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The	  Big	  Picture	  
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Fundamental	  Ques-ons	  in	  QCD	  

•  Confinement,	  chiral	  symmetry	  breaking,	  
quan-ta-ve	  understanding	  of	  hadron	  masses,	  
structure	  of	  the	  nucleon	  and	  the	  nucleus.	  

•  QCD	  under	  extreme	  condi-ons:	  finite-‐T	  (heavy	  
ions,	  Early	  Universe),	  finite-‐µ	  (neutron	  stars),	  
high	  energy	  QCD	  asympto-cs.	  	  
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Fundamental	  Ques-ons	  of	  QCD	  at	  EIC	  

•  Confinement,	  chiral	  symmetry	  breaking,	  
quan-ta-ve	  understanding	  of	  hadron	  masses,	  
structure	  of	  the	  nucleon	  and	  the	  nucleus.	  

•  QCD	  under	  extreme	  condi-ons:	  finite-‐T	  (heavy	  
ions,	  Early	  Universe),	  finite-‐µ	  (neutron	  stars),	  
high	  energy	  QCD	  asympto9cs.	  	  
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Big	  Ques-ons	  	  
EIC	  Would	  Address	  

•  How	  are	  the	  sea	  quarks	  and	  gluons,	  and	  their	  spins,	  
distributed	  in	  space	  and	  momentum	  inside	  the	  nucleon?	  

•  Where	  does	  the	  satura-on	  of	  gluon	  densi-es	  set	  it?	  What	  is	  
the	  dynamics?	  Is	  it	  universal?	  

•  How	  does	  the	  nuclear	  environment	  affect	  the	  distribu-on	  of	  
quarks	  and	  gluons	  and	  their	  interac-ons	  in	  nuclei?	  
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Fundamental	  Ques-ons	  in	  e+A	  

•  What	  is	  the	  role	  of	  strong	  gluon	  fields,	  parton	  satura-on	  
effects,	  and	  collec-ve	  gluon	  excita-ons	  in	  nuclei?	  	  

•  Can	  we	  experimentally	  find	  evidence	  of	  nonlinear	  QCD	  
dynamics	  in	  the	  high-‐energy	  sca`ering	  off	  nuclei?	  	  

•  What	  is	  the	  momentum	  distribu-on	  of	  gluons	  and	  sea	  quarks	  
in	  nuclei?	  What	  is	  the	  spa-al	  distribu-on	  of	  gluons	  and	  sea	  
quarks	  in	  nuclei?	  	  

•  Are	  there	  strong	  color	  (quark	  and	  gluon	  density)	  fluctua-ons	  
inside	  a	  large	  nucleus?	  How	  does	  the	  nucleus	  respond	  to	  the	  
propaga-on	  of	  a	  color	  charge	  through	  it?	  	  
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Small-‐x	  Physics	  and	  Satura-on	  
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A.	  Main	  Concepts	  
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Gluons	  at	  Small-‐x	  
•  There	  is	  a	  large	  number	  of	  small-‐x	  gluons	  (and	  quarks)	  in	  a	  proton:	  
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High	  Density	  of	  Gluons	  
•  High	  number	  of	  gluons	  populates	  the	  transverse	  extent	  of	  the	  proton	  or	  

nucleus,	  leading	  to	  a	  very	  dense	  saturated	  wave	  func-on	  known	  as	  the	  
Color	  Glass	  Condensate	  (CGC):	  

many new
smaller partons
are produced

Proton
(x, Q2)

Proton
(x0, Q2)

x0 >> x

Low Energy High Energy

parton

“Color Glass Condensate” 
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Nonlinear	  Equa-on	  

  

I. Balitsky ’96, Yu. K. ’99; 
JIMWLK ‘98-’01 

At very high energy gluon recombination becomes important. As energy  
(rapidity) increases, gluons not only split into more gluons, but also  
recombine. Recombination reduces the number of gluons in the wave function. 
Here Y~ln s~ln 1/x is rapidity, s is cms energy.  

