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●  Color	  screening	  and	  effects	  of	  strong	  coupling	  
●  J/ψ,	  ψ’	  and	  ϒ	  produc?on	  to	  probe	  color	  screening	  
●  Quark	  correlator	  from	  laCce	  QCD	  
●  A	  thermometer:	  photon	  and	  dilepton	  emission	  
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Is	  there	  a	  relevant	  screening	  length?	  

●  Plasma:	  interac?ons	  among	  charges	  of	  mul?ple	  par?cles	  
spreads	  charge	  into	  characteris?c	  (Debye)	  length,	  λD	  
par?cles	  inside	  Debye	  sphere	  screen	  each	  other	  
	  

●  Strongly	  coupled	  plasmas:	  few	  (~1-‐2)	  par?cles	  in	  Debye	  sphere	  
Par?al	  screening	  -‐>	  liquid-‐like	  proper?es	  
	  	  	  some?mes	  even	  crystals!	  
	  

●  Test	  QGP	  screening	  with	  heavy	  quark	  bound	  states	  
	  c	  +	  c	  and	  b	  +	  b	  :	  J/ψ	  &	  Υ	  

Do	  they	  survive?	  	  
All?	  None?	  Some?	  Which	  size?	  
	   3 



Bound	  states:	  lose	  some	  and	  gain	  some	  
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Drop of QGP 
filled with gluons 
+ some quarks 

●  QGP	  screens	  primordial	  bound	  c-‐cbar	  and	  
b-‐bbar	  bound	  states	  
They	  melt	  in	  the	  plasma!	  
depends	  on	  binding	  energy	  (i.e.	  size	  of	  the	  
bound	  state)	  

●  quarks	  find	  one	  another	  when	  the	  system	  
falls	  below	  T~150	  MeV	  –	  form	  the	  hadrons	  
we	  observe	  

●  Occasionally	  a	  c	  can	  find	  a	  cbar	  
Probability	  increases	  with	  the	  number	  of	  
c-‐cbar	  pairs	  made	  

Increases	  with	  beam	  energy	  
Measure	  energy,	  quark	  mass	  dependence	  to	  

sort	  out	  (b’s	  are	  rare)	  
Ini?al	  state	  affects	  c&b	  –	  study	  p+A!	  



√s	  dependence	  of	  suppression	  effects	  
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Cold matter 
effective absorption 

√s 

√s 

Shadowing in CNM 

Screening in QGP 
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●  Can a color screening 
length be measured? 



J/ψ	  suppression	  
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No	  obvious	  pa+ern	  of	  the	  
suppression	  with	  energy	  density.	  

To	  understand	  color	  screening:	  
	  see	  as	  func;on	  of	  √s,	  pT,	  ronium	  +	  
 d+Au to disentangle cold matter effects	  

arXiv:1103.6269 

SPS	  J/ψ	  suppression	  
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Low pT 

J/ψ	  vs.	  system	  size,	  √s	  

Measure	  J/ψ	  in	  d+A/p+A	  for	  cold	  
ma+er	  effects:	  gluon	  shadowing,	  
energy	  loss	  	  

No	  clear	  suppression	  pattern 
with	  √s,	  T!	  
Why	  more	  suppression	  at	  y=2?	  	  
	  	  Late	  break-‐up?	  	  	  	  
	  	  Final	  state	  coalescence	  of	  qq?	  

J/ψ	  RAA	  ~same	  from	  17.5-‐200	  GeV!	  	  
2.76	  TeV	  direct	  J/ψ lower	  at	  mid-‐y,	  inclusive	  above	  at	  forward	  y	  



Expect	  if	  c-‐cbar	  pairs	  numerous	  or	  correlated	  
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PRL.98: 172301,2007 

Open charm flows 
  but J/ψ does not  

So, cc coalescence in 
final state @ RHIC 
is not large 
Higher at LHC? 



Suppression	  paiern	  ingredients	  
●  Color	  screening	  
●  Final	  state	  coalescence	  
	  
●  Ini?al	  state	  effects	  

Shadowing	  or	  satura?on	  of	  	  
	  	  	  incoming	  gluon	  distribu?on	  
Ini?al	  state	  energy	  loss	  
(calibrate	  with	  p+A	  or	  d+A)	  
	  

●  Final	  state	  effects	  
Breakup	  of	  quarkonia	  due	  	  
	  	  	  to	  co-‐moving	  hadrons	  
(calibrate	  with	  A	  &	  	  
	  	  	  centrality	  dependence)	   9 

arXiv:1010.1246 
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Figure 1. An illustration of the fit function RA
i (x) and the role of the parameters xa, xe, y0, ya,

and ye.

xa and xe, eliminates 6 out of the 13 parameters. The remaining ones are expressed in

terms of the following 6 parameters with obvious interpretations:

y0 Height to which shadowing levels as x → 0

xa, ya Position and height of the antishadowing maximum

xe, ye Position and height of the EMC minimum

β Slope factor in the Fermi-motion part,

the remaining parameter c0 is fixed to c0 = 2ye. The roles of these parameters are illustrated

in figure 1 which also roughly indicates which x-regions are meant by the commonly used

terms: shadowing, antishadowing, EMC-effect, and Fermi-motion.

