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Temperature
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-

Phase diagram:

A map shows, at given
degrees of freedom, how
does matter organize itself
under external conditions.
New orders, regularities,
properties, ... emerge.

Water: H,O

QCD Phase Diagram:

Structure of matter with
color degrees of freedom,
quarks and gluons.
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QCD Phase Diagram (19s3)
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QCD Phase Diagram (009

Hadronic

Larry McLerran

Liquid-Gas
My Hg—
nucl-th: 0907.4489, NPA830,709(09) L. McLerran
nucl-th 0911.4806: A. Andronic, D. Blaschke, P. Braun-Munzinger,
J. Cleymans, K. Fukushima, L.D. McLerran, H. Oeschler,
R.D. Pisarski, K. Redlich, C. Sasaki, H. Satz, and J. Stachel
Experiments: Systematic measurements (E,,,.» Asiye)

to extract numbers that are related to the phase diagram!
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SB Ideal Gas

|
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T/T,
Zoltan Fodor, Lattice 2007

1) At ug = 0: smooth crossover transition, 750 < T, <170 MeV
2) The SB ideal gas limit: T/T ~ 107

3) T,,;(LHC) ~ 2-3"T,,; (RHIC) , RHIC and LHC are similar

4) Dynamic changes at finite yg: BES@RHIC and CBM + ...

Nu Xu
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The QCD Phase Diagram
and the Beam Energy Scan

Large E ( Large g
FAIR, NICA
A ) { RHIC(FXT)
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RHIC !
P el
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Temperature T (MeV)

2 /sy (GeV)

quark-gluon plasma

0 500
Baryon Chemical Potential ug (MeV)

1000

1500

p
2000 — 2010 (2012):
Top energy programs
Discovery of sQGP

2010 — 2014;
BES-I: 7.7, 11.5, 14.5, 19.6, 27, 39 GeV

- QCD Crritical Point
- Chiral effects
2019 — 2020:

BES-Il: 7.7, 11.5,14.5, 19.6 GeV
FXT*: 45, 3.9, 36, 3.0GeV

2022 - 2025:

BES-III:
Fixed-target program




Outline

Nu Xu

(1) Introduction

(2) Recent Results from BES-I at RHIC
(i) Collectivity; (ii) Chirality; (iii) Criticality

(3) Summary and Outlook
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e § Relativistic Heavy lon Collider
= Brookhaven National Laboratory (BNL), Uptom, NV
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- RHIC: The high-energy

heavy-ion collider
(i) Dedicated QCD collider
(ii) Vs, = 200 - 5 GeV
(iii) U, Pb, Au, Cu, d, p

- RHIC: The highest energy

X Sy : ks . polarized proton collider!
Bl s ASss Vs = 200, 500 GeV

7 -

Animation M. Lisa
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= Data Sets for BES-I Program

/.7 GeV 39 GeV 200 GeV

syy (Gev) Events (109  Year e || e
200 350 2010 gt

62.4 67 2010 $

39 39 2010 E| tgmrs

27 70 2011 5!

19.6 36 2011 S Ll

14.5 20 2014 Bliuie

11.5 12 2010 E[°

7.7 4 2010 2 e e l| e

Particle Rapidity

1) Largest data sets versus collision energy
2) STAR: Large and homogeneous acceptance, excellent

particle identification capabilities. Especially important
for fluctuation analysis
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A
e § Bulk Properties at Freeze-outs
S
—_ 200 I ‘ I L ‘ \- I I L ‘ — 200 ‘ I ‘ . \. ‘ I ‘
> (a) Chemical Freeze-out > (b) Kinetic Freeze-out
) [} i i
_[Jz.-
\2_/ 150 |- . dtb.ﬁl.é’.‘\\ \2./ 150 |- —
5 Y e Au+Au at RHIC
= I_ O 7.7GeV
O 90| Au+Aucollisions at RHIC o 100 |- O 115GeV |
=) @ 0-5% [1 60-80% = O 145 GeV
g ottt g | = 19.6 GeV |
attice fits *x 27 GeV
Q501 O 50 A —
E A. Andronic, et al., NPA834, 237(10) E Pb+Pb at LHC A 39 GeV
) J. Cleymans, et al., PRC73, 34905(06) (5} - V276 TeV ® 200 GeV R
I_ O L ‘ | I I ‘ | I I ‘ I_ O ‘ ‘ ‘ ‘ ‘ ‘
10 100 1000 0 0.2 0.4 0.6 0.8 1

