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Next-to-leading gluonic Reggeons in the high-energy effective action
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We study next-to-leading gluon exchange in high-energy scattering that contributes to the amplitude to order
s0 up to logarithmic corrections. Similar to the leading gluon exchange these contributions can be described in
terms of Reggeon exchanges. There are several gluonic Reggeons at the next-to-leading level. Some of them
transfer parity or gauge group representations different from the leading gluonic Reggeon. Unlike the leading
one they are sensitive to the helicity and transverse momenta of the scattering partons. We extend the high-
energy effective action and derive from the action of gluodynamics the terms describing the next-to-leading
Reggeons and their interaction in the multi-Regge approximation.@S0556-2821~98!01213-2#

PACS number~s!: 12.38.2t, 12.40.Nn
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I. INTRODUCTION

The leading contribution to the high-energy asymptot
of scattering processes in QCD can be described b
Reggeon and its interaction. The exchange of two such le
ing Reggeized gluons with interactions summed up in
leading lns approximation results in the Balitski�-Fadin-
Kuraev-Lipatov ~BFKL! Pomeron@1#, which has been by
now successfully applied in the phenomenological analy
of semi-hard processes and in particular of deep-inela
scattering at small values of the Bjorken variablex. The
systematic improvement of the leading lns approximation
can be organized using the Reggeized gluon concept:
exchange of an even number of leading Reggeized glu
with interactions taken in the same approximation as in
BFKL Pomeron gives rise to a unitarity correction to t
latter. The exchange of three Reggeized gluons leads to
odderon@2#, the actual role of which in phenomenology
still unclear. Unitarity corrections to the odderon result fro
the exchange of an odd number of Reggeized gluons. Fur
next-to-leading lns corrections result in corrections to th
scattering and production vertices and in new vertices. Th
corrections are related to going beyond multi-Regge appr
mation ~to be explained below, Sec. II A!.

Much effort has been applied in the last years to calcu
the latter corrections@3# and also to calculate the Regge si
gularity induced by multiple exchange of leading Reggeiz
gluons@4# as well as by higher Reggeon interaction vertic
@5#. The Reggeon concept is a starting point of the multip
ticle unitarity approach to high-energy scattering@6#.

The paper is devoted to the study of the contribution fr
gluon exchange suppressed by one power of the c.m. sy
~c.m.s.! energy squareds compared to the leading gluon ex
change. We propose to apply the Reggeon concept als
the nonleading exchanges.

Analyzing the high-energy asymptotics it is convenient
consider the Mellin transform of the amplitude with respe
0556-2821/98/58~1!/014004~14!/$15.00 58 0140
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to the energy squareds. It is essentially thet-channel partial
wave and the Mellin variablej is the complex angular mo
mentum. The leading gluon exchange induces Regge sin
larities nearj 51, the nonleading gluon exchanges studi
here appear as Reggeons with poles nearj 50.

There are observables in high-energy scattering to wh
the nonleading exchanges contribute not just as a small
rection. Nonvacuum quantum numbers such as odd~C or P!
parity can be transferred by gluons.

Consider the scattering with small momentum transfer
a high-momentum gluon or quark on a source of color fiel
The leading interaction contributes to the amplitude prop
tional to the first power of the large momentum. It conserv
helicity of the high-momentum gluon or quark and it is n
sensitive to the details of the color source such as its dis
bution in the transverse~impact parameter! plane or to its
spin structure. However, such details are resolved by in
actions suppressed by one power of the large momen
compared to the leading one.

The exchange of one leading and one nonleading gluo
Reggeon gives a contribution to the small-x asymptotics of
the spin structure functiong1(x) of the proton@7# measuring
the helicity asymmetry. The exchange of two nonlead
gluonic Reggeons contributes to the small-x asymptotics of
the spin structure functionF3

g(x) of the photon~spin-1 tar-
get!, measuring the transverse polarization asymmetry
gluons~gluon transversity! @8#.

The high-energy effective action provides a techni
framework for formulating and analyzing the problems
high-energy scattering in gauge theories. It has been
posed originally as a summary of the leading lns results for
the leading gluon exchange in a simple form and a star
point for going beyond this approximation@9#. Then it has
been understood that it is indeed an effective action in
sense of Wilson. It can be derived from the original action
separating the fields into modes and integrating over th
modes that do not correspond neither to scattering qu
© 1998 The American Physical Society04-1
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R. KIRSCHNER AND L. SZYMANOWSKI PHYSICAL REVIEW D58 014004
~partons! nor to exchanged quanta@10#. The effective action
has been studied up to now in the multi-Regge approxim
tion for describing the leading gluon and leading fermi
exchanges. There are results going beyond this approx
tion @11#.

Here we are going to extend the procedure to nonlead
gluon exchanges contributing toO(s0) to the amplitude. We
restrict ourselves for simplicity to the case without fermion
i.e., to pure gluodynamics. We stay within the multi-Reg
approximation improving the known procedure by keep
terms suppressed by one power ofs. The experience from
the exercise in high-energy scattering in~linearized! gravity
@12# helped us to optimize the extensive calculations.

The structure of the effective vertices with fermions i
cluded can be obtained from the gluonic vertices by sup
symmetry transformations relying on the similarity of QC
to supersymmetric Yang-Mills theory. A short description
our results including a discussion about fermions has b
published earlier@13#.

Some of the technical steps in our procedure can be
tified only in the framework of perturbation theory, the a
plicability of which is restricted to the semihard regio
There we have besides the energy squared a second
momentum scale~momentum transfer or virtualityQ2!
which is much smaller thans but still large compared to the
hadronic scale. Referring to dominating momentum confi
rations in this perturbative Regge region, we can give
inverse derivatives appearing in the calculations and in
final result a meaning, since the typical longitudinal m
menta are not small and small transverse momenta sh
not be essential either. Nonlocal interactions are an esse
feature of our effective action.

In the next section we discuss the separation of mo
according to the multi-Regge kinematics. This is the fi
essential step towards the effective action. We start from
Yang-Mills action in the lightlike axial gauge with the redu
dant field components eliminated. In this way we have
direct correspondence between the fields and the phy
degrees of freedom. This gauge is convenient but can
avoided. The resulting action does not depend on gauge
study the impact of the separation of modes on the triple
quartic interaction terms. Thinking of the physical situatio
of high-energy gluon scattering in an external field and
gluon-gluon quasielastic scattering gives us a guideline
collect the most important terms for deriving the vertices
the effective action. We study the quartic terms contribut
to high-energy elastic scattering. The ones correspondin
s-channel gluon exchange far off-shell are calculated in S
III. Eliminating these ‘‘heavy modes’’ is the second essen
step towards the effective action.

The resulting terms describing effectively quasielas
scattering are analyzed in Sec. IV. We obtain a sum of te
of the form current times current, where the currents desc
the gluons scattering with relatively small momentum tra
fer. This factorizability is essential for identifying the Regg
exchanges. At the end of Sec. IV we write down the effect
action of quasielastic scattering introducing pairs of p
Reggeon fields.

