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We study next-to-leading gluon exchange in high-energy scattering that contributes to the amplitude to order
s° 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 approxima8o5656-282(98)01213-7

PACS numbd(s): 12.38—t, 12.40.Nn

[. INTRODUCTION to the energy squared It is essentially the-channel partial
wave and the Mellin variabl¢ is the complex angular mo-
The leading contribution to the high-energy asymptoticsmentum. The leading gluon exchange induces Regge singu-
of scattering processes in QCD can be described by lrities nearj=1, the nonleading gluon exchanges studied
Reggeon and its interaction. The exchange of two such leadiere appear as Reggeons with poles rjea0.
ing Reggeized gluons with interactions summed up in the There are observables in high-energy scattering to which
leading Ins approximation results in the BalitgkFadin-  the nonleading exchanges contribute not just as a small cor-
Kuraev-Lipatov (BFKL) Pomeron[1], which has been by rection. Nonvacuum quantum numbers such as(@idr P)
now successfully applied in the phenomenological analysigarity can be transferred by gluons.
of semi-hard processes and in particular of deep-inelastic Consider the scattering with small momentum transfer of
scattering at small values of the Bjorken variable The @ high-momentum gluon or quark on a source of color fields.
systematic improvement of the leadingsrapproximation The leading interaction contributes to the amplitude propor-
can be organized using the Reggeized gluon concept: THéonal to the first power of the large momentum. It conserves
exchange of an even number of leading Reggeized gluorelicity of the high-momentum gluon or quark and it is not
with interactions taken in the same approximation as in thé&ensitive to the details of the color source such as its distri-
BFKL Pomeron gives rise to a unitarity correction to the bution in the transversémpact parametgrplane or to its
latter. The exchange of three Reggeized gluons leads to tiﬁ)in structure. However, such details are resolved by inter-
odderon[2], the actual role of which in phenomenology is actions suppressed by one power of the large momentum
still unclear. Unitarity corrections to the odderon result fromcompared to the leading one.
the exchange of an odd number of Reggeized gluons. Further The exchange of one leading and one nonleading gluonic
next-to-leading Irs corrections result in corrections to the Reggeon gives a contribution to the smalasymptotics of
scattering and production vertices and in new vertices. Thes&e spin structure functiog, (x) of the proton 7] measuring
corrections are related to going beyond multi-Regge approxithe helicity asymmetry. The exchange of two nonleading
mation (to be explained below, Sec. INA gluonic Reggeons contributes to the smaksymptotics of
Much effort has been applied in the last years to calculatéhe spin structure functiof(x) of the photon(spin-1 tar-
the latter correctiong3] and also to calculate the Regge sin- get), measuring the transverse polarization asymmetry of
gularity induced by multiple exchange of leading Reggeizedyluons(gluon transversity[8].
gluons[4] as well as by higher Reggeon interaction vertices The high-energy effective action provides a technical
[5]. The Reggeon concept is a starting point of the multiparframework for formulating and analyzing the problems of
ticle unitarity approach to high-energy scatter{i6g. high-energy scattering in gauge theories. It has been pro-
The paper is devoted to the study of the contribution fromposed originally as a summary of the leadings Iresults for
gluon exchange suppressed by one power of the c.m. systetine leading gluon exchange in a simple form and a starting
(c.m.s) energy squared compared to the leading gluon ex- point for going beyond this approximatid®]. Then it has
change. We propose to apply the Reggeon concept also teeen understood that it is indeed an effective action in the
the nonleading exchanges. sense of Wilson. It can be derived from the original action by
Analyzing the high-energy asymptotics it is convenient toseparating the fields into modes and integrating over those
consider the Mellin transform of the amplitude with respectmodes that do not correspond neither to scattering quanta
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(parton$ nor to exchanged quanfd0]. The effective action ing the incoming particles, only a part of quartic terms is

has been studied up to now in the multi-Regge approximasufficient to obtain the effective action for quasielastic scat-
tion for describing the leading gluon and leading fermiontering. This observation is used to cut short the calculations
exchanges. There are results going beyond this approximé? Sec. V where we study the terms of order 5 describing
tion [11]. effectively the inelastic 2-3 process in the multi-Regge ki-

Here we are going to extend the procedure to nonleadingematics- By fgctorization we optain the effective_ production
gluon exchanges contributing @(s) to the amplitude. We  Vertices. The high-energy effective action is obtained by add-
restrict ourselves for simplicity to the case without fermions,ind the production vertices to the effective action of quasi-
i.e., to pure gluodynamics. We stay within the multi-Regge€lastic scattering. The features of this action are discussed in
approximation improving the known procedure by keepingthe last section.
terms suppressed by one powersofThe experience from
the exercise in high-energy scattering(limearized gravity Il. SEPARATION OF MODES
[12] helped us to optimize the extensive calculations.

The structure of the effective vertices with fermions in-
cluded can be obtained from the gluonic vertices by super- It is convenient to start from the Yang-Mills action in the
symmetry transformations relying on the similarity of QCD light-cone axial gaugé_ =0:
to supersym_metrig Yang—_MiIIs theory. A short Qescription of L= @4 pG 4 o
our results including a discussion about fermions has been '
published earlief13].