Chemical Potential ug (MeV)

Chemical Freeze-out: (GCE)

- Weak temperature dependence

- Centrality dependence ug!

- LGT calculations indicate Critical
region above g ~ 300 MeV?

Collective Velocity <> (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)

- S. Mukherjee: Private communications. August, 2012
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~> N | ] | |
e K/ Ratios and Baryon Density
0.30f HRG + Hagedorn 200 L
- upper bound B R -9 . " -
025 A K ineI?i\(’:v?T:otzioeLind ; S ’79;2’ & \Q*\Q ®
Thermal model () 5
C — — Statistical model =S 150 46 -
0.20[ - SHM — =0 & Q/B=0.4 444 30
= "'1""":::::::_-.-.-.-_-_-_-_-.-.-_- . 20
l;v - ) ___\.*-: '_:_:_-: --------- ® e | RHIC
> 0.15 s " | 2100F & FAR 7
— 5
0.10F <
: K'/n" data c [ Hadronic freeze-out
O ALICE ® sl i
0.05 [ ¥ RHIC — i J. Randrup & J. Cleymans
L LI SPS - [Phys. Rev. C74 (2006) 047901]
L A AGS o
B 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.001— S 600 N 0.00 0.04 0.08 0.12 0.16

Net baryon density p, (fm™)

1) In heavy ion collisions K*/1r ratio peaks at Vsyy ~ 8 GeV,
K-/1r ratio merges with K*/1r at higher collision energy

2) Model: Baryon density peaks at Vs, ~ 8 GeV

3) At sy, > 8 GeV, pair production becomes important

L. Kumar, et al.1304.2969; J. Randrup and J. Cleymans, Phys. Rev. C74, 047901(2006)
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The emergent properties of QCD matter

Collectivity




1) Mid-rapidity net-proton dv./dy
published in 2014 by STAR,
except the point at 14.5 GeV

+ | 2) Minimum at \sy, = 14.5 GeV
’*/‘ for net-proton, but net-Kaon

=0

0.01 -

data continue decreasing as

v, Slope Parameter dv1/dyly

Of e a energy decreases
3) At low energy, or in the region
-0.01 - N y where the net-baryon density
Au + Au Collisions at RHIC . . .
(10 - 40% centrality) is large, repulsive force is
0.0 + @ Net-Proton [ Net-Kaon expected, v, slope is large
T 7\ ! L] ! ! ! Lo ! ! \7 Lt
3 10 30 100 300 and positive!

Collision Energy Vsyy (GeV) 4) Softest point for baryons?

- M. Isse, A. Ohnishi et al, PR C72, 064908(05)
© STAR: PRL112. 162301 (201 4) - Y. Nara, A. Ohnishi, H. Stoecker, arXiv: 1601.07692
0 STAR: QM2015
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BES v, and Model Comparison

>
freeeee ‘
ER

‘200‘ 39‘27 1‘9.6 | 11.‘5 ‘7.7‘(GeVJ ‘200‘ 39‘27 1;3.6 | 11.‘5 ‘7.7‘(GeV)‘ ‘200‘ 39‘27 1‘9.6 | 11.‘5 ‘7.7‘(GeVﬂ
—~ 0.041 (a) Hybrid model | (b) NJL model | (c) Hydro model -
-% 111 @ p P s ON |
Q. 0.03 - A A -+ A A - -
.-'E O K K o K o
© Y r
~< 0.02 [~
> \
1 A}
~— 0.01 | ‘\\!‘3
= '\
T X
== 0.0
« OAWGV'V """"""""
>
[ N IR [T U U NN 1 ST R RR SR
0O 100 200 300 4000 100 200 300 4000 100 200 300 400
Baryonic Chemical Potential ug (MeV)
(a) Hydro + Transport: Baryon results fit [J. Steinheimer, et al. PR C86, 44902(13)]

