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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in April 1997 at
Brookhaven National Laboratory. It is funded by the "Rikagaku Kenkyusho" (RIKEN, The
Institute of Physical and Chemical Research) of Japan. The Center is dedicated to the study
of strong interactions, including spin physics, lattice QCD, and RHIC physics through the
nurturing of a new generation of young physicists.

The RBRC has both a theory and experimental component. The RBRC Theory
Group and the RBRC Experimental Group consists of a total of 25-30 researchers. Positions
include the following: full time RBRC Fellow, half-time RHIC Physics Fellow, and full-time,
post-doctoral Research Associate. The RHIC Physics Fellows hold joint appointments with
RBRC and other institutions and have tenure track positions at their respective universities
or BNL. To date, RBRC has --SO graduates of which 14 theorists and 6 experimenters have
attained tenure positions at major institutions worldwide.

Beginning in 2001 a new RIKEN Spin Program (RSP) category was implemented at
RBRC. These appointments are joint positions of RBRC and RIKEN and include the
following positions in theory and experiment: RSP Researchers, RSP Research Associates,
and Young Researchers, who are mentored by senior RBRC Scientists. A number of RIKEN
Jr. Research Associates and Visiting Scientists also contribute to the physics program at the
Center.

RBRC has an active workshop program on strong interaction physics with each
workshop focused on a specific physics problem. In most cases all the talks are made
available on the RBRC website. In addition, highlights to each speaker's presentation are
collected to form proceedings which can therefore be made available within a short time
after the workshop. To date there are eighty eight proceeding volumes available.

A 10 teraflops RBRC QCDOC computer funded by RIKEN, Japan, was unveiled at a
dedication ceremony at BNL on May 26, 2005. This supercomputer was designed and built
by individuals from Columbia University, IBM, BNL, RBRC, and the University of
Edinburgh, with the U.S. D.O.E. Office of Science providing infrastructure support at BNL.
Physics results were reported at the RBRC QCDOC Symposium following the dedication.
QCDSP, a 0.6 teraflops parallel processor, dedicated to lattice QCD, was begun at the Center
on February 19, 1998, was completed on August 28, 1998, and was decommissioned in 2006.
It was awarded the Gordon Bell Prize for price performance in 1998.

N. P. Samios, Director
March 2007

*Work performed under the auspices ofU.S.D.O.E. Contract No. DE-AC02-98CHI0886.
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Understanding QGP through Spectral Functions and

Euclidean Correlators

RBRC Workshop, April 23-25, 2008

Organizers:

.Agnes M6csy, Peter Petreczky

In the past two decades, one of the most important goals of the nuclear physics commu­

nity has been the production and characterization of the new state of matter - Quark-Gluon

Plasma (QGP). Understanding how properties of hadrons change in medium, particularly,

the bound state of a very heavy quark and its antiquark, known as quarkonium, as well as

determining the transport coefficients is crucial for identifying the properties of QGP and

for the understanding of the experimental data from RHIC.

On April 23rd, more than sixty physicists from twenty-seven institutions gathered for

this three-day topical workshop held at BNL to discuss how to understand the properties

of the new state of matter obtained in ultra-relativistic heavy ion collisions (particularly

at RHIC-BNL) through spectral functions. In-medium properties of the different particle

species and the transport properties of the medium are encoded in spectral functions. The

former could yield important signatures of deconfinement and chiral symmetry restoration

at high temperatures and densities, while the later are crucial for the understanding of the

dynamics of ultra-relativistic heavy ion collisions.

Participants at the workshop are experts in various areas of spectral function studies.

The workshop encouraged direct exchange of scientific information among experts, as well

as between the younger and the more established scientists. The workshops success is

evident from the coherent picture that developed of the current understanding of transport

properties and in-medium particle properties, illustrated in the current proceedings. The

following pages show calculations of meson spectral functions in lattice QCD, as well as

implications of these for quarkonia melting/survival in the quark gluon plasma; Lattice

calculations of the transport coefficients (shear and bulk viscosities, electric conductivity);

Calculation of spectral functions and transport coefficients in field theories using weak

coupling techniques; And certain spectral functions and also the heavy quark diffusion

constant have been calculated in the strongly coupled limit of the N = 4 super-symmetric

Yang Mills theory.

More information is available at http://www.bnl.gov/riken/qgp/

1





Heavy quark

Heavy quark free energies and screening in lattice
QeD

Olaf Kaczmarek

RBC-Bielefeld collaboration

We present results for heavy quark free energies, their relation to internal

energy and entropy contributions and analyze screening properties of the

medium. The results were obtained for 2+1 flavour QCD with almost realistic

quark masses, i.e. a pion mass of 220 MeV and realistic strange quark mass

using highly improved staggered quark action. Entropy contributions play an

important role in the medium leading to a steeper slope of internal energy

compared to free energy. In terms of potential model calculations this would

lead to quarkonium states which are stronger bound and dissociate at higher

temperatures.
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QeD running coupling in the qq-scheme
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Free energy in perturbation theory:

4 u(r)
Fl (r, T) == V(r) ~ -:3 -r-- for

4 u(T)Fl (r, T) ~ - - _e-mD(T)r for
. 3 r

uqq(r, T) c= ~r2 dFl (r, T)
4 dl:--

rAaeD <~ 1

rT» 1

non-perturbative confining part for r~O.4 fm

uqq(r) ~ 3/4r2()

present below and just above Tc

remnants of confinement at T~Tc

temperature effects set in at smaller r with increasing T

maximum due to screening

=? At which distance do T -effects set in ?

---> definition of the screening radius/mass

=? definition of the T -dependent coupling



F] (1', T) - F] (I' = 00, T) = _ ~a(T) e-mD(T)r
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at large distances rT ~ 1

Screening masses obtained from fits to:

leading order perturbation theory:

Nf=2+1 -e-­

Nf=2 --­
Nf=O -----B--

r-----'--- I

~ 'i") , ~~~~~~ t_J
2 W"T--~"----~~_-= D,

~ofT
5 ~rtt
4 ~~4-f-~~ ~~ ~

•1$, I

3

N ) 1/2
mD(T) = (1 + -t geT)

TlTc

3.5 4

ANr=2+l - 1.66(2)

ANf=2 = 1

ANj=O = 1.52(2)
o • 'I I1 1.5 .......,.p.

T depencence qualitatively

described by perturbation theory

But A ;:::::: 1.4 - 1.5 ===} non-perturbative effects

r ---------~

mDlT r--1
3 ~

2 f ;. ••••• f\~~7'=l.~iJJII
~~... ,',," '·"ii'···"" ""w ""Iii"""'- "".,o~l

A -+ 1 in the (very) high temperature limit

20

TlTc
....J..- .__._.•_._l-.-....-.

2515105
o ~I----'-----'---

o



High temperatures:

TSoo(T)

5000 ,-----------,--

4-3mD (T)a(T) ~ -O(g31' )

4
+ 3mD (T)a(T)

-4mD (T)a(T) ~(g)
g

-o(g51')

dFoo

S= = ----~fT

Foo = Uoo - 1'S""

Free energies not only determined

by potential energy

Entropy contributions playa role at finite T

3 4000 i I TS=[MeVj ~--~- --T
<ll

F=[MeVj~@

3500 '

3000 l +
2500 @

2000 ~ @ aFoo

1500 ~ ~ ! S= = - aT
•

1000 '---
..

•• q, ' ..• •.. eoo-s @ $ @ @ @JI500 ~ "••••• • • • •01--- •
TfTe-500 L-__ I

30 0.5 1 1.5 2 2.5

•
2.5

..

U~[MeVI ~---1
F~[MeV ~

• •

21.5

u= = _ T2 aF=/T
aT

TfTe

"

i

e

~

....

EI!.. ..
"bq"

•• , '"eoo ..... '" ..'\..... . .
0.5

Uoo(T)

Foo(T)

4500

4000

3500

3000

2500

2000

1500

1000

500

o
-500

o
Vl

Heav



0\

I Veff(r,T) [MeV] I ------,------

1000 r T / V(=l

i1EJ/",(T=0)

500

n

o

r [fm]

o 0.5 1 1.5

steeper slope of Veff(r, T) = VI (r, T)

---7-' J /\Jf stronger bound using Velf = Vt (r, T)

=? dissociation at higher temperatures compared to Veff(r, T) =~ FI (r, T)
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NORA BRAMBILLA (U. MILANO)

-J

QQ systems are ideal for strong interactions studies

Scales and Effective Field Theories:systematic approach

pNRQCD: the QQbar and QQQ potentials

Applications of pNRQCD: Potentials and Spectra, Decays,
Transitions, SM parameters

• What at finite T?
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EFTs for uarkonium

QeD
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EFTs for Quarkonium

QeD
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pNRQCD for Quarkonium with small radius
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Static singlet potential:calculated in the matching
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Antal Jakovac

University of Wuppertal
BME Technical University Budapest

April 23 2008.

In the talk I summarize the basic ideas of the Maximal Entropy
Method, discuss in more detail some technical issues like
minimization, treatment of 0', effect of noise, error estimation.
also show test results from QeD simulations.
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Weight probability is especially appropriate tool to take into
account prior knowledges. Now

0A is real and aA(W > 0) > O.

=} weight probability should allow only positive values.
Candidate: (continuous) Poisson distribution with pre-defined
positive averages:

",n { n ---+ aOA(w) }
je-K ---+ dn ---+ adoA(w) ---+ J a e-aSSJ[aA,h]

n. ",--c>am(w) 2·mJ"A '

where j. [ aA(w)
SSAOA, h] = dw aA(w) In ·~;(z:;r

also known as the Shannon-Jaynes entropy.
m(w) is called default model.

I
oA(w) + m(w) I'

J



Vl

Discretizing:

w = {O Nw - l}Llw, Nw rv 0(1000)
T = {O Nr /2 -l}{3/Nr

Minimum condition:

............ i.?9. ::: no In ~~(i~')2 + L K(T,W)Cy)(DA(T') DA(T')) o.aoA (,,!.)) m CI) '7.1
I,

where DA(T') = Llw I:w1 K(T',W')OA(W')
@ Nw coupled nonlinear equations

o solution: recursive approximation with local linearization and
finding approximate minimum

o number of parameters rv number of independent vectors rv

rank of the second derivative matrix: number-of-data (Nr /2)
=} inversion problematic



......
~

Improvement

@ K(T,W) linear independent for different TS (rv cosh(~ - 7)W)

@ make a basis on Nw dim. space: {R;(w)};oo .. .Nco-I.

where R;(w) K(T;,W) for i 0, ... .~T 1.

@ expand InoA(w)/m(w) in this basis:

In OA(W) = L 5(7)K(7, w) + L 5;R;(w).
m(w) T ;'2Nr/2

@ then we have

L K(7,W) [05(7)<5TT' + C~~(DA(7')~' DA(7'))] + L 5;R;(w) = O.
T,T' ;'2 NT /2



@ linear independence requires Sj = 0

@ first Nr /2 equation yields

(Y L Cn/S(T') + llw L K(T,(v)OA(W) DACr) 0,

where OA(W) = m(w)exp{I: K(T,W)S(T).}

@ This equation can be written as ~~ = 0 with

----.l

T" w

U[sj ~. ~ S(T)Cry/S(T') +.I d(<JoA(w)· . 0i·.~ s(T)DA(T).
rr

=} potential minimization problem in Nr /2 dimensions



Error estimation:

@ we want to see the particle peaks

Ql peak integral is pretty much insensitive to a.
Example: Gaussian mock data, peak region wa = [0.3 : 1.1]

mock 10..{, opt 0,1

0.5

0.4

~ 0.3
2
.8

1 0.2

0.1

I 5

am

tnock Gaussian ~..._­
. 0:=10-6

a~opt (0.034)
a~O.1

0.5
o ~--""c ."~,,--~__~

1.5

0.5

%

00

o we give the average peak height. and estimate the error by
jackknife method.



Quarkonium Correlators and Spectral Functions
from Anisotropic Lattice QCD

Alexander Velytsky
Enrico Fermi Institute,

University of Chicago, 5640 S. Ellis Ave., Chicago, IL 60637, USA
and

HEP Division and Physics Divission,

Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA

with A. Jakovac, P. Petreczky and K. Petrov
Phys.Rev.D75:014506,2007; hep-lat/0611017

Short summary

Using point heavy meson (cc and bb) operators we measure meson correlators
on anisotropic lattices ~ = as/aT = 2 and 4. Quenched approximation
with standard \Vilson action in the gauge sector and the anisotropic clover
improved action for heavy fermions is used. Sommer scale is used to fix
the physical units. Maximum Entropy Method (MEM) is used to extract
spectral functions from euclidean correlators.

We find that:

• MEM can resolve finite width bound states.

• The 18 (ric, J /'l/J) charmonium correlators do not change in the decon­
fined phase up to T ~ 1.5Te .

• The 18 spectral function at this temperature within precision of MEM
corresponds to zero temperature spectral function.

• IP (XeO, Xcl) charmonium correlators and spectral function show sig­
nificant change at 1.ITe .

• Bottomonium states show similar behavior.

19



j
0.3'f

I 0.25

I
0.2

.;;
0.15

*"'t 1 0.1tv
0

0.15

0.05

0
10 155

wlGeVI

The y = 0.01 Breit-Wigner (left) and Dirac's delta (4 state) (right) spectral
function reconstruction.



r 0

2010 15

ro[GeVj

0.025

0.02

); 0.015

" 0.01

0.005

20

a, ,14.1'iGr;N,~7.o4

~,(1S)

i:;::~~ ..~..~-:~-.:-------1
5 10 "

ro[GeV]

0.4

0.35

0.3

0.25

~~
0.2

~
0tv 0.15

0.1

0.05

Charmonium spectral function in the pseudo-scalar channel (left) and the
scalar channel (right) at different lattice spacings and zero temperature.



~=6.1
---,

1.1 f. '~'lD

~
1t§ ill

., f

I]
0 Q

tv
I ~=6.5

tv
1.1

~ 1 g • m\2 [ w W i'; ~ if ,
'"

li f , f •
'"

0 0 0
.. ttl

0. " 0 0

0.9
. . .

0.1
I

0.2 0.3 0.4

T[lm]

The ratio G(1', T)/ Grecon(1', T) of charmonium for the pseudo-scalar channel
at 8 t 2 = 8.18 and 14.11 GeV at different temperatures.



2.4 11=6.1

!!< l,:(

11=6.52.4

2 t
= 0"

~ 1.6 .....
~

o ::1 '
0.4

r

§~ :.: : ~ ; * 0 ; • • : • • , f f ! r I I ! j.
0.8

0.4
L-__-l-.. -'- ---'-- _

tv
W

0.1 0.2 0.3 0.4

"11m]

Figure: The ratio G( 'C, T) / Grecon( 'C, T) of charmonium for the scalar channel at
ai2

=-co 8.18 and 14.11 GeV at different temperatures.



tv
.j:>.

0.14

0.12

0.1

C'Os 0.08
"'-
i' 0.06

0.04

0.02

1jdh,"f~..__L.~"'.-z~:}.~~

10 15

wlGeV]
20

0.14

0.12

0.1

N S 0.08

-§-
b 0.06

0.04

0.02

10 15

wlGeV]
20

FigurE!: Charmonium spectral functions in the pseudo-scalar channel at
at 2 = 14.11 GeV at zero and above deconfinement temperatures.



tv
VI

Saumen Datta, T.I.F.R.

