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Physics	  Mo7va7on:	  Heavy	  Ion	  Collisions	  
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A	  tale	  of	  several	  scales	  

A1

A2

spectator 2

spectator 1

b

hadroniza8on	  isotropiza8on/	  
thermaliza8on	  

	  

～1fm	  
QGP	  

hydrodynamic	  
expansion	  

～5-‐10	  fm	  

Probes	  that	  are	  suscep8ble	  to	  medium	  but	  dis8nguishable	  from	  it:	  	  Qprobe>>Tmed	  

mϒ=9.46GeV	  	  	  	  τϒform	  	  	  ≈	  0.18	  fm	   Fast	  forma8on,	  slow	  thermaliza8on	  

mJ/ψ=3.1	  GeV	  	  	  τJ/ψform	  ≈	  0.4	  fm	   Slow	  forma8on,	  fast	  thermaliza8on	  
q	  

q	  

expecta8on:	  	  	  	  	  	  	  τform～	  1/<Eb>	  	  	  	  	  	  	  	  	  	  τtherm～	  mQ/T	  	  τtherm	  	  
QGP	  

Bound	  states	  of	  cc	  or	  bb:	  	  	  	  	  	  	  Heavy	  quarkonium	  	  	  	  	  	  	  	  	  	  	  	  	  mQ>>Tmed	  
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A	  selec7on	  of	  recent	  developments	  

Towards	  a	  dependable	  in-‐medium	  heavy	  quarkonium	  picture	  from	  the	  la3ce:	  	  

Thermal	  masses	  	  

S.Kim,	  P.Petreczky,	  A.R.	  POSLAT	  2013	  and	  work	  in	  progress	  

Quarkonium	  real-‐7me	  	  
evolu7on	  in	  the	  presence	  
	  of	  a	  complex	  poten7al	  
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Y.	  Akamatsu,	  A.R.	  PRD85	  (2012),	  	  
A.R.	  arXiv:1312.3246	  t.b.p.	  in	  JHEP	  	  
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LaBce	  QCD	  based	  	  
complex	  real-‐7me	  poten7als	  

A.R.,	  T.	  Hatsuda,	  S.Sasaki	  
Phys.Rev.Lea.	  108	  (2012)	  162001	  	  

Y.	  Burnier,	  A.R.	  
Phys.Rev.	  D87	  (2013)	  11,	  114019	  	  PRELIMINARY	  
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A	  new	  spectral	  reconstruc7on	  
method	  for	  laBce	  QCD	  
Y.	  Burnier,	  A.R.	  PRL111	  (2013)	  182003	  	  
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Limit	  1:	  Thermal	  Charm	  

T>0 medium 

Charm	  quarks	  become	  kine8cally	  thermalized	  

Invites	  the	  study	  of	  thermal	  ccbar	  proper8es	  
	  

	  	  	  	  	  	  	  	  bound	  states	  in	  spectral	  func7ons	  …	  

Ques8on	  of	  J/Psi	  forma8on	   Matsui	  &	  Satz	  1986	  
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Sta8s8cal	  model	  reproduces	  suppression	  paiern:	  
	  	  	  recombina8on	  of	  J/Psi	  at	  QGP	  phase	  boundary	  	  
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Charmonium	  on	  the	  laBce	  

Direct	  simula8on	  feasible	  since	  separa8on	  of	  scales	  not	  pronounced	  

ccbar	  and	  	  thermal	  medium:	  
1

T
= N⌧a ⇠ 1fma <

1

2mc
⇡ 0.06fm
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Gauge	  fields	  as	  links:	  	  Uμ(x)=exp[	  i	  g	  Δxμ	  Aμ(x)	  ]	  

non-‐perturba8ve,	  	  
applicable	  at	  any	  T	  

heavy	  quarks	  costly,	  
only	  Euclidean	  8me	  	  

Generate	  collec8on	  of	  U(k)	  with	  P[U]=exp[-‐SELQCD(U)]	  

hO[U]i =
Z
DU O(U) e-SE

LQCD = lim
n->1

1

n

n-1X

k=0

O(U(k))

Monte	  Carlo	  simula8on	  Gaaringer,	  Lang,	  Lect.Notes	  Phys.	  788	  (2010)	  1-‐343	  	  
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Heavy	  quarkonium	  spectral	  func7ons	  

What	  are	  the	  available	  bound	  states	  for	  thermal	  ccbar	  pairs?	  

