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Charmonium at T>0
★  The suppression of the charmonium production can be a signature of the 
formation of the Quark Gluon Plasma [Matsui & Satz ’86]
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★ Sequential suppression of quarkonium states: QGP thermometer [F. Karsch, 
D. Kharzeev & H. Satz ’06 ]

V (r)=−αeff

r
+σ r V (r, T ) = −αeff

r
e−r/λD(T )

Debye screening 
picture

Due to various sizes and binding energies 
of charmonia, they may dissolve 

at different temperatures 

QGP thermometers
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The interpretation of experimental data
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comparison produced by R. Granier de Cassagnac

  Two different classes of effects on the modification 
    of the charmonium production

★ Cold nuclear effects: nuclear shadowing...

★ Hot medium effects: color screening effects...

 Crucial to disentangle these two classes of effects   
    to understand experimental pictures

★ Dissociation temperatures from lattice QCD 

★ Examine the sequential dissociation picture
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  Two different classes of effects on the modification 
    of the charmonium production

★ Cold nuclear effects: nuclear shadowing...

★ Hot medium effects: color screening effects...

 Crucial to disentangle these two classes of effects   
    to understand experimental pictures

★ Dissociation temperatures from lattice QCD 

★ Examine the sequential dissociation picture

 Rapidity & pt dependences of RAA

★ What happens to charmonia when moving with respect to the hot thermal 
medium ? Will they see more energetic gluons and dissolve earlier ?

★ Lattice QCD: charmonium spectral functions, screening masses etc.

★ Model & Effective theory calculations indicate that survival possibility of J/ψ 
becomes lower at finite p
[K. Haglin & C. Gale, PRC 63(2001)065201, M. Escobedo, M. Mannarelli  & J. Soto, PRD84(2011)016008, H. Liu, K. Rajagopla and U. Wiedman 
PRL98(2007)182301]



/21Heng-Tong Ding HighPt2012@Wuhan, Oct.  24

Temporal correlation and spectral functions
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Spectral representation

G(τ, T ) = D+(−iτ)

JH(τ, �x) = q̄(τ, �x)ΓH q(τ, �x)

ρ(ω) = 2ImDR(ω) = D+(ω)−D−(ω),
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Spatial correlation function and screening mass
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• Spatial correlation functions: sum over transverse plane (x,y) and 
temporal direction τ

G(z, �p⊥, pτ ) =
�

τ,x,y

exp(−ip̃ · x̃)
�
JH(0,�0)J†

H
(τ, �x)

�

• Relation to the spectral function

G(z, �p⊥, pτ ) =

� ∞

−∞

dpz
2π

exp(ipz z)

� ∞

0

dω

2π

2ω

ω2 + p2τ
ρ(ω, �p⊥, pz, pτ , T ).

• Spatial correlator G(z) decays exponentially with Esc at large distances 

E2
sc = �p2 +M2 +Π(�p, T )G(z) ∼ exp(−Esc z)

• Temperature effects might be absorbed into M(T) and A(T)

E2
sc � A2(T )�p2 +M2(T )

At p=0, Esc gives the screening mass
At p=0 and T=0, Esc gives the pole mass   

,



/21Heng-Tong Ding HighPt2012@Wuhan, Oct.  24

Maximum Entropy Method [Asakawa, Hatsuda & Nakahara, ’01]

• A method to obtain the most probable image from insufficient data

Default Model (DM):  m(ω), includes the prior information on ρ, e.g. ρ is positive-definite

DM is the only input parameter in the MEM analysis

• Ingredients of MEM:

ρ: spectral function 
G: lattice data
H: prior information on ρ

Information entropy: 

• Difficult to extract spectral function (spf)

• Important to check the dependence of output spf on DMs

• Maximum Entropy Method (MEM)          Bayesian theorem
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O(103)
Continuous

fitting inconclusiveχ2

Discretized
O(10)

G(τ, T ) =

� ∞

0

dω

2π
K(τ, ω, T ) ρ(ω, T )

S =

� ∞

0

dω

2π

�
ρ(ω)−m(ω)− ρ(ω) ln

�
ρ(ω)

m(ω)

��

P [ρ|GH] ∝P [G|ρH] P [ρ|H]

: likelihood functionP [G|ρH] ∝ exp(−χ
2
/2)