B.N.L. Workshop, 23rd April 2008

I present results on quarkonia correlators in finite temperature lattice
QeD. The behavior of the pseudoscalar correlators is consistent with no
significant change in this channel on crossing deconfinement, while the

vector channel shows a small modification which can be accounted for by
the transport contribution in the w rv 0 regime. Large modifications

observed in the scalar and axial vector channels can also be accounted for
by the small w contributions. A quasiparticle description explains the

small w regime quite well. Based on works done with F.Karsch, A.
Jakovac, P. Petreczky, I. Wetzorke.
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Extracting the spectral function from the correlators involves an
ill-defined inversion process, which can be regularized by a
llmaximum entropy" analysis. This involves supplying prior

information about the high w part of the spectral function.

At high temperatures, low w part is sensitive to the prior

information about high w part.

~ Supply high w information from low temperature studies.

~ Compare high temperature correlators with correlators

llreconstructed" from spectral function at low temperatures.

Reconstructed correlator

Grecon,T* (T, T) = Jdwer(w, T*) K(w, T, T)

Deviation of G(T, T) from Grecon(T, T) indicates medium
modification.
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Datta et al., PRD 2004
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Temperature modification of vector correlator:related to transport?

Petreczky & Tea ny, PRD 73, 014508('06)

{p~(W),PY(lOWW)}free= 2f3 wc5(w)J dpp2{-1, P~}ef3PonF(po)2
1[" Po

Datta ,Jakovac, Karsch, Petreczky,

PANIC 2005

Gsub(T) = G(T) - Grecon(T)
In interacting theory, c5(w) in PY
gets smeared to a Lorentzian

;. W 2:172 where rJ is drag
coefficient. Current data not

good enough to distinguish
diffusion from free streaming.
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Much larger changes are seen in the scalar and axial vector
correlators. The changes are dominated by contributions of zero
modes.

Umeda, PRO 75, 094502 ('07)

p~SC,AX}(w rv 0) = 2f1
w J(w) Jdpp2{m;, 1 + 2 m;}e-f1Po nF(po)2

tree Tr Po Po

AX ---
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A quasiparticle description can describe the llzero mode"
contributions reasonably well.

Petreczky, Quark Matter 2008

Mass of quasiparticles can be obtained from Go~
Xoo rv 12( Meff )3/2 e-Meff/ T
T3 T
Meff is very close to charm mass for T> 1.5 Te but becomes large

rv

as one approaches Teo Zero modes in the other channels can be

explained reasonably well using Meff .
0.7 ~s(T)1T2--

~
0.4

0.6 0.35
xa"(T)1T2

0.5 ~ /" 0.3
~
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0.2
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. mc~1.70GeV ~...*., / mo·1.?O""V_-
/ mc~1.34GeV 0.1
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eavy quarkonium accordinll to
ummed oerturbation tneory

ik ine ( ni iel let

Miscellaneous remarks on:

1. Real-time static potential at finite temperature

2. Relation of static potential and quarkonium spectral function

3. Physics lessons for the dilepton production rate

4. Mystery with the scalar channel



At weak coupling:

r-1 et t
hat I th tic Ii the ti

.
I

m
w lJ U n In I00

1 . 1rm~T
iD6o(O,Q) = Q2 + mG - 'llql(q2 + ml' - .

Beraudo et al, 0712.4394



So, there is a complex potential! ML et ai, hep-ph/0611300

)

) ( ) ~

W
'D

where

( ) 1) [1 "..... .

is fi nite and strictly increasing, with the lim iti ng va lues

4>(0) == 0,4>(00) == 1.



What happens after the insertion of V> (00, r)?

(

i th ~ "

In In ene un
-!>­
o

(b) T rv gM-
==> mDr rv gTr rv g2Mr rv 1
==> ReV> rv g2 exp(-mDr)jr rv g4M
==> 1m V> rv g2T¢(mDr) rv g3M
==> width » binding energy ==> bound state has melted.

Burnier et al 0711.1743



Melting of the spectral fcn in the vector channel:

Ml 0704.1720

M=4GeV
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Quarkonia propagation in a
hot-dense medium

Andrea Beraudo
ECT*-Trento and University of Torino

BNL, 23rd - 25th April 2008

Work done in collaboration with J.P. Blaizot and C. Ratti

arXiv:0712.4394 [nuc1-th]' to appear on NPA.

I will present a study of the in-medium propagator of a QQ pair in the

complex-time plane, focusing on some very general aspects of the problem.

The final goal is to give some solid basis to address the issue of

propagation of quarkonia in the QGP.
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The basic object
of our study

C>(t,rl; t,r210,r~; O,r;) (x(t,r2)1/J(t,rl) 1/Jt(O,r~)xt(O,r;))
'-- J' -#'V' 'V'

JM(t) Jk(O)

QED toy-model

A QQ pair in a plasma of

photons, electrons and positrons

LtfiD00
= Lern + Llight + 7jJ t i(80 - igAo)7jJ + xti (80 + igAo)x

'- ..I " ..JV V

heavy Q heavy Q
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The strategy
• Consider the QQ propagation in a given background

configuration of the gauge-field AJL

GA(t,rl;t,r210,r~;0,r;) = 8(rl - r~)8(r2 - r;)x

x cxp (i9l' dt' AO(r" t')) exp ( -igl' dt'AO(r2, t'))

• Average over the gauge-field configuration with an action

accounting for thermal effects

G> (t, rl; t, r210, r~; 0, r;) = Z-l ! [DA]GA(t, rl; t, r210, r~; 0, r;) eiS[A]

Which is the action to employ to weight the field configurations?
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Real-time QQ propagator

=* QQ current non-vanishing along C+:

G(l, T, - T2) = GXp [- ~ l+ d'x l+ d
4
y JM(x)DMV(x - y)J" (y)]

with

jJ.L(z) = oJ.L°O(z°)e(t - zO)[-go(z - Tl) + gO(z - T2)]

=* One gets:

G( _) - [-2· 2/ dw / dq 1 - cos(wt) (1- i Qo (Tl-T2)) D ( )jt, T 1 T 2 - exp ~g 2 ()3 2 e 00 w, q
7r 27r W
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=} Large time behavior

• QQ propagator

G(t, Tl -T2) rv exp[-iVeff(Tl - T2)t]
t-+oo

• Temporal evolution equation (("V Schrodinger!)

lim [iat-~ff(Tl - T2)]G(t,Tl - T2) = 0
t-++oo

where:

T T ( ) - 21 dq ( iq·(rl -r2 ») D (- )
veff Tl - T2 = g (27f)3 1 - e 00 w-O, q

_21 dq (1 iq·(rl -r 2 ») [ 1 . 7fm1J T ]
- g (27f)3 - e q2 + m1J -~ Iql(q2 + m't)2

""------ ~ \, ~
~ "V

screening

g2 [ e-mDT]. g2T
=-- mD+ -~-¢(mDr)

47f r 47f

collisions
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Imaginary-time QQ propagator

=? Analyticity of C> (t) ---+ simply set t = -iT with T E [0, 13]

G( -iT, 7, -7') = cxp [g21"dT'1"dT" / (2d~3 (1_eiq.(r'~2)) L\.OO(T' -T", q)]

=? Propagation till T = 13:

- { 2/ dq (1- i Qo (T 1----T 2 )) 1 }G( -i(3, Tl -T2) = exp -(3g (21r)3 e q2 + mb

Since:

G( -i(3, Tl -T2) = exp (-(3.6.FQQ (r, T))

One gets the QQ free-energy:

2
.6.F

QQ
(r, T) = _g mD _ g2 e-

mDT

A ----
1r 41r r '

It coincides with the real part of the effective potential!



arXiv:0711.4722
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Adrian Dumitru
J.W. Goethe Univ., Frankfurt

Collaborators: Yun Guo, Mike Strickland

8 Motivation: expansion -> anisotropy <-> viscosity
8 Covariant-gauge gluon propagator in aniso. QGP
8 Static limit: heavy-quark potential
8 Results (binding energy of small states)



momentum
distrib. f(p)

I-----II~~PZ

f(p) = lisoC\/p2 +r; )
anisotropy parameter

a M t" t· '; d'"' I' I'U ;'/.,()'i(,VQ,'(()jn:, e.)(1i"\:Qtrlu IUli1'l1 In; IQSmlQ Q iWQVS:
-' --,,p' " • If.,*, - -- ,' ..'Y J , -'," ¥'r""'il ~d_J "';::J; r''' ',,,&, ._",,~. ".' !t._" ,,-~-- -~ / -~ _._'h'i l{-'~-

(sIJightly) OJut of equUibJr'ilum

VI
o

I
, .. . .. .. . c 10 'f7

• Re !atlon to VISCOSllty·/: ':, = -r -
, T S

[e.g. Asakawa, Bass, Muller: Prog. Theor. Phys. 116 (2007) p. 725]
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8 Covo,rifant-gcUJJge g~uon prop,o,gator.in,anisotr., QGP

1) HTL (retarded) self-energy

IIfLl/ = g2 J d
3

k v fL 8f (k) (gl/(3 _ vl/p(3 )
(21r)3 8k(3 P . v + if

(~-1) /Lv (P,~) = _p2g/L V + p/LpV
_ II/LV (p,~) _ ~ p/Lp V

invert: (~-1 )fL(J~(J l/ = gfLl/

static limit:

p2 +m~ +m;
~OO(w = 0, p) = (p2 + m~ + m;)(p2 + m~) mg
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2 -m"(

V1

2
tv

m(j

"Mass" scales:

m
2

( p p2 Vf,p)m; = - 2~ p;arctan~ - z arctan z
2p-l ~ Jp2 + ~Pl Jp2 + ~Pl

(Vf, + (1 + ~)arctanVf,)(p2 +. ~p2) + ~Pz (pzVf, + p2(lH) arctan Vf.pz )
2 -l vP2+~pi VP 2HPi

mD 2Vf,(1 + ~)(p2 + ~Pl)

( ~ )m 2 p2 1 + pT- pzp2(2p2 + 3~p2 ) Vf,pz
_ -l2. _.L arctan + -l arctan

2 ~Pl + p2 Vf, ~ Vf,(~Pl + p2)~Pl Jp2 + ~Pl
1rmb~pzp-ll pI
4(~Pl + p2)~ .

• POltenltiall: f T of static pr\rOp(\Qlliotor~'P ,),_," .; ., J! --" ,." _ -i - ·"w,V j ,~- J_~_," } ~.,,; J ' -~- ;'" ."" :1.;";''''- -'0 ~

V( C) - 20 J d
3
p ip·r A OO( - 0 C)r, ~ - - 9 F (21T )3 e LJ. W - ,p , ~



valid for f r mD ;S 1= +0.27 for r=l

• weak anisotropy ~«1: angular dependence of screening

A [( e
r

- 1 2 f)]V ( r II z, ~ « 1) = Visa (r ) 1 + ~ 2 f2 - f - 1 - 6"
~ J

V

[ (
l-er 1 1 f)]

V (r 1- Z, ~ « 1) = Visa (r ) 1 + ~ f2 + f + 2 + 3"
, V J

= +0.12 for r=l

Ul
W

screening weaker for r II z

• r II z versus r -L z:

• angular dependence stronger
at larger distance
• as r-+O, angular dependence
disappears

..--- 0.6
~

u
~O.5<>

-"'0.4..---
~

<> 0.3

0.2

0.5 0.75 1.25 1.5 1.75 2

r



D" ..8 l~AscU!ssmon

Vl
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V(r)

(X

-- + (jr
r

I I

Va - (X e-fL1' + ~(1 - e-W)
r /1,

r

[Mocsy & Petreczky:
PRD 77 (2008)]

Tmed(T) ~ 0.5 fm (Tc/T)

[Kaczmarek et al: PRD 70 (2004)]

• consider QQ state of size "-I<r2> - rmed and T sufficiently high so that rmed < "-I(a/cr):

screened Coulomb dominates, potential and its angular
dependence can be determined from pOCO

• anisotropy (~>O) affects binding energy

~E 4 mD ( e ) ground state,

E
~ C -1 + 6 + ... 1 » ~ » rno I (as CF rno)

c as F mQ
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Quarkonia in the deconfined phase: Potential
Models and Correlators

W.M. Alberico

Dip. di Fisica Teorica and INFN, Torino, Italy

Abstract

Results are presented by employing a temperature dependent QQ potential

extracted from fits to lattice free energy calculations (with N f = 0,2,3)

and then plugged into Schroedinger equation. From the binding energies of

the QQ pair we obtain dissociation temperatures both for charmonium and

bottomonium states, which agree with lattice estimates. We also evaluate

mesonic spectral functions and correlators and find good qualitative

agreement with the ratio of correlators (to the "reconstructed one") in all

channels but for the pseudoscalar (including zero-mode contribution).

References: 0 W.M.A., A. Beraudo, A. De Pace, A. Molinari, Phys. Rev.

D72, 114011 (2005); • Phys. Rev. D75, 074009 (2007); • arXive 0706.2846



Extract the singlet ;nj01'n'~

heavy sources). From F = U - T S:

=potentiaI I:mer.e;v for infinitely

VI
0\

rh = _T2 a(F1 /T)
aT

Plug into Schrodinger equation

:2 + \/1 (r, T)Jl '1/)(r, T) = c(T)'I/J(r, T) ,
kJl-I

Quarkonium mass is given by:

M(T) = 2mc (b) + c(T) + UI (r ----+ 00, T) ;
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Nf =0 N.c =2

J

me = 1.4 GeV me = 1.6 GeV me = 1.4 GeV me = 1.6 GeV I

J/1/J,TJe 1.40 1.52 1.45 'i
1.59 I

Xe < 1 <1 1.00 1.00

1/J' <1 <1 0.98 0.99

mb = 4.3 GeV mb = 4.7 GeV mb = 4.3 GeV mb = 4.7 GeV

Y, TJb 2.96 [4.5] 3.18 3.9(*) [6.7(*)] 4.4(*)

Xb

I

1.13 [1.55] 1.15 1.15 [1.63] 1.17

Y' 1.12 [1.40] 1.14 I 1.13 [1.43] 1.15
.- -

Dissociation temperatures



With eigenfunctions and eigenvalues of Schroedinger equation we evaluate

the spectral function as the imaginary part of the QQ propagator:

~ImGM(w) = L I(OljMln)1 2 <5(w - En)
1r

n

) () 80)1 ,c,-J-

Vl
00

TL

where En = 80 + En, 80 is the continuum threshold:

so(T) = 2m + rf;Q(r --+ 00, T)

Continuum is taken in

from corresponding solution of Schroedinger equation [consistent with

present approach]

from QCD perturbative calculations

The resulting spectral functions are very sensitive to the continuum

employed. The non-perturbative one produces sizable enhancement near
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threshold.

The follows from convolution of spectral functions

and thermal Kernel:

GM(r,T) = LF'iJ,nK(r, Mn,T) +1= dEF'iJ,E K (r,E+80,T).
n 0

On the lattice the following ratio is evaluated:

R = GM(r, T)
GreC(r T T )M , , <

Jo= dWO"M(W, T)K(r,w, T)

Jo= dw 0"M (w, T< )K (r, w, T)

The denominator is calculated using the kernel at T > Tc and the MEM

spectral function at some reference temperature T<

correlator) .



$) t J I ... by including the effect of zero modes in spectral functions
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T.Umeda (Tsukuba)

RBRe Workshop, BNL, NY, USA, 23 April 2008

We investigated Tdis of charmonia from Lattice QeD
using another approach to study charmonium at T>O

without Bayesian analysis
mriary condition dependence

HU::l\l&;;> function (Volume dependence)

RBRC Workshop

0'\.....
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T.Umeda (Tsukuba)

- no results on excited states, t/J f

IIIl lattice QeD studies ( by MEM analysis) indicate
- J/t/J may survive up to T=1.5Tc or highero]
- X c may dissolve just above Tc

IIIl

IIIl

RBRC Workshop
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<P(r):
r :

V

~

We know three ways to identify the state in a finite volume

-- II Volume dependence _

E T bound E t scattering I e~

V
0\
W

BC'

,If
,If
,If

BCBC'

~

~

~

BC

II Boundary Condition (B.C.) dep.

