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How hot is the QGP ?                          

∎ color screening (Matsui, Satz, …) 

→ sequential quarkonium suppression is a thermometer                

∎ statistical regeneration (Braun-Munzinger & Stachel, 

Thews et al., Rapp et al, …)

→ quarkonium enhancement                                                   

∎ the cancellation between the two hot nuclear effects              

weakens the sensitivity of the thermometer                        

∎ cold nuclear effects (EPS, EKS, …) (shadowing effect,  

Cronin effect, energy loss, nuclear absorption,…) affect the 

thermometer too 

How to increase the sensitivity of the thermometer ?
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1. Heavy Quark Potential
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𝑽 = 𝑭 𝒐𝒓 𝑽 = 𝑼 ?

Petreczky, 2010

Lattice calculated heavy quark free energy F, what is 

the heavy quark potential V ?  (Digal et al. 2001, 

Shuryak & Zahed 2004, Wong 2004, Alberico et al. 

2005, Mocsy & Petreczky 2005,…)

By solving Schroedinger equation,                                       

𝑉 = 𝐹: 𝑇𝐷
𝐽/𝜓

= 1.2𝑇𝑐

𝑉 = 𝑈 = 𝐹 + 𝑇𝑆: 𝑇𝐷
𝐽/𝜓

= 2.1𝑇𝑐
A big difference in the dissociation temperature !

Liu et al., arXiv: 1009.2585     

excited 𝛶states are sensitive to the heavy quark 
potential 
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H.Satz (arXiv: 1501.03940 and the talk at ECT*2015):                                                                                      

force on 𝑄  𝑄~ pressure 𝑃 = −
𝜕𝑉

𝜕𝑟

for 𝐹 =
𝜎

𝜇
1 − 𝑒−𝜇𝑟 𝑤𝑖𝑡ℎ 𝑠𝑐𝑟𝑒𝑒𝑛𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 𝜇(𝑇)

𝑉 = 𝐹: 𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 𝑃 = −𝜎𝑒−𝜇𝑟 𝑓𝑜𝑟 𝑏𝑖𝑛𝑑𝑖𝑛𝑔
𝑉 = 𝑈: 𝑡ℎ𝑒 𝑓𝑜𝑟𝑐𝑒 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑠 𝑎 𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑣𝑒 𝑝𝑎𝑟𝑡 (𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 𝑓𝑜𝑟𝑐𝑒)
⇒ 𝑽 = 𝑭

For details, see also the work by K.Hashimoto & D.Kharzeev: Phys. Rev. D90, 

125012(2014).

Entropic Force
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S.Liu & R.Rapp (arXiv: 1501.07892):  T-matrix approach with complex potential:                                                 

by fitting the lattice calculated F, ⇒ the real potential F < Re[V] < U

however, by calculating transport coefficients                                                           

like heavy quark 𝑣2, Re[V] is close to U. 

T-matrix Approach
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Burnier, Kaczmarek, Rothkopf (arXiv: 1509.07366)                                                         

1) extracting potential v=Re[V] + i Im[V] from lattice simulated spectral 

function, Re[V] is close to F.

2) parametrization of the potential via an extended Gauss law  ⇒ Debye 
screening mass 𝑚𝐷(𝑇)

Lattice Simulation
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A.Rothkopf, Quarkonia, Tuesday AM

Other lattice simulation (H.Ohno, Quarkonia, Wednesday AM):                                             

the limit temperature of J/𝜓 is 1.25 𝑇𝑐 supports V=F

The complex potential is used to describe quarkonium (Υ) suppression at LHC 

(G.Wolschin, Quarkonia, Wednesday AM)



2. Cold Nuclear Matter Effects 
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Shadowing and Antishadowing in p+A

nuclear shadowing factor

1) the LHC data can be explained by shadowing/antishadowing effect;  

2) but the strong 𝝍′ suppression in central collisions and no obvious 

centrality dependence of 𝑱/𝝍 suppression (Quarkonia, Q.Hu and M.Leoncino, 

Monday AM) may need a fireball with 𝑻 ≲ 𝑻𝒄. 

R.Vogt, Quarkonia, Monday AM
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Cronin Effect

Cronin effect:                                              

multiscattering in initial stage broadens 

the quarkonium transverse momentum 

distribution 

Gerschel & Hufner, 1999

ALICE, arXiv: 1506.08808
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3. Extracting QGP Properties 
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𝑹𝑨𝑨(𝝍)/𝑹𝑨𝑨(𝑫)

Liu, Qu, Xu, Zhuang, arXiv:0907.2723

H.Satz, arXiv:1303.3493

1) RAA =
NAA(ψ)

NcollNpp(ψ)
contains both cold and hot nuclear matter effects.

