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•  Heavy	
  quark	
  effecFve	
  theory	
  on	
  surer	
  fooFng	
  
•  Cold	
  nuclear	
  maMer	
  (CNM)	
  effects	
  are	
  expected	
  to	
  	
  

be	
  much	
  smaller	
  than	
  for	
  the	
  charmonia	
  	
  
•  Caveat:	
  	
  At	
  very	
  forward/backward	
  rapidiFes	
  CNM	
  	
  

effects	
  on	
  boMomonia	
  might	
  sFll	
  be	
  important	
  
•  The	
  masses	
  of	
  boMomonia	
  are	
  much	
  higher	
  than	
  	
  

the	
  temperature	
  (T	
  <	
  1	
  GeV)	
  generated	
  in	
  HICs	
  	
  
à	
  boMomonia	
  producFon	
  dominated	
  by	
  iniFal	
  	
  
hard	
  scaMerings	
  

•  Since	
  boMom	
  quarks	
  and	
  anF-­‐quarks	
  are	
  relaFvely	
  rare	
  in	
  LHC	
  HICs,	
  
the	
  probability	
  for	
  regeneraFon	
  of	
  boMomonia	
  through	
  staFsFcal	
  
recombinaFon	
  is	
  much	
  smaller	
  than	
  for	
  charm	
  quarks	
  	
  
[see	
  e.g.	
  E.	
  Emerick,	
  X.	
  Zhao,	
  and	
  R.	
  Rapp,	
  arXiv:1111.6537]	
  

•  Caveat:	
  SFll	
  could	
  be	
  some	
  “correlaFonal	
  recombinaFon”	
  

A.	
  Mocsy,	
  P.	
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  and	
  MS,	
  1302.2180	
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It’s	
  complicated	
  



•  Large	
  binding	
  energies	
  à	
  short	
  formaFon	
  Fmes	
  
•  FormaFon	
  Fme	
  for	
  Y(1s),	
  for	
  example,	
  is	
  ~	
  0.2	
  fm/c	
  
•  This	
  comes	
  at	
  a	
  cost:	
  	
  We	
  need	
  to	
  reliably	
  model	
  the	
  early-­‐

5me	
  dynamics	
  since	
  quarkonia	
  are	
  born	
  into	
  it	
  
•  In	
  addiFon,	
  producFon	
  verFces	
  	
  

can	
  be	
  anywhere	
  in	
  the	
  transverse	
  
plane,	
  not	
  just	
  the	
  central	
  hoMest	
  	
  
region	
  	
  

•  For	
  example,	
  for	
  a	
  central	
  collision	
  	
  
the	
  most	
  probable	
  <r>	
  ~	
  3.2	
  	
  fm	
  

•  Therefore,	
  we	
  also	
  need	
  to	
  reliably	
  	
  
describe	
  the	
  dynamics	
  in	
  the	
  full	
  transverse	
  plane	
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Good	
  news	
  and	
  bad	
  news	
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LHC	
  Heavy	
  Ion	
  Collision	
  Timescales	
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QGP	
  momentum	
  anisotropy	
  cartoon	
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Es5ma5ng	
  Early-­‐5me	
  Pressure	
  Anisotropy	
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•  CGC	
  @	
  leading	
  order	
  predicts	
  negaFve	
  à	
  approximately	
  zero	
  
longitudinal	
  pressure	
  	
  

•  QGP	
  scaMering	
  +	
  plasma	
  instabiliFes	
  work	
  to	
  drive	
  the	
  system	
  towards	
  
isotropy	
  on	
  the	
  fm/c	
  Fmescale,	
  but	
  do	
  not	
  fully	
  restore	
  it	
  	
  

•  Viscous	
  hydrodynamics	
  predicts	
  early-­‐Fme	
  anisotropies	
  ≤	
  0.35	
  à	
  0.5	
  
•  AdS-­‐CFT	
  dynamical	
  calculaFons	
  in	
  the	
  strong	
  coupling	
  limit	
  predict	
  

anisotropies	
  of	
  ≤	
  0.3	
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  Anisotropy	
  –	
  AdS/CFT	
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•  In	
  the	
  0+1d	
  case	
  there	
  are	
  
numerical	
  soluFons	
  of	
  
Einstein’s	
  equaFons	
  to	
  
compare	
  with.	
  	