.. bound .. scattering
M... M

r

T,Umeda

scattering
¢(r)

bound

r

- - - - - - '::"'::::'<~"""'-.'_-'------ -

RBRC Workshop

¢(r)t

! I

,.,.----- II Wave function



II

II Quenched approximation ( no dynamical quark effect)

II Anisotropic lattices

as = 0.0970(5) fm

as/at = 4

0"1
.t>-

II rs=1 to suppress doubler effects

II Variational analysis with 4 x 4 correlation matrix

RBRC Workshop T.Umeda (Tsukuba)
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bi = 1 : periodic

bi = "",1 : anti-periodic

an expected gap
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(free quark case)
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Spectral Functions of

One, Two, and Three Quark Operators

in the Quark-Gluon Plasma

Masay'ukii ASAKAWA

Department o.f Physics,. Osaka University

.1. Importance of quark spectral functions (one, two, three, ...quarks)

2. Review of previous results and the maximum entropy method

3. Formulation of analysis of the baryon spectral function

4. Baryon spectral functions below and above Tc

5. Summary



Microscopic Understanding of QGP
Importance of Microscopic Properties of matter,
in addition to Bulk Properties

• In condensed matter physics, common to start from one particle states,
then proceed to two, three, ... particle states (correlations)

Spectral Functions:

0"­
00

• One Quark

• Two Quarks

./ mesons

./ color singlet

octet

~ diquarks

• Three Quarks

./ baryons

•......

-- need to fix gauge IKitazawa's talk I

-- need to fix gauge

-- need to fix gauge



SpecifalFuncuonsabove Tc
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Asakawa, Nakahara & Hatsuda [hep-lat/0208059]



J/lj/ non-dissociation above Tc

p(OJ)/oi
2.5,------,

5 10 15 20 25 30
ro[GeV] Asakawa and Hatsuda, PRL 2004
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eee baryon channel

I -
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T=2.33Tc -------
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Scattering Term (two body case)
ml

(OJl'P)

n12
Q9 )

I N (OJ
2
,p)

p=o

• This term is non-vanishing only for 0 < 1m2 - mIl S 1m2 - ~ I

o 1
1112 -mIl

T« m1, m2

Ipl-O

1m2 -mIl
(Boson-Fermion case, e.g. Kitazawa et al., 2008)
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Summary

II It is important to understand one, two, three...quark spectral functions
for the understanding of QGP

II Mesons and Baryons (new!) exist well above Tc

II A sharp peak with negative parity is observed

This can be due to diquark-quark scattering term and
imply the existence of diquark correlation above Tc

II Direct measurement of SPF of one and two quark operators
with MEM is desired
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Harvey Meyer

Center for Theoretical Physics, M.I.T.

Understanding QGP through Spectral Functions and Euclidean
Correlators, Brookhaven 23-25 april 2008

Phys.Rev.D76:1 01701 ,2007 and 0710.3717 (PRL, in press)
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I first discuss the problem of solving the equation
C(xo) = 10

00 dw p(w) cos:i~~~~2;XO for the spectral function
rho(w), knowing the Euclidean correlator C(xo). I point out that
a linear method allows one to quantify the systematic error
through the resolution function prior to the acquisition of any
lattice Monte-Carlo data.
I then show results for shear and bulk viscosity obtained from
simulations of SU(3) gluodynamics. As an improvement of the
method, I solve for a function that is smooth everywhere and
goes to zero at high frequencies. This is achieved by taking
appropriate linear combinations of spectral functions. Near Te ,

the observed overall increase of the Tii two-point function
suggests a corresponding increase in the bulk viscosity.

••••••••••••••7 •••1'111.11.1,.1.11••11"111'_
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< TI2 TJ2 > ----...-
100000 ~ < 9 9 > ---"Il---

W. <TI2 TJ2> -v-
8:. <99> --G~

10000 ~ l 2++ contrib.

0 0+++0++* contrib.

1000 ""t G)

--:J 'l' v
'-D

100 "v

10
0 0.1 0.2 0.3 0.4 0.5

Txo

IJ$ in the scalar channel, the two stable glueballs almost saturate
the correlator beyond O.5fm

IJ$ calculation made possible by the mulH-level (HM '03)

:;i.....'.J4.ilj.141"_
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IIp(T,w) = pii,kk(T,w) - Pii,kk(O,W) + Plp(W)

(WU) (w~)/120F

1.24Tc 5.08(72) 4.3(2)
1.02Tc 33.6(6.3) 3.9(1 )

Assuming for instance IIp/(2Ttanh(w/2T)) = ~ w2~r2 with
r = 2Tor 4T, I get (/s r-:::: 1.3 or 1.0.



00......

understanding of transport coefficients beyond POCO =?

lattice OCO

linear methods are not restricted to positive integrands,
and their performance is known before any data is
available (resolution function 5(w, Wi))

high statistics, control of cutoff effects, and making
!J.p(w) w~oo 0 is more likely to help than increasing NT

you have to know in advance that you are dealing with a
smooth w-integrand

how large does the bulk viscosity really get close to Tc?

are there quasiparticles responsible for transport
properties in the OGP at Tc < T < 3Tc ?

elliptic flow at LHC?

"iiW.'L!51111IiiPi+iilll,i,l_
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Kay HObner

with Frithjof Karsch and Claudio Pica
Brookhaven National Lab

We study euclidean-time correlators of the energy-momentum tensor in 3+1 dim SU(2)
gauge theory on lattices with NT = 4. We find that the correlator connected to the bulk

viscosity diverges like the specific heat and that the corresponding spectral function has a
a-function singularity at Te. We give an estimate for the bulk viscosity (.

Understanding QGP through Spectral Functions and Euclidean
Correlators

April 24th 2008
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@ local energy-momentum tensor on the lattice (std Wilson action):

81'1'(x) = B(g) L 1 -- ~ Re Tr Ppv(x), B(g) is the j3-function
p>v c

@ Correlation function connected to the bulk viscosity (:

G(T, T) = Jd3X(8ILI'(X,T)81'1'(i5,0))~ with T E [0, 1/T)

@ spectral function at vanishing momentum:

1
00 cosh (w(T - 2\-))

GdT, T) = dwpdw, T)K(T,W, T) with K(T,W, T) = . w .
o slnh(2T)

@ Bulk viscosity «T) through Kubo-formula:

«T) =.':l: lim pdw, T)
9 w~o -w-



00
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~ Fit data with ansatz, parameters: Aa , BCT , GCT , may depend on r:

G«f, To)/T~ = ACTN;:/v (1 + BCTN;;l1./'~) + G"

~ critical behavior that of 3d Ising

~ GdT, To) independent of r

~ R(M, To) = 1, thus p(/w has Met-like singularity at To

50

:: tG~>B~~~____ ~ -,
--R--"

------@.,._-

35

30

25

20

TT=1/4 ,--~"

1;T=1/2 '-0·

1/N"
15 L'_~_~__c

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
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G Fit T-dependence with ansatz, parameters A+, B±, C, D, all may depend on T:

G(f, T)IT5 = A±t-'''(1 + B±t.D.) + C + Dt

G fit range: TITe E [0.94,1.05]

G A+, B± agree for both T T within errors and with combined fit

60, I

50

'0

1.0

1Or-~_~

-~-'"'~~

...

@

~~......J.... I~----T--r_ ! ! !~
8.92 0.94 0% 098 J J,(}2 L04 106 l.OR 1.l

Tff
o



<) estimate (/T3 = 0.01 - 0.1 at 2Tc • rises by 0(10) when going to 1.2Tc

<) convert to (Is via S/T3 :::: 0.3 at Tc and s/T3 :::: 2 at 2Tc

J. F t(or$r:h, !-t Sat..,;;: and t fvtontvffy, Nud. Phys. B 205,545 (iee?}

J. F, KBrsch and K. R~iGh, Nuc!. Phy$,. B 435, 2£1f:i (i99b)

00
-.l 110.00~

" l;IT3

1.00

0.10

2.01.81.61.41.2
0.01~ =

1.0
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@ studied euclidean-time correlators of the energy momentum tensor in 3+1 dim SU(2)
gauge theory on lattices with NT = 4

@ G, diverges at Tc with the 3d Ising critical exponent a

@ P, has <5-function-like singularity at Tc

@ bulk viscosity ( may diverge stronger than n, WQ may vanish at Tc

@ want to use larger NT-lattices to control r-dependence of G, and to extract spectral
functions, determine (, WQ and TJ etc.
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Physical picture:

Shear viscosity: how much entropy is produced by
transformation of shape at constant volume

'0
o

Generated by
I J translations

A I ~
V

Bulk viscosity: how much entropy is produced by
transformation of volume at constant shape

~ Generated by
dilatations
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Kubo's formula:

7]('-')) (bilbkm + bimbkZ - ~ bikbZm) + «(W)bikbZm

_.... 1 1··· Jda, 100

d· i(wt-kr) ([B ( ) B (0)])- - 1III X t e . ik t, r , l1n
W k----+O 0

Bulk viscosity is defined as the static limit of
the correlation function:

( == ! lim! rCX) dt Jd3r eiwt ([Bu(J:;), Bkk(O)])
9 W-rO W Jo
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In perturbation theory, shear viscosity is "large":

", 1
- f"'\..) -

S a 2
s

and bulk viscosity is "small":

( 2
-. f"'V a
58

At strong coupling, 11 is apparently small;

can ~ get large?



Bulk viscosity eKharzeev-Tuchin
arXiv:0705.4280 [hep-ph]

• Meyer
arXiv:0710.3717[hep-lat]

Confinement as seen by the
off-equilibrium thermodynamics

•
•

0.8

0.6 ~

0.4 ~

01'· .
0.0 r ' ,. '" I "I, ,~" ~ •• , ,

1.02 1.04 1.06 1.08 1.10 1.12 J•
•

•

•

{Is

0.8

0.6

0.4

0.2

1.0
w

0.0
1 2 3

4 '. ' ' , 5 TITe



Full QeD with (almost) physical quark masses
F. Karsch, DK, K. Tuchin, arXiv:0711.0914

Trrc

1.8 2.01.61.41.2

--n-T I ......,------

0.30 I

,;/6
0.25

0.20

0.15
'0

0.10
.j:>.

0.05

0.00
1.0

21 P(~ 0) du = TSC~ - 3) - 4(£ - 3P)+ (T aaT- 2}mqq)*

o + 161Evl + 6(M~f; + M'kf;) ,



F. Karsch, DK, K. Tuchin, arXiv:0711.0914

Universality and the chiral critical point
Critical exponents of 3-d 0(4) [21] using f3 and 8 as input and 2(2) [22] symmetric
spin models

Cy = BEjBr

Model ex f3
-

0(4) -0.21 0.38
2(2) 0.11 0.33

'-.D
V1

specific heat

y

1.47
1.24

8

4.82
4.79

• 2nd order phase transition in Nr2 QCD
at zero baryon density - 0(4) universality class

• Chiral critical point - Z(2) universality class

y / {38 ~ 0.8

h == Air - Tel/Te + BIILB - ILel/lLe

cv(t) == ct-a + const

No singularity at Tc

(a spike)
Cy rv h-Y/138

Singular~ty at CP!
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Tt spectral weight and bulk viscosity

Where we can calculate it
Guy D. Moore (McGill University), with Omid Saremi

• Review of bulk viscosity, spectral weight

• Perturbative regime: kinetic theory

* High frequency: rising cut

* Low frequency: peak

• Near the critical point: universal scaling

* Dynamical universality classes: QCD vs. liquid-gas

* Critical slowing down and Bulk viscosity

• Summary and conclusions



Perturbative regime

Normalize so S = Jd4x_1_Tr GG/-LV292 /-Lv .

Do pure glue for simplicity. Conformal anomaly:

\0
00

T /-L - (3 T G G/-LV
/-L - 4 r /-LV ,

9

J-L2d
(3 -2g2

f"V g4.
dJ-L

Evaluate Wightman correlator of ((3/g4)G2 - (1 - 3c;)T3.

Leading diagram.

Note (1 - 3c;) f"V g4 is small;

(1 - 3c;)T3 is g2 suppressed.
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Need to know width of peak

Bulk viscosity is C> (w = 0) IT. Need width of peak

Include imaginary parts on propagators: need ladders as well

Amounts to kinetic treatment. Tj; in terms of f:

i 2 0 "'1 d3
p [( 2) 2 3f3m~](Ti + 3cs To ) = L.t (27T)3 1 - 3cs p + g2 (fo + 5f)

Boltzmann equation

v· Vio + Otf = -C[f]

becomes 2

fa (1+fa ([ ~ _ c;]p2 _ (3;00) = -iwof - C[fJ .



Summary:

,
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Another analytically tractible case

Critical region near second-order transition point:
T

?????

"\ Jl

Possible to compute parametric behaviors analytically
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Transport Coefficients and nPI Methods
M.E. Carrington
Brandon University

In this talk I will discuss the calculation of the electrical conductivity in QED using the resummed
3PI effective action. I work to 3-1oop order in the resummed effective action. I show that the
formalism produces the integral equations that resum the pinching and collinear contributions, and
thus that the full leading order contribution to the qed electrical conductivity can be obtained
directly from the 3PI formalism. All leading order terms are produced naturally by the formalism,
without the need for any kind of power counting arguments.

The result agrees with that obtained previously using kinetic theory. The calculation therefore pro­
vides a field theoretic connection to the kinetic theory approach. The method should be generalizable
to the calculation of other transport coefficients, like the shear viscosity. In addition, it seems likely
that quantum field theory provides a better framework than kinetic theory for calculations beyond
leading order. The result of this calculation provides strong support for the use of nPI effective
theories as a method to study the equilibration of quantum fields.
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TRANSPORT COEFFICIENTS

AND nPI METHODS

tc measure efficiency with which a conserved quan­
tity is transported over 'long' distances
(long compared to microscopic relaxation scales)

effective kinetic theory:
small deviations from thermal equilibrium
weak coupling
---7 using equilibrium FT tools

will show:
3PI effective theory ---7 same result ((]"qed)

motivation:
[1] in principle can use nPI far from equib
[2] possibility to go beyond leading order (7)
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METHOD: 3PI EFFECTIVE ACTION

motivation:
need 3-loop diagram to get t- and u- channels in ME

heirarchy: (n ---+ oo)P113-1oop = 3P113-1oop
J. Berges, Phys. Rev. D 70, 105010 (2004).

result:
3PI r ---+ 2 int eqns: pinch and collinear singularities
MEG and E. Kovalchuk, Phys. Rev. D 77, 025015 (2008).
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3PI r:

r [1/J, i[J, A, S, D, V, U] = Scl [rljJ, if; ,A]
. .
2 1 2 [ 0 1 ( 0 )]+2Tr LnD12 + 2Tr (D 12 )-D21 - D 21

-iTr LnS12
1 - iTh [(S~2)-1(S21 - Sgl)]

+ r~[s, D, V, U] + r~nt[S, D, V, U]

r20~ i e
r;nl~ -il20 +i!12 (-} +i!30 +il4W -il24)~
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INTEGRAL EQUATIONS:

2 EoM from fcn derivs of r wrt Sand D (SD eqns)
differentiate wrt A
-+ BS eqn for A and D (many cancellations)

sub D eqn into A eqn and keep up to 2-loop order:

also: 2 EoM from fcn derivs of r wrt V and U

~ ~ -< + --<: + --_:::(

~ ~ -2-'1.

