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Introduction and motivation

In HIC-experiments, e.qg.
@RHIC or @LHC one can
study heavy quarkonium
dynamics through:

HF

Elliptic flow v

2

Modification factor 2.4 4

Two interesting questions:

e Quarkonium dissociation

 Heavy quark diffusion

Two questions where lattice
QCD can provide some

hints and answers
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Charmonium spectral functions

All the desired information on charmonium physics is
embedded in the spectral function (SPF):

e At vanishing temperature T the
bound states of charmonium
are peaks at their respective

mass thresholds T=0

« At very large frequencies one

encounters a continuous
spectrum




Charmonium spectral functions

All the desired information on charmonium physics is
embedded in the spectral function (SPF):

As the temperature increases
the bound state peaks are

smeared

The threshold to the continuous T=0
spectrum shifts to smaller T<T.
frequencies

NS




Charmonium spectral functions

All the desired information on charmonium physics is
embedded in the spectral function (SPF):

« Around/Above 1. the higher
excited states begin to

dissociate

e At very low frequencies a T=0
visible transport contribution T<T.
emerges T=T.

* The threshold to the continuous
spectrum shifts to smaller
frequencies

N A/




Charmonium spectral functions

All the desired information on charmonium physics is
embedded in the spectral function (SPF):

At temperatures somewhat
larger than 1. also the ground
state peak begins to dissociate

At very low frequencies the T=0

transport contribution persists T<T.
and becomes stronger T=T.
The threshold to the continuous T>>T.

spectrum shifts to smaller
frequencies and dominates
most frequencies




Charmonium spectral functions

All the desired information on charmonium physics is
embedded in the spectral function (SPF):

e At asymptotically high
temperatures the bound states
have dissociated

« At very low frequencies the T=0
transport contribution becomes

large, but finite

 The continuous spectrum
dominates




SPF via lattice QCD

* |n lattice QCD one has to analyze the correlation function of heavy currents:
— 3 —
Gy (r.) = [ da(7,(r.7)7,(0,0)

J,u (7_7 f) — Q(Ta f)FHQ(Tv f)

Channel | Ty | 25t1L; | JPC | IC | ez | M(ce)[GeV] 4 q A
PS s ISo |0t | 0T | ne 2.980(1)

VC | w | 3 |17 |07 | J | 3.097(1) Tu C—)j Tu

SC 1 | 3B |ott |ot| xo | 3.41501) (0,0) S (7.X)

AV Y57 | 3P 1T+ | 0t | x4 3.510(1) 0 Y

* The Euclidean lattice correlator can be connected to the SPF:

Gt )= [ g2 e

using: G(1,T) = DV (—it) , p(w)=2ImD?(w) = D" (w) — D™ (w)



Lattice setup

Non-perturbatively improved Wilson-Clover fermions
Large, isotropic quenched lattices

Very fine lattices (close to continuum)

Parameters tuned close to physical J/\IJ-mass

Large extent in 7-direction

B  alfm] a'[GeV] L, [fm] csw K Noxl T, Ny

6.872 0.031 6.432 3.93  1.412488 0.13035 1283 x32 0.74 126
1283 x 16 1.49 198
7457 0.015  12.864 1.96  1.338027 0.13179 1283 x64 0.74 179
1283 x 32 149 250
7.793 0.010 18974 1.33  1.310381 0.13200 1283 x96 0.73 234
1283 x 48 146 461
1283 x 32 220 105
1283 x 24 2.93 81




Study via lattice correlators

* First let's see what can be learnt from correlators directly

q
Greo(r, T) = /  plw, 0.T5T)K (0,7, )
v

o :G(T,T)/Gre;c(f’-r) o Ps 1.46 TCI —a e G(T’T)/Gr;C(T=T) | Vi ;38 % :
SNSRI = S
:Q f;l {A{{HH{ ﬁ 115 | ‘H, }H }{,g.
0.95 % {H *.H; 1.1 | f } ‘}‘}. _
_ {7 ‘{, } } { : 1.05 ; I { t e t
9| 4
2 % ‘{' v}v 1 tgt{ffifiiéééé ---------------------------------------- .
o T [fm] N T [fm]
O T o5 o1 o1 o0z o250 00 01 o015 02
* No zero-mode contribution in PS « Large modification

T-effect due to modification of
bound states

T-effect mainly due to zero-
mode contribution




Study via lattice correlators

Gaiff(1,1)=G(1,T) — G(t+1,T) Geu(7,T) =G(1,T) — G(t = N /2,T)

