
Heavy	
  flavour	
  observables	
  



Jets	
  

•  Energe3c	
  partons	
  originate	
  in	
  the	
  hard	
  
sca9ering	
  
– Back-­‐to-­‐back	
  configura3ons.	
  

•  They	
  evolve	
  as	
  parton	
  showers	
  and	
  hadronize.	
  
– Experimentally	
  observed	
  as	
  back-­‐to-­‐back	
  jets.	
  

•  What	
  is	
  a	
  jet??	
  
– Group	
  of	
  par3cles	
  emi9ed	
  in	
  a	
  narrow	
  cone,	
  
expected	
  to	
  be	
  origina3ng	
  from	
  the	
  fragmenta3on	
  
of	
  a	
  parton.	
  	
  



Jet	
  quenching	
  

•  In	
  QGP,	
  before	
  fragmenta3on,	
  the	
  partons	
  loose	
  energy	
  in	
  the	
  medium	
  
due	
  to	
  gluon	
  radia3on	
  and	
  mul3ple	
  sca9ering.	
  
–  Jet	
  queching	
  
	
  

•  Direct	
  measurement	
  of	
  jets	
  is	
  difficult	
  in	
  nuclear	
  collisions	
  due	
  to	
  large	
  
background	
  especially	
  for	
  low	
  pT	
  jets.	
  	
  	
  

•  Azimuthal	
  angular	
  correla3ons	
  of	
  high	
  pT	
  par3cles	
  are	
  an	
  alterna3ve	
  probe	
  
for	
  these	
  back-­‐to-­‐back	
  jets.	
  

•  Par3cles	
  from	
  a	
  single	
  jet	
  generate	
  an	
  enhances	
  correla3on	
  at	
  Δϕ	
  ~	
  0	
  
(near-­‐side).	
  	
  

•  Par3cles	
  origina3ng	
  from	
  back-­‐to-­‐back	
  jet	
  will	
  jet	
  generate	
  an	
  enhances	
  
correla3on	
  at	
  Δϕ	
  ~	
  π	
  (away-­‐side).	
  



Azimuthal	
  angular	
  correla3on	
  Azimuthal-Correlation!
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FIGURE 1.7: Di-hadron azimuthal correlations with passoT > 2 GeV/c relative to
a trigger hadron with ptrigT > 4 GeV/c in pp, central d-Au and central Au-Au
collisions at

p
sNN = 200 GeV measured by the STAR experiment [13].

FIGURE 1.8: Schematic diagram of back-to-back jets traversing the hot QCD me-
dium. Image: LBNL.

interplay between the parton production spectrum, the relative importance of
quark-quark, gluon-gluon and quark-gluon final states, and the energy loss
in the medium. The particle yield on the near-side can also be compared for
nucleus-nucleus and pp collisions to provide information about the fragment-
ing jet leaving the medium. On the away side it additionally reflects the prob-
ability that the recoiling parton survives while passing through the medium.
The ALICE detector measured the correlations for di-hadrons with transverse
momentum of the trigger particle between 8 and 15 GeV/c and for associated

•  STAR	
  experiment	
  at	
  RHIC	
  measured	
  the	
  
Δϕ	
  correla3on	
  of	
  high	
  pT	
  	
  hadrons.	
  
pTTrig	
  >	
  4	
  GeV/c	
  
pTAsso	
  >	
  2	
  GeV/c	
  
	
  

•  Away	
  side	
  suppressed	
  for	
  central	
  Au+Au	
  
collisions.	
  	
  	
  

•  Interpreta3on	
  of	
  the	
  results	
  
•  Near	
  side	
  :	
  created	
  from	
  partons	
  

produced	
  near	
  the	
  surface	
  of	
  
medium.	
  

•  Away	
  side	
  :	
  parton	
  has	
  to	
  travel	
  a	
  
significant	
  distant,	
  loosing	
  more	
  
energy.	
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14 1.6. Modification of jet-like two particle correlation yield

particle with passoT > 3 GeV/c in Pb-Pb collisions at
p
sNN = 2.76 TeV and the

results are compared with pp collisions. A typical �� distribution, per-trigger
particle at LHC energies is shown in FIGURE 1.9 [26]. The bottom plot shows
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FIGURE 1.9: Corrected di-hadron �� distribution per-trigger hadrons for 8 <
ptrigT < 15 GeV/c and 4 < passoT < 6 GeV/c for central and peripheral Pb-Pb
events and pp events measured by the ALICE detector. a) azimuthal correla-
tion; c) background-subtracted distributions using the flat pedestal [26].

the pedestal-subtracted distributions of central and peripheral Pb-Pb collisions
compared to that from pp collisions. The integral over these distributions on
the near-side (�0.7 < �� < 0.7 rad) and away-side (⇡�0.7 < �� < ⇡+0.7 rad)
gives the yield (Y) per trigger particle. By measuring the yield in Pb-Pb and pp
collisions, their ratios are computed to obtain the near-side and away-side IAA,
IAA = YPb�Pb/Ypp. FIGURE 1.10 shows the yield ratio, IAA, for central (0 � 5%)

and peripheral (60� 90%) Pb-Pb collisions.

In	
  ALICE:	
  
8	
  <	
  pTTrig	
  <	
  15	
  GeV/c	
  
4	
  <	
  pTAsso	
  <	
  6	
  GeV/c	
  
	
  

•  Quan3ta3ve	
  analysis	
  done	
  by	
  measuring	
  
the	
  yield	
  on	
  near	
  side	
  and	
  away	
  side	
  
(IAA).	
  	
  

	
   	
  IAA	
  =	
  YPb-­‐Pb	
  /	
  Ypp	
  
	
  

	
  	
  



IAA	
  1. Introduction 15

)c (GeV/
t,assoc

p
2 4 6 8 10

A
A

I

0.0

0.5

1.0

1.5

2.0

 Near-side

 = 2.76 TeV
NN
s

a)

c < 15 GeV/
t,trig

p < c8 GeV/

t,trig
p < 

t,assoc
p | < 1.0η|

)c (GeV/
t,assoc

p
2 4 6 8 10

0.0

0.5

1.0

1.5

2.0

Away-side ALICE

0-5% Pb-Pb/pp     60-90% Pb-Pb/pp
Flat bkg Flat bkg

 bkg2v  bkg2v

-gapη -gapη

ALI−PUB−13900

FIGURE 1.10: IAA for near-side (left panel) and away side (right panel) for cent-
ral (0-5% PbPb/pp) and peripheral (60-90% PbPb/pp) collisions measured by
the ALICE detector [26].

