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Note:

this presentation file differs from the version presented in my talk
on Friday, February 29, 2008 which unfortunately got corrupted
due to a software compatibility problem™

s« Mac users beware: PowerPoint for Mac release 1
does not save files under the latest Mac OS 10.5
“Leopard” (even though it tells you it does...)




Disclaimers:

@ Not a systematic summary of all theory talks but a biased
personal view on a few selected topics

@ Emphasis on open problems rather than on the achievements



Outline

@ The QCD phase diagram
@ The critical point

& Quantum anomalies and sQGP
& What are the constituents of SQGP?

@ How is sQGP produced?
@ How does it react to external probes?
& What do we still need to know?



@ The QCD phase diagram



Early expectations: M. Stephanov

Simple arguments lead to the sketch:
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Insights from large V.

McLerran, Pisarski

TT Deconfined

Hadronic* - :
\RQuurl«‘:}:f:rmc

l\IfI N ug—

® Large N, is different from QCD in many aspects:
® crossover at ;« = 0 in QCD, not 1st order;
® CFLneeds N. = Ny = 3, not N. > N¢.

® Some features might be present in QCD, however.
Quarkyonic phase (quark matter with baryon-like excitations)?



@ The critical point



P. de Forcrand

Real world ——

1rst order

crossover

1rst

mu,d



X crossover 1rst>
1rst order

My.d

Now turn on

Real world

crossover 1rst> ..

Conventional wisdom: first-order region expands with real ||



Real world ———

\' QCD critical point DISAPPEARED

crossover 1rst> ..

Exotic scenario: first-order region shrinks with real || dme =0 <O

de Forcrand, Philipsen



Standard scenario

m>>>m.{0)

QGP

confined

Talks by P. de Forcrand, M. Lombardo

Exotic scenario
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QGF
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III Color superconducior

Critical point 1s not seen in de Forcrand - Philipsen lattice

simulation at N =4;

Is this physics or an artifact of a coarse lattice?

we need to know!



Can we discover the critical point?

200 I I I I T I T
130
r e " JLTEO3
MeV *L RO1
150 -
5
100 -
50 - 5 o -
0 | | l l | | |
0 200 400 600 200 1000 1200 1400 1600

g, MeV
M. Stephanov



Observables tor CP and co-existence

e Fluctuations (probably not of conserved charges)
* Correlations (spiondal blobs)

* Energy scan

e System size dependence (finite volume scaling)

- centrality may not do
 Good, HOMOGENIOUS acceptance

* Be prepared to measure everything

- not clear (yet?) which observable couples strongest to
baryon density

— want to see finite volume scaling in more than one
observable

e Get vou hands dirty now!

V. Koch, Quark Matter 2008, Jaipur, February 8, 2007 /home/vkoch/Documents talks/QM2008 talk odp



Hadronic fluctuations s

XB

B B [ B
T2 = 2¢; + 12¢; (—

14

7)

12

oo ﬁﬂ\&

| o T
0.4 ’,*9’:_'_‘ — o

e

02

0

1 ug/T=00 —m— -
ug/T=15 —e— |
ug/T=3.0 &

A

——p

Pt &
150 200 250 300 350 400

— large baryon number
fluctuations

—> enhanced strangeness and

electric charge fluctuations

(~ factor 3 atTc)

450

B >0

(ks = pg = 0)

18 . ,
2
16 Xs s BS (MB ) .
4 # mz = 263 T 2cp (?) Talk by
ol e 01 . Schmidt
1} g a H
08 ': ug/T=00 —m—
06 f.\" ug/T=15 —eo
04 /}.‘f ug/T=30 ~—a—
-
021 ¢ T[MeV)
0 i i a1 i i
150 200 250 300 350 400 450
14 . XQ' - ;'13 =
12 g F = 2620 + 262 Q (?)
! f&._
08 ) ’ ‘
po— : B — — 2
06 sl
4
04 / .",l ug/T=00
d ug/T=15 » »
02 ‘ up/T=30 &
0 . T[MeV] ‘ ‘
150 200 250 300 350 400 450

16



Critical Point and viscosities

CP 1s in universality class of liquid gas (Son, Stephanov)

Hohenberg - Halperin Model H (Rev. Mod. Phys 49 (1977)):

n~£""  g=Correlation Length

Shear viscosity diverges at CP

Bulk viscosity also diverges:
(Kharzeev, Turchin, Karsch arXiv:0711.0914)

Note: even large increase without PT
due to vacuum contribution
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V. Koch, Quark Matter 2008, Jaipur, February 8, 2007

/homevkoch/Documents/talks Q2008 talk odp



Growth of bulk and shear viscosities
as a signature of the critical point?