(b) NJL model: Sensitive to vector-coupling, CME, pg driven.
[J. Xu, et al., PRL112.012301(14)]

(c) Hydro solution: Chemical potential pg and viscosity n/s driven!
[Hatta et al. PR D91, 085024(15); D92, 114010(15) //NP A947, 155(16)]
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x 1 0_3
0.141= 0-20%
- 0-40%
0.12 0-60%

0.1—

i At 10 < Vs, < 20 GeV,
0.08— V5 minima developed
0.061— STAR: PRL116, 112302(2016)
0.04+ ;

= Illl____'/ll. I_Il | 11 1 | I| | | | 11 1 | I|

10 10° 10°
\'sw (GeV)

Collectivity: Implies the properties change at
energy below 20 GeV, i.e. partonic => hadronic
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1) At high energy, strong collectivity and
vanishing ratio of n/s => Perfect liquid of
the strongly coupled plasma

2) Hadron formation via coalescence at T

3) At beam energy Vs, < 20 GeV, net-
proton v, shows a dip and the break
down of the number of quark scaling in v,

|
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The emergent properties of QCD matter

Chirality




The emergent properties of QCD matter
C . t - I . t

AT

X4<0
contours

13>0
contours |
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) Status on Predictions

Lattice QCD:

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

(MEg, Te )= (360, 162) MeV (Reweighting)

2): Gavai&Gupta, NPA 904, 883c (2013):

(MEg, T )= (279, 155) MeV (Taylor Exp.)

3): F. Karsch (uEy/ T >2, CPOD2016)

1.1 0.17 . . . —
1st order phase transition
Critical point estimates: crossover mr
0.16 ¢ .o
1} e,
.
Mumbai Nt=8 015 L
o @ Mumbal Nt=6 % .19 ‘-...". CEP
£ 09 o e,
~ 014 | e,
B
.
08} 0.13 | Y 1
Lattlce QCD 0.12 |S L L 1 I L .\
0.7 1 ) 3 ) 0 0.02 004 006 008 01 012 0.14 0.16
/T 1L(GeV)

DSE:
1): Y. X. Liu, et al., PRD90, 076006(2014):
(MEg, TE) = (372, 129 ) MeV

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

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

uEg= 300 ~ 504 MeV, T = 115~162, pEg/ T =1.8~4.38

Nu Xu
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: Status on Predictions

Critical Point : Lattice & Experiments

@ Ratios of higher moments of baryon 12 v Golisions at RFIC
(proton) distributions. 6 osl ° @ Skellam Distribution |
' e - 70-80%
) N o6} hg . 0-5%
/3// i T8 041 Net-proton o E.
/, \\\ 0.2 [ 0.4<p;<0.8 (GeV/e)ly|<0.5 “*3‘““1~‘~ )
/ \
| 1 e \ i § ol 1.0
| O 4. e Q.
'\ . J Il O osl | —
L ar P+ ata
\\ / ¥ 0.6} O g‘uaAu 70-80%
oo / ./i\u+:u 05% UrQMD
\\g I [ ] // 0.4 g | |qL:1J: Eﬂp%?(é—étvi)‘ )
N - 1.05 H ] ‘
i R S c—% 1.00
6 .
3t c‘z) 0.95}
4t Te(P)=170 MeV © 080
Nt=8 6 ~— 085t . .. .| ‘ L ‘
—510 00 1000 5678 10 20 30 40 100 200
VS (GeV) Colliding Energy s, (GeV)

Gavai-Gupta, '10

L. Adamcyzk et al.

Datta-Gavai-Gupta, Lattice 2013 STAR Collaboration PRL (2014)

So =mq and ko2 = mes.