Number of gluon pairs ~  2N

@

@Y

N(x, k2T ) = ↵s KBFKL ⌦ N(x, k2T )� ↵s [N(x, k2T )]
2

splitting recombination
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Map of High Energy QCD 
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Map	  of	  High	  Energy	  QCD	  
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McLerran-‐Venugopalan	  Model	  

Boost

•  Large	  gluon	  density	  gives	  a	  large	  momentum	  scale	  Qs	  (the	  satura-on	  
scale):	  Qs

2	  ~	  #	  gluons	  per	  unit	  transverse	  area	  ~	  A1/3.	  	  
•  For	  Qs	  >>	  ΛQCD,	  get	  a	  theory	  at	  weak	  coupling	  

and	  the	  leading	  gluon	  field	  is	  classical.	  
↵s(Q

2
s) ⌧ 1

Get	  A1/3	  density	  	  
enhancement	  
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Typical	  gluon	  “size”	  

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?
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momentum	  transverse	  
to	  the	  beam	  

Most	  gluons	  are	  near	  	  
the	  satura-on	  scale	  Qs.	  

Gluon	  “size”	  =	  1/transverse	  momentum	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  1/Qs	   16	  



High	  Energy	  QCD:	  satura-on	  physics	  
•  The	  nonlinear	  BK/JIMWLK	  equa-ons	  and	  the	  MV	  model	  lead	  to	  a	  large	  

internal	  momentum	  scale	  QS	  which	  grows	  with	  both	  the	  decreasing	  x	  /
increasing	  energy	  s	  (	  	  	  	  	  	  	  	  	  	  	  	  	  )	  and	  the	  increasing	  nuclear	  atomic	  number	  A	  
	  
	  
	  
	  

	   	  such	  that	  
	  
	  

	  and	  we	  can	  calculate	  total	  cross	  sec-ons,	  par-cle	  mul-plici-es,	  
	  correla-ons,	  etc.	  ,	  from	  first	  principles.	  	  

•  Bo`om	  line:	  coupling	  is	  weak,	  Feynman	  diagrams	  work.	  	  
But:	  the	  system	  is	  dense	  and	  physics	  is	  nonlinear!	  
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Satura-on	  Scale	  
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To	  summarize,	  satura-on	  scale	  is	  an	  increasing	  func-on	  of	  both	  energy	  (1/x)	  and	  A:	  	  

Q

2
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✓
A

x

◆1/3

Gold	  nucleus	  provides	  an	  enhancement	  
by	  1971/3,	  which	  is	  equivalent	  to	  doing	  
sca`ering	  on	  a	  proton	  at	  197	  -mes	  	  
smaller-‐x	  /	  higher-‐s!	  
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Satura-on	  Scales	  at	  EIC	  
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Model	  I	  =	  MV-‐inspired	  dipole	  model	  
Model	  II	  =	  running-‐coupling	  BK	  evolu-on	  (rcBK)	  

The	  difference	  in	  Qs	  values	  is	  minimal	  in	  the	  EIC	  range.	  	  
S-ll	  theore-cal	  uncertainty	  remains.	   19	  



B.	  Relevant	  Observables	  
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Dipole	  picture	  of	  DIS	  
•  In	  the	  dipole	  picture	  of	  DIS	  the	  virtual	  photon	  splits	  into	  a	  

quark-‐an-quark	  pair,	  which	  then	  interacts	  with	  the	  target.	  
•  The	  total	  DIS	  cross	  sec-on	  and	  structure	  func-ons	  are	  

calculated	  via:	  

q

γ∗
x⊥ x⊥
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Dipole	  Amplitude	  
•  The	  total	  DIS	  cross	  sec-on	  is	  expressed	  in	  terms	  of	  the	  (Im	  

part	  of	  the)	  forward	  quark	  dipole	  amplitude	  N:	  

�

�

⇤
A

tot

=

Z
d

2
x?
2⇡

d

2
b?

