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Diagram by Peter Steinberg 

 

Dynamic Regimes 
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Heavy	  Ion	  Physics	  
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Exploring	  Phases	  and	  Structures	  of	  QCD	  
phase	  diagram	  

– 	  High	  temperature	  T	  
– 	  High	  density	  ε	  
– 	  Many-‐body	  aspects	  QCD	  
– 	  Vacuum	  proper9es	  

RHIC	  

LHC	  

hot	  &	  dense	  &	  
net	  baryon	  free	  
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Phase	  transi9on	  in	  Heavy	  Ion	  collisions	  
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T.D.Lee          (1974)   Temporarily restored broken symmetries of the physical vacuum  
Collins, Perry (1975)   Asymptotic  freedom in QCD → deconfined quarks/gluons matter 
E.V. Shuryak (1978)    Invented Quark Gluon Plasma →  target of HI community  
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Asymptotic Freedom ➨ 
	  	  	  	  T	  =	  150-‐200	  MeV	  
	  	  	  	  ε	  ~	  	  0.6-‐1.8	  GeV/fm3	  

Lagce	  QCD,	  	  Lect.	  Notes	  Phys	  583,	  209	  (2002)	  

Ideal	  gas	  limit	  



	  HI	  -‐	  Center	  Of	  Mass	  Energy	  regimes	  
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80s	  AGS	  √s≈4	  GeV	  USA	  

90s	  SPS	  √s≈17	  GeV	  CERN	  
4x	  

2000	  RHIC	  √s≈200	  GeV	  	  USA	  
11x	  

8x	  

2009	  LHC	  pp	  √s≈14	  TeV	  

2010	  LHC	  AA	  √s≈5.5	  TeV	  CERN	  
27x	  

Rela9vis9c	  Heavy	  Ion	  Collider	  
Brookhaven	  Nat.	  Lab.	  Long	  Island,	  USA	  

SPS	  era:	  
Smoking	  gun	  
wanted	  

RHIC	  era:	  
sQGP	  
discovered	  

LHC	  era:	  
?	  









QGP signatures… 
Ψ-peak 

PRL,33,1406 (1974) 
J-peak 

PRL,33,1404 (1974) 
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But rather like these: 
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Jets as a medium probe 
G-Y Qin & B. Muller [PRL 106, (2011) 162302] 

R = Δη2 +Δϕ 2

Leading parton: 
 Transfer energy to medium by elastic collisions 
 Radiate gluons due to scattering in the medium  
  Inside and out side jet cone 

 
Radiated gluons (vacuum & medium induced): 

 Transfer energy to medium by elastic collisions 
 Be kicked out of the jet cone by multiple scattering after emission 

 
Different for b-quark, dead cone effect 
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How we see it? 

Energy balance is strongly 
violated in central HI 
collisions 
 
 
 
 
 
 
Jets remain back-to-back 
 

Phys.Rev.Lett. 105 (2010) 252303 

Aj =
ET

J1 −ET
J 2

ET
J1 +ET

J 2

Δφ = φ J1 −φ J 2



HI	  collision	  -‐	  Nuclear	  Modifica9on	  Factor	  RAA	  

11-Jul-15 23 

RAA (pT ) =
d2NAA / dpTdη

Nbinary d2N pp / dpTdη

A+A	  

n	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  x	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  m	  	  	  	  ≈  〈Nbinary〉 
varies	  with	  
impact	  
parameter	  b	  

p+p	  



What	  is	  Ncol	  	  and	  how	  to	  calculate	  it	  ?	  	  
	  
	  

Glauber	  Model	  























































51 

Jet suppression 
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•  4 units of rapidity, 40-400 GeV 
 
•  Each color is a different 

centrality selection 

•  Each panel is a different y 
selection 

•  ~2x suppression in most central 
events 

•  Little pT dependence in this 
kinematic range 
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ATLAS  = 0.4 jetsR tkanti-
 = 2.76 TeVNNs

-12011 Pb+Pb data, 0.14 nb
-1 data, 4.0 pbpp2013 

AA
R

0

0.5

1

 | < 0.8y0.3 < | 

0 - 10 % 30 - 40 % 60 - 80 %

 [GeV]
T
p

AA
R

0

0.5

1

40 60 100 200 40040 60 100 200 40040 60 100 200 400

 | < 2.1y1.2 < | 

0 - 10 % 30 - 40 % 60 - 80 %

Phys. Rev. Lett. 114 (2015) 072302 
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Jet suppression 
arXiv:1504.04337 

PLB 739 (2014) 320 

Similar trend for charged particles and 
jets. 
 