XXII DAE-BRNS High Energy Physics Symposium 2016, University of Delhi, December 12, 2016 R. V. Gavai Top 12

|
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Expectation from Model Calculations

N
-
-

0.0 - _ baseline
-0.2 o
-04
0 6-04-0200 02 04 0.6 HN56-04-0200 02 04 0.6 | \/g
H H 20 200
T
. X, <0 - Characteristic “Oscillating pattern”
X3 o comtours is expected for the QCD critical

-
gt

contours i
\ \

Scaling

region

Freeze-

out line

MB

point but the exact shape depends
on the location of freeze-out with
respect to the location of CP

- Critical Region (CR)

- M. Stephanov, PRL107, 052301(2011)

- V. Skokov, Quark Matter 2012

- JW. Chen, J. Deng, H. Kohyyama, arXiv:
1603.05198, Phys. Rev. D93 (2016) 034037



Thermodynamic function:

1
7{94 - N d,(m, | TY K, (m, | T)cosh[(B,u, + S, + Q1) / T

1 J" T u
4 P( ) q)‘T/Tc’ q=B,0,8

The susceptibility: 7"~* " =

ou, i) \Te T
)éq])=v;3 <5Nq> ir T2 q4) ng \i
2= o)) o i
2 =y T i
b 4 2\ : 2) = 50 |
AN ) I ;

Thermodynamic function <& Susceptibility & Moments
Model calculations, e.g. LGT, HRG & Measurements
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BERKELEY LAB

=y Higher Moments and Criticality

10.0 t T 0 XE =
< 1 = Q
R i MB Xa4 — ®
8.0 - I S
X4 |
6.0 - 0 T
Tom open: N.=4
40 | -'%o; full: No=6
20 ® )
S Y o |
IS I T 458
00 L2 , , T [MeV]

150 200 250 300 350 400

1

| IIIIIII| | IIIIIII| | II!IIII[ | I!IIIHl L L LI

T T T T T T
1 05 | 0.4<p <0.8 (GeV/c) | AulAu Celltral Colllisions
= lyl<0s ¥ 7.7 GeV
L m 11.5 GeV
10°E e 39 GeV
‘9 N STAR Preliminary
S F 0!
> "%
LLI 1 ? . %
C n¥
"o ¥
- ¥
- ™
20 -10 0 10 20 30 40
Net-proton

Al

1) Higher moments of conserved quantum numbers:
Q, S, B, in high-energy nuclear collisions

2) Sensitive to critical point (¢ correlation length):

(BV)) =2, ((aN)) =&, ((oV)') =&

3) Direct comparison with calculations at any order:

4) Extract susceptibilities and freeze-out
temperature. An independent/important test of
thermal equilibrium in heavy ion collisions.

References:
- STAR: PRL105, 22303(10); ibid, 112, 032302(14)
- S. Ejiri, F. Karsch, K. Redlich, PLB633, 275(06) // M. Stephanov:
PRL102, 032301(09) // R.V. Gavai and S. Gupta, PLB696, 459(11) // F.
Karsch et al, PLB695, 136(11),
- A. Bazavov et al., PRL109, 192302(12) // S. Borsanyi et al., PRL111,
062005(13) // V. Skokov et al., PRC88, 034901(13)
- PBM, A. Rustamov, J. Stachel, arXiv:1612.00702

|
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) Proton Identification with TOF

Published net-proton results: Only TPC used for proton/anti-proton PID.

10?

= 10°

—_

= 10°

dE/dx (KeV/cm)

10

TOF PID extends the phase space coverage.

