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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 physies, 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 ~50 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 of U.S.D.O.E. Contract No. DE-AC02-98CH10886.
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Understanding QGP through Spectral Functions and

Euclidean Correlators

RBRC Workshop, April 23-25, 2008

Organizers:

Agnes Mdécsy , Péter 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 coeflicients (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/






HeaVy quark free energies and screening in lattice

QCD

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, 1.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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Screening masses obtained from fits to:
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V4(r.T) [MeV]
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steeper slope of Vs (r, T) = U1 (r,T)
= J/y stronger bound using V,¢y = U, (r.T)

= dissociation at higher temperatures compared to V,;/(»,T) = F1(r,T)
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Heavy Quark Potentials
at Zero Temperature

F. Iay_iA NORA BRAMBILLA (U. MILANO)

B 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

8 What at finite T2
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EFTs for Quarkonium

E ~ mv?

M
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‘The matching procedure enforces the EFT
to be equivalent to QCD



01

EFTs for Quar‘konium
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pNRQCD for Quarkonium with small radius
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Antal Jakovac

University of Wuppertal
BME Technical University Budapest

April 23 2008.

In the talk | summarize the basic ideas of the Maximal Entropy
Method, discuss in more detail some technical issues like
minimization, treatment of «, effect of noise, error estimation. 1
also show test results from QCD simulations.
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Weight probability is especially appropriate tool to take into
account prior knowledges. Now

oa isreal and oa(w > 0) > 0.

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

n n — aca(w)
K—e“K — ¢ dn — adoa{w) p — ° e—“SSJ[UA’h],
nt 271"0/\
Kk — am(w)
where  Ssyloa, h] = /dw aa(w)l o) oa(w) - m(u})s
ST As 1] = KA IW(W) A J

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

w=1{0...N, —1}Aw, N, ~ O(1000)
7={0...N,/2—1}8/N,

Minimum condition:

where Da(7') = Aw Y, K(7',w)oa(w’)
@ N,, coupled nonlinear equations

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

@ number of parameters ~ number of independent vectors ~
rank of the second derivative matrix: number-of-data (N, /2)
= inversion problematic
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Improvement

@ K(7,w) linear independent for different 7s (~ cosh(g — T)w)
@ make a basis on N, dim. space: {Ri{w)}i=0,. . Ny—1:
where Ri(w) = K(7j,w) for i=0,... N 1.

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

In ZIC) ZS(T)K(T,w) + Z SiRi(w).

m(w)

@ then we have

3" K(r,w) [as(T)8e + CH(Da(T) — DA(TI))]‘*" > &Riw)=0.

7!
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¢ linear independence requires §; = 0

@ first N;/2 equation yields

€y }: Cfﬂ,«/s(’r’) + Aw Z: K(7,w)oa(w) [f“jA(,i.,) = 0,

where ga(w) = m(w)exp{>_ K(7,w)s(7).}
@ This equation can be written as %‘SJ = 0 with

Uls] = g Z s(rYCrres(r’) + / dwo a(w) }: s(7)Da(7).

,r,r»’

= potential minimization problem in N;/2 dimensions
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Error estimation:

@ we want to see the particle peaks

@ peak integral is pretty much insensitive to a.

Example: Gaussian mock data, peak region wa = [0.3 : 1.1]

C 10
o=opt (0.034) -
15 o=opt (! )
g
[
0.5

mock Gaussian ~— —
g -6

0=0.1 o

an

@ we give the average peak height, and estimate the error by

jackknife method.

peak integral

0.5

04

0.3

02

0.1

mock 10

opt

0.1




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 (¢ and bl—)) operators we measure meson correlators
on anisotropic lattices € = as/a, = 2 and 4. Quenched approximation
with standard Wilson 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:

e MEM can resolve finite width bound states.

e The 15 (1, J/v) charmonium correlators do not change in the decon-
fined phase up to T =~ 1.57.

e The 1S spectral function at this temperature within precision of MEM
corresponds to zero temperature spectral function.

e 1P (X0, Xc1) charmonium correlators and spectral function show sig-
nificant change at 1.17,.

e Bottomonium states show similar behavior.

19
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function reconstruction.
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Charmonium: T =
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Figure: Charmonium spectral function in the pseudo-scalar channel (left) and the
scalar channel {right) at different lattice spacings and zero temperature.
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Saumen Datta, T.l.F.R.

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

| present results on quarkonia correlators in finite temperature lattice
QCD. 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 ~ 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, |. Wetzorke.

Saumen Datta, TIFR
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Extracting the spectral function from the correlators involves an
ill-defined inversion process, which can be regularized by a
“maximum 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
“reconstructed” from spectral function at low temperatures.

Reconstructed correlator

Grecon (7, T) = / dwo(w, T*) K(w, T, T)

Deviation of G(7, T) from Gpecon(7, T) indicates medium
modification.

Saumen Datta,ijT.l.F.R.
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1S charmonia survive till high temperatures
Datta et al., PRD 2004

Small modification in correlators does not necessarily imply small
changes in the states. Mocsy and Petreczky, PRD 2008 .

Saumen Datta, T.LE.R.
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Temperature modification of vector correlator:related to transport?

Petreczky & Teany, PRD 73, 014508('06)

2
{00(w); p (loww)} free = %w(S(w) [ dpp*{~1, %}GBPO”F(PO)Q

Datta,Jakovac,Karsch,Petreczky,

01/ 7‘ . o e Slw@® | PANIC 2005
o o . H B & o & @ @ Gsub(T) = G(T) — Grecon('r)
' In interacting theory, §(w) in p)
R gets smeared to a Lorentzian
%wg_mz where 7 is drag
03 -Q_ggfcjjj GV ()T { coefficient. Current data not
good enough to distinguish
o o o o o o o o diffusion from free streaming.
08 0.2 016 02 0.24

:i’Saumen Datta, TIFR
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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.

{sc AX)

free

0.4

03t

plw)

0.1 r

(w~0)=

0.2t

. Saumen Datta, T.I.F.R.

Umeda, PRD 75, 094502 ('07)

0.2

2 2
Pwi(w) [ dpp*{ %51+ 2% Ye PPong(po)?

01 |

0.1+

-0.2

Vit
Goh oo
GV,OO

sub

0.14

016 018 0.2
~[fm]

0.22

0.24
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A quasiparticle description can describe the “zero mode”
contributions reasonably well.

Petreczky, Quark Matter 2008

Mass of quasiparticles can be obtained from G0‘6
M, —M,
X_793Q - 12(_T¢)3/2e Mefr/ T

Mo is very close to charm mass for T - 1.5T, but becomes large

as one approaches T.. Zero modes in the other channels can be

explained reasonably well using M.
0.7 0.4

] T /TZ ax /T2
06 _xs( ) 035 LX (T)
/
05t 03¢ :
025t .
041 1
02 F ]
0.3t M =2.00GEV oo ] 0.15 k mci2.00Ge¥ ]
g m_=1.70GeY s mc=1.70GeV o
02} ¢ 1 M =1.34GEV st
; me=1.34GeV vt 0.1 ° 1
e e o500y M =0.95GeV r—m——
01 e ¢ T 0.05 | bottom = ]
ﬁ/g” bottom g ) »
0 Lomeiiis : . : . ; : ; 0 . , b ; : : .
0.1 015 02 025 03 035 04 045 05 0.55 0.1 015 02 025 03 0.35 0.4 045 0.5 055
TImee(T) Timge(T)

Satf‘imen Datta, T|FR
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Heavy quarkonium according to

resummed perturbation theory

Mikko Laine (University of Bielefeld, Germany)

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
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At weak coupling:

4t [t b

» "

What is the static limit of the time-ordered HTL-
resummed gluon propagator in re P tir

1 . mmAT

— 1 .
@*+mg |aql(q?+mp)?

-~

3

Sl

\'O

=2
|

Beraudo et al, 0712.4394
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So, there is a complex potential! ML et al, hep-ph/0611300

(}e’; ?’E‘?;g)/fa} 3

¥ pey gy
e e ‘ [ TCh

is finite and strictly increasing, with the limiting values

$(0) =0, ¢(o0) = 1.
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What happens after the insertion of V< (0o, 7)?

(a) T ~ g° M

> mpr ~ gTr ~ g3 My ~ g
ROV o g exp(mor)fr ~ M
= Im Vo ~ ¢?T(myr)? ~ g M

I

> width < binding energy => bound state exists.

(b) T~ gM

= mpr ~ gI'r ~ g?Mr ~ 1

= Re Vs ~ g?exp(—mpr) /1 ~ g* M

= Im Vs ~ g*T'¢p(mpr) ~ g°M

= width > binding energy = bound state has melted.

Burnier et al 0711.1743



4

Melting of the spectral fcn in the vector channel:

ML 0704.1720

M =4 GeV
g g T T T T 1
L4 T =250 MeV
i e T =300 MeV
1.2“ ....... T=350 MeV
A | N R T =400 MeV
1.0+ e T=450 MeV
L = T =500 MeV
Ne 0.8— ............. 500M3v<<T<<M

Basic structure as suggested by Matsui and Satz (1986) from phenomenoclogical arguments.

Lo

Melting temperature ~ consistent with potential models and lattice QCD within b0 MeV.



oANIonAas e @ﬁﬁ@@m& Ol JspJ0o Ul pulg ol posu ON

WN/®

144 (44 07

Iﬂllllel T

BIWR‘! g

eVLT 110 [€ 1° Joiuing

L 9
[ep]

Al
(m)d

X0

e

L. iéw;.hM T -

E _ Y |
0pxp/ NP

OyPZyP

sl.ex\lw..iz.mv

ip[2IA uolda|ip Joj uiny ss|qel Ing

E-OM

42



137

Quarkonia propagation in a
hot-dense medium

Andrea Beraudo
ECT*-Trento and University of Torino

BNL, 23" - 25" April 2008

Work done in collaboration with J.P. Blaizot and C. Ratt:
arXiv:0712.4394 [nucl-th], to appear on NPA.

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

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

propagation of quarkonia in the QGP.

o

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

/
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-~

o

The basic object A
of our study

G>(t,r1;t,r2|0,r’1;O,r;)z(zg(t,rg)gb(t,rll&ﬂ(O,r’l)XT(O,r;Z)

Vo N

Inr () J1,(0)

QED toy-model

A QQ pair in a plasma of

photons, electrons and positrons

LYED® = Lem + Liight + Zﬂi(ao — ing)lli—Fe(Ti(@O +igAo)x

hd

heavy Q heavy Q

)
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~ A

The strategy

e Consider the QQ propagation in a given background
configuration of the gauge-field A,

Ga(t,r1;t,72|0,71;0,75) = §(r1 — r1)é(ra — r5)x

t t
X exp (zg/ dt' Ao (rl,t')>exp (—ig/ dt/Ao(’T'z,t/))
0 0

e Average over the gauge-field configuration with an action
accounting for thermal effects

G~ (t,r1;t,72]0,77;0,75) = Z“1/[DA]GA(t,T1;t, r2|0,r/1;0,r'2)eiS[A]

Which is the action to employ to weight the field configurations?

N /
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4 N

Real-time ()() propagator

= QQ current non-vanishing along C.:

G(t,r1 — 1) = exp L% /C d4$/C d'y J*(#) Dy (z — ?/)J”(y)]

with
JH(z) = 8*°0(*)0(t ~ 2°)[gb(x — 71) + gd(= — )
= One gets:

G(t T1—T2)—exp{ 229 / / dq 1-— COS(Wt) (1_eiq-(r1—r2))DOO(w’q):|

- /
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@ Large time behavior
e Q) propagator

E(t, 1 ——’I"Q) t:oo exp[—iVeff(rl — ’l"z)t]
e Temporal evolution equation (~ Schrédinger!)

lim [iat—‘/eﬁ(’lﬁ — TQ)]_G_(t,T'l — ’l“z) =0

t——+oo

where:
d 1q-(r1—7r
Verr (71 —’l"z)Eg2/ (2:_1)3 (1—eq( 1 2)) Doo(w=0,q)

mm3T

Ny

2 [ _dg iq-(r1~72) 1 :
7 [ g (1) [k
(2m) ¢’ +my - lql(g® +mb)*

w
screening

—mpr 2T
=_9 {mp + ¢ - :| —ig—¢(mp7’)

47

collisions

|

/
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= Analyticity of G~ (t) — simply set t=—i7 with 7€ 0, ]

Imaginary-time ()() propagator

= Propagation till 7=3:

é(—lﬂ,m—rz) = exp {_692/ (;rq)?) (1_eiq~(7"1—"‘2)) 1

Since:

@(—zﬂ, r1—T2) = exp (—ﬁAFQa(r, T))
One gets the QQ free-energy:
ngD B g_Ze—mD'r
Am 4r

AFQ@'(T, T) = —

\\It coincides with the real part of the effective potential!

q* +mi,

= . _ . o7 [T dq _ g (ri—rz) p—_4
G(—it,r1 Tz)—eXP[Q/O dT/O dr /(2ﬂ)3 <1 € )AOO(T mq)

|

~

/
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arXiv:0711.4722

Adrian Dumitru
J.W. Goethe Univ., Frankfurt

Collaborators: Yun Guo, Mike Strickland

® Motivation: expansion -> anisotropy <-> viscosity
® Covariant-gauge gluon propagator in aniso. QGP