Reduction of the radial and elliptic flow
in the vicinity of the critical point?

need to do a realistic viscous hydro
calculation to check this

18



& Quantum anomalies and sQGP:
bulk viscosity and parity violation

19



sQGP 1s not conformally invariant;
quantum effect - running coupling
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F. Karsch; RBCB and hotQCD Collaborations



Deviations from conformal limit may be understood
at low (T < T,) and high (T > 2 - 3 T,) temperatures;

What is the physicsat T . < T <3 T_?

F. Karsch
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® p/e = velocity of sound:
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ct talk by H. Caines: ¢2=0.04
- a factor of ~ 2 discrepancy with the lattice ?

Naive calc. of time averaged g .

velocity of sound in medium: - 1:36:0.03
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HADRON MASSES

SCALE ANOMALY

BULK
VISCOSITY




Bulk viscosity @ Kharzeev-Tuchin B Meyer
arXiv:0705.4280 [hep-ph] arXiv:0710.3717[hep-lat]
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Talks by K. Rajagopal, V. Koch, S. Gupta, ..



BREAKING OF QCD VACUUM

AXTAL ANOMALY

P and CP
VIOLATION
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Talk by H. Warringa
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Need to analyze the systematics and backgrounds -
vigorous ongoing work!

S. Voloshin [STAR Coll.] Poster 205, QM08



& What are the constituents of the SQGP?

29



“Constituents” - well-defined quasi-particles
may not exist at strong coupling -

P(w) discrete spectrum
(bound states)

width ~ (coupling)?
i

[N

m

So may not see peaks in the spectral densities

Moreover, soft gluon and quark propagators may not even
have a spectral representation at all! (Gribov copies, etc)



Are “constituent partons” consistent with small viscosity?

Indeed, “constituent parton” in the plasma implies
the existence of a quasiparticle with

Width
~ (coupling)? <<
Energy
Is this consistent with “perfect liquid”, where
Shear viscosity 1
~ <<1
Entropy (coupling)?
and with
Bulk viscosity

~  (coupling)? >>1 ?
Entropy



But: the “constituent quark scaling” is well established
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Is the constituent quark recombination
(an off-equilibrium phenomenon) consistent
with the thermal abundances of the produced hadrons?

Perhaps, the constituent quark scaling 1s telling us
something about the mechanism of hadronization
rather than about the degrees of freedom in sQGP?



AND, how 1s the constituent quark recombination
(an off-equilibrium phenomenon) consistent
with the thermal abundances of the produced hadrons?

Perhaps, the constituent quark scaling is telling us
something about the mechanism of hadronization
rather than about the degrees of freedom in sQGP?

e.g. recombination of partons produced at hadronization
(recall the peak in bulk viscosity)?




Extended field configurations as the relevant degrees
of freedom 1n sQGP?

o
e—dominated
T m strongly correlated

QGP E. Shuryak:

m—dominated

m—confined

§

-
° P

L



@ How is the sQGP produced?
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Talk by R. Venugopalan

Stars and galaxies that can be observed today were
born as a result of the evolution of the universe.

Present time
(13.7 billion years
since the Big Bang)

Universe

Clear Up
WMAP

observation

(300,000 years
since the Big Bang)

A

swil pasde|y =

Big Bang

Phase
transition
completed

Inflation
period

10-36seconds

The universe began Created from “nothing”

in an endless state

Plot by T. Hatsuda




Big Bang vs. Little Bang

Decaying Inflaton field — Decaying Glasma field

with occupation # 1/g2 with occupation # 1/g2
Explosive amplification Explosive amplification

of low mom. small > of low mom. small

fluctuations (preheating) fluctuations (Weibel instability ?)

Interaction of flud./inflaton __  Interaction of fluct./Glasma
- thermalization - thermalization ?

Other common features: topological defects, turbulence ?

