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Charmonium in Heavy lon Collisions — The “simple picture”

Heavy lon Collision QGP Expansion+Cooling Hadronization

Charmonium+Bottmonium is produced (mainly) in the early stage of the collision
Depending on the Dissociation Temperature
- remain as bound states in the whole evolution

- release their constituents in the plasma

[Kaczmarek, Zantow]
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Heavy Quark Diffusion constant

Heavy quark diffusion constant «— slope of spectral function at w=0 (Kubo formula)

D— T lim pii(w,p=0,T)
3X00 w—0 wl’
Perturbative estimate («,~0.2, g~1.6): Strong coupling limit:
LO: 2nTD ~ 71.2 27TD =1
NLO: 2#TD ~ 8.4
[Moore&Teaney, PRD71(2005)064904, [Kovtun, Son & Starinets,JHEP 0310(2004)064]

Caron-Huot&Moore, PRL100(2008)052301]

Important input for hydro-models ——> charm flow v, , thermalization rate

relatively small contribution in the low w-region compared to large w? contribution

- effect visible in the correlators around 7T~ 0.5

- high quality data and large N, required to resolve this



Vector correlation functions at high temperature

Lattice observables:

S - s - local, non-conserved current
— —— ) )
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Jp is a conserved current
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Vector correlation functions at high temperature

—Goo(7, D) + Gii(T, D)

—> (G is Tindependent at p=0 ~ quark number susceptibility x

free limit: xo /T2 =1

light quarks
charm
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Free spectral functions — lattice vs. continuum

Free (non-interacting) spectral function [Karsch et al. 03, Aarts et al. 05]
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Free spectral functions — lattice vs. continuum

Free (non-interacting) spectral function [Karsch et al. 03, Aarts et al. 05]

N, w

og = 87T2@(w2 — 4m?) w tanh(4T)
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Lattice cut-off effects:
wmaw = 2 log(7 + ma)
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Free spectral functions — lattice vs. continuum

Free (non-interacting) spectral function [Karsch et al. 03, Aarts et al. 05]

N, W
= O(w? — 4m?) w?tanh(—
OH = g2 ( ) (4T)
2m 2m
1= 92 o+ N
w w with interactions:
N, T? 1
TC — fH U.)(S(W) 5(('1')) — — L
2 T w2 4+ 772
zero mode contribution at w ~ 0 [Umeda 07] [Petreczky+Teaney 06

_ Aarts et al. 09]
(not present in pseudo-scalar channel)
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Lattice set-up

Quenched SU(3) gauge configurations (separated by 500 updates) at 4 temperatures

Lattice size N> N_with N_= 128
N_= 16, 24, 32, 48, 96

Non-perturbatively O(a) clover improved Wilson fermions

Non-perturbative renormalization constants o MammGA B

[ i o A A=l A D
B.ETZ  3.11Z7(6) 3.045(2)  3.624(38) 3.54025)
7457 3.147(1)(25) 3.082(2){21) S574(8) 3.486(4)

7.793 3.472(2)(114) 3.341(2)(104) 4.02(2){23) 4.52(2)(37)

Quark masses close to charm quark mass

cut-off dependence
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Spectral Functions — Maximum Entropy Method

How to obtain continuous spectral function o(w,T)

from discrete (and rather small) number of distances in the correlator?

G(r,T)

K(t,w,T)

©.@)

/dwK(T,w, T)o(w,T)

Best method on the market: Maximum Entropy Method (MEM)

based on Bayesian theorem [Asakawa et al. 01] — most probable spectral function

properly renormalized correlators as input

non-perturbative renormalization constants for vector [Liischer et al. 1997]

T| perturbative renormalization constants for pseudo-scalar

prior knowledge needed as input — default model m(w)

result should be independent of default model < usually not the case



Maximum Entropy Method

Maximize the conditional probability P[o |GH] ~ exp(aS - L)
* G is the input correlator and H the additional prior information
* L is the standard chi?

S is the Shannon-Jaynes entropy:

o(w)

5 /0 ) [a<w> — m(w) — o(w) log(: 2L

m(w)

» prior knowledge through default model m(w)
* « is the relative weight of S and L, integrated out at the end
Prior information necessary and important

Should have the correct large w behavior and funtional form



Charmonium Correlators — Temporal Correlators
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non-degenerate states still at 1.50 T,
(almost) close to free correlators at (very) small separations
largest distance 0.25 fm due to compact temporal direction

only small distance regime (0.1-0.25 fm) relevant

for thermal effects and bound state effects



Charmonium Correlators vs Free Correlators
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small temperature effects visible in both channels
relevant distance regime compressed to smaller distances
largest distance 1/(2T) due to compact temporal direction

only small distance regime relevant

for thermal effects and bound state effects

Problem: quark mass dependence of free correlation function!