In central collisions, an away-side suppression (IAA ⇡ 0.6) is observed, which
gives evidence for in-medium energy loss. Moreover, the near-side IAA shows
an enhancement of about 20 � 30% above unity, which has not been observed
with any significance at RHIC experiments at these momenta. The near-side en-
hancement suggests that the near-side parton is also subject to medium effects.
This could be because of various factors, like a change in the fragmentation
function, a possible change of the quark/gluon jet ratio in the final state due to
their different coupling to the medium or a bias on the parton pT spectrum after
energy loss due to the trigger particle spectrum [26]. The sensitivity of IAA and
RAA to different properties of the medium makes the combination particularly
effective in constraining jet quenching models.

Information on how heavy-quarks loose energy and interact with the medium
can be obtained by studying the correlations of heavy-flavour hadrons. One
of the experimental probes to study heavy quarks are the electrons from their
decays. In order to measure cc̄ and bb̄ correlations, the heavy quark should
be identified in both the trigger and away side jets. This would mean either
identifying heavy-flavour decay electrons on both sides or identifying a HFE
on one side and selecting all hadrons from heavy-flavour decays on the other
side. It is experimentally difficult to unambiguously select hadrons from heavy-
flavour, and requiring electrons on both side increases the statistical uncer-
tainty. Hence as a first step, the correlations can be obtained for heavy-flavour

Away	
  side	
  50%	
  suppressed.	
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FIGURE 7.21: �� distribution between HFE and charged hadrons after subtract-
ing uncorrelated background for 4 < phT < 6 GeV/c in two peT bins for 0 � 8%
and 20�50% most central Pb-Pb collisions at

p
sNN = 2.76 TeV. The distribution

in Pb-Pb collisions is compared with the distribution in pp collisions at
p
s = 7

TeV. The elliptic flow contributions to the �� distribution has not been subtrac-
ted for 20� 50% most central Pb-Pb collisions.

collisions at
p
sNN = 2.76 TeV, respectively. By taking the integral of the Gaus-

sian distribution of the fit function, the per-trigger near-side yield is obtained.
This yield is mainly attributed to the jet fragmentation of heavy quarks. By
studying the near-side yield, information on the possible modification of the
fragmentation function of heavy quarks in Pb-Pb collisions can be obtained. To
measure the change in the fragmentation function due to interaction of heavy
quarks with the QGP, the near-side yield in pp collisions is used as a baseline,
where no medium effects are expected.

The near-side yield for pp collisions at
p
s = 7 TeV is used as a reference meas-

urement instead of the measurement in pp collisions at
p
s = 2.76 TeV due to

limited statistics available. The difference in the per trigger near-side yield for
the two center of mass energies is expected to be small [71]. The uncertainty in
this assumption is found to be less than 10% as shown in chapter 6.This justifies
the use of the data sample from pp collisions at

p
s = 7 TeV as the reference

measurement. The yield from the three datasets, two centrality intervals of Pb-
Pb collisions and pp collisions at

p
s = 7 TeV, for 2 < phT < 4 and 4 < phT < 6

GeV/c are shown in FIGURE 7.22. The yield from semi-central Pb-Pb event is

Trigger	
  :	
  Electrons	
  from	
  
	
   	
  B/D	
  decay	
  

Associated	
  :	
  Hadrons.	
  

Sta*s*cs	
  is	
  too	
  poor	
  to	
  understand	
  anything	
  L	
  
	
  
Next	
  LHC	
  run??	
  



Homework	
  Homework 4: due day April 27!

I created 200 Pythia events p+p at 7 TeV (30 GeV/c hard scattering) 
 
!  ascii file of all charged pions 

Particle event  px py pz: 
 1 1 19.2119 -16.9473 46.836 

2 1 2.68818 -2.22436 5.56438 
3 2 -0.245131 0.252693 -0.176406 
4 2 0.81093 -0.684846 1.60133 
5 2 -0.137333 0.218012 -0.495384 
6 3 -1.44181 0.977279 -3.12299 
 
200 events, 1379 changed pions 

From	
  Chris*na’s	
  slides	
  



Homework	
  Homework 4: due day April 27!

1.) calculate and plot pt distribution of all pions 
2.) calculate and plot phi angle in pt plane of all pions 
3.) calculate and plot phi angle difference  
between high trigger pt particle pt> 4 GeV/c 
 and low pt associated particle  1<pt< 4 GeV/c 
4.) How many particles are in a jet ? 
(hint:jet identification is one particle  
with pt> 4 GeV/) 
 
 
 
  
 

trigger 
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Ellip3c	
  flow	
  
Elliptic flow ! Transverse Flow (SPS, RHIC, LHC)!

Scientific American!

From	
  Chris*na’s	
  slides	
  



Ellip3c	
  flow	
  

31/Mar/
2005 

How do semi-central collisions evolve? 

b
r

1) Superposition of independent p+p: 

2) Evolution as a bulk system 

momenta pointed at random 
relative to reaction plane 

high 
density / pressure 
at center 

�zero� pressure 
in surrounding vacuum 

Pressure gradients (larger in-plane) 
push bulk �out��! �flow� 

more, faster 
particles seen in-
plane 
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  flow	
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Physics 

Colloquiu
m at 
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at Austin, 
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Dec. 2005                                         
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●  non-central collisions: azimuthal anisotropy in  
     coordinate-space.  
●  interactions " asymmetry in momentum-space. 
●  sensitive to early time in the system’s evolution. 
●  Measurement:  
    Fourier expansion of the azimuthal pT distribution. 

Elliptic flow = (anisotropic) Flow  
– a strong indicator of collectivity 

€ 
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2 − py

2
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X Time 
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Does	
  Heavy	
  flavour	
  flow??	
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•  D0	
  meson	
  in	
  different	
  centrality	
  bins.	
  	
  
•  Compared	
  to	
  charged	
  hadrons.	
  
•  v2	
  increases	
  from	
  central	
  to	
  semi-­‐central	
  Pb-­‐Pb	
  events	
  
•  v2	
  D0	
  similar	
  to	
  charged	
  hadrons	
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•  Heavy	
  flavour	
  decay	
  electron	
  in	
  different	
  centrality	
  bins.	
  	
  
•  v2	
  increases	
  from	
  central	
  to	
  semi-­‐central	
  Pb-­‐Pb	
  events	
  



Quarkonia	
  in	
  QGP	
  



Introduc3on	
  
•  Quarkonia	
  (Q-­‐Qbar)	
  
•  c-­‐cbar	
  family	
  

–  ηc,	
  J/ψ,	
  ψ(2S),	
  χc…	
  
•  b-­‐bbar	
  family	
  

–  Υ(1S)	
  Υ(2S),	
  Υ(3S)	
  and	
  χb	
  
	
  

•  The	
  colour-­‐screening	
  model	
  predicts	
  that	
  charmonia	
  and	
  
bo9omonia	
  dissociate	
  in	
  the	
  medium.	
  

	
  
•  This	
  results	
  in	
  a	
  suppression	
  of	
  the	
  observed	
  yields.	
  	