1Z

0

dz

z (1� z)
| �

⇤!qq̄(~x?, z)|2 N(~x?,~b?, Y )

q

γ∗
x⊥ x⊥

b?, Y

z

1� z

with	  rapidity	  Y=ln(1/x)	  	  
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Dipole	  Amplitude	  
The dipole-nucleus amplitude 
as a function of the dipole size is 

1/QS 
Color 
transparency 

Black disk 
limit, 

22tot Rσ π<

q

γ∗
x⊥ x⊥
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Evolu-on	  of	  the	  Dipole	  Amplitude	  with	  Rapidity	  
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BK	  solu-on	  preserves	  the	  black	  disk	  limit	  (N<1):	  
1/Qs
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Dipole	  Amplitude	  as	  a	  Probe	  	  
of	  Spa-al	  Gluon	  Distribu-on	  

•  Dipole	  amplitude	  is	  related	  to	  gluon	  distribu-on.	  
•  It	  is	  related	  to	  the	  Wigner	  distribu-on	  for	  low-‐x	  gluons:	  

•  Just	  like	  for	  the	  Wigner	  distribu-on,	  one	  can	  extract	  the	  gluon	  transverse	  
momentum	  distribu-on	  (TMD)	  out	  of	  it:	  

•  Dipole	  amplitude	  gives	  us	  informa-on	  about	  the	  spa-al	  distribu-on	  of	  
small-‐x	  gluons.	  	  

N(~x?,~b?, Y = ln 1/xBj) ( (Fourier transform) ) W (

~

k?,~b?, xBj)

Z
d

2
b? N(~x?,~b?, Y = ln 1/xBj) ( (Fourier transform) ) f(

~

k?, xBj)
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Can	  Satura-on	  be	  Discovered	  at	  EIC?	  
EIC	  has	  an	  unprecedented	  small-‐x	  reach	  for	  DIS	  on	  large	  nuclear	  targets,	  allowing	  	  
to	  seal	  the	  discovery	  of	  satura-on	  physics	  and	  study	  of	  its	  proper-es:	  	  	  

geometric scaling
ln x

non-perturbative region

ln
 Q

2

Q2
s(x)

saturation

JIMWLK
BK

DGLAP

BFKL

αs <<  1

αs ~ 1
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Can	  Satura-on	  be	  Discovered	  at	  EIC?	  
EIC	  has	  an	  unprecedented	  small-‐x	  reach	  for	  DIS	  on	  large	  nuclear	  targets,	  allowing	  	  
to	  seal	  the	  discovery	  of	  satura-on	  physics	  and	  study	  of	  its	  proper-es	  	  
(see	  Thomas	  Ullrich’s	  talk):	  	  	  
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(i)	  Nuclear	  Structure	  Func-ons	  
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Structure	  Func-on	  at	  EIC	  
Nuclear	  structure	  func-ons	  F2	  and	  FL	  	  
which	  could	  be	  measured	  at	  EIC	  	  
(values	  =	  EPS09+PYTHIA).	  Shaded	  area	  =	  
(x,	  Q2)	  range	  of	  world	  e+A	  data.	  
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Nuclear	  Shadowing	  
•  Satura-on	  effects	  may	  explain	  to	  nuclear	  shadowing:	  reduc-on	  of	  the	  

number	  of	  gluons	  per	  nucleon	  with	  decreasing	  x	  and/or	  increasing	  A:	  	  
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But:	  as	  DGLAP	  does	  not	  predict	  the	  x-‐	  
and	  A-‐dependences,	  it	  needs	  to	  be	  
constraint	  by	  the	  data	  to	  dis-nguish	  
DGLAP	  from	  nonlinear	  evolu-on.	  

Note	  that	  including	  heavy	  flavors	  	  (charm)	  
for	  F2	  and	  FL	  should	  help	  dis9nguish	  
between	  the	  satura9on	  versus	  non-‐
satura9on	  predic9ons	  (see	  Thomas	  
Ullrich’s	  talk).	  	   30	  



(ii)	  Di-‐Hadron	  Correla-ons	  

31	  



De-‐correla-on	  
•  Small-x evolution ↔ multiple emissions 
•  Multiple emissions → de-correlation. 

