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) Two Puzzles of Modern Physics 7&5?‘“

ematter

enucleus

-- T.D.Lee
 Missing Symmetry — all
present theories are
based on symmetry, but
most symmetry qguantum
numbers are NOT
conserved.

 Unseen Quarks — all
hadrons are made of
guarks, yet NO individual
guark has been observed.



History of the Universe
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The confinement:

Quarks are the basic building blocks of matter.
No free quarks are seen, confined within hadron:
AVy~1fm3, p,~0.16 fm3, g~ 0.15 GeV/fm3

BB A
SRATHIRE, FERIRNS SRRFSETS (Q6GP) ? TP Lee
QCD 184549 ? HHEIERAREEE ?

Heavy ion collisions: Large, hot/dense system

Av ~ 1000 fm3 = 1000 v,
p >> 3fm3 ~ 20 py = Quark Gluon Plasma (QGP)

e >> 3GeV/im3~ 20 g,
QGP: Quarks and gluons are “freely’moving in a large volume

New form of matter with partonic degrees of freedom

QCD Phase Structure
- Connection with other fields, cosmology, origin of the universe, evolution of the
universe quantum statistics with partons




The Melting of Quarks and Gluons is\iﬁ
-- Quark-Gluon Plasma --

Deconfinement

High Baryon Density High Temperature Vacuum

-- low energy heavy ion collisions || -- high energy heavy ion collisions
-- neutron star->quark star -- the Big Bang




Relativistic Heavy lon Collider i}iﬁ

Brookhaven National Laboratory (BNL), Upton, NY

PHOBOS o~

= * RHIC: The high-energy heavy-ion

: R - . w collider
Au+Au Head-on Collisions = -“— (i) Dedicated QCD collider, 3.8 km
40x10'2 eV ~ 6 micro-Joule = (i) Vspy = 200 - 5 GeV

Human Ear Sensitivity ~ 10 erg = ﬁ (in) U, Pb, Au, Cu, d, p
10-18 Joule -

* RHIC: The highest energy
polarized proton collider!
Vs = 200, 500 GeV

Avery loud Bang, indeed, if E=> E

A
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*Animation M. Elsa



One dedicated HI experiment: ALICE
Three pp experiments with HI program:
ATLAS CMS LHCDb

.
A

LHC - B CERN

oza Oint 8 -== ATLAS ALICE
' v Point 1
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High-Energy Nuclear Collider Experiments

ALICE (A

Large lon
Collider
Experiment)




STAR

time

Initial conditions
and interactions

Hot and Dense

Cooling down
freezing out

Experimental probes:
1) Penetrating probes: “jets” Energy loss

2) Bulk probes :Elliptic flow, radial flow

3) Fluctuation:
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Physics Goals at RHIC *

ldentify and study the properties of
matter with partonic degrees of
freedom.

Penetrating probes Bulk probes

- direct photons, leptons - spectra, V4, V, ...
- “jets” and heavy flavor - partonic collectivity
- fluctuations

~ o Local
[ R o)
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Outline V%

> Introduction

» Perfect Liquid

Energy loss

Spectra
Elliptic flow v,
Perfect Liquid

» Summary and Outlook
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lTransverse Energy and energy bDensity
« Bjorken energy density estimage

e,
PH3¥ENIX

IR A N I B B A
0 10 20 30 40 50 60 70
E.(EMC) [GeV]

0 1(|)0 2(I)0 360 4(I)0 500 600
dE /dnl,_ [GeV]

dz = t,dy

Much larger than the critical energy density !!




leading particle suppressed

back-to-back jets disappear

AU + Au

Nuclear Modification Factor:

(dN/dpr)aa
(Ncoll>(dN/de)pp

Raa(pr) =

ranverse Momentum (GeV/c)




Raa = N(AU+AU)/(T ,g X N(p+p))

Hadron Suppression at RHIC i‘iﬁ

AutAu > h* @ \Syy = 200 GeV [
‘4 STAR (0-5%)

STAR: Au + Au collisions at Vs, = 200 GeV E 1.4
i ® PHENIX (0-10%)

— % 1.2 = PHOBOS (0-6%)
Y ‘?"c%‘ 'wﬁag;"""'" B < P S BRAHMS (0-10%)
[ ] 900 %%y ﬁ; 5 Ao
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Transverse momentum p; (GeV/c) 0 2 4 6 8 10
pr (GeV/c)
Rua(pr) = (dN/dpr)aa
AA\FT) —
(Ncoll>(dN/de)pp

Factor 5 suppression: large effect
PQCD+energy loss: initial density ~30 times cold nuclear matter
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Nuclear Modification Factor <\

*PHENIX: PRC69, 034910(04)

ALICE, charged particles, Pb-Pb

RAA

(s ALICE, charged particles, Pb-Pb
\Sy=276TeV,|n|<0.8 \/Syy = 2.76 TeV, 0-5%, | n | < 0.8

ALICE Preliminary |

R ® ALICE Pb-Pbv/s=2.76 TeV (0-5%)
[ o PHENIX Au-Au\s=200 GeV (0-10%) |
? ® STAR Au-Auv/s=200 GeV (0-5%)

@ ALICE Data
— HT [(X.N.W.) lower density
HT (X.N.W.) higher density

10—1 | e —_— e e = HTAM)

i. t.
L
" — ASW (T.R.)