The A-dependence of the fit parameters is assumed to follow a power law

dA
i = dAref

i

(

A

Aref

) pdi

, (2.5)

where di = xa, ya . . ., and where the reference nucleus is Carbon, Aref = 12.

The baryon number and momentum sum rules eliminate y0 and py0 for valence quarks

and gluons, leaving us with 32 free parameters. This is still way too large number of

parameters to be determined only by the data — further assumptions (based on prior

experience) are needed to decide which parameters can truly be deduced from the data

and which can be taken as fixed.

2.3 Experimental input and cross-sections

The main body of the data in our analysis consists of ℓ + A DIS measurements. We also

utilize the DY dilepton production data from fixed target p+A collisions at Fermilab and

inclusive neutral-pion production data measured in d+Au and p+p collisions at RHIC.1

Table 1 lists the sets included in our analysis and figure 2 displays their kinematical reach

1In contrast to our previous analysis [4], we do not include the BRAHMS forward rapidity charged

hadron d+Au data here. These data will be separately discussed in section 4.

– 4 –

Forward	  
+	  y	  
d-‐going	  

Backward	  	  	  	  	  
-‐	  y	  
Au-‐going	  

Au	  

8/13/12 

-2 -1 0 1 2

(6
0-

88
%

)
dA

u
R

0.2

0.4

0.6

0.8

1

Gluon Saturation
=4 mbbrσEPS09 and 

=200 GeVNNs in d+Au at ψJ/

Centrality 60-88%
10%±Global Scale Uncertainty 

-2 -1 0 1 2

(0
-2

0%
)

dA
u

R

0.2

0.4

0.6

0.8

1

Centrality 0-20%
8.5%±Global Scale Uncertainty 

y-2 -1 0 1 2

C
P

R

0.2

0.4

0.6

0.8

1

Centrality 0-20%/60-88%
8.2%±Global Scale Uncertainty 

Au	  d	  

d+Au	  -‐>	  J/ψ	  	  from	  PHENIX	  



Shadowing,	  breakup	  &	  Cronin	  effect	  
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ª 	  pT	  broadens	  (mul?ple	  scaiering)	  w/
Ncoll;	  effect	  stronger	  at	  y=0	  
ª 	  J/ψ	  suppressed	  to	  higher	  pT	  @	  mid	  &	  
forward	  y	  (lower	  x	  in	  Au);	  
ª RdA>1	  at	  high	  pT	  backward	  	  (Cronin	  
effect	  in	  Au	  nucleus	  )	  
ª 	  pT,	  y,	  centrality	  dependence	  was	  not	  
reproduced	  by	  the	  models	  

PRC87, 034911 (2013) 

J/ψ	
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coherent	  parton	  energy	  loss	  and	  pT	  
broadening	  from	  mul?ple	  scaiering	  in	  
the	  nucleus	  is	  consistent	  with	  data!	  
ˆq0 = 0.075	  GeV2/fm 	  
Dynamics	  of	  the	  probe	  &	  structure	  of	  
the	  medium	  mix!!	  
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Figure 3. Model predictions for the J/ψ nuclear suppression factor RpA(p⊥) in minimum bias d–Au
collisions at RHIC, at backward (left), central (middle) and forward (right) rapidities (solid curves).
The dashed lines indicate the effect of momentum broadening only, Rbroad

pA (y, p⊥), Eq. (2.14).
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Figure 4. Same as Fig. 3 in the four centrality classes (from top left to bottom right in each panel)
at backward, central and forward rapidities (upper left, upper right, bottom).
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Figure 3. Model predictions for the J/ψ nuclear suppression factor RpA(p⊥) in minimum bias d–Au
collisions at RHIC, at backward (left), central (middle) and forward (right) rapidities (solid curves).
The dashed lines indicate the effect of momentum broadening only, Rbroad

pA (y, p⊥), Eq. (2.14).
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Figure 4. Same as Fig. 3 in the four centrality classes (from top left to bottom right in each panel)
at backward, central and forward rapidities (upper left, upper right, bottom).
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Arleo, et al 1304.090  d+Au	  -‐>	  J/ψ	   but	  



Larger,	  less	  ?ghtly	  bound	  c-‐cbar:	  ψ’	  

ª  Clearly	  more	  suppressed	  than	  J/ψ	  
ª  Cannot	  be	  shadowing	  or	  parton	  

energy	  loss	  
These	  are	  ini?al	  state	  effects	  
	  	  &	  affect	  c-‐cbar	  precursor	  

