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Early Universe
l LHC Experiments

(<)
L -
=
-—
©
—
()
o
5
o

170 MeV

o

Superconductor

Critical Point
Hadron Gas

Nuclear /
Neutron Stars

/ Vacuum Matter
e T
0 MeV~ — . "

0 MeV 900 MeV
Baryon Chemical Potential

Study QCD Phase Structure
- Signals for onset of sQGP
- Signals for phase boundary
- Signals for critical point

Beam Energy Scan (l) at RHIC

Observables:

15t order phase transition
(1) Azimuthally HBT*

(2) Directed flow v,*

7 N\

Partonic vs. hadronic dof
(3) Rya: N.M.F.
(4) Dynamical correlations*

(5) v, - NCQ scaling*

i Critical point, correl. Iength\

(6) Fluctuations*

(7) Di-lepton production

/

BES-I: Vs, =7.7, 11.5, 14.5, 19.6, 27, 39GeV
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Energy | *Hg Time | # of Events
(GeV) (MeV) (Week) (M|II|on)

2010
2010
2011
2011
2014
2010
2010

62.4
39
27

19.6

14.5

11.5
7.7

85
140
200

~270
320
420

1.5
1.5

130
70
36
21
12

4
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=11 Particle ldentification at STAR

BERKELEY LAB
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Charged hadrons

Neutral particles Jets & Correlations High pr muons Heavy-flavor hadrons

Multiple-fold correlations for the identified particles!
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STAR Detector Configurations

I

2001-2010 u d s
2010 TPC + TOF u, d, s + dilepton
2013 TPC + TOF + MTD

ud s, c,b+
2014 TPC + TOF + MTD + HFT  dilepton

= STAR: Large coverage, excellent PID, fast DAQ

- detects nearly all particles produced at RHIC
- multiple fold correlation measurements

- Probes: bulk, penetrating, and bulk-penetrating

= STAR: Excellent mid-y collider experiment

= STAR: Expanding into forward rapidity regions
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STAR PID for (7, K, p)

Au+Au at 200 GeV

Au+Au at 39 GeV

7.7 GeV

Au+Au at
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1) Hadron Spectra

sy = 39 GeV Au+Au Collisions
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Bulk Properties at Freeze-out

O 200 GeV

[0 62.4 GeV

¥ 39 GeV
— ® 11.5GeV STAR Preliminary
B W 7.7 GeV

//9BWINY ' LOZUOIBN ™ 00 210I0/€0//S80URIBJ0H//IISTE L H/HY LS/

Temperature T, (MeV)

Lo ; ; P ! al
A LGT:S.Gupta, etal.

M=1omen

llllllllllllllllllllllllllllIlIl

0o o 1000 0 01 02 03 04 05 08 0.7
Baryonic Chemical Potential ug (MeV) (B)

Chemical Freeze-out: (GCE) Kinetic Freeze-out:
- Central collisions => higher values of - Central collisions => lower value of
T., and ug! T,;, and larger collectivity 8

- The effect is stronger at lower energy. - Stronger collectivity at higher energy
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14 (2) BES Dependence of D|eIectrons
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Cockta|I w/o 0 1
_ + Medium |
- e 19.6 GeV x 0.05
N w. ¢ | © 39GeVxT % STAR Preliminary | .
> o © 62.4GeV x 20
3 3‘:1”‘*"‘*' $ ® 200 GeV x200 [arXiv:1312.7397] |-
— (©)
3 m,ﬁq "‘% ’J/w _
S o q _T'_L—T—« .
b4 ey ooy - 200
‘%Z‘é 9 ! *“tv 4%_‘
105 | T+ + THek T T~~. 624
0 3‘ ~_ 3.

~
~

invariant dielectron mass, Mee (GeV/c ) . 39

1) Low mass reg. (M., < 1GeV): no obvious energy dependence in the ratio
of data/cooktail. At 19.6, the ratio is consistent with SPS results.

2) Intermediate mass reg. (1 <M, < 3GeV): clear energy dependence:
=> Correlated charm? Thermal radiation, ~exp(-M,/T)?
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Understanding the Di-electrons

Au + Au CoII|S|ons at RHIC

oa| - SRR .. | ee b
@ CBM 1 | retoene,
.g 01 *(m=02—07GeV/c2)
&5 025 | . ,,,,,, 3 oo -
ol I 1 -]
++ 1 1 20
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pZa
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0.05 ,005/ ,,,,,, ,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
' A 70-80% -
0 SRR ‘ _
1 3 10 30 100 300

Collision Energy Vs, (GeV)

*CBM energy region: test the effect

1)