107



--t substitute again and keep up to 2-loop order:

A>--~ = >--~ +

a b

--~ +
, ,, ,, ,, ,

v

", ,, ,, ,

c

--~ <I>-'
d

+ »--~ -]----]>--~ -]----]>--~
e f g

1st is int eqn for A rv same as from 2PI
2nd is sc int eqn for V

same eqns found using kinetic theory (AMY)
also found using a diagramatic approach
J-S Gagnon and S. Jean, Phys. Rev. D75, 025014 (2001)
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Suppression of the Shear Viscosity as QCD Cools

Into a Confining Phase

Yoshimasa Hidaka (RIKEN BNL Research Center)
Based on arXiv:0803.0453[hep-ph]

Abstract
We consider QCD near but above Te. In this region, the pressure,

susceptibilities and renormalized Polyakov loop, which is the order

parameter of the confined deconfined phase transition, dramatically

change. We show that the shear viscosity is suppressed by the

power of the Polyakov loop. This suggests that l7fT3 decreases

markedly as QCD cools down to temperatures near Te.



one particle free energy
o (deconfined)

ir == finite (semi-QGP)
00 (confined)

quark -

"r-..emi".....
system

(trL r ) rv e- fr / T

..........
0\

quark anti-quark pair(singlet)

no cost, color singlet
ir == 0

Ir depends upon the color representation,
like chemical potential.

"Semi-OGP" is qualitatively different from

the perturbative vacuum.



II

1-
..
In

Confinement

(~c trL) ~ 0

Semi-QGP
. 1 )(No trL < 1

Complete-QGP

(~ctrL)~l

Semi-QGP Window
O.8Te - 2Te

450

Maybe RHIC probes

. the Semi-QGP!!

IPressure, susceptibilities change
dramatically in Semi-OGP.

How about transport coefficients?T [MeV]

N,;=4 '-B--­
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2+ 1flavor
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Ren'd Polyakov loop Cheng et. al.(2007)
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IS sity in the se
pure glue

"

I-

YH., Pisarski('08)

"
"

3

v.. cTJT
ISCOSlty TJ = g4 log(l/g) f(L) f(L = 1) = 1



Cusp

p

iscosity in semi­
ith auarks(c ~)

1.4 I I i YH., Pisarski('08)
I I i

NdNc = a
1.2 ~ NdNc = 1/3
1.0 ~ NdN..c = 2/3 -

I Nf/Nc = 3/3 --
~ 0.8
8, I Suppression!

......, 0.6 r I ~ £2

0.4

0.2

aa 0.2 0.4 0.6 0.8 1.0

(R)
f(L) with quarks pure glue.
Little change between two eig. dist.'s.

uarK contribution dominates.

............
'D
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Summary

• Shear viscosity suppressed, near Tc,

-- £2. Quarks dominates.

• RHIC - probes semi-QGP? If so, not

only 1], but RAA, real photons, dileptons,

also suppressed by powers of £ .

• LHC - into complete QGP?

If so, LHC =I=- RHIC.
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Transport Coefficients In Chiral Theories

Daniel Fernandez-Fraile
danfer@fis.ucm.es

Dep. Fisica Teorica II, Universidad Complutense de Madrid, Spain.

(work in collaboration with Angel Gomez Nicola)

We present our recent work on the determination of transport coefficients'in chiral perturbation theory. Our general
perturbative scheme will be discussed and leading order results will be presented for the electrical and thermal
conductivities and shear and bulk viscosities. We provide a consistent low-$T$ description and we will show that
unitarity plays a crucial role in order to reproduce the expected behaviour as $T$ approaches the chiral transition.We
will pay special attention to phenomenological applications in Heavy Ion physics, as elliptic flow or photon spectra, as
well as to more formal issues such as the KSS bound or the chiral restoration behaviour.

"Understanding QGP through Spectral Functions and Euclidean Correlators". BNL,April 2008.
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TrQ:nsport coefficients in ChPT
~tft.dQw••1t\ .rtl, C~PT

- 1 Jd
3
k 2 -(3E2r(kd - 2" (21f)3 e (}JrJr vrel(l - Vi . V2) rv 1m

-n• Scattering cross section: ~

321f [2 2 2J
(}JrJr(S) ~ ~ Itoo(s)1 + 9Itl1 (s)1 + 5I t20(s)1

~~If~1t)t ~ 1tM 11~.,••mpIlb1t. ~1t~~~"l

• lAM:
t}~ (s)

tIJ(S) rv 1- t}](s;T)/t}~(s) ~
It verifies the unitarity
condition exactly.
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• Ladder diagrams:

If T 2: M 7rl X rv 1,
and' derivative be­
come important ::::}
resummation may
be relevant.

o(xnyn+l) ,
forT ~ Mn

O(Xny) ,
forT« M n

Eg., if we only consider constant vertices, for the DC conductivity: each pair of lines with r f= 0

ffi 1 (M )2 and equal momentum give a
For T « MIT, Y ~ -""-, X ~ - __IT_ pinching pole contribution

T Y 4nFIT ~ Y

For T "" MIT, Y ~ 1, X;:S ( MIT ) 2 , pion d'-eC-a-y------==~
4nFIT constant

lines with r = O. These loops
(rungs) give a perturbative
contribution ~ X .

......
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contribution from a
simple bubble ~ Y

• Bubble diagrams:
kl'

-----
-:-~ ..~_.

(q0-40+';~O~ n \J""
kl'

Weinberg's theorem does not give
the correct order for Te at low T:

~
o(p2n»>O(p4n).

= O(BCO) X n - 1 ) .,<""'.'

, . This. countinga.newsus to ~uicldy
obtain the functional form of Te at
10wT.



IEI~t,,'~ak (<Mlt~1tb~1t.»' ~WJi~ ~)~.

5025

• Kubo formula:

(]' = -~ lim lim aPIJ~q~,q), PIJ(qO,q) = 2ImiJd4 x eiq,xe(t)\[J~(x),Ji(O)])
6 q°-+O+ Iql-+o+ q

• Results:

According to Kinetic Theory (KT): (]' rv

e2n ch T
---, but T rv 1/r, and r rv nV(]'1f1f"

M1f

For T « M1f' n rv (M1fT)3/2 e-MTr /T,

v rv JT/ M1f' and (J1f1f is a constant, :::}
(J rv 1/VT. tI

...

unitarity makes conductivity
grow with T

. . . .

-- unitarized O(p4)
• T-unitarized O(p4)

- __ -O(p4)

0.01

0.051 Ii

0.04

0.035

0.045

......
N.,.

0.005

01 ...... ----.---- ,J

o 50 100 150 200 250

T (MeV)
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• Kubo formula:

fJ I' I'K., = -- 1m 1m
6 q°-+o+ Iql-+o+

• Results:

OPK(qO, q)
oqO

rgy~m-;;-~~~tum tensor)

PK(qO,q) = 2Imi Jd4x eiq,xB(t)([Toi(X),TOi(O)]) ,

10
2

F 3

......
tv
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10'

,,(0)

(Gey2)

10-1

1
~ '" T3/2 -- unitarized O(p4)

- - - O(p4)
.. Torres et al., hep-phJ0702130
• Prakash et al., PR 227, 321 (1993)

From KT: K., rv cplv.

For T // M C rv T-l/2e-M7r/T ----'-
"" 7r , P , ----T

K., rv T- 3 / 2 • ttl

10-2

.. ~
j;,

• • • • "" I.. . .

10....J1 ......1
o 20 40 60 80 100 120 140 160 180 200

T (MeV)
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[Gomez Nicola & DFF, Int.J.Mod.Phys.E16:3010]

value
compatible with

lattice results

, riN~k~~~~~&S~k~i:pii:L;
, ~?~,!~~~5(~??~)l ,.."'"

- unitarized 0 (p4)
__ -O(p4)

_.- 1/(4rr)

T (MeV)

entropy density

10

10'

10'

10-2 LI__-'--_----'__-'-__-'--_----'__-'-__-'--_-L__--'--_---l
o 20 40 60 80 100 120 140 160 180 200

10-
1

~- ,- -, -, - ,-, -, -, -, -, -, -, - -, -, -, -, -, _. -, _. -, - ''':=.',,:,: -, -, -, -, -,

For TI and ( ladder diagrams could be
important for T < M 7T •

Good agreement with KT ::::} cancella­
tion of ladders?

• AdS/eFT bound:

'1/(0)

s

1)(0).O(p4)

~~ \ l , j............. I 10 F ,
~~

(0), unitarized O(p4)

******

1

(J7T7T n

* * * *

~ ~ ~.~ ~.~. • \:;' /1), Prakash 3rd order

.. ......... \J

* * *

... -----

/*
(, Prakash 3rd order

10-2 ~ ~

10~

10-6IL-_-L__-L__~__-'--_---'__---'-__-'-__~__'---_-.J

o 20 40 60 60 100 120 140 160 180 200

T (MeV)

From KT: TI, ( rv M 7T vnl, but l rv

So for T « M 7T , TI, ( rv VT. tI

• Results:

(GeV3 ) 10~
......
tv
0\



Quarkonia Measurements in PHENIX
Mike Leitch - PHENIX/LANL- /eitch@bn/.gov

RBRe - 24 April 2008

2001 2002 2003 2004 2005 2006 2007 2008 2009
~M

PHENIX - Approx. #'s 1/'1' vs Year
I I I II I I

-:i

•
• ... • ..,elf)

0... .6-
<"• .6-
C)

..,
• p+pf.tf.t

~ • d+Auf.tf.t
.. Cu+cuf.tf.t

0 ... Au+Auf.tf.t ..,,1 o p+peee o d+AueeXCu+Cuee
Au+Auee

A I I I I II

10
5

10
4

10
2

• How are quarkonia produced?
• What CNM effects are
important?
• How does the sQGP effect
quarkonia?
• What are the CNM effects in ~

.......

AA collisions? ; 103

• Transverse Momentum
Broadening
• Heavier Quarkonia
• Detector Upgrades &
Luminosity for the future

......
tv
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4/24/2008 Mike Leitch - PHENIX/LANL



Nuclear Dependence Nomenclature - Ratio (RdAu ' RAA ) and Alpha (a)

32

NA3
p+Fe?

± 11 % Global Scale Uncertainty

·1 0
Rapidity

-2

--....- Best Frt O"l>reakup = 2.8 ~1'.1 mb

......... 0b~'kup = 0,1,2,3,5 mb (top to bottom)

EKS Model

1.1, , "i , • ,

~

~
II:: 0.5

(a)

1.0~--P·~~~~*f-~
• :ru-~

a f. ff08 :0:

E866 uSea#
p+Be, e,W ~

0.7

RdAU = a = 1 if every N-N collision in a Nucleus
contributes as if it were in a free nucleon

d(jdAu /dy
R =------'----­

dAu 2X 197 .(d(j PP / dy )

dN
dAu

/ dy <ncoll> from Glauber
- / dAu JdN PP / d model calc. - can also be

\ ncoll Y used for centrality bins
q3

Where dNdAU/dy is an invariant yield wlo absolute
normalization factors that would be needed for a
cross section (lower systematical uncertainties)

Alternatively, a power law with a - especially useful
when comparing expts that used different nuclear
targets _ Aa

lJpA - lJpp

a =1+ In(RPA)jln(A)

>-'
N
00

4/24/2008 Mike Leitch - PHENIX/LANL
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What CNM effects are important?
(CNM =Cold Nuclear Matter)

0.7

0.8

J /\11 for different ~s collisions
1.1 [ , '(~) "II _ ' '~~" "I r I (~) I ' I ' I ~/~ , ]

,.0f--------":~-Ta:N:-:-+.. -t.---~----------------------------­
2ooGevf~

0.91l :t .;p:.rrJ:. _!~-'

l r:o:
:0: I

£
:0:-[

~: 19 GeV

9 GeV i T D NA3{19 GeV)
o ESS6 (39 GeV)
• PHENIX (200 GeV)

O6 ' , " ,Y" I ,!, ' , , .. I I! I ! I ' I , I , I \,! I
• -2 -, - - - - -

10 X 10
2

(X2 is x in the nucleus)

Not universal vs Xz as expected for shadowing,
but closer to scaling with xF, why?
• initial-state gluon energy loss?
• gluon saturation?
• Sudakov suppression (energy conservation)?

321-1 0
Rapidity

......... O'breakup = 0.1.2,3.5 mb (top to bottom)

-- Best Fit O'breakuP = 2.8 ~11.: mb

.....-....... ± 11% Global Scale Uncertainty

····.dl~;;.....-.······.... Small x
···,·~<~::::-·:rrr:---------(Sh~aowing--

. ·····.....r.~glon)

~::: .....

0'-3

New Analysis of Run3 data
consistent with EKS shadowing
& absorption - clear need for
new dAu data

::I« -
ol'O.SL?RC72024912(2008)

EKS Model......
tv
'0
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How does the QGP affect Quarkonia?
CNM Effects

---. PHENIX Au+Au Data 1,2<lvl<2.2 (SY8\"1;QI± 7'%>1

-- EKS ShadClNing + G"........ =2. a. ~,':: mb

-- NOSGSha.dolllliNJ+a'_p=2.2~1:mb

CNM effects (EKS
shadowing +

dissociation) give large
fraction of observed
AuAu suppression,
especially at mid­
rapidity

""II:

0.4

0.2

____ PHENX Au+AJ Data h1<0,35 (syst90bf f 12%)

-- EKS Shad:)"';~g+ 0'~~2,B~,'1 mb

-- NDSGShfldl}VrirgTa~,=2'Z~11:mb

~

~
II: 1

0.8

0.6

0.4

0.2

~
~ ~ ,

0.4_3 -2 -1 0 1 2 3
Rapidity

q) 50 1DO HSO 200 250 300 350 400
Number of Participants Au+Au

200 GeV JI'JI- EKS & 2 mb.....
V>
o

q) 50 100 150 200 250 300 350 400
Number of Participants Au+Au

Normal CNM descriptions give similar AuAu~
suppression at mid vs forward rapidity
• but if peaking in "anti-shadowing" region were
flat instead then one would get larger suppression
for forward rapidity as has been observed in
AuAu data
• could come from gluon saturation or from a
shadowing prescription that has no anti-shadowing

In any case more accurate dAu data
is sorely needed

4/24/2008 Mike Leitch - PHENIX/LANL

R
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How does the QGP affect Quarkonia?
Sequential Screening and Gluon Saturation

Survival Probability wrt CNM

6
I

5
I

41 2 3
2

"t"*E (GeV/fm Ie)

00

"" ISPS overall syst (guess) -1'*70
o.~ ~l--lft;:;-i~~--;-------~---------~~OI~:;C~

:E I I 2t!! i_used here

~~06 ~~~~~~;1~ -1- i- -I~n ~;-~
o NA60 In+In !Ii _
• PHENIX Au+Au y=O (I mb) !
• PHENIX Au+Au y=I.7 (I mb)

I I I

Some recent lattice calculations
suggest J /4J not screened after all
• suppression then comes only via feed­
down from screened Xc & "\v'
• the situation could be the same at
lower energies (SPS) as for RHIC mid­
rapidity
• and the stronger suppression at
forward rapidity at RHIC could come
from gluon saturation (previous slide)

......
w......

• Is suppression stronger than can come from
Xc & ljf' alone?
• Can this picture explain saturation of the
forward/mid-rapidity RAA super-ratio?