It becomes clear that due to parity symmetry, intercha
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ing the incoming particles, only a part of quartic terms
sufficient to obtain the effective action for quasielastic sc
tering. This observation is used to cut short the calculati
in Sec. V where we study the terms of order 5 describ
effectively the inelastic 2→3 process in the multi-Regge ki
nematics. By factorization we obtain the effective producti
vertices. The high-energy effective action is obtained by a
ing the production vertices to the effective action of qua
elastic scattering. The features of this action are discusse
the last section.

II. SEPARATION OF MODES

A. Multi-Regge kinematics

It is convenient to start from the Yang-Mills action in th
light-cone axial gaugeA250:

L5L~2!1L~3!1L~4!,

L~2!522Aa* ~]1]22]]* !Aa,

L~3!52
g

2
J2

a A1
a 2

g

2
j aA8a,

L~4!5
g2

8
J2

a ]2
22J2

a 2
g2

8
j aj a. ~2.1!

We use light-cone components for the longitudinal part
vectors and complex numbers for the transverse part@10#.
The space-time derivatives are normalized such that]1x2

5]2x15]x5]* x* 51. The gluon field is represented b
the transverse gauge potentialAa, Aa* . It enters the interac-
tion terms~2.1! in the combinations

A1
a 5]2

21~]Aa1]* Aa* !, A8a5 i ~]Aa2]* Aa* !
~2.2!

and in the currents

J2
a 5 i ~A* Ta]J2A!, j a5~A* TaA!. ~2.3!

In the following we encounter besides the longitudinal co
ponentsJ2

a also the transverse componentsJa,Ja* of the
vector current~obtained by replacing]2 by ]* and ], re-
spectively!. We use the abbreviation

~ATaB!52 i f abcAbBc ~2.4!

with f abc the structure constants of SU(N).
The notations are chosen such that there is a close rela

to the leading terms of the effective action@10#: The expres-
sionA1

a ~2.2! describes the leading gluonic Reggeon and
currentJ2

a determines the leading scattering vertex. We sh
see that some of the nonleading gluonic Reggeons are
scribed by the expressionA8a ~2.2! in terms of the original
gluon fieldAa. From the point of view of momentum repre
sentationA1

a andA8a represent the projections of the tran
verse gauge potentialAa(k), the first parallel to the trans
verse part of its momentumkm and the second orthogonal t
km. The nonleading scattering vertices involve besides
4-2
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NEXT-TO-LEADING GLUONIC REGGEONS IN THE . . . PHYSICAL REVIEW D 58 014004
current j a other currents such asJa,Ja* . Removing the re-
dundant field components in the light-cone gauge is con
nient because now the complex fieldAa is directly related to
the gluonic degrees of freedom and as we have stated alr
in Sec. I introducing this gauge is a technical step which
be avoided since the effective action is gauge invariant.

We separate the field into modesA5At1As1A1 . At are
the momentum modes typical for exchanged gluons,As are
the modes typical for scattering gluons, andA1 are the heavy
modes, which do not contribute directly to the scattering
exchange and will be integrated out.

The modes are separated according to the multi-Re
kinematics, i.e., the momentum configuration of a multip
ticle s-channel~intermediate! state~pl , l 50,1, . . . ,n! giv-
ing the dominant contribution in the leading lns approxima-
tion, see Fig. 1. Decomposing the transferred momentakl

5pA2(i50
l21pi with respect to the~almost lightlike! momenta

of incoming particlespA ,pB ,

km5A1

s
~k1pB

m1k2pA
m!1km, ~2.5!

the multi-Regge kinematics is characterized by the con
tions

uk1nu@...@uk11u, uk2nu!...!uk21u,

uk1 lk2 l u!uk l u2, sl5uk2 l 21k1 l 11u@uk l u2, ~2.6!

)
l 51

n

sl5s)
l 52

n

uk l2k l 21u2.

Herek denotes the transverse~with respect topA ,pB! part of
the momentumk. It is represented by a four-vector in E
~2.5! and in the following it will be represented by a comple
number keeping the same notation. The longitudinal m
menta are strongly ordered. The subenergiessl are large
compared to the transferred momenta. The longitudinal c
tribution to the transferred momenta squared is small.
loops the main contribution froms-channel intermediate par
ticles arises from the vicinity of the mass shell. Therefore
modesAt ,As ,A1 are characterized by the following cond
tions:

FIG. 1. The inelastic process in the multi-Regge kinematic
01400
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At :uk2k1u!uku2,

As :uuk2k1u2uku2u!uku2, ~2.7!

A1 :uk2k1u@uku2.

We introduce the mode separation into the action~2.1! by
substitutingA by As1At1A1 . The kinetic term decompose
into three, one for each of the modes, which follows imm
diately from momentum conservation:

Lkin
~0!522As*

a~]1]22]]* !As
a

12At*
a]]* S 12

]1]2

]]* DAt
a

22A1*
a]1]2S 12

]]*

]1]2
DA1

a . ~2.8!

In the kinetic term forAt andA1 the second operator in th
brackets will be treated as a small one. In the calculations
have to keep the first order in these corrections.

B. The triple interaction

Consider now the triple termsL(3) of the action~2.1!. We
introduce the mode decomposition inL(3) and obtain many
terms. The most important terms for our discussion are th
where two of the fields have longitudinal momenta of t
same order and third one carries much larger or m
smaller longitudinal momentum. We denote byL1

(3) those
terms with one of the three fields in the modesAt1As5Ãt

and two in the modesAs1A15Ã:

L1
~3!52

g

2
$ i ~Ã* Ta]J2Ã!Ã1t

a 1~Ã* TaÃ!Ãt8
a

1 i ~Ãt* Ta]J2Ã!Ã1
a 1 i ~Ã* Ta]J2Ãt!Ã1

a

1~Ãt* TaÃ!Ã8a1~Ã* TaÃt!Ã8a%. ~2.9!

Ã1t , Ãt8 andÃ8,Ã1 are given by the expressions~2.2! with
the fields restricted to the modesAt1As5Ãt and As1At

5Ã, respectively. We rearrange the terms in Eq.~2.9! by
using the definition~2.4! for the bracket (A* TaA) and by
performing integration by part in order to put the fields wi
the modeÃt

a as the last factor in each term~Fig. 2!:

FIG. 2. The graphical illustration of vertices entering Eqs.~2.10!
and ~2.12!.
4-3
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L1
~3!52

g

2
$ i ~Ã* Ta]J2Ã!Ã1t

a 1~Ã* TaÃ!Ãt8
a

2 i ~Ã* Ta]J* Ã!Ãt*
a2 i ~Ã* Ta]JÃ!Ãt

a

1 i ~Ã* TaÃ!~]Ãt
a2]* Ãt*

a!12i ~Ã1TaÃ!]2Ãt*
a

22i ~Ã* TaÃ1!]2Ãt
a%.

~2.10!

We decompose the fields in theÃt mode in each term into
the expressionsA1

a and A8a ~2.2!, ]Ãt5
1
2 (]2Ã1t2 iÃ t8).

Writing this field always as the last factor allows us in t
following to omit the subscript (t,s,1) and the tilde referring
to the range of modes.