Some of the technical steps in our procedure can be jus-
tified only in the framework of perturbation theory, the ap-
plicability of which is restricted to the semihard region. E(S)Z_QJgAi_g jaa’a,

There we have besides the energy squared a second large 2 2

momentum scale(momentum transfer or virtualityQ?) 5 5

which is much smaller thas but still large compared to the @)= g J3 7238 g jaje. 2.2)
hadronic scale. Referring to dominating momentum configu- 8 -~~~ 8

rations in this perturbative Regge region, we can give the . .
inverse derivatives appearing in the calculations and in th&/€ use light-cone components for the longitudinal part of

final result a meaning, since the typical longitudinal mo-Yectors and complex numbers for the transverse [}

menta are not small and small transverse momenta shoult® space-tlmi cierlvatlves are normalized such that

not be essential either. Nonlocal interactions are an essentigl?-X+=9X=d*x*=1. The gluon field is represented by

feature of our effective action. the transverse gauge potentfd, A**. It enters the interac-
In the next section we discuss the separation of modelon terms(2.1) in the combinations

according to the multi-Regge kinematics. This is the first P ra a  ox nax

essentialgstep towards the%gffective action. We start from the Ay=0_"(OATHTAT),  AT=1(OAT= AT 2.2

Yang-Mills action in the lightlike axial gauge with the redun- '

dant field components eliminated. In this way we have &nd in the currents

direct correspondence between the fields and the physical .

degrees of freedom. This gauge is convenient but can be J2=i(A*T?9_A), j2=(A*T2A). (2.3

avoided. The resulting action does not depend on gauge. We

study the impact of the separation of modes on the triple anth the following we encounter besides the longitudinal com-

quartic interaction terms. Thinking of the physical situationsponentsJ? also the transverse componerd®J®* of the

of high-energy gluon scattering in an external field and ofvector current(obtained by replacing_ by * and g, re-

gluon-gluon quasielastic scattering gives us a guideline tgpectively. We use the abbreviation

collect the most important terms for deriving the vertices of

the effective action. We study the quartic terms contributing (AT®B) = —if2P°APB® (2.9

to high-energy elastic scattering. The ones corresponding to.

abc
s-channel gluon exchange far off-shell are calculated in SecVith f*°" the structure constants of SNJ. .
Ill. Eliminating these “heavy modes” is the second essential The notations are chosen such that there is a close relation

step towards the effective action. to the leading terms of the effective actifit0]: The expres-

The resulting terms describing effectively quasielasticSion-A3 (2.2 describes the leading gluonic Reggeon and the
scattering are analyzed in Sec. IV. We obtain a sum of termsurrentd® determines the leading scattering vertex. We shall
of the form current times current, where the currents describ&€€ that some of the nonleading gluonic Reggeons are de-
the gluons scattering with relatively small momentum trans-Scribed by the expressiad’® (2.2) in terms of the original
fer. This factorizability is essential for identifying the Regge gluon fieldA%. From the point of view of momentum repre-
exchanges. At the end of Sec. IV we write down the effectivesentation4? and.A’? represent the projections of the trans-
action of quasielastic scattering introducing pairs of pre-verse gauge potentiad®(k), the first parallel to the trans-
Reggeon fields. verse part of its momentum* and the second orthogonal to

It becomes clear that due to parity symmetry, interchang«*. The nonleading scattering vertices involve besides the

A. Multi-Regge kinematics

LP=—2A*(9,9_—39*)AY,
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FIG. 1. The inelastic process in the multi-Regge kinematics. dF(lzelg) The graphical illustration of vertices entering E@s10
an . .
currentj® other currents such a#,J**. Removing the re- Ak K, |<|x[?
dundant field components in the light-cone gauge is conve- trime T '
nient because now the complex fiedd is directly related to . 2 2
) Ag:llk k| — <|k|%, 2.
the gluonic degrees of freedom and as we have stated already sl ol =[xl <] 2.9
in Sec. | introducing this gauge is a technical step which can Ap:lk K, |5k
k_ky .

be avoided since the effective action is gauge invariant.

We separate the field into modés=A+As+A;. Arare  Wwe introduce the mode separation into the actigri) by
the momentum modes typical for exchanged gludisare  sypstitutingA by Ag+A,+A;. The kinetic term decomposes

the modes typical for scattering gluons, akdare the heavy into three, one for each of the modes, which follows imme-
modes, which do not contribute directly to the scattering ofgiately from momentum conservation:
exchange and will be integrated out.

