants are close to net-proton.
|
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4™ order Net-Proton Fluctuations ko2 = C,/C,

» First observation of the non-monotonic energy dependence of fourth
order net-proton fluctuations. Hint of entering Critical Region ??

STAR Data o field Model
2
T KO
4l (d) STAR Net-proton _| -
¢ =2 - - (Sz)[ilri:tal Quark Gluon Plasma baseline
ND 3 ly,1<0.5; 0.4<p, <2(GeV/c) 19 11—
. O 70-80% @ 0-5% I ) o NG
Q2 s i
gj 1o i | i E i i hadron gas
o } @ 1 0 HB
5 10 20 50 100 200 /\ /\m
Vs (GeV)

Critical signal: Oscillation Structure

STAR, PRL105,022302 (2010); PRL112,032302 (2014).

STAR, CPOD2014, QM2015 Stephanov, PRL102, 032301 (2009).

M. A.
M. A. Stephanov, PRL107, 052301 (2011).
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Baryon (B)

NJL Model Calculations

Charge (Q)

Strangeness (S)

200»C3/C2 my(B) 3 mi(Q) 3 my(S) 200
.0 200 400 800 1000 1200 ‘0 200 400 600 800 100*0 1200 600 800 1000 1200
Mg (MeV) Mg (MeV) Mg (MeV) 0
280 ———————  20- ———————————— 250~ — — 0 200 400 600 800 1000 1200
C./C, ma(B) my(Q) ma(S) o (Me)
"""""""""""""""""""""""" @ me]
1002 100 100 : /
vD 200 400 600 800 1000 1200 ‘0 200 400 600 800 1000 1200 0 200 400 600 800 1()‘:*0 1 20‘0
Hs (MeV) Hs (MeV) He (MeV) emn ‘/f‘(’sew 100 20
my(S)
1) Due to large mass of s quark, CP Signals in Q and S
are much smaller than B.
2) Forth and third order fluctuations have very different I
behavior. '
W. K. Fan, X. Luo, H.S. Zong, IJMPA 32, 1750061 (2017). e TR e AL TR
JW Chen, JDeng et al.,, PRD93, 034037 (2016), PRD95,
014038 (2017)
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(SG)/SokeIIam
o

o
o

0-5% Au+Au Central Collisions at RHIC

P, Range (GeV/c)
A 0.4<p,<0.8
(STAR: PRL112)

= 00.4<p <1.2 .

O 0.4<p <1.4
¢ 0.4<pT<1 .6
o 0.4<p <2

v v UL |
Rapidity Range
A |y|<0.1
& |y|<0.3

* |y|<0.4
® |y|<0.5

) %“3 -------- e

¢ E

O.4<pT<2(GeV/C) ]

Net-proton k*o?

Net-proton |

STAR Preliminary ]

6 10 20

100 200 6 10 20

100 200

Colliding Energy \'syy (GeV)

Acceptance Dependence: STAR Data

14 | =
< TPC iTPC

12 STAR Data: 0-5% Au+Au Collisions at 7.7 GeV _
| A 04<p;<2GeVic

10 | O 04<p;<0.8GeVic ]

I BES-Il Error H

81 ...... f=1-p,x +p,x° I |

6| s =
, )

4 | +‘Do _

2+ __4:5' |
""E:AE:T.’-; -t T ]

ol A¢¢ o AMPT-SM |
0 0.5 1 1.5 2

Proton Rapidity Width Ay,

Enhance the fluctuation signals
by enlarge the acceptance.

» The smaller the acceptance window the closer to the Poisson values.
» The acceptance needs to be large enough to capture the critical

fluctuations.

Xiaofeng Luo
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Acceptance Dependence: Theoretical Calculations

Acceptance dep. near CP

1.0 S —— S
——  Pre(0,2)GeV |
0.8/ —— Pre(0.4,2)GeV —
 ——  Pre(04,08)GeV ‘
0.6

Wy o (AY)
W4,o (o0)

0.4

0.2}

0.0\

B. Ling, M. Stephanov, Phys. Rev. C 93, 034915 (2016).

A. Bzdak, V. Koch, Phys.Rev. C95, 0564906 (2017) . _ ,
H. Song et al., PRC94, 024918 (2016) See Masakiyo and Huichao'’s talk

M. Kitazawa, X. Luo, PRC96, 024910 (2017).

Signals can be enhanced by enlarging the acceptance.

e ——————
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Transport Model Results : Net-Proton ko?

UrQMD (with Deuteron Formation) Au+Au 5 GeV @JAM Model
14 analyc numercal - 2 NetProton T NetBaryon 1
" . _ oo - '
1.2—';0 — * . of EQ?“‘:W 1
o | SoiSkellam o 13 2: : % ‘
510 28 05% T e o
‘_g . 8 g = LI [ Au+Au: 5 GeV ] Je 84
EOST /" . - -4f T 9
> L i - + + -t 1 $ =y
206 - e { 3
@ L or W e o7 2 7
8 04 e — o ] a
» I, ) o o |
02 | | ¥ -10F o Cascade T "%%%8 g 1
. . . ]
- o O Mean Field ] &
°0, T T S 2007 Altractive ¥ L
Vs, [GeV] o 1. 2 30 1 2 3

Ay

At s\ < 10 GeV: Data: ko2 >1 Model: ko2 < 1

» Model simulation indicates: Baryon number conservations, Mean-field
potential, Deuteron formation, Softening of EOS.
All suppress the net-proton fluctuations.

