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Outline of talk:
R
= |ntroduction

= A classical effective theory (and its quantum evolution)
for high energy QCD

= Dipoles in the Color Glass Condensate

= Hadronic scattering and k_t factorization in the Color
Glass Condensate

= Qutlook



STRUCTURE OF HIGHER ORDER CONTRIBUTIONS IN DIS
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» Coefficient functions - C - computed to NNLO for many processes,
e.g., gg > H Harlander, Kilgore; Ravindran,Van Neerven,Smith; ...

» Splitting functions -P - computed to 3-loops recently!

Moch, Vermaseren, Vogt



BFKL evolution: Linear RG in x
Balitsky-Fadin-Kuraev-Lipatov

Low Energy - La rge X
Gluon
Density
Grows

High Energy - Small x

Gluon density saturates at f=



Non-linear evolution:
QCD Bremsstrahlung ° Gluon recombination

Proton

Proton is a dense many body system at high energies
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*» Higher twists (power suppressed-in Q2 )

are important when: Q° ~ Q2 (x) >> A%CD

\/

** Leading twist “shadowing” of these contributions can

extend upto Q% >> Q2 () at small x.

Need a new organizing principle-
beyond the OPE- at small x.



“Higher twists”
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HADRON AT HIGH ENERGIES IS A COLOR GLASS CONDENSATE

A

AN
~kdk,

>

Aacp Qs(z) Q.(2) ky
v ’Dynamica( Jegrees (f freeafom are co[oref g[uons

v ‘Tﬁese are COUJO[edl to mm{om ﬁgﬁt cone sources-time SCCL(@S mucﬁ [d?’gé?’

than natural time scaﬁzs-very similar to syin gfasses
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v ‘Bosons W'itﬁ farge occu}mtion # o~ — -form a conafensate
s

v Typical momentum of gluons is ()



Correlation Functions

JIMWLK => An infinite hierarchy of ordinary differential equations for
gluon correlators < A;As--- A, >,

/ Weight functional
. " for random sources

< Ola] >y= / [da|Ola] Wy [a] -Gaussian in MV
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(13 b))
time ) ) ..
“diffusion coefficient”

For the gluon density < a(z.)a(yr) >y for ga <<1

Recover the BFKL equation in low density limit
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D I S Fast h'1clr0n % fast partons  (p)
small-x gluons (A[p])

Dipole
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where g4ipole(2,7) = 2/0’ (1 — S(x,r,b))

IN CGC:  S(x,r,b) = <TrVi(x)V(y) >y=1— Ny (r,b)

N,

Vi(z) = Pexp (-ig /d;r:_n'ﬁ.{:r.!_,::r.:_]T”)



Models for dipole cross-section

Golec-Biernat-Wusthoff:
Tdipole (X, 71 ) = 0p [l — exp (—-rﬁ_/élRﬁ(:r))}

Bartels-Golec-Biernat-Wusthoff:

7T s (p?) G (e, p*) )]

Jclipﬂl:}(ma'rj_) — adp |:1 — exp (— >
0

MV-Gaussian sources:

Jdi]ml:z(;ﬁ: T'J_) — adp []- — exp (_Q% Tﬁ_ lIl(l/T‘J_i‘l))}



THE BK EQUATION= MEAN FIELD JIMWLK

NV (x.y) - _ ( — y)* NS B R
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Ny b BEKL Non-linear
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= From saturation condition,
N =1/2 when r ~ 1/Q,(Y) ==

172

Qf[ ) A (j” e with A ~ 4.8a.

1/Qu(Ya) 1/Qu(¥2) r

= Many numerical/analytical studies for fixed and
running coupling



How does Q_s behave as function of Y?

Tixecfcoujo[ing LO BFKL: QE = Qﬁfﬂﬂ&sy

LO BFKL+ running cou]o[ing: Q% — A%GD&\/%{IE(YJF'—VHJ
Re-summed NLO BFKL + CGC:

The Logarithmic Derivative of Qs®
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Very close to )%
G.B-W fit!



k t factorization:

Agep << M << /s

Are these “un-integrated gluon distributions” universal?

