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Hot,	
  dense	
  QCD	
  maBer	
  

asymptotic freedom 

At high temperature/density  
  screening by produced colored particles 
Expect phase transition to  
  deconfined quark gluon plasma 
Lattice QCD → Tc ~ 150 MeV 
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  heavy	
  ion	
  collision	
  &	
  diagnos:cs	
  

PCM & clust. hadronization

NFD

NFD & hadronic TM

PCM & hadronic TM

CYM & LGT

string & hadronic TM

π, K, p, n, φ, Λ, Δ, Ξ, Ω, d, 

Hadrons qqq baryons & qq mesons 
reflect (thermal) properties when 
inelastic collisions stop  

  not possible to measure as a function of time 
  nature integrates over the entire collision history 

     thermal radiation     
(γ, γ*→ e+e-, µ+µ-)	



Hot QGP  

ε, pressure builds up 

Hard scattered q,g 
(short wavelength)  
probes of plasma 
formed  

time  
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study	
  plasma	
  with	
  radiated	
  	
  	
  
&	
  “probe”	
  par:cles	
  

  as	
  a	
  func:on	
  of	
  transverse	
  momentum	
  
	
  90°	
  is	
  where	
  the	
  ac:on	
  is	
  (max	
  T,	
  ρ)	
  
	
   	
  pL	
  between	
  the	
  two	
  beams:	
  midrapidity	
  

  pT	
  <	
  1.5	
  GeV/c	
  
“thermal”	
  par:cles	
  π,K,p,	
  etc.	
  	
  
radiated	
  from	
  bulk	
  medium	
  
“internal”	
  plasma	
  probes	
  

  pT	
  >	
  3	
  GeV/c	
  
“large	
  Etot”	
  (pT	
  or	
  M	
  >>T)	
  	
  
	
  set	
  scale	
  other	
  than	
  T(plasma)	
  
autogenerated	
  “external”	
  probe	
  
describe	
  by	
  perturba:ve	
  QCD	
  

  control	
  probe:	
  photons	
  
EM,	
  not	
  strong	
  interac:on	
  
produced	
  in	
  Au+Au	
  by	
  QCD	
  	
  
	
  	
  Compton	
  scaBering	
  

PCM & clust. hadronization

NFD

NFD & hadronic TM

PCM & hadronic TM

CYM & LGT

string & hadronic TM

#	
  scales	
  as	
  Npart	
  

#	
  scales	
  as	
  Ncoll	
  



Some	
  cool	
  observables	
  
  Compare	
  p+A	
  to	
  p+p	
  for	
  gluon	
  distribu:on	
  in	
  A	
  

Use	
  QCD	
  Compton	
  sca/ering	
  
	
  
	
  
	
  
	
  
	
  

What	
  to	
  measure	
  to	
  study	
  	
  
	
  	
  	
  	
  thermaliza:on	
  (pre-­‐equilib)?	
  
  Penetra:ng	
  probes	
  

γ	
  or	
  e+e-­‐	
  emiBed	
  during	
  thermaliza:on?	
  
  Las:ng	
  probes	
  (which	
  may	
  survive	
  later	
  stages)	
  

Correla:ons	
  and	
  fluctua:ons	
  among	
  groups	
  of	
  par:cles	
  
Pre-­‐equilibrium	
  flow?	
   6 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart 
your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.



How	
  to	
  measure	
  all	
  this	
  stuff?	
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+	
  dE/dx	
  &	
  Time-­‐of-­‐flight:	
  hadron	
  ID	
  +	
  Cherenkov	
  &	
  TRD:	
  electron	
  ID	
  
High	
  granularity	
  to	
  handle	
  high	
  mul:plicity	
  



Handling	
  high	
  mul:plici:es	
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1700	
  par:cles	
  per	
  unit	
  η	


   Challenge	
  for	
  Si:	
  #	
  of	
  space	
  points	
  
   Challenge	
  for	
  TPC:	
  space	
  charge	
  
   Trick:	
  reconstruct	
  collision	
  vertex	
  &	
  

	
  use	
  it	
  in	
  track	
  reconstruc:on	
  

For	
  p+p	
  collisions,	
  value	
  is	
  about	
  4	
  par:cles	
  per	
  unit	
  η	


But,	
  luminosity	
  is	
  much	
  higher!	
  
Pileup	
  in	
  high	
  luminosity	
  p+p	
  =	
  150	
  events/crossing	
  (dN/dη	
  ~	
  600)	
  
	
  	
  	
  but	
  these	
  are	
  from	
  different	
  ver:ces!!	
  
Pile-­‐up	
  rate	
  in	
  ATLAS	
  in	
  2015?	
  
	
  	
  	
  ATLAS	
  handles	
  a	
  similar	
  tracking	
  problem	
  (it	
  can	
  do	
  HI	
  collisions!)	
  

Just	
  how	
  tough	
  is	
  this?	
  