— YaJEM-D (T.R.)

elastic (T.R.) large P

—_elastic (T.R.) small P__
— WHDG [w H. } ::0

0 10 20 30 20 50
pT(GeWc)

_—.‘l' 1.1———1—-'-!———

=1 | I i | L " . .
10 0 10 EE'

P, (GeVic)
1) AtLHC(2.76TeV), the energy loss is stronger than that from RHIC (0.2TeV)
=>» hotter/denser medium created at higher collision energy

2) pQCD predictions consistent at larger p; region: > 10 GeV/c
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Jets *

trigger: highest p; track, p+>4 GeV/c

A¢ distribution: 2 GeV/c<p,<p,rioger

normalize to number of triggers

0.2 — p+p min. bias —
i 4<p, (trig)<6 GeV/c ﬁsﬂn i

pr(assoc)>2 GeV/c

1/Ny1ger AN/D(A0)

A ¢ (radians)
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Dihadrons in Au+Au vs i;@?

Au+Au peripheral
(large impact parameter) Au+Au central (head-on)

i — p+p min. bias 4 F — p+p min. bias
0.2 2+

* Au+Au Peripheral 75‘;31!‘* 1 T -&- % Au+Au Central ﬁm .

1/Npger AN/A(AG)

A ¢ (radians)

A ¢ (radians)

Strong suppression of back-to-back
correlations in central Au+Au
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Transverse Flow Observables

7 STAR

dN 1 dN .
= 1+ » 2v.cos(ip)
pdpdyde 2z p.dp.dy 2

P =yPi+p2, M =+pi+m’

As a function of particle mass: v,= cosng

« Radial flow — integrated over whole evolution

« Directed flow (v,) — early

«  Elliptic flow (v,) — early

«  Triangular flow (v3) —

*  Note on collectivity:

1) Effect of collectivity is accumulative — final effect is the
sum of all processes.

2) Thermalization is not needed to develop collectivity - pressure
gradient depends on density gradient and interactions.
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Hadron Spectra From RHIC

7 STAR
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*mid-rapidity, p+p and Au+Au
collisions at 200 GeV

STAR:NPA757,102(05)

(F. Wang) NPA715,

466¢ (03) , JIPG30,

S693(04) .

PHENIX: PRC 69,

034909(04) .

(Huang, Long)

PRL 89, 092301(02);

F. Wang) PLB 595,

143(04).

(Nu) PRC 70, 041901
(04),

(F. Liu, F. Wang)PRL
92, 112301(04)

« Hadron spectra reflect the properties of the bulk of the matter at kinetic
freezeout

 In central collisions, m; distributions become more concave =
collective flow !




Statistical Model Fits i;@*

 Assume thermally (constant T.,) and chemically (constant n,)
equilibrated system at chemical freeze-out

« System composed of non-interacting hadrons and resonances

« Given T, and y;'s (+ system size), n;'s can be calculated in a grand
canonical ensemble

o0

93
g p dp > >
n. = , L. = + m;
T o2 JE-mIT \/p

* T, and y;, 1=B,Q,S
* Obey conservation laws: Baryon Number, Strangeness, Isospin
« Short-lived particles and resonances need to be taken into account

21



Yields Ratio Results: RHIC STAR

PR e A A AURT A e ) 1) Chemical fits well for all
| hadron ratios at RHIC:

7y, T., =160 £ 10 MeV
E 1 ..._...-i- ........................................ ,-, .................. HB :25i5|\/|ev
© —
c . o Py @ Necessary for QGP!
9 10 2 2 _
E % o * 2) The temperature parameter
o . T, is close to the critical
210 z temperature T predicted by
o) 1 e O 0 * L g LGT calculations W
% 075 | © chemical equilibrium at the
'E 10 3 os i:': Ys - phase boundary (?)
- 0 100 200 300 400
= Number of participants |

Review: P. Braun-Munzinger et al. nucl-
200 GeV "*"Au + ¥ Au central collision th/0304013

- In central collisions, thermal model fit well with y5 = 1.
- The system is thermalized at RHIC.
- Short-lived resonances show deviations.