® Static limit: heavy-quark potential

Results (binding energy of small states)
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]
ma always

'IOT

f(P) = fiso(v/P? + £P2)

f | » Pz

anisotropy parameter

momentum

distrib. f(p)
o . 10 n
 Relation to viscosity: §= To 5
-7 T S

[e.g. Asakawa, Bass, Miller: Prog. Theor. Phys. 116 (2007) p. 725]
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@ Covariant-gauge gluon propagator in anisotr. QGP

1) HTL (retarded) self-energy

Bk, 0f(K) -
pyv o _ 2 2 v
e / @ry " okP (g . )

v v v v 1 v
(A=) (p, &) = —p*g" + ptp” — 11" (p,€) — p"p

A
invert:  (ATH)FTA,Y = gH
static limit:

p? +m?Z +m?
(P2 + mZ + m3)(p? + mj) — mj

AOO(w — 07 p) —
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“Mass” scales:

m2 = - TQD p2arctan~/€ — —pi?i—arctan&

iVe VPTG VP

1 2 2 p2(1+€) VEp:
i = md (V& + (1 + Qarctany/€)(p* + £p7) + Ep- (pz\/E + g rctan m)
2VE(L+€)(p? + &p1)
2 2 14 2 2(9p2 2
2 mp p P p=P*(2p* + 3£p1) VEp:
" ? (Spi PP VE /e VEER + )i et
2

m% _ _Wngpsz_lp|

4(ep® +p2)3

® Potential: F.T. of static propagator

3
V(r,€) = —g*Cr / (ng‘;g P TAY (1 = 0,p, )
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e weak anisotropy ¢« 1: angular dependence of screening

5 ef—1 2 P
V(rl\z,§<<1):mso(r)[1+§(z 12t

-

)

o

~"

=+0.27 for /=1

. 1—e” 1 1
V(rLz,f<<1):sto(r)[1+§( 2 +;1; 5

L F
3

>_

Vs

“v*

= +0.12 for #=1

valid for F=rmp <1

# screening weaker forr || z

-= Jsotropic
= rllx, & =2
4 rllz,&=2
- = r]lx, & =10
N -=- 1]z, & =10

e
0.7 ‘5»\ \\‘ﬁ
0.6 R DN
. & oA
er|| zversusr.lz: S0
0. e\
o>
4 angular dependence stronger 04
at larger distance &
| <
% as r—0, angular dependence > 03
disappears 02
05 075
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Discussion

' {
Vo— Lo L(1— ey
r I

V(r) s [Kaczmarek et al: PRD 70 (2004)]
Tmed(fﬁ—__——
‘ >
r

Tmed(T) = 0.5 fm (T /T)

[Mocsy & Petreczky:
PRD 77 (2008)]

24
——+tor
T

* consider QQ state of size V<r2> ~ req and T sufficiently high so that rpeq < Y(a/0):
screened Coulomb dominates, potential and its angular
dependence can be determined from pQCD

» anisotropy (¢>0) affects binding energy
AE 4 m ground state,

Ec NOfsCFmQ 5+°" 1»&»mp/ (as Cp 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 Ny = 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: @ W.M.A., A. Beraudo, A. De Pace, A. Molinari, Phys. Rev.
D72, 114011 (2005); ® Phys. Rev. D75, 074009 (2007); e arXive 0706.2846
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» Extract the singlet internal energy (=potential energy for infinitely

heavy sources). From FF =U —T'S:

_ 2 0E/T)
Uy = ~T* =2 b=t

¢ Plug into Schrodinger equation
v? I , :
5 + Va(r, T)J Yir, 1) =e(TY(r,T),

& Quarkonium mass is given by:

M(T) = 2me@) + (1) + Ur(r — 00, T) ;



LS

Ny =0 Ny =2
me=14GeV m.=16GeV | mc=14GeV m.=1.6 GeV
J/ b, ne 1.40 1.52 1.45 1.59
Xe <1 <1 1.00 1.00
P’ <1 <1 0.98 0.99
mp =43 GeV  mp =4.7TGeV | mp =4.3 GeV  my = 4.7 GeV
T, 7 2.96 [4.5] 3.18 3.9(%) [6.7(%)] 4.4(*)
Xb 1.13 [1.55] 1.15 1.15 [1.63] 1.17
T’ 1.12 [1.40] 1.14 1.13 [1.43] 1.15

Dissociation temperatures
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| Spectral functions from potential model ?

With eigenfunctions and eigenvalues of Schroedinger equation we evaluate
the spectral function as the imaginary part of the QQ propagator:

o 1 _ ,
oarlw. 7Y = ;ImGM(w):Z|<013M|n>\25(w—_E,,,,)

— ) ) o
= 3 Fia0(w - Ma) b 00w~ 50)F i e

kL

where F, = $g -+ €,, So is the continuum threshold:

so(T) =2m + UlQZ?_(r — 00, T)

~NB Continuum is taken in Two ways:

» 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.

L(”‘mmiamrs fmm patm%mi m@dﬁﬂ

The BEuclidean correlators follows from convolution of spectral functions

and thermal Kernel:

G (1 T) = Y Bl K (r Mo 1)+ [ deFly K(re 4 50,7).
- 0

On the lattice the following ratio is evaluated:

Gu(r,T) fooo dwop(w, T)K(T,w,T)

R = = oo
Gif(nTTe) [y dwon(w, TOK (r,w,T)

The denominator is calculated using the kernel at T' > T, and the MEM
spectral function at some reference temperature T« (reconstructed

correlator).
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« BUT... by including the effect of zero modes in spectral functions

Powrave ratio of correlators

h@ r o N=33 4
B aNz=31 X, >
a :_ coN:=30 <0 - B
L s eN=29
- SN=2R e i
{7 o N=24 - e -t
L e i LB et T T =]
o ——t—t————+—+ —H
& . '_ b
(D STUAC Xcl -
G o . b
Ape r b
AOE}D B gl.sj v 3
1?@@@@&)3 BEh b ] : : .
3 f L 11 N - . g
C o 4 -
[ R Ak ac RNt At S A o]
0 0.1 0.2 0.3 0.4 CoEoeren® Sl R e
¢ 5 15

T (frn) ) ‘ va,

(G.Aarts et al, arXiv: 0705.2198 |[hep-lat])



19

The ¢

te

harmonium wave &mw%@m at finite

mpetature from latt

-

We investigated Tgis of charmonia from Lattice QCD
using another approach to study charmonium at T>0
without Bayesian analysis

- boundary condition dependence
- Wave function (Volume dependence)

No evidence for unbound ¢-¢c quarks up to T = 2.3 Tc

RBRC Workshop

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

T.Umeda (Tsukuba)
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Current status on charmonium ”’Ef‘di@

® Lattice QCD studies { by MEM analysis ) indicate
- 3/ % may survive up to T=1.5T. or highero.7 —— . .

3] )

- x ¢ may dxssolve just above TC [ myt) oo TeoseTLV
. /, 3 g Pl RN ‘Gg'rm k74
\\\\\ ‘(‘: y (“,‘& "’ 1 ¢ &~ 4 kg Tm1~4mra k74

o6 L ®® T=O88T, Av

wolm T 0BT Ay
G T AT B

o B On the other hand,

the potential model studies suggest
charmonium dissociation may also
provicge gm?ﬁéﬁ @h&ng@ in the correlators

s {f £ Y
FOATET A
‘f; dafn ¢ s LARA S

Therefore we would like to investigate Tas
using new approaches with Lattice QCD
without Bayesian analyses

RBRC Workshop T.Umeda (Tsukuba)



€9

- scattering

state ?

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

E4 bou

———— B Volume dependence

nd E4

_ scattering

1% Y
B Boundary Condition (B.C.) dep. ~
scattering bound scattering
()
T N AT
v v " : '

RBRC Workshop

T.Umeda (Tsukuba)

Ll i eden  ende -
MG By
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Lattice setup

® Quenched approximation ( no dynamical quark effect )

B Anisotropic lattices

©o 0 ag= 0.0970(5) fm

asfar = 4 t

® ro=1 to suppress doubler effects

® Variational analysis with 4 x 4 correlation matrix

Ny 32 26 20 1 g:& 12%
T/Te 0.88 | 1.08 1 1.0 1L.75 ) 2.82
# of conf. ‘

v=163 | 300 | 300 | 300 | 300 | 300
v=202 | 300 | 300 | 300 | 300 | 300
v=323 | — | — | — | = 100

RBRC Workshop T.Umeda {Tsukuba)

XY, Z
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Temperature d@p@ﬁ@@ﬁm of charmonium spectra

5 oo . -y 8 p — o~
Py @ AFBG : e
5 o PBC B s L] a(y + L) = biq ()
g IIIIIII : o ° - /‘ 4 s ® - ‘ b; = 1 periodic
= %8 5 e b; = 1 : anti-periodic
= - - @ ce ® *
3} o— 3 .
n. 3y PBC : b=(1, 1, 1)
ol et ; 5 T b APBC : b=(-1,-1,-1)
695 { 15 o 2.54;)»5 1 15 2 b HBC : b=(-1, 1, 1)
fele @ HBC ) Ay
5 o PDo -4 5 -
. Pt 7§
AT I B Ny
o4 S s ® 140 . . E - an expected gap
£ 17 ® A I S €1 inv=(2fm)3
A Xco X1 (free quark case)
T . ~ 200MeV
“o5 1 1.5 z 25 0.5 1 1.5 2 2.5
TiTe TTi:

B No significant differences in the different B.C.
m Analysis is difficult at higher temperature ( 2T.~)

RBRC Workshop

T.Umeda (Tsukuba)
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Volume dependence at

12 1.5
1 bg Bt 5=18 i : i BB LG8
\\\\\\\ " L g=20 i LE=20
““““““ 0.8 @ @ Lg=32 o L8=32

bet LB Ve, 2.3Tc Av, 2.3Tc
Y %
. #
0.4 A N }{cl{g’g}}
" L v I/ U(19) Tl
\\\\\\\\\ 0.2 6w,

S 2 R B G

i

Y w(2%) .

r[fm] | r{fmj

0 05 1 15 0 0.5 1

B Clear signals of bound states even at T=2.3Tc (1}
® Large volume is necessary for P-wave states.

RBRC Workshop T.Umeda (Tsukuba)
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Spectral Functions of
One, Two, and Three Quark Operators
in the Quark-Gluon Plasma

Masayuki ASAKAWA

Department of Physics, Osaka University

Importance of quark spectral functions (one, two, three,...quarks)
Review of previous results and the maximum entropy method
Formulation of analysis of the baryon spectral function

Baryon spectral functions below and above Tc

Summary
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Microscopic Understanding of QGP

Importance of Microscopic Properties of métter,
in addition to Bulk Properties

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

Spectral Functions:

¢ One Quark —— need to fix gauge
¢ Two Quarks
v mesons
v color singlet
octet —— need to fix gauge
» diquarks —— need to fix gauge
¢ Three Quarks
v baryons

Kitaz_awa’s talk
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Spectral Functions above T,

mud << ms~Tc << mc < mb

12 —

0 ss-channel at T/T = 1.4 s —
2 peak structure v
O « 8¢ —_
2 3 AV —
e T 6¢f
o 3 Lattice Artifact
O \<4 i
@
o
w

2t

0 5 10 15 20 25 30

o [GeV]

Asakawa, Nakahara & Hatsuda [hep-lat/0208059]
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J/y non-dissociation above T,

o) o

2.5
ol

1.5}

T T

T=078Tc -
T=138Tc -~ -
T=162Tc ——

T=178T¢c
T=187Tc

20 25 30
®[GeV]  asakawa and Hatsuda, PRL 2004
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ccc baryon channel

p(w)
0.05 T T T M T T T T

cce channel H T-162Tc —— _
T=2.33Tc ------

0.04 - i: o

0.03 - ki .

0.02 H 7

T

0.01 §

‘iO 15 20
W [GeV]

O
(9}

Y50 -15  -10 -5
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Scattering Term (two body case)

m, B
(), p)
n,
& >
J -
N N - (a)zap)
p=0
- This term is non-vanishing only for () < ia)z - a)li < !m2 - ml’
I'<«<m,m, )
70 J
0 |n22——m1| mz—mll

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

m [t is important to understand one, two, three...quark spectral functions
for the understanding of QGP

m Mesons and Baryons (new!) exist well above T,

m 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 T,

m Direct measurement of SPF of one and two quark operators
with MEM is desired
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SL

Harvey Meyer

Center for Theoretical Physics, M.1.T.