Luminosity	
  =	
  frequency*n1*n2/(4πσxσy)	
  
	
  higher	
  Z	
  -­‐>	
  lower	
  n	
  
	
  @RHIC	
  <L>	
  in	
  Au+Au	
  /pp	
  ~	
  1/600	





PID	
  in	
  ALICE	
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Measuring	
  photons	
  
  Two	
  ways	
  to	
  measure	
  photons	
  
	
  

  Big	
  backgrounds	
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calorimetry	
  

conversions	
  



Geometry	
  of	
  heavy	
  ion	
  collisions	
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ameter	
  =	
  b	
  

Use Glauber model of nucleons in nuclei 
  calculate # of participant nucleons Npart 

                  # of binary NN collisions Ncoll 



Glauber	
  model:	
  calculate	
  probabili:es	
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b 
bB 

bA 
zB 

zA 

Nucleus B 
Nucleus A 

volume element in B: dbBdzB 

volume element in A: dbAdzA 

Probability of finding a nucleon in volume element A = 
   ρA(bA,zA) dbAdzA            (ρA is nuclear density * nucleons in A) 

Woods-­‐Saxon	
  nuclear	
  
density	
  profile:	
  



Probability	
  of	
  n	
  interac:ons	
  

Thickness	
  func:on	
  in	
  nucleus	
  A:	
  
	
  	
  	
  s	
  measures	
  transverse	
  overlap	
  –	
  given	
  by	
  b	
  and	
  nucleus	
  R	
  
	
  
Thickness	
  func:on	
  for	
  A+B:	
  
	
  
Probability	
  of	
  n	
  interac:ons	
  is	
  given	
  by	
  binomial	
  distribu:on:	
  
	
  
	
  
Number	
  of	
  nucleon-­‐nucleon	
  collisions:	
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Collision	
  centrality	
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Does	
  the	
  maBer	
  exhibit	
  collec:vity?	
  
Look	
  for	
  collec:ve	
  flow	
  via	
  velocity	
  boosts	
  

Model expansion of the system with fluid dynamics 

Nuclear	
  
theorists	
  have	
  
found	
  solu:ons	
  
for	
  3-­‐D	
  viscous	
  
hydro!	
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  Collec:ve	
  mo:on	
  &	
  ellip:c	
  flow	
  (v2)	
  

dN/dφ ~ 1 + 2 v2(pT) cos (2φ) + … 

    hydrodynamics works! 

Almond shape 
overlap region 
in coordinate 
space 

x!

y!
z!

momentum 
space 
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Surprise:	
  maBer	
  flows	
  like	
  a	
  liquid	
  

•  huge pressure buildup  
•  large anisotropy →       
    it all happens fast  
•  efficient equilibration 
    mechanism?? 

only works with low viscosity/entropy 
“perfect” liquid (D. Teaney, PRC68, 2003) 

Kolb, et al 

Hydrodynamics reproduces  
elliptic flow of q-q and 3q states  
Mass dependence requires  
soft EOS, NOT gas of hadrons 



Fluctua:ons	
  maBer!	
  

  Nucleons	
  move	
  around	
  inside	
  the	
  
nucleus	
  

-­‐>	
  loca:ons	
  of	
  NN	
  scaBering	
  fluctuate	
  
-­‐>	
  apparent	
  symmetry	
  effects	
  yielding	
  

only	
  even	
  harmonics	
  not	
  realis:c	
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arXiv:1109.6289 

η/s=0.08 

  Reproduce	
  with	
  hydro	
  
  IF	
  include	
  fluctua:ng	
  ini:al	
  

condi:ons	
  
  Provides	
  a	
  tool	
  to	
  beBer	
  

pin	
  down	
  the	
  viscosity/
entropy	
  ra:o	
  

	
  



Hydro	
  including	
  event-­‐by-­‐event	
  fluctua:ons	
  

  Use	
  the	
  same	
  Glauber	
  model	
  
  MC	
  to	
  allow	
  nucleon	
  posi:ons	
  to	
  fluctuate	
  	
  

Generate	
  an	
  ensemble	
  of	
  hydro	
  calcula:ons	
  with	
  
different	
  ini:al	
  states	
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Woods-­‐Saxon	
  nuclear	
  
density	
  profile:	
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Higher	
  moments	
  more	
  sensi:ve	
  to	
  viscosity	
  

vn(η/s=0.16)/vn(ideal)	


vn(η/s=0.08)/vn(ideal)	



arXiv:1109.6289 

  Longitudinal	
  expansion	
  at	
  v	
  ~	
  c	
  
  “freezes	
  in”	
  small	
  shape	
  	
  

perturba:ons	
  
e.g.	
  triangular	
  fluctua:ons	
  (v3)	
  

 Viscosity	
  is	
  like	
  fric:on!	
  



LHC	
  data	
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v2 v3 

ALICE 



Shear	
  viscosity	
  depends	
  on	
  temperature	
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Collec:ve	
  flow	
  in	
  small	
  systems?	
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Significant	
  vN	
  (n=2	
  to	
  5)	
  with	
  
“familiar”	
  ordering	
  +	
  shape	
  in	
  pT	
  

Mul:-­‐par:cle	
  correla:ons	
  
(v2{4}≈v2{6}≈v2{8}≈v2{LYZ})	
  

p+Pb	
   p+p	
  

 	
  What	
  is	
  going	
  on?	
  
Hydrodynamics	
  in	
  small(ish)	
  systems?	
  Correla:ons	
  between	
  
par:cles	
  produced	
  in	
  ini:al	
  state?	
  Radial	
  flow	
  an	
  artefact	
  of	
  
constant	
  temperature	
  freezeout	
  surface?	
  



Hot,	
  dense	
  gluonic	
  maBer	
  is	
  surprising	
  	
  
Are	
  cold	
  dense	
  gluons	
  wierd	
  too?	
  