-> There is life after chemical freeze-out.
RHIC white papers - 2005, Nucl. Phys. A757, STAR: p102; PHENIX: p184.
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dN/dy

Hadron abundances and predictions of the
statistical hadronization model: ALICE

STAR

Yield, d\/dy

108 _E J:f n.‘ Pb-Pb \/sy\, =2.76 TeV, 0%-10% centrality

g K+ K- K°
102 EE la ala ale o o B A T

- p W g0,
10" F e = =

i ., .,
10° E @ o

E e, 8, _

. d d
10" F o e
102 _E
10=% F °He 3e 4

= ® Data from the ALICE Collaboration — . 2 AH /TSH
104 E —— Statistical hadronization 2.,
105 E

: e ‘H8

L He @
- + 1 R . SH+%H
o+ K'+K KO K*+RK* 0 p+p A E+E Q4 PULLILE TR
2 2 s 2 2 2 2 2
L]

r_._ : : . . ALICE Preliminary 1
a DU S é . Pb-Pb sy, =5.02TeV,0-10% ]
3 : D ama s 2l RN YR : : : :
- o T : ; s : & .
F Bt : : 3
g- : ' i : E _E
;. qr Not in fit : : : : i -i
L Model T(MeV)  V (fm) *2/NDF § ]
3 — THERMUS 4 152 £ 2 7832 + 484 58.7/10 E
4 GSl-Heidelberg 153+2  7260+410  41.9/10 : e S
;_ =+ SHARE 3 153 +3 5211+ 703 49.7/10 e i _;
E : : : : : : : BR=25%: E

||_1_|_|_u1|] ERTTT R ETIT I RTTTT I RTTIT MR RTT I AT W TITT MR ETIT R

Chemical fits well for all
hadron ratios at 2.76 TeV:
T, =156.5 = 1.5 MeV

C

ug =0.7 + 3.8 MeV

LQCD pseudo-cretical T
Tc =154 £+ 9 MeV

A. Andronic, P. Braun
Munzinger, K. Redlich, J.
Stachel Nature 561(2018) 321

Chemical fits well for all
hadron ratios at 5.02TeV:
T, =152 £ 2 MeV

Fit at 5.02 TeV converges to
slightly lower Tch than at 2.76
TeV (153 w.r.t to 156 MeV) due
to proton yield

F. Bellini QM2018
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Source is assumed to be:
— Local thermal equilibrated
— Boosted radically

E.Schnedermann, J.Sollfrank, and U.Heinz, Phys. Rev. C48, 2462(1993) boosted

random

d°N " p )T,
0 oc;[e 3 "pdo, =

dN \ J‘ R rdrmTKl(mT coshpj,OLpT smhp]
mpdm; " 1y, ()
v
R

p=tanh™' S B. = j a=0.5,12

E

Extract thermal temperature T,, and velocity parameter ()

Thermal Model Fits (Blast-Wave) ﬁsm

24



Thermal fits: T;, vs. < B > at 200GeV T s7ar

0.08 b seeereenes Au+Au (1- ) - Q are found at higher T;,

ot (o 0 8 7 6 5 4 3 2 1|1)zK, andpchange
trig’ “geom*”’ 80-70 70-60 60-50 50-40 40-30 30-20 20-10 10-5 5-0 :
———— smoothly from peripheral

I RN to central collisions.
S o018 | BES) -
& o6 | Chemical freeze-_lgut temperature ™\, 1 | 2) Atthe most central
Lo - ch U Y R

o collisions, <B;> reaches
— 014 - u
& 0.6c¢.
3 012 |- -
g 01 | 4l | 3) Multi-strange particles ¢,
O
£
O
—

0.06 | | AU"'Al;l (2-0) | | | |
0 0.1 0.2 0.3 04 0.5 0.6

i (T~T,,) and lower <B>

. Sensitive to early
Collective velocity < B > (c) partonic stage!

. How about v,?

. STAR:NPA757,102(05) , (F. Wang) NPA715, 466¢ (03) ;
. P. Braun-Munzinger, J. Stachel, J. Wessels, N. Xu, Phys. Lett. B 344 (1995) 43; f=
. P. Braun-Munzinger, |. Heppe, J. Stachel, Phys. Lett. B 465 (1999) 15.
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Pressure, Flow, ... i‘iﬁ

/Random, thermal motion \ Matter flows — all hadrons
‘ y have the similar collective

ou velocity

(=0
D
<pr > X <pT > thermal+ mass <VT>
Toc Ehermal"' mass <VT>2

. . / <pT > thermalOC ’\/m ass Ehermal
Collective motion

|.Bearden et al, Phys. Rev. Lett. 78, 2080(1997).
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Mass Dependence of Slopesi'éiWe