PT,	  trig	  

PT,	  assoc	  

~QS	  

PT,	  trig	  -‐	  P	  T,	  assoc	  ~	  QS	  

• 	  B2B	  jets	  may	  get	  de-‐correlated	  in	  pT	  with	  	  
	  	  the	  spread	  of	  the	  order	  of	  QS	   32	  



Di-‐hadron	  Correla-ons	  
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Deple-on	  of	  di-‐hadron	  correla-ons	  is	  predicted	  for	  e+A	  as	  compared	  to	  e+p.	  
(Domingue	  et	  al	  ‘11;	  Zheng	  et	  al	  ‘14).	  This	  is	  a	  signal	  of	  satura9on.	  
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(iii)	  Diffrac-on	  
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Diffrac-on	  in	  op-cs	  

plane
wave

obstacle
or aperture

(detector)
screen

diffraction
pattern

(size = R)

k

distance d

Diffrac-on	  pa`ern	  contains	  informa-on	  about	  the	  size	  R	  of	  the	  obstacle	  and	  about	  the	  
op-cal	  “blackness”	  of	  the	  obstacle.	  	  
In	  op-cs,	  diffrac-on	  pa`ern	  is	  studied	  as	  a	  func-on	  of	  the	  angle	  θ. In	  high	  energy	  	  
sca`ering	  the	  diffrac-ve	  cross	  sec-ons	  are	  plo`ed	  as	  a	  func-on	  of	  the	  Mandelstam	  	  
variable	  	  t	  =	  k	  sin	  θ.	   35	  



Op-cal	  Analogy	  
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/d

t 
|t|

Coherent/Elastic

Incoherent/Breakup

t1 t2 t3 t4

Light
Intensity

θ2 θ3 θ4θ10 Angle

Diffrac-on	  in	  high	  energy	  sca`ering	  is	  not	  very	  different	  from	  diffrac-on	  in	  op-cs:	  
both	  have	  diffrac-ve	  maxima	  and	  minima:	  	  

Coherent:	  target	  stays	  intact;	  	  
Incoherent:	  target	  nucleus	  breaks	  up,	  but	  nucleons	  are	  intact.	   36	  



Diffrac-on	  terminology	  

MX

γ∗

hadron or
nucleus p+

xP p+

xP β p+

(a) (b)

Xγ∗

rapidity
gap rapidity

gap
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Quasi-‐elas-c	  DIS	  

q

γ∗
x⊥

b⊥
N

Consider	  the	  case	  when	  nothing	  but	  the	  quark-‐an-quark	  pair	  (pions)	  	  
is	  produced:	  	  	  

�

�⇤A
el =

Z
d

2
x?
4⇡

d

2
b?

1Z

0

dz

z (1� z)
| �⇤!qq̄(~x?, z)|2 N

2(~x?,~b?, Y )

The	  quasi-‐elas-c	  cross	  sec-on	  is	  then	  	  

Buchmuller	  et	  al	  ‘97,	  	  McLerran	  and	  Yu.K.	  ‘99	  	  
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Diffrac-on	  on	  a	  black	  disk	  
•  For	  low	  Q2	  (large	  dipole	  sizes)	  the	  black	  disk	  limit	  is	  reached	  with	  N=1	  

•  Diffrac-on	  (elas-c	  sca`ering)	  becomes	  a	  half	  of	  the	  total	  cross	  sec-on	  

•  Large	  frac-on	  of	  diffrac-ve	  events	  in	  DIS	  is	  a	  signature	  of	  reaching	  the	  
black	  disk	  limit!	  

