!'_ Saturation Physics

Yuri Kovchegov
The Ohio State University



i Outline

s Breakdown of DGLAP evolution at small-x and
low Q2.
= What we expect to find at small-x in nuclei:

strong gluon fields, nonlinear dynamics, near-
black cross sections.

= What we have seen so far.

= How EIC can solve many of the existing
puzzles.

= Open theory guestions.
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Standard Approach:
DGLAP Equation



Gluons and Quarks at Low-X

Distribution functions xq(x,Q?) and xG(x,Q?) rise steeply at low Bjorken x.

Gluons and Quarks
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Is all this well-described by the standard DGLAP evolution?



Negative gluon distribution!

ZEUS

1 NLO global fitting o s vt
based on leading .| — zeusmioqcpm
twist DGLAP
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Does it mean that we
have no gluons at
x <103 and Q=1 GeV?

No!

2000 GeV">



Why does DGLAP fail?

» Indeed we know that at low Q< the higher twist effects
scaling as ~1/Q% become important.

» These higher twist corrections are enhanced at small-x:

A1

Q2 X/I

» For large nuclei there Is also enhancement by the atomic
number A:

A2 A1/3
NQ2 Xﬂ,
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What We Expect to See
at Small-x in Nuclel



Nuclear/Hadronic Wave Function

Imagine an UR nucleus
or hadron with valence
guarks and sea gluons
and quarks.

=-----__sea gluons
~ and quarks

e

Boost to the rest frame:
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for small enough xg; we get
with R the nuclear radius.
(e.g. for x=10-3 get |.,,=100 fm)

| =~ 1 >> R

coh
2my Xg

;Y*




Color Charge Density

1/3 —
WM o

Small-x gluon “sees” the whole nucleus coherently |[L — _
In the longitudinal direction! It “sees” many color charges which
form a net effective color charge Q = g (# charges)¥?, such
that Q% = g2 #charges (random walk). Define color charge

density ) Q 2 9 2 H Charges 5 A e McLerran
H == ~ —~ A Venugopalan
S L S il S 1 ’93-°94

such that for a large nucleus (A>>1)

W~ANoep A7>> Aoy = ag(1) <<1

Nuclear small-x wave function is perturbative!!!



McLerran-Venugopalan Model

As we have seen, the wave In the transverse plane the nucleus

function of a single nucleus has s densely packed with gluons and
many small-x quarks and gluons  quarks.

1n 1t.

<-----__sea gluons
-~ and quarks
P

nucleus

Large occupation number = Classical Field ‘




McLerran-Venugopalan Model

U Leading gluon field is classical! To find the classical gluon field
A, of the nucleus one has to solve the non-linear analogue of Maxwell
equations — the Yang-Mills equations, with the nucleus as

a source of color charge:
MY _ U
D F* =]

Yu. K. 96

J. Jalilhan-Marian et al, ‘96 . .
’ nucleus is Lorentz contacted into a pancake



Classical Gluon Field of a Nucleus

Using the obtained classical
gluon field one can construct
corresponding gluon distribution
function

(%K) ~ (A(=K)- AK))

» Note a change in concept: instead of writing an evolution
equation a la DGLAP, we can simply write down a closed
expression for the distribution of gluons. The calculation is
non-perturbative (classical).

» Gluon field is A ~1/g, which is what one would expect for
a classical field: gluon fields are strong!



Classical Gluon Distribution

kT ¢A(X' k2)\ \\\\\ most partons
\v/"are here

A good object to plot is ~kin Qs/k /v
the gluon distribution | |

multiplied by the phase |
space Ky: y

1K
y

g << 1
> K

A ocp Qs know how to do physics here

og~ 1 //
?27?

= Most gluons in the nuclear wave function have transverse

momentum of the order of k; ~ Qg and Q§ ~ Al
= We have a small coupling description of the whole wave

function in the classical approximation.



BFKL Equation

Balitsky, Fadin, Kuraev, Lipatov ‘78

The powers of the parameter a In s without multiple rescatterings are
resummed by the BFKL equation. Start with N particles in the proton’s
wave function. As we increase the energy a new particle can be emitted by
either one of the N particles. The number of newly emitted particles is

proportional to N.  new parton is emitted as energy increases
proton

===

N partons It could be emitted off anyone of the N partons

The BFKL equation for the number of partons N reads:

0
o 1n(1/x)

N (Xan) = asKgr ®N (Xan)



BFKL Equation as a High Density Machine

Xo >> X
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Nonlinear Equation

At very high energy parton recombination becomes important. Partons not
only split into more partons, but also recombine. Recombination reduces
the number of partons in the wave function.

new parton is emitted as energy increases
It could be emitted off anyone of the N partons

N partons any two partons can recombine into one
ON(x,k*
aln((l/x)) =a, Kgr, ® N(X,Kk?)—a [N(X, k)]

Number of parton pairs ~ N



Nonlinear Equation: Saturation

o PA
o ~ const
Cross
section BFKL f \ Black Disk
POWer 9 Limit
energy saturation
growth
G~ s®
=
energy S

Gluon recombination tries to reduce the number of gluons in the wave
function. At very high energy recombination begins to compensate gluon
splitting. Gluon density reaches a limit and does not grow anymore. So do
total DIS cross sections. Unitarity is restored!



Nonlinear Evolution at Work

Proton

v" First partons are produced
overlapping each other, all of them

about the same size.

v" 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 1n.