The modes are separated according to the multi-Regge LO=—2A%%3,0_— 35" )A2
kinematics, i.e., the momentum configuration of a multipar-
ticle s-channel(intermediate state(p,, 1=0,1, ... n) giv- va. oy I
ing the dominant contribution in the leadingdrmmpproxima- F2AT00%| 1= ——— | Ay

tion, see Fig. 1. Decomposing the transferred moménta
=pA—2!;épi with respect to thdalmost lightlike momenta
of incoming particle,,ps,

*

—2A§%na(1— )Ai. (2.8

9,0_
In the kinetic term forA; andA; the second operator in the

KA = \ﬁ (Ky pE+K_ph) + k', (2.5 brackets will be tre_ated as a_small one. In th_e calculations we
S have to keep the first order in these corrections.

the multi-Regge kinematics is characterized by the condi- B. The triple interaction
tions Consider now the triple term&® of the action(2.1). We
introduce the mode decomposition A% and obtain many
IKynl>. > ko], [kool<...<|k_4], terms. The most important terms for our discussion are those,

where two of the fields have longitudinal momenta of the
same order and third one carries much larger or much
kiikoil<[xi|? si=lkoj-1ksial>[x% (26 smaller longitudinal momentum. We denote 5 those
terms with one of the three fields in the modest A=A,
n n and two in the moded+A;=A:
ll:[l S|:S|:H2 | k)= Ky -]

£~ JHRT R+ R TR

Here k denotes the transveréwith respect tq, , pg) part of

the momentunk. It is represented by a four-vector in Eq.
(2.5 and in the following it will be represented by a complex
number keeping the same notation. The longitudinal mo-
menta are strongly ordered. The subenergiesre large ~ ~, ~ o~ . . .
compared to the transferred momenta. The longitudinal corrﬁ4+t '_At andA _’A+ are given by the exprgssm(&Z) with
tribution to the transferred momenta squared is small. Ifhe fields restricted to the modeg+As=A; and As+A
loops the main contribution from-channel intermediate par- =A, respectively. We rearrange the terms in E29 by
ticles arises from the vicinity of the mass shell. Therefore thaising the definition(2.4) for the bracket A*T#A) and by
modesA; A ,A; are characterized by the following condi- performing integration by part in order to put the fields with
tions: the modeA? as the last factor in each tertRig. 2):

Fi(AF TG _A) A% +i(A*T25_A)A2

+(AFTAA) A3+ (A* T3A) A'3}, (2.9
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9= 3 (R R RS o (R TR

—i(A*T3g*A)Ara—i(A*TaGA)A?
( )AL= )A; (2.10
+i(A*TAA) (GA2— g* AF @)+ 2i (A T3A)a_AF?
—2i(A*T2A, )9 A%,
We decompose the fields in tﬁq mode in each term into
the expressionsd? and A'? (2.2), dA=3(J_A—iA]).

PHYSICAL REVIEW D58 014004

9~ 1 9% ~,.
Locm= 7 92 27 92— 7 3%°
R 1 - .
— g | (R T_A) 5 (AT A+ 2.13

g° ~
-5 {(A*T3A) (A* T3A) +- -},

The ellipsis stands for the three terms obtained from the ex-

Writing this field always as the last factor allows us in theplicit ones by shifting the tilde signs to the other fields in

following to omit the subscriptt(s,1) and the tilde referring
to the range of modes.

We use the currentd? ,J3,J*2j2 introduced above in
Eqg. (2.3 and furthermore

3= . 3=

(2.11

7 AToA 7 AT
a_ a_

to express the two fields in th@ mode in each term and
obtain

g

2

14
(Ji_iﬁé’* (9J3+ 9* J* )

2

3)_
Eg_)—_

PYT [a(J§+Jg)—a*(J;a+J§a)])Ai

(2.12

i
2j04 5 o (093 5*3*%)

_9
2 95"

ad*

[a(J§+J§)+a*(J;a+J§a)])A’a.

The separated triple term.12 describe in particular the
interaction of a high-energy gludmodesA, involved in the
currentg with an external fielddescribed by thé,; modes in
A, and in A"). In the case of scattering with a large mo-
mentum componerk_ the term withJ? gives the leading
contribution of ordeiO(k_), the terms with]?, J*&, andj?
contribute to order®(k®) and the other terms witd2,J3
result in corrections of the ordé?(k ). In describing scat-

tering with largek, the ordering goes in the reverse direc-

each of the brackets. Now we look at the derivatives acting

on the fieldsA carrying largek_ modes. We apply approxi-
mations such as

1 -~ - 1 -
— (9_A*T2A)= (A" TaA)—(&— A Taa_A) Fooe
(2.14

and keep only terms which, after changing to momentum
representation, are of the ordet or k°, and obtain

~ 1 2
Ji —zJa—gz_]aja

2
o 9
scatt 4 07 -

2

g

— % (A*T2A)(A* T%A) + O(k ™).

(2.19
We would also like to write the third term as a product of a

factor invoIvingTA only and a second factor involving. We
use the relation for the generatdr® of the adjoint represen-
tation of SUN),

(T%ab(T)ea= (T acd T)pa= (T ad(T)ep, (2.16
and introduce the generatds of the reducible representa-

tion arising as the symmetric part in the tensor product of the
two adjoint representations of SNJ in order to write

(Te)ab(Te)cd+ (Te)ac(Te)bd: (Dr)ad(Dr)cb- (2.17
We introduce the current

jp=(A*D'A). (2.18

tion. Notice, that theJ? terms contribute to helicity flip Using relationg2.16), (2.17 and definition(2.18 we obtain
whereas all other vertices conserve the helicity of the scat-

tering gluon.