Spectral	  func8on	  ρ(ω):	  

G

E(⌧) =

Z1

0

cosh[w(⌧- 1
2�)]

sinh[12!�]
⇢(!) d!

Use	  prior	  knowledge	  to	  regularize	  χ2	  fi3ng	  	  	  
Maximum	  Entropy	  Method:	  a	  par8cular	  choice	  of	  regulariza8on	  func8onal	  	  	  

Asakawa,	  Hatsuda,	  Nakahara,	  Prog.Part.Nucl.Phys.	  46	  (2001)	  459-‐508	  	  

An	  ill-‐defined	  inverse	  problem:	  

N⌧ ⇠ O(10- 100) N! ⇠ O(103 - 104)⌧ GE(⌧i) =
1

n

nX

k=1

GE
k(⌧i)

Encoded	  in	  the	  current	  correlator:	  	  	  J(x,τ)=	  Q(x,τ)	  Γ	  Q(x,τ)	   τ	  

x,y,z	  
Q	   Q	  

GE(x, ⌧) =
X

x0

hJ(x, ⌧)J†(x0, 0)i
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Charmonium	  laBce	  spectra	  
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J/ψ	  laBce	  spectral	  	  
func7on	  from	  MEM	  

first	  principles	  QCD	  informa8on,	  	  
allows	  comparison	  to	  dilepton	  rates	  

comparison	  to	  experiment	  only	  in	  	  thermal	  equilibrium,	  	  
requires	  high	  	  precision	  correlator	  data,	  	  
dependence	  on	  prior	  informa8on	  

J/Psi	  in	  a	  gluonic	  medium	  

Bound	  state	  peak	  disappears	  for	  T	  >	  1.5TC	  

systema8c	  uncertain8es	  from	  MEM	  since	  
T	  changed	  by	  Nτ=96,	  48,	  32,	  24	  

a	  ≈	  0.01	  fm	  	  a-‐1≈19	  GeV	  	  >>	  mc	  ≈	  1.3	  GeV	  

Nx=128	  	  L	  =	  Na	  >	  1fm	  
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A	  recent	  improvement	  on	  the	  MEM	  

Limita8ons	  of	  the	  standard	  MEM:	  

Consistently	  outperforms	  MEM	  in	  mock	  analyses	   Does	  not	  cope	  well	  with	  kinks	  in	  ρ	  	  

New	  Bayesian	  prescrip8on	  that	  assumes	  only:	  	  	  	  ρ>0	  	  	  	  and	  	  	  	  smoothness	  	  	  
Y.	  Burnier,	  A.R.	  Phys.	  Ref.	  Lea.	  111	  (2013)	  182003	  	  
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Generate	  Euclidean	  datapoints	  
from	  known	  ρ	  (gray)	  	  	  

Add	  Gaussian	  noise	  and	  feed	  
to	  reconstruc8on	  algorithm	  

Compare	  outcome	  to	  mock	  
spectrum	  	  

Mock	  tes8ng	  

Nτ	  ar8ficially	  limits	  resolu8on	  	  &	  	  regulariza8on	  func8onal	  has	  flat	  direc8ons	  
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Limit	  2:	  Boaomonium	  as	  a	  test	  par7cle	  

]2 invariant mass [GeV/cµµ
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Boaomonium	  in	  p+p	  collisions	  
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Boaomonium	  in	  Pb+Pb	  collisions	  

Goal:	  Real-‐7me	  in-‐medium	  evolu7on	  of	  Boaomonium	  

T<TC 
 

no QGP present 

Non-‐thermal	  bound	  states	  traverse	  the	  bulk	  as	  probe	  
Long	  life8me:	  decay	  outside	  the	  medium	  (OZI	  rule)	  
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Boaomonium	  and	  the	  laBce	  

Direct	  simula8on	  too	  costly	  since	  separa8on	  of	  scales	  much	  more	  pronounced	  

bbar	  and	  	  thermal	  medium:	  
1

T
= N⌧a ⇠ 1fma <

1

2mb
⇡ 0.02fm

Goal:	  use	  separa8on	  of	  scales	  to	  treat	  
	  	  	  	  	  	  	  	  	  	  	  heavy	  quarks	  differently	  
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Tools:	  Effec8ve	  field	  theory	  and	  La3ce	  QCD	  
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Deriving	  a	  poten7al	  for	  heavy	  quarkonia	  