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

Phys.Rev.D76:101701,2007 and 0710.3717 (PRL, in press)

Hafrﬁ_fvey Meyer
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| first discuss the problem of solving the equation

C(xo) = [y dw p(w) %—Mi—@ for the spectral function
rho(w), knowing the Euclidean correlator C(xp). | 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.

| then show results for shear and bulk viscosity obtained from
simulations of SU(3) gluodynamics. As an improvement of the
method, | 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 T,
the observed overall increase of the 7; two-point function
suggests a corresponding increase in the bulk viscosity.

ijarvey Meyer
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Treelevel Improved Correlators at T=T,/2 (20°, 28%)

‘ ‘ ,<T12 T12l> ——
100000 p 200> o |-
o <Typ Tj3> —v—
e <00> —G
10000 ¢ "§~ 2 contrib. E
T @ 07 +0""* contrib,
L Ve ]
1000 o
v oy T
100 + s ]
v * He B
10 . . + . ,
0 0.1 0.2 0.3 0.4 0.5

@ in the scalar channel, the two stable glueballs almost saturate
the correlator beyond 0.5fm

@ calculation made possible by the muulii-level algorithim (HM'03)

Harvey Meyer
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ubttaction method (prelim.)

Dp(T,w) = pii k(T w) = pii (0, w) + p1p(w)

W% [ (w?)/12072
1247, | 5.08(72) 4.3(2)
1.027, | 33.6(6.3) | 3.9(1)

Assuming for instance Ap/(2T tanh(w/2T)) = %wz'frg with
N=2Tor4T,lget(/s~1.30r1.0.

Harvey Meyer.
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& understanding of transport coefficients beyond PQCD =
lattice QCD

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

& high statistics, control of cutoff effects, and making
Ap(w) “=5° 0 is more likely to help than increasing N,

& 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 7.7

4 are there quasiparticles responsible for transport
propertiesinthe QGP at T, < T < 3T ?

@ elliptic flow at LHC?

Harvey Meyer
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Bulk Viscosity in ESU{Z} Gauge Theory

18 o L VB

Kay Hiibner

with Frithjof Karsch and Claudio Pica
Brookhaven National l.ab

We study euclidean-time correlators of the energy-momentum tensor in 3+1 dim SU(2)
gauge theory on lattices with N, = 4. We find that the correlator connected to the bulk
viscosity diverges like the specific heat and that the corresponding spectral function has a
d-function singularity at T.. We give an estimate for the bulk viscosity ¢.

Understanding QGP through Spectral Functions and Euclidean
Correlators

April 24th 2008

K Hobeor (011 Bulk Viscosity in SULY
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Observables Il

@ local energy-momentum tensor on the lattice (std Wilson action):

oM (x) =B(g) Y 1~ —A:—Re Tr Ppu(x), B(g)is the 3-function
o>v ¢

@ Correlation function connected to the bulk viscosity ¢:
Gelr.T) = [ (0% 110,u(0.00% with € [0,1/T)
@ spectrai function at vanishing momentumn:

cosh (w(T - %))

oC
- e W T) with K(rw T)= ,
Go(r.T) /o du pe(w, TIK(r,w, T) with K(r,w, T) )

@ Bulk viscosity ¢(T) through Kubo-formula:

£ Hione vl Bk Viscosity in 800 Understandine DOP 218
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@ Fit data with ansatz, parameters: A, , B, Co, may depend on 7:

G(#, To)/ TS = ANV (1 T BGN;A/") +Cs

@ critical behavior that of 3d Ising
@ G.(r, T¢) independent of 7
@ R(dt, Tc) = 1, thus p. /w has é-fct-like singularity at T

l

7 A Bo Co

174 9.2(1.2) -2.4(1.0} 26.3(2.7)

112 9.1(1.2) -2.4(0.9) 8.4(2.9)
combined 6A(T9Y (- T = 1/4)

fit

TA5(73) | -2.30(50) | 2
| | l

8.3(1.7) (vT = 1/2)

K Hubner sl

Bulk Viscosity in s

50

45 &
G Ma

40 \
35
30 \

25 T

20

T2 —e

15 L "
0.00 001 002 003
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@ Fit T-dependence with ansatz, parameters A, B1, C, D, all may depend on 7.
Ge(7, T)/T® = Axt™%(1 + Bpt?) + C + Dt

@ fitrange: T/ T € [0.94,1.05]
@ AL, B.. agree for both 7T within errors and with combined fit

60

30

40

20

K Hiheer (B0

48
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ik Viscosity |

@ estimate ¢(/T° = 0.01 — 0.1 at 2T, rises by O(10) when going to 1.2T¢

@ convertto ¢/svias/T® ~0.3at T, and s/T3 ~2at 27,

pede, ¥ Karseh, M, Setz and | Monbeay, Nuck Phye. B 208, 548 (1982}
snd K. Reddich, Nuck Privs. B 438, 285 (1985}

J Engels, F Karsch

10.00
) UT3
2= ——
2
1.00 N 3
A

—
T/IT, Tr—
0.01 < ——
1.0 12 14 16 18 20

Big

K Hibner (Bl Bulk Viscosdty in SIHQ
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studied euclidean-time correlators of the energy momentum tensor in 3+1 dim SU(2)
gauge theory on lattices with N = 4

G diverges at T with the 3d Ising critical exponent o
p¢ has é-function-like singutarity at 7
bulk viscosity ¢ may diverge stronger than «, wy may vanish at T,

want to use larger N, -lattices to control 7-dependence of G, and to extract spectral
functions, determine ¢, wg and 7 etc.

K Hibeee ol Bulk Wiscosity in SULL

Big
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Physical picture:

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

Generated by
translations

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

Generated by
dilatations
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Kubo’s formula:

. 2 . .
?7(&.«‘) (5&01\:771 + 6277151;1 _' §5zholm) + C( ) 2kbl'm

— hm/d3 / dt et kr) ([ir(t, I‘) 0m (0)])

u) k—0

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

= — llm / df/dg?" ewt 52 Qkk(o)]>

9w—?0w
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In perturbation theory, shear viscosity is “large”:

i 1

—_— NG —

2
s Qs

and bulk viscosity is “small”:

2

_Nas

S
At strong coupling, 1} is apparently small;

can C get large?



€6

Bulk viscosity @ Kharzeev-Tuchin ‘m Meyer

{ls
08
06
04}

02}

00!

arXiv:0705.4280 [hep-ph] arXiv:0710.3717[hep-lat]

o Confinement as seen by the
08 off-equilibrium thermodynamics
m

P
o XKool ° .

102 1.04 106 108 1.10 1.12 |

“‘*!‘—OM‘."‘C"."Q""T,{TC
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Full QCD with (almost) physical quark masses

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

030 |
{/s
025

020 r

0.05

T, |

0.00 L .
1.0 1.2 1.4 1.6 1.8 2.0

o¢)

(u,6) 1 0 — %k
2['0 : du :Ts<—2—3)—4(5—3P)+<T5—]—,—2)(mqq)

0

+16l€y| + 6(M2 f2 4+ M2f2),
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F. Karsch, DK, K. Tuchin, arXiv:0711.0914

Universality and the chiral critical point

Critical exponents of 3-d 0(4) [21] using 8 and § as input and Z(2) [22] symmetric
spin models

Model o B v é
0(4) —-0.21 0.38 147 482
Z(2) 0.1 0.33 1.24 4,79

specific heat ¢, = 0& JoT

* 2nd order phase transition in N=2 QCD cv(t) = ct™% + const

at zero baryon density - O(4) universality class . ,
No singularity at T

(a spike)

C

e Chiral critical point - Z(2) universality class

v/B6 ~ 0.8
h = AT — Tel /T + Blpg — ficl/puc Stmgulanty at CP
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T’} 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

*x 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
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Perturbative regime

Normalize so S = fd%#'ﬂ GGH .

Do pure glue for simplicity. Conformal anomaly:

Evaluate Wightman correlator of (5/¢*)G?* — (1 — 3c3)T}.

Leading diagram.
Note (1 — 3¢2) ~ g* is small;
(1 —3c3)TY is g% suppressed.
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Need to know width of peak

Bulk viscosity is G~ (w = 0)/T. Need width of peak
Include imaginary parts on propagators: need ladders as well
Amounts to kinetic treatment. T/’ in terms of f:
Ti 4 3:2T0) — d*p 1 — 362) 2 38mZ, 5
( 7+ Cs O)_Z (271')3 ( Cs)p + 92 (f0+ f)

Boltzmann equation

v -V fo+0:f =—Clf]

becomes

fo(1+fo 1' pmi\
ET ([§“C§]p2_ e >—*W6fﬁcm'
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Summary:

Bulk viscosi 6 4
e
gT T gT T
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~ Another analytically tractible case

Critical region near second-order transition point:
T

A

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-loop 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 ged 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.

103



TRANSPORT COEFFICIENTS
AND nPl 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

— using equilibrium FT tools

will show: .
3P1 effective theory — same result (04q)

‘motivation:
[1] in principle can use nPI far from equib
[2] possibility to go beyond leading order (?)

104



METHOD: 3Pl EFFECTIVE ACTION

motivation:

need 3-loop diagram to get ¢- and u- channels in ME
heirarchy: (n — 00)PI|3_joo, = 3P 1|3 40

J. Berges, Phys. Rev. D 70, 105010 (2004).

result:

3PIT" — 2 int eqns: pinch and collinear singularities
MEC and E. Kovalchuk, Phys. Rev. D 77, 025015 (2008).

105



3PI I

F[&)@E?A? S? D"/;U] — Scl[’lp,?;&,A:I
i i _
+5Tr LoD + =Tr (D) <D21 — D)

—iTrLnS,t — iTr [(S?Q)_l(sm - 531)]

+ 19[S, D, V,U] +T§[S, D, V, U]

0 .

] 4,"'“\‘ : ,”,“«
L= —1/2 +/12 @@ +i/3 +i/4® —i/24! o

106
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INTEGRAL EQUATIONS:

2 EoM from fen derivs of I wrt S and D (SD eqns)
differentiate wrt A

— BS eqn for A and Q (many cancellations)

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

e e P T

also: 2 EoM from fen derivs of I' wrt V and U

—< = —< + < + QI
r 3

i
!
1
1
!
1
e
.
’ 1
.
— L
= —) _. -+ __‘ ‘
|
.
ol
i
\ '\
. .
N R
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— substitute again and keep up to 2-loop order:

Ist is int eqn for A ~ 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. Jeon, Phys. Rev. D75, 025014 (2007)
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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:0803.0453hep-ph]

SI

Abstract
We consider QCD near but above Tc. 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 #/T? decreases

markedly as QCD cools down to temperatures near T-.
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“Semi”-QGP

system

(trLy) ~ e fr/T

one particle free energy
0 (deconfined)
fr = finite (semi-QGP)

00 (confined)

quark

quark anti-quark p@ir(singlet)

fr=20

fr depends upon the color representation,
like chemical potential.

“Semi-QGP” is qualitatively different from
the perturbative vacuum.

no cost, color singlet
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Confinement

<NictrL> ~ 0

Semi-QGP

Semi-QGP
(Lut)er

Window

Complete-QGP

<1—v1—;trL> ~1

1.0 :
Lren T, 5 "d
0.8 | | T ¢
o
¢ 2+ 1flavor
Té
04 t o Ne=4 —a—
: e
0.2t -3
o |
@ !
po=t || T [MeV
0.0 -—2% _T[MevV]

100 150 200 250
Ren’d Polyakov loop  Cheng et. al.(2007)

300 350 400

450

Semi-QGP Window

0.87. — 21

Maybe RHIC probes
the Semi-QGP!!

Pressure, susceptibilities change
dramatically in Semi-QGP.
How about transport coefficients?



Viscosity In the semi-QG

pure g lue v, pisarskicos)

flL) fL=1)=1

811

Viscosity n = 94 log(1/g)

1.4 : ,
- grrossf-WiEt}en o e f(L) ~ 62
.2 + Step tunction . .
iy O — | Suppression at small ¢
10 - . 1 +E2 ﬂ 7 .
= Cusp * Semi-QGP
- ~ 14147/ (1 —6) ] 2
B 0.6 L Suppression 1 n~ ffl T/U
~ P2 (J cross section
0.4 1 Unlike classical dilute gas
0.2
. n~T/o
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Viscosity in semi-QGFH
with quarks(contd.)

Y.H., Pisarski(08)

Ni/N.=0 —
1.2+ N¢/N, = 1/3
Ni¢/Ne =2/3 —

10 - Nf/]\/vc — 3/3 . ﬂ ]

= Suppression! Cusp
w o~ 02

0 0.2 0. 0.6 0.8 1.0

4
| ()
f(L) with quarks pure glue.

Little change between two eig. dist.’s.

Quark contribution dominates.



4]

Summary

. Shear viscosity suppressed, near Tc,
~ ¢2 Quarks dominates.

. RHIC - probes semi-QGP? If so, not
only #, but Raa, real photons, dileptons,

also suppressed by powers of £ .

. LHC - into complete QGP?
If so, LHC # RHIC.
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Transport Coefficients In Chiral Theories

Daniel Fernandez-Fraile

danfer@fis.ucm.es
Dep. Fisica Teorica Il, Universidad Complutense de Madrid, Spain.

(work in collaboration with Angel Gémez 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 lon 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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Transport coefficients in ChPT

Particle wideh in ChPT §[G;mez Nicola & DFF, PRD 73,045025 (2006)]
k
1 [ &3k, f/\
_ -BE
Lk) = 5/ (2m)3 7 Orrtral (1 — v1 - v3) ~ Im b \_7c4

(i)

® Scattering cross section:
327

35

Unmitarity and the Inverse Amplitude Method (KANM)

® ChPT violates the unitarity condition for high p: StS = 1 = Imt;;(s) = o (s)|trs(s)|%
with o(s) = /1 —4M2/s.