We use the currentsJ2
a ,Ja,J* a, j a introduced above in

Eq. ~2.3! and furthermore

Js
a5S ]

]2
ATaAD , J2

a5S ]*

]2
A* TaAD ~2.11!

to express the two fields in theÃ mode in each term and
obtain

L1
~3!52

g

2 S J2
a 2

1

2

]2

]]* ~]Ja1]* J* a!

2 i
]2

]]* @]~Js
a1J2

a!2]* ~Js*
a1J2*

a!# DA1
a

~2.12!

2
g

2 S 2 j a1
i

2

1

]]* ~]Ja2]* J* a!

2
]2

]]* @]~Js
a1J2

a!1]* ~Js*
a1J2*

a!# DA8a.

The separated triple terms~2.12! describe in particular the
interaction of a high-energy gluon~modesAs involved in the
currents! with an external field~described by theAt modes in
A1 and inA8!. In the case of scattering with a large m
mentum componentk2 the term withJ2

a gives the leading
contribution of orderO(k2), the terms withJa, J* a, and j a

contribute to orderO(k2
0 ) and the other terms withJs

a ,J2
a

result in corrections of the orderO(k2
21). In describing scat-

tering with largek1 the ordering goes in the reverse dire
tion. Notice, that theJs

a terms contribute to helicity flip
whereas all other vertices conserve the helicity of the s
tering gluon.

C. Quartic interactions and elastic scattering

We introduce the mode separation~2.7! into the quartic
termL(4) of the action~2.1!. We pick up the terms with two
fields in the modesÃ5As1At and the other two in all
modesA with the additional condition that the first two hav
a large longitudinal momentumk2 and the latter two have
small k2 but largek1 :
01400
t-

Lscatt
~4! 5

g2

4
J̃2

a 1

]2
2 J2

a 2
g2

4
J̃aj a

2
g2

8 H ~Ã* Ta]J2A!
1

]2
2 ~Ã* Ta]J2A!1¯J

2
g2

8
$~Ã* TaA!~Ã* TaA!1¯%.

~2.13!

The ellipsis stands for the three terms obtained from the
plicit ones by shifting the tilde signs to the other fields
each of the brackets. Now we look at the derivatives act
on the fieldsÃ carrying largek2 modes. We apply approxi
mations such as

1

]2
~]2Ã* TaA!5~Ã* TaA!2S 1

]2
Ã* Ta]2AD1¯

~2.14!

and keep only terms which, after changing to moment
representation, are of the orderk2

1 or k2
0 , and obtain

Lscatt
~4! 5

g2

4
J̃2

a 1

]2
2 J2

a 2
g2

4
̃aj a

2
g2

2
~Ã* TaA!~A* TaÃ!1O~k2

21!. ~2.15!

We would also like to write the third term as a product of
factor involvingÃ only and a second factor involvingA. We
use the relation for the generatorsTa of the adjoint represen
tation of SU(N),

~Te!ab~Te!cd2~Te!ac~Te!bd5~Te!ad~Te!cb , ~2.16!

and introduce the generatorsDr of the reducible representa
tion arising as the symmetric part in the tensor product of
two adjoint representations of SU(N) in order to write

~Te!ab~Te!cd1~Te!ac~Te!bd5~Dr !ad~Dr !cb . ~2.17!

We introduce the current

j D
r 5~A* DrA!. ~2.18!

Using relations~2.16!, ~2.17! and definition~2.18! we obtain

Lscatt
~4! 5

g2

4
J̃2

a 1

]2
2 J2

a 2
g2

2
̃aj a2

g2

4
̃ D

r j D
r . ~2.19!

The separated quartic terms~2.19! contribute to the quasi-
elastic scattering of gluons at high-energy and limited m
mentum transfer.

The triple terms induce further contributions to quasiel
tic scattering: Two vertices fromL1

(3) ~2.12! can be con-
tracted byt-channel (At) or by s-channel (A1) exchanges.
4-4
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We consider first the contribution oft-channel exchange
The contribution from heavy modesA1 will be discussed in
the next section.

In one of the vertices the fields in the currents descr
scattering gluons with largek2 . We are going to describe
high-energy scattering in the accuracy including ter
O(s0), therefore in this vertex we can disregard the con
bution of the currentsJs andJ2 in Eq. ~2.12!. We restrict the
fields in the currents to the modesAs which are close to mas
shell. Then, up to termsO(k2

21), we can substitute]J
1]* J* by ]1J2 :

L1
~31 !52

g

2 S J2
a 2

1

2

]1]2

]]*
J2

a DA1
a

2
g

2 S 2 j a1
i

2

1

]]* ~]Ja2]* J* a! DA8a.

~2.20!

These approximations do not apply to the other vertex
currents of which describe gluons with smallk2 . We trans-
form the currents using the relation

]Ja1]* J* a5]2J1
a 1]1J2

a 12i ~hA* TaA!

22i ~A* TahA!,

h5]1]22]]* , ~2.21!

which holds on the tree level, and obtain

L1
~3!5L1

~32 !1L2
~32 ! ,

L1
~32 !5L1

~31 !1
g

4 S ]2
2

]]*
J1

a DA1
a ,

L2
~32 !5 i

g

2

]2

]]* $@~hA* TaA!2~A* TahA!#

~2.22!

1]2@]~Js
a1J2

a!2]* ~Js*
a1J2*

a!#%A1
a

1
g

2

]2

]]* @]~Js
a1J2

a!1]* ~Js*
a1J2*

a!#A8a.

Notice that the expression forL1
(32) does not change if we

restrict the fields in the currents to the scattering modesAs .
The quartic terms induced byt-channel exchange are

^L1
~31 !L1

~32 !&At
1^L1

~31 !L2
~32 !&At

. ~2.23!

The contraction̂¯&At
simply means substituting in view o

the kinetic term~2.8! the product of two exchanged field
according to

^A1
a A1

b &At
→2

dab

]2
2 S 11

]1]2

]]* D , ^A8aA8b&At
→dab .

~2.24!
01400
e

s
-

e

We add the first term in Eq.~2.23! to the original quartic
termsLscatt

(4) ~2.19! and obtain~disregarding total derivatives!

^L1
~31 !L1

~32 !&At
1Lscatt

~4!

5
g2

8
J2

a 1

]]*
J1

a 2
g2

16
]1J2

a 1

]]*
]2J1

a

~2.25!

1g2 j s
aj s

a2
g2

2
j aj a2

g2

4
j D
r j D

r ,

where

j s
a5 j a1

i

4

1

]]* ~]Ja2]* J* a! ~2.26!

is the current appearing already inA8 channel in expression
~2.12!. We adopt the convention that the first current fac
involves the fields describing the scattering gluons with la
k2 and the second current the ones with largek1 . The form
of this piece~2.25! coincides, up to the modifications to b
discussed, with the effective action for quasielastic scat
ing. For later reference we write also the second term
expression~2.23! explicitly:

^L1
~31 !L2

~32 !&At
5

ig2

4
J2

a S 11
1

2

]1]2

]]* D
3

1

]]* F]~Js
a1J2

a!2]* ~Js*
a1J2*

a!