C. Quartic interactions and elastic scattering

We introduce the mode separati@@7) into the quartic
term £ of the action(2.1). We pick up the terms with two
fields in the modesA=A +A; and the other two in all
modesA with the additional condition that the first two have
a large longitudinal momenturk_ and the latter two have
smallk_ but largek. :

9%~

1
seai= 2 77 92—

L g_2~a_a_g_2~r_, 2.1
scatt_4 2.]] 4JDJD- (9)
The separated quartic terni®.19 contribute to the quasi-
elastic scattering of gluons at high-energy and limited mo-
mentum transfer.

The triple terms induce further contributions to quasielas-
tic scattering: Two vertices front{® (2.12 can be con-
tracted byt-channel @;) or by s-channel A;) exchanges.

014004-4
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We consider first the contribution dfchannel exchange.
The contribution from heavy modées, will be discussed in
the next section.

In one of the vertices the fields in the currents describe <£(13+)£(13_)>A

scattering gluons with largk_. We are going to describe

high-energy scattering in the accuracy including terms

O(sY), therefore in this vertex we can disregard the contri-
bution of the currentdg andJ, in Eq.(2.12). We restrict the
fields in the currents to the modAs which are close to mass
shell. Then, up to term®)(k_'), we can substitutesJ
+d*J* by 9. J_

g 19,0_

B+)__ 2| a__ a a

Ly= Z(J > 9 J)./Lr
9 a . a_ g% 1%a ra
5 2j +_07c9* (03%—9*J ))A .

(2.20
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We add the first term in Eq2.23 to the original quartic

terms £ (2.19 and obtain(disregarding total derivativgs

+ Lithn
2 2
_g_ a a g a 1 a
=g 3 g T 160 gr 0%
(2.29
2 gz
+9%5is— 5 1% 7 ivib.
where
i
j2 ja+—(w* (032 —9*J*?) (2.26

is the current appearing already #1 channel in expression
(2.12. We adopt the convention that the first current factor
involves the fields describing the scattering gluons with large

These approximations do not apply to the other vertex th&- and the second current the ones with lakge The form

currents of which describe gluons with smkll . We trans-
form the currents using the relation

332+ 9*J*2=9_J% 4+ 9,32 + 2i(A*T?A)

—2i(A*T2OA),
O=09,9_—ad*, (2.21)
which holds on the tree level, and obtain
LY=L+ L57)
3 _ p+), 9 3| 4
1 - 1 Z (9(9* + 1
L3 )= g 7 {[(OA*T2A)— (A*TA0A)]
(2.22

+9_[9(I2+I5) — % (IE2+I5H]1A%
g (97 a a * *a *a ra
+§W[(9(Js+~]z)+o7 (Js7+J37) 1A,

Notice that the expression fa>~) does not change if we
restrict the fields in the currents to the scattering moales
The quartic terms induced Hychannel exchange are

(LT LE A+ (LT LT ), (2.23

The contraction(- - '>At simply means substituting in view of

the kinetic term(2.8) the product of two exchanged fields
according to

5ab
A

+

dyo_
1+ —

<-Aa AE)A_)

aﬁ* ) ! <A,aA’b>At_> 5ab

(2.29

01400

of this piece(2.25 coincides, up to the modifications to be
discussed, with the effective action for quasielastic scatter-
ing. For later reference we write also the second term in
expression2.23 explicitly:

[8(\]?-}- J5)—a* (I53+3%59)

in 2
(@ ey, =19
1 L2 AT

13,9
a —
J(1+2 o

X—
90
1

+ [(DA*TaA)—(A*TaDA)]}

P
2]3

= [032+39)

+9*(IE%+359)]. (2.27

Ill. INTEGRATION OVER HEAVY MODES

The triple vertices£(13) induce further quartic terms by
contracting two of them with an intermediate virtual gluon in
the heavy modeé\;. Clearly also these terms contribute to
high-energy quasielastic scattering. Assuming as above that
two fields in the triple vertice$2.12 carry largek_ and
restricting to the accurac§)(k®) we can write these terms
as

(LEILE) (3.2
The other terms inc{® (2.12 contribute only to order
O(k~Y).

The relevant part of the action for obtaining these quartic
terms is the kinetic term of th&; modes and the triple terms
£3) linearized inA,

*

ap L3, (3.2

— *a —

4-5
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The result of the approximate integration ow&y in the

functional integral can be expressed by the value of this ac-

tion at the saddle point given by the Lagrangian term

*

2A’{§ﬁ+&(1— H) Al.. (3.3

HereA ¢ is the solution of the linearized equation of motio
derived from Eq.(3.2):

Aic
L R N B L J S
- 2 (9+ +1t S 2 {9+ +t J_ S
91l Ta(l 97" )a A}
2 i +t 9.9 |0t
419 ((m*;l Al T A)
2 {93 +1t J_ S ai +1 J_ S
J ~ J*
+ E.A.HT IAS (3.9
92 AlTa LA 91 A* T2 7~ A
2\9, 7Y g% 2 \g. T gl
ig(1~__ 7
?(ZAJ ZAS>‘

The leading contribution at larde_ arises only from the first
term. We neglect terms contributing @(k~_1) and use the
free equations of motiohlA;=0 for the scattering modes.
The two fields inA; modes in the resul{3.3) can be
expressed in terms of the currents introduced above. To

lustrate how this works we pick up the terms where the lead- 5~

ing term in Eq.(3.4) is multiplied with the one involving
A

ig?