Because partial waves are essentially polynomials in p: t;;(s) = tgf,)(s)+t§2}(s)+(9(s3) .

Orn(s) [[tao(s)1? + 9t11(s)]* + 5lta0(s)?] -

& IAM:

(1) o L
tr7(s) ’:> It verifies the unitarity

trs(s) = 5 - !
1— t&}(s; T)/th) (s) condition exactly.
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Diagramatic analysis
@ Ladder diagrams:

lines with I = 0. These loops

(rungs) give a perturbative o(X"Y)

contribution ~ X . for T° <<’ M.
7

_n T > My, X ~ 1,
(¢" — 0%, g =0) O(X™Y"™) . and derivative be-

R for ' Mz come important =
resummation may
each pair of lines with I" # 0 berelevant

and equal momentum give a

Eg., if we only consider constant vertices, for the DC conductivity:

M, 1 Mg \? ne et e
ForT < My, Y~ —TE , X~ v ( o ;ﬂ) . Em;jhmg pole contribution
M\’
ForT~M., Y~1, X< AT, \piondecay
~ \4nF,
constant

Weinberg’s theorem does not give
the correct order for TC at low T
o@p*) > O(™").

@ Bubble diagrams:

k/‘
— n ;
(¢ —0%,g=0) —
kl‘

llows us to quickly
nal f

drm; of TC at

contribution from a
simple bubble ~ Y
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Electrical conductivity (piom gas).....

® Kubo formula:

. : 6 O
c=—= lim lim Lq()’q—)
6 990+ |g|—0+  Jq
® Results:
0.045 unitarized O (p4)

T-unitarized O{p*)

L
50

%[Gomez Nicola & DFF, PRD 73, 045025 (2006)]

. o(¢,q) = 2Imi / dtz @179(t)([T1(z), JHO))) .

According to Kinetic Theory (KT): o ~

2
ej\n;h'r’ butt~ 1/I',and I' ~ nvo .

ForT « M,, n ~ (MFT)3/26—MW/T,
v ~ +/T/M,, and o, is a constant, =
oc~1/T.
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® Kubo formula:

kK =—— lim

& Results:

Thermal conductivity (pion gas) -

[Gomez Nicola & DFF, Int.J.Mod.Phys.E16:3010]

energy-momantum tensor

. apm(qoa Q) 0 o . 4 ig-x 04
6 oo |q1|1_r,%+ o pe(q,q) = 2Im1/d z &970(t)([Toi(x), T (0)]) .

T

— unitarized O(p?)
~=-0p")
4 Torres et al., hep-ph/0702130
¢ Prakash er al., PR 227, 321 (1993)

From KT: & ~ cplv.

For T <« My, ¢y ~ T7Y2e " M/T =
Kk~ T 32 o
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Shear and bullk viscosities (pion gas)

® Results:

107 T T T T T T

7(9), unitarized O(p?) —————

.\'/q, Prakash 3rd order

79, O(p*)

(GeV?) 107¢

10°F ..

* x * N ~.J

*
*
* . *
¢, Prakash 3rd order ook ox x x ox
107" L 1 L L L | L ' '
0 20 40 60 80 100 120 140 160 180 200
T (MeV)

1
From KT: n,{ ~ M,vnl, butl ~ ——.

fo i )

SoforT <« My, n,¢ ~VT. o

[Gom;z Nicota & DFF, Int.J.Mod.Phys.E16:3010] |
For n and ¢ ladder diagrams could be
important for T' < M.
Good agreement with KT = cancella-
tion of ladders?
® AdS/CFT bound:

10
—— unitarized O(p*)
2
. ---00*)
----- 1/(4r)
value
compatible with
o 10’ lattice results
0
n .
5
hcN
10° P

T (MeV)
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Quarkonia Measurements in PHENIX
Mike Leitch - PHENIX/LANL- leitch@bnl.gov
RBRC - 24 April 2008

* How are quarkonia produced?
* What CNM effects are
important?

» How does the sQGP effect
quarkonia?

* What are the CNM effects in
AA collisions?

* Transverse Momentum
Broadening

* Heavier Quarkonia

* Detector Upgrades &
Luminosity for the future

PHENIX - Approx. #'s J/y vs Year

s ' i I I | T I T | ' i
10°F - E
! ®
Al , A o |
0 & E
- A A d
5’ : 25,
= - 8
103.— A =
#* U E @ oM E
C 8 B drAupp 3
) $ CutCuup ]
3 ®) A AurAupy
10°F QO ptpee E
8 [0 dtAuee 3
32 CutCuee
AutAuee
L A ) | ! l L ! L | : | 1 ] L
2001 2002 2003 2004 2005 2006 2007 2008 2009

Year

4/24/2008 Mike Leitch - PHENIX/LANL
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Nuclear Dependence Nomenclature - Ratio (Ry,,, Rasa) and Alpha ()

N e e o L
... T 11% Glabal Scale Uncertainty ]

Rya, = O = 1if every N-N collision in a Nucleus L
contributes as if it were in a free nucleon 1{‘,1'1
p - do™/dy -
W 2x197-(do™ [dy) ;|
0.5

_ AN/ dy <n.,> from Glauber

"/ dAu op model calc. - can also be
<ncoll >dN /dy used for centrality bins

|| EKS Model

C—— praakup = 0:1,2,3,5 mb (fop to bottom)

—— Best Fit 0, o p = 2:8 %17 Mb

Where dNd4u/dy is an invariant yield w/o absolute

P [TAPRPE PR IO
 — L
-3

-2 -1 0 1 2 3
Rapidity

1.1

normalization factors that would be needed for a

cross section (lower systematical uncertainties) \

o

Alternatively, a power law with o - especially useful g
when comparing expts that used different nuclear

targets o 08
O,=0,A E866

a=1+ ln(RpA )/ln(A) e

0.6

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

PRI I A L N L O ) L

- ) _ +11% Global Scale Uncertainty

Small x

n)
{17y

(shadowing |

2 S i "':
e g 5 _PRC 72,024912(2008 T
" EKS Model |
R, Opreakup = 0,1,2,3,5 mb (top to bottom) -
| — BestFito, ., =287 mb
1411 ‘ b T | | | 2 T T | l b DO T T | 1 ‘l Lt ] |
B2 0 1 2

Rapidity

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

4/24/2008

3

J/y for different Vs collisions

1.1

m

=

e
o |
i 1x
g ]
L T
0.7} 9 GeV—+

O EB6E (39 GeV)
T @ PHENIX (200 GeV) 1
Lsadol PR N AR BT 2

< o NA3(19 GeV) —

0.6

oo 1 P SV |
. 00 02 04 0§ O
10° o 10 =%, _%(2

I

2 Xp =

(x, is x in the nucleus)

Not universal vs x, as expected for shadowing,
but closer to scaling with xg, why?

« initial-state gluon energy loss?

+ gluon saturation?

» Sudakov suppression (energy conservation)?

Mike Leitch - PHENIX/LANL
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How does the QGP affect Quarkonia?

CNM Effects
CNM effects (EKS Tt T oot
shadowing + i N0 Sy o223
dissociation) give large !
fraction of observed oot
AUAu suppression, 0.l
especially at mid- :
rapidity 2

TP T N D DT O PP T
G0 50 100 150 200 250 300 350 400
Number of Participants Au+Au

Normal CNM descriptions give similar AuAu /»5 ‘

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

e could come from gluon saturation or from a
shadowing prescription that has no anti-shadowing

In any case more accurate dAu data

/s sorely needed

4/24/2008 Mike Leitch - PHENIX/LANL

3
<
3
<

0.8
0.6
0.4

0.2

et PHENIX AucAu Data 1.2<[v}<2.2 (sys:m_‘t 7%}
~-—— EKS Shadowing +a,_,,= 2857 mb

NDSG Shadowing + 0, ey, = 2.2 0F mb

I

P UV ST | .

L e di
6 50 100 150 200 250 300 350 400
Number of Participants Au+Au

200 GeV J/¥ - EKS & 2 mb

T T T T T

0.7
0.6 P
M s -~ ) ~

- ~ T
05k " = -
N i H 1 ¥ |
045 1 2 3
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How does the QGP affect Quarkonia?
Sequential Screening and Gluon Saturation

' Slur'v'ivalI Probability Yvr*t Cl\llM |

Some recent lattice calculations

suggest J/y not screened after all 1
* suppression then comes only via feed-
down from screened x. & ' s |
* the situation could be the same at & o6
lower energies (SPS) as for RHIC mid- .7

0.8

rapidity 0.4

* and the stronger suppression at
forward rapidity at RHIC could come _
from gluon saturation (previous slide) 0

I SPS overall syst (guess) ~17f°/o‘

PHENIX overall
syst ~12% & ~7%

0.2

NAS0
NASGO

PHENIX Au+Au y=0 (1 mb)
PHENIX Au+Au y=1.7 (1 mb)

Pb+Pb
In+in

I mEOCe®

1

1o =1 fm/c_-
used here |

0

» Is suppression stronger than can come from
X & v alone?

* Can this picture explain saturation of the
forward/mid-rapidity RAA super-ratio?

4/24/2008 Mike Leitch - PHENIX/LANL

1

Forward RAA/Mld RAA
e © —
e I -

S o ¢
o N »

(=)

2 3
xg (GeV/fm’/c)

Global syst 14%

ol ; 1
100 200



[43!

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

* larger gluon density at RHIC expected to . PHENIX 200 GeV iy
give stronger suppression than SPS T cpmgen | ® AuAu<035 |
* but larger charm production at RHIC [ et N e lEE2
gives larger regeneration I i
141 1.01% ]
* very sensitive to poorly known open- B ondcharmp, Ropp, Brown VI<0.35 syst 12%
charm cross sections R,, [ PRL92,212301(2004)  12<lyl<22syst7%
e forward rapidity lower than mid due to ! nucl-ex/0611020
smaller open-charm density there 05F Y B [ B ]
« expect inherited flow from open charm S B gt K ¥ ]
* regeneration much stronger at the LHC! L/ R - '
. /
0.00 1(I)O 2(!)? 360 400
part
* need fo know what happens fo y, & v’ & D R —
o 1.2
measure J/y flow? ST
* flat forward/mid-rapidity RAA super-ratio %o
consistent with centrality trends of the two 7 %
components (screening & regeneration)? £ 02 Global syst 14% k
5 02p a ' ‘ T
00 1(')0 2(1)0 3(I)O 400
N

4/24/2008 Mike Leitch - PHENIX/LANL
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Quarkonia, Heavy Quarks and sQGP

Ralf Rapp
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
“Understandlng QGP Through Spectral Fucntions and

Euclidean Correlators”
Brookhaven National Laboratory (Upton, NY), 24.04.08
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Outline

1.) Introduction
2.) Heavy Quarkonia in QGP

e Charmonium Spectral + Correlation Functions
¢ In-Medium T-Matrix with “lattice-QCD” potential
e In-Medium Mass and Width Effects

3.) Open Heavy Flavor in QGP

e Heavy-Light Quark T-Matrix
e HQ Selfenergies + Transport
e HQ and e* Spectra

e Implications for sQGP

4.) Conclusions
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- 2.2 Potential-Model Approaches for Spectral Fcts.