•  HERA:	  ~15%	  (unexpected!)	  ;	  EIC:	  ~25%	  expected	  from	  satura-on	  

�qq̄A

el

�qq̄A

tot

=

R
d2bN2

2
R
d2bN

�! 1

2
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Diffrac-ve	  over	  total	  cross	  sec-ons	  
•  Here’s	  an	  early	  EIC	  measurement	  which	  may	  dis9nguish	  satura9on	  from	  

non-‐satura9on	  approaches:	  

sat	  =	  Kowalski	  et	  al	  ‘08,	  plots	  generated	  by	  Marquet	  
no-‐sat	  =	  Leading	  Twist	  Shadowing	  (LTS),	  Frankfurt,	  Guzey,	  Strikman	  ‘04,	  plots	  by	  Guzey	  
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Exclusive	  Vector	  Meson	  Produc-on	  
•  An	  important	  diffrac-ve	  process	  which	  can	  be	  measured	  at	  

EIC	  is	  exclusive	  vector	  meson	  produc-on:	  

q

γ∗
x⊥

N

ρ,ω,φ, J/ψ, . . .

b⊥

41	  



Exclusive	  VM	  Produc-on:	  	  
Probe	  of	  Spa-al	  Gluon	  Distribu-on	  

•  Differen-al	  exclusive	  VM	  	  
produc-on	  cross	  sec-on	  is	  
	  
	  
	  
	  
	  

•  the	  T-‐matrix	  is	  related	  to	  the	  dipole	  amplitude	  N:	  	  

•  Can	  study	  t-‐dependence	  of	  the	  dσ/dt	  and	  look	  at	  different	  mesons	  to	  find	  
the	  dipole	  amplitude	  N(x,b,Y)	  (Munier,	  Stasto,	  Mueller	  ’01).	  	  

•  Learn	  about	  the	  gluon	  distribu9on	  in	  space.	  

d��⇤+A!V+A

dt
=

1

4⇡

����
Z

d2b e�i ~q?·~b? T qq̄A(ŝ,~b?)

����
2

T

qq̄A(ŝ,~b?) = i

Z
d

2
x?
4⇡

1Z

0

dz

z (1� z)
 �⇤!qq̄(~x?, z) N(~x?,~b?, Y ) V (~x?, z)

⇤

q

γ∗
x⊥

N

ρ,ω,φ, J/ψ, . . .

b⊥

Brodsky	  et	  al	  ‘94,	  Ryskin	  ‘93	  

t = �~q 2
?

t
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Exclusive	  VM	  Produc-on	  	  
as	  a	  Probe	  of	  Satura-on	  

|t | (GeV2) |t | (GeV2)
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Plots	  by	  T.	  Toll	  and	  T.	  Ullrich	  	  using	  the	  Sartre	  event	  generator	  	  
(b-‐Sat	  (=GBW+b-‐dep+DGLAP)	  +	  WS	  +	  MC).	  

•  J/psi	  is	  smaller,	  less	  sensi-ve	  to	  satura-on	  effects	  
•  Phi	  meson	  is	  larger,	  more	  sensi-ve	  to	  satura-on	  effects	  
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See	  talk	  by	  Thomas	  Ullrich	  for	  an	  in-‐depth	  discussion	  	  
of	  e+A	  observables	  
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Dipole	  Amplitude	  and	  Other	  Operators	  
•  Dipole	  sca`ering	  amplitude	  is	  a	  universal	  degree	  of	  freedom	  in	  satura-on	  

physics.	  
•  It	  describes	  the	  total	  DIS	  cross	  sec-on	  and	  structure	  func-ons:	  

•  It	  also	  describes	  single	  inclusive	  quark	  and	  gluon	  produc-on	  cross	  sec-ons	  
in	  DIS	  and	  in	  p+A	  collisions.	  <-‐	  Universality!	  

•  Works	  for	  diffrac-on	  in	  DIS	  and	  p+A.	  <-‐	  Universality!	  
•  For	  correla-ons	  need	  also	  quadrupoles	  (J.Jalilian-‐Marian,	  Yu.K.	  ’04;	  	  

Dominguez	  et	  al	  ‘11)	  and	  other	  Wilson	  line	  operators.	  

q

γ∗
x⊥ x⊥
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Large-‐x	  Physics	  in	  e+A	  
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e+A	  at	  Large-‐x	  
•  In	  e+A	  at	  EIC	  one	  could	  measure	  quark	  and	  gluon	  distribu-ons	  

(PDFs,	  GPDs,	  TMDs)	  and	  determine	  their	  spa-al	  distribu-ons	  
at	  all	  values	  of	  Bjorken-‐x.	  	  