1 -~ 1
/PSS PHNAECE

11~ 1~
- ZAST ZAt (9+(97 ZA+»[T AS . (35)
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N
N

!

FIG. 3. The graphical illustration of Eq4.1) for the complete
n quartic terms. Different line forms represent different modes. Full
line: scattered modes, dotted line: exchange modes, bold line: heavy
modes, dashed line: the sum of all modes.

We take into account that in the considered part of the mode
separationd _ At is small compared t@)_Ag but a+At is

large compared t@, A and obtain
ig?
2

1~ |\~ 1
(A’;TaZAH (A{TaAS)—(—A*Ta At>

X(AL T2 A |. (3.6

In this approximation we transform the expressi@rb) by
partial integration

ig? 1~ \ -~
- [(Aﬁ T — A-H) (A{T?A,)
dy

~ 1 ~
- (IA\;c TaA{ )( (9+ A+tTaAs) :|
(3.7)

Using the relatior(2.16 for the generators we obtain finally

il- |g i92 1~ -
(A*TaAS) A+tTaAt 2 A+tTaA’ .
t9+

(3.8

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

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

H 2
ig g 1
(LELE) ——Ja< AL TRAL |+ e (aJa+a*J*a)( ( A ToO — A+)+|( A.Te0 Em)
+ iA TaiA’ +c.c +E ! A TEA" | +i o (033 —=d* J* )i iA TalA’
9, "t 9 2 i + 16 9o* a. >t 9
ﬁATalle + g ADTD1A (aADrlA’+ 3.9
Z + m + C.C. §j + m + i PR + 5 cci. (39
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The fact that the two fields i\ modes carrying largé_ If we restrict all fields to the scattering modes, where we
can be factorized in terms of the currents is the first sign ohave JA,=0, a number of terms vanishes obviously. We

factorizability in quasielastic scattering which is essential forshall see that the contribution to quasielastic scattering is
identifying the perturbative Reggeons. given by the first term only with the substitution 4% by

*

- J
IV. QUASIELASTIC SCATTERING 33, =i(AXT?9,Ag), AR=— = A*a 4.3
A. Quartic terms

Summarizing the results of the previous two sections wéNe can say that all the other terms just result in dressing the

write down the sum of quartic terms, where two of the fields“bare” current to becomé% ., . Notice that forA; modes the

are in scattering modes with large and the two others in relation betwee} andA? is just the gauge transformation

all modes but with smak_ (see Fig. ¥ which leads from the gaugd® =0, which is used here, to
L9 = (2B (LB 4 £87)) the gaugeA? =0. Clearly this structure of the result is just

tot 1 1 2 At what should be expected from parity symmetry, which im-
plies the symmetry under the exchange of indieesand —
H(LEILE) A+ LG (4.1)  and the gauge transformatio4.3):

To avoid misunderstanding we say th&f) does not mean o A-Ag .4

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

We have observed that the two fields in scattering mode
factorize in terms of the currents. We shall first study terms 2 2 1
where this current i92 or (9J2+ 9* J*®). The latter can be ‘C(e?f),scatlA+: % J2 P 2, — %6 (9,3%) W 9_J3, .
replaced by, J? [compare Eq(2.21)]. These terms corre- 4
spond to the exchange of;. . (4.5

The terms with currents® or j3 [Eq. (2.26)] are related to 14 hrqve this assertion it is convenient to use the following
the exchange ofd{ . Further there are terms wiffy, which  «gressing relations,” leading to the replacement of the cur-
correspond to the representation symmetric in the color indirentJ, by the “dressed” onelg, :
ces in thet channel, the generators of which we have de-
noted byD" (2.18. 1

In each case we shall consider in particular the contribu-J% +idd* ((9— A TEAL
tion to elastic scattering obtained by restricting also the other *
two fields to the scattering modes. In this way we shall arrive .
at the effective actiorCq scarrdescribing high-energy quasi- =JR+—idy
elastic scattering.