[Karsch et al. ’87, ..., Mocsy+Petreczky ‘06, Alberico et al. ‘06, /
Wong et al. °07 ...] G/(DZ T\ J W
\P’
* bound state + free continuum model
too schematic for broad / dissolving states /cf)ﬂt—'-
: : : xla >
e Lippmann-Schwinger Equation | DY ()]

[Mannarelli+RR ’05,Cabrera+RR ‘06]

N
In-Medium Q-Q 7-Matrix: T| = @+K\Z) T
pd

T(E;q.q )=Vi(g,q )+ [Kdk Vi(q.k) Goo(E k) Ty(E;k,q )

- 2-quasi-particle propagator: Ggé( s)=day /[s— (20, + 29+ 25 >
- bound+scatt. states, nonperturbative threshold effects (large)

* Correlator: G,(E ):IGEQ + I GBQI T, G&Q | L=S,P
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2.3 Charmonium Spectral Functions in QGP within
T-Matrix Approach (lattice U, Potential)

Fixed m_=1.7GeV In-medium m_* (U, subtraction)
T T ¥ T T T Y T T I T 1k T 717 7717 T T 1T T T ]
14 ! —TIT, ] I — LT |
] e L5T 1 — 15T
12 —— ZAOT: e 20 — 2.0 T: -
- nc e 25T b L nc 25T 1
— 10~ e 30T, - B — 30T [ |
>t — 33T, - N; 16 ) —— 33T,
i 2 wem e uncomelated i 8 [‘ o T=0
& 6‘ ) 12~ i -
g2 g | ‘
4 i i I 7
* : t \ i
I by
2 ar ] Iy 7]
i I / LL L\“ pr—
o 28 30 3.2 34 36 38 10 058 28 30 32 34 36 38 4?0 ' 4‘.2 ' 4|.4
E_, [GeV] E_ [GeV]

* sradual decrease of binding, large rescattering enhancement
* N, J/y survive until ~2.5T, ¥ up to ~1.2T,



3.2 Potential Scattering in s

e T-matrix for Q-q scatt. in QGP
Ty =Vi+[dk V{ G, T},

e Casimir scaling for color chan. a

e in-medium heavy-quark selfenergy:

~ Determination of potential

 fit lattice Q-Q free energy Fog =Ugg —1S , Vou(r)=Uyg(r)-Uys

q

q

OGP

® currently 0 [ | S ———
significant N7
uncertainty S .06 [Wong °05] | S
© 08} o)
>t T=I1T, —— | >
T=15T, e
12} T=20T, o
14| T=3.0T, e
: T=A4.5 T, e
16 : : '
0 0.5 1 1.5

r {fm)

[Mannarelli+RR ’05]

0 —
02 |
04t
[Shuryak+
06} Zahed *04]
-0.8
-1t T=l1T,
A Tez] 5T, e
-1.2 T 0 SV
14 | S0 o p—
T=4.5 T, .
1.6 : :
0.5 1 1
r {(fm)



3.4 Single-Electron Spectra at RHIC

18—
* heavy-quark hadronization: 16} (a; 0-10% cent;mll e thoory -
coalescence at T, [Grecoetal.'04] 1.4 ] l ! — ~— frag. only
+ fragmentation 1.2;— ® PHENIX "“
o STAR
* hadronic correlations at T, ﬁf 0.8F 4 E
<> quark coalescence! 065 E
= e charm bottom crossing 0.4 '
at py° ~ 5GeV in d-Au R T AT
(~3.5GeV in Au-Au) 0.15;-‘ & immmbis g}rgE%NNg ng
* ~30% uncertainty due to 0.1f :
lattice QCD potential ad . OS:_
* suppression “early”, v, “late” 02

o
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3.5 Maximal “Interaction Strength’ in the sQGP

» potential-based description <> strongest interactions close to T,
- consistent with minimum in /s at ~T,
- strong hadronic correlations at T, <> quark coalescence

 semi-quantitative estimate for diffusion constant:
weak coupl. /s ®4/15 n <p> A,,=1/5 T D,

strong coupl. /s = 1/4x D,(2rT) = 1/2 T D,

= n/s = (2-4)/4x close to T,

T-mat + pQCD
reso + pQCD  —~——-

1.5 | pQCD ----
KSS bound e

n/s

4.0 8.5 0.0 0.5 1.0 0.2 0.25 0.3 0.35 0.4
T T, T (GeV)
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4.) Summary and Conclusions

* T-matrix approach with 1QCD internal energy (Uy):
S-wave charmonia survive up to ~2.5T,
similar to 1QCD correlators + spectral functions

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

 “Hadronic” correlations dominant (mes(m + diquark)
- maximum strength close to T, < minimum in n/s !?
- naturally merge into quark coalescence at T

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

Helmut Satz

Fakultat fiir Physik, Universitit Bielefeld
Postfach 100131, D-33501 Bielefeld, Germany
Email: satz@physik.uni-bielefeld.de

vl

Abstract:

We model the Q@ spectral function in terms of a finite width resonant state plus a continuum
and compare its correlator behaviour relative to that at 7' = 0.
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Question: How to calculate quarkonium dissociation points?
Two possibilities:

e Schrodinger equation with temperature-dependent heavy quark
potential V' (r, T')

e quarkonium spectrum from finite T lattice QCD
Both have intrinsic problems
e survival in potential theory for radii » > 1/T, binding energies

AFE < T: what does that mean?

e spectral functions via MEM from correlator calculations, correla-
tor ratios vs. reconstructed “vacuum’ form: how much freedom?

report here on an attempt to address this problem

H.-T. Ding, O. Kaczmarek, I, Karsch, HS (in preparation)
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idealized spectrum at T" = 0 (no zero point mode)

o(w, T =0)=fd(w— M)+ cO(w— sp)w?/1 — (w/s)?

2
[ ~ strength of resonance o/’
c ~ strength of continuum /?—v\
So(T") continuum threshold :
M

assume that at T' > 0 resonance broadens (relativistic B-W), but
retains same strength

2wy
7 |w?y? + (w2 — M?2)2

O'T(waT) — N(’Y) I

N (7y) assures normalization for width v = ~(T)
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R e R B
. . E RBW + Continuum
include T-independent T sasoonam moscw
- O phe
continuum : - - Yiescey

¥ y=07 GeV
o y=0.9GeV
12

reduces modifications 15

T T T[T T [T [T [P T Ve T

>

L)
o » % O
. ES

(o]

-2 llLJllllllllllllllIllIll!IIIIlIlI‘]{l!JIll

-\

ol

#

due to finite width o
p-w & 2 = % % § £
0.959 X 02
12
1{—& & 2 ; ;‘ : % E .
remove resonance at o8l N
finite T el e ey
- = so=33GsV
. ; 3 s atilcey
decre&Slng ratio °'4? o So= 4.5GeV
0.2:‘
o ' 0{1 — UI2

.Ohlllr\:IT

wm

A
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Basic Problem

e G(1,T)/Go(T,T) = 1V T has unique solution:
Baym & Mermiu]

o(w,T) = o(w, T = 0)

o given G(1,T)/Go(7,T) = 1 for N points 15,2 = 1, ..., N
or more precisely,

o given G(7,T)/Go(7,T) = 1 & € for N points 7;,
i=1,..,N

how to define “the best solution”?

back to MEM....
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Conclusions

e resonance width and continuum threshold have clearly visible ef-
fects on correlator ratios
e resonance broadening leads to increase at large T,
due to low w tail of RBW;
shifting continuum threshold down enhances this
e resonance melting leads to decrease at large T,
due to less contribution at low w:

shifting continuum threshold down partially compensates this

e eventually compare to more precise correlator studies to model
vector (J /1) and scalar (x.) channels
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Charmonium in strongly coupled Quark-Gluon Plasma

Clint Young and Edward Shuryak
Department of Physics and Astronorny

State University of New

Yaork,

Storey Drock, NY S1794-3800

{Dated: March 19, 2008]

‘The growing consensus that a strongly-coupled guark-ghaion plasma (sQGP) has been observed at
the 3PS and RHIC experiments suggests a different framework for examining heavy quark dynamics.
We present both semi-analytical treatinent of Fokker- Planck (FP) evolution in pedagogical examples
and numerical Langevin simulations of evolving cé-pairs on top of a hyvdrodynamically expanding
fireball, In this way., we may conclude that the survival probability of bound charmonia states is
greater than previously estimated, as the spatial equilibration of pairs proceeds through a “slowly

dissolving lump” stage related to the pair interaction.

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

Several theoretical groups have analyzed these data, mn
particular Moore and Teaney [23; provided information
about the diffusion constant of a charm quark D, by
Langevin simulations. A conclusion following from this
work is that both RY ; and v§ observed at RHIC can be
described by one value for the charm diffusion constant
in the range

D, (2xT) = (1.5 — 3). - (10)

This can be compared with the perturbative (collisional)
result at small o,

DPREP (27T) = 1.5/a2. (11)

v;if

Bt T T 7 1 T
A (8) NS en Armeste . ()
1L R vantessacal (m
uf sews JIRUT) Moored
- wwovess | VZNEAT] Toaney (W}
k=
L Y :
M:— o
E
-

»
ez B
L g TY’V"V""Y'II]I"'F

-‘n«‘;_-dovm
s sty p >2Gevi
. VR, Vv

abiandanalisateabinla
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FP and Langevin egns

with mutual interaction

or o a
ot = Porfope I/ 50)

a
-]
]

09

0.004
0.8

00035
0.003p8
00025 %

0.002 %

a.7

0.6

05

0.4

0.3

0.0015/

0.2

0.1

Lot el bty el

0.0

T T T T T T T T T T Y T T Y
-2 -1 o 1 2 3
x

FIG. 3: (Color online.) Numerical solution of the

one—d.ime';:x‘zional lafokker—l;la;mk eql:lation forGa-n intera;ctins FIG. 4: (Color online.) Distribution over quark pair separa-
&c pair. e relaxation of the initial narrow Gaussian distri- . _ .

bution is shown by curves (black, red,brown,green,blue, or top tl?n at fixed T "'. 1'5TC after ? fm/ ) W‘lth (X'Gd squares) and
to bottom at r=0) corresponding to times ¢t = 0,1, 5, 10 fm, without (g'reen tnangles) the &c potential.

respectively.
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First p-equilibration and then
quasiequilibrium

Shape changes

002 ; d yahens
uNear equilibrium one
E 0.015 00025 + &
E O.GDZE‘ * *
[T} N -
- L _¢.. _¢_,
g oo 00015 ~+ o
4 [ -e- -6
osetf- *
} St
a e -
00sE +:~c—:9:29’ A
o 0 'J?;T‘:'o.'a’ —
1 15 2 25 3 35 4 45 ' Charm pair CM energy [GeV]

Time [fmi]

‘ o FIG. 6: (Color online.) Evolving energy distribution for ar
FIG. 7: (Color online.) Probability ‘of e pairs to be bound enserble of & pairs at time moments ¢ = 2,3, 10 fn/e (cir
at RHIC Au+Au, \/5 = 200 GeV, mid-rapidity. cles,squares and triangles, respectively).
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Langevin for c-barc pair on top of
expanding fireball =>
J/psi survival probablit

08 l {
< 0.6 ?\\\m\ }
o T } {
04 ¢ T L
1
02+t
0 1 4, i L
100 150 200 250 300 350 400
Number of Participants

FIG. 8 (color online) Points show the magnitude of the
anomalous suppression at mid-rapidity RYY™2%*(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 =T,.

Pythia initiation
Hydro => T(x)

Langevin
Projection to J/psi after
QGP, as T=Tc

sorption”. The way we have chosen to display PHENIX
data [38) is as follows: before we compare those with our
results we “factor out” the cold nuclear matter effects,
by defining (for any given rapidity y) the following ratio
of Au+Au and d+Au data

RPH ENIX (y)
B

to be called the “anomalous suppression”. In principle

Ranomalous( )
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Feeddown from higher states

we form the double ratios, at two relative energies corre-
sponding to ¥ and J/ masses (minus 2msqppy)
f(8GeV) , (.3 GeV)

Byjoy = Fo(8 GeV)’ f4(.3 GeV) @7)

particles produced rom teeddown irom higher charmo-
nium states:

_ ) g AM,
Nt = N [1 + Ry 3D exp(—-T—"B'}”’
2

where 7 is summed over the Xx;, xz, and e particles which

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

NASO

» Sorge,Shuryak,Zahed ,
Andronic,PBM,Stachel

5 We don’t do
Np<100!
4
3,
14
o 3

0[) 50 100 150 200 250 300 350 400
Npartidparns

FIG. 9: (Color ontine.) The double ratio R, defined in

(27) versus centrality (number of participants). One point

(green box) at Npere = 2 corresponds to experimental data

for ¢ and the direct J/p , for pp collisions.
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J/psi survival, with and without
feeddown

 Remaining issues:

 |Is there a need/place
for recombination?
How large is it?

- What are pt, y
distributions and v2 o
J/psi from this
simulation?

o " L Npamclggrﬁs N A
100 150 200 250 300 350 400

FIG. 10: (Color online.) The points are PHENIX data for
Renpmatous(y — (), 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-Huot
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
coeflicient 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 HTL effective theory. We find it to be large, being already
significant at as = 0.03, thus signaling convergence difficulties for the
perturbative series at larger values of the couplings.
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1.1. Introduction (ll)

» 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)

corrections!

- The tools needed to calculate them already exist (HTL
effective theory)
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3.2. The HTL diagrams

s
ST SN

= Must include all two-loop HTL diagrams.
All propagators are soft {p~ g7) and resummed.
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4.1. The result

.. [ Neng (1-+ng)(k) (2 B+ f_)
k 'ﬂ‘.[ (@ +myy +mn)2 L+2anp(1—“F)(") (1 &)

&’E@Qg{hg(g),rH 35 hg2+19}_131}
I

.GC'H

6x N, +iN; 8r mp
= fmeg’cH {C’x ‘E‘.ﬂ}
6 3 mp

=1 —qp+92 ~_ 06472 (LOconstant)

C ~ 1.4946 (NLO coefficient)
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K/g*T?

4.1. The result (1I)

0.01 0.05 0.1 0.2 0.3 0.4
0.6
! | I N&xt—to—lea;dmI ing olrder L
05 L Leading order) ------
Truncated leading order
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4.2. Discussion

« The NLO correction is very large. Even for
3-flavors QCD at T=100GeV, («; =~ 0.1)
| wouldn't trust the perturbative series for «

 What happened? Half of the corection C is from using the NLO
Coulomb gauge poteniial. The remainder
» Outlook: appears more complicated.