13 

ª  ψ’/	  J/ψ	  decreases	  
linearly	  with	  dNch/dη	


ª  Break-‐up	  of	  some	  sort!	  
early	  or	  late?	  

arXiv: 1305.5516 
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Heavy	  quark	  	  
diffusion	  Ding, et al. 

arXiV: 
1107.0311 

J/Ψ:	  Not	  yes/no!	  
Is	  the	  correla?on	  

gone	  @	  T	  >1.5	  Tc?	  
What	  happens	  at	  

1.0-‐1.2Tc?	  
Is	  there	  observable	  

evidence	  of	  par?al	  
screening?	  
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Is	  there	  a	  relevant	  screening	  length?	  

ru
nn

in
g 

co
up

lin
g 

coupling drops off for r > 0.3 fm 

Karsch, et al. Lattice:  

●  Strongly	  coupled	  
maier:	  few	  par?cles	  in	  
Debye	  sphere	  -‐	  
decreases	  screening!	  

Ding, et al. 
arXiV: 
1107.0311 

LQCD spectral functions show 
correlation remaining at T>Tc  
Partial screening? 
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Mike Leitch - PHENIX QM09 
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Upsilon	  in	  p+p	  

Cross section follows 
world trend 
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Au+Au 

RAA [8.5,11.5] < 0.64 at 90% C.L. 

Mike Leitch - PHENIX QM09 

17 

p+p Au+Au 

N[8.5,11.5] 10.5(+3.7/-3.6) 11.7(+4.7/-4.6) 

NJ/Ψ 2653 ±70±345 4166 ±442(+187/-304) 

RAA(J/Ψ) --- 0.425 ±0.025±0.072 

Upsilon	  suppressed	  in	  Au+Au!	  



b-‐bar	  bound	  states	  at	  the	  LHC	  
●  Coalescence	  could	  be	  important	  at	  LHC	  

More	  c-‐cbar	  pairs	  produced.	  Use	  b-‐bar	  to	  probe…	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
●  Does	  par?al	  screening	  preserve	  correla?ons,	  enhancing	  

likelihood	  of	  final	  state	  coalescence?	  
●  arXiV:1010.2735	  (Aarts,	  et	  al):	  ϒ unchanged	  to	  2.09Tc	  	  

χb	  modified	  from	  1-‐1.5Tc,	  then	  free	   18 

   ϒ (2S,3S)  
suppressed 



plasma lives for 3x10-23 s 
droplet is 10-12 cm across 
 
can’t use a thermometer! 
So we look at the light 

Hoiest	  Science	  Experiment	  on	  the	  Planet*	  

* According to Discover Magazine 
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Thermal	  radia?on	  

PRL104, 132301 2010 

Low	  mass,	  high	  pT	  e+e-‐	  →	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  nearly	  real	  photons	  
Large	  enhancement	  above	  	  
	  	  	  	  	  p+p	  in	  the	  thermal	  region	  

 pQCD γ spectrum  
  (QCD Compton scattering) 
agrees with p+p data 

γ	

γ*	


e+ 

e- 



Analogy	  to	  the	  bronze	  is	  not	  quite	  right	  

●  Similar	  to	  black	  body	  radia?on,	  but…	  
●  The	  photons	  are	  not	  bouncing	  around	  in	  equilibrium	  

with	  QGP	  
Produced	  by	  interac?ons	  among	  partons	  in	  equilibrium	  
Exit	  the	  plasma	  with	  no	  further	  (strong)	  interac?ons	  
	  

●  The	  plasma	  is	  not	  sta?c	  
It	  is	  expanding	  at	  v=c	  longitudinally	  and	  v~0.5c	  radially	  
Photons	  arise	  from	  velocity	  boosted	  partons	  
	  

●  What	  to	  do	  about	  this?	  
●  Use	  our	  hydrodynamics	  models!	  

21 
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•  Exponential fit in pT: 
Tavg = 221 ±23 ±18  MeV 
 
•  Multiple hydrodynamics 
models reproduce data  
Tinit ≥ 300 MeV 

direct	  photons:	  Tinit	  >	  Tc	  !	  

NB: Tc ~ 150 MeV 
@ LHC Tavg = 304±51 MeV 
 hydrodynamic Tinit ~ 30% 
higher than at RHIC  



Thermal	  photons	  (virtual)	  	  
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Observe	  excess	  photons	  beyond	  pQCD	  in	  AA	  collisions.	  In	  thermal	  pT	  region	  	  
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Now	  we	  are	  on	  the	  map	  

Temperature 
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Hadrons  

Plasma 

Energy density ∝ T4 

 more degrees of freedom 
     in the plasma phase 

Ideal Gas 

      We are here 

€ 

ε = g π
2

30
T 4

Tc ~ 150 ± 10 MeV 
ε ~ 3 GeV/fm3 



Thermal	  photons	  also	  flow!	  
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inclusive	  photon	  v2	  

Au+Au@200	  GeV	  
minimum	  bias	  

Sta?s?cal	  subtrac?on	  
	  	  	  inclusive	  photon	  v2	  
-‐	  	  	  	  	  	  decay	  photon	  v2	  	  	  
=	  	  	  	  	  direct	  photon	  v2	  

	  

1
2

.
2.