< Vi iii iii ' i

..; 1.2

~ 1 1"'·····1············································ .
~ 08 !l!!..; . i-( " ~ n"

~ 0.6 "" I I ~
" 0.4 r
~ 0.2 Global sySl 14%

>L;

00 100 200 300 400
N

part

4/24/2008 Mike Leitch - PHENIX/LANL



1.0 1:11--------------------------------------------------------~

PHENIX 200 GeV J/\I'
1.5 1 I I I I

• AuAu IYI<0.35
• AuAu 1.2<IYI<2.2
• dAu 1.2<IYI<2.2

Grandchamp, Rapp, Brown IYI<0.35 syst 12%
PRL 92, 212301 (2004) 1.2<IYI<2.2 syst 7%

nucl-ex/0611020

- Rapp total (y=O)
. _. Rapp direct (y~O)
- - Rapp regen (y~O)

Gran~~~~~~o~':Fcfi7Brown

0.5
'. -I- ----.!!,- --------

>,<.~ -- I IT I 1:
III -'- -.-._._. __ ._._._. __ ._.~_._._.

O'Ob I 1bo 2bo 300 400

R
AA

How does the QGP affect Quarkonia?
Regeneration - compensating for screening

• larger gluon density at RHIC expected to
give stronger suppression than SPS
• but larger charm production at RHIC
gives larger regeneration
• very sensitive to poorly known open­
charm cross sections
• forward rapidity lower than mid due to
smaller open-charm density there
• expect inherited flow from open charm
.'regeneration much stronger at the LHC!

......
W
tv

Npart

~
1

• need to know what happens to Xc & If/' &
measure J/If/ flow?
• flat forward/mid-rapidity RAA super-ratio
consistent with centrality trends of the two
components (screening & regeneration)?

-< VI I l i' iii

~< 1.2

~o.~ ;{ ....m...... ·.. ·· .... ·.... ·· ..

~< 0.6 'I'] 0.4 ...

~ 0.2 Global syst l4%
p:,.

00 100 200 300 400

Npart
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RalfRapp
Cyclotron Institute

+ Physics Department
Texas A&M University
College Station, USA

With: H. van Hees, D. Cabrera (Madrid), X. Zhao,
V. Greco (Catania), M. Mannarelli (Barcelona)

RBRC Workshop on
"Understanding QGP Through Spectral Fucntions and

Euclidean Correlators"
Brookhaven National Laboratory (Upton, NY), 24..04..08
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Outline

1.) Introduction

2.) Heavy Ouarkonia in OGP

• Charmonium Spectral + Correlation Functions
• In-Medium T-Matrix with "lattice-QCD" potential
• In-Medium Mass and Width Effects

3.) Qpen Heavy Flavor in OGP

• Heavy-Light Quark T-Matrix
• HQ Selfenergies + Transport
• HQ and e± Spectra
• Implications for sQGP

~) Conclusions



· 2.2 Potential-Model Awroaches for Spectral Fcts.
[Karsch et al. '87, ... , Mocsy+Petreczky '06, Alberico et al. '06, alar t JtV
Wong et al. '07 ...] -

• bound state + free continuum model
too schematic for broad / dissolving states

• Lippmann-Schwinger Equation
[Mannarelli+RR 'OS,Cabrera+RR '06]

'II'

I cont.

I L: >Lf/ 0)Ethr

...­
w
Ul In-Medium Q-Q T-Matrix: T -- T

TL( E;q,q' )=VL(q,q')+ fk 2dkVL(q,k) G~Q(E,k) TL( E;k,q' )

- 2-quasi-particle propagator: G~Q(s)=401c /[s-(204c +17Q+170 )2J
- bound+scatt. states, nonperturbative threshold effects (large)

• Correlator: GL ( E ) =fG~Q +fG~QfTL G~Q . L=S,P



2.3 Charmonium Spectral Functions in QGP within
T-Matrix A1!Proach (lattice VI Potential)

I 11c

- LiT,
__ 1.5T,

- 2.0T,

- 2.5T,
_ 3.0T,

~I

- 3.3T,

-- T=O

"
"'I
I I
I I

J \
I

,/
-_.-

4

E
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[GeV]
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S2. 8
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4
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0'\

• gradual decrease of binding, large rescattering enhancement

• lle , JhJl survive until - 2.STe ,Xc up to -l.2Te



3.2 Potential Scattering in s()GP
'1,

Q"

[Mannarelli+RR '05]

(}. ~. q

.
... '~-q .

= v -+- v
~..._-

/ "/ Q
Q Q' Q

,9
QQ

q
• T-matrix for Q..q scatt. in QGP

• Casimir scaling for color chan. a

• in-medium heavy-quark selfenergy: £L = ~I;L

1 '

[Shn.ryak+
Zahed '04]

r (fID)
0.5

r (fID)

Determination of potential
• fit lattice Q-Q free energy FQQ =UQQ -TS , VQQ(r )=UQQ(r )-UQQ
• currently 0 .-~ ----,.----.-~- 0 l-~-::::=';;:~~~~~~

significant -0.2 . -0.2
-0.4 -0.4

uncertainty :> -0.6 [Wong '05] :> -0.6
~ ~

Q, -0.8 'j Q, -0.8

:>~ -1 T=1.1 Tc - j' :>~ -1 f f T=1.1
T=1.5 Tc - T=1.5

-1.2 T=2.0T
c

~_.~_. -1.2 '1'=2.0
-1.4 T=3.0Tc - -1.4 . T=3.0
-1.6 ~~!~ Tc _ 1 -1.6 ~~..,__~_.~__~ ,~·I·=+.5",-~_~

o 0.5 1 1.: 0

v)
--.)



3.4 Single-Electron Spectra at RUle

52 3
PT [GeV]

... 1 ~ ~

1

(b) minimum bias

a
o

0.1

0.05

10'»

1.8Elf i I. I I I I, , 1-r-r-.-rT,--r--r-r-r

e heavy-quark hadronization: 1.6 (a) 0-10% central OJ theory

coalescence at Tc [Greco et aI. '04] 1.4 -= ..- frag. only

+ fragmentation 1.2 • PHENIX
~ 1 T _ • STAR

e hadronic correlations at Tc ~ 0.8

~ quark coalescence! 0.6

e charm bottom crossing 0.4

at p e _ 5GeV in d-Au 0.2t Au+Au~s=200~GeV
T I ! I I I I I I I I I i I

(-3.5GeV in Au-Au) 0.15

e .....30% uncertainty due to
lattice QeD potential

e suppression "early", v2 "late"

~

UJ
00



3.5 Maximal "Interaction Strength" in the sQGP

=> 11/S:=:= (2-4)/41t close to T c

2, ~ lT -mat + pQCD ---
reso+ pQCD ----

1.5 ~ pQCD - - - -
KSS bound ---

t i

~ 1 r------------------------
0.5

o ~-. -..... -- ---. --------.. -.. -. -. -....

[Laceyet
at. '06]

y---ti- T

~_1 J,
I

-...,.j, .... -.".

4
-+- He___ 1'12

-.- H20

til O_-RHIC

::I ~ ...J'!!r QGP
_'V- M@sOtl gaso O_-IE

1

o ,..._--

• potential-based description ~ strongest interactions close to Tc

- consistent with minimum in 11/s at --Tc

- strong hadronic correlations at Tc ~ quark coalescence

• semi-quantitative estimate for diffusion constant:

weak coup!. 11/s:=:= 4/15 n <p> Ab.=1/5 T Ds

strong coup!. 11/s :=:= 1/41t DsC21tT) = 1/2 T Ds

~ 2
I':"

.......
w
\0

-1.0 ..(1.5 0.0 0.5
(T-T .)!T.

1.0
-0.5 ! .~.. ' ~,--,-.~ _~.__J

0.2 0.25 0.3 0.35 0.4
T(GeV)
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4.) Summary and Conclusions

• T-matrix approach with IQCD internal energy (UQQ):

S-wave charmonia survive up to -2.5Tc'

similar to IQCD correlators + spectral functions

• T-matrix approach for (elastic) heavy-light scattering:
large c-quark width + small diffusion

• "Hadronic" correlations dominant (meson + diquark)
- maximum strength close to Tc~ minimum in l1/s !?
- naturally merge into quark coalescence at Tc

• Open problems + challenges:
- potential approach/definition, heavy-quark masses
- radiative processes, light-quark sector
- observables (open charmlbottom, quarkonia, dileptons,...)
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The In-Medium Behaviour of Finite Width Charmonia

Helrnut Satz

Fakultat fUr Physik, Universitat Bielefeld
Postfach lOOl:n. D-3350l Bielefeld. Germanv. ; !.-

Email: satz(Qlphysik.uni-bielefeld.de

Abstract:

\eVe model the QQ spectral function in terms of a finite width resonant state plus a continuum
and compare its correlator behaviour relative to that at T = O.
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Question: How to calculate quarkonium dissociation points?

Tvvo possibilities:

• Schrodinger equation vvith temperature-dependent heavy quark
potential V (r, T)

• quarkoniurn spectrurn frorn finite T lattice QeD

Both have intrinsic problems

• survival in potential theory for radii r > liT, binding energies
D..E < T: what does that rnean?

• spectral functions via l\1EJ\;I f1'o111 correlator calculations, correla­
tor ratios vs. reconstructed "vacuum" fonl1: how 111uch freedo1117

report here on an atte111pt to address this problem
(in preparation)



idealized spectrurn· at T == 0 (no zero point Inode)

O"(w, T == 0) == f l5(w - M) + c lJ(w - 80)w 21i - (w / 80)2

.....
-I'­
w

f rv strength of resonance

c rv strength of continuum

8o(T) continuum threshold

(5/0 2

y

M So

T=O

o

assurne that at T > 0 resonance broadens (relativistic B-\V), but
retains same strength

M { 2w1' }
O"r(w, T) == N(I') f -;- W2'l'2 + (w 2 _ M2)2

N (1') assures norrnalization for ·width l' == l'(T)
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RBW + Continuum

5 0=4.5 GeV, 000=0, T=O.5 GeV

• y=O.1GeV
y= 0.3 GoV

.. y=O.5GeV
'1' y=O.7GeV
o y =0.9 GeV

1Q-lti&~~iiW

t ' I , I, ,I, ,I, , "1
0.950 0.1 0.2 0.3 0.4 n,

1.05

?; 1.4EC--'--':::,--,---,---,---,-,,,-,,-,,---,-,,--
~ 1.3S

t
I ' , " "" I ' " I'" ~

i=' 1.2

fi

reduces rnoclifications
due to finitc~ width

include T-independent
continuum

-""""""

1$- a ~ l'

rernove resonance at
finite T:

decreasing ratio

0.8

0.6

0.4

Continuum only at T=O.5 GeV

• 5 0=2.9 GaV
5 0=3.3 GaV

.. 5 0= 3.7 GaV
~ 5 0=4.1 GeV
'.I 5 0=4.5 GaV

0.2
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Basic Problem

• G(T, T)/GO(T, T) == 1 '\I T has unique solution:

a(w, T) == a(w, T == 0)

.....

.j:>.
VI

• given G(T, T) / Go{T, T) == 1 for N points Ti, i == 1, ... , N

or more precisely,

• given G(T, T) / G o{T, T) == 1 ± E for N points Ti,

i == 1, ... , N

how to define ((the best solution"?

back to ]\lIEN! ....



-.l:>-
e-,

Conclusions

• resonance vvidth and continuurn threshold have clearly visible ef­
fects on correlator ratios

• resonance broadening leads to increase at large T,

due to lovv w tail of RB\V;

shifting continuun1 threshold down enhances this

• resonance Inelting leads to decrease at large T,

due to less contribution at 10\;\/ w;

shifting continuum threshold down partially cOlnpensates this

• eventually conlpare to more precise correlator studies to nlodel
vector (J/ 1/J) and scalar (Xc) channels



CharII1oniuII1 in strongly coupled Quark-Gluon PlasIlla

C:Unt Young and Edward Shuryak
l.Jepart,Ttu:-:nt of l~hy.'J-l_C-.~ and A.'Jtro-TlotnYI

..<;i:at_£-; {Iniv~:!.'r."J-i.t.!i of }\rF,'U.' York.
Stony Bn:J>OI:, J'I.'}' 117'94 "':?800

(Dated: )'larch 19,2008)

-rhe grov.,·iing oonsensus t.bat a. Htrongly-coup~..~!d quark···g]uon p]a-ti:rna (s(l(;P) has been observed at
the SPS and I-lI1I(: experiments f<.uggest$ a. different fra.;rncv..'-ork for exa..Ininiing he-...a.vy quark dynamics.
'\,Vf'.;.~ pre~nt bot.b seuli.,.a.nalytiica] treat.l.nent of Fokker--Planck (FP) evohltion in pedagogical exarnp]cei
and nUI11erica] Langevin =:-irnulat:ions of <! .....·olving c:c-pairti 011 top of a hydrodynaInicaUy expanding
fireball. In this ....va.y~ ?re rrLa~' conclude that. the survival probabi]it~·- of hound CharIIJ.OIJia 5tates in
greater than previol.l::ily e~tJrnat~~d, a..."io the npat,)i'.Ll eql.i1Hibra.tion of pair1"i proceeds throu.gh a "s10"dy
dissoh·+jng lUlDp'~ ::.."ta.ge related t.o the pair interaction.

The main parameter, fixed from R_AA and v2 for a
single c => charm diffusion constant Dc

This can be compared with the perturbative (collisional)
result at small Q s

::;everal theoretIcal groups have analyzed these data, III

particular l\'1oore and Teaney [23) provided information
about the diffusion constant of a charm quark Dc by
Langevin simulations. A conclusion follO\ving from this
work is that both R';lA and v~ observed at RHIC can be
described by one value for the charm diffusion constant
in the range

"'"'-*..... IQ
__MILIII

JMMl ......
1 '1IPll1l .,..., (II)---10-''''-=It: t

...;:-
(10)

(11)~ 2
1.0/0:.•.

Dc (2nT) = (1.5 - 3).

D~QCD (2nT)

•
.......
.j:o.
-.]

II, lOtV1tI



FP and Langevin eqns
with mutual interaction
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FIG. 3: (Color online.) NUDlerical solution of the
one-diIIlensional Fokker-Planck equation for an interacting
Cc pair. The relaxa.tion of the initial narrow Gaussian distri­
bution is shown by curves (black, red,brown,green,blue, or top
to bottom at r=0) corresponding to times t = 0,1,5, 10 fin,
respectively.

FIG. 4: (Color online.) Distribution over quark pair separa­
tion at fixed T = 1.5Tc after 9 fIn/c, with (red squares) and
without (green triangles) the Cc potential.



First p-equilibration and then
quasiequilibrium

Shape changes

oi! ! I
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FIG. 7: (Color online.) Proba.bility of Cc pairs to be bound
a.t RHIC Au+Au, .ji = 200 GeV, mid-rapidity.