1
1

]2
@~hA* TaA!2~A* TahA!#G

2
g2

2
j s
a ]2

]]* @]~Js
a1J2

a!

1]* ~Js*
a1J2*

a!#. ~2.27!

III. INTEGRATION OVER HEAVY MODES

The triple verticesL1
(3) induce further quartic terms by

contracting two of them with an intermediate virtual gluon
the heavy modeA1 . Clearly also these terms contribute
high-energy quasielastic scattering. Assuming as above
two fields in the triple vertices~2.12! carry largek2 and
restricting to the accuracyO(k2

0 ) we can write these term
as

^L1
~31 !L1

~31 !&A1
. ~3.1!

The other terms inL1
(3) ~2.12! contribute only to order

O(k2
21).

The relevant part of the action for obtaining these qua
terms is the kinetic term of theA1 modes and the triple term
L1

(31) linearized inA1

22A1*
a]1]2S 12

]]*

]1]2
DA1

a1L1
~31 ! . ~3.2!
4-5
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The result of the approximate integration overA1 in the
functional integral can be expressed by the value of this
tion at the saddle point given by the Lagrangian term

2A1C*
a]1]2S 12

]]*

]1]2
DA1C

a . ~3.3!

HereA1C is the solution of the linearized equation of motio
derived from Eq.~3.2!:

A1C

5
ig

2 S 1

]1
Ã1tT

aAsD2
ig

2 S ]2

]1
Ã1tT

a
1

]2
AsD

2
ig

2 F 1

]1
2 Ã1tT

aS 12
]]*

]1]2
D ]1AsG

1
ig

2 H S ]]*

]1
2 Ã1tT

a
1

]2
AsD 1S ]*

]1
2 Ã1tT

a
]

]2
AsD

1S ]

]1
2 Ã1tT

a
]*

]2
AsD J ~3.4!

1
g

2 S 1

]1
Ãt8T

a
1

]2
AsD2

ig

2 S 1

]1
Ãt* Ta

]*

]2
AsD

2
ig

2 S 1

]1
ÃtT

a
]

]2
AsD .

The leading contribution at largek2 arises only from the first
term. We neglect terms contributing toO(k2

21) and use the
free equations of motionhAs50 for the scattering modes.

The two fields inAs modes in the result~3.3! can be
expressed in terms of the currents introduced above. To
lustrate how this works we pick up the terms where the le
ing term in Eq.~3.4! is multiplied with the one involving
Ãt8 :

2
ig2

2 H S As* Ta
1

]1
Ã1tD ]1]2S 1

]1
Ãt8T

a
1

]2
AsD

2S 1

]2
As* Ta

1

]1
Ãt8D ]1]2S 1

]1
Ã1tT

aAsD J . ~3.5!
01400
c-

il-
-

We take into account that in the considered part of the m
separation]2Ãt is small compared to]2As but ]1Ãt is
large compared to]1As and obtain

2
ig2

2 F S As* Ta
1

]1
Ã1tD ~Ãt8T

aAs!2S 1

]2
As* Ta

1

]1
Ãt8D

3~Ã1tT
a]2As!G . ~3.6!

In this approximation we transform the expression~3.6! by
partial integration

2
ig2

2 F S As* Ta
1

]1
Ã1tD ~Ãt8T

aAs!

2~As* TaÃt8!S 1

]1
Ã1tT

aAsD G .
~3.7!

Using the relation~2.16! for the generators we obtain finall

ig2

2
~As* TaAs!S 1

]1
Ã1tT

aÃt8D5
ig2

2
j aS 1

]1
Ã1tT

aÃ8D .

~3.8!

Writing the current involving the largek2 scattering modes
as the first factor we can suppress all signs referring to
modes.

In this way we obtain, for the quartic terms induced by t
approximate heavy mode integration,

FIG. 3. The graphical illustration of Eq.~4.1! for the complete
quartic terms. Different line forms represent different modes. F
line: scattered modes, dotted line: exchange modes, bold line: h
modes, dashed line: the sum of all modes.
^L1
~31 !L1

~31 !&A1
5

ig2

8
J2

a S 1

]1
A1TaA1D1

g2

16

1

]]* ~]Ja1]* J* a!H i S 1

]1
A1Tah

1

]1
A1D1 i S ]

]1
A1Tah

1

]]1
A1D

1S ]

]1
A1Ta

1

]
A8D1c.c.J 1

ig2

2
j s
aS 1

]1
A1TaA8D1 i

g2

16

1

]]* ~]Ja2]* J* a!H i S ]

]1
A1Ta

1

]
A8D

2S ]

]1
A1Tah

1

]]1
A1D1c.c.J 1

g2

8
j D
r H S ]

]1
A1Drh

1

]]1
A1D2 i S ]

]1
A1Dr

1

]
A8D1c.c.J . ~3.9!
4-6
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The fact that the two fields inAs modes carrying largek2

can be factorized in terms of the currents is the first sign
factorizability in quasielastic scattering which is essential
identifying the perturbative Reggeons.

IV. QUASIELASTIC SCATTERING

A. Quartic terms

Summarizing the results of the previous two sections
write down the sum of quartic terms, where two of the fie
are in scattering modes with largek2 and the two others in
all modes but with smallk2 ~see Fig. 3!:

Ltot
~4!5^L1

~31 !~L1
~32 !1L2

~32 !!&At

1^L1
~31 !L1

~31 !&A1
1Lscatt

~4! . ~4.1!

To avoid misunderstanding we say thatLtot
(4) does not mean

all quartic terms but a set of terms complete in the sense
it allows to extract the vertices of the effective action.

We have observed that the two fields in scattering mo
factorize in terms of the currents. We shall first study ter
where this current isJ2

a or (]Ja1]* J* a). The latter can be
replaced by]1J2

a @compare Eq.~2.21!#. These terms corre
spond to the exchange ofAt1 .

The terms with currentsj a or j s
a @Eq. ~2.26!# are related to

the exchange ofAt8 . Further there are terms withj D
r which

correspond to the representation symmetric in the color in
ces in thet channel, the generators of which we have d
noted byDr ~2.18!.

In each case we shall consider in particular the contri
tion to elastic scattering obtained by restricting also the ot
two fields to the scattering modes. In this way we shall arr
at the effective actionLeff,scatt describing high-energy quas
elastic scattering.

B. A1 channel

From Eq.~4.1! supplemented by Eqs.~2.25!, ~2.27!, and
~3.9! we obtain, disregarding total derivatives,

Ltot
~4!uA1

~4.2!

5
g2

8
J2

a H 1

]]* S 11
1

2

]1]2

]]* D $J1
a 12i @]~Js

a1J2
a!

2]* ~Js*
a1J2*

a!#12i
1

]2
@~hA* TaA!2~A* TahA!#%

1
1

2 S ]1

]]* D 2

J2
a 1 i S 1

]1
A1TaA1D

2
1

2

]1

]]* F i S ]

]1
A1Tah

1

]]1
A1D

1 i S 1

]1
A1Tah

1

]1
A1D1S ]

]1
A1Ta

1

]
A8D1c.c.G J .
01400
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If we restrict all fields to the scattering modes, where
have hAs50, a number of terms vanishes obviously. W
shall see that the contribution to quasielastic scattering
given by the first term only with the substitution ofJ1

a by

JR1
a 5 i ~AR* Ta]J1AR!, AR

a52
]*

]
A* a. ~4.3!