The contribution to quasielastic scattering with, ex-
ghange can be written as

+2i[9(IE+I5) — 9% (IE%+ 35 )]

1 d
a___ | a
(0_A+T a+ A+) (&* AT A)

(9*
_ | AaxTapax
B. A, channel ( d ATTA ) ' 4.6
From Eq.(4.1) supplemented by Eg$2.25, (2.27), and . ]
(3.9 we obtain, disregarding total derivatives, r &—A TaiA’ ' iA TalA/
2\9, 7t o 2\, 7 9
£, ) .
=(—* ATaA) + —A*T"‘A*), 4.7
g2 1 10,0 J J
=—Ja[ 1+ = _){Ja+2i[0(Ja+J§)
8 "ot \T 2 9am T ’ (9,32 +0_3%)—20_[ 9(32+33) — 7* (J5 2+ 359 ]
1
_ *a *a T _ 1
7+ 35+ 20— [(OATTA) =~ (A T2DA) )} +2a&*(a_A+Ta(9_A+ (0,38 40 3
+
1o \2 . [1 1 1
5] =TI ZA+T""A+) (4.2) +24, a(&_ATaa—AJ, +9* &_A*Taa—fu) .
+ +
1o, ] [0 a1 4.9
E 90" I(Z A+T U EA+)
1 1 1 The relations hold only if all fields involved are in thig,
. J modes(which we have not indicated explicitely to simplify
J— a _ _ a_ ’
+'(a+ AT i A+) +(a+ AT d A ree. J the notations They are derived by straightforward calcula-
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tions, where the condition]A;=0 is used repeatedly. With 1 J 1
these relations applied to E¢4.2) we obtain Eq.(4.5) im- it > i(a— A,D' S A +ec. =jrp (419
mediately. *
and obtain as the symmetric gauge-group channel contribu-
C. A’ channel tion to quasielastic scattering
From Eq.(4.1) supplemented by Eq$2.25), (2.27), and 92
(3.9 we obtain Eeff,scatlD: vy JrDJ {?D' (4.19
L
E. Effective action for quasielastic scattering
=0 g[jg_ % :&; [9(I2+33) +0* (I%2+35%)] The high-energy scattering of gluons at the tree level can
be effectively described by the sum of terits5), (4.12),
i1 2 (4.15 up to corrections of orde®(s™1). It is remarkable
+= = ,4+Ta,4'>) = j3? (4.9  that we have a sum of terms factorized with respect tat the
219, 2 channel. Parity symmetry implies that the currents describing

the scattering at largke_ have their counterparts in the case
of scattering at larg&, obtained from the former by replac-
ing indices— — + and by the gauge transformatién— Ag
(4.4). Due to this symmetry the result has always the bilinear
form of products of currents factorizable in thehannel. It

_ . _ s enough to study the triple tern&® describing largek -

If we restrict all fields to the scattering modes we obtain ascattering and the quartic terms of the original actidf)  to

simple expression where the two fields with small can  find out what kind of terms arise in the effective action of

also be expressed in currerjfg, andj%. These currents are high-energy quasielastic scattering.

given by the expressions fgg andj? with substitutingA® Indeed we see that the quartic termg(l3+)ﬁ(l3’)>At

a
by A in analogy to Eq(4.3). +£8) (2.25 coincide with the ones in Eq$4.5), (4.12,

As in the previous subsection it is convenient to use ; P
) . . ) , : ~“~and(4.15 up to the indexR at the second current indicatin
“dressing relations” which hold if all fields involved are in (4.19 up 9

: L the substitutionA— Agr. This dressing is the only effect of
the As modes, withLJAs=0: the contribution from the heavy mode intermediate state and
of terms in L‘(13) negligible in the largek_ scattering. The

1 19_
2j3—ja+i " A+TaA’) YT [9(J2+35) lengthy explicit expression for the complete quartic terms
* L‘g‘t) is necessary only in the derivation of the effective ver-
+9*(IE2+ 35 ]=2j2—]&, (4.10 tices of gluon production discussed in the next section.
We introduce five pairs of pre-Reggeon fields, one pair
i 9 1 for each current times current term. In this way the quasi-
o+ FlEn A T? 3 A'|+cc|=j&. (41D elastic high-energy scattering can be described by the follow-
n

ing effective action:

Applying these relations to Eq4.9 we obtain that quasi-

) . . . - L =Lyint Lo+ Lo,
elastic scattering wittd’ exchange is described by eff,scatt” ~kin T Fs— T Hs+

2 Liin=—2A(9_9, — 3% )A—2A% 95* A2
Leff,scatlA’:gzj gjgs_ 7 jajg' (4'12 +A?+)A(a,)
_ gra(+) gra(—) ra(+) gra(—) -
D. Symmetric gauge group channel 'Asa -Asa +2-A2a -AZa +BB",
(4.19
From Eq.(4.1) supplemented by Eq§2.25 and(3.9) we
have g g (a4 .
gZ L ; L ES_Z—EJE.A?_—Z(W\]i)A(aﬂ—gngsaH)
Litlo==Z ibjib=5 || 57 A«D'D 5o— A,
4 2\ dd . o 9.
—gj* A =S jpBY.
| 1
N, ADT S AT +eer. (413, s obtained fromZ, by replacing the labels — — and

the currents by their partners with labRl This result is
As in the other cases we study the special configuratiomhecked simply by observing that each of the quartic scatter-
where all fields are in the modes,. Now we have, as the ing terms(4.5), (4.12, (4.15 is reproduced from Eq4.16
“dressing relation,” by integrating out the corresponding pre-Reggeon.
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Each pre-Reggeon is represented by a pair of fields. The
distinction by the labels- and — is related to the fact that
the Reggeon exchange is oriented in rapidity: The pre-
Reggeon fields with labet couple to scattering gluons with
largek_ only and vice versa.