With the in-medium
broadened rho, model
results™ are consistent
with experimental data
(M., < 1 GeV/c?) at sy
=200, 62.4, 39, 27 and
19.6GeV. (* driven by the
baryon density in the
medium)

In Au+Au collisions at
200GeV, the centrality
and p; dependence
results on data/hadronic
cocktails (m,, < 1 GeV/c?)
understood with current
model calculations
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=) (3) BES Dependence of Ry,

EEEEEEEEEEE

I 1 LI II I I LI ll 1 I
5 B SPS 17.3 GeV (PbPD) GLV: dN;jay = 400 .
i © x° WASS (0-7%) GLV: dN/ay = 1400 i
- RHIC 200 GeV (AuAu) GLV: dNy/ay = 20004000  _ ~ STAR Preliminary e 7.7GeV
i O = PHENIX (0-10%) oo 1 B Stat. errors only " 11.5GeV
L ---- 2lastic, smal P - ’
15+ ! *NSTARCSN) e e, — 10— Not feed-down corrected 19.6GeV
i SPS LHC276TeV (POPD) o i c 27GeV
| I ® CMS(0-5%) — ASW B 39GeV
CE i ¢ ALICE (0-5%) PQM: <G = 30 - 80 GeVtm— n 62.4GeV
1t I m& - STAR(2003) 200GeV
B LHC n 1
- ’ ';' - — F- e SR
i AT, (e R C m —
(B T | |, [ I, +
0.5 s O R %
: 4 (- 5%)/(60-80%) Mas +¢ T
0 Lol 1 10-10||| ‘L 0
100 200 pT(GeV/c?
) (GeVic)

1) Suppression of high p; hadrons: one of the key signatures for the
formation of QGP in high-energy nuclear collisions

2) The suppression is not observed in low energy Au+Au
collisions, especially for sy, < 11.5GeV
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(4) Local Parity Violation

iIn High-Energy Nuclear Collisions

%107
Py SN UL B S| | |
“2 04 Z. ~+STAR AuAu 200 GeV] _]
x "L % ¥ HJING
o 2 HUING + v,
w 0.2F » uRQMD |
e = MEVSIM

—— same charge
— opp charge

'0.6%@;15{71:[:: R R A N A A A A | |||T
70

60 50 40 30 20 10
; % Most central
The separation between _the <cos( b+, - 21PRP)\
same-charge and opposite- a TP

/

charge correlations. 1) Parity-even observable:
_ assumptions must be tested
- Strong external EM field 2) BES dependence & UU coll. tests

- De-confinement and Chiral
symmetry restoration - STAR: PR103, 251601; PRC81, 054908(2009)

- S. Voloshin, PRC62, 044901(00).
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Dynamical Correlations

200 GeV Au+Au T

Opposite sign T

39 GeV Au+Au

_:‘_L

27 GeV Au+Au

0.0005¢ Same sign

~ 0.002 E } } boops boaps Lo | | |

a_ -
» o 0.0015F T
@3

3 19.6 GeV Au+AuT

[] - 1

£ 0.0005F T

of A
-o.ooosf— T
B LN
% Most Central
STAR: sub. to PRL, arXiv: 1404.1433

% Most Central

NETTINE INETTINS AT N R TTI
20 10 o

TR NI RN
20 10 0
% Most Central

(1) Below s,y = 11.5 GeV, the splitting between the same- and opposite-sign

charge pairs (SS-OS) disappear

(2) If QGP is the source for the observed splitting at high-energy nuclear

collisions = hadronic interactions become dominant at Vs, < 11.5 GeV
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(5) NCQ Scaling in v,

T T T T T
02l parionic phase =3 Case | partonic
- —> Case Il hadronic
% ------------ A Freeze-out data 0.25 -
8oul” Hy accommw | NI
= 0.2
o
=
s 0.15
[}
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5
= 0.05 | 0.1
hadronic phase 0.05
0 | | I !
0 f— 1
Baryon G&&mical Potential pg (GeV) 0
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0.1 T T N T T
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(a) Default

Vs, = 200 GeV Au + Au Collisions at RHIC (IV)
| |

o m A p+p e~ NQ-scaling fit
e .
- Q’, i
O K A AMA o
A S
& A& AR + +
o
- JOR N
o 58 ® 9 +
ol ?
ot
yf"ﬁ I3
e
VQ;,'
‘é’A— ' B ¢ - meson
| |~
0 1 2 3 4 5 6

Transverse momentum p. (GeV/c)

150 0.5

(m_-mg)/n_ (GeV/c?)

- Gq;h

-m, ~m,~1GeV
-ss= @ not K'K-= ¢

<< Opn, o 1

In the hadronic case, no number
of quark scaling and the value of

v, of ¢ will be small.