1050 [+ , 1.050 A
G (4T)/Greo(T) ° diff  sub | GHET)Crec(w.T) ' 4T, oM sub
- 146 T, = 5 | | c T HT T
1.025 | oo0T . . ] 1025 Sgg?
[ 293T, —e— —o— [ c
=it ettt
| Phmn | f
- I
0.950 | 1 1 0950
Z T [fm] | Z 7 [fm]
0025 e 0925 —————
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
e« No zero-mode contribution in PS « Diff/Sub corrs. effectively remove

the zero-mode contribution

Similar behavior in PS and V
channels ‘T—eﬁect mainly due to zero-mode

contribution




Study via lattice correlators

0.1 . . . 0.5
G -Cod T o yoo1e —2
0t 293 T, —eo—
| T % % hob b o 0 @_ _
0.1 . % % D %} } } } } % 0.3
-0.2 | | ) } { } %_
03+ ] l i } : 0.1t
04t | : 0
Tl
0.5 ' 0.1

-

025 03 035 04 045 05
Negative difference for all T

Positive slope

indicative of modification in the
bound state region

0.4

0.2

(G(TT) - Gog(tT)IT

NN =
O~
WO o
— — ]
O OO

SRR

Tl

0.25 0.3 0.35 0.4 0.45 0.5

Positive difference due to small
frequency contribution

Positive slope, as in PS case

Small frequency contribution
determines transport coefficient

Recall: No transport contribution in
this channel ‘Fit estimate: 277D ~ 0.6 — 3.4
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Estimate of charm quark diffusion
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* Recall the Kubo formula for heavy
quark diffusion:

D = lim pv(w, T)
w—0  6Xxoow

pv(w) = pii(w) — Xoowd (w)

« Assume all change in the SPF is
due to the change in the zero-
mode contribution

e Thenfitto (at 1.467.)
GTT—1/2 Grec(TT =1/2)

U—MD ‘ 27T D ~ 0.6 — 3.4
‘ 27T D ~ 2



SPF via lattice QCD

* To learn more we have to analyze the SPF directly, this is
possible via:

Gutrp ) - [ 2 o

Discrete number of points
from the lattice

100000 ¢ . :
ii 3 .
10000 | - GETIVT ] Continuous SPF
F . 075T, —~ _
Y 15T, —=
1000 ¢ - 225T, o
100 F 3.7‘ 3.0 T,
i oo,
10 + "3.::. . .
T o T lll-posed problem
1 A - : -.I .r
01 ' v'v,'vvvv"':
0.01 LAY




Analysis via Bayes' theorem

 Maximum Entropy Method (MEM) M.Asakawa, T.Hatsuda, Y.Nakahara; Prog.Part.Nucl.Phys. 46 (2001)

* Find the most probable image given the data with errors and some prior
(known) information

e Ingredients of MEM:

Plp|GH] ~ P|G|pH| P|p|H]

P[G|pH] ~ exp[—x*/2]  P[p|H] ~ explas$]

s— | " ) = mlw) = plw) n (2]

o m(w)

Information
entropy

« m(w), the default model (DM), contains the prior information on p(w)

« The DM is the only input parameter provided to the MEM analysis

Dependence of the output p(w)on m(w) must be carefully analyzed!



Prior information and the DM

» At large frequencies the behavior of the
SPF should resemble that of the free

theory

‘ Input rather the free lattice than the
free continuum

« Atlow frequencies consider:

‘ I: Non-interacting case

p(w) ~ wi(w)

e In correlator: T-independent constant

e This zero mode contribution exists in
the vector, axial-vector and scalar

channels
ll: Interacting case

G.Aarts, M.Resco; Nucl.Phys. B726 (2005) 93-108

T
w? + n?

plw) ~

. 0(w) is smeared into transport peak
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Charmonium spectral functions

2.5 . .
p(w)/w? 0.73 T,
PS

1.46 T,

2.20 T,

2.93 T,

1.5

0.5

0
2 3 4 5 6 7 8 9 10

* Error bands: Statistical error from Jackknife analysis

e Error bars: Peak location from DM dependence
‘ no clear signal of bound states above 1.467".
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Charmonium spectral functions
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* Error bands: Statistical error from Jackknife analysis

e Error bars: Peak location from DM dependence

‘ no clear signal of bound states above 1.467".
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Charm quark diffusion

