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Outline	
  

  Hadron	
  correla;ons	
  in	
  d+Au	
  
Flow	
  in	
  d+Au?	
  What	
  does	
  this	
  say	
  about	
  thermaliza2on?	
  
Probe	
  of	
  ini2al	
  condi2ons	
  

  Heavy	
  flavor	
  produc;on	
  
Quarkonia	
  
Open	
  heavy	
  flavor	
  in	
  Craig	
  Ogilvie’s	
  talk	
  
Di-­‐leptons	
  
Satura2on,	
  shadowing,	
  an2-­‐shadowing,	
  parton	
  energy	
  
loss,	
  parton	
  (re)scaIering	
  in	
  cold	
  nuclear	
  maIer	
  

  Direct	
  photons	
  
Nuclear	
  gluon	
  distribu2on	
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Di-­‐hadrons	
  in	
  d+Au:	
  ini;al	
  or	
  final	
  state	
  effect?	
  
  Jet	
  correla;ons	
  

High	
  pT:	
  maximize	
  jet	
  signal/minimize	
  combinatorial	
  bkgd	
  
Near	
  side/same	
  jet	
  produces	
  small	
  Δη	
  correla;on	
  

  Correla;ons	
  in	
  underlying	
  event	
  
≥1	
  low	
  pT	
  par;cle	
  for	
  sensi;vity	
  to	
  underlying	
  event	
  
Select	
  maximum	
  Δη	
  
	
  In	
  PHENIX	
  central	
  arms:	
  0.48	
  <	
  |Δη|	
  <	
  0.7	
  
	
  MPC-­‐central	
  correla;ons:	
  3.0	
  <	
  |Δη|	
  <	
  4.0	
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Di-­‐hadrons	
  in	
  the	
  
central	
  arms	
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Central - peripheral to 
remove remaining jet 

Looks awfully flow-like! 

Opposite sign enhances 
jet contribution; 
subtraction works! 
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Fourier	
  coefficients	
  &	
  v2	
  value	
  

5 

Extract	
  v2	
  using	
  factoriza;on:	
  

C2(pTa,	
  pTb)=	
  v2(pTa)	
  v2(pTb)	
  

A.	
  Sickles	
  

v2	
  >	
  v2	
  at	
  LHC	
  

ε2	
  d+Au	
  >	
  ε2 p+Au	
  
v2	
  agrees	
  w/hydro	
  	
  

	
  	
  	
  η/s	
  ≤	
  0.08	
  
v3	
  ~	
  0	
  



6 
Sort	
  out	
  ini2al	
  state	
  for	
  hard	
  scaIerings!	
  



Use	
  larger	
  rapidity	
  gap	
  to	
  ensure	
  no	
  jets	
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Look	
  at	
  ET	
  ≥	
  300	
  MeV/c	
  clusters	
  

trigger	
  

partner	
  



Long	
  range	
  correla;ons	
  in	
  d+Au	
  at	
  RHIC!	
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cen
trality


Ridge @ large η     NB: jets not removed; v3 ~0  

S.	
  Huang	
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Returning	
  to	
  central-­‐central:	
  



Might	
  systema;c	
  effects	
  confuse	
  us?	
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BVJ:	
  I’d	
  expect	
  difference	
  in	
  viscous	
  effects	
  in	
  d+Au	
  vs.	
  Au+Au	
  
to	
  modify	
  the	
  scaling.	
  Data	
  might	
  have	
  room	
  for	
  that?	
  



Heavy	
  Flavor	
  

  Produc;on	
  of	
  c+cbar	
  and	
  b+bbar	
  
Probes	
  nuclear	
  gluon	
  distribu;on	
  in	
  d+Au	
  
	
  ini;al	
  state	
  effects:	
  
	
  	
  	
  	
  satura;on	
  

	
  	
  	
  	
  	
  	
  	
  shadowing,	
  an;-­‐shadowing	
  
	
  	
  	
  	
  parton	
  energy	
  loss	
  
	
  	
  	
  	
  parton	
  (re)scarering	
  

  quarkonia,	
  open	
  heavy	
  flavor	
  

  Quarkonia	
  survival	
  probability	
  
Sensi;ve	
  to	
  surrounding	
  	
  
	
  	
  	
  	
  	
  	
  	
  medium	
  in	
  d+Au	
  
  J/ψ	
  vs.	
  ψ’	
  vs.	
  Υ	
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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 " + 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	
  