  

•  More	
  specifically,	
  the	
  quarkonium	
  binding	
  proper3es	
  are	
  expected	
  
to	
  be	
  modified	
  in	
  the	
  deconfined	
  medium.	
  	
  

	
  
•  The	
  less	
  3ghtly	
  bound	
  might	
  melt	
  close	
  to	
  Tc	
  (170	
  MeV)	
  and	
  the	
  

most	
  3ghtly	
  bound	
  well	
  above	
  Tc	
  	
  



Descrip3on	
  
•  In	
  vacuum	
  the	
  quarkonium	
  spectrum	
  can	
  be	
  described	
  via	
  non	
  rela3vis3c	
  

models	
  based	
  on	
  a	
  poten3al	
  interac3on	
  like:	
  

σ	
  :	
  string	
  tension	
  between	
  Q-­‐Qbar	
  	
  
α	
  :	
  Coulombian-­‐like	
  constant.	
  
	
  
•  For	
  simplicity	
  consider	
  σ	
  =	
  0.	
  
	
  
•  If	
  Q-­‐Qbar	
  state	
  is	
  embedded	
  in	
  QGP	
  at	
  a	
  temp	
  T,	
  the	
  interac3on	
  poten3al	
  

between	
  the	
  heavy	
  quarks	
  will	
  be	
  affected	
  by	
  the	
  presense	
  of	
  the	
  free	
  
color	
  charges	
  in	
  the	
  QGP.	
  	
  

•  This	
  is	
  called	
  screening	
  of	
  the	
  poten3al.	
  	
  

•  In	
  EM	
  plasma,	
  the	
  coulombian	
  poten3al	
  replaced	
  by	
  a	
  poten3al	
  with	
  a	
  
screening	
  constant.	
  

	
  
	
  λD	
  :	
  Debye	
  length.	
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quark. Finally, one should note that the hadronic states cb̄ (c̄b) will have similar properties
as quarkonium, although their decay should be similar to that of a B hadron. In vacuum,
the quarkonium spectrum can be described via non relativistic models based on a potential
interaction like:

V (r) = �r � ↵

r

(14)

where � represents the string tension QQ̄ and ↵ is a Coulombian-like constant [Matsui 86].
For simplicity, let us assume that the potential is only Coulombian, so � = 0.

If the QQ̄ state is embedded in a QGP at a temperature T , the interaction potential
between the heavy quarks will be a↵ected by the presence of the free colour charges in the
QGP. This is the screening of the potential. This phenomenon is well known in electromag-
netic plasma. In the plasma, the Coulombian potential has to be replaced by a potential
with a screening constant:

V (r) = �↵
r

⇥ e

(�r/�D) (15)

where �D is the Debye length. Let us assume that the average distance between the heavy
quarks in a 1S quarkonium state (J/ or ⌥(1S)) can be estimated by the Bohr radius
expression:

rB =
1

↵mQ

. (16)

As a numerical example, one can consider for the J/ mc=1250 GeV and ↵(mc) = 0.36
[Beringer 12], so rB = 0.44 fm. For the ⌥(1S), mc=4200 GeV and ↵(mb) = 0.22
[Beringer 12], so rB = 0.22 fm.

If rB ⌧ �D, the potential between the heavy quarks can be considered as a Coulombian
potential and the bound state exhibits the same properties in the QGP as in the vacuum.
However, if rB � �D, the quarkonium properties will be modified by the medium, and it
could happen that the quarkonium becomes an unstable state and therefore would melt. For
electromagnetic plasmas, the Debye length depend on the temperature of the plasma and
the charge density ⇢ [Stocker 99]:

�D =

s

T

8⇡↵⇢
(17)

Assuming that the previous expression is also valid for the QGP10 and an ideal ultra-
relativistic gas ⇢ / T

3, one obtains :

�D ⇠ 1p
8⇡↵T

. (18)

And therefore, the quarkonium could be melt for temperature above Td:

Td ⇠
1

p

8⇡↵(T )rB
. (19)

For ↵(T ) ⇠ 0.2, one obtains that Td ⇠ 200 MeV (1.3Tc) for the J/ and Td ⇠ 400 MeV
(2.6Tc) for the ⌥(1S). Assuming that for 2S states the rB would be twice larger, one would
conclude that the dissociation temperature for  ’ is <⇠ Tc and for ⌥(2S) similar to that of
J/ .

Of course, these calculations are qualitative and obtained without much detail, but they
allow to show what is the role of parameters like the mass of the quarkonium and the

10 This assumption is not justified, but the conclusions that will be obtained are still valid.
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(2.6Tc) for the ⌥(1S). Assuming that for 2S states the rB would be twice larger, one would
conclude that the dissociation temperature for  ’ is <⇠ Tc and for ⌥(2S) similar to that of
J/ .

Of course, these calculations are qualitative and obtained without much detail, but they
allow to show what is the role of parameters like the mass of the quarkonium and the

10 This assumption is not justified, but the conclusions that will be obtained are still valid.
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quark. Finally, one should note that the hadronic states cb̄ (c̄b) will have similar properties
as quarkonium, although their decay should be similar to that of a B hadron. In vacuum,
the quarkonium spectrum can be described via non relativistic models based on a potential
interaction like:

V (r) = �r � ↵
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(14)

where � represents the string tension QQ̄ and ↵ is a Coulombian-like constant [Matsui 86].
For simplicity, let us assume that the potential is only Coulombian, so � = 0.

If the QQ̄ state is embedded in a QGP at a temperature T , the interaction potential
between the heavy quarks will be a↵ected by the presence of the free colour charges in the
QGP. This is the screening of the potential. This phenomenon is well known in electromag-
netic plasma. In the plasma, the Coulombian potential has to be replaced by a potential
with a screening constant:

V (r) = �↵
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⇥ e

(�r/�D) (15)

where �D is the Debye length. Let us assume that the average distance between the heavy
quarks in a 1S quarkonium state (J/ or ⌥(1S)) can be estimated by the Bohr radius
expression:

rB =
1

↵mQ

. (16)

As a numerical example, one can consider for the J/ mc=1250 GeV and ↵(mc) = 0.36
[Beringer 12], so rB = 0.44 fm. For the ⌥(1S), mc=4200 GeV and ↵(mb) = 0.22
[Beringer 12], so rB = 0.22 fm.