§  Look	
  deep	
  in	
  a	
  nucleus:	
  gluons	
  are	
  numerous	
  

	
  
	
  
§  At	
  high	
  density	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  what	
  then?	
  

Ø  This	
  is	
  our	
  ini:al	
  state	
  in	
  heavy	
  ion	
  collisions!	
  

1/QS
2 

B
FK

L 

DGLAP 

The image cannot be displayed. Your 
computer may not have enough 
memory to open the image, or the 
image may have been corrupted. 
Restart your computer, and then open 

Increasing probe energy è 

Sm
al

le
r g

lu
on

 m
om

en
tu

m
è

 

+ ? 

Probe	
  with	
  e+A	
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Surprise:	
  viscosity/entropy	
  is	
  small	
  
Viscosity:	
  inability	
  to	
  transport	
  

momentum	
  &	
  sustain	
  a	
  wave	
  
low	
  η	
  →	
  large	
  σ,	
  transports	
  

disturbances	
  
Viscosity/entropy	
  near	
  1/4π	
  limit	
  from	
  

quantum	
  mechanics!	
  
∴	
  liquid	
  at	
  RHIC	
  is	
  “perfect”	
  

Example: milk. 
Liquids with higher 
viscosities will not 
splash as high 
when poured at the 
same velocity."

Good momentum transport: neighboring fluid elements 
“talk” to each other 

 → QGP is strongly coupled 
Should be opaque:  
e.g. q,g collide with “clumps”  
of gluons, not individuals 

η ≈
1
3
npλ f λ f =

1
nσ

→ η ≈
p
3σ

σ ≤
4π
p2

→ η ≥
p3

12π

 p  T → p3  T 3  s
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pT	
  dependence	
  of	
  v2	
  

It’s	
  the	
  quarks	
  that	
  flow!	
  



Do	
  fast	
  quarks	
  &	
  gluons	
  escape	
  the	
  plasma?	
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They feel the strong interaction, so they 
should interact 
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colored	
  objects	
  lose	
  energy,	
  photons	
  don’t	
  	
  

VERY opaque! Lots of gluon 
radiation (bremsstrahlung) 

Nuclear modification factor: 

ησ
η
ddpdT
ddpNdpR
T

NN
AA

T
AA

TAA /
/)( 2

2

=



Energy	
  loss	
  even	
  by	
  very	
  energe:c	
  q	
  &	
  g	
  

  LHC	
  experiments	
  reach	
  to	
  300	
  GeV!	
  
30 



Energy	
  loss	
  depends	
  on	
  medium	
  density	
  
  In	
  dilute	
  medium	
  

Independent	
  processes:	
  bremsstrahlung	
  &	
  scaBering	
  
Calculate	
  probabili:es	
  and	
  add	
  them	
  up	
  
Independent	
  radia:ons	
  follow	
  Bethe-­‐Heitler	
  

  In	
  dense	
  medium	
  
Mean	
  free	
  path	
  is	
  short:	
  λ = σ/ρ	


Forma:on	
  :me	
  of	
  radiated	
  gluon:	
  τ = ω/kT2	


Transverse	
  momentum	
  of	
  radiated	
  gluon:	
  kT2=nµ2	
  

   #	
  of	
  collisions	
  n=L/λ, µ=typical	
  pT	
  transfer	
  in	
  1	
  scaBering	
  
   λ,µ are	
  proper:es	
  of	
  the	
  medium,	
  combine	
  to	
  q=	
  √µ2/λ	



  Coherence	
  in	
  the	
  dense	
  medium!	
  
Next	
  scaBering	
  takes	
  place	
  faster	
  than	
  gluon	
  forma:on	
  
Add	
  amplitudes	
  for	
  all	
  mul:ple	
  scaBerings	
  
In	
  QCD	
  this	
  increases	
  the	
  energy	
  loss!	
  
	
  	
  	
  	
  some	
  evidence	
  for	
  coherence	
  already	
  in	
  cold	
  ma/er!	
  31 
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Fit	
  RAA	
  at	
  different	
  √s	
  
JET	
  collabora:on	
  fit	
  all	
  data	
  with	
  mul:ple	
  calcula:ons	
  
	
  	
  	
  minimize	
  χ2	
  for	
  best	
  fit	
  to	
  strong	
  coupling	
  parameter	
  or	
  q	
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AMY  
model 

arXiv:1312.5003 

< 

Put	
  together	
  all	
  
the	
  calcula:ons	
  



Interac:ons	
  with	
  plasma?	
  

  AdS/CFT	
  says	
  	
  QGP	
  is	
  a	
  strongly	
  interac:ng	
  field,	
  model	
  as	
  ∞	
  strong	
  
Interact	
  with	
  this	
  QGP	
  as	
  with	
  a	
  :ny	
  black	
  hole	
  
No	
  par:cles	
  to	
  hit,	
  none	
  can	
  survive	
  inside.	
  Eloss	
  è	
  collec:ve	
  excita:ons	
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In plasma: interactions among charges of multiple particles 
  charge is spread, screened in characteristic (Debye) length, λD      
       also the case for strong, rather than EM force … Effect on collisions? 

 	
  radia:on	
  (bremsstrahlung)	
  
 	
  collisional	
  energy	
  loss	
  

Δ	



S. Gubser 



Back	
  to	
  QCD…	
  

34 
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Subsequent	
  spliQngs	
  drive	
  color	
  de-­‐coherence	
  of	
  1st	
  genera:on	
  
emi/ed	
  gluons	
  &	
  soTer	
  leading	
  partons	
  	
  

coherent	
  limit	
  



How	
  this	
  is	
  calculated	
  
  There	
  is	
  a	
  great	
  paper	
  comparing	
  vacuum	
  DGLAP	
  evolu:on	
  

to	
  an	
  in-­‐medium	
  cascade	
  (BDMPS),	
  which	
  depends	
  on	
  q.	
  