L* Thermalization is assumed!
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Collectivity v, Measurements

STAR: Phys Rev. Lett. 110 (2013) 142301

0-08¥ ‘ T ‘ T T T ‘ T T T ‘ T 7\
11.5 GeV 62 4 GeV Au+Au 0 80%t 11.5 GeV 2i EK 62 4 GeV " sub EP_ L T AutAu, 0-80% K= = 1
\ AZ K] | n-sub EP Opp |
@V OA-A -

AK™-K

] Ant-v

o,

nu : -
% ________ - \.ﬁ/g/‘ﬁ“‘ ,:-:T:-:?g:-f
. . N R B Ll

3 20 40 60

m;-m, (GeV/c?) \/Syy (GeV)

1) Number of constituent quark (NCQ) scaling in v, =>
partonic collectivity => deconfinement in high-energy
nuclear collisions

2) At Vsyy < 11.5 GeV, the v, NCQ scaling is broken,
iIndicating hadronic interactions become dominant.

Nu Xu 237 CBM Collaboration Meeting, GSI, Germany, April 7-11, 2014 16/27



>

=0

||||
EEEEEEEEEEE

BES v, and Model Comparison

0-80% Au + Au Collisions at RHIC

200 39 27 1956 11.5 7.7 (GeV) 200 39 27 1956 11.5 7.7 (GeV)
0.04 | (a) -1 (b) —
— Exp. data Hybrid model Exp. data NJL model
——
S 003 @ p wwnP 1 e p mmm |
CL)' A A K A A ==
[
% O K T O K e Ry=1.1
N 002 [ AL -1 AL I
>N A/ aSpu v x
1 \‘\\\‘\ Ry=0.5
/'_\ \8 E
£ 001 ' 2 —+ e 2 — -
®
s nt = nt =
> ol- ’g’@‘E’rv\“‘”l@“”"n _________ _] eg ;5‘5' ,,,,,,, D 77777 I
v Ly v Ly
\ . \ \ \ | 11 \ \ \ \
0 100 200 300 400 0 100 200 300 400

Baryonic Chemical Potential ug (MeV)

(a) Hydro + Transport: consistent with baryon data.
[J. Steinheimer, V. Koch, and M. Bleicher PRC86, 44902(13).]

(b) NJL model: Hadron splitting consistent. Sensitive to vector-coupling, CME,
net-baryon density dependent. [J. Xu, et al., arXiv:1308.1753/PRL112.012301]
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Disappearance of QGP Signatures

£
£/

Parton energy loss “Local Parity Violation”

B Central (0-5)% e 7.7GeV R ' ' ' 3
Peripheral (60-80)% = 11.5GeV F _:
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C 78 * \agGev
o -
L = R4Gev
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14
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Nyt _ 3
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0'06_ © Au+Au, 0-80% ®E-E |
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[SV S
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(6) Direct Flow v,: Soft Point

S
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% &)
\%, &
% S/
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0_ 10-40% Centrality o |
-0.021- *)//‘ —~ 1) Net-proton slope changes
- _¥ : sign twice between sy, = 10
-0.04 1 a) antiproton- — 39 GeV
i 2) EOS soft point?
T 0.01- \ b) proton -
> S .
S \
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(7) Higher Moments

# st
x

100 | B o 1) High moments for conserved quantum numbers:
. L4 . . . .
T Qe Q, S, B, in high-energy nuclear collisions
8.0 r 1
aa 2) Sensitive to critical point (¢ correlation length):
o &l open: Nt=4

40| -?'; full: N,=6 <(5N)2> ~ gz, <(5N)3> ~ §4'5, <(5N)4> ~ §7

© adm
20 | o) !ﬁ ) %
%‘3‘% d g 2 & 38
“ . ‘ T [MeV]

150 200 250 300 350 400 450

3) Direct comparison with calculations at any order:

0.0

10° iI_O.4I<pT<O.8 (IGeV/c) - |AulAulCeII'\trall Colllisilons_i
E ly<05 ¥ 7.7 GeV 7
10°E m11.5GeV | 4) Extract susceptibilities and freeze-out
= ® 39GeV 7 : .
o | AR Protminary temperature. An independent/important test on
C 10°F r X, E thermal equilibrium in heavy ion collisions.
q>) u l..ﬁ ]
LLl 10°F . ¥ E References:
- "y 1 - A. Bazavov et al. 1208.1220 (NLOTE) // STAR: PRL105,
10F "% E 22303(2010) // M. Stephanov: PRL102, 032301(2009) / R.V. Gavai
- ¥ ] and S. Gupta, PLB696, 459(2011) // S. Gupta, et al., Science, 332,
1wl - 1525(2011) // F. Karsch et al, PLB695, 136(2011) // S.Ejiri etal,
20 10 0 10 20 30 40 50 PLB633, 275(06) // M. Cheng et al, PRD79, 074505(2009) // Y. Hatta,
Net_proton et al, PRL91, 102003(2003)
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Net-proton Higher Moments