1)  Z. Feckova, J. Steonheimer, B. Tomasik, M. Bleicher, PRC92, 064908(2015). J. Xu, S. Yu, F. Liu, X. Luo, PRC94, 024901(2016).
X. Luo et al, NPA931, 808(14), P.K. Netrakanti et al. 1405.4617, NPA947, 248(2016), P. Garg et al. Phys. Lett. B726, 691(2013).
2) S.He, X.Luo, Y. Nara, S. Esuimi, N. Xu, Phys.Lett. B762 (2016) 296-300.
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Reduced Proton Correlation Functions

A0° ———— Single variable formula:
- Kp STAR Preliminary -
O__ ..... < ...... > L __ Cl :< N >
e i C,=<N >+K,
ol e -| Cumulants: ~ - Corr. Func.
I ° . C,=<N >+3K, + K,
i o i
B © o ° - C,=<N >+7K, + 6K, +K,
01 o - Reduced proton correlation function :
- (N) ] A
0__ ....................................................................................................................................................... —
5 + ¢ ° 5 o=
_0_1:_ + + _: n <N>I’l
E + @ Proton * E
-0.2— [[JurQMD Proton — .. )
SR , — 4 1.  Insensitive to baryon number conservation
0.15 :_ ‘24 Au+Au 0-5% most central + _: effeCtS Wlth 1’1>:3 .
N lyl<0.5, 0.4 2 (GeV/ ] . . .
oa (N . <P <2 (GeVO 4 2. Cancel binomial efficiency effects.
. 055_ + + 1 3. Proton cluster formation can explain the
F + + + . - large enhance at low energies for C,.
O:_ ........................................................................................... v ......................................................... _: SeeAdam’S talk
6 78970 5630 40 506070 100 500 S. He, X. Luo, arXiv: 1704.00423
/s, (Ge\é) M. Kitazawa, X. Luo, PRC96, 024910 (2017)
4.4 GeV Adam&Volker, arXiv: 1707.02640
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Future Plan for Critical Point Search

Preliminary HADES Results (QM2017)

T \"_ T T T T T TT ‘ T T
IAu + Au Collisions at RHIC |

0-5% centrality

Iyl <0.5,0.4 <p; <2 (GeV/c) |

;7

e g | Ko?
@ net-proton
..(L) 3 I A anti-proton |
GCJ I O proton
g BES-II error for net-p
= o | e . 1 baseline
o |
I

—_
\

2 | é‘ “1‘0_120 | ‘5‘0‘ | ‘1‘(‘)0 260 |
Colliding Energy Vs, (GeV)

Need precision measurement between 7.7 to 20 GeV

CBM/STAR FXT/HADES/NICA Experiments (2.5 < Vs, < 8 GeV) :

Key region for Critical Point search
STAR Data: X.F. Luo et al, CPOD2014, QM2015;, PRL112 (2014) 32302
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BES-II at RHIC (2019-2020)

iITPC upgrade extends the rapidity
coverage to Ay = 1.6

More Data
RHIC Luminosity Upgrade for Low Energies

upgrade
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Fixed target
atz=2.1m

1 __

. I .
2.0 cm radius Be Beam Pipe ; Yellow

| Inner Sectors
"1 (13 pad rows)

Beam

; (32 pad rows)

FXT Data Taking Plan:

2015: Au+Au: 4.5 GeV (test Run)

2018: Au+Au :3 GeV (100 million events)
2019-2020: Au+Au: 6.2, 5, 4.5, 4, 3.5 GeV

High Moments Ko~

KO

baseline

NG

Au + Au Collisions at RHIC |
0-5% centrality
lyl <0.5, 0.4 < p; <2 (GeV/c)

@ net-proton
A anti-proton
O proton

W BES-Il error for net-p ]
UrQMD for net-p

}%% A A
Lo ‘
10 20 50
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Summary

» Clear non-monotonic energy dependence is observed in the net-
proton kurtosis at most central Au+Au collision.
A hint of entering critical region.
Need to confirm with more statistics and lower energies data.

» Model simulation (No CP) indicates: Baryon conservations, Mean-
field potential, hadronic scattering, Deuteron formation.
All suppress the net-proton fluctuations.

» Within current uncertainties, net-charge and net-kaon fluctuations
show flat energy dependent. Need more statistics.

» Study the QCD phase structure at high baryon density with high
precision:

(1) BES-II at RHIC (2019-2020, both collider and fix target mode).

(2) Future Fix-target at low energies: FAIR/CBM, CSR/HIAF etc.

Xiaofeng Luo EMMI Workshop on Critical Fluctuations in HIC, Oct. 10-13, 2017 34



Thank you !

-]
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