  See	
  Blaizot	
  and	
  Mehtar-­‐Tani:	
  

	
  hBp://arxiv.org/pdf/1501.03443v1.pdf	
  
	
  
  In	
  medium	
  cascade	
  results	
  in	
  energy	
  flow	
  to	
  x~0	
  due	
  to	
  

mul:ple	
  branchings.	
  DGLAP	
  has	
  an	
  infrared	
  cutoff.	
  DGLAP	
  
branching	
  :me	
  is	
  constant,	
  while	
  in	
  BDMPS	
  it	
  decreases	
  
along	
  the	
  cascade.	
  This	
  allows	
  transport	
  of	
  energy	
  to	
  very	
  
so�	
  gluons	
  in	
  a	
  finite	
  amount	
  of	
  :me.	
  Result	
  looks	
  a	
  lot	
  like	
  
wave	
  turbulence	
  

	
  
A	
  good	
  topic	
  for	
  a	
  (somewhat	
  technical)	
  QCD	
  talk!	
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Jet	
  asymmetry	
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Observation of a Centrality-Dependent Dijet Asymmetry in Lead-Lead Collisions atp
sNN = 2.76 TeV with the ATLAS Detector at the LHC

G. Aad et al. (The ATLAS Collaboration)⇤

Using the ATLAS detector, observations have been made of a centrality-dependent dijet asym-
metry in the collisions of lead ions at the Large Hadron Collider. In a sample of lead-lead events
with a per-nucleon center of mass energy of 2.76 TeV, selected with a minimum bias trigger, jets are
reconstructed in fine-grained, longitudinally-segmented electromagnetic and hadronic calorimeters.
The underlying event is measured and subtracted event-by-event, giving estimates of jet transverse
energy above the ambient background. The transverse energies of dijets in opposite hemispheres is
observed to become systematically more unbalanced with increasing event centrality leading to a
large number of events which contain highly asymmetric dijets. This is the first observation of an
enhancement of events with such large dijet asymmetries, not observed in proton-proton collisions,
which may point to an interpretation in terms of strong jet energy loss in a hot, dense medium.

PACS numbers: 25.75.-q

Collisions of heavy ions at ultra-relativistic energies are
expected to produce an evanescent hot, dense state, with
temperatures exceeding two trillion kelvins, in which the
relevant degrees of freedom are not hadrons, but quarks
and gluons. In this medium, high-energy quarks and glu-
ons are expected to transfer energy to the medium by
multiple interactions with the ambient plasma. There is
a rich theoretical literature on in-medium QCD energy
loss extending back to Bjorken, who proposed to look
for “jet quenching” in proton-proton collisions [1]. This
work also suggested the observation of highly unbalanced
dijets when one jet is produced at the periphery of the
collision. For comprehensive reviews of recent theoretical
work in this area, see Refs. [2, 3].

Single particle measurements made by RHIC experi-
ments established that high transverse momentum (p

T

)
hadrons are produced at rates a factor of five or more
lower than expected by assuming QCD factorization
holds in every binary collision of nucleons in the on-
coming nuclei [4, 5]. This observation is characterized
by measurements of R

AA

, the ratio of yields in heavy
ion collisions to proton-proton collisions, divided by the
number of binary collisions. Di-hadron measurements
also showed a clear absence of back-to-back hadron pro-
duction in more central heavy ion collisions [5], strongly
suggestive of jet suppression. The limited rapidity cover-
age of the experiment, and jet energies comparable to the
underlying event energy, prevented a stronger conclusion
being drawn from these data.

The LHC heavy ion program was foreseen to provide
an opportunity to study jet quenching at much higher
jet energies than achieved at RHIC. This letter provides
the first measurements of jet production in lead-lead col-
lisions at

p
s

NN

= 2.76 TeV per nucleon-nucleon col-
lision, the highest center of mass energy ever achieved
for nuclear collisions. At this energy, next-to-leading-
order QCD calculations [6] predict abundant rates of jets
above 100 GeV produced in the pseudorapidity region
|⌘| < 4.5 [7], which can be reconstructed by ATLAS.