2
T= Tfo + Mass * ﬂ r ng | AU(PL) + Au(PD) Central Collisions |
0.6 +
. 06 |~ @ STAR(Vs,,=130 GeV) n E:. 0.4 #4) ¢
> ="
0.5
Q__, 0.z ?
| - % . \'ﬁp
QO o4 : o L o & &° RHIC
: : |
© o3 ‘ ,,.-*"ﬁ“ ] 140 MeV ‘
@ ' - e S gtetg
O o2 ] Q 10 +
© & - S
O 0O NA45 (s,,=88GeV) - +
O o1 A NA49 (5,,=8.8 GeV) ~ ¢
@p] O NA44 (V5,,=17.2 GeV) *
0 o0z 04 06 o8 1 1z 14
-2
Particle Mass (GeV) 0
1 10 10
Explosive expansion at RHIC! sy (GeV)
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Blast Wave Fits: LHC ﬁ

S“*O_2I\IIIIII‘IIIIlIII\lIIII

(D)
G 0.18

|.35‘0.16;— N

0.12 % %
0.1~ L
' Global Blast-Wave fit to %’

0.08[ ™ (0-5-1 GeV/c) , K (0.2-1.5 GeV/c) , p (0.3-3.0 GeV/c) N. Jacazio

_ e ALICE Preliminary, pp, Vs = 7 TeV ALICE QM2017
0.06 - = ALICE, p-Pb, Vs =5.02 TeV Q
004 * ALICE. Pb-Pb, {5y =276 TeV

-~ ¢+ ALICE Prellmlnary Pb-Pb, \}sN =5.02 TeV

11 | 1 { | | \IlIII
0020 02 03 04 05 0.6

oL
~l L

~

=
—

~

Kinetic Freeze-out at LHC similar to that from RHIC.
Collective velocity parameter  is stronger in the most
central collisions => Stronger collective expansion at
LHC!

ALICE: B. Abelev et al, Phys. Rev. Lett. 109, (12) 252301; Phys. Rev. C88, (13) 044910 28



STAR

Tests with Transport Model

14 ]
1
) ® STAR = |
> 1.2 O PHENIX = RQMD w. rescatterings I 5
o /L 08 | v RQMD wio rescatterings ata 3
S $ i P v 2
A t ¢ 2 - - - I
£y 0.6 —_ = @ 8
S $ (# £ 3 _~ o © © ® - 2
V " * * # 1 @ —_— .‘ ' — = - |““||||||||III %
¢ = - = AT
K : 0.4 | —@ — T 2
'B' # * * P e : i 1
— 0.6 = o it =
O é # :é g - oo g
Q. T HET & 3
S @ ® e @ (e 02| ¢ :
- 0.4 .’" Ll ‘58 ﬁunnlmmuuuuuuuuulu||||||||||||||||||||||| g
O ;
= ; |
= 0.2 RQMD w. rescattering g 0 0 100 200 300 200
RQMD wio rescattering N
0 . . Number of participants Npan
0 100 200 300 400

Number of Participant N,

(1) The <pt> increases vs. centrality = collective expansion

(2) Hadronic transport model RQMD calculations reproduced the
collectivity for copiously produced hadrons r, K, p.

(3) Re-scatterings are import for collectivity !
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Tests with Transport Model

1 5 - :::
T
S os|Meme e o o o |
o wf‘lﬁnﬁr l'llrIJlT'IJIIIJIII;T'|||||||||'ﬁ'“"|”"_'. :'E'
:-a 0 Mitigy, - g
. Iy E
g JJHHHHrr””IIIJuu”“m”mmm” g
T LT, §
S 04 2
s HIJING t
e, _ @ RHIC data &
= 0.2 wmn RQMD w. rescatterings =
v RAMD w/o rescatterings )

'D |

0 100 200 300 400

Number of participants Npm

(1) Hadronic transport model RQMD can not reproduced the anti-
proton over proton ratios as a function of centrality.
(2) RQMD underestimates pbar yield due to large annihilation X-section
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STAR

Tests with Transport Model

1
— T
o nmm BOMD w. rescatterings -
L. 0.8 [ v RQMD wio rescatterings ® RHIC data 12 » 1 _.__ __________________________________________________________ N 5
v 8 |eso o o s s |
> _ - - : R os|lVE.e, © © ® e o g
o 06 — g = e N T g g - —_ 5
[ ] . — ' . .' E o "’-"-'n;” ||il|lil|ll||||||||||”. E
% —_ ; -9 s 4 g _ 3 I'a_ 06 "f-f.r.r,a,u.lf.'fr.r:.r,.,.,m” §
— = 2 . Ll 2

> i el B mmmummmuu|u|||||||||||||||||||||||“““ % .g‘ Jm'lll'l'lr""”'’”'HJJJuumnwrrrrrrrrr g
E‘ DL4 ;_n - mu'l'|'|'|'|'||.||'-|.|-l.1111'|]'|1'|'|'|'|'|'l — ‘% E ff||r||||||““ §
> — gt & Q@ 04 2
5 Sl ;5 U HIJING &
O > & ] 5
o o2 | & T D _ @ RHIC data g
E ﬁllllllllnIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII g = 0.2 miin ROMD w. rescatterings %

0 : | vienn RQMD wio rescatterings B

0 |
0 100 200 300 400 0 100 200 300 400
Number of participants Npart Number of participants Npart

Re-scatterings are import for RQMD underestimates pbar yield due
collectivity ! to large annihilation X-section

—> re-scattering at earlier pre-hadronic stage?
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Anisotropy parameter v, is\@?