•  We	  would	  also	  learn	  more	  about	  the	  proper-es	  of	  hadron	  
forma-on	  in	  the	  cold	  nuclear	  ma`er.	  
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Energy	  Loss	  in	  Cold	  Nuclear	  Ma`er	  
•  EIC	  would	  be	  able	  to	  measure	  the	  energy	  loss	  of	  quarks	  in	  a	  cold	  nuclear	  

ma`er,	  complemen-ng	  the	  RHIC	  and	  LHC	  measurements	  of	  energy	  loss	  in	  
hot	  QCD	  plasma:	  

h h

qq

A A A

? ?

ee′

cold nuclear
matter

hot nuclear
matter

q
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Energy	  Loss	  in	  Cold	  Nuclear	  Ma`er	  
•  By	  studying	  quark	  propaga-on	  in	  cold	  nuclear	  ma`er	  we	  can	  learn	  

important	  informa-on	  about	  hadroniza-on	  and	  may	  even	  measure	  qhat	  
in	  the	  cold	  nuclear	  medium	  	  
(see	  more	  in	  Thomas’s	  talk):	  
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Connec-ons	  to	  p+A	  and	  A+A	  collisions	  
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Connec-ons	  to	  p+A	  
•  In	  the	  satura-on	  framework	  par-cle	  produc-on	  in	  p+A	  is	  described	  by	  the	  

dipole	  amplitude,	  just	  like	  structure	  func-ons	  in	  DIS.	  (Universality!)	  
•  Correla-ons	  in	  both	  processes	  are	  described	  by	  other	  Wilson	  line	  

operators	  like	  quadrupoles.	  (Universality!)	  –	  see	  Z.	  Kang’s	  talk	  
•  Some	  evidence	  of	  satura-on	  has	  been	  seen	  in	  d+Au	  collisions	  at	  RHIC:	  
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Connec-ons	  to	  p+A	  

STAR Preliminary
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Connec-ons	  to	  Heavy	  Ion	  Physics	  
•  CGC	  Physics	  also	  plays	  important	  role	  in	  the	  early-‐-me	  dynamics	  of	  heavy	  

ion	  collisions	  
•  By	  exploring	  it	  at	  EIC	  we	  would	  get	  a	  be`er	  handle	  on	  forma-on	  of	  QGP	  

and	  on	  fluctua-ons,	  including	  mul-plicity	  and	  azimuthal	  harmonic	  flow	  
coefficients	  vn.	  
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Conclusions	  
•  EIC	  is	  a	  unique	  opportunity	  to	  complete	  the	  discovery	  of	  satura9on/CGC	  

physics	  and	  to	  study	  its	  proper-es.	  Strong	  gluon	  fields	  and	  nonlinear	  
dynamics	  may	  be	  found	  only	  in	  e+A	  collisions.	  

•  EIC	  would	  help	  us	  understand	  spa9al	  distribu9on	  of	  gluons	  and	  quarks	  in	  
the	  nuclei.	  

•  Satura-on	  physics	  extends	  our	  understanding	  of	  both	  QCD	  under	  extreme	  
condi-ons	  and	  of	  the	  nucleon	  structure/TMD	  physics.	  	  	  	  	  

•  By	  discovering	  satura-on,	  we	  would	  make	  a	  significant	  progress	  in	  
understanding	  high-‐energy	  QCD,	  answering	  one	  of	  the	  fundamental	  
ques-ons	  in	  the	  field	  and	  paving	  the	  way	  for	  be`er	  understanding	  of	  
strong	  interac-ons	  at	  the	  future	  accelerators.	  
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Backup	  Slides	  

55	  



Nonlinear Evolution at Work 

ü  First partons are produced 
overlapping each other, all of them 
about the same size.  
 
ü When some critical density is 
reached no more partons of given  
size can fit in the wave function. 
The proton starts producing smaller  
partons to fit them in. 