. pv(w, T
D = lim (@, T)
w—0 6X00w
2 T T T T 9 T T T T
P(W)/(WT) ; 146 T, —— ] 2nTD —NLO pQCD
: 220T, ——
15| 293T, — - [ 1 I
6 IVIEMCharm ‘ .
5 | Langevin2 ] |
HQET® [
4 L ]
3| ]
o | ]
1+ —AdS/CFT 1
T/T,
0 | | 1 |
0 0.5 1 15 2 25 1 1.5 2 2.5 3

27 l'D ~ 1.8 — 2.3

AdS/CFT) P.Kovtun, D.T.Son, A.O.Starinets;
JHEP 0310(2003)064

NLO) G.D.Moore, D.Teaney; PRD71 (2005) 064904
S.Caron-Huot, G.D.Moore; PRL 100 (2008) 052301

1) H.T.Ding, A.F, O.Kaczmarek, F.Karsch, H.Satz,
W.Soeldner; J.Phys.G G38 (2011) 124070

2) G.D.Moore, D.Teaney; Phys.Rev. C71 (2005)

064904

3) A.F., O.Kaczmarek, J.Langelage, M.Laine;
PoS LATTICE2011 (2011) 202

D. Banerjee, S. Datta, R. Gavai, P. Majumdar;

RD 85 (2012) 014510
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Conclusions

» Using quenched lattice QCD we computed
the current-current correlation functions on
very fine and large, isotropic lattices at
various temperatures to unprecedented
precision.

« We found:

« The pseudo scalar and vector bound
states are dissociated already at
temperatures 1’ ~ 1.4671.

 In the accessible temperature region
we estimated the charm quark
diffusion coefficient to be

2nT'D ~ 1.8 — 2.3

* |n the near future we will go to lower
temperatures to pinpoint the dissociation
temperature, in addition of doing a
continuum extrapolation.



Further Details
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Dependence on th lattice spacing

T
p(w,T)/w v, @ T,
a'l=6.43GeV ——
¥ a’l=12.86 GeV -~
| a'=18.97GeV —
 [GeV]
2 38 4 5 7 8 9 10

 The gross features are the same through three consecutive lattice spacings

« Here we have shown only the results of the finest lattice (i.e. largest cut-off)



DM-dependence: Particle Peak

Peak position in the confined phase

fiB ey e
o ploya® Vi@146T, E V;@220T, V, @2.93T,

spfl — 1

1.2 B R |

spfd — |

; P ¥y DM3 1

: spf3 ——

0.8 K, R |

--I.IaIImI[Guelv]-u
2 4 6 8 10 12 140 2 4 6 8 10 12 140 2 4 6 8 10 12 14
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DM-dependence: Transport Peak

p(a)/(@T)

V, @146 T,

DM -

spf1

DM2 -

spf2

DM3 -~

spf3

0 a5

V, @220,

V,@293T,




Isotropic vs. anisotropic lattices

Isotropic anisotropic

280 260 [

0 51 (%)/0y() —. . &y (2)/5y(@) Ps -
2.00 | g - 2.00 | § -
1.50 | vy, cont — 150 | &=4
B 10D (et
HEI[] I ....-I:\Hx .Il:l.'-x : {}5[} " £ = . . "h‘-.\._‘ \:

at:aS:a ..I...""-Hﬁ"-l;h"‘-‘;u w8 4at_aﬁ_a R q:*k.: ... WA

0.00 | e 0.00 s e

00 1.0 20 3.0 40 50 6.0 70 &0

w/T=waN/4

0.0 05 10 Lo 20 25 3.0 55 4.0

w/T=walN,
”T:atNt

On anisotropic lattices the lattice discretization effects are felt at lower
frequencies than on their isotropic counterparts
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Setting the mass and discretization errors

E2 (p) [GeV?]

PS. a'=12.86 GeV

G(Z, pPL, wn) ~ eXp[_Escrz]

2

2 9 W 2
Escr =P + E T Mgy
Mass 1 GeV

i Ji T Kzl Kel

6872 31127(6)  3.048(2)  3624(36) 3.540(25)
TAST 3.M47(1)(25) J0R2(2)(2) 3aTA(R)  3.486(4)
7793 34T Z)(114) 3.341(2)(104) 4.02(2)(23) 4.52(2)(37)

The dispersion relation shows little deviation from continuum behavior

Screening masses are close to the physical quarkonium masses
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