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Abstract:	
  	
  	
  	
  Understanding	
  the	
  quantum	
  dynamics	
  of	
  quarkonia	
  is	
  essenGal	
  in	
  the	
  descripGon	
  of	
  bo8omonia	
  and	
  charmonia	
  in	
  the	
  quark-­‐gluon	
  plasma.	
  So	
  far,	
  it	
  
has	
  been	
  quite	
  naively	
  assumed	
  that	
  their	
  dynamics	
  can	
  be	
  described	
  by	
  the	
  Schrödinger	
  equaGon	
  with	
  in-­‐medium,	
  screened	
  potenGal.	
  Such	
  a	
  naïve	
  approach	
  is	
  
not	
  correct	
  anymore,	
  in	
  parGcular	
  if	
  one	
  wants	
  to	
  study	
  their	
  Gme-­‐evoluGon.	
  AQer	
  the	
  discovery	
  of	
  imaginary	
  part	
  in	
  the	
  in-­‐medium	
  potenGal	
  [1],	
  it	
  must	
  be	
  
recognized	
  that	
  quarkoia	
  should	
  be	
  viewed	
  as	
  open	
  quantum	
  systems	
  in	
  the	
  environment	
  of	
  quark-­‐gluon	
  plasma	
  [2].	

	
  	
  	
  In	
  the	
  open	
  quantum	
  system,	
  master	
  equaGon	
  instead	
  of	
  the	
  Schrödinger	
  equaGon	
  describes	
  the	
  quantum	
  dynamics	
  of	
  quarkonia.	
  Open	
  quantum	
  system	
  
techniques,	
  such	
  as	
  influence	
  funcGonal	
  approach,	
  have	
  been	
  applied	
  to	
  quarkonia	
  [3].	
  In	
  this	
  presentaGon,	
  I	
  will	
  summarize	
  developments	
  in	
  this	
  approach	
  and	
  
show	
  an	
  addiGonal	
  step	
  toward	
  a	
  more	
  complete	
  descripGon.	
  In	
  parGcular,	
  I	
  will	
  show	
  how	
  to	
  obtain	
  the	
  Lindblad-­‐form	
  master	
  equaGon,	
  which	
  preserves	
  the	
  
complete	
  posiGvity	
  of	
  the	
  density	
  matrix	
  of	
  the	
  system	
  [4].	
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1.	
  Introduc,on	

v We	
  study	
  quantum	
  dynamics	
  of	
  quarkonia	
  in	
  the	
  QGP.	


Why is it necessary? 
•  Fate	
  of	
  quarkonia	
  in	
  the	
  QGP	
  is	
  sensiGve	
  to	
  the	
  deconfinement	
  nature.	
  
•  Heavy-­‐ion	
  collision	
  creates	
  a	
  dynamical	
  system	
  with	
  Gme	
  evoluGon.	
  
 
How is it formulated? 
•  Open	
  quantum	
  system	
  approach	
  provides	
  a	
  natural	
  framework.	
  
•  By	
  a	
  master	
  equaGon	
  for	
  a	
  density	
  matrix,	
  instead	
  of	
  the	
  Schrödinger	
  

equaGon	
  for	
  a	
  wave	
  funcGon	
  
 
What are the experimental signals? 
•  Dimuons	
  from	
  bo8omonium	
  decays	
  [5]	
  (CMS	
  collaboraGon)	
  

granularity of the tracker, the muon pT measurement based
on information from the tracker alone has a resolution
between 1 and 2% for a typical muon in this analysis.

The CMS apparatus also has extensive forward
calorimetry, including two steel–quartz-fiber Čerenkov
hadron forward calorimeters (HF), which cover the range
2:9< j!j< 5:2. These detectors are used for event selec-
tion and centrality determination in PbPb collisions. The
event centrality observable corresponds to the fraction of
the total inelastic cross section, starting at 0% for the most
central collisions and evaluated as percentiles of the dis-
tribution of the energy deposited in the HF [7,8]. The
centrality classes used in this analysis are 50–100%, 40–
50%, 30–40%, 20–30%, 10–20%, 5–10%, and 0–5%,
ordered from the lowest to the highest HF energy deposit.
Using a Glauber-model calculation as described in Ref. [7],
the average number of nucleons participating in the colli-
sions (Npart) and the average nuclear overlap function (TAA)

have been estimated for each centrality class. The TAA factor
is equal to the number of elementary nucleon-nucleon (NN)
binary collisions divided by the elementary NN cross
section and can be interpreted as the NN-equivalent inte-
grated luminosity per heavy-ion collision, at a given event
centrality [9].