FIG. 6: (Color online.) Evolving energy distribution for ar.
ensemble of Cc pairs at time moments t = 2,3,10 fm/c (cir.
cles,squares and triangles, respectively).
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100 150 200 250 300 350 400

Number of Participants

sorption". The way we have chosen to display PHENIX
data [38] is as follows: before we compare those with our
resul~ we "factor out" the cold nuclear matter effects,
by defining (for any given rapidity y) the following ratio
of AutAu and dtAu data

~'~~ I I I'>,."'""-....-

--~----.--~-- _L.,._
--~------"~,-~-,I

Langevin for c-barc pair on top of
expanding fireball =>

J/psi survival probablitv
• Pythia initiation
• Hydro => T(x)
• Langevin
• Projection to J/psi after

QGP, as T=Tc

0.8

.....
VI
0 0.6

~
II:

0.4

0.2

FIG. 8: (color online) Points show the magnitude of the
anomalous suppression at mid-rapidity R(X'AmalouB(y = 0)
versus the centrality (the number of participants), using
Au+Au PHENIX data. The curve is the probability to be
bound (determined by the energy projection) at the end of
the QGP era, when T = Tc •

RPHENIX( )
RAAmalou8(y) ;; AA Y (26)

14A(y)14A(-y)

to be called the "anomalous suppression". In principle



Feeddown from higher states
6 ." i I
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we form the double ratios, at two relative energies corre­
sponding to 'l/J' and J/'l/J masses (minus 2mcharm)

/(.8 GeV) /(.3 GeV)
R1/J'jJ?/J = ~ f C\ "'_'11\/ ~ f .. rL'IT\ (27)

partIcles produced trOIn teeddcrwn trOITl hIgher charITlo­
IDUIll states:

N f ina1 Nd-irect [1 R ~(9i ) (L!!t..lI4i )B }29)
JI¢ = .II"" + t/-.' /1/J~ "3 exp ----;z:;- i

5

4

J 3
rl

2

1 ~

We don't do
Np<100!

t t t t t t
w-here i is surnITled over the Xl, X2, and'ljJ' particles w-hich

• R=>1 means thermal
population, as is
indeed observed by
NASO

• Sorge,Shuryak,Zahed,
Andronic,PBM,Stachel

0" I , I •

o 50 100 150 200 250 300 350 400
NPlrtlcIPlnts

FIG. 9: (Color online.) The double ratio RIP'/II> defined in
(27) versus centrality (number of participants). One point
(green box) at Npart =2corresponds to experimental data

I

for 't/J and the direct JN,for pp collisions.



J/psi survival, with and without
feeddown

350 400

'- I
I --'- -. '---,I 1---------

oLI I I N!!!!rticlpants I • J
100 150 200 250 300

0.2

~ 0.8 rl
~ 0.6
~
g
'2I: 0.4

• Remaining issues:
• Is there a need/place

for recombination?
How large is it?

• What are pt, y
distributions and v2 0'

J/psi from this
simulation?

......
U1
tv

FIG. 10: (Color online.) The points are PHENIX data for
RA'tmalou8(y = 0), the same as used in Fig.III D. Two curves
are our model, with (solid, upper) and without (dashed,
lower) feeddown.



Heavy Quark Diffusion at
Next-To-Leading Order

Simon Caron-Hliot

McGill University

April 26, 2008

Talk delivered at BNL, based on the papers
arXiv:0708.4232 and arXiv:0801.2173.

Abstract

We present a calculation of the momentum diffusion coefficient of a
nonrelativistic heavy quark moving through the quark-gluon plasma, at
next-to-leading order in the weak coupling expansion. This transport
coefficient characterizes the rate at which a heavy quark's momentum
thermalizes with respect to the ambient medium.. The next-to-leading
order correction is O(g) relative to the leading result, and is calculable
within the BTL effective theory. We find it to be large, being already
significant at Ct s ~ 0.03, thus signaling convergence difficulties for the
perturbative series at larger values of the couplings.
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1.1. Introduction (II)

• Transport coefficients tend to be sensitive
to gT-scale physics; this happens for:
photon production rate, shear viscosity, jet
quenching, heavy quark E loss...

• All of them could receive large O(g)
correctionsl
- The tools needed to calculate them already exist (HTL

effective theory)

154



3.2. The HTL diagrams

• Must include all two-loop HTl diagrams.
All propagators are soft (p- g1) and resummed.
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If!-O

If!lLO

4.1. The result

(LO constant)

I c ~ 1.4946 1 (NLOcoelficienl)
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4.1. The result (II)

2.6

0.3 0.40.2

1.61

Next-to-I.ead.ing order -­
Leading order) -- - - -­

Truncated leading order ---------

..... - .... ­------ -- .... _---------------- .... _- .... _--... -~ ..

0.05 0.10.01
0.6

0.5

0.4

~
~ 0.3-... \
~ .

0.2 "
"

... -::- ....
'" ....~~ ....

~

0.1 ~- ---"

0
0.5

96

157



4.2. Discussion

• The NLO correction is very large. Even for
3-flavors QeD at T=100GeV, (O:s ~ 0.1)
I wouldn't trust the perlurbative series for IC.

• Wlat happened? Halfof1lle conedion C is from usmg 1IIe NLO
Coulomb gauge potenIiIJI. The remamder

• Outlook: appealS male complicated.

- Expansions in (gs2NcTlmD) seem not to
accurately describe the QeD gluons, even when
O:s is small. Other approaches would be
desirable.
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Transport of Heavy Quarks in AdS/eFT

Derek Teaney'
Department ofPhysics and Astronomy, Stony Brook University, Stony Brook NY 11794-3800, USA

(Dated: May 25, 2008)

The goal ofthe program was to review the current understanding ofspectral functions in different channels. This talk computed
the spectral density of the current-current channel for heavy quarks in N = 4 Super Yang Mills (SYM) at strong coupling using
the AdS/CFT correspondence. The work is based on the work done in collaboration with Jorge Casalderrey-Solana and was
motivated by earlier work done in collaboration with Peter Petreczky [1-4]. It is impossible to summarize the literature, but
the author would like to acknowledge an intellectual debt to two papers which also considered the drag and diffusion of heavy
quarks [5, 6].

The first slide states the problem. To analyze the motion of a heavy quark which is placed in a strongly coupled SYM plasma
we insert a string into the AdSs x S5 geometry. Generally, the statement of the correspondence is that it is sufficient to consider
only the classical equations of motion. However it is clear that classical equations of motion will never reproduce the stochastic
Brownian motion of a heavy particle in plasma. Indeed the equations of motion of a heavy quark in plasma can be written

dx P
dt MQ

dp
di = -1)P+( (E(t)E(t')) = r<J(t - t ' ) (I)

where 1) is the drag coefficient and ( is the noise. The drag and the noise are related by the Einstein relation 1)
Reshuffling this result we see that it can be written as

(2)

To see the stochastic equations of motion it is necessary study the quantum mechanical problem of a string in AdSs. This is
suggested in slide 2. Furthermore we need to examine the motion in the full Kruskal plane since the dynamics in Kruskal plane
determines the Schwinger-Keyldish contour. After considering small fluctuations of the string in AdS5 we can determine an
effective action for the dynamics of the endpoints of the string. Then the action of the endpoints of the string can be used to
determine the dynamics of the endpoint.

The final result presented on slide three is that the endpoint ofthe string obeys a finite frequency generalization ofthe Langevin
equations

In the low frequency limit we have

(((w)((-w)) = -(1 + 2ns(w))ImGR(w) (3)

with (4)

and the quark moves with a certain momentum diffusion coefficient r< and effective mass M kin (T) = Mg - .,J).T/2 as found
previously by different methods [5]. The final slide shows the full spectral density including the finite frequency generalization.

Acknowledgments. D. Teaney was supported in part by the Department ofEnergy under the Outstanding Junior Investigator
(OJI) program and in part as a Sloan Fellow.

[I] 1. Casalderrey-Solana and D. Teaney, in progress
[2] J. Casalderrey-Solana and D. Teaney, mEP 0704, 039 (2007) [arXiv:hep-th/0701123].
[3] 1. Casalderrey-Solana and D. Teaney, Phys. Rev. D 74, 085012 (2006) [arXiv:hep-ph/0605199].
[4] P. Petreczky and D. Teaney, Phys. Rev. D 73, 014508 (2006) [arXiv:hep-ph/05073 18].
[5] C. P. Herzog, A. Karch, P. Kovtun, C. Kozcaz and L. G. Yaffe, JHEP 0607, 013 (2006) [arXiv:hep-th/0605158].
[6] S. S. Gubser, Phys. Rev. D 74,126005 (2006) [arXiv:hep-th/0605 I 82].

* Electronic address: derek. teaney(Qstonybrook. edu
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The problem:

N-1 03 Branes Event Horizon Test Brane

.....
0'1
o

String

r=O rO
Temperature

r=lnfinity
Mass

The quark doesn't move. There is no noise in "standard" AdS/eFT



Integrating out the Bulk

• The real time partition function of string for small fluctuations

z = JII dX1(tl) II dX2(t2) II dXl(t, Z) dX2(t, z)e iSNG

tl t,z

tk

r=O I ---
-----~--------- ,,%~~

~

Ir= 00

r~ L 0~ R

I Xk

......

t",

0\

r0-..q,

......

'r
0p

---
r= 0

• The integrals over the internal coordinates can be done and yield

Z = JDX1DX2 eiSefdXcl(Xdtl),X2(t2))]
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Result

• Find the endpoint of the string obeys the expected Langevin equation

o d
2
X Jt ( I IMQ dt2 + GR t - t )X(t ) = e

• To quadratic order the retarded green function is

2 K,
GR(W) = (!1M)w -iw-

'-v-" 2T
v0.T/2

• Then find the following effective equation of motion

d
2
X +~ dX = ~

Mkin(T) dt2 2T dt

with the correct kinetic mass (see HKKKY)

Mkin(T) = Mg _ ~T (1 )



The full answer:

w2ImGR(w)
PJJ(w) = XS (-MQw 2 + ReGR(w))2 + (ImGR(w))-

00 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
roI(1t T)

-AdS/CFT

...... Lorentzian

' .

0.06

0.05

0.04
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0.01

-AdS/CFT

...... Lorentzian

-1·· .. ·:1··1•• + .

1.5 2 2.5 3
roI(1t T)

0.1

00 0.5

o
~~ 0.9
"8
]: 0.8

o...":l 0.7

-0\
w

Can compute high frequency corrections to Brownian motion.
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Towards new relativistic hydrodynamcis from AdS/eFT

Michael Lublinsky

Stony Brook

We propose to generalize viscous relativistic hydrodynamics by including all order

derivative terms in the gradient expansion of the stress energy tensor. The gradient

expansion is constructed to match hydro spectral functions with spectral functions

computed at strong coupling via AdS/eFT correspondence.



0\
0\

IOutline of the talk I

• Quick tour to Relativistic hydro

• Brief visit into 5th dimension: Black Hole AdS/CFT

• All order hydro: momenta dependent viscosity

Motivation: Experiments (RHIC) probe systems with finite gradients.

Main Goal:

Introduce higher order dissipative terms in the gradient expansion of Tfl-V

Extract momenta dependent viscosities by matching two-point correlation functions

of stress energy tensor with correlation functions computed from BH AdS/CFT.

(when applying to QCD we hope for some universality for transport coefficients)

We propose to use this hydro as a "nonlinear model" for real simulations at RHIC



rr flV - L:i.flm L:i.vn D mn,d\7] Uk

Tracelessness condition: L:i.mn Dmn,k [\7] uk = 0

k
Dmn,k U [

2 1 2] kgmn 3" TJl - 3" TJ2 \7 (\7u) - TJl [gmk \7n + gnk \7m] U + TJ2 \7m\7n (\7U)

......
0-,
--.l

TJl,2 TJl,d(u\7) , \72] ---+ TJl,diW, W
2 - l]

TJl [w ---+ 0, q ---+ 0] ---+ TJ

iRe TJl,2 + CSrn TJl,2

We keep the nonlinear dispersion to all orders, but

We neglect nonlinear interactions (though some terms could be recovered).
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Shear (Diffusive) channel:

GT ( ) _ . 'r/lq2/2
R W, q - .

- ~ W + 'r/l q

Sound channel:

2 2 - 2 22iwc q 'r/ - c q
G~ (W, q) - w 2 _ c 2 q2 + 2 i W c2 q2 ij

'r/ = 'r/l + 'r/2 (w2
- 2 q2) /4

X
R

L
X

T
~mGR

L
~m G R

In order to extract 'r/l,2 we have to invert this relations.
For that we need both imaginary and real parts of the correlators.

Poles of the correlators should reproduce the entire tower of quasi-normal modes
+ their dispersion relations.
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IConcluding Remarks I

@ Higher order terms in the gradient expansion seem to be important at early
times. Taking them into account is likely to reduce the dependence on the initial
time of the evolution.

@ IS second order hydro does not agree with the all-order hydro from the AdS/eFT.
This hints that this second order hydro is potentially less trustable tool than it
could be previously thought.



Debye and :Lvlagnetic lvlasses in Full QCD
Simulations and Comparison to

AdS/CFT

Yu Maezawa

En'yo Radiation Laboratory, Nishina Accelerator Research Center,
RIKEN, Wako, Saitama 351-0198, Japan

Vile study magnetic and electric screening masses of quark-gluon plasma

in lattice QCD with two flavors of improved \Vilson quarks at ternperatures

T,,-, Tpc -4Tpc , where Tpc is the pseudocritical temperature. Imposing synnne­

tries of the Euclidean-time reflection and charge conjugation on the Polyakov­

loop correlator, we can decompose the Polyakov-Ioop correlation to various com­

binations of the Polyakov-Ioop operators with a gauge fixing, and extract the

screening masses. The magnitude of the magnetic screening mass (mM) turns

out to be smaller than that of the electric screening mass (mE), in accordance

with an expectation of the thermal perturbation theory. Vve also find that the

screening ratio mE/mM shows a good agreement with a prediction from the

AdS/CFT correspondence. At T;(, 1.2Tpc , our mE agrees well with a previous

estimation of the screening mass from a heavy-quark free energy, implying dom­

inance of electric contributions at our simulation parameters. The perturbation

theory suggests that the higher-order magnetic: contributions in heavy-quark

free energies are suppressed at large distances when mE < 2mM. We confirm

that our results for mM and mE satisfy this inequality.
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Screening properties in quark-gluon plasma

• Electric (Debye)iscteening mass (mE)

(x)A4 (y»)
...............v Heavy-quark bound state (]/'P, T)

IWnat;§ (..

~ Spatial confinement in QGP, nnn-n~l"t'nl"h::llt'ive:ll

Attempts so far

flm"nn1i lattice simulations in quenched approximation
(Nakamura et al. PRD 69 (2004) 014506)

Supergravity modes in AdS/eFT correspoindence
(Bak et al. JHEP 0708 (2007) 049)

Our approach
Polyakov-Ioo rrelations in full lattice simulations (Nf =

Maezawa @ BNL 4/25/2008



ItioiD ocE
Extract electric and magnetic sector from Polyakov"loop correlator

.......
-.)
w

ean-time reflection ( E)
-+

~ A(-r,x)

)~ -A4 (-r,x)
Charae>conjugation (

*Ap(t,x)~ -Ap(r,x)
"r

Arrtold and Yaffe,
PRD 52 (1995) 7208

mE A4:

z

Intermediate states in reetion

Magnetic and electric gluons
btw. Polyakov-Io~ps y TE

C

!A)IA4 )

+
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nequality: JU < mE

T ITpc

> 2TpCf both ld and mE decreases as T increases.

~ For Tpc < T < 2Tpc' and mE behaves differently.