2 −

−
=

γ

γ

R

vvR
v

BGinc
dir

inclusive	  photon	  v2	  

Au+Au@200	  GeV	  
minimum	  bias	  

π0	  v2	  

π0 v2	  similar	  to	  inclusive	  
photon	  v2	  

Au+Au@200	  GeV	  
minimum	  bias	  

Direct	  photon	  v2	  

Flow magnitude is surprising – T4 dominance = early γ’s 
Still a mystery, but suggests pre-equilibrium flow… 

arXiv:1105.4126 



Direct	  photons	  also	  flow	  in	  Pb+Pb	  at	  LHC	  

●  What	  does	  this	  mean?	  
●  Early	  emission	  è	  many	  γ	


T	  is	  max	  early	  (rate	  as	  AT4)	  
●  Large	  flow	  èlate	  emission	  

Time	  to	  build	  up	  
T	  drops	  by	  expansion	  

26 



Where	  do	  photons	  come	  from?	  

27 

vanHees, Gale & Rapp, arXiv:1108.2131 

Should flow, if “extras” come from a very rapidly expanding 
hadron gas, that lives longer than initially expected 
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Lepton	  pair	  emission	  ↔	  EM	  correlator	  

Emission rate of dileptons per volume 

Boltzmann factor 
temperature 

EM correlator 
Medium property 

γ*àee  
decay 

From emission rate of dileptons, the medium effect on the EM correlator as well as  
temperature of the medium can be decoded. 

e.g. Rapp, Wambach Adv.Nucl.Phys 25 (2000)  

Hadronic contribution 
Vector Meson Dominance 

qq annihilation  

Medium modification of meson 
Chiral restoration 

q 

q 
Thermal radiation from 
partonic phase (QGP) 

Yasuyuki Akiba - PHENIX QM09 



Calculate	  the	  correlator	  on	  the	  laCce	  
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è 	  non-‐perturba?ve	  contribu?ons	  to	  thermal	  dilepton	  rates	  
	  at	  low	  mass	  	  

In Fig. 12 we show the thermal dilepton rate calculated
from Eq. (2.14) for two massless ðu; dÞ flavors. We use the
results obtained with our Breit-Wigner plus continuum fit
ansatz, Eq. (5.2), as well as results obtained with a trun-
cated continuum term. For the latter we use the case,
!0=T ¼ 1:5, !!=T ¼ 0:5, which gave a !2=d:o:f of about
1. These results are compared to a dilepton spectrum
calculated within the hard thermal loop approximation
[12] using a thermal quark mass mT=T ¼ 1. Obviously
the results are in good agreement for all!=T * 2. For 1 &
!=T & 2 differences between the HTL spectral function
and our numerical results is about a factor two, which also
is the intrinsic uncertainty in our spectral analysis. At
energies !=T & 1 the HTL results grow too rapidly, as is
well known.

In the limit ! ! 0 the results for "iið!Þ=!, and thus
also for the electrical conductivity, are sensitive to the
choice of fit ansatz. Within the class of Ansätze used by
us a small value of "iið!Þ=! seems to be favored. Our
current analysis suggests

2 & lim
!!0

"iið!Þ
!T

& 6 at T ’ 1:45Tc: (6.1)

This translates into an estimate for the electrical conduc-
tivity

1=3 &
1

Cem

#

T
& 1 at T ’ 1:45Tc: (6.2)

Using Eq. (2.15) this yields for the zero energy limit of the
thermal photon rate:4

lim
!!0

!
dR$

d3p
¼ ð0:0004–0:0013ÞT2

c ’ ð1–3Þ $ 10%5 GeV2

at T ’ 1:45Tc: (6.3)

VII. CONCLUSIONS

At a fixed value of the temperature, T ’ 1:45Tc, we have
performed a detailed analysis of vector correlation func-
tions in the high temperature phase of quenched QCD. A
systematic analysis at different values of the lattice cutoff
combined with an analysis of finite volume and quark mass
effects allowed us to extract the vector correlation function
in the continuum limit for a large interval of Euclidean
times, 0:2 & %T & 0:5. In this interval the correlation
function has been determined to better than 1% accuracy.
Furthermore, we determined its curvature at the midpoint
of the finite temperature Euclidean time interval,
%T ¼ 1=2.
We analyzed the continuum extrapolated vector corre-

lation functions using several fit Ansätze that differ in
their low momentum structure. We find that the vector
correlation function is best fitted by a simple ansatz
that is proportional to a free spectral function plus a