R. Venugopalan 38



Initial conditions: Glauber or CGC?

v, fluctuations may provide some insight/constraints

¢./(e) MC Glauber
GVE‘ L ' - nucleon e{standard} o sz —_ C)-f.‘ P. S orensen
{"u" 2> —— nugcleon e{part} -~ ?
0.8- o == confined quark e{part} .
" -===+ color glass (TKLN) e{part} < 1’?2 > meas < € > cale H . C a1nces

Confined quark MC:
» constituent quark participants
» decreases ¢ fluctuations

0.2

Color glass MC:
STAR Preliminary , * includes effects of saturation

b2 1 6 8 10 12 14 * increases the mean ¢
impact parameter (b (fm)

+ Upper limit challenges models of initial eccentricity fluctuations
* Nucleon Glauber leaves no room for other fluctuations & correlations
« Data calls for different model of initial eccentricity (e.g. CGC)

Helen Caines — Feb 2008 P_Sorensen Session XIl 29
BNL— QM2008 Symposium




i Au+Au i

s 200GeV |
| PHOBOS Preliminary ]
% 100 200 300
Nt PHOBOS:

talk by G. Stephans

In agreement with both Glauber and

CGC calculations within errors
40



From the 1nitial wave functions to the quark-gluon plasma
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Predictions for the LHC - talk by N. Armesto
Charged multiplicity for n=0 in central Pb+Pb at \|sNN=5.5 TeV
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I 1 ] 1 pa"
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& How does the sSQGP react to external probes?

43



Perturbative description of parton energy loss seems
to be 1n a drastic contradiction with the data:

Is there a difference in E, .. of gand g

Anti-Baryon/meson
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Mechanism of energy
loss : Medium induced

gluon radiation

(AE)~a.C<g>1?

The Color Factor Effect 3-45

AE 0
q

STAR : PLB 637 (2006) 161
PRL 97 (2006) 152301

PLB 655 (2007) 104
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Factor 9/4 Color effects not
observed up to p; ~ 12 GeV/c

Maybe just not sensitive!

ﬁn Helen Caines — Feb 2008

BNL — QM2008 Symposium

P. Fachini — SessionV 15

H. Caines,
P. Fachini;
STAR

gluons
quenched
less than
quarks???




Perturbative description of parton energy loss seems
to be 1n a drastic contradiction with the data:

B/(B+D)

b— ellc— etb—g)

High pelectrons

contain a large (dominant?)
contribution from b-quarks;

High pelectrons
are strongly suppressed;

C @ D' (PYTHIA fi) ig\\rm
1= ¥ op" (MCENLO fify
- @ e-h, RunS (PYTHIA fit)
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04—
0.2 N +
ﬂ L I 1 1
2 / 4
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= ——— PHENIX (RUNS&E) [y] <0.35
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0.8 """ FONLL maximum band y=0 A e
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o3l _ A7 e _
- e
0.2 PH ENIX
- ) T T Co |
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IJ: | | | | N IR R

6 7
Electron P (GeVic)

|

b quarks must be quenched
about as strongly as
light quarks

(Almost?) impossible in pQCD




* Recently finalized single e suppression
00-10 % g pp

&2_' L LA L L L L L L L L L L B

a4 1.8 RAA: 0-10 % _ Point-by-point error __
I - Scaling error =
1.6 AutAu @ *ISNN 20.0 GEV I Uncertainty in T, 3
14:_ A n"without scaling error
' E B 1 without scaling error E
1.2 : i —
- PRL 98, 172301 (2007) -
L= ' .
0.8 =
0.6
0.4 1 1 ‘
0.2 =
_I 11 1| | 11 1 1 | 11 1 1| | 11 1 1| | 11 1 1| | 11 1 1| 11 |
n[] 1 2 3 4 5 6 T

;:-T?'raqeﬂ.m:]9
* Awaits further interpretation
— Now quite well established b/c separation should help

* Collisional component of Eloss important?| Pperhaps;
* Non-perturbative components? but if so, should be

even more important

PHENIX, J. Frantz for light quarks!



Other energy loss mechanisms?

Chesler/Yaffe

x|E(x)
a

T3 &

0

30 A5 -B;EI ol
A word of caution: N=4 SUSY YM contains, at the same T, |
much higher density of particles than QCD;
“rescaling” to QCD 1s not trivial

(+ conformal invariance, etc )

New experimental information: ridge, shoulder, ... may provide a clue

Talks by K.Rajagopal, R.Hwa, R.Venugopalan, ...