We can say that all the other terms just result in dressing
‘‘bare’’ current to becomeJR1

a . Notice that forAs modes the
relation betweenAR

a andAa is just the gauge transformatio
which leads from the gaugeA2

a 50, which is used here, to
the gaugeA1

a 50. Clearly this structure of the result is jus
what should be expected from parity symmetry, which i
plies the symmetry under the exchange of indices1 and2
and the gauge transformation~4.3!:

1↔2, A→AR . ~4.4!

The contribution to quasielastic scattering withA1 ex-
change can be written as

Leff,scatt
~4! uA1

5
g2

8
J2

a 1

]]*
JR1

a 2
g2

16
~]1J2

a !
1

~]]* !2 ]2JR1
a .

~4.5!

To prove this assertion it is convenient to use the followi
‘‘dressing relations,’’ leading to the replacement of the cu
rent J1 by the ‘‘dressed’’ oneJR1 :

J1
a 1 i ]]* S 1

]1
A1TaA1D12i @]~Js

a1J2
a!2]* ~Js*

a1J2*
a!#

5JR1
a 2 i ]1F S ]2A1Ta

1

]1
A1D2S ]

]*
ATaAD

2S ]*

]
A* TaA* D G , ~4.6!

i

2 S ]*

]1
A1Ta

1

]*
A8D2

i

2 S ]

]1
A1Ta

1

]
A8D

5S ]

]*
ATaAD1S ]*

]
A* TaA* D , ~4.7!

i ~]1J2
a 1]2J1

a !22]2@]~Js
a1J2

a!2]* ~Js*
a1J2*

a!#

12]]* S ]2A1Ta
1

]1
A1D5 i ~]1JR2

a 1]2JR1
a !

12]1F]S ]2ATa
1

]1
A1D1]* S ]2A* Ta

1

]1
A1D G .

~4.8!

The relations hold only if all fields involved are in theAs
modes~which we have not indicated explicitely to simplif
the notations!. They are derived by straightforward calcul
4-7
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tions, where the conditionhAs50 is used repeatedly. With
these relations applied to Eq.~4.2! we obtain Eq.~4.5! im-
mediately.

C. A8 channel

From Eq.~4.1! supplemented by Eqs.~2.25!, ~2.27!, and
~3.9! we obtain

Ltot
~4!uA8

5g2 j s
aH j s

a2
1

2

]2

]]* @]~Js
a1J2

a!1]* ~Js*
a1J2*

a!#

1
i

2 S 1

]1
A1TaA8D J 2

g2

2
j aj a ~4.9!

1
g2

4
~ j s

a2 j a!H i S ]

]1
A1Ta

1

]
A8D

2S ]

]1
A1Tah

1

]]1
A1D1c.c.J .

If we restrict all fields to the scattering modes we obtain
simple expression where the two fields with smallk2 can
also be expressed in currentsj Rs

a and j R
a . These currents are

given by the expressions forj s
a and j a with substitutingAa

by AR
a in analogy to Eq.~4.3!.

As in the previous subsection it is convenient to u
‘‘dressing relations’’ which hold if all fields involved are in
the As modes, withhAs50:

2 j s
a2 j a1 i S 1

]1
A1TaA8D2

1

2

]2

]]* @]~Js
a1J2

a!

1]* ~Js*
a1J2*

a!#52 j Rs
a 2 j R

a , ~4.10!

j a1
i

2 F S ]

]1
A1Ta

1

]
A8D1c.c.G5 j R

a . ~4.11!

Applying these relations to Eq.~4.9! we obtain that quasi-
elastic scattering withA8 exchange is described by

Leff,scattuA85g2 j s
aj Rs

a 2
g2

2
j aj R

a . ~4.12!

D. Symmetric gauge group channel

From Eq.~4.1! supplemented by Eqs.~2.25! and~3.9! we
have

Ltot
~4!uD52

g2

4
j D
r H j D

r 2
1

2 F S ]

]1
A1Drh

1

]]1
A1D

2 i S ]

]1
A1Dr

1

]
A8D1c.c.G J . ~4.13!

As in the other cases we study the special configura
where all fields are in the modesAs . Now we have, as the
‘‘dressing relation,’’
01400
a

e

n

j D
r 1

1

2 F i S ]

]1
A1Dr

1

]
A8D1c.c.G5 j RD

r ~4.14!

and obtain as the symmetric gauge-group channel contr
tion to quasielastic scattering

Leff,scattuD52
g2

4
j D
r j RD

r . ~4.15!

E. Effective action for quasielastic scattering

The high-energy scattering of gluons at the tree level
be effectively described by the sum of terms~4.5!, ~4.12!,
~4.15! up to corrections of orderO(s21). It is remarkable
that we have a sum of terms factorized with respect to tht
channel. Parity symmetry implies that the currents describ
the scattering at largek2 have their counterparts in the cas
of scattering at largek1 obtained from the former by replac
ing indices2→1 and by the gauge transformationA→AR
~4.4!. Due to this symmetry the result has always the biline
form of products of currents factorizable in thet channel. It
is enough to study the triple termsL1

(3) describing largek2

scattering and the quartic terms of the original actionLscatt
(4) to

find out what kind of terms arise in the effective action
high-energy quasielastic scattering.

Indeed we see that the quartic terms^L1
(31)L1

(32)&At

1Lscatt
(4) ~2.25! coincide with the ones in Eqs.~4.5!, ~4.12!,

and~4.15! up to the indexR at the second current indicatin
the substitutionA→AR . This dressing is the only effect o
the contribution from the heavy mode intermediate state
of terms inL1

(3) negligible in the largek2 scattering. The
lengthy explicit expression for the complete quartic ter
Ltot

(4) is necessary only in the derivation of the effective ve
tices of gluon production discussed in the next section.

We introduce five pairs of pre-Reggeon fields, one p
for each current times current term. In this way the qua
elastic high-energy scattering can be described by the foll
ing effective action:

Leff,scatt5Lkin1Ls21Ls1 ,

Lkin522As
a* ~]2]12]]* !As

a22A1
a ]]*A2

a

1A~1 !
a A~2 !

a

2As8
a~1 !As8

a~2 !12A28
a~1 !A28

a~2 !1Br ~1 !Br ~2 !,
~4.16!

Ls252
g

2
J2

a A1
a 2

g

4 S ]1

]]*
J2

a DA~1 !
a 2g js

aAs8
a~1 !

2g jaA28
a~1 !2

g

2
j D
r Br ~1 !.

Ls1 is obtained fromLs2 by replacing the labels1↔2 and
the currents by their partners with labelR. This result is
checked simply by observing that each of the quartic scat
ing terms~4.5!, ~4.12!, ~4.15! is reproduced from Eq.~4.16!
by integrating out the corresponding pre-Reggeon.
4-8
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Each pre-Reggeon is represented by a pair of fields.
distinction by the labels1 and 2 is related to the fact tha
the Reggeon exchange is oriented in rapidity: The p
Reggeon fields with label1 couple to scattering gluons wit
largek2 only and vice versa.