BES-I | RHIC
12T AAl Colliser@n BES-I 1 STAR net-proton results:

1.0 @ | Al 1 1) All data show deviations below
B o0s| ® | Skellam Distribution | _ T
S I o 70-80% Poisson beyond statistical and
D osy - S 0-5% systematic errors in the 0-5%
S| Netprotop T @ ' most central collisions for ko2
021 D.4<p,<0.8 (GeV/p).lyl<0.5 e and So at all energies. Larger
—_——e T
1.2 deviation at s,y ~ 20GeV
o 10 e T NSRRI PAF FIMIROONS 2) Independent p and pbar
O os ' production reproduces the
¥ * & p+p data
0.6 O Au+Au 70-80% observed energy dependence of
@ Au+Au 0-5% 2
0.4 Aus AU 0-5% (UFGMD) ko* and So
c 1057 3) UrQMD model show monotonic
B 1 00 |-l DIt L # ,,,,,,,,,,,,,,, _ behavior in the moment products
° C " , o
o5 0.95¢ } o o8 o r¢ { 4) Higher statistics needed for
= og0l é w $ - collisions at Vs, < 20 GeV.
@ ¢ BES-Il is needed.
. [, : ) ) R R !
5678 10 20 30 40 100 200

Colliding Energy |/s\ (GeV) STAR: PRL, 112, 32302(14) / arXiv: 1309.5681
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Net-proton Higher Moment

Expected statistical error from Run 14
Au+Au CoII|S|ons at RHIC
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Relativistic Gamma iTPC Upgrade: In|<1.1 = |n| 1.7

_-- ) Crucial for BES-|

Increasing factor 3-5 i) Important for eSTAR

1) BES-Il at Vs < 20 GeV
2) RHIC e-cooling will provide increased luminosity ~ x3 - 10

3) STAR iTPC upgrade extend mid-rapidity coverage — beneficial
to several crucial measurements
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Beam Energy Scan at RHIC

BES-l | Energy *Mg Time # of Events
(Year) | (GeV) | (MeV) | (Week) (Million) RHIC
50 1 67

2010 624 e-cooling

2010 39 85 1 130
2011 27 140 1.5 70
2011 19.6 200 1.5 36
2014 14.5 ~270 4 21
2010 11.5 320 2 12
2010 7.7 420 4 4

BES-Il | Energy *Ug Time # of Events
(Year) (GeV) (MeV) | (Week) (Million)

2018 20 200 700
35

2019 5 ~ 500 100

|
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Summary

(1) In high-energy nuclear collisions, sy, = 200
GeV, hot and dense matter, with partonic
degrees of freedom and collectivity, has been
formed

(2) RHIC BES-I:
[partonic] < ug ~ 110 (MeV) (s, =39 GeV )
[hadronic] > pg ~ 320 (MeV) (s, < 11.5GeV)

(3) RHIC BES-II: focus at Vsyy < 20 GeV region
with higher luminosity (x10) + detector upgrade
iTPC: Run18 (2017)
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Exploring QCD Phase Structure

O Gidime © 30 © pmee

LHC+RHIC

sQGP properties
sy ~ 0.2 - 5 TeV

—

(o]
o

amperature T (

-

RHIC BES-II
QCD phase

<

RHIC

FAIR/NICA

quark-gluon p

RHIC, FAIR

CP and HadronL

dominant

Quarkyonic Matter?
sy < 12 GeV

Precision measurements
needs high collision
rates: fixed target
program more advantage

structure and
critical point
Vs < 20 GeV

500

1000

Baryon Chemical Potential ug (MeV)

L
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| s1S100/300 (2-5-8) | High 2019
Baryon
| NICA@4-11) | Density 2019
| | BESI( -8-20) |.p | 201819
b R
3 10 30
Collision Energy Vs, (GeV)

Temperature T (MeV)

—— S=0& Q/B=0.4
RHIC
¢ FAIR

Net baryon density pg (fm"s)

SIS300** is important:

1) Baryon density peaks at ~ Vs, = 8 GeV

2) di-e & di-u simultaneously =» Chiral property

3) Baryon/strangeness and correlations = CP,
Quarkyonic matter

4) Collectivity, exotics, ...
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