: prior probabilityP [ρ|H] ∝ exp(αS)
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Lattice setup
★ non-perturbatively clover improved Wilson fermions

★ isotropic quenched lattice

★ very fine lattice close to continuum

★ simulation parameters tuned to reproduce nearly physical J/ψ mass

★ large Nτ makes the extraction of spf more reliable
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★ momentum of meson p on the lattice in units of    =2π/aNσ=0.93 GeV
           p=(0, 1, √2, √5, 2√2,3,...)

p~
p~
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Prior information in the default model

II: Interacting case:  [Aarts & Martinez-Resco ‘02, Petreczky & Teaney ’06]

free lattice

free cont.

δ(ω)

transport peak

δ(ω) is smeared into a transport peak

D ∝ 1/η

spf in vector channel
should be linear
 in ω at ω~0

• low frequency behavior of spf

I: Non-interacting case: [Karsch et al., 03, Aarts et al., ʼ05]

•  ωδ(ω) term corresponds to a τ independent constant in the 
    correlator, i.e. zero mode contribution [Umeda, ’07]

• No zero mode contribution in the PS channel
• Zero mode contribution exists in the Vector, Scalar and Axial Vector channels

• high frequency behavior of spf should resemble
     the spf in the free case

★ free lattice spf rather than free continuum spf [HTD et al., ‘09]

ρ(ω,T)/ωT

ρ(ω,T)/ω2

ρ(ω,�0) = 2πNc

� �
a(1)
H

+ a(3)
H

�
I1 +

�
a(2)
H

− a(3)
H

�
I2
�
ωδ(ω)

D =
1

6χ00
lim
ω→0

3�

i=1

ρii(ω,�0)

ω
= ∞
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vector spectral function with p=0 at T<Tc
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• Small default model dependence in the interesting physics region

• Ground state peak remains robust and its peak location corres. to physical J/ψ mass

• The width of the ground state peak cannot be interpreted as the J/ψ width

• Signals for the dissociation of bound states: the shift of the peak location and the 
reduction of the amplitude
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DM dependence (varying reson.) in Vii with p=0 at T>Tc
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• At  T=1.46 Tc , peak location is shifted to energy region larger than physical J/ψ mass
   and the default model dep. is small
• At 2.20 and 2.93 Tc , the default model dep. are relatively strong
• At 2.20 and 2.93 Tc , there are no clear peaks

resonance part peak location at T<Tc
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Charmonium spf at vanishing momentum
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ηc
J/ψ

S wave states (J/ψ and ηc ) are dissociated at T≥1.46 Tc

HTD,  A. Francis, O. Kaczmarek, F. Karsch, H. Satz and W. Soeldner, PRD 86, 014509 (2012) 

 different from previous lattice calculations: S wave states survive up to T≳2Tc

 isotropic lattices with larger Nτ used in the current study

 the location of the first peak at 0.73Tc corresponds to meson mass in the  
    vacuum, and width of the peak at 0.73Tc is too large to be physical

 “peak location” shifted to large w region by ~1 GeV from 0.73 to 1.46 Tc
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χc0 χc1

Charmonium spf at vanishing momentum

P wave states (χc0 and χc1) are dissociated at T≥1.46 Tc

HTD,  A. Francis, O. Kaczmarek, F. Karsch, H. Satz and W. Soeldner, PRD 86, 014509 (2012) 

consistent with previous lattice calculations
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charm diffusion coefficient
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• Strong coupling limit: 2πTD=1

• pQCD: αs ~ 0.2, LO:2πTD≈71, NLO: 2πTD≈8

Kovtun, Son & Starinets, JHEP 0310(2003)064

• T-Matrix (U-pot. ): T/Tc≈1.5, 2πTD≈8 M. He, R. Rapp, arXiv: 1204.4442

Moore & Teaney, PRD71(2005)064904
Caron-Huot & Moore, PRL 100(2008)052301

• HQET(lQCD): Tc <T<2Tc  2πTD≈6 D. Banerjee, S. Datta, R. Gavai & P. Majumdar, PRD 85(2012)014510