2) 𝑁𝐴𝐴 𝐷 ~𝑁𝑐,  𝑁𝐴𝐴(𝜓) ∼  
𝑁𝑐 𝑓𝑜𝑟 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑁𝑐
2 𝑓𝑜𝑟 𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

⇒ to eliminate the cold effects as possible as one can, one may 

need to measure 

𝑅𝐴𝐴(𝜓)

𝑅𝐴𝐴(𝐷)
𝑎𝑡 ℎ𝑖𝑔ℎ 𝑝𝑡

𝑅𝐴𝐴(𝜓)

𝑅𝐴𝐴
2 (𝐷)

𝑎𝑡 𝑙𝑜𝑤 𝑝𝑡

𝑅𝐴𝐴(𝜓)

𝑅𝐴𝐴(𝐷)
∼ const at high 𝑝𝑡,          

how is 
𝑅𝐴𝐴(𝜓)

𝑅𝐴𝐴
2 (𝐷)

at low 𝑝𝑡 ?

H.Satz, talk at ECT* 2015

Braun Munzinger & Stachel, 2001 



𝑷𝒕 Distribution

𝑓 𝑝 = 𝑓𝑖𝑛𝑖 𝑝 + 𝑓𝑟𝑒𝑔 𝑝

initially production: 

1)Cronin effect in the initial stage,
2)strong low pt suppression and high 𝑝𝑡 leakage effect                                                                           

⇒ initial 𝑝𝑡 broadening 

regeneration:  

1) coalescence mechanism                                                                                                
2) energy loss induced thermalization

⇒ low 𝑝𝑡 regeneration

while 𝑓(𝑝) is nPDF dependent, the averaged transverse momentum                       

𝑝𝑡
2 =

 𝑝𝑡
2 𝑓 𝑝𝑡 𝑑𝑝𝑡

 𝑓 𝑝𝑡 𝑑𝑝𝑡

Is not sensitive to the nPDF and controlled by the hot effects.  

5.5TeV central Pb+Pb, 

Liu et al., 2009 
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+ Lattice QCD equation of state

●quarkonium motion  

● QGP evolution  

( / ,  ',  )cJ    

0,      0T n 

    

●analytic solution 

Yan et al., 2004, 2006 

cold nuclear matter effects: shadowing and Cronin

hot nuclear matter effects: suppression (gluon 

dissociation) & regeneration (detailed balance)  

Transport Approach
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Quarkonium dynamical evolution:                                                                  

kinetic approach (R.Rapp et al.)                                                      

Schroedinger-Langevin approach (P.Gossiaux, Quarkonia, Wednesday AM)                

Langevin approach (J.Blaizot et al., arXiv:1503.03857)                                           

……



5.5TeV central Pb+Pb, 

Liu et al., 2009 

Flow
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R.Ma, Quarkonia, Wednesday AM



5.5TeV central Pb+Pb, 

Zhou, Xu, Zhuang, 2009 

H.Costa, Quarkonia, Tuesday AM

shadowing effect is partly (largely) eliminated,    

𝒓𝑨𝑨 can be considered as a sensitive 

thermometer. 
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Zhou, Xu, Xu, Zhuang, 2014 

𝑟𝐴𝐴 =
𝑝𝑡
2

𝐴𝐴

𝑝𝑡
2

𝑝𝑝



4. 𝜴𝒄𝒄𝒄 and 𝜩𝒄𝒄 in A+A
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1) 𝛺𝑐𝑐𝑐 and Ξ𝑐𝑐 can hardly be produced in pp collisions, 𝜎 𝛺𝑐𝑐𝑐 = 0.06 ~

0.13 nb at 7 GeV and 0.1 ~ 0.2 nb at 14 GeV (J.D.Bjorken 1986 and Y.Chen, 2011) 

and 𝜎(𝛯𝑐𝑐) ~ 10 nb at 1.8 TeV (Phys.Rev.Lett.89 (2002) 112001).

SELEX Collaboration claimed the observation of 𝛯𝑐𝑐, but FOCUS/BaBar/Belle/LHCb

failed to reproduce it in elementary collisions.

2) However, coalescence among uncorrelated charm quarks in A+A may 

significantly increase the production probability, 

𝑁 Ξ𝑐𝑐 ~ 𝑁𝑐
2, 𝑁 𝛺𝑐𝑐𝑐 ~ 𝑁𝑐

3, 𝑁𝑐 ∼ 100 at LHC !