If rB ⌧ �D, the potential between the heavy quarks can be considered as a Coulombian
potential and the bound state exhibits the same properties in the QGP as in the vacuum.
However, if rB � �D, the quarkonium properties will be modified by the medium, and it
could happen that the quarkonium becomes an unstable state and therefore would melt. For
electromagnetic plasmas, the Debye length depend on the temperature of the plasma and
the charge density ⇢ [Stocker 99]:
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Assuming that the previous expression is also valid for the QGP10 and an ideal ultra-
relativistic gas ⇢ / T

3, one obtains :

�D ⇠ 1p
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. (18)

And therefore, the quarkonium could be melt for temperature above Td:

Td ⇠
1

p

8⇡↵(T )rB
. (19)

For ↵(T ) ⇠ 0.2, one obtains that Td ⇠ 200 MeV (1.3Tc) for the J/ and Td ⇠ 400 MeV
(2.6Tc) for the ⌥(1S). Assuming that for 2S states the rB would be twice larger, one would
conclude that the dissociation temperature for  ’ is <⇠ Tc and for ⌥(2S) similar to that of
J/ .

Of course, these calculations are qualitative and obtained without much detail, but they
allow to show what is the role of parameters like the mass of the quarkonium and the

10 This assumption is not justified, but the conclusions that will be obtained are still valid.



Descrip3on	
  
•  For	
  EM	
  plasma	
  Debye	
  length	
  depends	
  on	
  temperature	
  of	
  the	
  plasma	
  and	
  

charge	
  density	
  ρ	
  
	
  
	
  
	
  
•  Assume	
  valid	
  for	
  QGP	
  and	
  ideal	
  ultra	
  rela3vis3c	
  gas	
  ρ	
  α	
  T3	
  
	
  
	
  
	
  

•  So	
  quarkonia	
  could	
  melt	
  for	
  Temp	
  above	
  Td	
  
	
  
	
  

	
  
•  For	
  	
  α	
  ~	
  0.2,	
  Td	
  ~	
  200	
  MeV	
  (1.3	
  Tc)	
  for	
  J/Ψ,	
  Td	
  ~	
  400	
  MeV	
  (2.6	
  Tc)	
  for	
  Υ(1S).	
  

•  Assuming	
  2S	
  states	
  have	
  rB	
  twice	
  as	
  large,	
  the	
  dissocia3on	
  temperature	
  for	
  
Ψ’	
  <	
  Tc	
  and	
  for	
  Υ(2S)	
  similar	
  to	
  that	
  of	
  J/Ψ.	
  

	
  
	
  

	
  

16

quark. Finally, one should note that the hadronic states cb̄ (c̄b) will have similar properties
as quarkonium, although their decay should be similar to that of a B hadron. In vacuum,
the quarkonium spectrum can be described via non relativistic models based on a potential
interaction like:

V (r) = �r � ↵

r

(14)

where � represents the string tension QQ̄ and ↵ is a Coulombian-like constant [Matsui 86].
For simplicity, let us assume that the potential is only Coulombian, so � = 0.

If the QQ̄ state is embedded in a QGP at a temperature T , the interaction potential
between the heavy quarks will be a↵ected by the presence of the free colour charges in the
QGP. This is the screening of the potential. This phenomenon is well known in electromag-
netic plasma. In the plasma, the Coulombian potential has to be replaced by a potential
with a screening constant:

V (r) = �↵
r

⇥ e

(�r/�D) (15)

where �D is the Debye length. Let us assume that the average distance between the heavy
quarks in a 1S quarkonium state (J/ or ⌥(1S)) can be estimated by the Bohr radius
expression:

rB =
1

↵mQ

. (16)

As a numerical example, one can consider for the J/ mc=1250 GeV and ↵(mc) = 0.36
[Beringer 12], so rB = 0.44 fm. For the ⌥(1S), mc=4200 GeV and ↵(mb) = 0.22
[Beringer 12], so rB = 0.22 fm.

If rB ⌧ �D, the potential between the heavy quarks can be considered as a Coulombian
potential and the bound state exhibits the same properties in the QGP as in the vacuum.
However, if rB � �D, the quarkonium properties will be modified by the medium, and it
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Assuming that the previous expression is also valid for the QGP10 and an ideal ultra-
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3, one obtains :

�D ⇠ 1p
8⇡↵T

. (18)

And therefore, the quarkonium could be melt for temperature above Td:
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For ↵(T ) ⇠ 0.2, one obtains that Td ⇠ 200 MeV (1.3Tc) for the J/ and Td ⇠ 400 MeV
(2.6Tc) for the ⌥(1S). Assuming that for 2S states the rB would be twice larger, one would
conclude that the dissociation temperature for  ’ is <⇠ Tc and for ⌥(2S) similar to that of
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allow to show what is the role of parameters like the mass of the quarkonium and the
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Bound state �c  ’ J/ ⌥(2S) �b ⌥(1S)

Td
<⇠ Tc

<⇠ Tc ⇠1.2Tc ⇠1.2Tc ⇠1.3Tc ⇠2.0Tc

TABLE II. Upper bound of dissociation temperatures Td of quarkonium states in units of the QGP
transition temperature Tc obtained by A. Mocsy and P. Petreczky in [Abreu 08].

strength of the interaction. This explains why  (2S) resonance is easily melt with respect
to J/ and why ⌥(1S) would melt at higher temperatures than that of J/ . You will find a
rigorous calculation of an upper bound of the dissociation temperature of quarkonium in the
contribution of A. Mocsy and P. Petreczky in the reference [Abreu 08]. Their dissociation
temperatures are quoted in table II.

3. Parton - QGP interaction

The QGP could also be studied via its tomography using high energy partons. QCD
predicts that high energy partons will lose energy via gluon radiation when crossing the QGP.
The order of magnitude of the parton energy-loss in QGP would be about �E ⇠1 GeV/fm
and it is expected to be proportional to the gluon density. In addition QCD also predicts
that the formation length of the radiated gluon will be larger than the average distance
between the gluons in the QGP (interaction centres of the incident high energy parton).
As a consequence several interaction centres will participate in the gluon emission from
the parton, and the amplitude from the interaction centres will interfere (this phenomenon
is called Landau-Migdal-Pomeranchuck e↵ect) since the radiated gluon will be coherently
emitted along all its formation length. For this reason for QGP thicknesses about 1-3 fm,
the �E should be proportional to the square of the transversed path length in the QGP
[Baier 97, Zakharov 97]:

�E ⇠ ↵s ⇥ CR ⇥ q̂(⇢g)⇥ L

2 (20)

where ↵s is the strength of the strong interaction, CR is the colour charge factor q̂ is the
transport coe�cient which depends on the gluon density (⇢g) of the QGP and L is the
thickness of the QGP.

The energy lost will depend on the nature of the parton:

• Gluons will exhibit larger energy-loss per unit of length than that of quarks. A relative
factor 9/4 due to the colour charge, is associated to the gluonsstrahlung mechanism
from a gluon with respect to that from a quark [Peigné 06].