The pre-Reggeon (A1
a ,A2

a ) is the leading one. It contrib
utes ass1 to the amplitude and it is well known that th
exchange of two of them, interacting via emission and
sorption ofs-channel gluons, results in the BFKL Pomero
The pre-Reggeon (A(1)

a ,A(2)
a ) can be regarded as the no

leading partner of the first one. Both conserve helicity of
scattering gluon and both carry positiveP parity and nega-
tive C parity.

In the A8 channel, considered in the Sec. IV C we e
counter two pre-Reggeons at the nonleading levelO(s0),
As8

a(6) , andA28
a(6) . Both conserve helicity but their verti

ces depend on the sign of the helicity. They carry negativP
andC parities. The difference between them is not obvio
At this point we just notice that the coupling ofAs8

a(6) in-
volves a term sensitive to the transverse momenta of
scattering gluons whereasA28

a is insensitive to transvers
momenta.

The pre-Reggeons discussed so far are in the gauge-g
state of the gluon. Thet-channel factorization unavoidabl
leads also to exchanges in other gauge-group representa
which arise as the symmetric part in the tensor produc
two adjoint representations. Among the corresponding p
Reggeons there is a color singlet one.

V. INELASTIC SCATTERING

A. Terms of order 5

The essential ingredients of the high-energy effective
tion beyond the effective action of quasielastic scattering
the production vertices. In general these vertices can be
tained from the effective interaction terms of order 5, whe
the fields are in scattering modesAs and their longitudinal
momenta correspond to the kinematics of an inelastic 2→3
scattering in multi-Regge kinematics~2.6!, which we denote
by L(5). The production vertices, triple vertices involvin
two pre-Reggeons and one scattering particle, are obta
by factorizing the scattering verticesLs2 andLs1 :

L~5!5^Ls2LpLs1&. ~5.1!

Here the brackets stand for contraction of the pre-Regge
by substituting their product by propagators read off from
kinetic terms inLeff,scatt ~4.16!.

A contribution toL(5) in the desired mode configuratio
is obtained from Ltot

(4) by contracting with L1
(32) ,

^Ltot
(4)L1

(32)&At
. Ltot

(4) involves two fields inAs mode with large

k2 andL1
(32) two fields inAs mode with largek1 . One of

the two other fields inLtot
(4) is to be restricted to the scatterin

mode and the other to the exchange mode.
In this contribution the factorization in the twot channels

is immediate, because the pair of fields with largek2 is
factorized inLtot

(4) ~4.2!, ~4.9!, ~4.13! and the pair of fields
with largek1 is factorized inL1

(32) . Therefore the produc
01400
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tion vertices involving only those pre-Reggeons the co
plings ~currents! of which appear inL1

(36) can be read off
directly from Ltot

(4) . This does not apply only to one of th
odd-parity ReggeonsA86 and to the gauge-group symmetr
pre-ReggeonsBr (6).

Besides of the terms discussed we have more contr
tions. To order 5 the interaction terms in the mode config
ration of interest are given by~Fig. 4!

L~5!5^Ltot
~4!L1

~32 !&At
1^Ltot

~4!L2
~32 !&At

1^Ltot
~4!L1

~31 !&A1

1^L1
~31 !Lscatt

~4! &At
1^L1

~31 !Lscatt
~4! &A1

. ~5.2!

In Sec. IV we have seen that the heavy mode contri
tions and the contribution withL2

(32) merely lead to the
‘‘dressing’’ of the currents involving the largek1 scattering
modes. Analogously, the second and third terms in Eq.~5.2!
contribute only to dressing the currents inLs1 ~4.16!. The
structure of the result appears already in the sum of the o
terms and the effective production vertices can be obtai
without writing the second and the third terms in Eq.~5.2!
explicitly.

B. A22A1 exchanges

As discussed above the production vertices involving
even-parity pre-ReggeonsA6 andA(6) can be read off di-
rectly from the complete quartic termsLtot

(4)uA1
~4.2!. We re-

call thatJ2
a involves the two scattering fields with largek2 .

One of the other two fields has to be restricted to the s
tering modes too. We may restrict ourselves to the contri
tions where the inelastic gluon corresponds to the fieldAs* .
The production vertex withAs is then obtained by complex
conjugation. The remaining field inLtot

(4) is to be projected
ontoA1 in the t-channel modes, because the wanted con
bution ^Ltot

(4)L1
(32)& to Lp

(5) is obtained by contraction with
L1

(32)uA1
5g/4@(]2

2 /]]* )J1
a #At1

a .

FIG. 4. The graphical illustration of the terms describing inela
tic scattering Eq.~5.2! and of the factorization leading to the pro
duction vertices Eq.~5.1!.
4-9
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For illustration we pick up inLtot
(4) ~4.2! the term

i (g2/8)J2
a @(1/]1)A1TaA1#. Its contribution to the inelastic

production withAs* is given by

i
g3

32 H FJ2TaS 11
]1]2

]]* D 1

]]*
J1G

1]1FJ2TaS 11
]1]2

]]* D 1

]1

1

]]*
J1G J 1

]
As*

a . ~5.3!

For the leading exchange related toJ6 the correction to the
propagator (11]1]2 /]]* ) has to be included. Up to term
contributing to orderO(1/s) we obtain

i
g3

16 H 2S J2Ta
1

]]*
J1D1S ]1J2Ta

]2

~]]* !2 J1D
12]1S J2Ta

]2

~]]* !2 J1D
1S ]1J2Ta

1

]]* ]1
J1D J 1

]
As*

a . ~5.4!

The last term can be transformed in the following way:

S ]1J2Ta
1

]]* ]1
J1D 1

]
As*

a

52S ]1J2Ta
1

]]*
J1D ]2

]2]*
As*

a

1S ]1
2 J2Ta

1

]]*
J1D 1

]1
2 ]

As*
a . ~5.5!

The second term gives a small contribution. We have u
the conditionhAs50.

FactorizingLs6 we obtain the corresponding contributio
to Lp :

igH ~]]*A2TaA1!2
1

2 S ]]*A~2 !T
a

1

]]*
A~1 !D

2]1S ]]*A2Ta
1

]]*
A~1 !D

2
1

2

]2

]]* ~]]*A~2 !T
aA1!J 1

]
As*

a . ~5.6!

Repeating the outlined procedure with all terms inLtot
(4) ~4.2!

we obtain the effective production vertices in the chann
with the pre-ReggeonsA6 and their nonleading partner
A(6) :

LpuA6
52

ig

2 H F2~]*A2Ta]A1!1
1

2
~A~2 !T

a]A~1 !!

1
1

2 S ]*

]
A~2 !T

a
]

]*
A~1 !D G 1

]
A* a
01400
d

ls

1F S 1

]
A~2 !T

a]A1D1
1

]]* ~]*A~2 !T
a]A1!

~5.7!

1
1

]]* ~A~2 !T
a]]*A1!G ]2

]
A* a

1F S ]*A2Ta
1

]*
A~1 !D1

1

]]* ~]*A2Ta]A~1 !!

