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演示者
演示文稿备注
My topic is thermal production of charms and charmonia in quark-gluon plasma. This work is collaborated with Kai Zhou, Carsten Greiner and Pengfei Zhuang.
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Outline

• Introduction

• Thermal production of charms

• Thermal production of charmonia

• Numerical results

• Summary 

演示者
演示文稿备注
This is the outline of my talk. Firstly, I will give a introduction. Then I will describe thermal production of charms in QGP. Subsequently, the mechanism of thermal charmonium production in QGP will be also indicated. I will present our numerical results on thermal production of charms and charmonia at LHC energy 2.76TeV and 5.5TeV and FCC energy 39TeV. At the end I will give summary for our work.
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lntroduction

@ C. Shen

演示者
演示文稿备注
This is a sketch for the space-time evolution of the matter produced in heavy-ion collisions. At the very beginning quarks and gluons are freed from nucleons by hard scatterings. If the interactions among the quarks and gluons are strong enough, they will thermalize and a quark-gluon-plasma will be formed. The space-time evolution of the thermal system is then well described by hydrodynamics. The QGP will cool down due to the expansion.At the critical temperature QGP will undergo the phase transition and become a hadron gas.The interactions between the hadrons become weak at the late stage of the event and the particles freeze out at some time and then go to detectors.What we measure in the experiments are hadrons, photons and leptons in the final state. In this talk I will focus on QGP phase.
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Matsui and Satz: PLB178, 416(1986): 
J/Psi suppression as a probe of QGP  in HIC

Electrons are usually used to 
probe the electro-magnetic 
structure of nucleons

Hot Nuclear Matter effects:                 

1)suppression in QGP and HG (Masui, Satz et al.)

2)regeneration in QGP and HG (PBM, Thews, R.Rapp et al.)

Cold Nuclear Matter effects: 
1)nuclear absorption (J.Huefner, A.Capella et al.)                

2)Cronin effect  (J.W.Cronin, J.Huefner et al.) 

3)shadowing effect (A.H.Mueller, M.Gyulassy, R.Vogt,  

E.Ferreiro et al.)

演示者
演示文稿备注
To search and study the properties of the QGP formation one need certain probes. Similar to electrons which are usually used to probe the electro-magnetic structure of nucleons, heavy quarks can be used to signal the fireball structure produced in heavy ion collisions. J/Psi production has long been considered as a promising probe for QGP creation in heavy ion collisions since firstly proposed by Matsui and Satz in 1986. However, the produced charmonia experienced a complicated process before they are measured in the final state, they suffer from cold and hot nuclear matter effects. There are several cold nuclear matter effects called nuclear absorption, Cronin effect and shadowing effect. The two processes that the initially produced charmonia being destroyed and the initially uncorrelated charms and anti-charms recombining into charmonia are called suppression and regeneration, respectively, and are collectively called hot nuclear matter effects.   
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●Initial production
initial production controls high pt region 

●Regeneration
important at low pt due to heavy quark energy loss

Nuclear modification factor:                                                                                                 
characterize the differences of J/Psi production between A+A  and 
simple superposition of p+p collisions 

Transverse momentum modification factor:
Sensitive to the hot nuclear matter effects 
but affected weakly by the cold nuclear 
matter effects. 5Zhengyu  Chen

演示者
演示文稿备注
The finally observed charmonia contain two parts, the initial production and regeneration, and both of them suffer from dissociation. The initial production controls high transverse momentum region and the regeneration is important at low transverse momentum region due to heavy quark energy loss. The nuclear modification factor RAA can characterize the differences of J/Psi production between nucleus-nucleus collisions and simple superposition of proton-proton collisions at the same energy due to the medium effect . In order to separate the hot nuclear matter effect from the cold nuclear matter effect, we introduced another quantity called transverse momentum modification factor for being sensitive to the hot nuclear matter effect but affected weakly by the cold nuclear matter effect.
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@SPS:           

Almost  all the finally observed 
charmonia are from primordially 
produced one

@RHIC:           

Regeneration only plays a partial role

@LHC:  

Regeneration becomes equally 
important in forward rapidity, and 
even dominant in mid-rapidity

Nucl.Phys.A834,249C(2010)

PRC89,054911(2014)

Future Circular Collider
39TeV!