The ! states are identified through their dimuon decay.
The events are selected online with a hardware-based
trigger requiring two muon candidates in the muon detec-
tors. More stringent muon quality requirements are
imposed in the PbPb case relative to the pp online selec-
tion. No explicit momentum or rapidity thresholds are
applied at trigger level. For the PbPb data, events are
preselected offline if they contain a reconstructed primary
vertex comprising at least two tracks, and the presence of
energy deposits larger than 3 GeV in at least three towers in
each of the two HF calorimeters. These criteria reduce
contributions from single-beam interactions, ultraperiph-
eral electromagnetic interactions, and cosmic-ray muons.

Muons are reconstructed by matching tracks in the muon
detectors and silicon tracker. The same offline reconstruc-
tion algorithm and selection criteria are applied to the PbPb
and pp data samples. The muon candidates are required to
have a transverse (longitudinal) distance of closest
approach to the event vertex smaller than 3 (15) cm.
Muons are only kept if the part of their trajectory in the
tracker has 11 or more hits and the "2 per degree of
freedom of the combined and tracker-only fits is lower
than 20 and 4, respectively. Pairs of oppositely charged
muons are considered dimuon candidates if the "2 fit
probability of the tracks originating from a common vertex
exceeds 5%. This removes background arising primarily
from the displaced, semileptonic decays of charm and
bottom hadrons. Only muons with pT > 4 GeV=c are con-
sidered, as in Ref. [5]. The dimuon pT distribution of the
selected candidates extends down to zero and has a mean of
about 6 GeV=c, covering a dimuon rapidity range of jyj<

2:4. The resultant dimuon invariant mass spectra are shown
in Fig. 1 for the PbPb and pp data sets. The three !ðnSÞ
peaks are clearly observed in the pp case; the !ð3SÞ state
is not prominent above the dimuon continuum in PbPb
collisions.
Simulated Monte Carlo (MC) events are used to opti-

mize muon selection cuts and to evaluate efficiencies.
Signal !ðnSÞ events are generated using PYTHIA 6.424

[10], with nonrelativistic quantum chromodynamics matrix
elements tuned by comparison with CDF data [11].
Underlying heavy-ion events are produced with the
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FIG. 1 (color online). Dimuon invariant-mass distributions in
PbPb (top) and pp (bottom) data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. The
same reconstruction algorithm and analysis selection are applied
to both data sets, including a transverse momentum requirement
on single muons of pT > 4 GeV=c. The solid (signalþ
background) and dashed (background-only) curves show the
results of the simultaneous fit to the two data sets.
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probability of the tracks originating from a common vertex
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from the displaced, semileptonic decays of charm and
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sidered, as in Ref. [5]. The dimuon pT distribution of the
selected candidates extends down to zero and has a mean of
about 6 GeV=c, covering a dimuon rapidity range of jyj<
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Simulated Monte Carlo (MC) events are used to opti-
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FIG. 1 (color online). Dimuon invariant-mass distributions in
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same reconstruction algorithm and analysis selection are applied
to both data sets, including a transverse momentum requirement
on single muons of pT > 4 GeV=c. The solid (signalþ
background) and dashed (background-only) curves show the
results of the simultaneous fit to the two data sets.
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pp	
  collisions	
PbPb	
  collisions	


2.	
  Open	
  quantum	
  system	

v This	
  is	
  what	
  we	
  want	
  to	
  derive.	


v StochasGc	
  potenGal	
  and	
  decoherence	


Total Hilbert space 
•  System	
  =	
  heavy	
  quarks	
  
•  Environment	
  =	
  light	
  quarks	
  +	
  gluons	
  
•  Physical	
  state:	
  density	
  matrix	
  
•  Time evolution: von Neumann equation	


Effective dynamics of the system 
•  Reduced	
  density	
  matrix:	
  Trace	
  out	
  the	
  environment	
  
•  Time	
  evoluGon:	
  master	
  equaGon	
  
•  Coarse	
  graining	
  in	
  Gme	
  is	
  essenGal.	
  