1e-12

1e-11

1e-10
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1e-08

1e-07

1e-06

1e-05

 0  2  4  6  8  10

dNl+l-/dω d3p
p=0

ω/T

BW+continuum: ω0/T=0, ∆ω/T=0
ω0/T=1.5, ∆ω/T=0.5

HTL
Born

 0

 1

 2

 3

 4

 5

 0  2  4  6  8  10

ω0/T=0, ∆ω/T=0
ω0/T=1.5, ∆ω/T=0.5

HTL
free

ρii(ω)/ωT

ω/T

FIG. 12 (color online). Thermal dilepton rate in 2-flavor QCD (left). Shown are results from fits without a cutoff on the continuum
contribution (!0=T ¼ 0) and with the largest cutoff tolerable in our fit ansatz (!0=T ¼ 1:5). The HTL curve is for a thermal quark
mass mT=T ¼ 1 and the Born rate is obtained by using the free spectral function. The right-hand part of the figure shows the spectral
functions that entered the calculation of the dilepton rate.

4Here we used Tc ’ 165 MeV. This is a value relevant for
QCD with 2 light quarks rather than the critical temperature for a
pure SU(3) gauge theory.

THERMAL DILEPTON RATE AND ELECTRICAL . . . PHYSICAL REVIEW D 83, 034504 (2011)

034504-15

From fit to lattice spectral fn. in 
Phys.Rev.D.83.034504 (2011) 

•  For small energy, ω/T<(1-2) 
spectral function > free form 
 
•  For ω/T ≃ 1 thermal dilepton 
rate ~ order of magnitude > 
leading order Born rate 
 
•  for ω/T>∼(2 − 4) the spectral 
function is close to the free 
form 
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Theory	  predic?on	  of	  dilepton	  emission	  

Vacuum EM correlator 
Hadronic Many Body theory 
Dropping Mass Scenario 
q+q annihilation (HTL improved) 
(q+gàq+γàqee not shown) 

Theory calculation by Ralf Rapp 
dMdydpp

dN

tt

ee at y=0, pt=1.025 GeV/c 

Usually the dilepton emission 
is measured and compared 
as dN/dptdM 
 
The mass spectrum at low pT 
is distorted by the virtual 
photonàee decay factor 1/M, 
which causes a steep rise 
near M=0 
 
qq annihilation contribution 
is negligible in the low mass 
region due to the m**2 factor 
of the EM correlator 
 
In the calculation, partonic 
photon emission process 
q+gàq+γàq+e+e- not 
included  
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Virtual	  photon	  emission	  rate	  

dydpp
dN

dMdydpp
dNM

tttt

ee *γ∝×  at y=0, pt=1.025 GeV/c 

dydpp
dN

tt

γ

Vaccuum EM correlator 
Hadronic Many Body theory 
Dropping Mass Scenario 
q+q annihilation (HTL improved) 
(q+gàq+γàqee not shown) 

The same calculation, but 
shown as the virtual 
photon emission rate. 
 
The steep raise at M=0 is 
gone, and the virtual 
photon emission rate is 
more directly related to the 
underlying EM correlator. 
 
When extrapolated to M=0, 
the real photon emission 
rate is determined. 
 
q+gàq+γ* is not shown; it 
is similar size as HMBT at 
this pT 

Yasuyuki Akiba - PHENIX QM09 
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What	  about	  low	  mass,	  low	  pT	  di-‐electrons?	  
STAR. arXiv: 1504.01317 
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● backup	  slides	  



AdS/CFT	  references	  

●  There	  are	  thousands!	  
●  Original	  paper:	  J.Maldacena,	  arXiv:hep-‐th/9711200	  

	  8001	  cita?ons!!	  
Aharony,	  Gubser,	  Maldacena,	  Ooguri	  &	  Oz,	  Phys.	  Rept.323,	  

183	  (2000)&arXiv:hep-‐th/9905111	  
2633	  cita?ons!	  

●  Quantum	  Phase	  Transi?ons:	  Herzog,	  Kovtun,	  Sachdev	  &	  
Son,	  arXiv:hep-‐th/0701036	  

●  Condensed	  Maier:	  S.	  Sachdev,	  arXiv:1108.1197	  (a	  review)	  
●  Holographic	  Liquids:	  Nickel	  and	  Son,	  arXiv:	  1009.3094	  
●  Quark	  Gluon	  Plasma	  (a	  non-‐technical	  review	  +	  references):	  

	  S.S.	  Gubser,	  arXiv:	  1103.3636	  

34 
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p+p Au+Au (MB) 
Gluon Compton 

q γ*	


g q 

e+ 
e- 

Dileptons	  at	  low	  mass	  and	  high	  pT	  

• m<2π only Dalitz contributions 
• p+p: no enhancement  
• Au+Au: large enhancement at low pT 