• Heavy quarks are expected to lose less energy than light quarks, due to the absence
of gluon radiation at forward angles, below ✓ < M/E, where M is the quark mass
and E its energy [Dokshitzer 01]. This phenomenon, predicted by the QCD, is called
dead-cone e↵ect. The dead-cone e↵ect should become measurable for beauty quarks,
whereas this e↵ect should remain relatively small for charm quarks. Moreover, elastic
collisions with partons in the QGP could also contribute to the energy-loss of heavy
quarks in the QGP. Finally the hadronization time scale for heavy quark hadroniza-
tion increases due to its larger mass and it could occur, namely for the beauty, that
hadronization takes place when the heavy quark is still traversing the QGP.

One can wonder if other high-energy elementary particles like photons, electrons, elec-
troweak bosons etc... could also be used to study the QGP. Photons and electrons will
only interact electromagnetically and they should lose energy like in ordinary matter via
bremsstrahlung emission and the production of electrons and positron pairs. However, the
expected energy-loss is relatively small for QGP of a radius of tens of femtometers, about

Quarkonia in the Quark Gluon Plasma 3

bound states. This “melting” of quarkonia in the QGP would manifest itself in
the suppression of the quarkonia yields relative to the production without a QGP
formation. Quarkonium melting at high temperature has been often quoted to be
the QGP thermometer (see Fig. 1 for a cartoon rendition of the idea), serving as
an essential tool to measure the plasma temperature. Various states with different
masses have different sizes and thus are expected to be screened and dissociate in
the QGP at different temperatures.

Fig. 1. A cartoon of the QGP ther-
mometer provided by the sequential
melting of quarkonia taken from Ref. 2

As we discuss in detail in this review, the ex-
istence and the dissociation of quarkonia in the
hot QGP medium is far from being this sim-
ple. The three leading complications are that
(i) there are more than just color screening ef-
fects affecting the binding of a particular state
in the QGP (there is for instance Landau damp-
ing), (ii) there exists a poorly understood non-
perturbative intermediate temperature region
just above the chiral critical transition (the
aforementioned domain 160 − 300 MeV) where
identifying the relevant degrees of freedom, and
thus their relevance for quarkonia must be care-
fully considered, and (iii) there exist purely nu-
clear initial state effects, collectively called cold
nuclear matter effects (e.g. nuclear absorption,
parton energy loss, and modifications of the par-
ton distribution function), which must also be
accounted for.

During the last two decades, quarkonia in a finite temperature medium have
been studied using lattice QCD, but the results, more precisely the interpretation
of the results, have not been without controversy. Effects of the hot medium are
imprinted on the spectral function, the quantity which contains all the informa-
tion in a given heavy quark-antiquark channel. Therefore, in principle, determining
spectral functions at different temperatures should give us insight into the effects
of a QGP on the bound states. For instance, the disappearance of a well-defined
peak into the background of continuum states would be a clear indication for the
melting of a state. This allows us to define what is referred to as a dissociation tem-
perature (as we discuss below, we would like to draw attention to inconsistencies in
the literature in how dissociation temperatures are precisely defined). In this review
we discuss state-of-the-art lattice QCD results relevant for in-medium quarkonium
properties, including screening and time- and space-like heavy meson correlation
functions. Both of these are directly connected to the spectral functions that we
seek and enable a determination of the static quark-antiquark interaction potential.
We also briefly review what we have learned about quarkonia from these results.

The formation, behavior, and modification of the properties of the quarkonia has
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FIG. 3: (Color online) J/ψ RAA as a function of Npart. Error
bars represent the statistical and uncorrelated systematic un-
certainties, while the boxes represent the point-to-point corre-
lated systematics. The global scale systematic uncertainties
are quoted as text. The lower panel contains the ratio of
forward rapidity to midrapidity for the points in the upper
panel.

of many sources, dominated by uncertainties in ⟨Ncoll⟩,
uncertainties in the matching of Monte Carlo and real
detector performance, and differences in signal extrac-
tion methods. The type C uncertainties are dominated
by the normalization in the p+ p invariant cross section
measurement. Important systematics on the invariant
yields are listed in Table IV.

For comparison, in Fig. 3 we show our previously-
published midrapidity J/ψ RAA values from data taken
in 2004 [5]. The midrapidity measurement was made in
the PHENIX central spectrometers via the J/ψ dielec-
tron decay. There is no PHENIX updated measurement
at midrapidity from the 2007 data set due to significantly
increased conversion backgrounds from this engineering
run of the PHENIX Hadron Blind Detector [18]. The
ratio of the new forward rapidity data to the previously-
published midrapidity data, shown in the lower panel of
Fig. 3, is in agreement with the previous result [5], where
the latter led to speculation as to what mechanism could
cause a narrower rapidity distribution in Au+Au than
p+ p collisions.

We also calculate RAA as a function of pT , again using
the published 2006 and 2008 p + p data [17]. Shown in
Fig. 4 are the new results at forward rapidity along with
the previously-published 2004 midrapidity results [5]. In

TABLE III: J/ψ invariant yields Bµµ
d3N

dp2
T
dy

at forward rapid-

ity (1.2 < |y| < 2.2) vs. pT in four bins of Au+Au collision
centrality. The type C (global) uncertainties are 10%, 10%,
13%, and 19% for 0-20%, 20-40%, 40-60%, and 60-92% cen-
trality, respectively. Bins in which the J/ψ yield was less than
the combined statistical and systematic uncertainties are cal-
culated as 90% Confidence Level Upper Limits (CLUL).

Centrality pT Bµµd
3N stat type A +B −B scale

(%) (GeV/c) dp2

T
dy (Gev/c−2)

0–20 0–1 9.36 1.41 0.74 1.01 1.01 ×10−6

1–2 4.46 0.66 0.23 0.40 0.40 ×10−6

2–3 1.37 0.29 0.08 0.17 0.17 ×10−6

3–4 2.99 1.12 0.09 0.27 0.27 ×10−7

4–5 2.05 0.43 0.14 0.18 0.18 ×10−7

5–6 90% CLUL = 3.27 ×10−8

6–7 90% CLUL = 2.00 ×10−8

20–40 0–1 5.08 0.54 0.18 0.67 0.67 ×10−6

1–2 2.78 0.22 0.09 0.26 0.26 ×10−6

2–3 1.11 0.10 0.02 0.09 0.09 ×10−6

3–4 2.76 0.34 0.11 0.25 0.25 ×10−7

4–5 7.47 1.37 0.31 1.35 1.35 ×10−8

5–6 2.68 0.61 0.08 0.31 0.31 ×10−8

6–7 90% CLUL = 7.15 ×10−9

40–60 0–1 3.19 0.21 0.06 0.26 0.26 ×10−6

1–2 1.49 0.09 0.03 0.12 0.12 ×10−6

2–3 4.80 0.38 0.11 0.39 0.39 ×10−7

3–4 1.27 0.13 0.02 0.11 0.11 ×10−7

4–5 3.86 0.49 0.02 0.41 0.41 ×10−8

5–6 7.51 1.69 0.05 2.04 2.04 ×10−9

6–7 90% CLUL = 2.82 ×10−9

60–92 0–1 9.05 0.57 0.07 0.73 0.73 ×10−7

1–2 3.40 0.22 0.04 0.27 0.27 ×10−7

2–3 9.19 0.91 0.16 0.75 0.75 ×10−8

3–4 2.21 0.35 0.04 0.20 0.20 ×10−8

4–5 8.13 1.39 0.01 0.70 0.70 ×10−9

5–6 2.31 0.54 0.00 0.40 0.40 ×10−9

6–7 90% CLUL = 7.69 ×10−10

TABLE IV: Systematic uncertainties on dN/dy for central
and peripheral centrality categories.