A. Francis, O. Kaczmarek, M. Laine & J. Langelage, PoSLAT(2011)202

HTD,  A. Francis, O. Kaczmarek, F. Karsch, H. Satz and W. Soeldner, PRD 86, 014509 (2012) 
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Dispersion relation in the PS channel
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 The dispersion relation E2=A2(T) p2 + M2(T) changes only in the intercept 
i.e. M(T)

 The slope of dispersion relation, A(T), has minor dependence on T

Ratio of E at T>Tc to that at T<Tc approach to the free field theory as 
expected

0.9
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Polarized vector correlation functions
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• p=0.93,1.96,2.87 GeV

• GL is always larger than GT

HTD, arXiv:1210.5442

• Ratios can be reproduced by the free theory in short distances
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Ratio of G/Grec in the vector channel
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G(τ, T, p)

Grec(τ, T, p)
=

�
dω
2π ρ(ω, p, T ) K(ω, τ, T )

�
dω
2π ρ(ω, p, T �) K(ω, τ, T )

Deviation of the ratio from unity 
indicates thermal modifications
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J/ψT

 G/Grec grows with momentum at large distance

Evaluate G(τ,T,p)/Grec(τ,T,p) directly from correlator data without knowing ρ(ω,p,T’)
[HTD et al., ’12]

HTD, arXiv:1210.5442
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Ratio of G/Grec in the vector channel
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G(τ, T, p)

Grec(τ, T, p)
=

�
dω
2π ρ(ω, p, T ) K(ω, τ, T )

�
dω
2π ρ(ω, p, T �) K(ω, τ, T )

Deviation of the ratio from unity 
indicates thermal modifications

J/ψL

 G/Grec are almost independent on momenta

Evaluate G(τ,T,p)/Grec(τ,T,p) directly from correlator data without knowing ρ(ω,p,T’)
[HTD et al., ’12]

HTD, arXiv:1210.5442
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Ratio of G/Grec in the pseudo scalar channel
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 The temperature effects bring the ratio down while the momentum 
effects bring the ratio up at the large distance

G(τ, T, p)

Grec(τ, T, p)
=

�
dω
2π ρ(ω, p, T ) K(ω, τ, T )

�
dω
2π ρ(ω, p, T �) K(ω, τ, T )

Deviation of the ratio from unity 
indicates thermal modifications

Evaluate G(τ,T,p)/Grec(τ,T,p) directly from correlator data without knowing ρ(ω,p,T’)
[HTD et al., ’12]
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ηc

Charmonium spf at nonzero momenta

 At T=0.73Tc: The shape of ηc peak persists at finite momenta

The peak locations at T<Tc are consistent with the dispersion relation 
obtained from spatial correlators

At T=1.46 Tc spf gets closer to the free theory with larger p

HTD, arXiv:1210.5442



/21Heng-Tong Ding HighPt2012@Wuhan, Oct.  24

Charmonium spf at nonzero momenta
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J/ψT

Similar as the PS channel

HTD, arXiv:1210.5442
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Conclusion
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•We have calculated charmonium correlation functions on large and fine 
isotropic lattices: 1283xNτ, Nτ=96,48,32,24 for 0.73, 1.46, 2.20 and 2.93 Tc

• Through MEM analysis, all the charmonium ground states at vanishing 
momenta are dissociated at T≥1.46 Tc

• Simulations at temperature region  0.73 Tc < T <1.46 Tc are crucially 
needed to examine the sequential dissociation picture of charmonia. 
Calculations are on the way

• The dispersion relation in the PS channel changes only in the thermal 
mass term

•The spectral functions of S wave states persist at finite momenta at T<Tc 
and suffer more modifications at T>Tc
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Previous lattices studies on charmonium spf

• Lattice cutoff effects are much larger on anisotropic lattices
• Nτ used in the current study on isotropic lattices is doubled compared to 
Datta03, and comparable to the study on anisotropic lattices (Asakawa03), and 
at least 1.5 times larger than other studies on anisotropic lattices (Umeda02, 
Jakovac06, Aarts07) at similar temperatures
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• Redefinition of the kernel to cure the 
  divergence at w~0 is needed
• Detailed default model dep. analysis as well 
  as systematic uncertainty study are important

aσ: lattice spacing in the spatial direction 
aτ: lattice spacing in the temporal direction

HTD,  A. Francis, O. Kaczmarek, F. Karsch, H. Satz and W. Soeldner, PRD 86, 014509 (2012) 