• A real γ source →  
         virtual γ with v. low mass 
• We assume internal conversion of direct 
photon à extract the fraction of direct 
photon 

PHENIX Preliminary PHENIX Preliminary 

1 < pT < 2 GeV 
2 < pT < 3 GeV 
3 < pT < 4 GeV 
4 < pT < 5 GeV 

r : direct γ*/inclusive γ* 

Direct γ*/Inclusive γ*  
determined by fitting each pT bin 

( ) ( ) ( ) ( )eedirecteecocktaileedata MfrMfrMf ⋅+⋅−= 1



An	  experimental	  aside	  
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γinc. v2 with external 
conversion method 

200GeV Au+Au 20-40% 
      PHENIX Preliminary 

γinc. v2 
(Φ2

BBC) 

● 	  Direct	  photon	  flow	  ingredients	  
● 	  Measure	  v2	  of	  inclusive	  (all)	  γ’s	  
● 	  Measure v2 of π0’s, calculate decays 

Find	  raKo	  γall	  /γdecays	  	  (Rγ ),	  then	  use	  

Key cross checks: 
γinc are really γ’s:  

   check using γ-> e+e- 
Rγ for virtual vs. real γ 

€ 

v2
dir. =

Rγv2
inc. − v2

BG

Rγ −1



New	  ques?ons	  from	  RHIC	  &	  LHC	  data!	  

1.  At what scales is the coupling strong? 
2.  How is equilibration achieved so rapidly? 
3.  Nature of QCD matter at low T but high ρ? 
4.  What is the mechanism for quark/gluon-

plasma interactions? For the plasma 
response? 
   Is collisional energy loss significant? 

5.  Is there a relevant (color) screening length? 
6.  Are there quasiparticles in the quark gluon 

 plasma? If so, when and what are they? 

37 



Use	  RHIC’s	  key	  capabili?es*	  
●  Coupling scale & quasipar?cle	  search	  

charm	  hard(not	  thermal)	  probe	  @	  RHIC	  
c	  vs.	  b	  in	  QGP	  

●  parton-plasma interaction 
Jets ≤ 50 GeV, γ-jet 
Ejet, l, qmass, angle dep. of dE/dx 
Jet virtuality ~ medium scale 

●  Screening length 
study	  as	  func?on	  of	  √s,	  pT,	  ronium 

●  Thermalization mechanism 
γdir	  yield,	  spectra	  &	  flow 

●  QCD in cold, dense (initial) state	  
y dependence in d+Au  
Gluon saturation scale? 
EIC 38 

*In the era of Pb+Pb at the LHC 

Luminosity x10 at RHIC 
Large acceptance 
è rare probe scan:          
50<√s <200 GeV 
è  asymmetric systems 
 

Au+Au 
Cu+Au 
U+U 



When	  you	  think	  of	  studying	  heavy	  ion	  
collisions,	  think	  strings!	  

39 



40 



Insights,	  given	  first	  LHC	  results	  
●  Quarkonia	  energy	  dependence	  not	  understood!	  

Need	  charmonium	  and	  boionium	  states	  at	  >1	  √s	  at	  RHIC	  
+	  guidance	  from	  laCce	  QCD!	  

●  Jet	  results	  from	  LHC	  very	  surprising!	  
Steep	  path	  length	  dependence	  of	  energy	  loss	  
	   	  also	  suggested	  by	  PHENIX	  high	  pT	  v2;	  AdS/CFT	  is	  right?	  

Liile	  modifica?on	  of	  “jet”	  fragmenta?on	  func?on	  
	   	  looks	  different	  at	  RHIC	  (different	  jet	  defini?on,	  energy)	  

Lost	  energy	  goes	  to	  low	  pT	  par?cles	  at	  large	  angle	  
	   	  is	  dissipa?on	  slower	  at	  RHIC?	  Due	  to	  medium	  or	  probe?	  

Liile	  modifica?on	  of	  di-‐jet	  angular	  correla?on	  
	  	   	  appears	  to	  be	  similar	  at	  RHIC	  

●  Need	  full,	  calorimetric	  reconstruc?on	  of	  jets	  in	  wide	  y	  range	  at	  
RHIC	  to	  disentangle	  probe	  effects/medium	  effects/ini?al	  state	  	  

41 



Mysteries	  in	  heavy	  ion	  physics	  

u  Energy	  loss	  mechanism	  
@	  LHC	  40	  GeV	  jets	  opposing	  100	  GeV	  jets	  look	  “normal”	  
	  no	  broadening	  or	  decorrela?on	  
	  no	  evidence	  for	  collinear	  radia?on	  from	  the	  parton	  

@	  RHIC	  low	  energy	  jets	  appear	  to	  show	  medium	  effects	  
	  but,	  “jet”	  is	  defined	  differently	  

è  c	  &	  b	  to	  probe	  role	  of	  collisional	  energy	  loss	  VTX,	  FVTX	  
è  quan?fy	  path	  length	  dependence	  U+U,	  Cu+Au	  	  

u J/ψ	  suppression	  and	  color	  screening 	  	  
amazingly	  similar	  from	  √s=17-‐200	  GeV;	  but	  ini?al	  states	  differ	  

	  	  	  not	  SO	  different	  at	  LHC	  
è  Other	  states	  y	  &	  √s	  dependence	  (e.g.	  ψ’)	  FVTX,	  staKsKcs	  
è  d+Au	  for	  ini?al	  state;	  130	  GeV	  Au+Au	  eventually?	  	  