10*

10°

102

Proton Rapidity

Acceptance: |y| =0.5,0.4 =< p; =2 GeV/c
Efficiency corrections:
TPC (0.4 < p; 0.8 GeV/c): Erpc~ 0.8
TPC+TOF (0.8 <p;<2GeVic): Erpc*€ror ~ 0.5
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Efficiency Corrections

Au + Au Collisions at RHIC

(Filled symbols: p; Open symbols: pbar; lyl<0.5)

! I ! I
(1) Vsyy = 200 GeV

‘ I I T
(2) Vsy = 62.4 GeV (3) Vsy\ =39 GeV

0.4<p;<0.8 (GeV/c 0.4<p;<0.8 (GeV/c) 0.4<p;<0.8 (GeV/c

* *

-A—A-
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0.8<p;<2 (GeV/c) A 0.8<p;<2 (GeV/ic) 0.8<p<2 (GeV/c) 0.8<p;<2 (GeV/c)
04} 1 : 1 -

08} xﬁi@g - gﬁgﬁz—' 2.4 )3;33 - &ﬁﬁ%
8.2 * -

0.4<p;<0.8 (GeV/c)

0.4<p;<0.8 (GeV/c) 0.4<p;<0.8 (GeV/c 0.4<p;<0.8 (GeV/c

Mid-rapidity p and pbar Efficiencies

08| &ﬁﬁﬂ*’s@xwﬁﬂegxmwﬁ woete? vl

' ! ' ! ' !
(8) Vs = 7.7 GeV

0.4<p;<0.8 (GeV/c)

-AATAT A-A-AA-A- a-AA-A-A-
O 6 | —A—_ _ __A__A—A__A N Al . - A__A__ ~ AA—A AT 'A‘_ - A _ __A_*
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Fraction of Collision Centralities (%)
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= Rapidity Dependence

,

0-5% Au + Au Central Collisions at RHIC

| |
(a) netpxo” | | ()netpSo b
41 0.4<p <2 (GeVic) | + 0 . ® 0 ¢ %
- A O lyl<01 & lyl<04 A
C 09 u Jﬁ —
O Ilyl<0.3 A lyl<O.
© % 0.8l 4 A % |
: 2
ol 4 O
& 0.7} -
A ﬁ (,b) 1
1Ko a5 K - 0.6 -
@3 ﬁ] ke 0.4 < p; < 2 (GeV/c)
i 1 O lyl<01 ¢ lyl<0.4
ol + ] 0.5 O lyl<0.3 A lyl<05
L1 1 | \‘ | | | L1 1 | \‘ | | L1 L | \‘ | | | L1 1 1 \‘ | |
5 10 20 50 100 200 5 10 20 50 100 200

Colliding Energy Vs, (GeV)

Sensitive to rapidity coverage!
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0-5% Au + Au Central Collisions at RHIC
1 L ‘ 1 1 I ‘ 1 1 1 L ‘
1 L ______________
2
(a) net-p ko A (b) net-p So
41 p; Range (GeV/ic) | o8l A
® A 04<p; <08 ' %
(STAR: PRL112) = A
3 O 04<p;<12 — O
A ] O.4<p1<1.4 0.6 £ QJA
@) 0 04<p;<16 | B WA
< | ® 04<p;<20 | (N o
2 n 04l ‘®
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| - A 04<p <08
1 | - & B 0 2 (STAR: PRL112)
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A A A@ & ] O.4<p1<1.4 ﬁ
¢ %% 1 O 04<p; <16
o ® 04 2.0
07\ L \\\‘ L L L L L \\‘ L N 0777\7\7\7\7‘77<7P:r7\<7 77777777 \7\77\7‘7 77777 \777\
5 10 20 50 100 200 10 20 50 100 200
Colliding Energy \/SNN (GeV)

Sensitive to p; coverage!

Transverse Momentum Dependence

Phase space coverage is important!!!

Nu Xu
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m‘ ngher Moments of NetQ K -p @
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1) The results of net-Q and net-Kaon show flat energy dependence.
2) Net-p shows non-monotonic energy dependence in the most central
Au+Au collisions starting at Vsy, < 27 GeV!
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Net-proton Higher Moment