•  Dynamical	
  Gme	
  scale	
  of	
  the	
  system	
  is	
  slow.	
  
•  Reduced	
  dynamics	
  is	
  approximated	
  as	
  Markovian.	
  
	
  
Lindblad form of the master equation 
•  Conserves	
  posiGvity	
  of	
  ρred	
  
•  Otherwise	
  posiGvity	
  is	
  not	
  guaranteed.	
  

Htot =Ηsys ⊗Ηenv

d
dt
ρ̂tot (t) =

1
i
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%
&
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d
dt
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d
dt
ρ̂red (t) = 1

i
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∑
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3.	
  Influence	
  func,onal	
  for	
  heavy	
  quarks	

v Path	
  integral	
  on	
  the	
  closed-­‐Gme	
  path	


Effective action on CTP 
•  Influence	
  funcGonal	
  at	
  leading	
  order	
  in	
  g	
  
 
 
 
Approximations 
•  Non-­‐relaGvisGc	
  limit:	
  color	
  density	
  interacGon	
  only	
  
•  Time	
  coarse	
  graining:	
  Heavy	
  quark	
  dynamics	
  is	
  much	
  slower	
  than	
  

medium	
  Gme	
  scale.	
  
•  How	
  to	
  choose	
  “Gme	
  t”	
  from	
  x0	
  and	
  y0	
  is	
  subtle	
  but	
  very	
  important.	
  
	
  
•  Medium	
  correlaGon	
  lasts	
  for	
  much	
  shorter	
  than	
  heavy	
  quark	
  Gme	
  scale.	
  
•  Time	
  coarse	
  graining	
  by	
  derivaGve	
  expansion	
  in	
  t	
  
 
Influence functional (Fig.1 for classical picture) 
•  Zeroth	
  order:	
  screened	
  potenGal	
  and	
  decoherence	
  (Lindblad	
  form)	
  
•  First	
  order:	
  momentum	
  dissipaGon	
  (not	
  Lindblad	
  form)	
  
•  Second	
  order:	
  momentum	
  dissipaGon	
  (Lindblad	
  form)	
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−g2Gab,00
R (ω = 0, r) ≡V (r)δab

−g2Gab,00
> (ω = 0, r) ≡ D(r)δab

4.	
  Summary	

•  Open quantum system approach is applied to 

quantum dynamics of quarkonium in the QGP. 
•  Taking up to the 0th or 2nd order in derivative 

expansion in t (time coarse graining), master 
equations are obtained in the Lindblad form. 

•  Quarkonium dissociation can be described by the 0th 
order, with decoherence and screening. 

Dissociation of quarkonium bound states 
•  Decoherence	
  and	
  screening	
  are	
  the	
  essenGal	
  physics	
  (zeroth	
  order).	
  
•  StochasGc	
  potenGal	
  is	
  a	
  handy	
  wave	
  funcGon	
  descripGon	
  of	
  decoherence.	
  

i ∂
∂t
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−
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2
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&

'

(
(
(

)

*

+
+
+
ΨQQ (t,

!r ),

θ a (t, !x)θ a (s, !y) = −D(!x − !y)δ(t − s)δ ab (Fig.2 for stochastic quantum evolution)	


Ψ(X,0)	
 Ψ(X,Δt)	
 Ψ(X,2Δt)	


∫Ψ＊Ψ=1	
  is	
  conserved	
  in	
  each	
  step.	


Fig.1	
 Fig.2	


See	
  also	
  Poster	
  F-­‐47	
  by	
  
Alexander	
  Rothkopf	


F-­‐02	