The pre-ReggeonA? ,.A?) is the leading one. It contrib-

utes ass! to the amplitude and it is well known that the

exchange of two of them, interacting via emission and ab-

sorption ofs-channel gluons, results in the BFKL Pomeron. + e +
The pre—ReggeonAf‘H ,Af‘,)) can be regarded as the non-

leading partner of the first one. Both conserve helicity of the

scattering gluon and both carry positieparity and nega-
tive C parity. i

(&)

Il
+

In the A’ channel, considered in the Sec. IV C we en-
counter two pre-Reggeons at the nonleading |e9é°),
AL " and A2 Both conserve helicity but their verti-
Ce(sj depe’.“?' on tf;]e SC;ng of the Ee“CIty' TP;]ey cgrry negt;?l?!ve FIG. 4. The graphical illustration of the terms describing inelas-
an C par|.t|es. T'e ! er.ence etween t gm 1S [‘;(’5)0 VIOUS ;¢ scattering Eq(5.2) and of the factorization leading to the pro-
At this point we just notice that the coupling of,™ " in-  quction vertices Eq(5.1).
volves a term sensitive to the transverse momenta of the
scattering gluons wheread)? is insensitive to transverse tion vertices involving only those pre-Reggeons the cou-

momenta. _ _ plings (current$ of which appear inc{**) can be read off
The pre-Reggeons discussed so far are in the gauge-grodgrectly from 4&)_ This does not apply only to one of the

state of the gluon. Thé-channel factorization unavoidably odd-parity Reggeonsl’ = and to the gauge-group symmetric
leads also to exchanges in other gauge-group representatio e-Reggeons’ ().

which arise as the symmetric part in the tensor product o Besides of the terms discussed we have more contribu-

two adjoint representations. Among the corresponding pregong 1o order 5 the interaction terms in the mode configu-
Reggeons there is a color singlet one. ration of interest are given biFig. 4)

(4) (3

V. INELASTIC SCATTERING L= <£E§t)£(13_)>Al+ <£§;)£(23—)>At+ (LB L +)>Al

A. Terms of order 5

The essential ingredients of the high-energy effective ac- +<£(13+)£(s?:21t>At+<£<13+)‘C(Si;t>A1' (5.2
tion beyond the effective action of quasielastic scattering are
the production vertices. In general these vertices can be ob- In Sec. IV we have seen that the heavy mode contribu-
tained from the effective interaction terms of order 5, wheretions and the contribution withC$>~) merely lead to the
the fields are in scattering modég and their longitudinal “dressing” of the currents involving the large, scattering
momenta correspond to the kinematics of an inelastie2 modes. Analogously, the second and third terms in(E®)
scattering in multi-Regge kinemati¢®.6), which we denote contribute only to dressing the currents A, (4.16). The
by £5). The production vertices, triple vertices involving structure of the result appears already in the sum of the other
two pre-Reggeons and one scattering particle, are obtaingdrms and the effective production vertices can be obtained
by factorizing the scattering vertice_ and L, : without writing the second and the third terms in E§.2)

explicitly.
LO=(Ls LoLs). (5.

Here the brackets stand for contraction of the pre-Reggeons B. A_— A, exchanges
by substituting their product by propagators read off from the As discussed above the production vertices involving the

kinetic terms iNLeg gcqrt (4.16). even-parity pre-Reggeond.. and.A . can be read off di-
A contribution to £ in the desired mode configuration rectly from the complete quartic tern1§§2|A+ (4.2). We re-
is obtained from L{) by contracting with £87,  q)l thatd? involves the two scattering fields with large .

4) r(3— 4) - . : i 8
(LGQLE)a. L) involves two fields inAg mode with large  One of the other two fields has to be restricted to the scat-
k_ and £{37) two fields inAg mode with largek, . One of  tering modes too. We may restrict ourselves to the contribu-

the two other fields i) is to be restricted to the scattering tions where the inelastic gluon corresponds to the fld
mode and the other to the exchange mode. The production vertex witld\g is then obtained by complex

In this contribution the factorization in the twiachannels — conjugation. The remaining field iE is to be projected
is immediate, because the pair of fields with laidge is  onto. A, in thet-channel modes, because the wanted contri-
factorized in£{) (4.2, (4.9, (4.13 and the pair of fields bution (£5£$7)) to £ is obtained by contraction with
with largek . is factorized in£®~) . Therefore the produc- £$7)] 4 =g/4[(9%/95*)I3 AL, .