Source Central Peripheral Type

Signal extraction 9.8% 1.3% A

Acceptance 3.4% 2.2% B

Input y, pT distributions 4% 4% B

Difference between mixed event/

like-sign background estimates 1.5% 0.6% B

North/south arm agreement 5% 5% B

MuID efficiency 3.6% 2.8% B

some centrality bins for pT > 5 GeV/c, we have no sig-
nificant J/ψ signal in Au+Au and thus can only quote a
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FIG. 4: (Color online) J/ψ RAA as a function of pT in four
centrality bins. Error bars represent the statistical and un-
correlated systematic uncertainties, while the boxes represent
the point-to-point correlated systematic uncertainties. The
global scale systematic uncertainties are quoted as text.

90% confidence level upper limit on RAA.
As there has been much recent interest in whether

the RAA as a function of pT rises or falls, we have
performed a simple linear fit to the RAA at forward
rapidity over the full pT range and obtain the follow-
ing slope (m) values: m = +0.011 ± 0.018 c/GeV (0-
20% central), m = +0.065 ± 0.023 c/GeV (20-40% cen-
tral), m = +0.034± 0.033 c/GeV (40-60% central), and
m = −0.037±0.053 c/GeV (60-92% central). The quoted
slope uncertainties are the quadrature sum of the statisti-
cal and systematic uncertainties. Thus, only the 20-40%
centrality indicates a statistically significant increase in
RAA with pT .

III. MODEL COMPARISONS

As previously mentioned, various theoretical models
have been proposed to reconcile the J/ψ suppression pat-
tern previously published [5]. Here we compare our mea-
surements with three calculations for the centrality and
rapidity dependence of the suppression. The first deals
entirely with initial-state effects, while the other two in-
corporate strong final-state effects. Then we compare our
measurements with a simple cold nuclear matter effect
calculation extrapolated to Au+Au collisions. Finally,
we compare to a model calculation for the pT dependence
of RAA at forward rapidity.
In addition to the models discussed here, there are

many more models that only have a midrapidity predic-

tion for J/ψ production. Because this paper is focused on
forward rapidity J/ψ production, we have not included
comparisons to those models.

A. Gluon Saturation Model

In the first model by Kharzeev et. al [19], it is assumed
that the nuclear wave functions in very high-energy nu-
clear collisions can be described by the Color Glass Con-
densate (CGC). The primary effect is the suppression
of J/ψ production and narrowing of the rapidity dis-
tribution due to saturation of the gluon fields in heavy
ion collisions relative to p + p collisions. In addition,
the production mechanism is modified from p + p such
that the multigluon exchange diagrams are enhanced. It
should be noted that this model does not include any hot
medium effects, but does have a free parameter for the
overall normalization factor for the Au+Au production,
which is fixed to match the midrapidity central collision
J/ψ suppression. Thus, the suppression trend with cen-
trality and the relative suppression between mid and for-
ward rapidity are predicted, but not the overall level of
suppression.
The resulting RAA values calculated using this model

are shown in Fig. 5. This model provides a reasonable
description of the data and in particular matches the ob-
served larger suppression at forward rapidity than mid
rapdity in central events (Rforward

AA /Rmid
AA ∼ 0.5). It is no-

table that this ratio is essentially independent of central-
ity in their calculation, whereas the experimental data
shows the relative suppression approaching one in the
most peripheral events. Additionally, the calculation at
midrapidity actually indicates a significant enhancement
(i.e. RAA > 1) for peripheral events with Npart < 50.
This enhancement is related to a coherence effect of dou-
ble gluon exchange. However, the coherence predicts an
enhancement in d+Au collisions and RdAu at midrapid-
ity, and no such enchancement is seen in the experimental
data [17].
Recently, the appropriate normalization factor for the

above CGC calculation has been calculated [20, 21]. Re-
placing the normalization factor previously applied to
match the theory to the magnitude of the observed
midrapidity suppression, results in a predicted CGC sup-
pression approximately a factor of two smaller than in
the /auau/ data. This result suggests the importance of
additional hot nuclear matter effects.

B. Comover Interaction Model

The second calculation comes from the Comover Inter-
action Model (CIM) [22, 23]. This calculation uses a rate
equation that accounts for J/ψ breakup due to interac-
tions with a dense co-moving final-state medium. Addi-
tionally, the contribution from interactions with the out-
going nuclei is included. No assumption is made about

•  J/Ψ	
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  of	
  suppression	
  was	
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  to	
  SPS.	
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  that	
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FIG. 5: (Color online) J/ψ RAA as a function of Npart. Model
calculation from [19]. Lower panel is the ratio of forward to
midrapidity points and curves from the upper panel.

the nature of the co-moving medium, i.e. whether it is
partonic or hadronic, only that it can be represented by
a comover density and comover-J/ψ cross section σco,
for which a value of 0.65 mb was found to match the
NA50 data and then used for the projection to Au+Au
at RHIC. The separate nuclear breakup cross section was
taken to be σbr = 4.5 mb. This value was taken from
measurements in p+A collisions at

√
s
NN

= 27.4/29.1
GeV at the CERN-SPS. Under the assumption that σbr is
energy-independent, the value from those measurements
was used until recently as the cold nuclear matter refer-
ence for heavy ion collisions at

√
s
NN

= 17.2 GeV [2], as
well as in [22] as the reference for

√
s
NN

= 200 GeV at
RHIC.
However, the effective breakup cross section has now

been shown to decrease significantly with collision en-
ergy [10]. In fact, a recent measurement in p+A colli-
sions at

√
s
NN

= 17.2 GeV [9] yielded a value of σbr =
7.6 ± 0.7 ± 0.6 mb with no anti-shadowing correction,
and σbr = 9.3 ± 0.7 ± 0.7 mb with anti-shadowing cor-
rected for. The value measured in d+Au collisions at
RHIC [15] is 2.8+1.7

−1.4 mb (after shadowing is accounted
for using EKS98 nuclear PDFs), somewhat smaller than
the 4.5 mb used in [22]. The calculation, shown in Fig. 6
as the black, dot-dot-dashed curve, significantly over-
estimated the suppression measured at midrapidity for
Au+Au collisions at

√
s
NN

= 200 GeV [5, 7]. The sup-
pression is stronger than the SPS case mainly due to the
larger comover density calculated for RHIC.
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FIG. 6: (Color online) J/ψ RAA as a function of Npart.
Curves are calculations within the Co-mover Interaction
Model (CIM). The black dot-dot-dashed curve is the older
CIM calculation [22] predicted from SPS data. The remain-
ing curves are from [23], where the dot-dashed curve is from
shadowing alone, the dashed line also includes dissociation in
the co-moving medium, and the solid line is the total effect
after including J/ψs from regeneration. The thin blue curves
are calculated for midrapidity, while the thick red are for for-
ward rapidity. The lower panel contains the ratio of forward
rapidity to midrapidity for all points and curves in the upper
panel where both are calculated.