J/ψ	
  in	
  d+Au	
  

forward	
  rapidity	
  probes	
  low-­‐x	
  in	
  Au	
  

satura2on	
  predicts	
  suppression	
  
forward	
  data:	
  non-­‐linear	
  suppression	
  

vs.	
  density	
  weighted	
  longitudinal	
  
thickness	
  

•  EPS09	
  nPDF’s:	
  linear	
  

•  break-­‐up	
  w/fixed	
  σbr:	
  exponen;al	
  
•  data:	
  ~quadra;c	
  

increased	
  suppression	
  at	
  forward	
  
rapidity	
  also	
  expected	
  from	
  ini;al	
  
state	
  parton	
  energy	
  loss…	
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PRL107, 142301 (2011) 



Dense	
  gluonic	
  marer	
  effects	
  observed	
  

14 

Shadowing/absorption stronger 
than linear w/nuclear thickness 

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

As expected for CGC … 

PRL107, 172301 (2011) 
PRL107, 142301 (2011) 



Shadowing,	
  breakup	
  &	
  Cronin	
  effect	
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 	
  pT	
  broadens	
  (mul;ple	
  scarering)	
  
w/Ncoll;	
  effect	
  stronger	
  at	
  y=0	
  

 	
  J/ψ	
  suppression	
  to	
  higher	
  pT	
  @	
  
mid	
  &	
  forward	
  y	
  (lower	
  x	
  in	
  Au);	
  

 RdA>1	
  at	
  high	
  pT	
  backward	
  	
  
(Cronin	
  effect	
  in	
  Au	
  nucleus	
  )	
  
 	
  pT,	
  y,	
  centrality	
  dependence	
  was	
  
not	
  reproduced	
  by	
  the	
  models	
  

PRC87, 034911 (2013) 

J/ψ	





but	
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coherent	
  parton	
  energy	
  loss	
  and	
  pT	
  
broadening	
  is	
  consistent	
  with	
  data!	
  

ˆq0 = 0.075	
  GeV2/fm 	
  
Satura2on:	
  beIer	
  rapidity	
  dependence	
  

	
  	
  (for	
  min	
  bias,	
  pT	
  integrated	
  J/ψ)	
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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
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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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Smaller,	
  more	
  ;ghtly	
  bound	
  probe	
  

  Hard	
  to	
  quan;fy	
  comparison	
  

	
  	
  	
  	
  	
  Υ	
  in	
  line	
  with	
  data	
  at	
  lower	
  √s	
  
  Consistent	
  with	
  EPS09	
  

shadowing	
  +	
  some	
  nuclear	
  
breakup	
  (recall:	
  backward	
  
rapidity	
  =	
  Au-­‐going)	
  

17 

PRC87, 044909 (2013) 



Larger,	
  less	
  ;ghtly	
  bound	
  ψ’	
  

  Clearly	
  more	
  suppressed	
  than	
  J/ψ	
  

  Cannot	
  be	
  shadowing	
  or	
  parton	
  
energy	
  loss	
  
These	
  are	
  ini;al	
  state	
  effects	
  

18 

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



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

arXiv: 1305.5516 



√s	
  dependence	
  is	
  a	
  key	
  tool!	
  

  Time	
  in	
  nucleus	
  is	
  short	
  at	
  √s	
  =	
  200	
  GeV	
  
Shorter	
  than	
  bound	
  state	
  forma;on	
  ;me!	
  Late	
  final	
  state	
  effect?	
  

  Suppression	
  vs.	
  dNch/dη suggests	
  breakup	
  by	
  comoving	
  hadrons	
  	
  
dNch/dη=15	
  in	
  central	
  d+Au;	
  ψ’	
  easier	
  to	
  break	
  up	
  than	
  J/ψ	
  (R.	
  Vogt)	
  

19 



Rapidity	
  dependence	
  is	
  coming	
  

20 

	
  	
  	
  	
  	
  	
  	
  	
  Forward	
  vertex	
  detector	
  FVTX	
  	
  

	
   	
  improves	
  mass	
  resolu;on	
  	
  	
  
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Ψ’	
  at	
  forward	
  rapidity!	
  