Consistency with ATLAS fragmentation 
measurement: 

 enhancement at low z [pT] of ~25% 
 smaller enhancement at high z 
 about 10% suppression at 

intermediate z. 
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Jet suppression 
arXiv:1504.04337 Phys. Rev. Lett. 114 (2015) 072302 

different shape of initial jet spectrum 
 
different q/g mixture at fixed pT 
 
different path length seen by jets 



RHIC	  √s	  =	  200	  πo	  and	  h++h-‐	  data	  
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π0	  
π0	  

d	  
Au	  

π0	  

• 	  Strong	  suppression	  (x5)	  in	  central	  Au+Au	  coll.	  
• 	  No	  suppression	  in	  peripheral	  Au+Au	  coll.	  
• 	  No	  suppression	  (Cronin	  enhancement)	  in	  control	  d+Au	  exp.	  
Convincing	  evidence	  for	  the	  final	  state	  partonic	  interac9on	  -‐	  emergence	  of	  sQGP	  



For	  Au+Au	  min	  bias	  direct	  γ	  RAA	  is	  simple	  
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Au+Au minimum bias at mid-rapidity

Do the structure function ratios actually drop by ~20% from x=0.1 to x=0.2? 

Eskola,Kolhinen,Ruuskanen Nucl. 
Phys. B535(1998)351

100 xT 

x 

Eskola et al. NPA696 (2001) 729 

gluons in Pb / gluons in p 

Anti 
Shadowing 

Shadowing 



Nuclear	  Geometry	  and	  Hydrodynamic	  
flow	  
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φRP

mul9ple	  
scaqering	  	  

larger	  pressure	  
gradient	  in	  plane	  

d 3N
pTdpTdydϕ

∝ [1+ 2v2 (pT )cos2(ϕ −φRP )+ ...]

less	  yield	  out	  	  
more	  in	  plane	  

x	  
y	   z	  

Reaction 
Plane

Spa9al	  asymmetry	  
	  eccentricity	   ε =

y2 − x2

y2 + x2

Mom.	  Asymmetry	  
	  ellip9c	  flow	   v2 =

px
2 − px

2

px
2 + px

2



What	  are	  the	  relevent	  DOF’s	  in	  
“Flow”	  ?	  

“Fine	  structure”	  of	  v2(pT)	  for	  
different	  mass	  par9cles.	  	  
In	  Ideal	  “hydro”	  picture:	  	  
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v 2
	  

baryons	  

mesons	  

v2(KET)	  universal	  for	  baryons	  
v2(KET)	  universal	  for	  mesons	  
	  	  	  	  
Do	  we	  have	  an	  even	  more	  universal	  scaling?	  

	  

∂νT
µν = 0  →   Work-energy theorem

                  → ∇PdV
vol∫ = ΔEK =

                   = mT − m0 ≡ ΔKET

v2(pT)→	  v2(KET)	  

Phys. Rev. Lett., 2007, 98, 162301 



QG	  medium	  fragmenta9on-‐quark	  
recombina9on	  

11-Jul-15 Jan Rak, HEP 2007 58 

dVPS 

quarks	  

pt 

3 quarks  

1 proton 

Why	  is	  the	  universal	  v2(KET)	  different	  for	  meson	  and	  baryons?	  	  
Exited	  quark-‐gluon	  medium	  →	  huge	  phase-‐space	  densi9es	  →	  cons9tuent	  Quark	  
Recombina9on	  /	  Coalescence	  

Phys. Lett.,1996,B371,157-162  
FERMILAB hep-‐ex/9601001	  

α(xF ) =
D− (cd)− D+ (cd )