Real-‐8me	  evolu8on	  of	  two	  test	  quarks:	  
R	  

D

>(R, t) = hM(x, y, t) M†(x, y, 0)imed

D

>(R, t)
m!1
= W⇤(R, t) = hTr

⇣
exp

h
- ig

Z

⇤
dz

µ
Aµ(z)

i⌘
i

In	  the	  sta8c	  limit:	  D>	  becomes	  the	  real-‐7me	  Wilson	  loop	  

see	  e.g.:	  Barchielli	  et.	  al.	  	  
Nucl.Phys.	  B296	  (1988)	  625	  

t	  

x,y,z	  

χ	   ξ†	  

Use	  heavy	  meson	  operators:	  	  	  M(x,y,t)=	  χ†	  (x,t)	  σi	  U(x,y)	  ξ	  (y,t)	  

i@tW⇤(R, t)
t!1
= VQCD(R)W⇤(R, t)

Poten8al	  emerges	  at	  late	  8mes:	  qqbar	  8mescale	  much	  slower	  than	  gluons	  

VQCD(R) = lim
t!1

i@tW⇤(R, t)
W⇤(R, t)
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The	  high	  temperature	  poten7al	  

T>>TC:	  Asympto8c	  freedom	  of	  QCD	  allows	  weak	  coupling	  evalua8on	  	  

Debye	  screening	   Landau	  damping	  

Real	  part	  from	  Debye	  screening:	  presence	  of	  deconfined	  color	  charges	  
Imaginary	  part	  from	  Landau	  damping:	  Scaiering	  of	  medium	  partons	  with	  the	  QQbar	  	  
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Presence	  of	  Im[V]	  is	  a	  QCD	  result	  not	  a	  model	  assump8on	  



Intui8ve	  rela8on	  between	  spectrum	  and	  poten8al	  

ω	  

ρ ☐
(R
,ω
)	  

How	  to	  connect	  to	  the	  Euclidean	  domain:	  spectral	  func7ons	  

W⇤(R, t) =
Z1

-1
d! e-i!t ⇢⇤(R,!)
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Extrac7ng	  VQCD	  from	  laBce	  QCD	  

W⇤(R, ⌧) =
Z1

-1
d! e-!⌧ ⇢⇤(R,!)

Real-‐8me	  not	  directly	  accessible!	  

Bayesian spectral 
analysis 

W⇤(R, ⌧) =
Z1

-1
d! e-!⌧ ⇢⇤(R,!)

Y.Burnier,	  A.R.	  PRL	  111	  (2013)	  182003	  

V0(R) = lim
t!1

R1
-1 d!! e-i!t ⇢⇤(R,!)
R1
-1 d! e-i!t ⇢⇤(R,!)

VQCD(R) =

Γ0	  

ω0	  
⇢⇤(R,!) / �0(R)

(!0(R)-!)2 + �20 (R)
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VQCD(R) = lim
t!1

i@tW⇤(R, t)
W⇤(R, t)

= !0(R) + i�0(R)

technical	  details:	  Y.Burnier,	  A.R.	  Phys.Rev.	  D86	  (2012)	  051503	  	  

VQCD(R) = lim
t!1

i@tW⇤(R, t)
W⇤(R, t)
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The	  extrac7on	  strategy	  
A.
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From	  la3ce	  QCD	  Euclidean	  Wilson	  loops	  to	  the	  complex	  heavy	  quark	  poten8al	  
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Y.Burnier,	  A.R.	  PRL	  111	  (2013)	  182003	  

τ	  

Bayes	  
ω	  

R	  

ρ☐(R,	  ω)	  log[W☐(R,	  τ)]	  

β	  

VQCD(R)	  
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An	  interpreta7on	  for	  the	  imaginary	  part	  

Heavy	  quarks	  cannot	  annihilate	  in	  the	  non-‐rela8vis8c	  approxima8on	  

Correla8ons	  with	  ini8al	  state	  decay	  over	  8me:	  decoherence	  

What	  is	  the	  meaning	  of	  the	  imaginary	  part?	  

i@tD
>(R, t) = VQCD(R)D>(R, t)

Evolved	  object	  is	  not	  the	  wave-‐func8on	  itself,	  it	  is	  a	  thermally	  averaged	  correla8on	  func8on	  

i@th QQ̄(R, t) ⇤
QQ̄(R, 0)i = VQCD(R) h QQ̄(R, t) ⇤

QQ̄(R, 0)i

R	  
t	  

x,y,z	  

χ	   ξ†	  
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Open	  Quantum	  Systems	  