~ mE well approximated by the NlO formula Rebhan, PRD 48 3967

m;LO (T)/"I .. ,!% g(T, K) II + g(T, K) 2~ Jf(ln ~:~ - ~)+O(g2)J
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Screening masses<in N=4 supersymmetric Yang-Mills matter

Spectra of supergravity modes

@ Uab~A~~ TE-odd mode (electric sector)

mD IJt]'

@ lightest mode (magnetic sector)

Bak etal.
P 0108 (2007)049

, ~--~---'-'-'---'--'-~---"--'----""--'Ii,I Lattice, mrc Imp == 0.65 -e---- '
4 f / -, mE m M Lattice, mrc Imp == 0.80~

, I AdS/CFT-

HI
21 t~

and QeD different

ening ratio

lh'JJ(TE ~-) = 1.46 k,,~
mgap(TE - +)

-m gap -

f btw.
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T ITpc
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Maezawa @ BNL 4/25/2008



!'~.II,"'JI; V'M1.LJl;O;~.II,.B, with quenched

From <AA> in Q)....~...ched QeD
Nakamura et ai, PRD69 (20041014506

5 ,-,---,---,' mE(T)IT --;; j

4 mM(nIT-...-

,ilTTf$ H $. rn I
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From Polyakov"'loops in Nf =2
this work
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for T> pel qualitative behavior (111M < mE) is the same.

for T <1.2Tpel Quench Nt=.2 QeD

• mE decreases ~""; ... ,,,:f........ 411 mE increases T ~ T....• ..... as pc
411 increases . 411 M decreases

of the phase transition responsible?
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STATIC QUARK CORRELATORS
IN SU(2) GAUGE THEOR
AT FINITE TEMPERATURE

Alexei Bazavov

Department of Physics
University of Arizona

April 25, 2008

in a collaboration with: Peter Petreczky, Alexander Velytsky

A. Bazavov



Static quark correlators
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G1(r, T)

G3(r, T)

1
- 2 (TrLt(x)U(x,y; O)L(y)Ut(x,y, liT)),

- ~ (TrLt(x)TrL(y))

1
- 6 (TrLt(x)U(x,y; O)L(y)Ut(x,y, liT)),

where U(x, y; t) are spatial transporters.

1
exp( - F1(r, T)I T + C) = 2 (TrLt (x)L(y)),

1 1
exp(-F3(r, T)IT + C) = 3 (TrLt(x)TrL(y)) --- 6 (TrLt(x)L(y)),

r = Ix-yl.

A. Bazavov (UofA) Static Quark Correlators in SU(2)



Static quark-antiquark free energies

Using the transfer matrix one can show that

G1(r, T) = I:~ 1 c~(r)e-En(r,T)/T,

G(r, T) = (TrL(r)TrL(O)) = I:~ 1 e-En(r,T)/T,

(1)

(2)

.......
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where En are the energy levels of static quark and anti-quark
pair. The coefficients c~(r) depend on the choice of the
tra nsporters U.
If ci = 1 the dominant contribution to G3 would be the 1st
excited state E2 , thus justifying the name singlet and triplet free
energy.
In perturbation theory ci = 1 up to O(g6) corrections 1 and
therefore at short distances, r « 1/ T the color singlet and color
averaged free energy are related Fa(r, T) = F1(r, T) + Tln4.

IN. Brambilla, A. Pineda, J. Soto, A. Vairo, NPB 566, 275 (2000)
A. Bazavov Static Quark Correlators in SU(2)
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Problems with extracting triplet

If C{ -# 1 then 2

e-Fa(r)/T = G(r, t) = ct e-E1(r)/T,

e-F1(r)/T = G1(r, T) = c{(r) e-E1(r)/T,

e- F3 (r) / T = ci(r) e- El (r) / T

and
Fa(r, T) = £l(r, T)- T In ct,

~ 1
F1(r, T) = £l(r, T)- T In c1 (r),
~ 3
F3(r, T) = £l(r, T)- T In c1 (r),

cf rv 1, ci(r) rv 1 - c{(r).

F3 (r, T) has a contribution from the singlet!

20. Jahn, O. Philipsen, PRO 70, 074504 (2004)
A. Bazavov (UofA) Static Quark Correlators
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Conclusion

~ The singlet, triplet and color averaged static meson
correlators calculated using different levels of APE smearing

~ APE smearing procedure allows to remove distance
dependence from the matrix elements ct in the singlet
chanel thus providing the correct interpretation of the

triplet correlator

~ Compared to fixing Coulomb gauge APE smearing
procedure offers improvement in assessing triplet free

energy contribution of static quark anti-quark pair

~ For higher tem peratu res dependence on levels of AP E
smearing vanishes

~ The screening function shows correct exponential fall-off

behaviour

A. Bazavov Static Quark Correlators inSU(2)



A Hidden Local Field Theory Description of

Dileptons in Relativistic Heavy Ion Collisions

Gerald E. Brown

Stony Brook University

Summary

Using the notion of "hadronic freedom" inferred from the vector manifestation of

hidden local symmetry, we argue that contrary to the commonly held belief, the dileptons

measured in relativistic heavy ion collisions carry no appreciable information relevant to

the spontaneous breaking of chiral symmetry and hence to the mechanism for mass

generation of light-quark hadrons. The dileptons emitted from the vector mesons whose

mass is shifted by the vacuum change in temperature and/or density are strongly

suppressed in the hadronic free region between the chiral restoration point and the "flash

point" at which the vector mesons recover - 90% of their free-space on-shell mass and

their full strong coupling strength. The spectral function deduced from the dilepton

yields reflects predominantly those vector mesons decaying at the "flash temperature"

Tflash = 120 MeV. Relatively few of the dileptons that are off-shell (in vacuum) come out

through the rho meson, so only the rho on-shell spectral function can be reconstructed.
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Brown-Rho scaling in no:r.mal nuclei
J. Holt et aI., PRL 100 (2008) 062501
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Hadronic Freedom (betvlleen Tc and Tflash)

G. Brown et aI, PRe 74 (2006) 024906

'" ( / )'" J5 ( '" J3 ( ')
2

r p ,qq mp g* I
f

p
= (qq) ~mp g )

Jr

......
00
V1

T rn;/rnp r*jr
175 rvleV 0 0

164 rvleV 0.18 0

153 JVleV 0.36 0.01

142 1vleV 0.54 0.05

131 1vleV 0.72 0.22

120 1vleV 0.90 0.67

T;1ash =T freezeout

32 SU(4) Multiplet (massless at TJ
p(lS) I 00(4) I 01( 27) I 1C(3) I 0"(2) I

s=fu~8s(12)

66 pions result at flash point
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Quarkonia measurements at STAR

Zebo Tang

University of Science and Technology of China
Brookhaven National Laboratory

Summary:

We reported the STAR Preliminary results of J/\jf spectra from 200 GeV p+p collisions at
PT up to 14 GeV/c at mid-rapidity through the dielectron channel. The spectra can be
described by color evaporation model and color singlet model with kt-factorization
approach. The high PT J/\jf production was found to follow the XT scaling with a beam
energy dependent factor ~0SNN(56±02). The J/\jf-hadron correlations were also discussed.
We observed an absence of charged hadrons accompanying high PT J/\jf on the near side
in contrary to the strong correlation peak in the di-hadron correlations. The implications
of J/\jf production mechanism and contribution from decay feed-down were discussed.
The J/\jf nuclear modification factor RAA in Cu+Cu collisions at 0sNN = 200 GeV was also
reported. The increase ofRAA from low PT to high PT challenges several model
interpretations. The average ofRAA at PT > 5 GeV/c is 0.9± 0.2, consistent with no J/\jf
suppression at high PT. It implies that high PT J/\jf may be produced from virtual photon
or outside of the hot interaction region. We also reported the Upsilon results in p+p and
Au+Au collisions at 0s = 200 GeV. The Upsilon cross section times branch ratio is 91 ±
28 (stat.) ± 22 (syst.) pb, which is consistent with pQCD calculation.
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_L_o_w_P_T_1_1_'II_i_n_p_+_p_a_t_2_0_0_G_e_V_*R

J/o/ trigger a < PI < 55 GeV/c

'" P+P 200 GeV -e'e

.. 2~e·e·x e"e"

.
Gel/Ie'

ISignlflcance: 5.90 I

160

"50 STAR PrelimirlOry

..
.

~Vlc'

STAR has J/\jI capabilities at low PI

Mass and width consistent with Me simulation, low mass tail from electron bremsstrahlung

Integrated p+p luminosity at 200 GeY: 0.4 (pb)"!

Zebo Tang, USTC/BNL RBRe Workshop, BNL, April 23-25, 2008

High PT 11'11 in p+p at 200 GeV *R

_unlik,,"sign

p~;i006

_unlike-sign
.... like-sign

p+p 2005

J1'V PT
STAR Preliminll¥;J'

I Reach higher PI (N14Ge~;~)·'

lebo Tang, USTC/BNL RBRe Workshop, BNL, April 23-25, 2008
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_J_/_",_s_p_ec_t_ra_in_p_+_p_a_t_2_0_0_G_e_V_*R

• Agreement of charm
measurements between
STAR and PHENIX

• Significantly extend PI
range of previous
measurements in p+p at
RHIC to 14 GeV/c

.. P"'P J/w trigger 2006

.. p+p HT trigger 2005

.. p+p HT trigger 2006

PHENIX p+p
• MRST, rn.=1.2

• MRST. m<=1.4

-- CTEQSM,m<=1.2
_._.- GRV98HO, rn<=1.3

1:
~
<:l:a 10-1

.s
~10-2 ~
"Of- ~,...
.g- 10-

3 ~...-••-.
r:t' "T"'., ......
~1~ ,~,

~ 10' "';:::::::::'1::.~. ~;:pn~;:~~~~:~:~u~a~:~~s
...... STAR Pr. iminar -..

o:J 10-6
0
:'------::-----'-----:---'''----L----::---7---;';,--:'::-------;'-! (R_ Vogt, Private

2 4 6 8 10 12 14 communication)
Transverse momentum P

T
(GeV/c)

Zebo Tang, USTC/BNL RBRC Workshop, BNL, April 23-25, 2008

Are we done?

.. p+p J/", trigger 2006
if.. p+p HT trigger 2005
.. p+p HT trigger 2006

PHENIXp+p
_ CSM k,-factorization

S.P. Baranovand
A. Szczurek
arXiv:0710.1792

....

CSM can also describe the data
with some improvement like
the k,,-factorization approach

ci: 10

~
~10-1

.s
>: 10-2

d-10·3

~10-4
~10-5

CCl 10-60~--!c2 ---'---------!4----"'...L6-!c----!s----c1"'O--;';12,------f!14

Transverse momentum PI (GeV/c)

7 Color singlet
LHC t4 TeV

Teyatrcn 1.96 TeV
----- LO
--NLO

Zebo Tang, USTC/BNL RBRC Workshop, BNL, April 23-25, 2008
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J/",-hadron correlation in p+p
STAR Preliminlll)'

-1

0.4

.!O.8

~5 0.6 pJI'!' > 5 GeV/e
() p;ssocTa'e > 0.5 GeVlc

• No significant near side JIIjf-hadron
azimuthal angle correlation

• Constrain B meson's contribution to JIIjf
yield

• Hints of CSM?
o 2

PRL 95,152301(2005) M

0.15 <: P, <: 4 <: p~lg c:: 6 GeVlc • PP
rela~ionl'1I<1.0 1 I- Au+Au5%

"~ ~, '
T +

2
h-h c

1.5

;;,~ 1

1l
0.5 l_~t '"f

RBRe Workshop, BNL, ApiZebo Tang, USTC/BNl

Yields in near/away side
..llO' a) NoarSldo b) Away Side

d-
O~WO 0 'j

¥J1V bigger, p~>5GeVlc

:!2 10 0: . flO" :;~~rog~~t:<P;-<6OWl

Z

~"t
u

1
00,5 11.522.53

10"' '
0 0 ~

0
0

0

0
0

10"'

I10~ STAR Prdimi""rj

o 0.5 1 1.5 2 2.5 30 0.5 1 1.5 2 2.5 3
p:;",oo;ate (GeV/c) p;"odate (GeV/c)

Associated hadron spectra with leading J/Ij1:
• Away side: Consistent with leading charged

hadron correlation measurement (h-h)
o+away-side from gluon or light quark fragmentation

• Near side: Consistent with no associated hadron production
B-7J/\)1 not a dominant contributor to inclusive J/\)1
constrain J/W production mechanism

Zebo Tang, USTCIBNl RBRC Workshop, BNL, April 23~25, 2008
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XT scaling:
"11 and proton: n=6.5±0.8 PLB637,161(2006)

" J/IV: n=5.6 ± 0.2
" J/IV production: closer to 2~2 scattering

n is related to the
number of point-like
constituents taking an
active role in the
interaction

n=8: diquark scattering
n=4: QED-like

scattering

Zebo Tang, USTC/BNL RBRC Workshop, BNL, April 2.3-25, 2008
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Nuclear modification factor RAA *R
.. STAR Cu+Cu 0-60%/ STAR p+p
OPHENIX Cu+Cu 0-60%/ PHENIX p+p
• PHENIX Cu+Cu 0-60%/ STAR p+p
DPHENIX Cu+Cu 0-20%/PHENIX p+p
• PHENIX Cu+Cu 0-20%/ STAR p+p
- Two Component Approach, Cu+Cu 0-60%
-Two Component Approach, Cu+Cu 0-20%

1jS;,;=200GeV

STAR Preliminary

• Double the PT range to IOGeVic

• Consistent with no suppression at

high PT:

RAA(p,>5 GeV!c) = O.9±O.2

• Indicates RAA increase from low PT
to highPT

• Don't support AdS!CFT prediction

• Formed out of medium?
Affect by heavy quarkfgluon energy loss

o 1 2 3 4 5 6 7 8 9 10 • Produced from virtual photon?
Transverse momentum Pr (GeV/c)

2-component Approach predicted slightly increase RAA after more consideration x. Zhao, WWND2008

Zebo Tang, USTCtBNl RBRe Workshop, BNL, Aprll 23-25, 2008

I
! I

••.,
0.'
0.6 1.

