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Introduction	
 
In-­‐‑medium  properties  of  hadronic  excitations  in  hot  QCD  ma@er	


                                Heavy-­‐‑Ion  Collision  Experiments  at  RHIC  and  LHC �

Charmonium	

          purely  created  after  collision:  direct  probe  in  HIC  experiments	

              e.g.  dissociation  of  J/ψ  at  high  temperature	

                                      direct  signal  that  Quark-­‐‑Gluon  plasma  is  created          Matsui  and  SaP  (1986) �

    in  PHENIX  experiment  at  RHIC…	

        Suppression  of  survival  probability  of  J/ψ	



	


  Understanding  suppression  of  hadronic  excitation  in  QGP	


  Theoretical  understanding  	

                                                of  meson  thermal  properties:  indispensable	


3

We assume the same p
T

distribution for χc and ψ′ as
that for J/ψ and estimate their survival probabilities in a
similar way as Eq. (3) with a common melting tempera-
ture Tψ′ = Tχc

≡ Tχ. Thus, the total survival probability
of J/ψ is obtained by taking into account the total feed
down fraction f

FD
from χc + ψ′ to J/ψ as

Stot
J/ψ = (1 − f

FD
)SJ/ψ + f

FD
Sχ, (4)

where Sχ denotes the survival probability of χc or ψ′ .
Although the precise values of TJ/ψ,χc,ψ′ should be

eventually calculated from lattice QCD simulations with
dynamical light quarks, we take those as free parameters
to fit the present experimental data of Stot

J/ψ. The feed
down fraction f

FD
is also treated as a free parameter.

At present, its value measured at different energies has a
large uncertainty, 15% − 74% [24]. Also it may well de-
pend on collision energy and has not yet been measured
at the RHIC energy. As we will see below, the shape
(magnitude) of Stot

J/ψ as a function of Npart is essentially

determined by TJ/ψ (f
FD

).

C. Numerical Results

Experimental survival probability of J/ψ in the mid-
rapidity region in Au+Au collisions at RHIC is shown as
filled circles in Fig. 2, where gluon shadowing and nuclear
absorption with σabs = 1 mb are taken into account as
CNM effects [11]. Bars and brackets correspond to the
uncorrelated and correlated errors with respect to Npart,
respectively [7]. Boxes correspond to the uncertainties
associated with the nuclear absorption cross section of
0 mb − 2 mb [11].
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FIG. 2: Survival probabilities Stot
J/ψ (solid line), SJ/ψ

(dashed line), and Sχ (dotted line) in the hydro+J/ψ model
as a function of the number of participants Npart with
(TJ/ψ, Tχ, f

FD
) = (2.02Tc, 1.22Tc, 0.30). Filled symbols are

the experimental survival probability in the mid-rapidity of
J/ψ in Au+Au collisions at RHIC [7, 11].

The solid line corresponds to the net survival probabil-
ity Stot

J/ψ obtained from our hydro+J/ψ model with the

best fit parameters (χ2 = 0.86 for Npart ≥ 50),

(TJ/ψ, Tχ, fFD
) = (2.02Tc, 1.22Tc, 0.30), (5)

while SJ/ψ and Sχ are shown by dashed and dotted lines,
respectively.

Decreasing of Stot
J/ψ with increasing Npart is reproduced

quite well with the scenario of sequential melting in ex-
panding fluid: Onset of genuine J/ψ suppression around
Npart ∼ 160 can be clearly seen by the dashed line in
Fig. 2, which results from the fact that the highest tem-
perature of the matter reaches to TJ/ψ at this centrality
(See Fig. 1 for comparison). Gradual decrease of Stot

J/ψ

above Npart ∼ 160 reflects the fact that the transverse
area with T > TJ/ψ increases.
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FIG. 3: Survival probability Stot
J/ψ as a function of the num-

ber of participants Npart, where melting temperature of J/ψ is
1.90Tc (dashed), 1.96Tc (dotted), 2.02Tc (solid with open cir-
cles), 2.08Tc (dash-dotted), and 2.14Tc (solid).