Overall	  system	  is	  closed,	  hermi8an	  Hamiltonian	  

Hint Q̄QH = HQQ̄ ⌦ Imed + IQQ̄ ⌦Hmed +Hint

Heavy	  Quarkonium	  coupled	  to	  a	  thermal	  medium	  

L	  can	  be	  implemented	  (unraveled)	  into	  stochas8c	  dynamics	  of	  the	  wave	  func8on	  	  
(similar	  concepts	  are	  quantum	  state	  diffusion,	  quantum	  jumps,	  etc..)	   see	  also:	  N.Borghini,	  C.Gombeaud:	  	  

Eur.Phys.J.	  C72	  (2012)	  2000;	  1103.2945	  

see	  e.g.	  H.-‐P.	  Breuer,	  F.	  Petruccione,	  	  
Theory	  of	  Open	  Quantum	  Systems	  

unitary	  evolu8on:	  H=H†	  d

dt
�(t) =

1

ih̄
[H,�(t)]

dynamical	  map	  L	  
d

dt
�QQ̄(t) = L�QQ̄(t)

Interested	  in	  the	  dynamics	  of	  the	  QQbar	  system	  only	  

Trmed

h
·
i

 V(r) + Θ(r,t) Q̄Q�QQ̄(t,R,R0) = Trmed

h
�(t,R,R0)

i
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Time	  evolu7on	  of	  the	  wavefunc7on	  

Construct	  unitary	  stochas8c	  8me	  evolu8on	  (neglects	  back	  reac8on	  on	  medium)	  

h⇥(R, t)i = 0, h⇥(R, t)⇥(R 0, t 0)i = h̄�(R,R 0)�tt 0/�t

Since	  D>=<ψ(t)ψ*(0)>:	  	  VQQ(R)=Re[VQCD(R)]	  	  and	  	  Γ(R,R)=Im[VQCD(R)]	  

Y.	  Akamatsu,	  A.R.	  	  
Phys.Rev.	  D85	  (2012)	  105011	  

 QQ̄(R, t) = T exp

h
-

i

h̄

Zt

0

⌦
-

r2

mQ
+ VQQ̄(R) +⇥(R, t)

↵i
 QQ̄(R, 0)

Use	  Ito	  stochas8c	  calculus	  to	  write	  down	  the	  Schrödinger	  equa8on	  

i
d

dt
 QQ̄(R, t) =

⇣
-

r2

mQ
+ VQQ̄(R) +⇥(R, t)- i

�t

2
⇥2(R, t)

⌘
 QQ̄(R, t)

Average	  wavefunc8on	  only	  depends	  on	  diagonal	  correla8ons	  

i
d

dt
h QQ̄(R, t)i⇥ =

⇣
-

r2

mQ
+ VQQ̄(R)-

i

2
�(R,R)

⌘
h QQ̄(R, t)i⇥
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How	  to	  quan7fy	  excited	  states	  mel7ng	  

Survival	  probability	  of	  Heavy	  Quarkonia	  	  	  	  	  	  (Vacuum:	  Hvac	  	  	  	  QGP:	  H	  )	  

<ψ(R,t)ψ*(R’,t)>	  =	  σ(t)	  	  density	  matrix	  of	  states	  

Admixture	  |cnn|2	  of	  ini8al	  bound	  eigenstates	  Φn	  of	  Hvac	  at	  the	  current	  8me	  	  

cnn(t) =

Z
dRdR 0 �⇤

n(R) h QQ̄(R, t) ⇤
QQ̄(R 0, t)i⇥ �n(R 0)

cnn	  depends	  on	  off-‐diagonal	  noise	  correla8ons	  	  Γ(R,R’)	  	  
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A	  3	  dimensional	  numerical	  simula7on	  

Off-‐digagonal	  noise:	  Γ(R,R’)∝exp[-‐(R-‐R’)2/λ2]	  	  	  	  	  	  	  λ=1/T	  	  

N=256,	  Crank-‐Nicolson	  algorithm:	  |ψ(R,t)|=1	  

Vaccuum:	  Cornell	  +	  string	  breaking	  (3	  bound	  S)	  
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Medium:	  VQQ(R)	  and	  Γ(R,R)	  from	  perturba8ve	  poten8al	  VQCD	  at	  T=2.33TC	  
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Previous	  aaempts	  at	  Upsilon	  evolu7on	  
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Debye	  screened	  poten8al	  	  VQQ(R)=ReVQCD(R)	  	  leads	  to	  state	  mixing	  
see	  	  also.:	  J.	  Casalderrey-‐Solana,	  JHEP	  1303	  (2013)	  091	  