Sensitive to initial/final conditions and equation of state (EOS) !
coordinate-space-anisotropy < momentum-space-anisotropy

2 2
e = (y”—x%) vV, = <COSZ¢>, Q= tan_l(p—y)

(y*+x%) P
Vv, . a probe of the dynamics governing the system” s evolution
Flow : represents the collective motion of particles.
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v, at Low prRegion: Mass dependence ) S7AR
2 T
Vs = 200GeV *Au + "¥’Au at RHIC )
012 | : . % -~ 0.1 oA LA LARAE LR LRRRS R R LR RRRRS prAR
STAR  PHENIX = o F — ~ EOS with phase transition
. . . = N - ---- Hadron gas EOS
0.1 O x A x ;:' A 5 = 0.08
K & K “" § _
0.08 EI F:L+;L T op+p 3. l:][: " g 0.06 ;_ e+ A
o 4 EAnKs) < - — =
0.08 e g Eé]’u :I ﬁ - Ap'l'l) =
SR s 0.04f E
0.04 et K s - E
g - r " p 3 = _E
0.02 'ﬁ‘? . f‘“ E 0.02 = :
il E]:ljh ydrodynamic results S At —
- mﬂ+ _________ (T = 165MeV, T, = 130MeV) % () Belassrr : T T N T
o I o E A T 1 0.2 0.4 0.6 0.8 1
0 02 04 06 08 1 12 14 16 g p, [GeV/c]

Transverse momentum p, (GeV/c)

pions to Cascade follow the mass dependence at low-p;
ldeal hydro provides a reasonable description (common

velocity and common freeze-out!)
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NQ Scaling for Identified Particles Nsmar

T T T T T T T T T T T T T T T T T T T T T T T

L -.= Fitto K? 1 it to KO \ o i :

0.3 a) FittoKgandA b) -+ FittoKgandA Bl €) =i [Eilile Kfand &
.25 Hydro model R | Hydro model AR ’

Joe S At

004 ¢
0.02f , ¢ Ak oA ma+@
i é oM+ i'T+ ] :' +

[ =]

[3%]

T
=2 XA

=

=k s
th

T

=

vza’
iy

Transverse momentum p;(GeV/c) | p;/Ng (GeVic)

For hadron formation by
N STAR: Nucl. Phys. A757, 102, (2005); PRL 92,052302 (2004) ;
coalescence of co-moving partons| 4. phys. G 30, S1207, (2004); PHENIX: PRL 91,182301, (2003) .

Fit: X. Dong, S. Esumi, P. Sorensen, N. Xu, Z. Xu, PLB 597, 328 (2004)
meson ] quark
Vs, (pT)"“Z'Vz (pT/Z) :

VI (pr) = 3-8 (py /3)

» Minimum bias data!

> Atintermediate p;, V, scales with the number of quarks.

» Coalescence/Reco models can account for NQ scaling.
Partonic collectivity, de-confinement at RHIC.
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c-quarks

| oD oL  STARAu+AU |5, =200 GeV
10-40%

o
[

Anisotropy Parameter, v, / N,

o
T

Transverse momentum p_ (GeV/c) | (m -m)/n.(GeV/cz)
T T Vg

Low p; (s 2 GeV/c): hydrodynamic mass ordering
High p; (> 2 GeV/c): number of quarks scaling

4 u,d, s, c- B IR T AR R R R, KRS -
S5 BT (QGP) S R 11 86 B b - M e o 7= 2

=» Partonic Collectivity, necessary for QGP!
= De-confinement in Au+Au collisions at RHIC!

35



Higher-order Flow in 200 GeV STAR

@) "Aﬁ%f'\ﬁz‘do‘dé\}‘""5}‘(‘b')'3""""'” -
n:

oaf 12O 185 E RHIC top energy

= i — - i b
= _ q“a;‘”‘qc L § ;
L > - T '@ 1 ]