Sensitivity of Stot
J/ψ to the melting temperature of

J/ψ is shown in Fig. 3. Here, f
FD

and Tχ are fixed
to be 30% and 1.22Tc, respectively, as given in Eq. (5).
The shape of the theoretical curve of Stot

J/ψ is sensitive to

TJ/ψ: Even the 6% change of the melting temperature
of J/ψ from the best fit value 2.02 Tc causes a substan-
tial deviation from the experimental data. To make this
point clearer, we show, in Fig. 4, the χ2 contour plot
in the plane of TJ/ψ/Tc and Tχ/Tc with f

FD
being fixed

to 0.30. The cross symbol corresponds to Eq. (5) which
gives minimum χ2. Solid and dashed lines correspond to
the 1σ and 2σ contours, respectively. It is seen that TJ/ψ

can be determined in a narrow region around 2Tc, while
Tχ is not well determined because the feed-down effect is
not a dominant contribution to Stot

J/ψ.
TJ/ψ is also insensitive to the nuclear absorption

cross section. Taking σabs = 0 mb (2 mb) as an
upper (lower) bound [11], we found (TJ/ψ, Tχ, fFD

) =
(2.00Tc, 1.02Tc, 0.35) with minimum χ2 of 0.97 for
Npart ≥ 50 ((TJ/ψ, Tχ, fFD

) = (2.02Tc, 1.02Tc, 0.15) with
minimum χ2 of 0.87 for Npart ≥ 50). The change of σabs

affects only the overall normalization of Stot
J/ψ, whose ef-

fect is mostly absorbed by the change of f
FD

. In other

Survival  probability  of  J/ψ �

Gunji  et  al.  2007�



La#ice  QCD  at  finite  temperature	

        Direct  investigation  of  hadronic  excitation:  Difficult	

	

Meson  correlation  function  to  spatial  direction:  Screening  mass �

in  thermal  medium…	


      at                          ,  hadron  structure:  pole  mass  at  T  =  0:	

      at                              ,  sensitive  to  quark  structure:  bound  states  broaden	


      at                                ,  free  meson  with  two  quark  propagators	

                                                            which  have  the  lowest  Matsubara  mode: �

Introduction	
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Meson  screening  mass  at  finite  T	
 
Boundary  Condition  to  temporal  direction:	

  Investigation  of  hadronic  modification  due  to  thermal  effect	


            Anti-­‐‑periodic  BC:	


            Periodic  BC:  	


                      at  low  T:    bosonic  bound  state                        no  discrepancy	


                      at  high  T:  difference  due  to  Matsubara  mode	


                                                                                                                                                    for  APB	


                                                                                                                                                    for  PB	


                                  probe  of  temporal  broadening                                    width  of  the  spectral  function	


q(�x, 1/T ) = �q(�x, 0)

q(�x, 1/T ) = q(�x, 0)

M(T )�
�

2
�

(�T )2 + m2
q

2mq

Screening  mass  in  la@ice  QCD  simulations	

        in  p4  action  for  light  and  charm  sector  (2011)                                	


                                                                      in  this  study:    in  HISQ  action  for  charmonium,  	


                                                                                                                                                            open-­‐‑charm  and  strangeness  sectors �



Highly  Improved  Staggered  Quarks	
 
                          HISQ  action                Bazavov  et  al.  (2011)	


Reduction  of  the  taste  violation	

Control  of  the  cutoff  effects 
	


Bulk  thermal  properties:  investigated	

                                                                                                                                            Hot-­‐‑QCD  Coll.  (2011)	

abundant  statistics  with  widely  T  range:  utilizable �  0
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            La@ice  setup	

2+1  flavor  QCD  (charm  quenched)	

ml/ms  =  0.05  (mπ~160  MeV,  mK~504  MeV)	


483x48  or  64  at  T  =  0	

483x12,  β =  6.664—7.280  (T  =  138—245  MeV,  15  points)	

Nτ=10,  8,  6,  4  at  β =  7.280,  Ns/Nτ=4  (T  =  297—743  MeV)	

scale:  fk  input	


meson  propagators:  point  and  wall  sources  (5000—10000  traj.)	