演示者
演示文稿备注
For JPsi production at SPS energy collisions, almost all the finally observed charmonia are from primordially produced one those suffered from normal suppression in initial cold nuclear matter and then anomalous suppression in subsequent hot and dense medium. Being differently, when going to higher energy collisions like RHIC and LHC, the abundant charm quarks from initial hard interactions enables the regeneration to get involved in charmonium production thus through continuous recombination of those uncorrelated charm quarks inside QGP. While regeneration only plays a partial role at RHIC energy, it becomes equally important (in forward rapidity) and even dominant (in mid-rapidity) at LHC energy, manifesting itself by a softer distribution on transverse momentum. Recently the Future Circular Collider (FCC) at CERN is proposed to push the energy frontier beyond LHC, which have plans for Lead-Lead collision at 39TeV energy. Due to the quadratic dependence on charm number density for charmonium regeneration. Then at this new higher energy regime, for charmonium production what would we expect about their ability to probe the QCD matter created from collisions?
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How about the thermal charm production   
and its contribution to charmonia ?

All the heavy quarks are initially produced!
0Nµµ∂ =

B. Zhang, C. Co, W. Liu, PRC77, 024901(2008)

thermal production can appreciably 
enhance the yield of charm quarks

演示者
演示文稿备注
Although a majority of works have been implemented both theoretically and experimentally after the discovery by Matsui and Satz, all of them are based on the idea that all the heavy quarks are produced only in the initial impact, and no extra production in the later evolution, as can be indicated from this equation. So, how about the case if the heavy quark thermal production in QGP considered? Someone have done that, for example, Benwei Zhang and his collaborators have explored the thermal charm production at LHC energy 5.5TeV. And they use fire-cylinder model for the medium evolution. As shown in this figure that thermal production can appreciably enhance the yield of charm quarks. Due to the quadratic dependence on charm number density for charmonium regeneration, we expect that an increase of number of charm quark pairs in QGP can obviously further enhance the charmonium yield through regeneration, especially in the much higher energy cases. In our work, we study the thermal charm production at LHC and FCC energies, more importantly, the thermal production of charmonia is investigated for the first time. 



Zhengyu  Chen 8

Thermal production of charms

Next-to-leading Order: 

Leading Order: 
q q c c+ → + g g c c+ → +

q q c c g+ → + + g g c c g+ → + +

( ) ( )
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● charm production processes

gain lossN R Rµ
µ∂ = −

● rate equation 

charm pair production cross section(P. Nason et al. 1988)

determined by detailed balance

12σ

lossR

演示者
演示文稿备注
Our study of thermal charm production in a quark-gluon plasma is based on both the leading-order and next-to-leading-order processes in    QCD. Kinetic theory can be used to describe the thermal charm production in an expanding QGP medium, the relevant rate equation is as this. On the right hand side, the source term Rgain and Rloss are the rate for charm pair production and annihilation inside QGP mediumrespectively. The general Lorentz-invariant form for the production rate Rgain is as this. Where MU is the number of identical particles in the initial state, capital F12 is the kinetic flux factor, SIGMA12 is the charm pair production cross section, lowercase f1 and f2 are the distribution functions for involved particles in the production process. And the annihilation rate Rloss is determined by detailed balance. The thermal distribution, local temperature and fluid velocity needed to solve this rate equation are determined by hydrodynamics. 
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● Ideal hydrodynamic
equations

0

0

T

j

µν
µ

µ
µ

∂ =

∂ =

( )T p u u g p
j nu

µν µ ν µν

µ µ

ε= + −

=

Bjorken expansion 

● QGP hydrodynamic
equations

+ Equation Of State (ideal gas or 
strongly coupled matter from lattice)

● The final charged multiplicity is used to determine the initial
entropy density as input for hydrodynamics

演示者
演示文稿备注
We use ideal hydrodynamics to simulate the hot and dense medium created in high energy collisions, and their space-time evolution respects these ideal hydrodynamic equations. where T_MUYU in this form is the energy-momentum tensor of the medium, J_MU in this form is the baryon current with YU_MU the four-velocity of a given fluid element, IPXILON the energy density, P the pressure, and N the local baryon density. In the present study, the well tested 2+1 dimensional version of the hydrodynamics is used with Bjorken expansion simplification. Under boost invariant initial condition in longitudinal direction, the left equations can be simplified to this form. And the equation of state for the medium is needed to close this hydrodynamical equations. The final charged multiplicity is used to determine the initial entropy density as input for hydrodynamics. From the existed experimental data on dNch/dn for relatively high energy collisions, we parameterize the collision energy dependence for charged multiplicity in central rapidity in high energy collisions as this equation. Assuming that the entropy is directly related to the final charge multiplicity, viscous effects neglected, its initial configuration can be assumed according to two-component model as this form. And ROU_sr expressed as this is the spacial distribution of the entropy production source in the very initial stage, where ALPHA is the mixing ratio between participant particle’s number density N_part and binary collision number density N_coll.
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charm number evolution  

@ 2.76TeV thermal charm production                                                    

is cancelled  by shadowing.