1
1

]]* ~]]*A2TaA~1 !!G ]1

]
A* aJ 1c.c.

C. A82A8 exchange

We consider first the contribution in the term
^Ltot

(4)L1
(32)&uAt

to these channels obtained by combini

Ltot
(4)uA8 ~4.9! with L1

(32)uA852g js
aA8a ~2.22!,

^Ltot
~4!L1

~32 !&uA82A8

52 i
g3

4 H 2S 1

]
j sT

a] j sD1S ]* j sT
a

1

]*
j sD

1S ]*

]
j sT

a
]

]*
j sD1]* S ~ j s2 j !Ta

1

]*
j sD J 1

]
As*

a1c.c.

~5.8!

Now we calculate the contribution of^L1
(31)Lscatt

(4) &uAt
using

L1
~31 !uA852g js

aA8a, Lscatt
~4! uA852

g2

2
j aj a. ~5.9!

One of the two fields in the first current factor inLscatt
(4) uA8

corresponds to the produced particle and the other invo
the t-channel modes to be contracted withL1

(31)uA8 ,

Lscatt
~4! uA8→

ig2

4 S 1

]
A8Taj DA* a1c.c. ~5.10!

This implies

^L1
~31 !Lscatt

~4! &At
uA82A852

ig3

4 S 1

]
j sT

aj DA* a1c.c.

~5.11!

The next term to be evaluated is^Lscatt
(4) L1

(31)&A1
supplying

the bremsstrahlung correction to the original quartic ver
caused by the leading term inL1

(3) ~2.12!. In Sec. III we have
done the calculation for the heavy mode contributio
L1

(3)uA852g jaA8a resulting in Eq.~3.8!. The heavy mode
contribution involving the quartic vertexLscatt

(4) uA8 ~5.9! is
given by the analogous expression with the substitut
A8a→(g/2) j a. This gives immediately the result

^Lscatt
~4! L1

~31 !&A1
52

ig3

4
~ jTaj !

1

]
A* a1c.c. ~5.12!
4-10
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For the sum of the calculated contributions we have

~^Ltot
~4!L1

~32 !&At
1^L1

~31 !Lscatt
~4! &At

1^Lscatt
~4! L1

~31 !&A1
!uA82A8

52
ig3

4 H 2S 1

]
j sT

a] j sD12S ]* j sT
a

1

]*
j sD

1S ]*

]
j sT

a
]

]*
j sD1~ j sT

aj s!1~ jTaj !2S 1

]
j sT

a] j sD
2~ j sT

aj !2S ]* jTa
1

]*
j sD2~ jTaj s!J 1

]
A* a1c.c.

~5.13!

The factorization with respect toLs6 amounts to the replace
ment2g js

a→As8
a , g/2j a→A8a and we obtain the effective

production vertices

LpuA82A8

52
ig

4 H 2S 1

]
As8

~2 !Ta]As8
~1 !D12S ]*As8

~2 !Ta
1

]*
As8

~1 !D
1S ]*

]
As8

~2 !Ta
]

]*
As8

~1 !D1~As8
~2 !TaAs8

~1 !!

14~A28
~2 !TaA28

~1 !!12S 1

]
As8

~2 !Ta]A28
~1 !D

12~As8
~2 !TaA28

~1 !!12S ]*A28
~2 !Ta

1

]*
As8

~1 !D
12~A28

~2 !TaAs8
~1 !!J 1

]
A* a1c.c.

~5.14!

D. A82A1 exchanges

Unlike the previous case the production vertices can
obtained from the quartic termsLtot

(4)uA8 ~4.9!. We calculate
the part̂ Ltot

(4)L1
(32)& obtained by contracting the quartic term

with L1
(32)uA1

:

^Ltot
~4!L1

~32 !&uA82A1

5
g3

8 H ]2S 1

]
j sT

a
1

]*
J1D1

]2

] S j sT
a

1

]*
J1D

2
]2

] S jTa
1

]*
J1D1

1

2
]* S ~ j s2 j !Ta

]2

]* 2]
J1D

1
1

2
]S ]*

]
j sT

a
]2

]* 2]
J1D J 1

]
As*

a1c.c. ~5.15!

The remaining contributions in Eq.~5.2! lead merely to the
‘‘dressing’’ substitutionJ1→JR1

. The corresponding con
tribution to the effective production vertices is obtained fa
torizingLs1uA8 andLs2uA1

. The result is obtained from Eq
~5.15! by the following substitutions:
01400
e

-

2g js
a→As8

a ,
g

2
j a→A8a,

2
g

4

1

]]*
JR1

a →A1
a ,

g

4

]2

]]*
JR1

a →A~1 !
a ,

LpuA82A1
52

g

2 H 2]2S 1

]
As8

~2 !Ta]A1D
2

]2

]
~As8

~2 !Ta]A1!22
]2

]
~A28

~2 !Ta]A1!

1]* SA28
~2 !Ta

1

]*
A~1 !D ~5.16!

1
1

2
]* SAs8

~2 !Ta
1

]*
A~1 !D

1
1

2
]S ]*

]
As8

~2 !Ta
1

]*
A~1 !D J 1

]
As*

a1c.c.

The case where the ReggeonA6 couples to the incom-
ming particle with largek2 andA8 to the one with largek1

looks more complicated. Similar to theA82A8 case in Sec.
V C besides^Ltot

(4)L1
(32)&, more contributions have to b

evaluated explicitly. The resultLpuA22A8 can be obtained,
however, from the above expression~5.16! by interchanging
the labels1↔2 on the Reggeon field and longitudinal d
rivatives and by replacing (1/])As*

a↔2(1/]* )As
a , which is

just theP-parity transformation~4.4!.

E. Vertices with color-symmetric pre-Reggeons

Analogous to the previous subsection we consider first
case that the non-octet ReggeonBr (6) is in the t channel
connected to the largek2 scattering particles. It is not diffi-
cult to check that there is no gluon production vertex w
the ReggeonsBr (6) in both t channels. The vertex with
Br (1) coupling to largek2 can be read off from the corre
sponding terms in̂Ltot

(4)L1
(32)&. The relevant projection is Eq

~4.13!:

Ltot
~4!uD5

g2

8
j D
r H S ]*

]1
A1Drh

1

]* ]1
A1D

1 i S ]*

]1
A1Dr

1

]*
A8D1c.c.J 2

g2

4
j D
r j D

r . ~5.17!

We consider first the case of the ReggeonsA6 orA(6) in the
other t-channel; i.e., we contract

L1
~32 !uA1

5
g

4 S ]2
2

]]*
J1

a DA1
a ~5.18!

and obtain
4-11
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^Ltot
~4!L1

~32 !&B~2 !2A1
5

g3

32
j D
r H 2S ]*

]
As* Dr

1

]* ]1
J1D

1S ]*

]
As* Dr

]2

]]* 2 J1D J 1c.c. ~5.19!