The data in this paper were obtained by ATLAS during
the 2010 lead-lead run at the LHC and correspond to an
integrated luminosity of approximately 1.7 µb

�1.
For this study, the focus is on the balance between

the highest transverse energy pair of jets in events where
those jets have an azimuthal angle separation, �� =
|�1 � �2| > ⇡/2 to reduce contributions from multi-jet
final states. In this letter, jets with �� > ⇡/2 are la-
beled as being in opposite hemispheres. The jet energy
imbalance is expressed in terms of the asymmetry A

J

,

A

J

=
E

T1 � E

T2

E

T1 + E

T2
,�� >

⇡

2
(1)

where the first jet is required to have a transverse en-
ergy E

T1 > 100 GeV, and the second jet is the highest
transverse energy jet in the opposite hemisphere with
E

T2 > 25 GeV. The average contribution of the under-
lying event energy is subtracted when deriving the in-
dividual jet transverse energies. The event selection is
chosen such that the first jet has high reconstruction ef-
ficiency and the second jet is above the distribution of
background fluctuations and the intrinsic soft jets asso-
ciated with the collision. Dijet events are expected to
have A

J

near zero, with deviations expected from gluon
radiation falling outside the jet cone, as well as from in-
strumental e↵ects. Energy loss in the medium could lead
to much stronger deviations in the reconstructed energy
balance.
The ATLAS detector [8] is well-suited for measuring

jets due to its large acceptance, highly segmented elec-
tromagnetic (EM) and hadronic calorimeters. These al-
low e�cient reconstruction of jets over a wide range in
the region |⌘| < 4.5. The detector also provides precise
charged particle and muon tracking. An event display
showing the Inner Detector and calorimeter systems is
shown in Fig. 1.
Liquid argon (LAr) technology providing excellent en-

ergy and position resolution is used in the electromag-
netic calorimeter that covers the pseudorapidity range
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Where	
  does	
  the	
  lost	
  energy	
  go?	
  
  We	
  don’t	
  know	
  yet!	
  	
  
  Medium	
  enhances	
  gluon	
  radia:on/spli�ng:	
  

	
  
extra	
  gluons	
  at	
  small	
  	
  
angles	
  (in/near	
  jet	
  cone)	
  
	
  	
  
	
   	
   	
   	
  	
  
	
   	
   	
   	
  radiated	
  gluons	
  thermalize	
  in 	
  	
  
	
   	
   	
  medium	
  (i.e.	
  they’re	
  gone!)	
  

	
  
	
  
remain	
  correlated	
  with	
  leading	
  
parton,	
  but	
  broaden/change	
  jet	
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Jet	
  Fragmenta:on	
  func:on	
  

40 

D(z) = 1/Njet dN(z)/dz; z = phad/pjet 
 
Measure: count partners per trigger 
as fraction of trigger momentum    
 
               zT = pTa/pTt  ~ z for γ trigger 

               ξ = ln(1/zT)	


Modification factor similar to RAA: 

FFn	
  experimental	
  challenge:	
  
measure	
  the	
  parton	
  p	
  
Use	
  trigger	
  γ	
  or	
  jet	
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Modified	
  in	
  AA	
  vs.	
  p+p	
  



PHENIX:	
  FFn	
  via	
  γ-­‐h	
  correla:on	
  

42 

“Extra”	
  so�	
  
par:cles	
  at	
  
larger	
  angles	
  
near	
  the	
  away	
  
side	
  jet	
  

Provide	
  
constraints	
  on	
  
gluon	
  spli�ng	
  
	
  
Perturba:ve?	
  

γ:	
  parton	
  energy,	
  h:	
  fragmenta:on	
  fn. 

Au+Au/	
  
	
  	
  	
  p+p 

PRL	
  111,	
  032301	
  (2013)	
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G.	
  Roland	
  



A	
  jet	
  is	
  a	
  partonic	
  probe	
  
	
  

It’s	
  not	
  a	
  photon…	
  

  It	
  can	
  lose	
  energy	
  before	
  the	
  hard	
  scaBering	
  
  It	
  can	
  lose	
  energy	
  a�er	
  the	
  hard	
  scaBering	
  
  It	
  can	
  experience	
  mul:ple	
  scaBering	
  
  These	
  may	
  not	
  be	
  independent!	
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These are not just “background” 
Higher-twist physics is interesting, not well understood,  
  as well as relevant to parton-plasma interaction ! 
Should measure γ-h correlations in cold nuclear matter! 
                  this	
  is	
  underway	
  in	
  p+A!	
  



Change	
  the	
  probe!	
  pA	
  vs.	
  eA	
  

4
5

• More direct information on the 
response of a nuclear medium 
to gluon probe  

• Probe has structure as 
complex as the “target” 

• Soft color interactions before 
the collision can alter the 
nuclear wave function and 
destroy universality of parton 
properties (break factorization) 

p 

p/A 

• Point-like probe 
• Dominated by single photon 

exchange ⇒ no direct color 
interaction ⇒ preserve the 
properties of partons in the 
nuclear wave function 

• High precision & access to 
partonic kinematics 

• Nuclei always “cold” nuclear 
matter (CNM) 

p/A 

Electron-Hadron (DIS) Hadron-Hadron T. Ullrich 



Heavy	
  quark	
  probes	
  of	
  QGP	
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Charm	
  quarks	
  also	
  lose	
  energy	
  and	
  flow!	
  

  Charm	
  quarks	
  diffusing	
  through	
  
strongly	
  coupled	
  QGP	
  

  Collisions	
  drive	
  energy	
  loss	
  and	
  
push	
  charm	
  along	
  with	
  the	
  bulk	
   47 



Upgrade	
  ALICE	
  for	
  heavy	
  quark	
  probes	
  in	
  Run3	
  
  Silicon	
  detector	
  arrays	
  around	
  beam	
  pipe	
  	
  

Tag	
  displaced	
  vertex	
  to	
  separate	
  c,b	
  	
  
Reconstruct	
  D	
  &	
  B	
  mesons	
  from	
  their	
  decay	
  hadrons	
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MAPS technology used for STAR at RHIC 

ALICE 
 build now 
 for Run3 
  (2020) 



Flow	
  and	
  suppression	
  as	
  for	
  light	
  quarks	
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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?	
  
