A drop of perfect fluid from heaven

---An encounter in search for matter in extremis
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Phases of Matter
*oooKk

(gas) (iquud)  (solid)

Bose-Einstein condensate, fermionic condensate,
superfluids, supersolids, paramagnetic,
ferromagnetic, liquid crystals, ...

Quark-gluon Plasma (QGP)

Symmetries & Anomalies
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QCD Theory

2

a

K A | ,
LQCD =zw7ﬂ(laﬂ_gf45 _m)l/J_ZEFaM F;,/u/
=

SU(3) gauge symmetry (non-Abelian)
e Chiral symmetry and its spontaneous breaking

Scale and U (1) anomaly
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Scale Anomaly /\1‘\

BERKELEY LAB

* Scale invariance (massless quarks)

b(x) — N32p(\x); A,(z) — AA,(\x)

JE (X)) = va’“w (x) c')MJS’iale(x) = TZ (x)=0

* Quantum interaction = renormalization of g(Aqcp)

— Break scale invariance = scale anomaly

Gy L (T" ) =¢—3P

“ 12 4



QCD Phase transition
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Gluon condensate

QGP:

Pion gass

%, F2> ~0.015 GeV* <

1

P = gc‘:q’g
1

P = 5577

€

T4

% FeF V> = 4B
127 8
= B, Po =—/  Bagmodel
_ B €
Ae=4B
T4

P (T)=P(T) mE——) T ~0.728" (u=0)
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Phase Transition in Lattice QCD

{ Karsch 2001
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T =170+8 MeV . =1.7+03 GeV/ fim’
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Confinement-deconfinement

SU(3) non-Abelian gauge interaction = confinement

a [ ]
V(ry=-— + or Heavy quark potential:
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Chiral Symmetry

(@) =0 SU(3), ®SUB), = SUE)

Spontaneously broken: Goldstone bosons (7t,K,n)
0.6 T
F. Karsch 2001
0.5
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T =170+8 MeV
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Properties of hadrons in medit;m\\'"
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Mixing between vector & axial-vector correlators at finite T

v . opv oV
I7(q) = (1—€) Iy (q) + e II (q)
v . OV oV 2
I (q) = (1—e I}¥(q)+eIf"(q) -1
617
_ Huang’ 95 , Rapp & Wambach’ 99
10° &
~ e=1/2
_ el
O N 4
ﬁr: 10 & Q}
= - N
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= 107 ’
e vacuum
10-10 -
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QCD Phase Diagram
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History of the Unixerse

=
Key: W,Zbosons g galaxy
q quark & meson
hot
g gluon 5 & # baryon Nuphcca
e electron o jon * star

pmuon Ttau

Particle Data Group, LBNL (©) 2000. Supported by DOE and NSF
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is\\{‘m STAR Collaboration

China: USTC, Tsinghua, CCNU
SINAP, Shandong U. , IMP

£ Forward Time Projection Chamber
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LHC: the_ next frontier

——————————m

Higher temperature,

Longer lifetime

More abundance of
hard probes

ALICE

P e LS
= f?~-‘f‘.~:~:‘m
== o _4\ ABSORBER

TRACKING
o CHAMBERS

/ MUON
FJLTER

China: CCNU, CIAE
HUST



Present
(13.7 x 10° years) RHIC da
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WMAP data
(3x10° years)

Mot Era

> Inflation
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QGP at RHIC: Transient Matter \

BERKELEY LAB
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Transient Matter:

Short life-time:
t ~ few fm/c ~10723 seconds

 Small size:
R~10 fm ~ 1014 m

* Rapid expansion

Animation by Jeffery Mitchell
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Probing Nuclear Matter \

BERKELEY LAB

1 1q-x <em <em v 14
W;w (Q) = Efd4xeq <A ]y (O)JV (X)‘A> = _e]{l E(xB) + ef P;(XB)
2

0

Xp

2p-q




)

" A
(0eeeee

Medium Response

1

WW (Q) An

/ d*ze (T (0)56™ (2)}))

Dynamic System:

* EM emission: Medium response to EM interaction
v production, J/¥ suppression

"Hard probes: Medium response to strong interaction
Jet quenching

»Soft hadrons: Bulk properties of medium, collective behavior
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Flow in non-central collisions __~\|