— Expansions in (g .2N_TImp) seem not fo
accurately describe the QCD gluons, even when
ois small. Other approaches would be
desirable.
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Transport of Heavy Quarks in AdS/CFT

Derek Teaney*
Department of Physics and Astronomy, Stony Brook University , Stony Brook NY 11794-3800, USA
(Dated: May 25, 2008)

The goal of the program was to review the current understanding of spectral functions in different channels. This talk computed
the spectral density of the current-current channel for heavy quarks in A = 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 statés 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 AdS5 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 dp

i oot () =i t) M
where 7 is the drag coefficient and £ is the noise. The drag and the noise are related by the Einstein relation n = 5%
Reshuffling this result we see that it can be written as
0. K.
— = 2
My + T £ 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 AdSs 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 of the string obeys a finite frequency generalization of the Langevin
equations

~Mgw*x(w) + GrWix(w) = () (EW)E(-w)) = —(1 + 2np(w))ImGr(w) (€)

In the low frequency limit we have

Grlw) = —iwﬁ Fwt— with &= V2nT? “)

K 2 VT
2
and the quark moves with a certain momentum diffusion coefficient « and effective mass Mg, (T) = Mg — VAT/2 as found
previously by different methods [S5]. The final slide shows the full spectral density including the finite frequency generalization.
Acknowledgments. D. Teaney was supported in part by the Department of Energy under the Outstanding Junior Investigator
(OJI) program and in part as a Sloan Fellow.

1 1. Casalderrey-Solana and D. Teaney, in progress

] J. Casalderrey-Solana and D. Teaney, JHEP 0704, 039 (2007) [arXiv:hep-th/0701123].

J. Casalderrey-Solana and D. Teaney, Phys. Rev. D 74, 085012 (2006) [arXiv:hep-ph/0605199].

P. Petreczky and D. Teaney, Phys. Rev. D 73, 014508 (2006) [arXiv:hep-ph/0507318).

C. P. Herzog, A. Karch, P. Kovtun, C. Kozcaz and L. G. Yaffe, JHEP 0607, 013 (2006) [arXiv:hep-th/0605158].

1
[2
3
[4
[s
[6] S. S. Gubser, Phys. Rev. D 74, 126005 (2006) [arXiv:hep-th/0605182].

1
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1
1

*Electronic address: derek.teaney@stonybrook. edu
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The problem:

N-1 D3 Branes

P

<

Event Horizon Test Brane

v

]
r=0

7

String
ro r=Infinity
Temperature Mass

The quark doesn’t move. There is no noise in “standard” AdS/CFT
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Integrating out the Bulk

® The real time partition function of string for small fluctuations

/= /H dX(t1) H dXQ(tQ) H dx1 (t, z)dxo(t, Z)eiSNG

t,z

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

7 — /DX1DX2 ottt [Xc1(X1(t1),X2(t2))]
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Result

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

d2X
Qg2 /GRt_t X(#) =¢

e To quadratic order the retarded green function is

Gr(w) = (AM) w?* — i
VAT /2
e Then find the following effective equation of motion
d?X Kk dX
Mn (T =
kinlT) g + o7 g = ¢

with the correct kinetic mass (see HKKKY)

g VAT

Miin(T) = MY ;
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The full answer:

() = x w2ImGR(w)
JJ * (—=Mgow? + ReGRr(w))? + (ImGr(w))?

1 a 0.1E
0.9F 0.0
F 3 F
0.8¢ — AdS/CFT g oot — AdS/CFT
0.7H <3007
0.6 “ ------ Lorentzian 0.06 _ ------ Lorentzian
0.5F 0.05)
0.4 0.04F
0.3F 0.03F
0.2 0.02-
0.1F 0.01~
obreia L PN e e 0:||||l|x||||x|||||||{|||:T;-l-;TI.|-|"1-|'1'f7'>'7‘|'T1‘r1+1'r1-r
o 05 1 15 2 25 3 0 05 1 15 2 25 3 35 4 45 5
wl(n T) wl(nT)

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

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/CFT correspondence.
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Outline of the talk

¢ Quick tour to Relativistic hydro
e Brief visit into 5th dimension: Black Hole AdS/CFT

e 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 T/

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
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" = A*™ A" D k[ V] 0

Tracelessness condition: A™ Din k[ V] u* = 0

2 1
Dmn,k uk = Gmn [5 m — g 72 szl (V’U,) — T [gmk Vn + 9nk v’m] U’k + Up vm Vn (VU)

me = n[(uV), v — M2t w, w? — q2] = Renz2 + Smni2

mlw — 0,q— 0] — 7
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:

' 2
771‘1/2 R T
GT(w = = Om G
r(W) 9) i w ma?/2 X R

Sound channel:

2iwc’q’n — ¢ L L
Grw, q) = = 3m G
R, @) w? — c2¢®> + 2iwc?qg? 7 X R

i =m + mw —24°)/4

In order to extract 7; 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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Concluding Remarks

e 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.

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



Debye and Magnetic Masses in Full QCD
Simulations and Comparison to

AdS/CFT
Yu Maezaws,

En’yvo Radiation Laboratory, Nishina Accelerator Research Center,
RIKEN, Wako, Saitama 351-0198, Japan

We study magnetic and electric screening magses of quark-gluon plasma
in lattice QCD with two flavors of improved Wilson quarks at temperatures
T ~ Tpo4T,, where T is the pseudocritical temperature. Imposing symine-
tries of the Euclidean-time reflection and charge conjugation on the Polyakov-
loop correlator, we can decompose the Polyakov-loop correlation to various com-
binations of the Polyakov-loop operators with a gauge fixing, and extract the
screening masses. The magnitude of the magnetic screening mass (myy) turns
out to be smaller than that of the electric screening mass (mg), in accordance
with an expectation of the thermal perturbation theory. We also find that the
screening ratio mpg/mas shows a good agreement with a prediction from the
AdS/CET correspondence. At T 2 1.2T;,., our mp 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 mg < 2mys. We confirm

that our results for my and mp satisfy this inequality.
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Intro 1ction

Screening properties in quark-gluon plasma

® Electric (Debye) screening mass (m;)

& (A,(0)A4,(y))
——> Heavy-quark bound state (J/¥, T) in QGP

¢ Magnetic screening mass (m )

& (A:(x)4;,(y))
> Spatial confinement in QGP, non-perturbative

Attempts so far

o <AA> from lattice simulations in quenched approximation
(Nakamura et al. PRD 69 (2004) 014506)

» Supergravity modes in AdS/CFT correspondence
(Bak et al. JHEP 0708 (2007) 049)

Our approach
Polyakov-loop correlations in full lattice simulations (N;=2)

Y. Maezawa @ BNL 4/25/2008
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Decomposition of Polyakov-loop correlator

Extract electric and magnetic sector from Polyakov-loop correlator

Arnold and Yaffe,
- . ] - PRD 52 (1995) 7208
k. Euclidean-time reflection (/) '

A(T,%) > A(=7,X) ! |

9 A4 mE A4

A,(7,X) = —A, (-7, X) SO 55D

, Charge conjugation (£ 'TLL T
A,(7,%) > —A,(7,X) z

Intermediate states in z-

| . 4) [4,)
Magnetic and electric gluons
btw. Polyakov-loops — I, +
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m”/mp=0.65

-t

1.5 2 2.5 3 35 4

T/T,
> Mass inequality: mi,, < mg
» For T'>2T,,

m,;/mp =(.80 |

—

1.5

2

2.5 3 35 4

TIT,

both m,, and m, decreases as T increases.

» For I, < T <2T,,, i, and m; behaves differently.

» mg well approximated by the NLO formula

Rebhan, PRD 48 3967

miOT)IT =3 g(T.x) N e
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Screening masses in N=4 supersymmetric Yang-Mills matter

aparison with AdS/CFT

o

Spectra of supergravity modes Bak et al.
e Lightest T-odd mode (electric sector) JHEP 0708 (2007) 049
my, = 3.40412T
» Lightest i -even mode (magnetic sector)

Mgy =2.33612T

Al L%lttice, my7r /mp:()‘.GS v-"em »

th mE /mM Lattice, m, Imy = 0.80 r—i—

D.0.F btw. SYM and QCD different AAS/CFT e
3+ |

Screening ratio i

: | |

mpy(Te =-) _ 1 46 E:> %4’% g — b
Mgy (T =+) o 7 V

T 15 2 25 3 a5 4

agreement at 7> 1.5 ypc T/ T,

Y. Maezawa @ BNL 4/25/2008
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parison with quenched calculation

o »
From <AA> in Quenched QCD From Polyakov-loops in N.=2 QCD
Nakamura et al, PRD69 (2004) 014506 this work
il | | m(DIT —e T ; | (T e
. My TIT —— . il ! g TWT b

we

‘”%?]Hd]”“ﬂ’m | 3}%’“‘%% )

! 9 _ + ? ‘{‘ $
EPOY
1 %x A % ‘%’ % . it ]
%x my [ m,=0.65
‘T . P - 6
T/T, /7T,
» For T> 1.2T,, qualitative behavior (n1,, < my) is the same.
» For <1.2T,, Quench Ns=2 QCD

e M, decreases e M, increases '
P e S as T T,
e 111, increases V' e m,, decreases

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

Alexei Bazavov

Department of Physics
University of Arizona

April 25, 2008

in a collaboration with: Peter Petreczky, Alexander Velytsky

Static Quark Correlators in SU(2)

A. Bazavov (UofA) . Apdisooes 16
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- Static quark correlators

G(r, T) = (T (U, LU (x,y. 1/ T)),
Gs(r, T) = (TRl ()TrL(y))
D) Uy )LV (.1, 1/ T)),

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

1

xp(~Fi(r, T)/T+C) = S(TI(L())
xp(—Fa(r, T)/T+C) = S(BL(TEL(Y)) ¢ (TeL (L),

r = |x—yl

A. Bazavov (UofA)
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Static quark-antiquark free energies
Using the transfer matrix one can show that

Gl(l’, T) _ Zoo r)e E,,(r,T)/T’ (1)

n1n

G(r, T) = (TrL(r)TrL(0)) = 3202, e~ & D/T 0 (2)

where E, are the energy levels of static quark and anti-quark
pair. The coefficients c}(r) depend on the choice of the
transporters U.

If ¢; = 1 the dominant contribution to Gz would be the 1st
excited state E,, thus justifying the name singlet and triplet free
energy.

In perturbation theory ¢! = 1 up to O(g®) corrections * and
therefore at short distances, r < 1/T the color singlet and color
averaged free energy are related F,(r, T) = Fi(r, T) + T In4.

IN. Brambilla, A. Pineda, J. Soto, A. Vairo, NPB 566 275 (2000)

A. Bazavov {UofA) Static Quark Correlators in SU(2) -:__: v%@*@
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" Problems with extracting triplet

If ¢ # 1 then 2

e FIT — G(r 1) = 7 e BT

o F(N/T _ Gy(r, T) = ci(r) e BT,

ehf:_3(f)/7_ _ Cf(r) e E(N/T

and )
Fo(r, T) = Ey(r, T)=T In¢j,

Fi(r,T) = Ei(r, T)=T Inck(r),
,‘Nfg,(r7 T)=E(r,T)=T In c13(r),
o ~1, ¢(r)~1-c(r).

I:'3(r7 T) has a contribution from the singlet!

20. Jahn, O. Philipsen, PRD 70, 074504 (2004)

A. Bazavov {UofA) Static Quark Correlators in SU(2)
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~ Coefficient ¢ at 3 =2.7

C4(r)

A. Bazavov {UofA)

1.2

0.8 -

0.6

04 +

0.2

. . 5 . :
: ¢ 3
]
]
]
B L

APEOO ~—m—
| APE10 —e— |
ALPEZO P—I-..A»n“_‘l N 1 1

01 02 03 04 05 06

r 61/2

Static Quark Correlators in SU(2)

0.7
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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 ¢ 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 temperatures dependence on levels of APE
smearing vanishes

» The screening function shows correct exponential fall-off
behaviour

A. Bazavov (UofA) Static Quark Correlators in SU(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 spontanecous 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”
T = 120 MeV. Relatively few of the dileptons that are off-shell (in vacuum) come out
through the rho meson, so only the tho on-shell spectral function can be reconstructed.
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Brown-Rho scaling in normal nuclei

J. Holt et al,, PRL 100 (2008) 062501

6000 — ' ! B l T T i 1
L Experimental half-life i
5000 .
24000 i -
| z;
< 3000 H -
m 4
2 | ‘:':
9 - - ;5 -~
=~ 2000 { ® Brown-Rho scaled NN interaction| 3
1000} 4 .
s}

4

1) I xR
Nuclear density n/n,,
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Hadronic Freedom (between T,and T, ;)

G. Brown et al, PRC 74 (2006) 024306

e
i S
= ~3-
M

LY

2

TN
S8,
N A
- ~
|79,
. o

|

T  m}/m, I*/T 32 SU#) Multiplet (massless at T)

175 MeV 0 0

18),04(4),0,(27),7(3),c6(2),
164 MeV 018 0 p(18),a0(4),04(27),7(3),0(2)
153 MeV  0.36  0.01 =F1085(12)

142 MeV 054 0.05
131 MeV  0.72 0.22
120 MeV 090 0.67

T, = o3 _o16
fash — * freezeout el (22-3) o

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/y spectra from 200 GeV p+p collisions at
pr 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 pr J/y production was found to follow the xr scaling with a beam
energy dependent factor ~Vsxn© %), The Jiy-hadron correlations were also discussed.
We observed an absence of charged hadrons accompanying high pr J/Ay on the near side
in contrary to the strong correlation peak in the di-hadron correlations. The implications
of J/y production mechanism and contribution from decay feed-down were discussed.
The J/y nuclear modification factor Raa in Cu+Cu collisions at \/SNN =200 GeV was also
reported. The increase of Raa from low pr to high pr challenges several model
interpretations. The average of Raa at pr> 5 GeV/c is 0.9+ 0.2, consistent with no J/y
suppression at high pr. It implies that high pr J/\y may be produced from virtual photon
or outside of the hot interaction region. We also reported the Upsilon results in p+p and
Aut+Au collisions at Vs = 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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Counts/0Mavie?