Chiral  condensate �



T  =  0	
 
Ø Meson  propagators  in  HISQ	


Ø Meson  spectrum  in  strange  and  charm �



Meson  spectrum  at  T  =  0	
 

Determination  of  quark  mass  at  T  =  0	

              Strange-­‐‑quark  mass:	


                                                                                                                      Hot-­‐‑QCD  (2011)	


	

              Charm-­‐‑quark  mass: �

m�s̄s =
�

2m2
K �m2

�

1
4m�c + 3

4mJ/�

No  significant  β  dependence:	


                                well  improvement  of  	


                                the  cutoff  effect  in  HISQ  action �
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Finite  temperature	
 
Ø  Screening  mass:  Anti-­‐‑periodic  BC  and  periodic  BC	


•  Charmonium	


•  Open-­‐‑charm  and  strangeness	


Ø  At  high  temperature	


•  comparison  with  thermal  perturbation  theory	


�



Charmonium  screening  mass  at  T  ~  Tc	
 

M(T )/m0

Screening  mass  divided  by  pole  mass  at  T  =  0�

Anti-­‐‑PB�

PB�

cc̄
at  low  T:  	

at  T  ~  200—220  MeV:	


          APB:  increases	

          PB:  decreases	


at  high  T:	


	


          	


	


                                        survive  at  T  <  1.3Tc	


and  modified  at  T  >  1.3—1.4Tc	

	


M(T )/m0 = 1

�c, J/�

MAPB � 2
�

(�T )2 + m2
c

MPB � 2mc



Open-­‐‑charm  and  strangeness:  T  ~  Tc	
 

at  T  ~  160  MeV:	

          discrepancy  btw  APB  and  PB	


                                                      modified  at  T  >  Tc  	


even  at  T  <  140  MeV:	

          discrepancy  btw  APB  and  PB	


              significant  modification  at  T  <  0.8Tc              	
Ds, D
�
s (�ss̄), �

sc̄ M(T )/m0
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PB�

ss̄
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with  T  increasing…	

	


M  /  T  decreases  and  converges  to  2π	


	


Significant  T  dependent  slightly  above  Tc	

Convergence  to  2π	



                                        PS:    from  below	

                                            V:    from  above	


Thermal  perturbation      Laine  et  al  2004	

Ø  all  channel  converges	

Ø  described  by	

	

	

	

                on  la@ice:  no  convergence	

                                similar  results  in  p4  (2011)	


    precise  investigations  at  high  T:  future	


Screening  mass  at  high  T  vs.  thermal  perturbation	
 

cc̄, sc̄

ss̄

Mweak = 2�T (1 + g2 �
�

0.022(Nf = 0)
0.033(Nf = 3)

)

MAPB � 2
�

(�T )2 + m2
c



at  low  T:    corresponding  to  pole  mass  at  T  =  0	


at  high  T:  convergence  to                                                            with  Anti-­‐‑periodic  BC	


                                                                                                                                                      with  periodic  BC	

Modification  due  to  thermal  medium	


                                              survive  at  T  ~  1.3  Tc	

                                              modified  at  T  ~  Tc	


                                              significant  modification  even  at  T  <  0.8  Tc	


Comparison  with  thermal  perturbation:                        V—  is  similar,  but  PS—  is  not	


                                                    no  convergence:  precise  investigation  at  higher  T	


Summary	
 
Meson  screening  masses  in  Highly  Improved  Staggered  Quarks	


                  for  charmonium,  open-­‐‑charm  and  strangeness	


	


	


	


	


	


	


        	


	


Future…	


            charmonium:  ABC-­‐‑BC  relation  to  decay  width  (MEM)?	

            strangeness:    role  in  strange  fluctuation  and  deconfinement?   �

�c, J/�

(�ss̄), �
Ds, D

�
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�
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2mq

ss̄