An updated calculation [23] was then released that re-
placed the constant nuclear breakup cross section with a
Bjorken-x-dependent function that goes to σbr = 0 mb
at y = 0, while the same σco = 0.65 mb was used for
the comover interactions as before. Additionally, a J/ψ
regeneration component was added that is normalized to
the ratio of open charm production squared to J/ψ pro-
duction in p+p collisions. These new results are included
in Fig. 6. The suppression from initial-state effects alone
is much weaker at midrapidity than the previous calcula-
tion, due to both the change in the nuclear absorption, as
well as an updated parametrization of shadowing effects.

The CNM effects (i.e. shadowing and nuclear absorp-
tion) are much stronger at forward rapidity than midra-
pidity, due in part to the assertion that nuclear absorp-
tion is negligible at midrapidity. On the other hand,
the effects of comover dissociation and regeneration are
stronger at midrapidity. The combination of these three
effects leads to predictions which are overall very similar
at forward and midrapidity (as seen in the lower panel).
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FIG. 5: (Color online) J/ψ RAA as a function of Npart. Model
calculation from [19]. Lower panel is the ratio of forward to
midrapidity points and curves from the upper panel.

the nature of the co-moving medium, i.e. whether it is
partonic or hadronic, only that it can be represented by
a comover density and comover-J/ψ cross section σco,
for which a value of 0.65 mb was found to match the
NA50 data and then used for the projection to Au+Au
at RHIC. The separate nuclear breakup cross section was
taken to be σbr = 4.5 mb. This value was taken from
measurements in p+A collisions at

√
s
NN

= 27.4/29.1
GeV at the CERN-SPS. Under the assumption that σbr is
energy-independent, the value from those measurements
was used until recently as the cold nuclear matter refer-
ence for heavy ion collisions at

√
s
NN

= 17.2 GeV [2], as
well as in [22] as the reference for

√
s
NN

= 200 GeV at
RHIC.
However, the effective breakup cross section has now

been shown to decrease significantly with collision en-
ergy [10]. In fact, a recent measurement in p+A colli-
sions at

√
s
NN

= 17.2 GeV [9] yielded a value of σbr =
7.6 ± 0.7 ± 0.6 mb with no anti-shadowing correction,
and σbr = 9.3 ± 0.7 ± 0.7 mb with anti-shadowing cor-
rected for. The value measured in d+Au collisions at
RHIC [15] is 2.8+1.7

−1.4 mb (after shadowing is accounted
for using EKS98 nuclear PDFs), somewhat smaller than
the 4.5 mb used in [22]. The calculation, shown in Fig. 6
as the black, dot-dot-dashed curve, significantly over-
estimated the suppression measured at midrapidity for
Au+Au collisions at

√
s
NN

= 200 GeV [5, 7]. The sup-
pression is stronger than the SPS case mainly due to the
larger comover density calculated for RHIC.
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FIG. 6: (Color online) J/ψ RAA as a function of Npart.
Curves are calculations within the Co-mover Interaction
Model (CIM). The black dot-dot-dashed curve is the older
CIM calculation [22] predicted from SPS data. The remain-
ing curves are from [23], where the dot-dashed curve is from
shadowing alone, the dashed line also includes dissociation in
the co-moving medium, and the solid line is the total effect
after including J/ψs from regeneration. The thin blue curves
are calculated for midrapidity, while the thick red are for for-
ward rapidity. The lower panel contains the ratio of forward
rapidity to midrapidity for all points and curves in the upper
panel where both are calculated.

An updated calculation [23] was then released that re-
placed the constant nuclear breakup cross section with a
Bjorken-x-dependent function that goes to σbr = 0 mb
at y = 0, while the same σco = 0.65 mb was used for
the comover interactions as before. Additionally, a J/ψ
regeneration component was added that is normalized to
the ratio of open charm production squared to J/ψ pro-
duction in p+p collisions. These new results are included
in Fig. 6. The suppression from initial-state effects alone
is much weaker at midrapidity than the previous calcula-
tion, due to both the change in the nuclear absorption, as
well as an updated parametrization of shadowing effects.

The CNM effects (i.e. shadowing and nuclear absorp-
tion) are much stronger at forward rapidity than midra-
pidity, due in part to the assertion that nuclear absorp-
tion is negligible at midrapidity. On the other hand,
the effects of comover dissociation and regeneration are
stronger at midrapidity. The combination of these three
effects leads to predictions which are overall very similar
at forward and midrapidity (as seen in the lower panel).
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FIG. 7: (Color online) J/ψ RAA as a function of Npart. Model
calculations by Zhao and Rapp from [24, 25] are included for
both rapidity bins, incorporating cold and hot nuclear matter
suppression as well as coalescence of cc pairs. The various
line styles represent the different contributions to the total
as laid out in the legend, while the two thicknesses represent
the two rapidity ranges (thin blue is midrapidity and thick
red is forward rapidity). The lower panel contains the ratio
of forward rapidity to midrapidity for all points and curves in
the upper panel.

C. QGP/Hadron Gas Model

The third model we compare with is from Zhao and
Rapp [24, 25], which incorporates both a quark-gluon
plasma (QGP) phase and a hadronic gas (HG) phase.
In this calculation, they include two different models for
cold nuclear matter effects. In the first case, nuclear ab-
sorption is calculated in the usual Glauber formalism,
shadowing plus anti-shadowing are assumed to roughly
cancel, such that the overall shadowing effects are encap-
sulated in the breakup cross section σbr, and pT broad-
ening is included via Gaussian smearing. In the second
case, the cold nuclear matter effects are treated as in [23],
supplemented with the same pT broadening model as the
first case.