@ 5.5 TeV thermal charm production 

comparable with shadowing.

@ 39 TeV thermal charm production 

overcomes shadowing.    

Thermal production enhances J/Psi 
regeneration, but shadowing effect 
suppress J/Psi regeneration, the final 
result is controlled by the competition 
of the two. 

演示者
演示文稿备注
This three figures show the charm number evolution in QGP in central Lead-Lead collisions at LHC energy 2.76TeV and 5.5TeV and FCC energy 39 TeV. We see that at 2.76TeV, the thermal charm production is just cancelled by shadowing reduction finally, so the consideration of thermal charm production in medium is negligible. But at 5.5TeV, the thermal charm production becomes comparable with shadowing, which leads to a significant increase of the total charm pair number. Now let’s see the time evolution for charm pairs at FCC energy 39TeV which is shown in the third figure. The thermal charm production can overcome shadowing reduction, and finally leads to 22% enhancement compared to pp reference. Thermal production enhances J/Psi regeneration, but shadowing effect suppress J/Psi regeneration, the final result is controlled by the competition of the two. 
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Thermal production of charmonia

Zhengyu  Chen

● transport approach 
L. Yan et al. (2006),  Y. Liu et al. (2009),  K. Zhou et al. (2014)

●quarkonium transport equations  

( / ,  ,  ')cJ χψ ψΨ =

Including thermal 
charm production

f f fτ α βΨ Ψ Ψ Ψ Ψ Ψ∂ + ⋅∇ = − +V

演示者
演示文稿备注
Due to the heavy mass, charmonium evolution in QGP medium can be studied with transport approach. And the transport approach used in our study is mainly developed by LI YAN, YUNPENG LIU and Kai ZHOU and many others in Tsinghua University. In mid-rapidity region in heavy ion collisions, this Boltzmann equation can be used to describe the charmonium distribution function f in transverse phase space at time TAU  for fixed impact parameter b, where PSI stands for J/PSI, KAI_C and PSI_PRIME to include the feed-down contribution from excited states to ground state J/PSI, V_PSI is transverse velocity which leads to leakage effect. On the right hand side, the loss and gain term ALPHA and BETA represent charmonium dissociation and regeneration in the created hot medium, and the thermal production of charms is included in this thermalized function for charm anti-charm quarks. The transport equation can be solved analytically. 
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● For the in-vacuum dissociation cross section, one can use
results from the OPE method with a perturbative Coulomb
interaction (Bhanot, Peskin,1999):

● When going to high temperature medium, we estimate the
temperature effect on gluon dissociation by taking the
geometrical relation 

( , )gp pψσ

2

2

( )
( , , ) ( , )

(0)g g

r T
p p T p p

rψ ψσ σ

2 ( )r T calculate using potential model with lattice simulated heavy 
quark potential at finite temperature

● Analytic solution 

演示者
演示文稿备注
The analytic solution is expressed as this formula. For the in-vacuum dissociation cross section SIGMA, one can use results from the operator production expansion (OPE) method with a perturbative Coulomb interaction. But when going to high temperature medium where the charmonium states would become loosely bound, the OPE method is no longer valid. Here we estimate the temperature effect on gluon dissociation by taking the geometrical relation between the cross section and the average size of the charmonium state, as this relationship. Mean_r_square_T is the charmonium average radius which we calculate using potential model with lattice simulated heavy quark potential at finite temperature.
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Numerical results

valley structure due to the 
thermal production   

@2.76TeV
Thermal production increase RAA 0.480.55
(with shadowing);
Thermal production increase RAA 0.480.77
(without shadowing).

@5.5TeV
With thermal production, RAA shows a 
slightly increasing trend; Without thermal 
production, RAA appears a flat structure.

@39TeV
Without thermal production, RAA is around 
0.2 in most of centralities. Considering 
thermal production, RAA  can reach to 0.85 
(1.25 if without shadowing) in most central 
collisions.