	
   50 



Color	
  screening	
  in	
  quark	
  gluon	
  plasma	
  

  q-­‐qbar	
  poten:al	
  in	
  vacuum:	
  

	
  	
  	
  	
  	
  screened:	
  
	
  
  Screening	
  length	
  in	
  EM	
  plasma:	
  

	
  	
  	
  	
  in	
  (ideal)	
  QGP,	
  par:cle	
  density	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  so:	
  
	
  
  For	
  αs	
  ~	
  0.2,	
  find:	
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Low pT 

J/ψ	
  vs.	
  system	
  size,	
  √s	
  

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	
  



Lose	
  some	
  and	
  gain	
  some	
  

53 

  QGP	
  screens	
  primordial	
  c-­‐cbar	
  and	
  b-­‐bbar	
  	
  
Mel:ng	
  depends	
  on	
  binding	
  energy	
  (i.e.	
  size	
  of	
  bound	
  state)	
  
Look	
  at	
  J/ψ	
  vs.	
  ψ’	
  vs.	
  Υ	
  states	
  

  quarks	
  find	
  one	
  another	
  when	
  system	
  cools	
  to	
  T~150	
  MeV	
  
	
  coalesce	
  to	
  form	
  the	
  hadrons	
  we	
  observe	
  

  Occasionally	
  a	
  c	
  can	
  find	
  a	
  cbar	
  
“regenera:on”	
  or	
  “coalescence”	
  
Probability	
  increases	
  with	
  c-­‐cbar	
  pairs	
  	
  
Increases	
  with	
  beam	
  energy	
  
Confuses	
  measurements	
  of	
  mel:ng	
  

Ø  Measure	
  energy	
  &	
  quark	
  mass	
  dependence	
  to	
  sort	
  out	
  	
  
Ø  b’s	
  are	
  rare,	
  so	
  Υ is	
  a	
  good	
  screening	
  probe	
  

Ø  Ini:al	
  state	
  affects	
  c&b	
  produc:on	
  –	
  so	
  must	
  measure	
  p+A!	
  

J/Ψ 
c

c



Suppression	
  paBern	
  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	
  e+A)	
  
	
  

  Final	
  state	
  effects	
  
Breakup	
  of	
  quarkonia	
  due	
  	
  
	
  	
  	
  to	
  co-­‐moving	
  hadrons	
  
(calibrate	
  with	
  A	
  &	
  	
  
	
  	
  	
  centrality	
  dependence)	
   54 
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EMC-
effect

Fermi-
motion

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.
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Shadowing,	
  breakup	
  &	
  Cronin	
  effect	
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ª 	
  pT	
  broadens	
  (mul:ple	
  scaBering)	
  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	
  scaBering	
  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).

0

0.5

1

1.5

2

R
dA

u/
pp

(p
T)

Centrality 0-20%
0

0.5

1

1.5

2

R
dA

u/
pp

(p
T)

Centrality 20-40%

0

0.5

1

1.5

0 2 4 6
pT (GeV)

R
dA

u/
pp

(p
T)

Centrality 40-60%
0

0.5

1

1.5

0 2 4 6 8
pT (GeV)

R
dA

u/
pp

(p
T)

Centrality 60-88%

y = [ -2.2 ; -1.2 ]

0

0.5

1

1.5

2

R
dA

u/
pp

(p
T)

Centrality 0-20%
0

0.5

1

1.5

2

R
dA

u/
pp

(p
T)

Centrality 20-40%

0

0.5

1

1.5

0 2 4 6
pT (GeV)

R
dA

u/
pp

(p
T)

Centrality 40-60%
0

0.5

1

1.5

0 2 4 6 8
pT (GeV)

R
dA

u/
pp

(p
T)

Centrality 60-88%

y = [ -0.35 ; 0.35 ]

0

0.5

1

1.5

2

R
dA

u/
pp

(p
T)

Centrality 0-20%
0

0.5

1

1.5

2

R
dA

u/
pp

(p
T)

Centrality 20-40%

0

0.5

1

1.5

0 2 4 6
pT (GeV)

R
dA

u/
pp

(p
T)

Centrality 40-60%
0

0.5

1

1.5

0 2 4 6 8
pT (GeV)

R
dA

u/
pp

(p
T)

Centrality 60-88%

y = [ 1.2 ; 2.2 ]

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	
  



b-­‐bar	
  bound	
  states	
  at	
  the	
  LHC	
  
  Many	
  c-­‐cbar	
  at	
  LHC:	
  coalescence	
  important.	
  Use	
  b-­‐bar	
  probe	
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   ϒ (2S,3S)  
suppressed 



In vacuum 

In nucleus 

Probe	
  nucleons	
  &	
  nuclei	
  with	
  electrons	
  

§  How	
  many	
  gluons	
  are	
  there?	
  
Measure	
  e+p,	
  e+A	
  è	
  e	
  
	
  

§  How	
  are	
  they	
  distributed?	
  
	
   	
  In	
  space?	
  In	
  momentum?	
  
	
   	
  Measure	
  e+p,	
  e+A	
  è	
  e	
  +	
  hadrons,	
  e	
  +	
  γ or	
  J/ψ	



	
  
§  How	
  are	
  they	
  correlated	
  inside	
  nucleus?	
  

