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Motivation

Heavy quarkonium are useful probes of deconfinement of QCD at finite
temperature [Matusi & Satz ‘86]

® Crucial to investigate the properties of heavy quarkonium at finite
temperature from the first principle

T < T, T>T T>>T¢
VXN Y XY X YXb , Y

® Physical observable: dilepton production
dW Ha? 1

dwd3p ~ 2772 w2(ew/T — 1)

® Heavy quark diffusion constant
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charmonium correlation and spectral functions

® Spectral function
D?(w) — D<(w) 1

o(w) = 5 = ;ImDF;(w)
® C(Correlation function r, | 2571, ] JC | ce
1 —F
3 ST V5 So |0 e
Gu(r, T) = Z <JH(T’X) JH(OvO)> o i T W /)
X 1 3Po 0T | xco
Ju(r,7) = §(r,7) Tr q(r, ) v | °P1 | 171 | xe

® |Integral representation

G(r,T) = D>(—ir)  D>(t) = D<(t +i/T)
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A closer look at the integral kernel

* the very high frequency behavior [ie seliac, Thermal field theory]

K(T,w) =e™*7 correlator is insensitive to high frequency part of spf

e the very low frequency behavior [rares et al, PRL99(07)022002]
Y q Y
2T 1

e the trivial temperature dependence [pac e al, PRDE9(04)094507 |

G(Ta T) _ fOOO dw
Gree(T,T) [ dw|o(w, T") LK(w,T, T)

e the useful exact relation

N —N_+7 B
i zf coshlw(7" — N’ /2)]  cosh[w(T — N, /2)]
sinh(wN”/2)  sinh(w/N,/2)
k’T/:’T; T'+=N, y

T = (aN.)™t, T=(aN,)" ", 77€l0, N.-1], 7€[0, N,—-1], NN=m N,, mcZ"
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An alternative (better) way to evaluate Gy

4 , N L 1 o B
coshlw(r — N./2)] _ NT—ZNT“ coshluw(r! — NZj2y] | T/ = @N)™T = (@)™
Slnh(WNT/2) , - Slnh(wN;_/Q) T < [07 N7 — 1]7 T € [0, N — 1]7
N TET TN ) N.=mN., meZ"
i - coshjw(r — N7 /2)] R > cosh|w(7" — NL/2)] \
/ T _ ’ — IV,
[, et SR = L2 (] aoten) )
\ —— y
7 N N4+ N
Gree(T,T; T") = Z G(r,T")
\_ T'=7; T'4+=N-, »
T=4T":
Gree(,T;T") = G(r,T") + G(t + N.,T") + G(t + 2N, T") + G(t + 3N, T")
T=3T":

Gree(,T;T") = G(r,T") + G(t + N, T") + G(7 + 2N, T")
T=2T": [Meyer arXiv:1002.3343]

Gree(,T;T") = G(t,T") + G(t + N, T")
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Extract Spf b)' axXimum ntropy ethod [asakawa 20011

® Very hard to extract spectral function

G(r.T) = /O T AWK (r.w.T) o(w.T)

Discretized Continuous

O(10) O(10°)

® MEM:find the most probable spf which maximizes P[0|Gm]
2

Bayesian theorem: Plo|Gm] x P|Glo| Plm| = exp(—% + a.5)

>~ o(w
Shannon-Jaynes entropy: S = / dw [a(w) — m(w) —o(w) In ( (@) )]
0 m(w)
Default Model (DM): m(w), provides the prior information

® Results in principle should be independent of DMs

® Nothing beats good data in solving ill-posed problem

Lattice 2010
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Prior information

® high frequency behavior of spf should resemble the non-interacting spf

* free lattice spf rather than free continuum spf (H7D et al, 09]

® |ow frequency behavior of spf:zero mode contribution [umed, PrD 75(2007)094502]

l: Non-interacting case: [Karsch et al., PRD 68(2003)014504]

N, W

O(w? — 4m?)w?tanh (E)

,
on(w,T) Q wWd(w) term corresponds to a T independent

B 72
om \ 2 21\ 2 constant in the correlator
A\ (7) 0H + (7) bu| 1@ No zero mode contribution in PS channel

T2 Q@ fy =1 inVector channel
—|—% wa5( j

|l: InteraCting CASE€. [Aarts & Martinez-Resco ‘02, Petreczky & Teaney '06]

2

~ 3Txo0 wn T

low e _
oviW) =T 242 T MD

M: mass of heavy quark, D: heavy quark diffusion constant, Xoo: quark number susceptibility
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Lattice setup

* non-perturbatively clover improved Wilson fermions

* isotropic quenched lattice

3 K a[fm] N2 x N, T/T. #ofconf
7793 0.13200 0.010 1283« 96 0.75 155
1285_" x48 1.5 471

(7457 0.13179 0.015 1283 x64 0.75 179
1289530 715 250
6872 - 0:130355'0.03% 128% 532 075 126

¢ PE %16 15 108

* mass tuning on fine lattice: M,y = 3.48(1) GeV, M, =3.35(1) GeV
» fine lattice spacing: m.a ~ 0.0659 < 1
* temporal extent: Tmaz ~ 0.5fm (0.757%)
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0.3

Vector spectral function at 0.75 T.