Color Glass Condensate 

Proton 
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Satura-on	  Scale	  
3/12 ~ AQSTo argue that                           let us consider an example of a  

particle scattering on a nucleus. As it travels through the nucleus it 
bumps into nucleons. Along a straight line trajectory it encounters 
~ R ~ A1/3 nucleons, with R the nuclear radius and A the atomic  
number of the nucleus.  
 
The particle receives ~ A1/3  
random kicks. Its momentum 
gets broadened by 
 
 
Saturation scale, as a feature of the collective field 
of the whole nucleus also scales ~ A1/3. 

�k ⇠
p

A1/3 ) (�k)2 ⇠ A1/3
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Map	  of	  High	  Energy	  QCD	  
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Map of High Energy QCD 
Saturation physics allows us  
to study regions of high  
parton density in the small  
coupling regime, where  
calculations are still  
under control! 

Transition to saturation region is 
characterized by the saturation scale 
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Satura-on	  Scales	  at	  EIC	  
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Diffrac-on	  in	  op-cs	  and	  QCD	  

•  In	  op-cs,	  diffrac-on	  pa`ern	  is	  studied	  as	  a	  func-on	  of	  the	  angle	  θ. 
	


•  In	  high	  energy	  sca`ering	  the	  diffrac-ve	  cross	  sec-ons	  are	  plo`ed	  as	  a	  func-on	  of	  the	  	  
Mandelstam	  variable	  	  t	  =	  k	  sin	  θ.	  

!r!r −!b

k
!b z

z = d

z = 0
R

θ
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Impact	  Parameter	  Dependence	  
•  Using	  exclusive	  VM	  produc-on	  one	  can	  study	  the	  b-‐dependence	  of	  the	  T-‐

matrix	  since	  inver-ng	  the	  above	  formula	  one	  gets	  (Munier,	  Stasto,	  Mueller	  
‘01)	  
	  
	  
	  
	  

•  The	  amplitude	  T	  is	  related	  to	  N	  and	  to	  the	  vector	  meson	  and	  	  γ*	  wave	  
func-ons:	  

•  Diffrac-on	  (elas-c	  VM	  produc-on)	  can	  help	  us	  figure	  out	  the	  b-‐
dependence	  of	  the	  T-‐matrix,	  and	  hence	  see	  if	  satura-on	  has	  been	  
reached.	  It	  would	  also	  give	  us	  the	  b-‐dependent	  gluon	  distribu-on	  in	  the	  
nucleus.	  	  
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⇤
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Strong	  Coupling	  Scenarios	  
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Strong	  Coupling	  
•  What	  if	  the	  realis-c	  satura-on	  scale	  at	  the	  EIC	  is	  not	  large	  

enough	  for	  the	  coupling	  to	  be	  small?	  

•  The	  theore-cal	  tool	  would	  then	  be	  AdS/CFT	  correspondence.	  	  
•  Problems:	  N=4	  SYM	  is	  not	  QCD,	  not	  clear	  how	  to	  obtain	  QCD	  

in	  a	  controlled	  way;	  there	  is	  no	  E&M	  current	  in	  N=4	  SYM,	  
hence	  not	  clear	  what	  to	  calculate	  to	  describe	  DIS,	  etc.	  	  
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DIS	  in	  AdS/CFT:	  Currents	  Correlator	  
•  DIS	  can	  be	  modeled	  in	  AdS/CFT	  by	  calcula-ng	  correlator	  of	  two	  R-‐currents	  

in	  the	  background	  of	  a	  thermal	  medium	  or	  a	  shock	  wave	  (Levin	  et	  al	  ‘08,	  
Mueller	  et	  al	  ‘08,	  Avsar	  et	  al	  ‘09).	  The	  satura-on	  scale	  is	  then	  
	  
	  
	  

•  Very	  fast	  x-‐dependence,	  such	  scale	  has	  not	  been	  observed.	  Moreover,	  if	  it	  
grows	  with	  x	  this	  fast,	  it	  would	  quickly	  get	  into	  pQCD	  region	  making	  the	  
coupling	  small…	  	  

Q

2
s ⇠ ⇤2A

1/3

x

x−

z

Shock Wave

gravitons

Maxwell gauge field
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DIS	  in	  AdS/CFT:	  Dipole	  Amplitude	  