000 T ) gﬂf ¢ +m + ] STAR: Phys. Rev. C.105, 064911 (2022)
& ]

e oel A

YK OmT » N L S L N I N
LA = 7 N - ) B
0 05 I 15 2 0 05 I 15 o1 16 By p e
Ep/ng (GeV/c?) Epng (GeVich) % | | *
. >0_05;— Solle © Ea m@m [ T ]
» Light flavor, strange - - D ey ©
1 O?ﬁf:::::::}::::}::::}"g::}':::}::::}::::};w:::}::::}””}i
particles and ¢ mesons 0 o o
» Follow the NCQ scaling =~ ... |”
Tl & i og® ® ]
up to v, o e L e
& & 1 haiie ]
0??14::{1111}1!::}1111}77#111‘5::€‘1111‘l::‘r}iiw‘flll}llll‘tll“i
Partonic collectivity o, ew O Lo,
o O1F B @ [0 T (x2) T 2
Egcr @ﬂ@@ @ 1
5 F a2
0.05F 5@ + 0
"N mﬁ@ﬂ& i o t
OE_T@““..I"H\‘...\"H\__I\Bp”‘\....\“"\...‘\;_m%ﬂagc‘ﬂ‘\‘.“\““\_
0 0.5 1 1.5 20 0.5 1 1.5 20 0.5 1 1.5 2
Ep/n, (GeV/eh) Eq/ng (GeV/c?) Ep/ng (GeV/c?)
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System . Energy and Centrality Dependence

*STAR Au + Au 62.4 GeV : PRC75, 054906 (2007), PRC81, 044902 (2010),
*€nar{2}: J. Y. Ollitrault, A. M. Poskanzer and S. A. Voloshin, PRC80, 014904 (2009)

M.B. Au + Au Collisions M.B. Cu + Cu Collisions

\'S = 200 GeV Collisions at RHIC
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Au+Au and Cu+Cu at 200 GeV Scaled by eccentricity remove the initial geometry
»NQ scaling for each centrality bin

» Collective flow: depends on the number of participants
»Larger v,/g,, indicates stronger collective flow in more central collisions.

STAR
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Perfect Liquid at RHIC STAR
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Viscosity and the Perfect Fluid i‘iﬁ

4 &
C|
i K. Kewtun, D, T, Son, A, O Starinets, pry e Lereag 111601 (2005) e ol .
thSICS TOdﬂy, Mﬂy 2005 P, K. Koutun, 0. T. Son, A. O Starinets, o 55l | —— N3 H O .
L —@— Hz0 2 N .
200 | @ Data-RHE 2 ]
3 =& QGP |
= Helium 0.1 MPa | =%~ Mason gas

= Nitrogen 10 MPa
150k = Water 100 MPa

100

501

VISCOSITY/ENTROPY DENSITY
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1) n/s 2 1/4m

Caption: The viscosity to entropy ratio
versus a reduced temperature.

2) n/s(QCD matter) < n/s(QED matter) e e ateans 923010

hep-ph/0604138 39



Summary and outlook i;@?

(1) Parton energy loss - QCD at work

High density matter has been created

(2) Collectivity -
Hydrodynamic Description of Bulk Particle
Properties — v, and Spectra Shape — Successful.
Constituent Quark scaling work for v, and R, (Rcp)

3) The matter behavior like a quantum liquid
with small n/s

Perfect Liquid (sQGP) has been found at RHIC

Search for QCD cretical point and phase boundary
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7 STAR

Early Universe

l LHC Experiments

The Phases of QCD

Color Z=
Superconductor

Critical Point

Hadron Gas

Nuclear /

; / Vacuum Matter Neutron Stars
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

(2000 — 2012: RHIC. LHC
(1) WERAS S5 E
(2) REFhEN THRRERNR

R G S IR AR B AR (sQGP) FE A
, HEME B R R RS
FE 2 b fin T F B AR AR

7E ng =0 1T I AH AR &P 1
HBEE TR TS

1) FHHRQCDIEF R AIAH L F

2) BRI &F T sQGPRIHE R

3) MARBEEFAEFIPIHFIR

QCDIl 5 R K1 SR AR5 R R B
FE BN E BB SR — AN R

\.

N




Ilﬁﬁl\ﬁ\;{lig a

T

R AERL

STAR

39 27 19.6 17.1

14.

5 11.5 77 12 6.2 52 4.5

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)
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Lattice

L1: F. Karsch et al., NPA 956, 352 (2016)

L2: Fordor & Katz, JHEP, 0404, 050 (2004) (Reweighting)
L3: Gavai & Gupta, NPA 904, 883c (2013) (Taylor Expansion)
FRG

F1: Weijie Fu et al., Phys. Rev. D 101, 054032 (2020)

F2: Defu Hou et al., PRD 96, 114029 (2017)
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DI: Y.X. Liu et al., PRD 90, 076006 (2014)

D2: Y.X. Liu et al., PRD 94, 076009 (2016)

D3: Y.X. Liu et al., PRL 106, 172301 (2011)

D4: Hong-shi Zong et al., JHEP 07, 014 (2014)

D5: C. S. Fischer et al., PRD 90, 034022 (2014)
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QCD meets Experiment ﬁsm

2 4
Chiral crossover line: Tpe(pB) = Tpe(0) (1 — Ko (”—B) — K4 (I“L_B) )