Au + Au Collisions at RHIC

lyl <0.5,0.4 < p; < 2 (GeV/ic)
T T T T T

(a) 0-5% centrality | (b) 70-80% centrality
| { b |
d] ® net-proton T ® net-proton
N 3| A anti-proton | A anti-proton N
central N O proton O proton eripheral

o
X B I. P. T I. P. 7]
N2

é‘m1‘0 2‘0 | ‘5‘0‘ | ‘1‘(‘)0 260 | é‘ | “1‘0 2‘0 | ‘5‘0‘ | ‘1‘(‘)0 260 |
Colliding Energy Vs, (GeV)
1) Flat energy dependence for 70-80% peripheral collisions
2) Non-monotonic behavior in the most central 0-5%, and
5-10% collisions. Net-p follow protons, especially at lower
collision energies

X.F. Luo, CPOD2014, QM2015
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5 v, vS. Energy: Softest Point?

- 27 GeV | protons,

“Attractive force” =
Change of the EOS
~ “softest point”

-Y. Nara, A. Ohnishi, H. Stoecker,

! : UM G e
—0.02 | *STAR | _ JAM Attrattive

LU S (N ST SR ST TN N SR T S S N T

arXiv: 1601.07692 ; PRC94, 034906(2016)
T
0.3 * LD SR
) ‘.‘ e p oOPp
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o | ‘\‘ ¥ Kg L0 N
_LO-Z m A(FXT) « KO(FXT)
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g - _
O i # i
w 10-40 %
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PANF EEERTS
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Kathryn Meehan, QM2017
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=l All Model Are Wrong!

At sy <
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10 GeV: Data: ko? > 1!
All models: suppress higher order net-proton fluctuations
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(UrQMD, AMPT, HRG and JAM do not reproduce data)

1)

2) X.F.Luo et al, NP A931, 808(14)

3) P.K. Netrakanti et al. 1405.4617, NP A947, 248(16)

4) P. Garg et al. Phys. Lett. B726, 691(13)

5) Baryon mean-field (attractive): Shu He et al.,

1607.07276

«J_[GeV] 100
Model: ko? < 1!

Z. Feckova, J. Steonheimer, B. Tomasik, M. Bleicher, 1510.05519, PRC92, 064908(15)
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Expectation from Model Calculations

N
-
-

0.0 - _ baseline
-0.2 o
-04
0 6-04-0200 02 04 0.6 HN56-04-0200 02 04 0.6 | \/g
H H 20 200
T
. X, <0 - Characteristic “Oscillating pattern”
X3 o comtours is expected for the QCD critical

-
gt

contours i
\ \

Scaling

region

Freeze-

out line

MB

point but the exact shape depends
on the location of freeze-out with
respect to the location of CP

- Critical Region (CR)

- M. Stephanov, PRL107, 052301(2011)

- V. Skokov, Quark Matter 2012

- JW. Chen, J. Deng, H. Kohyyama, arXiv:
1603.05198, Phys. Rev. D93 (2016) 034037



e} HADES prellmlnary, 2016 o N

‘] ﬁO‘netproton ]
SRR | | o A antlproton

i SPS: 6.5< \/SNN <17.3 GeV o
® FAIR: 2.4< Vs, <5.2 GeV ﬁj
0| RHIC: 4.8< x/sNN <142GeV ———————————————————————————————————————— e e
2 100 200

CoIIidmg Energy \/SNN (GeV)

CBM/HADES Experiment (2.5 < Vs, < 8 GeV) :
Key region for CP search
STAR Data: X.F. Luo et al, PRL112 (2014) 32302; X.F. Luo, PoS(CPOD14)019; QM plenary (15)
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Temperature T

BES-IlI (STAR FXT and CBM are required)

100 |~

(o)
o

o

(a) Chemlcal Freeze-out

70 . @ 0@05‘;;\
l=

Au+Au collisions at RHIC
@ 0-5% ] 60-80%

Lattice fits

A. Andronic, et al., NPA834, 237(10)
J. Cleymans, et al., PRC73, 34905(06)

10

100 1000

Chemical Potential ug (MeV)
CP: 300 < g < 700 MeV, 15 < Vsyy < 2 GeV
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Summary: CP Search (=)

1) Below Vs, ~ 15 GeV the slope of net-p v, > 0
Implies repulsive interactions. But, net-p Kurtosis > 1,
indicating attractive force.