Open	
  heavy	
  flavor:	
  mid-­‐rapidity	
  e±	
  

  RdA=1	
  for	
  peripheral	
  collisions	
  

  Enhancement	
  at	
  low	
  pT	
  in	
  central	
  collisions	
  
Recall	
  J/ψ	
  pT	
  evidence	
  for	
  parton	
  mul;ple	
  scarering	
  
“classic”	
  reason	
  for	
  Cronin	
  Effect	
  

21 

PRL109, 242301 (2012) 



NB:	
  Classic	
  does	
  not	
  always	
  mean	
  right!	
  

👿	
  “old”	
  problem	
  with	
  “Cronin	
  effect	
  =	
  parton	
  mul;ple	
  scarering”	
  	
  “old”	
  problem	
  with	
  “Cronin	
  effect	
  =	
  parton	
  mul;ple	
  scarering”	
  
How	
  does	
  the	
  parton	
  know	
  it	
  will	
  produce	
  a	
  proton?	
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PRC88, 024906 (2013) 



Rapidity	
  dependence	
  of	
  open	
  heavy	
  flavor	
  

  	
  Clear	
  enhancement	
  in	
  Au-­‐going	
  direc;on	
  sensi;ve	
  to	
  high-­‐x	
  in	
  
Au	
  	
  	
  (An2-­‐shadowing	
  regime)	
  

  Suppression	
  in	
  d-­‐going	
  direc;on	
  sensi;ve	
  to	
  low-­‐x	
  
(shadowing)	
  	
  

  Enhancement	
  also	
  at	
  mid-­‐rapidity	
  (see	
  C.	
  Ogilvie’s	
  talk!)	
   23 
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 
 PHENIX	
  measures:	
  

 	
  non-­‐photonic	
  single	
  
leptons	
  

 	
  also	
  intermediate	
  	
  

mass	
  lepton	
  pairs	
  



Another	
  handle:	
  di-­‐electrons	
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PLB 670, 313 (2009) 

σcharm	
  in	
  p+p:	
  544µb	
  ±39(stat)	
  	
  

±142(syst)	
  ±	
  200	
  (model)	
  
σbot: 3.9µb ±2.5(stat) +3

-2(syst) 

p+p	
  



Di-­‐electrons	
  in	
  d+Au	
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Note:	
  no	
  low	
  mass	
  enhancement	
  in	
  d+Au	
  



Good	
  sta;s;cs	
  
in	
  d+Au	
  2008	
  run	
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allows	
  differen;al	
  
distribu;ons	
  in	
  
mass	
  and	
  pT!	
  



Separate	
  charm	
  and	
  borom	
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Charm	
  
dominates	
   B	
  decays	
  

dominate	
  at	
  
1<m<3	
  GeV,	
  
sta;s;cs	
  are	
  
reasonable!	
  



Opposite	
  sign	
  e-­‐µ	
  pairs	
  for	
  c-­‐cbar	
  

  Signal:	
  e-­‐µ	
  @	
  Δφ ∼ π	


From	
  back-­‐to-­‐back	
  c-­‐c	
  pairs	
  

  No	
  physics	
  background	
  
No	
  D-­‐Y,	
  resonances,	
  thermal	
  

Like-­‐sign	
  subtrac2on	
  to	
  
remove	
  combinatorial	
  
backgrounds	
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  p+p	
  (red):	
  shape	
  is	
  consistent	
  with	
  NLO	
  charm	
  calcula;on	
  

g	
  radia;on	
  effects	
  broaden	
  Δφ	
  around	
  π	


  d+Au	
  (blue)	
  suppressed	
  compared	
  to	
  p+p:	
  CNM	
  effects	
  



γdirect	
  in	
  d+Au	
  

  No	
  visible	
  modifica;on	
  of	
  direct	
  
photons	
  in	
  ini;al	
  hard	
  scarering	
  and	
  
PDF	
  compared	
  to	
  p+p	
  at	
  mid-­‐rapidity	
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Ini;al	
  State:	
  shadowed	
  or	
  CGC?	
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PT is balanced 
by many gluons 

Dilute 
parton 
system 

(deuteron) 

Dense gluon 
field (Au) 

 



MPC-­‐EX	
  upgrade	
  

  	
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  Reconstruct	
  prompt	
  γ	
  and	
  π0	
  to	
  80	
  GeV:	
  low	
  &	
  high	
  x!	
  