Quarkonium: as puzzling as ever

Provides means to investigate heavy quarkonium production mechanisms
Two Component Approach: X. Zhao and R. Rapp, hep-ph/07 122407

= 40 _ STAR Cu+Cu 0-680%/ STAR p+
2 0¥ ¥ ptp Jhy trigger 2006 n:ém _iF'HENIX Cu+Cu 0-60% PHENIX ;:El-p
= _ X p+p HT trigger 2005 _ @ PHENIX Cu+Cu 0-60%/ STAR p+p
> 3 - CIPHENIX Cu+Cu 0-20%/PHENIX p+p
[“DJ Hﬂ‘ ¥ p#p HT trigger 2006 " WPHENIX Cu+Cu 0-20%/ STAR p+p
2 o o M(140%BE | —Two Component Approach, Cu+Cu 0-60%
B '.i ( FJT ) —Two Component Approach, Cu+Cu 0-20%
= 1* -~ Levy Fit | \Sn=200GeV
= i ... Power-Law Fit (p_) ) . n
A % T TAR Preliminary .
g ™ .1
&l_ 51:* : F._
g S
wb 5 ~ - ‘*. )
B B STAR Prfiminary T i
l l l l l I
2 ¢ 6 8 M 12 1 S — T —
0 1 2 3 4 5 6 7 8 9 10
Transverse momentum p‘r (GEWC) Transverse momentum P, (GeVic)
Raa (pr<4 GeVic) : 0.5-0.6 Many models expect a decrease in
Raa (pr>5GeVic) : 0.9+0.2 Rya @s function of pr

consistent with no suppression  Next step the T - almost there

Helen Caines — Feb 2008 Z. Tang Session XVII, D. Das Session XXII 32
BMNL — QM2008 Symposium




Lack of high p; suppression 1is consistent with the color singlet

production mechanism, which also predicts the lack of
near-side correlation: g+ g ->J1p + g

2|

=
(==

— # RunV p+p STAR Preliminary
O RunVlptp

2
Counts/N,,

p." > 5GeVic -
pf”ci“‘“ > 0.5GeVic

107 -
0.2 ir %}
o7 #F e
_._
10” -1 0 1 2 3 4
Ad

No near side correlation seen!

=
=2

ansap /N,

=)

BUT: how to understand the dominance of the color singlet
mechanism at pp ~ 10 GeV?



What happens to quarkonium in sQGP?

Still no clear answer:

lattice indicates that J/\P correlation

function does not change up to ~ 2 T¢

but this may still be consistent with dissociation (a threshold
enhancement in the spectral density?) Talk by A. Mocsy

a recent attempt to measure the quarkonium wave function:

”T\' (').8'8'Tc‘ - 'P'S' ‘X 1’.1'T;: """" GK V1.‘4+c' T
ogL 1X &Y 1 T.Umeda
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oz | e s S aardl \t‘;*"* b %i‘*ﬁ““‘j Need to address also
Frsians enaasase the real-time dynamics
18Tc 23Tc . .
o8 IR T8 e AR (diffusion etc) -
o4 b & R P. Petreczky
02 + 4 “ﬁ_“ .
024 05 10 05 10
r[fm] r[frm] 50

B No indication of scattering state up to 2.3Tc (!)



Jhy Ry, 200 GeV (Run4)

o FHENIX AusAu Dada |y|<0.35 (sy ‘ at1 %) o . PHENIX AusAu Dali 1. 2¢]y|<2.2 (::y::laku"’NLj

Data Crven Progclion of Cold Nuchsar Mattsr Effect

Data Driven Projecton of Cold Nucksar Malter Effect
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PHENIX: do we see more suppression :
. , R. Granier de Cassagnac
at forward rapidity than is expected

from “cold nuclear matter” effects?
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CGC predictions: talk by M. Nardi
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Experiment / Theory

Experiment / Theory
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The rapidity dependence is described quite well;

room for QGP effects in the central bin
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What do we still need to know?

@ Are heavy quarks really quenched as strongly as light ones?
(vertex detectors, more Au-Au data)

@ Need to understand better the structure of the jets
(ridge, cones, ...) and the color charge dependence of quenching

@ Test the predictions of the CGC in dAu

@ Need to understand better what is happening with the heavy
quarkonia: production and suppression mechanisms

@ Search for the critical point: the energy scan
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