Charmonium Correlators — cut-off dependence

Groolr, T) = /00(%0.75110)]{(%7’ T) only small cut-off/volume dependence

in vector and pseudo-scalar channel
Guu(1,T) = Gi(r,T)+ Goo(7,T) at1.5T,



Charmonium Correlators vs Free Correlators
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* main T-effect due to zero-mode contribution
Gree(r,T) = /00(w70-75Tc)K(w,7’ T) « well described by small w-part of o (w,T)

 explains the rise in the vector channel
Guu(1,T) = Gu(r,T)+ Goo(7,T)
* N0 zero-mode contribution in PS-channel

(similar to discussions by Umeda, Petreczky)



Charmonium Correlators vs Free Correlators
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* main T-effect due to zero-mode contribution

Gree(,T) = / oo(w,0.75T¢) K (w, 7,T) .« effectively removed by diff/sub correlators
 almost constant small-w contribution
Gu,u,(T;T) = Gii(T,T)—FGoo(T,T) o _
* similar T-dependence in PS and V channel
in the large frequency part of spectral fct.
Gdsz(’T,T) = G(T,T) G( +1 T)
Gsuwp (1,7) = G(1,T)—G(1=N/2,T)



Charmonium Correlators vs Free Correlators
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 negative difference for all T

« indications for thermal modifications
in the bound state frequency region

* remember: no transport contribution

in this channel
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» positive diff. due to small-w contr.

» positive slope indicates modifications
in the bound state frequency region

* remember: small-w contribution

determines transport coefficient

First estimate from fit to vector channel: 22T D ~ 0.6 - 3.4



Charmonium Spectral function below T,
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N_=128 and N =96 (a'~19 GeV)— cut-off effects well separated

Pronounced ground state peak close to J/7) mass

no zero-mode/transport contribution observed below T, in any channel

structure at small and intermediate w independent of default model



Charmonium Spectral function above T,
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various default models used to understand systematic uncertainties
small default model dependence only in small-w region

no strong default model dependence in the intermediate w region
no zero-mode contribution in pseudo-scalar channel observed

no pronounced peak — bound states melted? / threshold enhancement?




Charmonium Spectral function above T,
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small-w region accessible — hope to extract transport properties
small default model dependence only in small-w region
no strong default model dependence in the intermediate w region

unique transport contribution in vector channel observed

no pronounced peak — bound states melted? / threshold enhancement?



Charmonium Spectral function — Transport Peak
0.35
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vary the large-w behavior of the default models
transport peak is a unique feature for all DMs
increases with increasing temperature

at least lower and upper limits for transport coefficients should be possible



Charmonium Spectral function — Transport Peak
0.5

:G(m)ltmT) v
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vary the low-w behavior of the default models
transport peak is a unique feature for all DMs
increases with increasing temperature

at least lower and upper limits for transport coefficients should be possible



Charmonium Spectral function

our current best guess:

0.4 I | |
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statistical error band from Jackknife analysis
no clear signal for bound states above 1.46 T_

systematic uncertainties still need to be analyzed in more detail!



Charmonium Spectral function

our current best guess:
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statistical error band from Jackknife analysis

no clear signal for bound states above 1.46 T_

systematic uncertainties still need to be analyzed in more detail!



Charmonium Spectral function — Transport Peak
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D— T lim pii(waﬁ: 07T>
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Perturbative estimate («,~0.2, g~1.6): Strong coupling limit:
LO: 27D ~71.2 271D =1
NLO: 2xTD~84
[Moore&Teaney, PRD71(2005)064904, [Kovtun, Son & Starinets,JHEP 0310(2004)064]

Caron-Huot&Moore, PRL100(2008)052301]



Heavy Quark Diffusion constant

9 T T T T
27TD —_
8 L NLOPQACD 1 estimate from HQ momentum diffusion
7 L Charm —e— i
6 PHENIX 1 .
Francis et al. estimate from charmonium correlation fct.
S r 1 Ding, Francis, OK, Karsch, Satz, Soeldner,
4l | arXiv:1107.0311
371 | 1 estimate from light quark correlation fct.
2 L } ] Ding, Francis, OK, Karsch, Laermann, Soeldner,
PRD83 (2011) 014504
1+ — AdS/CFT 1 OK, Francis, arXiv:1109.4054
0 | | | T/IT o (see also Aarts et al. PRL 99 (2007) 022002)
1 1.5 2 2.5 3
24 o256 Lopt similar calculation on HQ momentum diffusion by
' Banerjee, Datta, Gavai, Majumdar, arXiv:1109.5738
6l (see also Meyer, New J.Phys. 13 (2011) 035008 )
2 . There is improvement in extracting transport coefficients from LQCD!
8T ; T
4} é {, o , still more improvement needed to reduce systematic uncertainties
' 'L PHENIX
0. 15 , and to move from estimates to real numbers!
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Conclusions and Outlook — Charm Quarks

Conclusions:
Detailed knowledge of the vector correlation function at various T in quenched QCD

———> continuum extrapolation of correlation function still needed!

Results so far depend on MEM analysis > Ansatze more difficult due to m, dependence

———> Heavy quark diffusion constant: 27 DT ~ 2

—> No signs for bound states at and above 1.46 T
Outlook:
understand systematic uncertainties in more detail
need more sophisticated Ansatze for the spectral function

vector correlation function at non-zero momentum