  
Heller,	
  Janik,	
  and	
  Witaszczyk,	
  1103.3452	
  
see	
  also	
  Chesler	
  and	
  Yaffe,	
  1011.3562	
  
	
  

•  They	
  studied	
  a	
  wide	
  variety	
  
of	
  iniFal	
  condiFons	
  and	
  
found	
  a	
  kind	
  of	
  universal	
  
lower	
  bound	
  for	
  the	
  
thermalizaFon	
  Fme.	
  

	
  

Fhydro	
  known	
  up	
  to	
  
3rd	
  order	
  hydro	
  
analyFcally	
  	
  

Red	
  –	
  1st	
  Order	
  Hydro	
  
Blue	
  –	
  2nd	
  Order	
  Hydro	
  
Green	
  –	
  3rd	
  Order	
  Hydro	
  
Grey	
  –	
  GR	
  soluFon	
  

w > 0.63 

RHIC	
  200	
  GeV/nucleon:	
  	
  	
  
	
  	
  T0	
  =	
  350	
  MeV,	
  τ0	
  >	
  0.35	
  fm/c	
  
	
  
LHC	
  2.76	
  TeV/nucleon:	
  
	
  	
  T0	
  =	
  600	
  MeV,	
  τ0	
  >	
  0.2	
  fm/c	
  

Heller,	
  Janik,	
  and	
  Witaszczyk,	
  1103.3452	
  
	
  



N=4	
  SUSY	
  using	
  AdS/CFT	
  
However,	
  at	
  that	
  Fme	
  the	
  
system	
  is	
  not	
  isotropic	
  and	
  it	
  
remains	
  anisotropic	
  for	
  the	
  
enFrety	
  of	
  the	
  evoluFon	
  

Red	
  –	
  1st	
  Order	
  Hydro	
  
Blue	
  –	
  2nd	
  Order	
  Hydro	
  
Green	
  –	
  3rd	
  Order	
  Hydro	
  
Grey	
  –	
  GR	
  soluFon	
  

= 0.31 

=

Other	
  AdS/CFT	
  numerical	
  studies	
  
which	
  include	
  transverse	
  expansion	
  
reach	
  a	
  similar	
  conclusion	
  
van	
  der	
  Schee	
  et	
  al.	
  1307.2539	
  

See	
  also	
  J.	
  Casalderrey-­‐Solana	
  et	
  al.	
  arXiv:
1305.4919	
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Heller,	
  Janik,	
  and	
  Witaszczyk,	
  1103.3452	
  
	
  



Temperature	
  dependence	
  of	
  η/S	
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Hot	
  and	
  Dense	
  QCD	
  MaMer,	
  Community	
  Whitepaper	
  2014	
  



Hints	
  from	
  Viscous	
  Hydro	
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H.	
  Song,	
  PhD	
  DissertaFon,	
  0908.3656	
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prolate	
   oblate	
  

Isotropic	
  in	
  momentum	
  space	
  

⇠ =
hp2T i
2hp2Li

� 1

M.	
  MarFnez	
  and	
  MS,	
  1007.0889	
  
W.	
  Florkowski	
  and	
  R.	
  Ryblewski,	
  1007.0130	
  

Anisotropic	
  Hydrodynamics	
  Basics	
  

f(⌧,x,p) = f
aniso

(p,⇤(⌧,x)| {z }
T?

, ⇠(⌧,x)| {z }
anisotropy

) + �f̃

f(⌧,x,p) = feq(p, T (⌧,x)) + �f

fLRF
aniso

= f
iso

 p
p

2 + ⇠(x, ⌧)p2z
⇤(x, ⌧)

!

Viscous	
  Hydrodynamics	
  Expansion	
  

Anisotropic	
  Hydrodynamics	
  Expansion	
  

à	
  “Romatschke-­‐Strickland”	
  form	
  in	
  LRF	
  

Treat	
  this	
  term	
  
“perturbaFvely”	
  
D.	
  Bazow,	
  U.	
  Heinz,	
  
and	
  MS,	
  1311.6720	
  



Transverse	
  Dynamics	
  	
  
Pb-­‐Pb	
  @	
  2.76	
  TeV	
  
T0	
  =	
  600	
  MeV	
  
τ0	
  =	
  0.25	
  fm/c	
  
b	
  =	
  7	
  fm	
  M.	
  MarFnez,	
  R.	
  Ryblewski,	
  and	
  MS,	
  1204.1473	
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Anisotropic	
  Heavy	
  Quark	
  Poten5al	
  

Anisotropic	
  potenFal	
  calculaFon:	
  	