	   42 

NSAC milestone DM11, 12 

NSAC milestone DM5 
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● Barbara Jacak - 
Lattice 2011 



Cri?cal	  point	  search:	  low	  energy	  Au+Au	  @	  RHIC	  

44 

S. Gupta, QM2011 
Tools: 
Fluctuations, partonic collective flows 



suscep?bili?es	  &	  net-‐baryon	  fluctua?ons	  

45 

Relation between 
the baryon 
susceptibilities, χΒ, 
and cumulants of 
the net-baryon 
fluctuations 



Fluctua?ons	  as	  Cri?cal	  Point	  Signature	  

Event-‐by-‐event	  net-‐baryon	  fluctua?on	  ra?os	  from	  STAR	  are	  so	  far	  
consistent	  with	  the	  Hadron	  Resonance	  Gas	  	  

Hadron	  freezeout	  not	  (yet)	  near	  cri?cal	  point	  
Calcula?ons	  of	  higher	  moments	  from	  LQCD	  deviate	  from	  HRG	  
calcula?ons	  and	  may	  provide	  conclusive	  evidence	  for	  cri?cal	  
point	  if	  observed	  in	  data	  
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F. Karsch, K. Redlich / Physics Letters B 695 (2011) 136–142 139

Fig. 1. The ratio of quadratic fluctuations and mean net baryon number (σ 2
B /MB ),

cubic to quadratic (SBσB ) and quartic to quadratic (κBσ 2
B ) baryon number fluctua-

tions calculated in the HRG model on the freeze-out curve and compared to results
obtained by the STAR Collaboration [13]. The dashed curves show the approximate
tanh(µB/T ) result for κBσ 2

B and SBσ , respectively.

findings of the STAR Collaboration, which measured moments of
baryon number fluctuations through net-proton number fluctua-
tions [13].

Fig. 1 shows a comparison of the energy dependence of quad-
ratic fluctuations (σ 2

B ) normalized to the net baryon number (MB ),
skewness SBσB and kurtosis κBσ 2

B obtained in the HRG model at
chemical freeze-out with the STAR data.

Obviously, the HRG model provides a good description of prop-
erties of different moments of net proton number fluctuations
measured at RHIC energies. The reason for considering ratios of
charge fluctuations rather than absolute values for different mo-
ments was, of course, that one is independent of definitions of
the interaction volume and also is less sensitive to experimental
cuts and systematic errors. Moreover, some of these ratios have
an interesting interpretation, like e.g. the ratio χ (4)

B /χ (2)
B which

directly characterizes the dominant degrees of freedom carrying
baryon number [5]. In addition it is also of interest to understand
whether the HRG model can quantitatively describe the energy de-
pendence of the STAR data [13] on the first four moments, i.e. the
mean, variance, skewness and kurtosis.2

In order to compare the HRG model calculations with the
experimental results presented in [13] we note that this analy-
sis only explored fluctuations in a limited phase space. In fact,
the data on mean particle yields differ from previous results ob-
tained by the STAR Collaboration [16]. From Ref. [13] one gets:
Mp−p̄ ≃ 1.75 ± 0.25 and Mp−p̄ ≃ 3.5 ± 0.4 in the central (0–5%)
bin of Au–Au collisions at

√
sNN = 200 GeV and 62.4 GeV, respec-

tively. These values should be compared with Mp−p̄ ≃ 8 ± 1.8 and
Mp−p̄ ≃ 15.4±2.1 obtained at mid-rapidity at corresponding ener-
gies in [16]. These data differ by a common factor K ≃ 0.22. Part of
the difference may be attributed to the fact that net proton fluc-
tuation data in Ref. [13] were taken in the restricted transverse
momentum range 0.4 < pT < 0.8 GeV.

In the HRG model used by us the thermal phase–space of all
particles is not restricted. Consequently, in order to compare pre-
dictions for different moments of net proton fluctuations with
experimental data one needs to rescale its thermal phase space
by the above mentioned factor K ≃ 0.22. Effectively, this corre-
sponds to rescaling the volume parameter V T 3 appearing for in-
stance in Eq. (8), by the K -factor, although its origin is not nec-

2 Of course, as we have already verified consistency of three ratios with the HRG
model calculations, only the energy dependence of one of theses observable pro-
vides additional information.

essarily related with a smaller volume of the system at chemical
freeze-out.