CountsHOMaVle?

Low pr ]/ in p+p at 200 GeV S

Jhy trigger 0<p.<55 GeVic

Invariant mass spectra (signal+background)

Ep+p 200 GeV

Signiiicance: 5:80 ]

* daia
— MG Simutation

counts.
2

STAR Preliminary

STAR Preliminary

MC descrih:es posiﬁLn ind width

- 1 I L . I |
° 1 2 3 3 5

Govic?

STAR has J/y capabilities at low p
Mass and width consistent with MC simulation, low mass tail from electron bremsstrahlung

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

Zebo Tang, USTC/BNL RBRC Workshop, BNL, April 23-25, 2008 1

. .
High pr J/y in p+p at 200 GeV 37+
srree EMC trigger —gisse| 2 ol T
p+p
STAR Preliminary EMC+TEC electrons: p+p 2005
" [(S+B)/B: 2472 nf<l, pr>2.5 GeVie
£ TPC only electrons:
*E 3pb Jif<t, p> 1.2 GeVie
k£
€
! A ———
955y AL Mi Lilse [No background at p;>5GeV/c]
IEoee el I e S e
D peettans EMC+TPC el p+p 2006
STAR Preliminary PC clecirons:
(S+B)/B: 54/14 i<l pr>4.0 Geble
TPC only electrons:
11 pbt Jaf<d, pr> 1.2 GeVie
E I L
E o ot
& 2, [ Reach higher py (~14GeV/c) |

52 3

M, {oe} (G.w:")'

Zebo Tang, USTC/BNL

RBRC Workshop, BNL, April 23-25, 2008

190

2



]/ spectra in p+p at 200 GeV 3

* Significantly extend p;

10 p+p Jiy trigger 2006 4
p#p HT trigger 2005 range of previous
1 PP HT trigger 2006 measurements in p+p at
PHENIX p+p
" MRST, m,=1.2 RHIC to 14 GeV/c
10 - MRST,m_=1.4
- CTEQSM, m=1.2
2 GRVGEHO, m =13 » Agreement of charm
measurements between

STAR and PHENIX

« Consistent with Color
Evaporation calculations
(R. Vogt, Private

deo/(anpoTdy) [nb/(GeVicyH]
3 3

10%
0 10 12 14 e
communication
Transverse momentum p_ (GeV/c) )
Zebo Tang, USTC/BNL RBRC Workshop, BNL, April 23-25, 2008 3

CSM with k-factorization i

PHENIX, PRL 92, 05180 (2004)

CSM can also describe the data

Tk o -
=2 Jhy = e'e Jhy - p'u - - .
2 g with some improvement like
S E - -
R the k,-factorization approach
T 10 ~
€3 =
= 10° . 5 108 ¥ p+p Jiy trigger 2006
m£ i § . M p+p HT trigger 2008
~jr 1075 " - — ; : . @ +p HT trigger 2006
0 2 4V s 0 2 4V/‘G & *:HDENIXpigp
Pr (GeVie) Pr (GeVie) 51078 == CSM k-factorization
PRISE, 2520022007} Color singlet |1 = 0 5.P. Baranov and
] LHC 14 TeV % A, Szczurek
e o arXiv:0710.1792
Tevatron 1.96 TeV) -o'_10
----- LO a
0 —nwo f 87 M
o2 10° ¥
STAR Prefiminar
2 ] 0 10% | | L I 1 ! L
N %o 2 4 3 8 10 12 14
h Transverse momentum P, (GeVic)
Lo 3wl 1}
b w l
by (GeV/ic
CSM NLO correction is huge Are we done?
Zebo Tang, USTC/BNL RBRC Workshop, BNL, April 23-25, 2008 4
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J/wv—hadron correlation in p+p <Am

=
2'? @ RunV p+p unlike-sign 208 STAR Preliminary
BOB[ e RunV p+p like-sign B
g O RunVI1p+p unfike-sign b
g |- RunVi p+p like-sign 3 o6 p%w > 5 GeVic
— - jassoclale
O8I STAR Pretiminary o pyeeeet > 0.5 Gevie

SRS
it

PR

Ad
* igni i of 015<p<e<pliasCevie & PP E
No significant near side J/\y-hadron h-h cdrrelationinict$ R

azimuthal angle correlation sk

* Constrain B meson’s contribution to JAy %J:g !
yield o*

* Hints of CSM? o

] ]
PRL $5,152301(2005) 20

Zebo Tang, USTC/BNL RBRC Workshop, BNL, Apt

Yields in near/away side STaR

R LR

=5 102 a) Noar Sido Ty awaysido

' o 2 iy igger, p2¥>5Gevie
2Poaa O hadron rigger, 4<p™% <5 Gevic]

lT E] + P 95%CL Limits "

L B TR

Oro o Of% ]

10 ) o

1079 [ STAR Preliminary
Vo !

1Y P S S L

05 115 2 25 30 05 115 2 25 3
p:ssocvale (GeV/c) p:ssnclale (GeV/c)
Associated hadron spectra with leading J/y:
» Away side: Consistent with leading charged
hadron correlation measurement (h-h)
= away-side from gluon or light quark fragmentation
* Near side: Consistent with no associated hadron production
B->J/y not a dominant contributor to inclusive J/y
constrain JAy production mechanism
Zebo Tang, USTC/BNL

RBRC Workshop, BNL, April 23-25, 2008 6
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Xy scaling

STAR

— —
107 nx10° (1=6.5) | Vo STAR Preliminary
[ = UA2540 Fene,
*STAR 200 oy
+ISR63 4

Y
>
D
8
B
=
£
-
[-%
- =
O =
L) E
B 101‘;
g "
Q
o
>
D
0
@

1w0°E

proton (n=6.5)

Iy (n=5.6)

ALY
“ﬁ%

L3

4 STAR 200
<SR 63
SFNAL 27.4

= CDF 1960
OCDF 1800
“UA1 630
OPHENIX 200
HSTAR 200 @2005:
HSTAR 200 @20086
2ISR 63

ISR 53
“ISR 30

Lol L MR Ll '

Xy scaling:
v n and proton: n=6.530.8 PLB 637, 161(2006)

10° 102 107
xT=2pTN§

v Jhy: n=5.6 0.2
v' J/y 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 23-25, 2008



Nuclear modification factor Ry, J

M STAR Cu+Cu 0-60%/ STAR p+p .
0?10 | PHENIX CutGu 0_60%, PHENIX pép Double the p; range to 10GeV/c
[ @ PHENIX Cu+Cu 0-60%/ STAR p+p
I OPHENIX Cu+Cu 0-20%/PHENIX p+p . i i i
| MPHENIX Cu+Cu 0-20% STAR pep Cons1stent with no suppression at
—Two Component Approach, Cu+Cu 0-60% high py:
[ — Cu 0-209
| Two Component Approach, Cu+Cu % RAA(pT>5 GeV/c) = 0.9i0.2
\{§,y"200GeV i)
| STAR Preliminary * Indicates R, , increase from low py.
I A to high pr
1k ; B
£ ] T
L@ % * Don’t support AdS/CFT prediction

Kﬁ_ » Formed out of medium?

Affect by heavy quark/gluon energy loss
TR I N S B |1
6 1 2 3 4 5 6 7 8 ¢ 10/*Produced from virtual photon?

Transverse momentum P, (GeVic)

2-component Approach predicted slightly increase R,, after more consideration X. Zhao, WWND2008

Zebo Tang, USTC/BNL RBRC Workshop, BNL, April 23-25, 2008 9

Compare to NAGO STAR

M STAR Cu+Cu 0-60%/ STAR p+p 3 “F
f 10L OPHENIX Cu+Gu 0-60%/ PHENIX p+p ® F v 3%Eue <5TeV(central)
F o;:sm& gu«:u 0-60%/ STArﬁxmp 18 . 9<E, <11Tev
Fo u+Cu 0-20%/PHENIX p+ E
[ MPHENIX GusGy 0-20%/ STAR pvp 16 o 15 < B < 16 TeY (peripheral)
[ —Two Gomponent Approach, Cu+Cu 0-60% E
[ —Two Component Approach, Cu+Cu 0-20% 14 {
\5yn=200GeV p 128 4
[ STAR Preliminary £ I &
1 1y
» E : Pl

]
1
i

°
1]
A AR RAR

¢ 1 2 3 4 8 6 7 8 9 10 CEX ¥ LA IRk 1141561[8 Q(Gz;\zﬂgg
Transverse momentum p. (GeV/c) P )

RHIC: Cut+Cu, s, =200GeV , consistent with no suppression at p; > 5 GeV/c
SPS: In+In, /s, =17.3GeV , consistent with no suppression at pr > 1.8 GeV/e

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 p,, 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 p;>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 STQ@NY
BRAWSK

STATF UNIERSITY OF NEW YORK
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p+p Cocktail Comparison

10—3 : + = 210-3!_ 2 > yee Sy see
PrpatNe=200GeV ™ o Data absolutely
-4 <0. -— >yee we B 5 ge (PYTHIA) H
100 o i W i normalized
105 £ WO *Excellent

agreement data-
cocktail

*Extract charm and
bottom cross
section

I, IIIIHII 14 HIHI‘ il .'IHIIl 1 !II(I!.’I

1N, dN/dim,, (c¥GeV) IN PHENIX ACCEF
a
S

0 0.2 0.4 0.6 0.8 1
Mg, (GeVic?)

......

—

=
b
o

T T

U
| pep atva = 200 Gev  tamn sockn
brmipie 0.3
g, >

1/N,,, dN/dm,, {(c%¥GeV) IN PHENIX ACCEPTANCE

: . s PR R
- : ey W07 gmivea ey R s (PYYRER)
SRR SENEE SR R RN N gy 02 Gev Eenl ”

5

5 o e (PYTHI
e DY — G (PYTHEAL

e GliR

m,, (GeV/c?)

Charm: integration after cocktail subtraction
0,=544 + 39 (stat) + 142 (sys) = 200 (model) ub
Simultaneous fit of charm and bottom:
0,.~918 + 47 (stat) £ 135 (sys) £ 190 (model) ub
~ Opp= 3.9 + 2.4 (stat) +3/-2 (sys) ub

1N, dNidm,, (c¥GsV} IM PHENIX ACCEPTANCE
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1N, dN/dm,, [czlGeV] IN PHENIX ACCEPTANCE

Au+Au Cocktall Comparison

lllIlIllIlll‘lll]!lll!lllI|l||rT7l'll|

min. bias Au+Au at = 200 GeV

a DATA ik 7D vee o P~y OO

-Data absolutely normalized
«Cocktail filtered in PHENIX

- > g0 & n'pe _
wid ) > @2 & nee PHITTENIX.
submitted:to Phys. Rev. Lett
arXivi0706.3034

" l;le :g ‘:Zewc BRSO, :%: - (PYTHIA) acceptance
. e 3 YO sm== CC - o
S peree e ¢€ — ee (random correlation) Charm from
10 5% — PYTHIA

- Single electron non
photonic spectrum w/o
angular correlations

Gge= Nyoy X 5671571193 pb

it
o
IS

col

-
[~
&

S
e
&

| III[HIl ! IIIIIlIl (AT IHIHIJJ HlIJll]j 1 iHlIl!| ]

i

(=
.
-

4
. i
Yoo, [l
o,

o3l L , | [, oy ».l‘,....:l"'",}- : 7
2 25 3 35 4 45

Low-Mass Continuum: m,, [GeV/c’]
enhancement 150 <m, <750 MeV: 3.4+0.2(stat.) £1.3(syst.)+0.7(model)
Intermediate-Mass Continuum:
Single-e > p; suppression & non-zero v,: charm thermalized?
PYTHIA single-e p; spectra softer than p+p but coincide with Au+Au
Angular correlations unknown
Room for thermal contribution?
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p+ dependency |l

ptp

AutAu

N"\10»|I!Illlllllllllllllillll"=Illl]l|llll!lIIIIIIIII
g 4L pHp atys = 200 GeV min. bias AusAu at\E, = 200 GeV -
% = B m, <100 MeVic’x 10 ® m,, <100 MeVic’ x 10
@ 10 # 100 MeVic’ < m,, <200 MeVic’ x 10 - ® 100 MeVic® < m,, < 200 MeVic? x 10
= L B 200 MeVic’ = m,, < 300 MeVic” 8 200 MeVic” < m,, < 300 Mevic’
&102 H 300 MeV/c® < m,, < 500 MeVic? x 10” ® 300 MeVic? < m,, < 500 MeWe” x 107
o : §00 MeVfe® 5 m,, < 750 MeVie? x 107 500 MeVic® < m,, < 750 MeV/c? x 162
B0 B 600 MeVfc’ 5 m,. < 900 MeVic® x 31 % 600 MeVic? s m,, < 900 MoVic?x 3107
H B 810 MeV/ic® < m,, < 990 MeV/c’ x 10 © 610 MeVic? < m,, < 990 MeVic? x 10
% 107k Invariant Yield [ {N__ 2} 2
’;‘.—10—5 PHENIX Preliminary PHENIX Preliminary
B
-8
o~
:10 -0
T an?
10
10° - -
10°® - . %
-10 . * .
10 i \N“ 5 e F\\?
10" O *ﬁ &
.. ! 3
=12 o, : - =
10 f-
L S L W D 5
o™ .
10.15:1||n|||!1|-||1xx|||1|| N R L1 A
Q 2 3 4 51 1 2 3 4 8
P, (GeVic) p, (GeVic)

p+p: follows the cocktail for all the mass bins
Au+Au: significantly deviate at low p+
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Yields and Slopes