  Dumitru,	
  Guo,	
  and	
  MS,	
  0711.4722	
  and	
  0903.4703	
  
Gluon	
  propagator	
  in	
  an	
  anisotropic	
  plasma:	
  	
  Romatschke	
  and	
  MS,	
  hep-­‐ph/0304092	
  

Using	
  the	
  real-­‐Fme	
  formalism	
  one	
  can	
  express	
  the	
  potenFal	
  in	
  terms	
  of	
  the	
  sta$c	
  
advanced,	
  retarded,	
  and	
  Feynman	
  propagators	
  

Real	
  part	
  can	
  be	
  wriMen	
  as	
  

With	
  direcFon-­‐dependent	
  masses,	
  e.g.	
  

V (r, ⇠) = �g2CF

Z
d3p

(2⇡)3
(eip·r � 1)

1

2

⇣
D⇤L

R +D⇤L
A +D⇤L

F

⌘

Re[V (r, ⇠)] = �g2CF

Z
d3p

(2⇡)3
eip·r

p2 +m2
↵ +m2

�

(p2 +m2
↵ +m2

�)(p
2 +m2

�)�m4
�
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Full	
  anisotropic	
  poten5al	
  
•  Result	
  can	
  be	
  

parameterized	
  as	
  a	
  Debye-­‐
screened	
  potenFal	
  with	
  a	
  
direcFon-­‐dependent	
  
Debye	
  mass	
  	
  

	
  
•  The	
  potenFal	
  also	
  has	
  an	
  

imaginary	
  part	
  coming	
  
from	
  the	
  Landau	
  damping	
  
of	
  the	
  exchanged	
  gluon!	
  
	
  

•  This	
  imaginary	
  part	
  also	
  
exists	
  in	
  the	
  isotropic	
  case	
  	
  
Laine	
  et	
  al	
  hep-­‐ph/0611300	
  

	
  
•  Used	
  this	
  as	
  a	
  model	
  for	
  

the	
  free	
  energy	
  (F)	
  and	
  also	
  
obtained	
  	
  internal	
  energy	
  
(U)	
  from	
  this.	
  

Dumitru,	
  Guo,	
  Mocsy,	
  and	
  MS,	
  0901.1998	
  

D	
  Bazow	
  and	
  MS,	
  1112.2761;	
  MS,	
  1106.2571.	
  

Dumitru,	
  Guo,	
  and	
  MS,	
  0711.4722	
  and	
  0903.4703	
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Burnier,	
  Laine,	
  Vepsalainen,	
  arXiv:0903.3467	
  (aniso)	
  

Internal	
  Energy	
  



Solve	
  the	
  3d	
  Schrödinger	
  EQ	
  
with	
  complex-­‐valued	
  poten5al	
  

Obtain	
  real	
  and	
  imaginary	
  parts	
  of	
  the	
  binding	
  
energies	
  for	
  the	
  ϒ(1s),	
  ϒ(2s),	
  ϒ(3s),	
  χb1,	
  and	
  χb2	
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MargoMa,	
  MS,	
  et	
  al,	
  1101.4651	
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Results	
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  et	
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Λ/Tc 
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ξ=0	

 ξ=1	





1 1.5 2 2.5
T/Tc

0

0.1

0.2

0.3

0.4

Bi
nd

in
g 

En
er

gy
 [G

eV
]

j = 0, (Real Part)
j = 0, -(Imaginary Part)
j = 1, (Real Part)
j = 1, -(Imaginary Part)

Results	
  for	
  the	
  χb1	
  binding	
  energy	
  

χb1	
  

Λ/Tc 

21	
  M.	
  Strickland	
  

ξ=0	

 ξ=1	



MargoMa,	
  MS,	
  et	
  al,	
  1101.4651	
  	
  



Spa5otemporal	
  Evolu5on	
  
Pb-­‐Pb	
  @	
  2.76	
  TeV	
  
T0	
  =	
  600	
  MeV	
  
τ0	
  =	
  0.25	
  fm/c	
  
b	
  =	
  7	
  fm	
  M.	
  MarFnez,	
  R.	
  Ryblewski,	
  and	
  MS,	
  1204.1473	
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•  ResulFng	
  decay	
  rate	
  ΓΤ ≡	
  -­‐2	
  Im[Ebind]	
  	
  is	
  a	
  funcFon	
  of	
  τ, x⊥,	
  and ς 
(spaFal	
  rapidity).  First	
  we	
  need	
  to	
  integrate	
  over	
  proper	
  Fme	
  