Im[V]=0	  and	  naïve	  Im[V]≠0	  lead	  to	  similar	  rela8ve	  abundances	  

For	  naïve	  Im[V]≠0:	  energies	  are	  complex,	  contradicts	  m-‐>∞	  quark	  case	  
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Explicit	  imaginary	  part	  leads	  to	  damping	  of	  all	  admixtures:	  no	  thermaliza8on	  



April	  9th	  2014	  	  -‐	  	  	  EMMI	  Seminar	  @	  GSI	  

HEAVY	  QUARKONIUM	  FROM	  THE	  LATTICE	  

22	  

Open	  Quantum	  System:	  Upsilon	  evolu7on	  

In	  the	  presence	  of	  noise:	  state	  mixing	  s8ll	  important	  
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Thermal	  fluctua8ons	  :	  Γ(R,R)=ImVQCD(R)	  induces	  addi8onal	  (de)excita8ons	  	  

Dis8nct	  difference:	  ground	  state	  is	  strengthened	  rela8ve	  to	  excited	  states	  	  
Due	  to	  unitary	  8me	  evolu8on:	  all	  energies	  remain	  real	  
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Non-‐thermal	  ensemble	  evolu7on	  
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As	  a	  first	  try:	  use	  p+p	  ra8os	  as	  ini8al	  mixture	  	  (ϒ:ϒ’:ϒ’’	  =	  5:3:2)	  

At	  early	  8mes,	  indeed	  suppression	  of	  excited	  states	  observed	  	  

Regenera8on	  of	  excited	  states	  beyond	  t>2fm	  

Many	  effects	  are	  not	  yet	  included:	  temperature	  evolu8on	  from	  hydro,	  …	  
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Conclusions	  

Imaginary	  part	  in	  the	  poten8al	  related	  to	  thermal	  decoherence	  

La3ce	  studies	  of	  heavy	  quarkonium	  provide	  non-‐perturba8ve	  physics	  insight	  	  

Vielen	  Dank	  für	  Ihre	  Aufmerksamkeit	  -‐	  Thank	  you	  for	  your	  aaen7on	  

Thermal	  charm:	  	  Spectral	  func8ons	  allow	  the	  study	  of	  J/Psi	  forma7on	  

New	  Bayesian	  approach	  improves	  reconstruc7on	  from	  la3ce	  QCD	  

Boiomonium	  as	  test	  par8cle:	  	  Poten7al	  based	  real-‐7me	  descrip8on	  

The	  poten8al	  can	  be	  derived	  directly	  from	  QCD:	  at	  finite	  T	  it	  is	  complex	  valued	  

Its	  values	  can	  be	  extracted	  from	  the	  spectral	  structure	  of	  the	  Euclidean	  Wilson	  loop	  

In	  open-‐quantum	  systems	  approach:	  thermal	  fluctua8ons	  -‐>	  Im[VQCD]	  

Combina8on	  of	  mixing	  and	  (de-‐)excita8on:	  rela7ve	  ground	  state	  enhancement	  



April	  9th	  2014	  	  -‐	  	  	  EMMI	  Seminar	  @	  GSI	  

HEAVY	  QUARKONIUM	  FROM	  THE	  LATTICE	  

25	  

Dependence	  on	  the	  off-‐diagonal	  noise	  
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At	  T=2.33TC:	  	  ImVQCD(R)	  is	  rela8vely	  small,	  change	  in	  λ	  is	  weak	  

Interes8ng:	  choice	  λ=1/T	  seems	  to	  have	  highest	  survival	  of	  ϒ	  at	  short	  8mes	  

At	  late	  8mes:	  longer	  correla8ons	  slightly	  favor	  ground	  state	  survival	  	  

Need	  to	  devise	  a	  la3ce	  QCD	  observable	  from	  which	  to	  extract	  Γ(R,R’)	  
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Excited	  S-‐wave	  states	  evolu7on	  
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Excited	  states	  show	  faster	  decay	  8me	  scales	  than	  ground	  state	  	  

Intermediate	  8mes	  dominated	  by	  ground	  state	  admixture	  