BERKELEY LAB

Animation by Jeffery Mitchell
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Elliptic Flow

o~ 01 -
> [ ﬂ ﬂ Ideal Hydro calculation
0.08:— ﬂ / —:
B é é I] _:
Pressure gradient t + P U .
anisotropy 0.0a- u -
l ooz: :
R __ a _-
| T E E R R
0 0.2 0.4 0.6 y

v, =(cos2¢) ) 0
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A perfect fluid”

~ 0.1
£ 0.095 Hydro curves Huovinen 9 T = () Ideal Hydrodynamic
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Viscosity of QCD Matter RN

BERKELEY LAB
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« Hadron gas at low temperature:

= Prakash et al

— Chiral perturbation theory: 5, 15 £
s 16z T*

* QGP at high temperature:

— Perturbative QCD Arnold,
? 7 xre 0.022 Moore, Yaffe

- af, log(l/ e )

Q. Wang, et al

— — — pions
--- pions + kaons
— QGP

n/s
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= |
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tE s E

10* 10% 10° 10
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Kapusta, Csernai & McLerran



Partonic flows
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Initial Anisotropy and final ) :

correlation
Heavy-1on Collisions CMB

Event-by-event hydro (9MT/“/ — ()

f(#)=No |1+ 2v,cosn(p—y)
n=1
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Anisotropy of the Little Bang

c 0.09
> Au+Au 200 GeV (b =0 fm)
0.08—
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0.07 :— . V2 -
- Vv TR _._‘.‘
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OEX & E#HE, PRL106 (2011) 162301
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Jets in heavy-ion collisions _ |

leading
particle
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Bjorken’ 82, XNW & Gyulassy’ 92
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Jet Quenching & Energy |-°S

1+(1 2 C,a

f dy p(y)x;G(x;) [1-cos(x, p*y) |

(Az, ) = fdl fdz



What Jets Probe
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AE 3C o 3ET
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Target density profile i i i d qu
dq
u 1
AE o [

Transport coefficient

2 dg
g = Nicas ) = (FO)F(&))

BDPM

Gyulassy Vitev Levai
Guo &XNW
Wiedemann



)

| A

Single hadron suppression

PHENIX Au+Au (central collisions):
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Suppression of away-side jet __ ~\|

BERKELEY LAB
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1 /NTrigger dN/d(A(P)

A ¢ (radians) Animation by Jeffery Mitchell

dE

(—) ~13.8+3.9 GeV/tm ” & ~0.5 GeV/fm
dx 0 dx cold matter

7, =0.2 fm/c

Initial Density about 30 times of that in a Cold Au Nucleus
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Jet quenching at LHC

ATLAS, arXiv:1011.6182; CMS, arXiv: 1102.1957.
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Jet unbalance

4 T I L] I 1 I T I T
L Qg =2 g  ATLAS central Pb+Pb data
- NLO pQCD theory, p+p
< NLO pQCD, A+A,R=0.2
o) ~ NLO pQCD, A+A,R=04
B - NLOpQCD, A+A,R=0.6
E ] = E T2 © -
A . —
J — Q . 25 GeV<ET2<ET1 .
i T = E A = 1

100 GeV < Eq, ~

& CMS central Pb+Pb data
—— NLO pQCD theory, p+p
—— NLOpQCD, A+A, p;""=0GeV
—— NLO pQCD, A+A, pT""n =20 GeV .

M =7F, Vitev & K ANE
arxiv: 1105.2566

J
)

(1/c) do/dA
o

1 5OGeV<ET2<ET1 _
120 GeV < ET1
O 1 | 1
0 0.8
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Where does a jet’s energy go~

p-90f(p) = C(p)

=100 t=4fm/c | t=8fm/c [B3.5F

— = = =

B = 2 =

8 iL' 5 ﬁ i‘_ 1.53

4 E - 3

4 E E O.S_Lg

Ry = e
_IO:lllllllllllll :11|1111.-.5

0O 2 4 6 8 10 2 4 6 8 10
r[fm]

25N, XS0, BER, £ & EHE, PRL106 (2011) 012301
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Measuring medium excitation

»
o

- Au+Au 200 GeV (b=0 fm) —a—— di-hadron (constant BG removed)

——=a—— di-hadron (flow BG removed)

y-hadron

trig
W
3]

4< p:'g

(1/N_ )dN/dA®
W E -

<10 GeVlc, 1< p;™*° <2 GeVic

e
3]