	
  
	
  
	
  
	
  

•  From	
  this	
  we	
  can	
  extract	
  RAA	
  
	
  
	
  
	
  
	
  
	
  

•  Use	
  the	
  overlap	
  density	
  as	
  the	
  probability	
  distribuFon	
  funcFon	
  for	
  
quarkonium	
  producFon	
  verFces	
  and	
  geometrically	
  average	
  
	
  
	
  
	
  
	
  

The	
  suppression	
  factor	
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State	
  Suppression	
  Factors,	
  RAAi	
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D	
  Bazow	
  and	
  MS,	
  Nucl.	
  Phys.	
  A	
  879,	
  25	
  (2012);	
  MS,	
  PRL	
  107,	
  132301	
  (2011).	
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State	
  Suppression	
  Factors,	
  RAAi	
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  (2011).	
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Need	
  to	
  be	
  updated	
  now!	
  

%
%
%
%

%
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Inclusive	
  Bo#omonium	
  Suppression	
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MS,	
  PRL,	
  arXiv:1106.2571	
  

•  Comparison	
  with	
  CMS	
  2010	
  data	
  
•  IniFal	
  temperature	
  taken	
  from	
  

Schenke	
  hydro	
  simulaFon	
  fits	
  to	
  v2	
  
•  For	
  each	
  η/S	
  I	
  adjusted	
  the	
  iniFal	
  

temperature	
  to	
  keep	
  the	
  final	
  
parFcle	
  mulFplicity	
  fixed	
  



Inclusive	
  Bo#omonium	
  Suppression	
  

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  100  200  300  400

In
cl

us
iv

e Υ
(1

s)
 R

A
A

Npart

(a)

0 < |y| < 2.4
0 < pT < 50 GeV

CMS Stat Err
CMS Sys Err
4πη/S = 1
4πη/S = 2
4πη/S = 3

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  100  200  300  400

In
cl

us
iv

e Υ
(2

s)
 R

A
A

Npart

(b)

0 < |y| < 2.4
0 < pT < 50 GeV

CMS Stat Err
CMS Sys Err
4πη/S = 1
4πη/S = 2
4πη/S = 3

0 100 200 300 400
Npart

0

0.2

0.4

0.6

0.8

1

R A
A

Υ(1s)
Υ(2s)
Υ(3s)
χb1
χb2

Potential Model B
sqrt(sNN) = 2.76 TeV

T0 = 580 MeV

•  Comparison	
  with	
  CMS	
  2011	
  data	
  
•  More	
  Y(1s)	
  data	
  with	
  smaller	
  error	
  bars	
  
•  Y(2s)	
  data	
  as	
  well	
  
•  Would	
  be	
  nice	
  to	
  have	
  rapidity	
  and	
  

transverse	
  momentum	
  dependence	
  
from	
  CMS	
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•  Thermal	
  suppression	
  model	
  has	
  
RAA	
  approaching	
  1	
  at	
  forward/
backward	
  rapidity	
  since	
  there	
  
one	
  has	
  T	
  à	
  0	
  
	
  

•  Using	
  a	
  Gaussian	
  rapidity	
  profile	
  
(Landau-­‐hydro	
  inspired)	
  does	
  
not	
  even	
  come	
  close	
  to	
  the	
  data	
  
	
  

•  Using	
  a	
  Bjorken-­‐like	
  rapidity	
  
profile	
  gives	
  enhanced	
  
suppression,	
  but	
  also	
  doesn’t	
  
describe	
  what	
  is	
  seen	
  by	
  ALICE!	
  
	
  

•  p-­‐p	
  reference?	
  



(Some	
  of)	
  the	
  problems	
  with	
  my	
  first	
  calcula5on	
  
•  Small	
  anisotropy	
  expansion	
  used	
  for	
  the	
  imaginary	
  part	
  of	
  the	
  

potenFal	
  [unknown	
  level	
  of	
  theoreFcal	
  error;	
  IN	
  PROGRESS]	
  
•  Dynamics	
  was	
  not	
  3+1d	
  and	
  I	
  used	
  smooth	
  iniFal	
  condiFons	
  	
  

[could	
  be	
  important;	
  3+1	
  with	
  fluctuaFons	
  IMPLEMENTED	
  and	
  being	
  tested	
  as	
  we	
  speak]	
  

•  No	
  regeneraFon	
  included	
  [expected	
  to	
  be	
  small	
  effect	
  <~	
  10%;	
  IN	
  PROGRESS]	
  

•  No	
  CNM	
  effects	
  [can	
  be	
  included	
  straigh�orwardly,	
  small	
  effect,	
  see	
  next	
  slide]	
  

•  No	
  singlet/octet	
  transiFon	
  in	
  Im[V]	
  [affects	
  all	
  rapidiFes;	
  ?]	
  