Motivation

3) If they are discovered in A+A collisions, it is a unique signal of QGP!

4) The Wigner function (the coalescence probability) for 𝛺𝑐𝑐𝑐 and 𝛯𝑐𝑐 can be 

calculated via Schroedinger equation.
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Three-body Schroedinger Equation
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hyperspherical method (widely used in atomic physics):

𝑚𝛺 = 4.75 GeV (4.8 GeV from LQCD) 

𝜖𝛺 = 900 𝑀𝑒𝑉

P r = φ r 2r5

𝑟𝛺 = 0.5 𝑓𝑚 ≃ 𝑟𝐽/𝜓

He et al., arXiv: 1409.1009

For 𝛯𝑐𝑐, we take the first order relativistic 

correction,



Wigner Function and Coalescence 

the coalescence happens on the hadronization hypersurface 𝚺
determined by hydrodynamics:

𝑓  𝑟,  𝑝 =
1

𝑒𝑝
𝜇𝑢𝜇/𝑇 + 1
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effective cross section per binary collision:

𝜎𝑝𝑝 = 62 𝑚𝑏 → 𝜎𝛺 = 9 𝑛𝑏

for 𝛯𝑐𝑐, 𝜎𝛯 = 320 𝑛𝑏

in comparison with the cross section in p+p, the effective cross 

section in A+A increases at least 2 orders for 𝜴𝒄𝒄𝒄 and 1 order for 𝜩𝒄𝒄.

Significant Enhancement in A+A

Pengfei Zhuang (Tsinghua)                                                       21                                           QM2015 Kobe, October 2

The magnitude is consistent with the statistical model 

estimation (discussion with Peter Braun-Munzinger)
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5. Summary



1) A big progress in understanding the (complex) heavy quark potential.

2) Cold medium effects dominate heavy flavors and quarkonia in p+A, 

but   there is already some hot medium effect.

3) To extract QGP properties, we need to focus on those observables 

where cold effects can be largely eliminated. 

4) Quarkonium 𝒗𝟐 and 𝒓𝑨𝑨 =
𝒑𝒕
𝟐

𝑨𝑨

𝒑𝒕
𝟐

𝒑𝒑

can distinguish hot mediums at SPS, 

RHIC and LHC：from pt broadening at SPS to pt suppression at LHC.

5) It is most probable to discover doubly and triply charmed baryons in 

A+A, and the discovery is a unique signature of QGP formation. 

6) Still some puzzles, like double ratio 𝝍′/𝝍 and excess of low 𝒑𝒕 J/𝝍. 

We need more precise data and more theoretical works.    
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Backup



assuming thermalized charm quark distribution:

heavy quark equation of motion

𝑓𝑐(𝑥, 𝑞) ∼
1

𝑒𝑞𝜇𝑢𝜇/𝑇+1
, 𝑢𝜇 𝑥 𝑎𝑛𝑑 𝑇 𝑥 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑏𝑦 ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠

𝜕𝜇 𝑓𝑐𝑢
𝜇 = 𝑅𝑔𝑎𝑖𝑛 − 𝑅𝑙𝑜𝑠𝑠

𝑓𝑐 𝜏0 =
𝑇𝐴  𝑥 𝑇𝐵  𝑥−𝑏 cosh(𝜂)

𝜏0

𝑑𝜎𝑝𝑝
𝑐 𝑐

𝑑𝜂

𝑅𝑔𝑎𝑖𝑛 = 𝑅𝑔𝑔→𝑐  𝑐 +𝑅𝑞  𝑞→𝑐  𝑐

(Nason, Dawson, Ellis, 1988)

𝑅𝑙𝑜𝑠𝑠 : determined by detailed balance with 𝑅𝑔𝑎𝑖𝑛

thermal production in Pb+Pb becomes                                                         

remarkable at 5.5 TeV and 39 TeV.  

Zhou et al., 2015

Heavy Quark Thermal Production



Dissociation and Regeneration Rates 

 ( )  /  J g Q Q    

( , )gp p

● gluon dissociation cross section calculated by OPE (Bhanot, Peskin,1999):

● at finite temperature, we use the classical relation
2

2

( )
( , , ) ( , )

(0)
g g

r T
p p T p p

r
  

potential model                                      
Digal, Kaczmarek, Karsch, Satz, 2005 

2 ( )r T

● regeneration rate is determined by the detailed balance

● 𝚼 dissociation rate 

26

Liu, Chen, Xu, Zhuang, 2011







decay modes of 𝜴𝒄𝒄𝒄

Decay through weak interaction, for instance 

nonleptonic cascade decay mode (Chen 2011):

semileptonic decay mode (Bjorken, 1986):





Probing the strongest field with J/𝝍

Deng and Huang, 2012:

the strongest magnetic field in nature but lasts ~0.1 fm/c, however, inducting medium 

may lead to a long life time.  