The thermal dissociation is modeled via a Boltzmann
transport equation for both QGP and HG phases. The
QGP is assumed to be an isentropically expanding cylin-
drical fireball. J/ψ-medium interactions are assumed to
stop at a freeze-out temperature of 120 MeV. The final
J/ψ pT distribution is calculated by spatially integrat-
ing the final phase-space distribution. The regeneration

component assumes that the cc is thermally equilibrated
with the medium when it coalesces into a J/ψ. Con-
sequently, and the ψ pT distribution is governed by a
blastwave equation for the transverse flow velocity. The
normalization of this component is performed by plug-
ging the initial charm densities into a rate equation with
both gain and loss terms, and solving at the freeze-out
time.
The calculation results, using the second case for the

cold nuclear matter effects, are shown in Fig. 7, along
with the separate dissociation and regeneration compo-
nents. Though the second cold nuclear matter case in-
creases the suppression for more central events compared
to the first scenario, the difference in the overall suppres-
sion between the two scenarios is small. The qualita-
tive trends of the calculation agree with the experimental
data; however, the calculated suppression is very similar
between forward and midrapidity, which is in disagree-
ment with the data.
It is noteworthy that the regeneration component is

only slightly larger at midrapidity in this model than at
forward rapidity. This is in contrast to other regenera-
tion or recombination calculations that result in a signifi-
cant narrowing of the J/ψ rapidity distribution in central
Au+Au events (see for example [27, 28]). In simple cal-
culations, the J/ψ recombination contribution scales as
the square of the local charm density ((dNcc/dy)2) and
thus there is substantially less recombination at forward
rapidity. This modeling also leads to predictions of signif-
icantly larger recombination enhancements at the LHC
where charm production is much larger. However, in this
calculation [25] with a full space-momentum distribution
of charm pairs, the probability of a charm quark from
one cc pair recombining with an anti-charm quark from
another cc pair is suppressed because they are typically
spatially separated which is then maintained through col-
lective flow. Thus, their recombination is dominated by
the case where a cc is produced as a pair that would
normally not form a J/ψ, but due to scattering in the
medium have a re-interaction and recombine. In this
case, the regeneration contribution has a rapidity depen-
dence similar to that of the directly produced J/ψ.

D. Shadowing/Nuclear Absorption/Initial-state
Energy Loss Model

In addition to the above three models, we use a frame-
work for calculating just the cold nuclear matter effects
and extrapolating them to Au+Au collisions. We be-
gin with the prescription in [26] for d+Au collisions,
which combinines effects of nuclear-modified parton dis-
tributions functions (nPDFs) using the EPS09 parame-
terization [29] with a rapidity-independent J/ψ-nucleon
breakup cross section σbr, along with the possibility of
initial-state parton energy loss. We have extended these
calculations to the Au+Au case using the identical code.
First, we include the variations of the EPS09 nPDF sets

12

0 1 2 3 4 5 6

AA
R

0.2

0.4

0.6

0.8

1

1.2

1.4

0-20% centrality
 10% global sys.±

Zhao & Rapp (0810.4566) 1.2<|y|<2.2
ψZhao & Rapp from direct J/

ψZhao & Rapp from coalescence J/

2007 1.2<|y|<2.2

 (GeV/c)
T

p
0 1 2 3 4 5 6

AAR

0

0.2

0.4

0.6

0.8

1

1.2

1.4

40-60% centrality
 13% global sys.±

0 1 2 3 4 5 6 70

0.2

0.4

0.6

0.8

1

1.2

1.4 20-40% centrality
 10% global sys.±

 (GeV/c)
T

p
1 2 3 4 5 6 7

0

0.2

0.4

0.6

0.8

1

1.2

1.4

60-92% centrality
 19% global sys.±

FIG. 9: (Color online) J/ψ RAA as a function of pT in
four centrality bins. Model calculations by Zhao and Rapp
from [24, 25] are included for the forward rapidity bin, incor-
porating cold and hot nuclear matter suppression as well as
coalescence of cc pairs.

data. Their calculations indicate a moderate rise in RAA

versus pT predominantly due to the Cronin effect [32]. In
fact, in other recombination models the enhancement is
limited to low pT [27], and in this calculation the recom-
bination contribution drops off beyond pT >∼ 3 GeV/c.
At low pT in the most central bin, the suppression from
this calculation is too weak by up to a factor of two.
More recently, Zhao and Rapp [30, 31] have modified

this calculation to include feed-down from B-mesons and
a reduced suppression at higher pT due to the longer
formation time of the preresonance state to the J/ψ from
time dilation. These contributions serve to increase RAA

at higher pT compared to the previous calculation, and
are compared to the forward rapidity data in Fig. 10.
The current lack of statistics in the data at pT > 5 GeV/c
precludes a confirmation of this effect.
It should also be noted that in the new calculation by

Zhao and Rapp, cold nuclear matter effects are handled
differently than in the earlier calculation. An effective
absorption cross section of 3.5 (5.5) mb at y = 0 (1.7)
is used to account for the combined effects of shadowing
and breakup. These effective cross sections are obtained
from comparison with recent PHENIX d+Au data. They
argue that the larger effective breakup cross section at
forward rapidity is most likely associated with shadow-
ing effects, and so reflects a suppression of the number
of charm pairs relative to midrapidity. Therefore, the
additional effective absorption at forward rapidity is as-
sociated with a reduction in the open charm yield as well
as the J/ψ yield, thus also reducing the J/ψ regeneration
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FIG. 10: (Color online) J/ψ RAA as a function of pT in the
0-20% centrality bin at forward rapidity. Overlaid are a more
recent calculation of Zhao and Rapp [30, 31].

contribution. As a result of the ad hoc use of a larger ef-
fective absorption cross section at forward rapidity, this
new calculation produces a forward to midrapidity RAA

ratio of about 0.7 in central collisions, which is in bet-
ter agreement with the data. Again, this is entirely due
to the cold nuclear matter effects, and in fact the hot
nuclear matter suppression in this calculation is almost
identical between forward and midrapidity.
A second model of interest to the pT dependence of

J/ψ production is the so-called Hot Wind model [33].
This model predicts a decrease in J/ψ RAA at higher
pT in semi-central events, based on a modification of the
screening length due to the relative velocity between the
J/ψ and the medium. However, there is no quantitative
calculation available at forward rapidities, and there is
no evidence for such an effect in the pT range covered by
the present data.

IV. SUMMARY AND CONCLUSIONS

We have presented new and more precise measure-
ments of J/ψ nuclear modification at forward rapidity
in Au+Au collisions at

√
s
NN

= 200 GeV. The results
confirm our earlier published findings of a larger sup-
pression at forward compared with midrapidity. This,
combined with the similar suppression of J/ψ at midra-
pidity between RHIC and lower energy measurements,
remains an outstanding puzzle in terms of a full theoret-
ical description.
Due to the lack of a comprehensive and consistent un-

derstanding of the numerous cold nuclear matter effects

S*ll	
  a	
  puzzle…..	
  


