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Intro duction

Fascinatingfeatureof the small-x /Regge limit:
bridge betweenhard scatteringand nonperturbativeQCD,
e.g. in deepinelasticscattering= 
 � p-scattering:

Safestarting in pQCD - open boarder to npQCD- hints at connectionwith string theory.



Start in pQCD: LO BFKL

Start: leadinglog-ssummationin 2 ! 2 scatteringin the limit s ! 1 , t f ixed

T (s; t ) =
X

n

( � em � s) 2( � s ln s)n

with p = � s
4N c ln 2

� . Needslarge Q 2 to justify the useof perturbation theory.



How to test this LO calculation:

� deepinelasticscatteringat HERA:
{ structure functions(F 2) at small x (?)
{ forward jets
{ di�ractive vector mesonproduction at large t

� pp scatteringat Tevatron,LHC
{ structure functionsat small x (?)
{ Mueller-Naveletjets
{ hard color singletexchange

� linear e+ e� collider (LEP, ILC)
{ 
 � 
 � scattering

� heavyion at RHIC, LHC)
{ color glasscondensate! McLerran'stalk

Needsdetaileddiscussion.



Beyond BFKL (1): NLO kernel, NLO couplings

Experience shows: realistic comparison needshigher order corrections, at least NLO.
BFKL-intercept ! B F K L
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NLO correctionshavebeencalculated(Fadin, Lipatov; Ciafaloni, Camicci), turned out to be large.
Requiresresummationbeyond NLO ( Salam,Ciafaloni,Sabio-Vera).



NLO kernel is not enough,needNLO couplingto externalprojectile, e.g. photon:

NLO corrections: two-loop calculation
( JB, S.Gieseke, Q.F.Qiao,A.Kyrieleis,D.Colferai,G.Chachamis;since2000).

In the following: present the �rst - preliminary - numerical results of the complete
NLO impact factor.



Divide into virtual and real corrections:

Analytic form of the crosssection:

� 
 � 
 � =
Z

d!

2� i

Z
d2kd2k 0

�
s

s0

� !

�( Q; k ; s0)G! (k ; k 0; s0)�( Q; k 0; s0)

Energyscales0: in LO result
P

n ( � em � s) 2( � s ln s)n , s0 doesnot show up,
s0 is a NLO e�ect (in �xed order calculations it plays the role of a rapidity cuto� ).
Convenientchoice: s0 = kk 0.
Resultof NLO calculation: describesdependenceupon s0, doesnot selects0.
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(Q 2 = 15GeV2, scales0 = kk 0)

A few commentson the numericalresults:

� corrections�� are negative

� large, up to 100%

May needresummation(Ciafaloni,Sabio-Vera ).

Next steps: convolutionwith NLO BFKL Green'sfunction, will leadto absoluteprediction
of 
 � 
 � total crosssectionat ILC.

Other BFKL tests will alsoneedfurther corrections:
e.g. jet production verticesfor forward jets at HERA and for Mueller-Naveletjets at LHC
(work in progress).



There are two other applicationsof theseNLO calculations:
a) Jet production in DIS, NLO photon gluon fusion in k t -factorization:

Di�erent kinematics:k t -schemeneedsthe subprocess
 � g ! q�q for k t 6= 0.
In NLO: so far only in collinear factorization.

Comparisonbetweenthe two schemesat HERA hasnot yet beenpossible.
NLO photon impact factor (virtual corrections)containsthis subprocesssin NLO.
Readyfor NLO calculationsin both schemes.



b) Color dipole picture:
in LO there exist, at small x , two 'dual' pictures:

For the color dipole picture: the crosssectioncan be written in the form:

� 
 � p =
Z

dz
Z

d2 � (Q; z; � ) � � q�qp(z; x )  (Q; z; � )



How doesthis picture look beyond LO?

The NLO photon impact factor calculationshouldbe able to answer:
- newcomponentsof the photon wavefunction
- for the q�q component: doesthe 'freezing'of the con�guration, asobservedin LO, persist?

Study of the NLO impact factor needsto be continued!



Beyond BFKL (2): Saturation

Start: physicsof saturationhasturned into topic of interest at HERA (low x , Q 2),
is presentlyin the centerof interest at RHIC (Color GlassCondensate,! McLerran),
and will be of interest at LHC.

Saturation in deepinelasticscattering: basicidea

� linear evolutionbasedupon assumptionof dilutenessof partons insidethe hadron,one
parton radiatesuntil it entersthe hard interaction.

� growth of gluondensity at smallx comesinto con
ict with dilutenessassumption.Two
(and more) partons insideonehadronmay becomerelevant: multiparton contributions

� leadsto a state of high gluon density
Conceptof parton density no longervalid: ! `color glasscondensate'(classical�eld)

� multiparton contributionslower the growth of the parton densities(total crosssection).
� newscale:Q 2

s(x ) = c(1=x ) � , � � 0:3



A picture:



In terms of diagrams:

The status at HERA:
at large Q 2, x is not smallenough;haveto go to transition regionat smallQ 2

(no competition with DGLAP!).



What can be listed asevidence:
1) Describe F 2 in the transition region. Severalsuccessfulsaturationmodelsfor F 2:
Golec-Biernat,Wuestho�; JB, Golec-Biernat,Kowalski; Gotsman,Levin, Lublinsky, Maor; Iancu, Itakura, Munier

2) GeometricScaling:F 2(Q 2; x ) = F 2(Q 2=Q 2
s(x )) .

3) Di�raction: energydependenceof
� dif f
� tot

:

most natural explanation:saturationmodels.
More detailedtests: b-dependentdipole crosssectionsH.Kowalski, D.Teaney

Summary: there is indirect evidencefor saturation,but we needto �nd direct signals.



Beyond BFKL (3): �eld theory

BFKL is the beginningof a 2 + 1 dimensional�eld theory which describes QCD at high
energies(lives in rapidity, transversecoordinates).
De�ne Green'sfunctionsof interacting reggeizedgluons: G ! (~r 1; :::; ~r n ; ~r 0

1; :::; ~r 0
n )

Evolutionin time (=rapidit y): Schroedinger-like equations@yG = G0 +
P

K B F K L 
 G.
Solution: eigenvaluesof the kernel. Known for n = 2, n = 3.
For generaln : in the limit N c ! 1 the problemis exactlysoluble: integrability



Next step: number changingvertices

Canbuild generalGreen'sfunctions:



M•obiusinvariance: usecomplexcoordinates� = r 1 + ir 2

� !
a� + b

c� + d
; � � !

a� � � + b�

c� � � + d�

Generators are part of Virasoro algebra: L � 1, L 0, conformal bootstrap (at �xed time).
What conformal �eld theory is behind?



QCD at very high energies(small-x /Regge):

� 2+1 dimensional�eld theory

� derivation: e�ective action (Lipatov)

� pieceof conformal invariance

� integrablestructures: more symmetries?

� ...

AdS/CFT Correspondence?

Indication that also the SU (2) � U (1) part of the Standard Model has a similar
2+1 dimensional�eld theory.

Is there somethingdeeper behindall that?



Outlo ok

Havediscussedonly a few aspectsof QCD in the small-x /Regge limit:

� tests of the LO BFKL (Odderon)

� needsNLO accuracy:recentprogress

� saturation: high gluon density (multi-BFKL exchange)

� �eld theory behind,potential connectionwith string theory

What should/will be donein the future

� further NLO calculations

� saturation: calculatecrosssectionsfor RHIC, LHC

� multiple interactionsat LHC

� integrability, conformal structure of the QCD RFT