2) No model can reproduce both results. Especially, all
predictions show suppression for net-p k.

3) BES-Il at RHIC: reduce error bars.

4) FTX experiments needed to ‘contain’ the possible
critical region below Vs, ~ 8 GeV.
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Facility for Antiproton & lon Research: FAIR

SIS100/300

CBM: FAIR Day-1
Experiment!

CBM Beams

« 10%s Auup to 11 GeV/u
« 10%s C, Ca, ... up to 14 GeV/u
« 10"/s p up to 29 GeV



e | CBM Experiment at FAIR

EEEEEEEEEEE

m MVDISTS RICHITRD

Transition

3 —— NNy A
Radiation .'., """ o
Detectors§ 1 . 28 Electro-

magnetic
Calorimeler

xing Imaging
Cnerenkov ™
Detector

Silicon
Tracking\
Stations

Vertex
Detector

FAIR: One of the highest intensity accelerator complex in the 215t century

Precision measurements at high baryon density region for:
(i) Dileptons (e, u); (ii) High order correlations; (iii) Flavor productions (s, ¢)
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nner upgrade

1) Enlarge rapidity acceptance
2) Improve particle identification
3) Enhance event plane resolution

vent "lane | Jetector

|

\

iTPC, EPD, eTOF

Dedicated two runs at

RHIC: 2019 & 2020

/
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CBM Phase-0 Exp: eTOF at STAR

e - Au Target]
| { L
LT T eTOF ? 7
yiliAe 000 T TTe-s ‘ 77/
= [/ L N MMMMMWM
BN \)\ . ‘ r—
f)i\ ITPCER I .
) ('7_7)),,(+ i =j>\(?‘$b'?\ o ’
- 1 fixed target pos. T : N
ollider vertex (~500 cm) o ==& : A ;-.-(i“.
(-250cm) L P =l
: 1 || NI
MRPC active area - o[
__________ . TN 1 O
_____ Read-out electronics 7

Install, commission and use 10% of the CBM TO‘F modulés,
including the read-out chains at STAR, starting in 2019

CBM participating in RHIC Beam Energy BES-Il in 2019-2020:

- Complementary to part of CBM’s physics program:
Vs = 3, 3.6, 3.9, 4,5, 7.7 GeV (750 < pg < 420 MeV)
especially for B- & s-hadrons production and fluctuations

FAIR (CBM) construction starts 17, beam on target in 2025!
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62.4
39
27
19.6
14.5
11.5
9.2
7.7

2019-2020: BES Il at RHIC

Vsyv | Events (106) | BES | Mg Teu
(GeV) (MeV) (MeV)

2010
67 2010
39 2010
70 2011
400/ 36 2019-20 / 2011
300/ 20 2019-20/ 2014
230/12 2019-20/ 2010
160 /0.3 2019-20 / 2008
100/ 4 2019-20/ 2010

3
2.5
5
9.5
14

73

112
156
206
264
315
395
420

166
165
164
162
160
156
152
140
140

Precision measurements, map the QCD

phase diagram 200 < pg < 420MeV

Nu Xu
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BES-I HF: QGP
2014 properties

BES-II:
Critical Region

Isobaric:
CME/CVE

STAR HFT analysis

BES-| data analysis & sPHENIX: HF jets & Bottom
upgrades hadrons
STAR fixed-target (FXT) data CBM at FAIR

7

/

FXT programs for QCD properties
at high baryon density and the
critical region
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LHC+RHIC
QGP properties
Mg~ 0
now - 2025

Early Universe The Phases of QCD
LHC Experiments

\/ l |
¥  “ CBM and STAR join force
Y searching for
ritical Point!

Temperature

RHIC BESII

collider mode
200 < ug <420 MeV

2019 & 2020

170 MeV-

Fixed-target
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350 < pg <750 MeV : . e —

2019 — CBM — ? NI— e
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Nuclear /

/ Vacuum Matter Neutron Stars
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