Color Glass Condensate



Game Plan of High Energy QCD

Saturation physics allows us
to study regions of high
parton density in the small
coupling regime, where
calculations are still

Y=In1x A

under control! - .
non—perturbative
region

(not much is known

saturation region
Color Glass Condensate

( can be understood
by small coupling methods )

//BK/JIMWLK

BFKL

I

<___________

DGLAP
= Q

coupling is large)
a.~ 1

Transition to saturation region Is
characterized by the saturation scale

2 o, << 1

(or p;?)
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The Little That We (Probably)
Know Already




i How to Calculate Observables

= Start by finding the classical field of the
McLerran-Venugopalan model.

= Continue by including the quantum
corrections of the BK/JIMWLK evolution
equations.



Dipole Models In DIS

The DIS process in the rest frame of the target is shown below.
It factorizes into

“nucleons in the nucleus -~

oM (Xg,Q7) = @7 PR N(X,,Y = In(1/Xg))

QCD dynamics is all in N.



i HERA DIS Results

Most of HERA DIS data is
well-described by dipole
models based on
CGCl/saturation physics.
This is particularly true in
the low-x low-Q region,
where DGLAP-based pdf's
falil.

o
= .

from Gotsman, Levin,
LUbllnSky, Maor ¢02 10 10-% 10-1 10-%  10-® 10-8 }1{0—' 10-  10-% 10-% 104 10-9



Gluon Production in Proton-Nucleus
Collisions (pA): Classical Field

To find the gluon production
Cross section in pA one =
has to solve the same

classical Yang-Mills

equations oy M <

DF" =J
for two sources — proton and LB
nucleus.

Yu. K., A.H. Mueller in ‘98



Gluon Production in pA: Classical Field

To understand how the gluon . Enhancement
P

production in pA is different from R / (Cronin Effect)
N

independent superposition of
A proton-proton (pp) collisions  *-°

one constructs the quantity 1}
pA 0.5}
£ %9 /
RPA— dk T R T
dep
AX E d3k k/QSO

The quantity RPA plotted for the

which is = 1 for independent classical solution.

superposition of sub-collisions.

Nucleus pushes gluons to higher transverse momentum!




Gluon Production in pA: BK Evolution

pA
R toy

Including quantum L e
corrections to gluon 1.5
production cross section 1.25
in pA using BK/JJIMWLK ~ *

evolution equations

Introduces 0 25

suppression in RPA with
Increasing energy!

Energy
Increases

~~-
adl e,

The plot is from D. Kharzeev, Yu. K., K. Tuchin '03
(see also Kharzeev, Levin, McLerran, '02 — original prediction,
Albacete, Armesto, Kovner, Salgado, Wiedemann, '03)



Rya, at different rapidities
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Most recent data from BRAHMS Collaboration nucl-ex/0403005

Our prediction of suppression was confirmed!
(indeed quarks have to be included too to describe the data)



i What We May Know Already

= Saturation/CGC effects appear to manifest
themselves at x—~10-3 and p; up to 3.5 GeV
for gold nuclel at RHIC via breakdown of
naive factorization.

= Saturation-based dipole models are hugely
successful in describing HERA data,
especially in the low-x low-Q region where
DGLAP-based pdf’s fail.

= eRHIC is almost certainly going to probe deep
Into the saturation region.

= EM probes would be more convincing: no
fragmentation effects there.
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How EIC can solve many of the
puzzles



i EIC

= EIC/eRHIC would produce dedicated data on
nuclear structure functions and would allow
one to answer many questions in small-x
physics.

= DIS on a nucleus with atomic number A
would allow to test the physics equivalent to
that of DIS on the proton at

Xproton —Xnucleus /A. A 1/3
Qi ~| =
S

= This I1s a much lower effective x!



e¢A Landscape and a new Electron Ion Collider

The x, Q? plane looks well
mapped out — doesn’t it?
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i What Happens to F, at Small-x?

Fermi motion

b2

EMC finding
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i EIC

s EIC/eRHIC would allow us to

saturation region

map out the h|gh energy 'Color Glass Condensate
- | ( can be understood
behaVIOI’ Of QCDI :' by small coupling methods )
Y=Inix | ! 4
= BK/JIMWLK
non—per:[urbative BEKL
region
(not much is known DGLAP
coupling is large) = Q2

o ~1 A o, << 1
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Open Theoretical Questions



i Pomeron Loops

Here Be Ploops?

//BK/JIMWLK

Y=In1/x A

= Important deep
Inside the saturation \
region for nuclei: Q,(Y)
DGLAP

= Resummation is still o
A° a, << 1

an open problem!

BFKL




i Higher Order Corrections

= To have the predictions of BK/JIMWLK under
control one needs to understand higher order
corrections.

ON(x,k*)
o1n(1/ x)

s Kgpe @ N (Xakz) — [N (X’kz)]z

= Recently there has been some progress on
running coupling corrections. ¢ (?7?7)

= NLO is still an open guestion.



i Marriage with DGLAP

= Can we make BK/JIMWLK equations
match smoothly onto DGLAP to have
the right physics at very large Q2 ? Still
an open problem.



i Conclusions: Big Questions

= What is the nature of glue at high density?

= How do strong fields appear in hadronic or nuclear
wave functions at high energies?

= What are the appropriate degrees of freedom?

= How do they respond to external probes or
scattering?

= Is this response universal (ep,pp,eA,pA,AA)?

An Electron lon Collider (EIC) can provide definitive
answers to these questions.