Will	
  measure	
  p+A	
  in	
  2015	
  

MPC-­‐EX	
  preshower:	
  γ	
  vs.	
  π0	
  decay	
  

Substan;ally	
  improve	
  nPDFs!	
  
	
  to	
  x	
  ~	
  10-­‐3	
  and	
  also	
  at	
  high	
  x	
  
2-­‐4	
  weeks	
  running	
  per	
  species	
  

Possible	
  to	
  look	
  at	
  γ-­‐h?	
   32 
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Conclusions	
  
  Di-­‐hadron	
  correla;ons	
  look	
  hydrodynamic	
  at	
  RHIC	
  

As	
  at	
  LHC.	
  v2/ε2	
  slope	
  vs.	
  dN/dy	
  reflects	
  viscous	
  effects?	
  
  Evidence	
  for	
  (expected)	
  shadowing	
  &	
  an;shadowing	
  

Suppression	
  of	
  J/ψ	
  and	
  di-­‐h	
  beyond	
  shadowing	
  at	
  low	
  x!!	
  
  Heavy	
  Flavor	
  indicates	
  	
  

parton	
  mul;ple	
  scarering	
  (Cronin	
  effect)	
  	
  
parton	
  energy	
  loss;	
  interplay	
  w/other	
  ini;al	
  state	
  effects?	
  
	
  	
  	
  	
  sensi;vity	
  to	
  fluctua;ons?	
  	
  
final	
  state	
  effects	
  break	
  up	
  quarkonia,	
  too	
  

  No	
  strong	
  evidence	
  for	
  direct	
  photon	
  modifica;on	
  at	
  mid-­‐y	
  
Need	
  forward	
  rapidity	
  to	
  probe	
  low-­‐x	
  and	
  pin	
  down	
  nPDFs	
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NEED	
  data	
  vs.	
  y,	
  pT,	
  centrality,	
  √s,	
  species	
  to	
  sort	
  it	
  all	
  out!	
  	
  	
  	
  	
  	
  	
  	
  	
  



  Backup	
  slides	
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Control	
  the	
  geometry:	
   3He	
  +	
  Au	
  	
  

increase the triangularity of  the initial 
state! what happens to v3?


d+Au & He3+Au in 2015

increased acceptance relative to 
previous d+Au run (VTX/FVTX)


compare with p+A


Run-15 request for p+Au @ 200 GeV with transverse polarization beam use proposal

will allow for a better statistics measurement of the nominal physics of neutral pions and673

jets as the peripheral selection d+Au result.674

3.5.3 Unique geometry tests of bulk medium in small systems with d+Au and675

3He+Au676

The long-range rapidity correlations observed at the LHC in high multiplicity p+p and677

p+Pb collisions and most recently in RHIC d+Au collisions have sparked a great deal678

of physics discussion. Are these correlations the result of glasma diagrams within a679

Color Glass Condensate picture? Are they the result of hydrodynamic expansion or non-680

equilibrium interactions? How do they relate to the initial geometry and the time evolution681

of the medium? Does a flow like mechanism in such small systems challenge the paradigm682

of perfect fluidity in A+A collisions or provide additional constraints on the underlying683

mechanisms? These questions have answers hinted at by the lever arm of comparing LHC684

and RHIC results. However, at RHIC we also have the opportunity to tune the geometry685

uniquely to definitively test the fundamentals behind many of these questions.686

The correlations are predominantly with low momentum particles and thus one requires a687

large minimum bias data set. The large PHENIX data acquisition bandwidth would allow688

an excellent measurement in d+Au and 3He+Au with one week of running for each with689

a relatively low luminosity requirement. The new PHENIX detectors, not available during690

the earlier Run-08 d+Au run, including the large tracking coverage VTX, FVTX, and the691

new MPC-EX would make these an excellent data set for these studies with over 1 billion692

events in each system, and more in the p+Au with the running detailed before.693

Figure 3.13: Left) Monte Carlo Glauber event display of a single 3He+Au event and the
energy deposit. The nucleon participant energy is distributed as a Gaussian with s = 0.4 fm.
(Middle and Right) Monte Carlo Glabuer mean #2 (middle) and #3 (right) for p+Au , d+Au,
3He+Au collisions as a function of the number of binary collisions. The spatial moments are
calculated using the same Gaussian smearing.