T T
175 ——————————————————
170 Tpe [MeV] crossover line: O(p‘lB) ' ALICE data point:
i freeze-out: STAR e
165 | + ALICE = | T;=156.5(1.5) MeV
160 + + Andronic et al,
155 ’

+ + 7 Nature 561 (7723) (2018) 321
150 | + ; d

| | STAR data points:
145 | ng=0, "2 =04 +

140 ! | Adamczyk et al.,
135 | s [MeV] f Phys. Rev. C 96 (4) (2017) 044904

0 50 100 150 200 250 300 350 400

A. Bazavov, H.T. Ding, P. Hegde et al. [HotQCD], Phys. Lett. B795 (2019) 15
Consistent results from Wuppertal-Budapest, PRL125 (2020) 052001
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» m+-n, scaling is observed at all centrality bins.
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iR T 71 1) Rolf Hagedorn (CERN) B5mAH HAE H ¥ 8

R Hagedorn: Statistical thermodynamics of strong interactions at high energies 1965 Nuovo Cim. Suppl. 3 147

Thermodynamics fire-ball , statistical-thermodynamical

0 _m
N(T)~ [, p(m)e Tdm
p(m) dm be the hadronic mass spectrum,
number of created particles with mass m will be proportional to
exp[-m/T].

@® spectrum of hadrons from “bootstrap equation”:

5 m

p(m)~m zeTH



Spectrum of hadron masses i;@?

green: states known in 1967

red: states known by mid-1990’s

blue: expected spectrum for T, = 158 MeV
still holds: very similar results from lattice QCD
- A Majumder, B Muller, PRL 105:252002,2010

m m
dm —[? . .
—7z € Hl « divergesforT-T,

13/
InZ(T,V) ~ Vlg] [

T, would then be the maximum possible temperature!

Federico Antinori QM2022 1
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1975 Cabibbo and Parisi: “quark liberation™ at high Ty

Volume 59B, number 1 PHYSICS LETTERS 13 October 1975

g SN
G - & %ﬁx
EXPONENTIAL HADRONIC SPECTRUM AND QUARK LIBERATION ) / Neutro IR S:brs'm"-
b 4 L i
N. CABIBBO ° ! Nuclei 4

) Net Baryon Density
Istituto di Fisica, Universita di Roma,

Istituto Nazionale di Fisica Nucleare, Sezione di Rome, Italy

G. PARISI
Istituto Nazionale di Fisica Nucleare, Frascati, Italy n

Received 9 June 1975

The exponentially increasing spectrum proposed by Hagedorn is not necessarily connected with a limiting tempera®
ture, but it is present in any system which undergoes a second order phase transition. We suggest that the “‘observed”
exponential spectrum is connected to the existence of a different phase of the vacuum in which quarks are not confine >

HHagedorniZ W HFE G 10 15 A — € 51K T
[RigEH I, BEFETAIEMELHE Al Fi. 1. Schematic phase diagram of hadronic matter. pp is the
/;E E,(J /% é}f’, ':F' ﬁ( ’ﬂ H\_LX “ 5( Ul {|)-| J @J El/j 9 EFEI iﬁha :::s:]t:c(o)z il;:;);olnnu; lr::sr:l;:r Quarks are confined in phase I
S5HEARET S A A RA B

Ta not maximum attainable, simply: for T > Tn
guarks not confined any more




Di-hadron Measurements at Higher p;<'smar

d+Au Au+Au, 40-80% Au+Au, 0-5%

8 < p+(trig) < 15 GeV/c

g>(oosseld>¢ ¢ >(oosseld>g¢g

Recoll jet peak emerges
above background but at
suppressed rate:

= differential

1_“ measurement of partonic

0 T energy loss

g < (oolsse)id

0.02}-
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1 975, Collins and Perry: “quark soup” in neutron;;({w
stars?

VoLUME 34, NUMBER 21 PHYSICAL REVIEW LETTERS 26 MAy 1975

Superdense Matter: Neutrons or Asymptotically Free Quarks?

J. C. Collins and M. J. Perry
Department of Applied Mathematics and Theovetical Physics, University of Cambridge,
Cambridge CB3 9EW, England
(Received 6 January 1975)

We note the following: The quark model implies that superdense matter (found in neu-
tron-star cores, exploding black holes, and the early big-bang universe) consists of
quarks rather than of hadrons. Bjorken scaling implies that the quarks interact weakly.