SLOPES YIELDS
— S 10%E
> ] E . o
§ [ min. bias AutAu at\[s,, = 200 GeV PHENIX Preliminary & [ PHENIX Prefiminary _min. blas AutAu atyfSy, = 200 GeV
.- dielectrons o, K, K,pand P 5 ) .
& | e highm (local) A0-5% 2 Low-p+ Y'e"{'
"‘{2 0.8[— 4 low my (local)  40-50% 10° A ZCXPO f.'T ]
¢ | m lowm, (combined fit) 60-92% E B m,-scaling +expo fit
£ | ® @, ¢, Jy o e'e C
0.6? [ L ®
B ¥ 10% =
04— i; A % F
- & f
R E ] QI i
0' [ -5 = .
LA iié WE" @ Total yield (DATA)
- TN NS DEBEE N TN N ST NN FE e | .
i 1 i . 1 1 L [ i i 1 1 l ) i 1 ] ' 1 1 1 1 ( 1 1 L 1 ' 1
of-—5ls : s 5 2.5 3 0 01 02 63 04 465 66 07 0.8 %gevm21
m, (GeV/c’) m, )

-Intermediate py: inverse slope increase with mass,
consistent with radial flow.

‘Low py:
-inverse slope of only ~ 120MeV!ll
-accounts for most of the yieldlll
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Direct y via y * for p+p, Au+Au

exp + TAA scaled pp

A & AuAu MB x10*
o & AuAu 0-20% x10*
0o ®  AuAu 20-40% x10

p+p

2ill/l3ll I4I[l|5l ISGIIVII,7
NLO pQCD (W. Vogelsand)y( evie)

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

* For Aut+Au there is a
significant low p; 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 Goémez Nicola
Daniel Ferniandez-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 o /£,(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 could favor a scaling
dropping-mass behaviour.

Understanding the QGP through Spectral Functions and Euclidean Correlators
BNL Aprii 2008
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MOTIVATION

p — dilepton spectrum (CERES,NA60) and nuclear matter

Broadening vs Mass shift (scaling?)
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f, (600)/0c — vacuum quantum numbers, chiral symmetry restoration

Observed (?) in nuclear matter experiments (CHAOS, ...)
through threshold enhancement (early suggested as a signal of chsr)
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Any chance for Heavy lons (finite T)?
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OUR APPROACH: UNITARIZED CHIRAL PERTURBATION THEORY

AGN, F.J.Llanes-Estrada, J.R.Peldez PLB550, 55 (2002), PLB606:351-360,2005
A.Dobado, AGN, F.J.Llanes-Estrada, J.R.Peldez, PRCB6, 055201 (2002)
D.Fernandez-Fraile,AGN, E.Tomas-Herruzo, PRD76:085020,2007

CHIRAL SYMMETRY -+ UNITARITY

nn scattering amplitude and sy form
factors in 7> 0 SU(2) one-loop ChPT

Inverse Amplitude Method

Loty .

4m

0 (E) = [1 +2n,(E/2)]
T2
tlAM(E,T) zt (EZ) =
L(E®) -1,(E%T)

“Thermal” poles (dynamically generated, no explicit resonance fields)

) o oMY . s =20 MeV

-25

o 00} | I=J=0

(MeV)

-75
=0

-106

“Tp/2

2200} {1200 MeV =100 Mev
-125 ;

f

T=200 MeV

I=J=1
-150

275 300 325 350 375 400 425 450
M, (Mev)

300 400 500 600 700 800
¥y (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.

Thermal phase space enhancement +
Increase of effective pmw vertex, small
mass reduction up to T. Form factor
consistent with dilepton data.
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REAL AXIS POLES AND ADLER ZEROS

AGN,J.R.Peléez,G.Rios PRD77, 056006 (2008)

O Require extra terms in the 1AM to account properly for Adier zeros — t(s,)=0.

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

1
O Preserving chiral symmetry+unitarity: M - M t8 (S )
Sy =S NS =81, .
() - DO (o r (5]
g(s)= R
1, (5)12
O No difference away from s, S, =5 d sy 3 8 = ty(5,)105(s,) 4
O Alternatively derived with dispersion relations.
0.04 ;
~-~— [AM i 1
o ]
0.1 P o i
O No problem for I=J=1 — 5,=4M ¢ o P el
001 b= 3, \ s
- |
|

0 80 9 100 110 120 130 140

V5 (MeV)

No additional poles for T=0 with the
redefined amplitudes.
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THE NATURE OF THERMAL RESONANCES

£{800)/c

) >

0.8 YISy >

M(@©

()
W 12

E&|
23 M
‘\
)
y
\
‘\
.
;
)
.
B
.
;
h
g
;
.
g .

y } M, (0) ~ 406 MeV
I,(0) =~ 523 MeV

M,(0) = 441 MeV

04r 1 (0) ~ 466 MeV _ ; b
© Y @@ ot
ozt (My = 140 MeV) |/ (gg}(0) X oot [Mx =10 MeV
0 50 100 150 250 ‘; 50 100 150 200
T (MeV)

For the O(4) model: m, ~ {6} ~ Fx ~ {gg)/.

Does not behave as a (thermal) g state, not even near the chiral limit

@Consistent with not- g scalar nonet (tetraquark,
glueball, meson-meson...) “molecule” picture R.L.Jaffe
J.R.Pelaez

O No BR-like scaling with condensate.

O Mass dropping only very near “critical” (too high) T,, 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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NUCLEAR CHIRAL RESTORING EFFECTS

fnz(p) ~ (é’q)(p) ~1_ O'ﬂN 0= 1-0 35E‘10rsson,Wirzba
ffrz (0) <qq >(O) m,z,f ,,2 (0) ’ O Meissner,Oller,Wirzba

Justified by approximate validity of GOR (p=0,T=0) = 711 f.* = —mq<qq>

Non chiral-restoring many-body effects not included (relevant in the p channel)
Cabrera,Oset,Vicente-Vacas

f
|
kd

oM, 7o bound state
/2 (MeV) /ﬁmecme" behaviour)

0 v - f&'n/ T e By =93 MeV
5 2 AP 3
-50 55 N 5
60
x
-100 &% ’to |2 4
150 o g 3
virtual states 5 p=17p,
20 : e
! - 1} p=
250 : [ N

10 200 250 300 350 400 2%

M, (MeV) O

Threshold enh qualitatively com-
patible with experimental results of reactions
M= 7A — nrA’ and yA — a7 A’
M,(0)
The ¢ pole approximatsly follows the conden-
sate curve.
Mx
M,(0) For high densities, a virual gg-like state co-
exists with a 77 bound state (compatible with
0.5 06 07 08 other analyses).
Fx(p)/Fx(0)
2Mx “non-molecular” g ) 081 gqp Molf) e
: p 4,0
a4 e ]
0
i T 06 e
2 0, B Y
55 g
r & . e e SFx(p)
b & . 4T Fr(0) (@9){p)
» 2 7a)(0
(MeV) -6 F2(0) {73}
80 o 02
R TN 045 055 065 075
M, (MeV) Fr(p)/Fr(0)

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

M(p) p
Mass linear fits: — —=~l-a— uptop=p —>[a=~02]
M(0) Lo ?

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

L0T

Abstract: If a QCD 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
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Possible pseudogap formation in heated quark matter

3
M. Kitazawa, T. Koide, T. K. and Y. Nemoto N(w) = .[ d’k o(k,w)

Phys. Rev. D70, 956003(2004);
Prog. Theor. Phys. 114, 205(2005),

.................... _ Pseudogap ?

]

> u

® Pseudogap structure
manifests itself in N(®).
® The pseudogap survives
up to £~ 0.05
(5% above T¢ ).

(2z)’
20 T T T T T
s =020 —— —
5 Sy 1 =400 MeV
g | =002 —— 4
@5 e=001 —
= free T-T
10
5 L
a
-400 -300 -200 -100 0 100

Fermi energy t

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

2w, k)= ®+@+ @ oo
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Quarks coupled to chiral soft modes near Tc

We incorporate the fluctuation mode into a
single particle Green function of a quark
|
through a self-energy. ' > 1
i > S 3
G(@,.p) = G Y G

Gy(@,,p) - 2(w,p)

Non self-consistent T-approximation (1-loop of the fluctuation mode)

Sy )= - s D w o

q,im,,

_ . d’q
- krgio, b ”T;j(zm

k+q,io, +io,

D(a)n +a)m’p + q)GO(a)m’ Q)

3

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 Fu

nction of Quark T-T,

A(p, pO) = P, (p, po )AJJ/O + 0 (p, po )A_Q/O Kitazawa, Nemoto and %K,
. B633, 269 (2006),

0.003
0.002
0.001

*Three-peak structure emerges.
*The peak around the origin is o —
the sharpest. L

Quasi-dispersion relation

Re[S,(@,p)] =a—|p|-ReX, (,p)=0
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Origin of the 3 peaks

The level crossing is shifted by the mass

fo quark part: 7\  of the fluctuation modes.
2, pop)| o)
ﬁé l}é Gh — Mb qh +myp
> > —
| quark lﬁti—q hole | | quark |,
4 N

® anti-quark part:

K%
v K
anti-q ‘ ’ﬁk hole &m-qj

m, —> () : the HTL result only with the normal quark and plasmino.
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4. Summary and concluding remarks

e 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.

® |n the fermion-boson system with m<<my, the fermion spectral function
has a 3-peak structure at 1-loop approximation at 7'~ m.

»[ If the chiral transition is close to a second order, quarks may

have a 3-peak structure in the QGP phase near T..

® 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 ; eg. 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 QCD

Masakiyo Kitazawa
(Osaka Univ.)

with
Frithjof Karsch

We analyze the spectral properties of the quark propagator at finite temperature in quenched
lattice QCD 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 T, has two collective modes that correspond to the
normal and plasmino excitations.

E. Karsch and MK, PLB658,45 (2007) [arXiv:0708.0299]; in preparation.
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| Correlation Function C(z,0)=C, (DA, +C(DA_

=C, (7)70 +C(7)

64°x16, f=7.459, k=0.1337, S1confs.

2.2 | -
/ Fitting result
C.(r)=ze " +z, e B2
2.1 | .
2 »
19 | :
C.(7) x|
1.8 | 1 "l 1 x
0 0.2 0.4 0.6 0.8 1

/T

*We neglect 4 points near the source from the fit.
*2-pole ansatz works quite well!! ( y¥/dof.~2 in correlated fit)
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Spectral Function

T=3T, 643x16 (8= 7.459)

{
/0+(a)) = Zl§(a) o EI)
25 r +2,0(w+E))
2r )
®=m,
1.5 | 1 pole of free quark
1
15
0.5 :
0.4 Z,
0.3 Z +Z,
0.2
01
0 1 1 1
0 0.5 1 1.5
my/ T

*Limiting behaviors for m, = 0,m, — oo are as expected.
*Quark propagator approaches the chiral symmetric one near m,=0.
*E,>E, : qualitatively different from the 1-loop result.
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| Extrapolation of Thermal Mass

Extrapolation of thermal mass to infinite spatial volume limit:

1.1

1} ]
~ t
\[\‘ 09 483x16
=
t
0.8 643x16 T=1.25T, —p—
T=1.5T, —>¢—
T=3Tc et
0.7 1 1 1 J
0 0.01 0.02 0.03 0.04

N)/N2 ~11V

*Small T dependence of m /T,

swhile it decreases slightly with increasing 7.

T=1.25T,

my/T = 0.816(20)
my=274(8)MeV

T=1.5T,

my/T = 0.800(15)
my= 322(6)MeV

T=3T,

my/T=0.771(18)
my=625(15)MeV

*Simulation with much larger volume is desirable.
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Pole Structure for p>0

' HTL(1-loop)

«2-pole approx. works
well again.

sin(pa)/aT

«E,<E,; consistent with the HTL result.
«F, approaches the light cone for large momentum.
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| Summary

We analyzed the quark spectral function at finite 7 in lattice QCD.

® Above T,

The quark degrees of freedom have a simple quasi-particle
picture similar to that in the high 7" limit even near 7.
- — Light quarks have the plasmino and thermal mass.
— The ratio m/T is insensitive to 7T near 7.
eBelow T,

The pole approximation fails completely.

Future Work

gauge dependence / volume dependence
/ full QCD / gluon propagator / ...
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