Gursoy, Kharzeev, and Rajagopal, 2014:

U.Gursoy, Fluctuations, 

Tuesday PM

ideal probes of the initial B field:

• created in the early stage,

• sensitive to the B field,

• not affected by the later hot medium. 

⇒ high 𝑝𝑡 𝐽/𝜓 is such an ideal probe !

idea:  the evolution of a 𝒄 𝒄 state |  𝒄 𝒄 ,   𝒊
𝝏

𝝏𝒕
|  𝒄 𝒄 =  𝑯 𝑩(𝒕) |  𝒄 𝒄 ,

the B field leads to an anisotropic formation probability | 𝚿 𝒄 𝒄 |
𝟐

.



𝑉𝑐  𝑐 𝑟 =-
𝛼

𝑟
+ 𝜎𝑟 + 𝛽𝑒−𝛾𝑟  𝑠𝑐 ∙  𝑠  𝑐

 𝐻𝐵 = −
(𝑞𝑐  𝑠𝑐 + 𝑞  𝑐  𝑠  𝑐) ∙  𝐵

𝑚𝑐
−

𝑞𝑐
2𝑚𝑐

𝑃𝑝𝑠 × 𝐵 ∙  𝑟 +
𝑞2

4𝑚𝑐
𝐵 ×  𝑟

2

magnetic coupling is much larger than strong coupling 
𝒒𝒄𝒑𝒕𝑩

𝟐𝒎𝒄
≫ 𝝈 at high 𝒑𝒕.

expanding 𝛷 in terms of the charmonium states:

𝛷 𝑃𝑝𝑠, 𝑅,  𝑟, 𝑡 =
1

2𝜋
𝑒
𝑖 𝑃𝑘∙𝑅−

𝑃𝑝𝑠𝑡

4𝑚𝑐  𝜓𝐶𝜓 𝑃𝑝𝑠, 𝑡 𝑒−𝑖𝐸𝜓𝑡𝜓  𝑟 ,

the probability for the 𝑐  𝑐 to be in the charmonium state |  𝜓 is |𝐶𝜓 𝑃𝑝𝑠, 𝑡 |2

 𝐻(𝑟,𝑅, 𝑡) =
 𝑝𝑐−𝑞𝑐  𝐴𝑐

2

2𝑚𝑐
+

 𝑝 𝑐−𝑞 𝑐  𝐴 𝑐
2

2𝑚𝑐
−

(𝑞𝑐  𝑠𝑐+𝑞 𝑐  𝑠 𝑐)∙  𝐵

𝑚𝑐
+ 𝑉𝑐  𝑐 𝑟 =  𝐻0 +  𝐻𝐵

Schroedinger Equation

𝐵(𝑟, 𝑡) =  
𝐵  𝑒𝑦, 0 < 𝑡 < 𝑡𝐵 𝑎𝑛𝑑

𝑥2

𝑅𝐴 − 𝑏/2 2 +
𝑦2

𝑏/2 2 +
𝛾2𝑧2

𝑏/2 2 < 1

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑏 = 8 𝑓𝑚, 𝑅𝐴 = 6.6 𝑓𝑚, eB = 25𝑚𝜋, 𝑡𝐵 = 0.2𝑓𝑚 at LHC

Guo, Shi, Xu, Xu, Zhuang, 2015
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𝑷𝒕 dependence

strong enhancement or suppression at high 𝑷𝒕, due to the Lorentz force. 
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Time evolution 

𝝍′ and J/𝝍 enhancement by 10% and 𝝌𝒄 suppression by 23%

Guo, Shi, Xu, Xu, Zhuang, 2015
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1) anisotropic charmonium formation in the B field. 

2) strong enhancement or suppression at 𝝋 = 𝟎, but  almost no 

change at 𝝋 = 𝝅/𝟐. 

Anisotropic production

𝜑

Guo, Shi, Xu, Xu, Zhuang, 2015



Non-collective 𝒗𝟐 at high 𝑷𝒕, created by the B field

X.Guo, Poster 0609  

Non-collective 𝒗𝟐