“Dipoles”-with evolution a la JIMWLK / BK



Virtual photon production in forward p-p

Kopeliovich,Raufeisen, Tarasov
Gelis, Jalilian-Marian

Scattering off
classical field: = EE E = 0()
1
Tyw :/ {‘{E/dETL |(.-"I;'|Egdipf_':lu('rJ_)
()

Same d't:po(e correlator as in e-p




HADRONIC COLLISIONS IN THE CGC FRAMEWORK

Solve Yang-Mills equations for two light cone sources: pp1 & pp2

For observables O(ﬂ”(pp hﬁpg)) average over W1 [py1] & Wpe]



SYSTEMATIC POWER COUNTING FOR SCATTERING IN THE CGC

*» Gluon & quark production to lowest order in sources
(the dilute/pp case).

(pp1 /K1, pp2/kT <<1)

** Gluon & quark production to lowest order in one source
& all orders in the other (the semi-dense/forward p-p
case).

(pp/kT << 1, pa/ki ~ 1)

** Gluon & quark production to all orders in both sources
(the dense/high energy pp case)

(ﬁﬂl/ﬁﬂ'i ~ 1, ,:‘Hgfki ~ l)



= Inclusive gluon production in hadronic collisions to lowest order
in p1 & p2and cvg expressed in k_t factorized form.

="
=

X At[py, pa]

=
p2

This diagram in A™ = () gauge is equivalent to sum of all
Bremsstrahlung diagrams in covariant gauge.

—> Inclusive pair production in CGC framework

A A
P . Y _
A,_}“C A Sp1, p2] x O(p1p2)

A

, Non-Abelian vertex here is the
Abelian

L@’patov vertex



do . 1 A2k, . dgk [L L |
dy,dy,d?pid?q.  (2m)8 (N2 -1)2 | (2m)2 (2 ) 1Ltk —PL - 4L
Tr (|mg,” (K1, k2 q,p)]?)

2 2
li_kEJ_

X@1(k11 )pa(kay)

im_, (k1 ka;q,p)|? s identical to Collins & Ellis’ k_t factom’zation result

d{.i'l[li_aIJ_) :n'rg 3 . r
P, = kg dor e "L J_{Jf}a(’lj_'F?]ﬂa(’lJ_—?)}P

is the un-integmteaf g[uon distribution in the Gaussian ‘MV-model

Tr (jm, (k1. k2 q.p)|?)
2 1.2 is well définecf in the collinear limit
ki ks,

@C By ]y |kar| — 0

| M | j g— a7 aﬁer integration over azimuthal cmg[es

Recover lowest order collinear factorization result



SYSTEMATIC POWER COUNTING-INCLUSIVE GLUON PRODUCTION

(o2 << 1, pa /K3 ~ 1)

Op(1, ki)

Breaks down at next order
/1.2
in Pp/kT L

X A[py, po]

—

~
. ?lof]’oint cfijoo[é

da(wa, ki2) -includes all twists

» K_t holds for inclusivg gluon production
lowest order in pp/k7; but all orders

. L2
In A / k 12



S Result for gfuon mu(lt@’p[i’city in forwarcf pp
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Result is k_t factorized' into yroduct qf “collinear” and
“all-twist” un-integmted' distributions.

M A [: ki.r| 1 x < { Frn’:

E“'Jer . :::- 0 A

-Is non-linear, contains gfuon cfensity to all orders-

]arqportiona[ to un-integmtecf g[uon cfensity at [ar(qe k_t

Note: for forwara hadron production—from valence partons,
“fundamental” dipole - opposed to “adjoint” dipole here



QUARK PRODUCTION TO ALL ORDERS IN FORWARD PP
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do pA—qqgX

.- , -
X Pp X [f‘l{ﬂgﬁg (Bﬁ'q L] + c. ': + C mfﬁ! f:”f]

NS

3- & 4- point “multipole”
Two point-dipole operators
operator in target More non-trivial evolution
with rapidity...

dy,dyad?pq,



doPA—aqX

dypdyﬂdzpﬂh_ X Pp X [A(%’H + (Bﬁf’y;w + c.c) + Coggiqq)

< L‘T‘q{:.’ﬁ_}{;‘L (y.) =

< E'_.-"f-[:;:J_]T“L':l.[y_}’ﬂ"l“' (U°

O RG evolution given by JIMWLK equations-can be tested
at LHC

Q Numerical methods exist to compute n-point correlators ﬁ)r

more exclusive ﬁ’na( states.



OUTLOOK: THE DEMISE OF THE STRUCTURE FUNCTION ?

+» Dipoles (and multipole) operators may be more

relevant observables at high energies-depend on
k_t & impact parameter

¢ Are universal-process independent.

“* RG running of these operators - detailed tests of
high energy QCD.