The change of volume with energy on the freeze-out line is
calculated by comparing data on dNπ−/dy at mid rapidity for
different

√
s with HRG model results.3 We then obtain, V =

[dNπ−/dy]data/nHRGπ− [T , µ⃗], where in the HRG model the negatively
charged pion density nHRGπ− is calculated using the relation between√
s and the thermal parameters given in Eqs. (1) and (2). Our re-

sults on V (
√
s ) extracted in this way are consistent with those

obtained recently in Ref. [10].
Fig. 2 (top left) shows the energy dependence of the first mo-

ment (Mp−p̄) of net proton number in the HRG model with a
volume parameter, V T 3, rescaled by the factor K ≃ 0.22. One can
see in this figure that the HRG model results are consistent with
the data.

Taking into account the results for various ratios of moments
shown in Fig. 1 it immediately follows that the HRG model will
also describe the energy dependence of other moments, i.e. vari-
ance, skewness and kurtosis. These are also shown in Fig. 2.

The good agreement of HRG model calculations with RHIC data
allows us to make predictions for different moments of charge
fluctuations covering the energy range of the RHIC low energy scan
and the lowest energy for heavy ion collision at the LHC. We sum-
marize the HRG model results at different energies in Table 2.

4.2. Electric charge and strangeness fluctuations

More subtle dependencies on temperature and baryon number
arise in the case of electric charge and strangeness fluctuations
where multiple charged hadrons get larger weight in higher mo-
ments and where meson as well as baryon sectors contribute. This
results in characteristic deviations of the kurtosis, more precisely
κQ σ 2

Q = χ (4)
Q /χ (2)

Q , from unity and also the skewness no longer is
simply related to tanh(µB/T ). In the case of electric charge fluc-
tuations we may separate contributions of different charge sectors
to the partition function. For instance, for n even, we may then
obtain for moments of electric charge fluctuations,

χ (n)
Q = 1

V T 3

(
ln Z |Q |=1(T ,µB ,µQ ,µS)

+ 2n ln Z |Q |=2(T ,µB ,µQ ,µS)
)
, (21)

where the logarithms of partition functions, ln Z |Q | , are obtained
from Eq. (5) by restricting the sums over mesons and baryons
to the relevant charge sectors. From this it is obvious that devi-
ations of κQ σ 2

Q = χ (4)
Q /χ (2)

Q from unity only arises from contribu-
tions of baryons with electric charge 2. Similarly the odd moments
are modified. On the freeze-out curve this leads to a characteris-
tic dependence of ratios of moments on the collision energy that
is shown in Fig. 3. In the energy range relevant for current low-
energy runs at RHIC [12] as well as at LHC one has κQ σ 2

Q ≃ 1.8,
which varies only little with

√
sNN .

In addition one may analyze correlations between baryon num-
ber and different moments of charge fluctuations. Some results are
shown in the left hand part of Fig. 3.

For completeness we show in Fig. 4 fluctuations and correla-
tions in the strangeness sector of the HRG model. In practice it
may be more difficult to compare this with experimental results
as it will be crucial that the analysis allows for strangeness fluc-
tuations in a sub-volume and will not impose the constraint of
vanishing strangeness on event-by-event basis.

3 For a compilation of heavy ion data on charged pion yields at mid–rapidity at
different energies see e.g. Ref. [8].

Karsch, et al. PLB  
2010.10046 



Beam	  Energy	  Scan	  in	  PHENIX	  
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Is	  there	  a	  cri?cal	  point	  separa?ng	  1st	  order	  phase	  transi?on	  &	  smooth	  cross-‐over?	  
● 	  Quark-‐number	  scaling	  of	  V2	  

• 	  satura?on	  of	  flow	  vs	  collision	  energy	  
• 	  find	  η/s	  minimum	  at	  cri?cal	  point	  from flow 	  

● 	  Cri?cal	  point	  searches	  via:	  
• 	  fluctua?ons	  in	  <pT>	  &	  mul?plicity	  
• 	  K/π,	  π/p,	  pbar/p	  chemical	  equilibrium	  
• 	  RAA	  vs	  √s,	  	  ….	  



Dense	  gluonic	  maier	  (d+Au,	  forward	  y):	  	  
large	  effects	  observed	  

48 

Shadowing/absorp;on	  stronger	  than	  
linear	  w/nuclear	  thickness	  

Di-‐hadron	  suppression	  at	  low	  x	  
	  	  	  	  	  	  pocket	  formula	  (for	  2è2):	  

s
epepx TTfrag

Au

><−><− ><+><
=

21
21

ηη

pp
pair
pp

dA
pair
dA

coll
dA N
J

σσ
σσ
/
/1

=

trend	  as,	  e.g.	  in	  CGC	  …	  

arXiv:1105.5112 arXiv:1010.1246 
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