•  One	  can	  directly	  calculate	  the	  dipole	  amplitude	  in	  DIS	  obtaining	  (Albacete	  
et	  al	  ’08)	  
	  
(more	  plausible	  x-‐dependence	  (none),	  but	  strong	  A-‐dependence	  –	  not	  
observed)	  

•  or	  (Dumitru	  and	  Noronha	  ’14,	  more	  realis-c	  A-‐dependence)	  
	  

•  More	  work	  is	  needed	  to	  sort	  things	  out.	  This	  may	  be	  an	  opportunity.	  

Q2
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Q2
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AdS/CFT	  vs	  the	  Data	  
•  One	  can	  describe	  the	  low-‐Q2	  F2	  HERA	  data	  using	  AdS/CFT	  approach	  (YK,	  Lu,	  

Rezaeian,	  ‘09):	  	  
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Strong	  vs	  Weak	  Coupling	  

•  Can	  experiments	  dis-nguish	  between	  strongly	  vs	  weakly-‐coupled	  
satura-on	  scenarios	  at	  an	  EIC?	  

•  This	  is	  largely	  an	  open	  ques-on.	  

•  Purely	  large-‐coupling	  scenario	  at	  all	  momentum	  scales	  unlikely	  –	  in	  heavy	  
ions	  AdS	  predicts	  stopping	  of	  heavy	  ions	  in	  the	  collision	  (not	  observed	  at	  
RHIC	  or	  LHC)	  and	  very	  strong	  growth	  of	  hadron	  mul-plicity	  with	  energy.	  
Most	  likely	  early-‐-me	  dynamics	  in	  A+A	  is	  weakly-‐coupled.	  	  

•  	  A	  combina-on	  of	  weakly	  and	  strongly-‐coupled	  dynamics	  is	  possible	  at	  an	  
EIC	  since	  Qs	  is	  not	  huge.	  This	  would	  be	  hard	  to	  tackle	  theore-cally.	  	  
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Strong	  Color	  Fluctua-ons	  

One	  could	  study	  the	  pT-‐broadening	  of	  produced	  hadrons	  in	  DIS	  on	  a	  nucleus	  as	  a	  	  
func-on	  of	  the	  angle	  φ between	  the	  lepton	  and	  hadron	  planes.	  	  The	  broadening	  
	  
	  
	  
would	  be	  sensi-ve	  to	  strong	  color	  fluctua-ons	  in	  the	  density	  of	  partons.	  

h�p2T (�)iAN = hp2T (�)iA � hp2T (�)iN
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Connec-ons	  to	  Heavy	  Ion	  Physics	  
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A	  comparison	  of	  data	  vs	  theory	  using	  viscous	  hydrodynamics	  with	  Glauber-‐like	  ini-al	  
condi-ons	  (le�)	  or	  the	  satura-on-‐inspired	  ones	  (right).	  	  

Harmonic	  flow	  coefficients	  are	  sensi-ve	  
probes	  of	  the	  dynamics	  of	  quark-‐gluon	  
plasma	  and	  the	  ini-al	  condi-ons	  for	  
its	  forma-on:	  
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Connec-ons	  to	  Cosmic	  Rays	  
•  There	  is	  a	  known	  problem	  in	  Auger	  data	  indica-ng	  that	  cosmic	  rays	  

behave	  like	  protons	  at	  lower	  energies	  and	  like	  nuclei	  at	  higher	  energies,	  
according	  to	  the	  exis-ng	  QCD	  Monte-‐Carlos.	  

•  Xmax	  =	  atmospheric	  depth	  of	  the	  cosmic	  	  
ray	  shower	  maximum	  

•  It	  could	  be	  that	  the	  problem	  is	  with	  our	  
understanding	  of	  QCD	  at	  this	  super-‐high	  
energies.	  
	  

•  Perhaps	  satura-on	  physics,	  with	  input	  
from	  EIC,	  could	  help	  improve	  our	  
understanding	  of	  the	  Auger	  data.	  	  
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