•  SimplisFc	
  model	
  of	
  how	
  the	
  anisotropy	
  affects	
  the	
  long	
  range	
  part	
  

of	
  the	
  potenFal	
  [unknown	
  level	
  of	
  theoreFcal	
  error;	
  IN	
  PROGRESS]	
  
•  Specula5on:	
  	
  At	
  RHIC	
  µB	
  ~	
  200	
  MeV	
  @	
  |y|	
  ~	
  3	
  based	
  on	
  staFsFcal	
  

model	
  fits	
  to	
  BRAHMS	
  data	
  [see	
  e.g.	
  Biedron	
  and	
  Broniowski,	
  nucl-­‐th/0610083]	
  	
  	
  
à	
  	
  increased	
  Debye	
  mass	
  and	
  enhanced	
  suppression	
  at	
  forward	
  
rapidity	
  even	
  though	
  T	
  is	
  lower	
  	
  	
  
[could	
  be	
  important;	
  need	
  experimental	
  and	
  theoreFcal	
  input	
  to	
  further	
  constrain	
  the	
  magnitude	
  
of	
  the	
  baryo-­‐chemical	
  potenFal	
  at	
  LHC	
  energies]	
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•  EsFmate	
  of	
  CNM	
  using	
  EPS09	
  	
  
NLO	
  shadowing	
  provided	
  by	
  R.	
  Vogt	
  

•  Effect	
  seems	
  to	
  be	
  quite	
  small	
  
•  This	
  is	
  good	
  news	
  for	
  isolaFng	
  the	
  medium	
  

effect	
  we	
  are	
  a�er,	
  but	
  doesn’t	
  help	
  to	
  
explain	
  the	
  ALICE	
  forward	
  “anomaly”	
  



Conclusions	
  
•  All	
  signs	
  point	
  to	
  an	
  momentum-­‐space	
  anisotropic	
  QGP	
  	
  

à	
  need	
  to	
  self-­‐consistently	
  calculate	
  rates	
  including	
  this	
  
fact	
  of	
  life	
  

•  At	
  central	
  rapidiFes,	
  the	
  aHydro+screening	
  model	
  seems	
  
to	
  work	
  reasonably	
  well	
  

•  CNM	
  effects	
  are	
  quite	
  small	
  
•  For	
  the	
  1s	
  state,	
  there	
  is	
  a	
  large	
  dependence	
  on	
  the	
  

assumed	
  value	
  of	
  η/s	
  
•  This	
  offers	
  the	
  possibility	
  to	
  constrain	
  η/s using	
  

boMomonia	
  RAA 
•  The	
  strong	
  suppression	
  seen	
  at	
  forward	
  rapidiFes	
  is	
  a	
  

challenge	
  for	
  the	
  “thermal”	
  model	
  as	
  I	
  first	
  implemented	
  
it,	
  but	
  there	
  is	
  substanFal	
  room	
  for	
  improvement	
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  -­‐	
  Backup	
  slides	
  -­‐	
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Free	
  Energy	
  vs	
  Internal	
  Energy	
  

•  Free	
  energy	
  based	
  
potenFal	
  predicts	
  far	
  
too	
  much	
  suppression	
  
compared	
  to	
  data	
  at	
  
both	
  RHIC	
  and	
  LHC	
  
energies	
  



Example:	
  	
  Entropy	
  Genera5on	
  

•  Number	
  (entropy)	
  
producFon	
  vanishes	
  
in	
  two	
  limits:	
  	
  ideal	
  
hydrodynamic	
  and	
  
free	
  streaming	
  limits	
  

•  In	
  the	
  conformal	
  
model	
  which	
  we	
  are	
  
tesFng	
  with,	
  number	
  
density	
  is	
  
proporFonal	
  to	
  
entropy	
  density	
  

M.	
  Strickland	
  

[D.	
  Bazow,	
  U.	
  Heinz,	
  and	
  MS,	
  1311.6720]	
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Jaiswal	
  –	
  3rd	
  order	
  

Exact	
  0+1d	
  SoluFon	
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