T T T 35
o(w, T)/w DM 1 - - - -
| DM2 - - - -
0.25 F - DM3 - --- 3
. S spf1 —
! ' \ spf2 ——
0.2 | S spf3 —— | 2°
0.15 |
0.1 |, ;
005 .-/
0 -
0

® Small default model dependence

® Ground state remains robust

(0, T)(0T)

free spf - - - -
spf1 ——
spf2 ——
spf3 ——

® PBelow Tc no zero mode contribution found
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Pseudo-scalar spectral function at 0.75 T

T T T T T 4 T J T T T T T
0.3 . O(U),T)/(x)z DM1 --- - o(w,T)/(wT) free spf - - - -
| DM2 ---- | g5 | spf1 ——
025 —: DMS"" _ ' Spf2_
. ; sl —— | 4| spf3 ——
i spf2 ——
R ;! f3 ——— |
0.2 . ' Sp 55
0.15 |
0.1
0.05 |
N
0
® Small default model dependence
® Ground state remains robust
® Below T¢ no zero mode contribution found
°

No zero mode contribution is expectable at temperature above T,
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Temperature dependences of charmonia

G(r,T) _ JS dw o(w,T) K(w,7,T)
Grec(Ta T) fooo dw U(M,T’) K(w,T, T)

Deviation of the ratio from unity indicates thermal modifications

# Evaluate G(T,T)/Grec(T,T) directly from correlator data without MEM

1 3 |G(t, 1.5To)/Gyeelr, 1.5Ty) PS ——

VCI+I T

1.2 1| @The big rise in VC channel can be
i ¥ 1| understood as mainly from zero mode

1.1+ 3 ¥ . contribution [HTD et al, 09, Petreczy et al,, '09]
¥ 4 ¥ Q Petreczky EP]JC62(2009)85: The
deviation from PS channel could be due

b1 {1 i i i i ] } } } } to negative zero mode contribution. ?

09 r

T [fm]

0 0.05 0.1 0.15 0.2 0.25

How much can we learn at the correlator level ?

0.8
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Estimation of low frequency info. of vector spf

Q@ No zero mode contribution in VC and PS channels at 0.75 T

Q@ Assume G(T,1.5T)=Glw(T,1.5T)+ Ghigh(T,1.5T,)

Go% (7. T) = /OO 1 cosh .(CU(T —1/2T)) 3Tx00 wn
0 sinh(w/27T) T M w?+n?

Ghieh (7,7) = (1 + k(1)) Gree(T,T) 3 parameters (M, n, k(T) ) to be determined
oy 1.18 . . . . . .
9 Fltt|ng to G(T, I .5Tc)/Grec(T, I .5Tc) 116 | G(T,1_5TC)/GreC(~|;,1_5TC) daﬁ -
1.14 |
X@@/(Mn) ~ 0.04 112
k(T) ~ -0.006239 L1y
1.08
1.06 |
Additional information is needed to constrain 104 |

the parameters, e.g. thermal moments

[see next talk by F. Karsch] 102 1

T [fm]
N

014 016 0.18 02 022 024 0.26
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Vector spectral funtion at .5 T

0.2 | | | | | | |
(o, T)/0? [;:\)Af} B 0.08
0.07
0.15 | o
0.05

M 0.04 |
0.03
0.05 -
0.01
O 0

* DM I: spectral function at 0.75 T with transport peak
* DM 2: free lattice spectral function with transport peak
* The fate of J/psi at 1.5 T¢ is not certain
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* DM |: spectral function at 0.75 T.

Pseudo-scalar spectral funtion at 1.5 T

0.16

0.14 -

0.12

0.1 r

0.08 |

0.06

0.04

0.02

o(w,T)/w*

DM 1 - -

spf1 — |

DM2 - - - -

spf2 —— |

* DM 2: free lattice spectral function
* The fate of Ncat 1.5 T¢ is not certain
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Extended aximum ntropy ethod w..u. e re.sumssus

Spectral function analysis on G-Gyec to cancel the large w spf and enhance

the low frequency part: O(w,7)-0(w,7’) might be negative somewhere.
MEM can only deal with positive-definite spectral functions.

% Extended Maximum Entropy Method:

Consider a distribution g as the difference of the two independent positive
distributions f and h: g= f =h

The total entropy, could be written as the additive of two Shannon-Jaynes
entropies of f and h:

~ ~ 1
A 05 _ 05

¢ = o, » the entropy can be written in g alone:

1

[5<g> = S (4 — 2m; — g log (6 + g2)/2ms)) » i = (g2 + zmﬁ)ﬂ

the distribution g could be either negative or positive.
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Mock data test of Extended MEM

o(w) [a.u.]

| input' spf - - -
DM - - - -
ouput spf, b=0.1 ——

ouput spf, b=0.01 —

ou

put spf, b=0.005 — ]

® [a.u.]

i O-(waMaﬁ)/) —

0

0.5

1

1.5

2

2.5 3 3.5

4

M 2wy
7 (@) + (@ — M)

U(w)zn — U(wa Mlafyl) - O'((,d, M2772)

| G = / dw K (w, 7)o ()

Gk () =G(r)+b-G(r) - T

* The negative part of the spectral behavior is correctly reproduced
* Increasing statistics leads to better spf closer to the input spf
* Analysis on the real data is in progress
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® A new way to evaluate G/Gyec directly from the correlator without MEM

® Extended Maximum Entropy Method can be used to study the difference
of correlators in order to cancel the large omega rise in the spf and
consequently enhance the signal of low frequency part of spf

® No zero mode contributions are found and ground peaks are stable at
0.75T¢ in PS andVC channels

® In PS channel, the small deviation of G/Gyec from unity could be caused by
the change in the ground peak rather than “negative zero mode
contribution”

® |nVC channel, the interplay of the bound state peak and transport peak
makes the extraction of physics harder

® The fate of |/ and N is not certain at 1.5 T¢ indicated from the current
data
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