N

-
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PHOS in ALICE

FEE: IOPP/CCNU, CIAE,HUST

Charged hadrons:
CB

— A¢ =360° |n| < 0.9

Photons:

A¢ =1000 |n| < 0.12
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ERKELEY LAB

Under construction by the institutes from China, Japan, France, Italy and USA
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CCNU is responsible for the construction of one super-module

35
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Summary

e Heavy-1on collisions can test many properties of QCD
— Deconfinement phase transition

— Chiral symmetry restoration

e Current RHIC data indicate formation of strongly
interacting QGP with smal viscosity: “perfect fluid”

e Microscopic properties of SQGP
e L[LHC is another frontier in the search for matter in extremis

Collective evidence for sQGP at RHIC & LHC

Strong jet quenching --- high temperature and density
Strong v, flow and quark number scaling --- partonic flow
Large anisotropy v, --- not possible due to hadronic interaction
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Back up slides




U(1) and U,(1) Symmetry: U=e™, U,=e'™
(Classically) conserved current: VO,M =y A" =Py y

Spontaneous chiral symmetry breaking = 9™ Goldstone boson (1)

A, not a conserved current U, (1) 1s broken 1n
9 quantum theory:
n - .
o A'=—La F*F" Chiral anomaly
3 l6xr ° Alder&Jackiw
2
2n 04 ~ ~
2 —_ 7 f S 4
m, =i I (1675) fd x<O|T{FF(x),FF(O)}|O>YM

!

< " > Topological susceptibility
YM

|
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U.(1) Anomaly
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Chiral Symmetry

o 1 1
Chirality of massless quarks: ¥z = 5(1 —rsW Y, = 5(1 + Vs WY

Chiral symmetry: Y — e_iéLXwL Y, = e_iqRqI/JR

Or alternatively: —iA/2 —iy BRI
U, = , U,=e
| A 4 iy T
Conserved currents: VH =gyt e o SYYYs Y
a 7 2
Spontaneously broken: <?,Ul/l> = ()

SU@3), ®SUQB), —=SU(3) Goldstone bosons (7t,K,n)
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Running of o (Q)

SU(3) Gauge Symmetry E p————
Non-abelian interaction o(Q) [\ K E
0.4 [\\! {e‘*e’ Annihilation o e
1 =i Hadron Collisions o
i—lemf_v Quarkonia o 8‘1
4 A as(M)

Anti-screening of color

[ 251 MeV --- 0.1215
i 213 MeV — 0.1184]
178 MeV — - 0.1153

L

4 02|
(11-§nf)1n(Q2 / Ajep)

a,(0°) =

0.1}

Asymptotic freedom 10 Q [GeV] 100

Gross,Wilczek;Politzer (73) S Bethke J.Phys. G26 (2000) R27
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Ideal Gas Approximation

* Leading orders in uT 3
perturbation (Kapusta) Z = [dlg] GXP( [dz[d xL(¢))
0
E +€& =6n 7ﬁzT“ 1—20: + l 2T2+ﬂ—4 1_%0{
T 120 ( 217 ) PR ( w )

T’ 15
e, =167 T (1> a)

Failure of simple perturbation: (non-convergenceg g~1)
(Arnold & Zhai " 94)

P=P|1-0.095g +0.12¢° + (0.09 Ing -0.007 —0.0131ni)g4 o

27l

— Expand contributions from soft modes k~ gT in terms of g.
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Azimuthal anisotropy |
ANy Single had
= N,(1+v,cos¢+2v,cos2¢+L ) ingle hadron
d¢ 0 1 2
0.3
flow+cE /dx £e=1.07 0.3 GeV/frm
025 | - dE fdx only p=1.3 GV, Ag=0.3 fm
B STaR [20-50%] Prelimingry
0.2
& .
015 ;. (20—-50%)
ol |t
0.05 |, [ e
o “ AutAu—>h> VE=200 CaV
0 2 ! 6 8 10

o, (GeV/c)
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Super YM: Strong Coupling Syste ’N

BERKELEY LAB

3

Entropy density Sy, /S, = |1+ %55-(3)(2 g N) 7 +L ]

Guber, Klebanov, Tseytlin 1998

Small ViSCOSTBT fvooe, SBlimit . -
140 | v }9951 & Starinets ‘02
121 | It ' —= o,
_ iod | -
Jet quenching a0 | N T°

Bl |
TR
20 |
Heavy quark . @4

| Wiedemann ‘2006
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