Measure	
  e+p,	
  e+A	
  è	
  	
  
	
  	
  	
  	
  e	
  +	
  ≥	
  2	
  hadrons	
  
	
  

§  What’s	
  gluon	
  range	
  inside	
  a	
  nucleus?	
  
	
  Measure	
  hadron	
  produc:on	
  



EIC	
  kinema:c	
  reach	
  
An	
  electron-­‐ion	
  collider	
  
	
  probe	
  structure	
  directly	
  

60 

Enhance	
  QS	
  with	
  A,	
  not	
  energy	
  	
  



Electron-­‐ion	
  collider	
  

61 



62 

 backup	
  slides	
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Ques:ons	
  
  Can	
  we	
  create	
  quark	
  gluon	
  plasma	
  in	
  the	
  lab?	
  
  thermodynamic	
  proper:es	
  (equilibrium)	
  

T,	
  P,	
  ρ	


Equa:on	
  Of	
  State	
  (rela:on	
  btwn	
  T,	
  P,	
  V,	
  energy	
  density)	
  
vsound,	
  sta:c	
  screening	
  length	
  

  transport	
  proper:es	
  (non-­‐equilibrium)*	
  
par:cle	
  number,	
  energy,	
  momentum,	
  charge	
  
	
  diffusion	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  sound	
  	
  	
  	
  	
  	
  viscosity	
  	
  	
  conduc:vity	
  	
  	
  	
  	
  

In plasma: interactions among charges of multiple particles 
  charge is spread, screened in characteristic (Debye) length, λD      
       also the case for strong, rather than EM force 

*measuring these is new for nuclear/particle physics! 



Stochas:c	
  cooling	
  keeps	
  bunches	
  :ght	
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u  Coulomb	
  interac:ons	
  among	
  
highly	
  charged	
  ions	
  blow	
  up	
  
the	
  beam	
  bunches	
  

u  Measure	
  and	
  send	
  correc:ng	
  
kick	
  to	
  outliers	
  (at	
  each	
  go-­‐
round)	
  	
  

Ø Huge	
  increase	
  in	
  beam	
  
life:me	
  and	
  luminosity!	
  



Mechanism	
  for	
  fast	
  thermaliza:on?	
  

 Must	
  be	
  thermalized	
  in	
  <	
  1	
  fm/c!	
  
Otherwise	
  v2	
  smaller	
  than	
  in	
  the	
  data	
  

  Can	
  this	
  be	
  achieved	
  with	
  gg,	
  qg,	
  and	
  qq	
  binary	
  
scaBerings?	
  
NO!	
  
Making	
  this	
  picture	
  yield	
  sufficient	
  v2,	
  requires	
  
boos:ng	
  the	
  pQCD	
  parton-­‐parton	
  cross	
  
sec:ons	
  by	
  a	
  factor	
  of	
  ~50!	
  

	
  
 Mechanism	
  not	
  known	
  yet.	
  Perhaps	
  start	
  out	
  
with	
  correlated	
  gluonic	
  maBer	
  at	
  small	
  x?	
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Ellip:c	
  flow	
  scales	
  with	
  number	
  of	
  quarks	
  

transverse KE 

implication: valence quarks, not hadrons, are relevant  
pressure builds early, dressed quarks are born of flowing field 
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Eccentricity: 
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Calcula:ng	
  transport	
  in	
  QGP	
  

weak	
  coupling	
  limit	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  ∞	
  strong	
  coupling	
  limit	
  
perturba:ve	
  QCD	
   	
   	
   	
  not	
  easy!	
  Try	
  a	
  pure	
  field…	
  
kine:c	
  theory,	
  cascades	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  gravity	
  ↔	
  supersym	
  4-­‐d	
  	
  
	
  interac:on	
  of	
  par:cles 	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  (AdS/CFT)	
  

2→3,3→2,n→2… 
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minimum	
  η	
  at	
  phase	
  boundary?	
  

Csernai, Kapusta & McLerran  
PRL97, 152303 (2006) 

quark gluon plasma 

B. Liu and J. Goree,  
cond-mat/0502009 

minimum observed in other strongly coupled systems – 
kinetic part of η decreases with Γ while potential part increases  

strongly coupled dusty plasma 
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Dense	
  gluonic	
  maBer	
  (d+Au,	
  forward	
  y):	
  	
  
large	
  effects	
  observed	
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Shadowing/absorpIon	
  stronger	
  than	
  
linear	
  w/nuclear	
  thickness	
  

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

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 

pp
pair
pp

dA
pair
dA

coll
dA N
J

σσ
σσ
/
/1

=



More	
  jet	
  probes	
  =	
  more	
  insight	
  	
  
  Hadrons	
  

Single	
  high	
  pT	
  hadrons	
  (leading	
  jet	
  fragments)	
  
di-­‐hadron	
  correla:ons	
  

  Reconstructed	
  jets	
  (depend	
  on	
  reco	
  algorithm,	
  compare	
  to	
  theory)	
  
Single	
  jets	
  
<di-­‐jets>	
  or	
  jet-­‐h	
  correla:ons	
  

  Gamma-­‐jet	
  correla:ons	
  	
  	
  (photon	
  tags	
  jet	
  energy)	
  
γ-­‐h	
  correla:ons	
  
<γ-­‐reconstructed	
  jet>	
  

  Construct	
  the	
  variables:	
  RAA,	
  IAA,	
  AJ,	
  q-­‐hat	
  
Nuclear	
  modifica:on:	
  