D− + D+

Phys.Rev.Leq.91:092301,2003	  

v2
meson (pT ) ≈ 2 ⋅v2

quark pT ,quark

2
⎛

⎝⎜
⎞

⎠⎟
    v2

baryon (pT ) ≈ 3 ⋅v3
quark pT ,quark

3
⎛

⎝⎜
⎞

⎠⎟



The	  “Flow”	  Knows	  Quarks	  
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v 2
	  

0.1 
 
 
 
0.05 
 
 
 
0 

v
2 /n

q 	  v2 (pT ) →  nq ⋅v2
KET
nq

⎛

⎝
⎜

⎞

⎠
⎟

Assump9on:	  	  
all	  bulk	  par9cles	  are	  
coming	  from	  
recombina9on	  of	  flowing	  
partons	  

Discovery	  of	  universal	  scaling:	  	  
	  

● 	  flow	  parameters	  scaled	  by	  quark	  content	  nq	  resolves	  meson-‐baryon	  separa9on	  of	  final	  state	  
hadrons.	  Works	  for	  strange	  and	  even	  charm	  quarks.	  	  
● 	  strongly	  suggests	  the	  early	  thermaliza9on	  and	  quark	  degree	  of	  freedom.	  



Jet	  shape	  evolu9on	  with	  trigger	  and	  assoc.	  
pT	  
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Au+Au / p+p √s = 200 GeV 

arXiv:0705.3238 [nucl-ex] 

Per-trigger yield vs. Δφ for various trigger 
and partner pT (pA

T U pB
T), arranged by 

increasing pair momentum (pA
T  + pB

T) 

d+Au 

p + p à jet + jet 

Δφ 
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Fluctuations 

Significant fluctuations, factor of ~2 
Cannot be explained by detector effects 

dN
dφ

∝1+ 2 vn cosn φ −Φn( )
n
∑

JHEP11(2013)183 



Flow becomes understood? 

v2 v3 v4 

vn distributions in pT and centrality 
Fully corrected for detector effects an unfolded for limited statistics  

JHEP11(2013)183 
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2 particle correlations in Pb+Pb 
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2 particle correlations vs. flow 

|Δη|>2  

Long range structures (“ridge”) can be almost entirely described 
by harmonics v1,1-v6,6 vn,n pT

a, pT
a( ) = vn pT

a( )vn pT
b( )+ non− flow

Phys. Rev. C 
86, 014907 
(2012) 
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2PC in p+Pb 

Phys. Rev. C90 (2014) 044906. 

- = 

Flow in p+Pb 
 
pT shapes similar 
between p+Pb & Pb
+Pb 
 
Amplitudes 
comparable to those 
seen in Pb+Pb 
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Boosting triangular flow 
p+Pb/Au               d+Au                 3He+Au 

Clear measurements 
of harmonics in small 
systems 
 
Magnitudes are similar 
in different systems 
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Jets in p+Pb 
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But when 
separated into 
centrality 
unexpected 
behavior observed 
 
Insight into x-
section fluctuations 
in the nucleon? 
Effect on centrality? 

p-going side 

Pb-going side 



68 

RpPb 

arXiv:1502.05387 
 
CMS observes anomalous 
enhancement in RpPb 
 
ATLAS measures similar 
effect 
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A puzzling plot. 

System	   Ncoll	   RAA	  

p+p	   1	   baseline	  

p+Pb	  any	   ~10	   1	   0%	  effect	  	  

Pb+Pb	  peripheral	   15	   0.7	   30%	  effect	  

Pb+Pb	  central	   1600	   0.2	   100%	  effect	  

Tpp
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coll
AA dydpNd

dydpNd
N

R
/
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2

2
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Summary 
In heavy ion systems: 

 jet suppression 
 binary scaling demonstration 
 quarkonia suppression 
 open charm measurements 
 flow factorization 
 search of the critical point 

 
In lighter systems 

 clear evidence of collective behavior 
 jet rates modification 
 not clear what happens to the initial state  
 many open issues with understanding geometry 
    

High expectation to the upcoming run (end of this year) 