演示者
演示文稿备注
Now, let’s show our numerical results on thermal production of charmonium. These three figures show the nuclear modification factor R_AA for J/PSI produced at LHC and FCC  Lead-Lead collisions in mid-rapidity as a function of the number of participant nucleons. Red lines are for calculation with thermal charm production and with shadowing, blue lines are for with thermal charm production and without shadowing, black lines are for without thermal charm production and with shadowing. Full lines are total production, dashed lines are regeneration and dotted lines are for initial production. At 2.76TeV, thermal production can just increasing the RAA from 0.48 to 0.55, but can largely increase RAA to 0.77 if without shadowing. At 5.5TeV, with thermal charm production, the charmonium RAA shows a slightly increasing trend along with increasing collision centrality, while without thermal charm production it appears almost a flat structure. We show in the third figure the R_AA for J/PSI at FCC 39TeV. Without thermal charm production, the charmonium nuclear modification factor RAA is around 0.2 in most of centralities. After considering the thermal charm production, the RAA can reach 0.85 in most central collisions which is more than 4 times larger than the case without thermal charm production, and RAA can even reach to 1.25 if without shadowing. Meanwhile the initial production for charmonium is suppressed almost completely by the QGP, the competition between strong suppression for initial production and also the further enhanced strong regeneration makes the total J/PSIs’ RAA to present an apparent valley structure along with increasing centrality, which would disappear into a flat form structure if there are no thermal charm production as shown in this line. An observation of such valley structure experimentally would then directly signal the regeneration mechanism in high energy heavy ion collisions.
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exceed unit due to the 
thermal production 

@LHC
The thermal charm production enhances the 
charmonium regeneration further, which 
strengthens the decreasing trend. 

@FCC
Due to the higher temperature, the QGP 
becomes a rich source for charm pair 
thermal production, and this overcome the 
stronger suppression through regeneration 
mechanism.

演示者
演示文稿备注
Transverse momentum dependence can reveal more behind production mechanism for charmonium in heavy ion collisions. In following we turn to their transverse momentum distribution information. The evolution of R_AA for J/PSI as a function of transverse momentum at LHC in central Lead-Lead 2.76TeV and 5.5TeV collisions in mid-rapidity are shown in the first figure and second figure, respectively. Here we see a distinct decreasing trend, and the thermal charm production from QGP enhances the charmonium regeneration further, which just strengthens the decreasing trend here. Since the strong suppression for initial production, the regeneration is dominant up to about transverse momentum equal to 5GeV. When it comes to FCC Lead-Lead collisions at 39TeV, due to the higher temperature of the created QGP medium, the suppression ability for it is much stronger. On the other hand, also due to the higher temperature, here the QGP becomes a rich source for charm pair thermal production since much more abundant quarks and gluons inside, and this then overcome the stronger suppression for charmonium through regeneration mechanism and enhance their R_AA to exceed unit for soft momentum region, it’s a clear signal for charmonium regeneration from medium and also the thermal charm production. 
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●The thermal charm production can dramatically enhance
the charm quark pairs yield at extremely high energies
such as collisions at FCC. 

● At FCC , RAA presents a clearly valley structure due to the
competition between the strong suppression and strong
regeneration.

● At FCC , differential RAA as a function of pT can exceed 1
with thermal charm production.

Summary 

演示者
演示文稿备注
Now, it’s time for summary. In this work, we have taken into account the thermal charm production from hot and dense medium created in LHC and FCC energy collisions. We find that, the thermal charm production can dramatically enhance the charm quark pairs yield at extremely high energies such as collisions at FCC. Due to the quadratic dependence on charm number density for charmonium regeneration, the greatly enhanced number of charm quark pairs in QGP can obviously enhance the charmonium yield. So the RAA presents a clearly valley structure due to the competition between the strong suppression and strong regeneration. And the differential RAA as a function of transverse momentum can even exceed unit with thermal charm production.
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Thank You!

Zhengyu  Chen
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Primary rate equation

● Writing                 ,it turns to be

( )LR
gain lossccN n u R Rµ µ

µ µ∂ = ∂ = −

( )LR
gain lossccN n u R Rµ µ

µ µ∂ = ∂ = −

LR
cc ccn nγ=

● Setting              ,                  being
charm pair number density, it 
can be expressed as

/Tccn ρ τ= ( ),T Tρ τ X

( ) ( )T T T T gain lossR Rτρ ρ τ∂ +∇ ⋅ ⋅ = −V

● The Lorentz-invariant form for rate
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● Setting

( ) ( )
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ccc ij cc cc c

c c

d pd pr F f f
E E

σ
π π→

= ∫

Simplified rate equation
( )

2

2
T

T T T T gain lossR rτ
ρρ ρ τ
γ τ

∂ +∇ ⋅ ⋅ = −V

( ) ( )( ) 2 21/ 2 ln / ( ) ,t z t z t zη τ= + − = −

( )1 1
cosh coshT T gain losscc cc ccn n n R Rτη τ η

∂ +∇ ⋅ ⋅ + = −V ( )2 2 2
12 1 2 1 2F p p m m= ⋅ −

( )
( ) ( )( )/1 / 1p u x T xeq
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f e ⋅= +

( )2
/LR eq

loss losscc ccR n n r=
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( )0.217
232.7 189.6 598.2ch

NN NN
dN S S
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( )
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τ ρ

κ
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=
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2sr T part T coll Tn nαρ α−

= +X X X
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