	
  
Jet	
  asymmetry:	
  	
  
	
  

Jet	
  transport	
  coefficient:	
  q=	
  µ2/λ; µ=	
  <pT	
  transfer>	
  in	
  1	
  scaBering	
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ησ
η
ddpdT
ddpNdpR
T

NN
AA

T
AA

TAA /
/)( 2

2

=

<

Observation of a Centrality-Dependent Dijet Asymmetry in Lead-Lead Collisions atp
sNN = 2.76 TeV with the ATLAS Detector at the LHC

G. Aad et al. (The ATLAS Collaboration)⇤

Using the ATLAS detector, observations have been made of a centrality-dependent dijet asym-
metry in the collisions of lead ions at the Large Hadron Collider. In a sample of lead-lead events
with a per-nucleon center of mass energy of 2.76 TeV, selected with a minimum bias trigger, jets are
reconstructed in fine-grained, longitudinally-segmented electromagnetic and hadronic calorimeters.
The underlying event is measured and subtracted event-by-event, giving estimates of jet transverse
energy above the ambient background. The transverse energies of dijets in opposite hemispheres is
observed to become systematically more unbalanced with increasing event centrality leading to a
large number of events which contain highly asymmetric dijets. This is the first observation of an
enhancement of events with such large dijet asymmetries, not observed in proton-proton collisions,
which may point to an interpretation in terms of strong jet energy loss in a hot, dense medium.

PACS numbers: 25.75.-q

Collisions of heavy ions at ultra-relativistic energies are
expected to produce an evanescent hot, dense state, with
temperatures exceeding two trillion kelvins, in which the
relevant degrees of freedom are not hadrons, but quarks
and gluons. In this medium, high-energy quarks and glu-
ons are expected to transfer energy to the medium by
multiple interactions with the ambient plasma. There is
a rich theoretical literature on in-medium QCD energy
loss extending back to Bjorken, who proposed to look
for “jet quenching” in proton-proton collisions [1]. This
work also suggested the observation of highly unbalanced
dijets when one jet is produced at the periphery of the
collision. For comprehensive reviews of recent theoretical
work in this area, see Refs. [2, 3].

Single particle measurements made by RHIC experi-
ments established that high transverse momentum (p

T

)
hadrons are produced at rates a factor of five or more
lower than expected by assuming QCD factorization
holds in every binary collision of nucleons in the on-
coming nuclei [4, 5]. This observation is characterized
by measurements of R

AA

, the ratio of yields in heavy
ion collisions to proton-proton collisions, divided by the
number of binary collisions. Di-hadron measurements
also showed a clear absence of back-to-back hadron pro-
duction in more central heavy ion collisions [5], strongly
suggestive of jet suppression. The limited rapidity cover-
age of the experiment, and jet energies comparable to the
underlying event energy, prevented a stronger conclusion
being drawn from these data.

The LHC heavy ion program was foreseen to provide
an opportunity to study jet quenching at much higher
jet energies than achieved at RHIC. This letter provides
the first measurements of jet production in lead-lead col-
lisions at

p
s

NN

= 2.76 TeV per nucleon-nucleon col-
lision, the highest center of mass energy ever achieved
for nuclear collisions. At this energy, next-to-leading-
order QCD calculations [6] predict abundant rates of jets
above 100 GeV produced in the pseudorapidity region
|⌘| < 4.5 [7], which can be reconstructed by ATLAS.

The data in this paper were obtained by ATLAS during
the 2010 lead-lead run at the LHC and correspond to an
integrated luminosity of approximately 1.7 µb

�1.
For this study, the focus is on the balance between

the highest transverse energy pair of jets in events where
those jets have an azimuthal angle separation, �� =
|�1 � �2| > ⇡/2 to reduce contributions from multi-jet
final states. In this letter, jets with �� > ⇡/2 are la-
beled as being in opposite hemispheres. The jet energy
imbalance is expressed in terms of the asymmetry A

J

,

A

J

=
E

T1 � E

T2

E

T1 + E

T2
,�� >

⇡

2
(1)

where the first jet is required to have a transverse en-
ergy E

T1 > 100 GeV, and the second jet is the highest
transverse energy jet in the opposite hemisphere with
E

T2 > 25 GeV. The average contribution of the under-
lying event energy is subtracted when deriving the in-
dividual jet transverse energies. The event selection is
chosen such that the first jet has high reconstruction ef-
ficiency and the second jet is above the distribution of
background fluctuations and the intrinsic soft jets asso-
ciated with the collision. Dijet events are expected to
have A

J

near zero, with deviations expected from gluon
radiation falling outside the jet cone, as well as from in-
strumental e↵ects. Energy loss in the medium could lead
to much stronger deviations in the reconstructed energy
balance.
The ATLAS detector [8] is well-suited for measuring

jets due to its large acceptance, highly segmented elec-
tromagnetic (EM) and hadronic calorimeters. These al-
low e�cient reconstruction of jets over a wide range in
the region |⌘| < 4.5. The detector also provides precise
charged particle and muon tracking. An event display
showing the Inner Detector and calorimeter systems is
shown in Fig. 1.
Liquid argon (LAr) technology providing excellent en-

ergy and position resolution is used in the electromag-
netic calorimeter that covers the pseudorapidity range
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