An asymptotically free gauge theory allows realistic calculations taking full account of
strong interactions.

the basic argument is contained in only a few lines... ':Ij % El/‘] iléflf% 2@0.5"'1 fm,%‘é}ﬁ

\ 14 -3 =
A neutron has a radius® of about 0.5-1 fm, and é/j 8x10 gcm=—, EP%EE El/] EFI
so has a density of about 8 X10' g cm™, whereas ') é/\j 1016~1 O17gcm-3_ j:jzﬁlj

the central density of a neutron star'? can be as . .

much as 10°-10'" g em ™3, In this case, one must ‘r%/ﬂ,‘l:‘ﬂ%%E% ’ '_‘Ef’ﬂ ] El‘]/l\
expect the hadrons to overlap, and their individu- =S VAR —_
ality to be confused. Therefore, we suggest that ‘Iﬁ:'—%ﬁ /Eliﬁlﬁ / ﬁa/ﬂ ]TAj‘j ﬁl] JH: %
matter at such high densities is a quark soup. %? g E[(J tl:@@"i %%ﬁ}%



2L AHEFIA(HIRFL-CSR) < 'smar

SFC: <10AMeV (H.1.)
*SSC: < 100AMeV (H.1.)
*CSRmM: <1000 AMeV (H.1.)

*SMESLYS
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Frank Wilczek:

“In the quest for evidence of the quark-gluon plasma, there are two
levels to which one might aspire. At the first level, one might hope to

But there is a second, more rigorous level that remains a challenge for
the future. Using fundamental aspects of QCD theory, one can make

uantitative predictions for the emission of various kinds of “hard”




Bulk Properties at Freeze-outs

STAR
1 T T T ‘ \. 1 1 T T T ‘ — 200 ‘ ‘ ‘ 1 ‘ . \. ‘ 1 ‘
(a) Chemical Freeze-out > (b) Kinetic Freeze-out
> i i
: o+ @ "b.,:] o = | n
Q0" < 150
Y RS Au+Au at RHIC
= = 1 7.7 GeV
O 00|~ Au+Aucollisions at RHIC o 100 |- O 115GeV |
= @ 0-5% [J 60-80% =) 0 14.5GeV
© © ] & 19.6GeV |
) Lattice fits o *x 27 GeV
Q. 50 Q 50 ‘ -
c A. Andronic, et al., NPA834, 237(10) c Pb+Pb at LHC /39 GeV
) J. Cleymans, et al., PRC73, 34905(06) ) -V 276TeV ® 200GeV -
= | | | = | | | | | |
O L L Ll L Ll O
10 100 1000 0 0.2 0.4 0.6 0.8 1

Chemical Potential ug (MeV) Collective Velocity <> (c)

Kinetic Freeze-out:
- Central collisions => lower value of
T;, and larger collectivity B,

Chemical Freeze-out: (GCE)

- Weak temperature dependence
- Centrality dependence ug!

- LGT calculations indicate Critical

region above gz ~ 300 MeV? - 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



STAR D ete CtO I'S Fast and Full azimuthal particle identification

MRPC Time Of Flight

Time Projection
Chamber (TPC)

Heavy
Flavor
Tracker

(HFT) 2013

EMC+EEMC+FMS

((1sn<4)

MTD 2013

DAQ1000

FGT 2011
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http://www.star.bnl.gov/protected/spectra/ruanlj/TOFrpaper/tofr_beta_p_prplot.gif
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“quark liberation” at high TY .
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The exponentially increasing spectrum proposed by Hagedorn is not necessarily connected with a limiting tempera®
ture, but it is present in any system which undergoes a second order phase transition. We suggest that the “‘observed”
exponential spectrum is connected to the existence of a different phase of the vacuum in which quarks are not confine
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Fig. 1. Schematic phase diagram of hadronic matter. pg is the

density of baryonic number. Quarks are confined in phase I
and unconfined in phase II.

, simply: for T > Tu quarks not confined any
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3 flavor, N =4, p4 staggered
m_ =770 MeV
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Lattice QCD R

« perturbation theory not applicable
— lattice QCD calculate bulk properties

« at the critical temperature a strong increase
in degrees of freedom

* not an ideal gas!
— residual interactions
« At phase transition dp/de decreases
rapidly!!

« T.~170MeV, ¢ = 0.6 GeV/fm3
F. Karsch, E. Laermann and A. Peikert, PLB 478 (2000) 447
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Energy Dependence

STAR Preliminary %
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*ALICE: Phys. Rev. Lett. 105, 252302 (2010); PHENIX: Phys. Rev.Lett. 98, 162301 (2007).
*PHOBOS: Phys. Rev.Lett. 98, 242302 (2007). CERES: Nucl. Phys. A 698, 253c (2002).
*E877: Nucl. Phys. A 638, 3c(1998). [E895: Phys. Rev. Lett. 83, 1295 (1999).

ALICE
STAR
PHENIX
PHOBOS
CERES

E877
E895 (proton)

O » O @ X » D

*STAR 130 and 200 GeV: Phys. Rev. C 66,873 034904 (2002); Phys. Rev. C 72,790 014904 (2005); QM2012,Nucl. Phys. A904-905(2013)895C=909C

» STAR, ALICE:

V,{4} results
Centrality: 20-30%

» An increasing
trend is observed for
p; integrated v, from
AGS to LHC

STAR
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