Just as the d+Au collisions have a significant intrinsic #2 (elliptical shape), the 3He+Au694

collisions have a significant intrinsic #3 (triangular shape). The question of whether these695

36A. M. Sickles

hydro or CGC?
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He3 + Au 
increase the triangularity of  the initial 
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collisions have a significant intrinsic #3 (triangular shape). The question of whether these695
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PHENIX requesting short d+Au & He3+Au 
with increased acceptance relative to 

previous d+Au running (VTX/FVTX) to 
constrain geometry along with long p+Au 

running in 2015

Run-15 request for p+Au @ 200 GeV with transverse polarization beam use proposal

will allow for a better statistics measurement of the nominal physics of neutral pions and673

jets as the peripheral selection d+Au result.674

3.5.3 Unique geometry tests of bulk medium in small systems with d+Au and675
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The long-range rapidity correlations observed at the LHC in high multiplicity p+p and677
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Color Glass Condensate picture? Are they the result of hydrodynamic expansion or non-680
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events in each system, and more in the p+Au with the running detailed before.693
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36A. M. Sickles

hydro or CGC?
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He3 + Au 
increase the triangularity of  the initial 

state! what happens to v3?
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jets as the peripheral selection d+Au result.674
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The correlations are predominantly with low momentum particles and thus one requires a687

large minimum bias data set. The large PHENIX data acquisition bandwidth would allow688

an excellent measurement in d+Au and 3He+Au with one week of running for each with689

a relatively low luminosity requirement. The new PHENIX detectors, not available during690

the earlier Run-08 d+Au run, including the large tracking coverage VTX, FVTX, and the691

new MPC-EX would make these an excellent data set for these studies with over 1 billion692

events in each system, and more in the p+Au with the running detailed before.693
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PHENIX requesting short d+Au & He3+Au 
with increased acceptance relative to 

previous d+Au running (VTX/FVTX) to 
constrain geometry along with long p+Au 

running in 2015
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VTX	
  &	
  FVTX	
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NEED	
  y,	
  pT,	
  b,	
  √s,	
  species	
  to	
  understand	
  J/ψ	
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Cold matter 
“effective absorption” √s 

√s 

Shadowing, etc. in CNM 

Screening in QGP 

√s 

Final state recombination 
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The	
  big	
  ques;on	
  in	
  p+A	
  physics	
  
  Then	
  (the	
  pre-­‐RHIC	
  era):	
  

What	
  do	
  subsequent	
  p-­‐nucleon	
  collisions	
  in	
  p+A	
  have	
  to	
  
do	
  with	
  one	
  another?	
  

  Now	
  (the	
  RHIC	
  and	
  LHC	
  era):	
  
What	
  do	
  gluons	
  at	
  small	
  x	
  inside	
  a	
  nucleus	
  have	
  to	
  do	
  
with	
  one	
  another?	
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To	
  answer	
  this:	
  PHENIX	
  studies	
  

  Heavy	
  flavor	
  produc;on:	
  
g+g	
  	
  c	
  +	
  cbar	
  

  Jet	
  and	
  di-­‐jet	
  produc;on:	
  
g+g	
  	
  di-­‐jet	
  

  Direct	
  photon	
  produc;on:	
  
(QCD	
  Compton	
  process)	
  
q+g	
  	
  γ	
  +	
  hadrons	
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Turn	
  now	
  to	
  jets	
  and	
  direct	
  photons	
  

41 

arXiv	
  1205.5359	
  

Hellenius,	
  Eskola,	
  
et	
  al	
  

Fit	
  data,	
  including	
  
PHENIX	
  π0	
  RdAu	
  

Get	
  b-­‐dependent	
  
	
  nPDFs	
  



Suprising	
  behavior	
  of	
  jets	
  in	
  d+Au	
  

  Enhancement	
  in	
  peripheral,	
  slight	
  suppression	
  in	
  central	
  

	
  Surprisingly	
  strong	
  centrality	
  dependence	
  in	
  nuclear	
  PDFs	
  
  Compe;ng	
  cold	
  nuclear	
  marer	
  effects?	
  Auto-­‐correla;ons	
  

between	
  high	
  pT	
  processes	
  &	
  centrality	
  measure?	
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Do	
  the	
  π0	
  and	
  jets	
  agree?	
  

  Scale	
  π0	
  by	
  1/0.7	
  
i.e.	
  1/<Zleading>	
  

  Agreement	
  is	
  excellent	
  

  Rcp	
  shows	
  strong	
  

centrality	
  dependence	
  

43 

Autocorrela;on?	
  

How does the presence of 
a jet with pT>10 GeV/c 
modify definition of a 
“peripheral  d+Au 
collision”? 