We recall the notation for the brackets withDr ,

~A1DrA2!Br5A1
aA2

bBrDab
r , ~5.20!

and introduce the notation

~BD̃aA2!A1
a5A1

aA2
bBrDab

r ~5.21!

for the same expression for convenience in order to writ

^Ltot
~4!L1

~32 !&B~2 !2A1
5

g3

32 H 22
]2

] S j DD̃a
1

]*
J1D

2]* S j DD̃a
]2

]]* 2 J1D J 1

]
As*

a

~5.22!

1c.c. ~5.23!

The remaining contributions in Eq.~5.2! lead to the dressing
substitutionJ1→JR1

. We obtain the effective productio

vertices by factorizingLs6 :

LpuB~2 !2A1
5

g

2 H ]2

]
~B~2 !D̃a]A1!

2
1

2
]* S B~2 !D̃a

1

]*
A~1 !D J 1

]
Aa*

1c.c. ~5.24!

The vertexLpuA22B(1) can be obtained by the substitu
tions discussed at the end of Sec. V D which are implied
parity symmetry. The calculation directly from Eq.~5.2!
takes more terms to evaluate.

Now we consider the case of a pre-ReggeonAs8 in the
secondt channel. There is no vertex withBr (2) in one and
A28

(1) in the othert channel. This is easily seen becau
L1

(32) does involvej s but not j .
We contractLtot

(4)uD with

L1
~32 !uA852g js

aA8a ~5.25!

and obtain

^Ltot
~4!L1

~32 !&uB2A85
ig3

8
]* S j DD̃a

1

]*
j sD 1

]
A* a1c.c.

~5.26!

The remaining contribution in Eq.~5.2! leads to the dress
ing substitutionj s→ j Rs. We obtain the effective productio
vertex by factorizingLs6 :
01400
y

LpuB2A852
ig

4
]* S B~2 !D̃a

1

]*
As8

~1 !D 1

]
A* a1c.c.

~5.27!

The vertexLpuA82B can be obtained by the parity subs
tution ~4.4!.

VI. THE HIGH-ENERGY EFFECTIVE ACTION

The effective action of high-energy scattering is obtain
from the effective action of quasielastic scattering~4.16! by
adding the effective production verticesLp :

Leff5Leff,scatt1Lp . ~6.1!

The production verticesLp have been obtained for all pre
Reggeons appearing in gluodynamics in the vicinity ofj
51 and j 50 in Eqs.~5.7!, ~5.14!, ~5.16!, ~5.27!:

Lp5LpuA22A1
1LpuA82A81LpuA82A1

1LpuA22A8

1LpuB2A1
1LpuA22B1LpuA82B1LpuB2A8 .

~6.2!

The effective action can be written in terms of the co
plex field fa5 i (1/])As*

a , describing the two helicity state
of scattering gluons, and the pre-Reggeon fie
A6 ,A(6) ,As8

(6) ,A8(6),B(6).
The parity transformation, interchanging the incomi

particles, acts on the terms of the action by interchang
labels1↔2 accompanied by interchangingf andf* ~i.e.,
inversion of the helicities of scattering gluons!. Lkin is sym-
metric under this transformation. The currents represen
the scattering verticesJ2 ,J,J* , j s , j , j D of large k2 trans-
form into the corresponding currents of vertices with lar
k1 ,JR1 ,JR ,JR* , j Rs, j R , j RD , respectively. This means tha
Ls1 andLs2 transform into each other. The production ve
ticesLp are symmetric under the parity transformation.
this way we check that the whole effective action is par
symmetric, as expected.

In the effective action the longitudinal and transver
space-time dimensions are separated to a large extent.
sides of the kinetic term of the scattering fieldsf, all terms
are invariant under separate scale transformations in long
dinal and in transverse directions. All terms are invaria
with respect to longitudinal Lorentz boosts and with resp
to rotations in the transverse plane.

The notations for the pre-Reggeon fields have been c
sen in such a way that they all are invariant with respec
transverse rotations. The rotation acts on the complex n
bersx describing the impact parameters as

x→eiax. ~6.3!

The ~transverse! gluon fieldsA transform in the same way
and the derivatives in the opposite way:]→e2 ia].

We have written all vertices inLp in such a way that no
transverse derivatives act onfa5 i (1/])As*

a or f* , which
are invariant under Eq.~6.3!. We consider the vertices a
4-12
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transitions of a ‘‘left’’ ~coupling to largek2 gluons! to a
‘‘right’’ ~coupling to largek1 gluons! pre-Reggeon. Con
sider, for example, the leading pre-Reggeon vertices

2 ig@~]*A2Ta]A1!f* a1~]A2Ta]*A1!fa#. ~6.4!

In the production term off* the state related to the le
ReggeonA2 transforms aseia, i.e., it has transverse angula
momentumn51. One can read this term as a transfer of
angular momentumn51 from the ‘‘left’’ to the ‘‘right’’
pre-Reggeon. In the production vertex off the angular mo-
mentumn521 is transferred from the left to the right.

We observe that in general non-negative angular mom
tum n>0 is transferred from left to right in all productio
vertices off* , whereas in the terms off we have the trans
fer of n<0 only. In thef* vertices we encountern51 in
the leading (A2 ,A1) vertex,n50,1,2 in the other vertices
Notice, in particular, that the transfer ofn51 is absent in the
nonleading positive-parity pre-ReggeonsA(6) and that there
is only zero angular momentum transfer in t
(A28

(2) ,A28
(1)) vertex.

VII. SUMMARY

In this paper we have extended the high-energy effec
action to the next-to-leading exchange contributing toO(s0)
to the amplitude. Staying within the multi-Regge approxim
tion, i.e., assuming thes-channel multiparticle intermediat
states obey the conditions~2.6!, we improve the approxima
tion in all transformations related to the separation of mod
integration over heavy modes, and extraction of effect
vertices keeping all terms suppressed by one power os
compared to the leading ones. We have introduced
Reggeon fields describing in the effective action the next
leading exchanges. For this the factorizability of the qua
.

B

01400
e

n-

e

-

s,
e

e-
-

c

terms for high-energy scattering is essential. We encou
several pre-Reggeons at the levelO(s0): Some of them carry
the gauge group representation of the gluon and some
them other representations. Among the first ones we have
next-to-leading partner of the leading Reggeized gluon c
rying positiveP parity and insensitive to the helicity of sca
tering partons. Two pre-Reggeons carry oddP parity and are
sensitive to the helicity. The physical difference between
latter is one of the questions to be investigated in more
tail. One of them is sensitive to the transverse momenta
the other not. More generally, it has to be investiga
whether all these pre-Reggeons Reggeize in the same wa
the leading gluon exchange.

The effective vertices describing emission or absorpt
of a gluon from the exchanged pre-Reggeons is an esse
part of our result. Whereas the corresponding effective v
tices in the case of the leading gluons and quarks@1,14# were
known long before the effective action approach to hig
energy scattering was proposed, the effective vertices for
next-to-leading exchanges appear here for the first time.
investigate these vertices more closely will be our next ta

The investigations along these lines contribute to a dee
understanding of the high-energy asymptotics of gauge th
ries. There is the hope that some of the interesting struc
uncovered in perturbation theory is significant in general.
the other hand, there are problems arrising from the pre
day phenomenology of semihard processes to which
next-to-leading high-energy effective action can be applie
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