0.4 ~

1.2

:;;r=.~S"[iiiAR~C~U~+C~Uo-~60~~iiils~:~:Ufip~.p=p=a=r=e~t---;:;--;2;::N=A=6=O====~~*R
0::: 10 0 PHENIX Cu+Cu 0-60%f PHENIX p+p 0::. 3 .. Ezoc .. 5 TeV (central)

~~~~~:~g~:g~~~~~J:~I;fp 1.8 .9<Ezoc <11T&V
• PHENIX Cu+Cu 0-20%fSTAR p+p 1.6 15 .. EZDC " 16 TeV (peripheral)
- Two Component Approach. Cu+Cu 0-60%
- Two Component Approach, Cu""Cu 0-20%

~=20DGeV

STAR Preliminary

1 2 3 4 5 6 7 8 9 10
Transverse momentum P

T
(GeV/c)

RHIC: Cu+Cu, ,r;;;; =200Ge V , consistent with no suppression at PT > 5 GeY!c

SPS: In+ln, ,r;;;; =17.3GeV , consistent with no suppression at PT > 1.8 GeY!c

Zebo Tang, USTC/BNL RBRC Workshop, BNL, April 23-25, 2008 10
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PHENIX dileptons
This presentation focused upon results from the PHENIX measurements
of dielectrons at central rapidity. The principal results included strong
excess in the low mass region (below the rho). This region shows three
distinct behaviors as a function of low transverse momentum. At
intermediate PT' the spectra have slope constants that scale with mass
similarly to charged single hadrons as one might expect for a radially
flowing source. At low momentum a cold (T-120 MeV) component
whose temperature is independent of exists. This component carries the
bulk of the yield. Finally at PT>1 GeV/c, yield is similar to a direct virtual
photon yield. The latter has been extracted as a virtual photon spectrum
and compared to various models of the initial temperature and its
evolution through the plasma expansion.

Thomas K. Hemmick
Stony Brook University
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·Data absolutely normalized
·Cocktail filtered in PHENIX
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Au+Au
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LOW-PT yield
At. 2expo fit
II mT-scaling +expo fit
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irect y via y * for p+p, U+AU

tv
o
o

exp + TAA scaled pp

b. ... AuAu MB x10"

o .. AuAu 0.20% x1 02

o III AuAu 20-40% x10

'" "" }:J.. .. p+pa. '.
"0 " '_,- \'",t;:) 1 _ '_,
;l1 \. "--,,~,
(; 10-1 '-'-, '" ,

f~1
1 .

10-1 1 2 /3 4 5 6 7
NLO pOCD (W. Vogelsang, (GeYle)

• New p+p result with y*
method agrees with NLO
pOCO predictions, and with
the measurement by the
calorimeter

• For Au+Au there is a
significant low PT excess
above p+p expectations

• The excess above TAA
scaled p+p spectrum is
characterized by the
exponential fit explained in
the previous slides. The
inverse slope and the yield
of the exponential is
determined.



IN MEDIUM LIGHT MESON
RESONANCES AND CHIRAL
SYMMETRY RESTORATION

Angel Gomez Nicola
Daniel Fermindez-Fraile

Universidad Complutense Madrid

ABSTRACT:

We review our recent work on scalar and vector resonances at finite
temperature and density in the context of unitarized chiral perturbation
theory and pion scattering poles, paying special attention to chiral
symmetry restoration aspects. In particular, we describe the a lfo(600) pole
behaviour and nature as the system is driven towards chiral restoration, in
connection with related observed phenomena such as threshold
enhancement. In the vector channel, our results for the p-resonance pole
are compared with different scenarios aiming to describe dilepton data.
We get consistency with broadening scenarios at finite temperature,
although pure finitedensity chiral restoring effects couid favor a scaling
dropping-mass behaviour.

Understanding the QGP through Spectral Functions and Euclidean Correiators
BNL April 2008
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IMOTIVATION I

,,'

CERES/NA45 Pb·Au 158 A GeV
a..,Ja""q r'1'.
p,>200MtVIC
13..~35mrad

2.1<1]<2..65

"'0 4000 In-In SemiCentral

~ 350 allp
T

~3000 ~"""'140
~

" '"3?z,,'"

""

NA60

M(p) ""l-aL KEK-E325 (C,Fe-Ti): u=O.092±O.002

M(O) Po Jlab-CLAS (C,CU): u = O.02±O.02

fo(600)/0' ----+ vacuum quantum numbers, chiral symmetry restoration

Observed (?) in nuclear matter experiments (CHAOS, ...)
through threshold enhancement (early suggested as a signal of chsr)

Any chance for Heavy Ions (finite 1)?
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lOUR APPROACH: UNITARIZED CHIRAL PERTURBATION THEORY I
AGN, F.J.L1anes-Estrada, J.R.Pelaez PLB550, 55 (2002), PLB606:351·360,2005
A.Dobado, AGN, F.J.L1anes-Estrada, J.R.Pelaez, PRC66, 055201 (2002)
D.Fernandez-Fraile,AGN, E.Tomas-Herruzo, PRD76:085020,2007

ICHIRAL SYMMETRY I

n
JtJt scattering amplitude and Jtny form
factors in T> 0 SU(2) one-loop ChPT

.t -.t +.t +...- 2 4

2",
orr---------,

-25

+ IUNITARITY I

n
Inverse Amplitude Method

-50

_ -50
:>-

""': -75

;- -100

"'" -150

I=J=O

::: -100

r-.
, -125

-150 T::;200 MeV

N

~ -200,
-250

:-T::;200 MeV T=100 z-ev

~
300 400 500 600 700 BOO

Mp (MeV)

Thermal phase space enhancement +
Increase of effective pltlt vertex, small
mass reduction up to Te• Form factor
consistent with dilepton data.
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275 300 325 350 375 400 425 450
Mp (MeV)

Strong pole mass reduction (chiral restoration).
Phase space squeezing overcomes low-T thermal
enhancement. However, remains wide even for
M-2m" (spectral function not peaked around the
mass for broad resonances).

NO THRESHOLD ENHANCEMENT.



I REAL AXIS POLES AND ADLER ZEROS I
AGN,J.R.Pelaez,G.Rios PRD77, 056006 (2008)

o Require extra terms in the lAM to account properly for Adler zeros - t(S.J=0.

o Otherwise, spurious real poles below threshold in 1st,2nd Riemann sheets.

o Preserving chiral symmetry+unitarity:
1 1

JAM -,;. JAM + g(s)
t t

o No difference away from SA

o Alternatively derived withdispersion relations.

0.04

0.03 ·---IAM

----IAMg
0.02

0.01

o No problem for I=J=1 - SA =4\(

No additional poles for T...o with the
redefined amplitudes.
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ITHE NATURE OF THERMAL RESONANCES I

fJ600}/o
1.'

",,--~ ..
.- " ,1.2 .-

2Mrr
0.8

-M(O) 0.6 Ma(O) '" 406 MeV

"
ra(O) '" 523 MeV

0.2 (Mrr = 10 MeV)

0
0 50 100 ISO 200

For the 0(4) model: rna ~ (a) ~ F. ~ (qq)'/2.

00'c-----~50-~1~00 --C0150~----=c----L~-"

T(MeV)

1.2 ~~~ -..... , r(T)

-.- r(o)

M(T) ""/
0.8 M(O)

Ma(O) '" 441 MeV
0.4 ra(O) '" 466 MeV

0.2 eMrr = 140 Mev)

Does not behave as a (thermal) qq state, not even near the chirallimit

P Consistent with not- qq scalar nonet (tetraquark,
\:::)glueball, meson-meson...) "molecule" picture R.L.Jaffe

J.R.Pelaez

p

0.6

0
0 100 150

(
rJO.8

,-'-'-'_- 1--
~

o No BR-Iike scaling with condensate.

o Mass dropping only very near "critical" (too high) To, as in BR-HLS models

Brown&Rho

Harada&Sasaki

o Nature of our thermal p dominated by non-restoring effects (broadening)
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INUCLEAR CHIRAL RESTORING EFFECTS I

f:(p) (qq)(p) (JJiN p orsson,Wirzba

f!(O) "" (qq)(O) "" 1- m;f:(O) p = 1- O.35~ eissner,Oller,Wirzba

Justified by approximate validity of GOR (p..O, T=O) c:::) m;!; "" -mlqq)
Non chiral-restoring many-body effects not included (relevant ill the p channel)

Cabrera,Oset,Vicente-Vacas

-['e/2 (MeV)

-21lO

mt bound state
"molecule" behaviour)

~__~_~_ 1'~ = 93 MeV

....." ... i"" = 70 MeV
___~ 1",,::= 60 MeV

__ 1':"=55MeV

Theo-poleapproxiniatelyfollows the conden­
sate cu'rve~

Threshold enhancement qualitatively com­
patible with experimental results of reactions
ll'A --t 1r1rA' and 1'A --t 1rll'A'.

380320 340 360

VB (MeV)
300

For high densities, a virtual ijq-Jike state co­
exists with a 'lDr bound state (compatible with

0.8 other analyses).

-250 93

150 21lO 250 JOO 350 400
Me (MeV) a
••• Ma(p)

~.Me(O) ••,./>'

2M.
Me(O)

M.
M,(O)

0.5 0.6 0.7
F.(p)/F.(O)

300 400 500 600 700
Mp(MeV)

0.750.55 0.65

F.(p)/F.(O)
0.45

0.2

0.6

0.8 ••• Mp(p)
Mp(O)

p

oj

2Mlf "non-molecular" fiq )
'/

o ~(:tT-----------'----------------------
40U .45 •

-20 ! 50.
l 55 60

r p -40 I 65 "0-2 I
(MeV) -60 I

'0 !
i

No threshold enhancement for reasonably high densities in the p channel.

Mass linear fits: M(p) ""I-a£.. uptop""po ==>la""O.21
M(O) Po

Additional medium effects might lead to negligible mass shift
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Quark Quasi-Particle Picture
at Finite Temperature and Density

in Effective Models

Teiji Kunihiro (Dep. of Physics, Kyoto)
In collaboration with
M.Kitazawa, T. Koide,K. Mitsutani and Y. Nemoto

Abstract: If a QeD phase transition is of a second order or close to
that, there should exist specific soft modes. We show that
a coupling with such soft modes would generically modifies
the quark spectral function significantly so that it gets to have
a multiple-peak structure at low energies.

RBRC Workshop at Brookhaven National Laboratory
"Understanding QGP Through Spectral Functions and Euclidean Correlators",

at BNL, April 23-25, 2008



pseudogap!
5

10

JL

Pseudogap?......................

Possible pseudogap formation in heated quark matter

M.Kitazawa,T.Koide,T.K.andY.Nemoto N(OJ) = f d
3
k p(k,OJ)

Phys. Rev. D70, 956003(2004); (2;r)3
Prog. Theor. Phys. 114, 205(2005), 20 r-----.----.-----;:::,=:::::r:=======::':======:-I~

b £=0.20 -- JL = 400 MeV
~ £=0.05 --
e15 £=0.02--
':-' £=0.01 --
~ free T-T

c= __c

~

T

N
o
00

• Pseudogap structure
manifests itself in N(@1.

• The pseudogap survives
up to & "-' 0.05
( 5% above Tel

0' ~.... , "
-400 -300 -200 -1 00 0 100

Fenni energy t
Cherenkov-like emission of diquark-fluctuation
mode around Fermi energy. _

~(OJ,k) = {::)+-8--+ ---~--+ ..



G(mn,p) = 1 L L JL
Go(mn,p)-L:(mn,p) =---+~+~ +...

Quarks coupled to chiral soft modes nea.r Tc
~.........

We incorporate the fluctuation mode into a
single particle Green function of a quark
through a self-energy.

tv
o
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Non self-consistent T-approximation (l-loop of the fluctuation mode)

I.(OJn,p) = ~ = <~)-+---8--+ ---~-- +...
q, Z{j)m

= c-------l~-) = T d
3
q

k+q,ia.>" +ia.>m ~. f(2JZY D(OJn+OJm,P +q)GO(OJm,q)

N.B. This is a complicated multiple integral owing to the
compositeness of the para-sigma and para-pion modes.
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Spectral unction of Quark & = T-~

o 0 0 0 0 ~
A(p, p ) = p+ (p, P )A+r + p_(p, p )A_r Kitazawa, Nemoto and T.K.,

[& = 0.05] - B633, 269 (2006),

k [MeV]

-_
-Three-peak structure emerges.
-The peak around the origin is 15l! 2118

the sharpest. Quasi-dispersion relation

Re[S+(m,p)r1
= m-I p 1-ReL+(m,p) = 0

.... m - ~ - 2llII

0.003

0.002

0.001 I ~)J'k:///////~ 11111
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............ p [MeV]
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.... ..

.............. iih -t-"mb
fih -·1nb

p [MeV]

Orlgin of the: 3 pe,aks
The level crossing is shifted by the mass
of the fluctuation modes.

IP-< aJ,p) I t I-p+-(m,-p)1
.. (j) rMeV] -------.,

qh - mb qh + mb-
...... ...~

.••. ¥ •..•

·······<!nb ~··o· .
~ .
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~~b ~ ~T ~

~~T ~~L
~ --JIll"'" ~

quark II anti-q holeI~
<

• guark part:

• anti-quark part:

tv............

m ~ 0 : the HTL result only with the normal quark and plasmino.
b
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• If a QCD phase transition is of a second order or close to that, there
should exist specific soft modes, which may be easily thermally excited.

• In the fermion-boson system with mp<<mB' the fermion spectral function
has a 3-peak structure at I-loop approximation at T,...., mB.

........ , If the chiral transition is close to a second order, quarks may

...,.. have a 3-peak structure in the QGP phase near Tr .

• The physical origin of the 3-peak structure is the Landau damping of
quarks and anti-quarks owing to the thermally excited massive boson,
which induces a mixing between quarks and anti-quark hole,

• The boson may be vector-type or glueballs.

Future problems:
Full self-consistent calculation
Confirmatin in the lattice QCD
experimental observables ; ego Lepton-pair production (PHENIX?)

transport coefficients
Soft mode (density-fluctuations) at the CEP and quark spectrum
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Spectral Properties of Quarks
at Finite Temperature in Quenched Lattice QeD

Masakiyo Kitazawa
(Osaka Univ.)

with

Frithjof Karsch

We analyze the spectral properties of the quark propagator at finite temperature in quenched
lattice QeD in Landau gauge. The bare quark mass, temperature, and momentum dependences
of the quark spectral function is analyzed. We assume a two-pole structure for the quark
spectral function, which is numerically found to work quite well. It is shown that in the chiral
limit the quark spectral function above Tc has two collective modes that correspond to the
normal and plasmino excitations.

F. Karsch and MK, PLB658,45 (2007) [arXiv:0708.0299]; in preparation.



I Correlation Function
643x16, fJ= 7.459, K= 0.1337, 51confs.

C(r, 0) = C+(r)A+ + C_Cr)A_

= Co (r)yO + Cs(r)

tv......
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2.2

2.1

2

1.9

~I Fitting result
/ C (r)=z e-Ej'+z e-E2C [J-,)

+ 1 2

C+(r)
1.8 I I I I I X I

o 0.2 0.4 0.6 0.8 1

'fIT

eWe neglect 4 points near the source from the fit.
e2-pole ansatz works quite well!! (X2/dof.~2 in correlated fit)



0.5

<J=u
0)= rna
pole of free quark

T= 3Tc 643xI6 (/3= 7.459)

p+ ( (j)) = Z16 ((j) - E1)

+Zz6((j) +Ez)

0.5o 1 1.5
mol T ~0.5 0

-Limiting behaviors for mo~ O,mo~ 00 are as expected.
-Quark propagator approaches the chiral symmetric one near mo=O.
-E2>E1 : qualitatively different from the I-loop result.

h 2
'-----
~ 1.5

I Spectral Function

2.5 ~ I' T 3TcI' ,

1
N

,.-".....
Vl

~N 0.5 ~ Zz
10,...., 0.4

ZI +Zz~ 0.3
'----- 0.2

5NN 0.1
0



l Extrapo;lation of The,rmal Mass

t
483x16

T=1.25Tc t-+--t
T=1.5Tc~

T=3Tc~

N 3
/ N 3

~ I/Vr (J

0.01 0.02 0.03 0.04

Extrapolation of thermal mass to infinite spatial volume limit:

IT=1.25Tc I
mr/T= 0.816(20)
mr = 274(8)MeV

IT=1.5Tc I
mr/T= 0.800(15)
mr = 322(6)MeV

IT 3Tc I
mr/T= 0.771(18)
mr = 625(15)MeV

1.1

1

~
h 0.9
~

0.8

0.7
0

tv......
0\

·Small T dependence of mIT,
·while it decreases slightly with increasing T.
·Simulation with much larger volume is desirable.
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-2-pole approx. works
well again.

2 L HTL(l-loop)

41 2 3
sin(pa)/aT

-E2<E1; consistent with the HTL result.
-E1 approaches the light cone for large momentum.
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.1 Pole Structure for p>O
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I Summary

We analyzed the quark spectral function at finite Tin lattice QCD.

• Above Tc'

The quark degrees of freedom have a simple quasi-particle
picture similar to that in the high T limit even near Tc.

- Light quarks have the plasmino and thermal mass.
- The ratio miT is insensitive to T near Tc.

.Below Tc'

The pole approximation fails completely.

I Future Work

gauge dependence / volume dependence
/ full QCD / gluon propagator / ...
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