014004-9
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For illustration we pick up in£{& (4.2 the term
i(g%/8)J2[(1/9.).A.T2A,]. Its contribution to the inelastic
production withA% is given by

3
. g a dyo_\ 1
32[ T ( g | g I+
,9-\ 1 1 1
+0,|J_T3 1+ EYC ) ZWJ_,_ ] EA;a' (5.3

For the leading exchange relatedXo the correction to the
propagator (¥, d_/93*) has to be included. Up to terms
contributing to ordei?(1/s) we obtain

gs

' 16 J

a_
e 3| #2230

Z(J T —

o
((7(9*)2 ‘]+

1 1 ..
+J+ 5AS .

+2¢9+(J_Ta

+ 9,312 (5.4)

39* 9

The last term can be transformed in the following way:

1
((3’+JTamJ+) EA:a

1
—(3+JTaﬁJ+)W A:a

J.

pr= 559

PI_ T — —— A¥?,
( 99"
The second term gives a small contribution. We have use
the condition[1A;=0.

FactorizingLs. we obtain the corresponding contribution
to Lpy:

H * 1 * 1
|g[(aa A TqA )~ > (a& A T? 5 A<+))
aa*

—&+(0"(5'*ATa A )

_ 1
(aa*A()TaAg] EAga.

5o (5.6

Repeating the outlined procedure with all termsﬁ@ (4.2

PHYSICAL REVIEW D58 014004

1 1
7 A TAL |+ T (0" A\ TRAL)
(5.7
b (AL TR A | A
g ACTOT A
* a 1 *
+ * A_T2A i A*al +
Py (d9* A_ +)) 5 c.c.
C. A'— A" exchange
We consider first the contribution in the term

(£§32£(3_)>|A to these channels obtained by combining
LA (4.9 with £, =-gj2A’2 (2.22,

tot

g°

(L LN 4
4

*(2

7 jsTa

* i Ta 1

+|d ]sT 5_*13

+(9* R Tai EA*a_l_
(Js=DT 5 Js| [ 7 As+CC.

(5.9

1
3JST&JS

+

J
&_*Js

(4)

- 3+
Now we calculate the contribution @3 £,

| a, USiNg

2

0,
Lda=— 5 13%

L8] o= —gjia, (5.9
{ne of the two fields in the first current factor Jir SO

corresponds to the produced particle and the other involves
the t-channel modes to be contracted witff )|

i 2
Lg‘;;tu,ﬁg—( ATa)A*a+c.c. (5.10

This implies

in3
g= (1. .
<‘C 3+)‘C(cat>At|A’—A': - 4 (3 JsTaJ)A*a+C-C-
(5.1)
(4)

The next term to be evaluated £ £5° "), supplying
the bremsstrahlung correction to the original quartic vertex

we obtain the effective production vertices in the channelsaused by the leading term Ef” (2.12. In Sec. Il we have

with the pre-Reggeonsd. and their nonleading partners
A(t) .

ig 1
£D|Ai:_5 [ 2((9*A,Ta(9,/4+)+§(A(i)TaﬁA(Jr))
1 0"* (9 1 *a
+§ 7./4(_)1— &_*A(_;_) EA

done the calculation for the heavy mode contributions
£ 4 =—gj2A'? resulting in Eq.(3.8). The heavy mode
contribution involving the quartic vertex{ti| . (5.9 is
given by the analogous expression with the substitution
A'8—(g/2)j2. This gives immediately the result

g2 1
(LLT Nay=— 7 (IT%) S A**+ce. (512
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For the sum of the calculated contributions we have g

a ra a ra
(4) p(3- (3+) p(4) ) p(3+) TOlsm AT S 1P AT
(<£tot£ >A +<£1 Escat}At+<£sca 1 >A1)|A’7A’

SCIpL

*

glaagﬁ

1.
+2((9*]ST30* ]S) _ZW R+—> 4 4(9(9* A(+),

- J sTaa] s

N
+ +(JsTals)+(JTaj)—(5JsT""&Js)

L9
7JST (9_*]5

9 1 r(—)Ta
£p|Ar,A+:_§ —0J_ 5./45 T(?A+

N . 1 a1
—(JsT3)—| 0*iT* = is| —(iT%s) | 7 A*?+c.c. 5 J
J d — r(—)Ta — r(—)Ta

(5.13

The factorization with respect 6. amounts to the replace- +9* ,4'< Ta A(+)> (5.16
ment —gji— A%, g/2j2— .A’? and we obtain the effective
production vertices 1 i

+ E a* As( )Ta (7_* A(+)
Lol ar-ar

1 r(—)Ta 1 *a
+t5 A T —A(+ S AsTtec

=— % [2(% A;”TaaAg(”) +2( g* AT ai* Ag“))
The case where the Reggegh. couples to the incom-
+(ALTTRALT) ming particle with largek_ and.A’ to the one with largé.,
looks more complicated. Similar to th&’ — A’ case in Sec.
V C besides(£&£37)), more contributions have to be
evaluated explicitly. The resul |, _ , can be obtained,
however, from the above expressi@16 by interchanging
pu A’ S)Ta A’(“) the labels+ < — on the Reggeon field and longitudinal de-
rivatives and by replacing (2JA% %« — (1/9*)AZ, which is
just the P-parity transformatior(4.4).

Ar( )-I-a Ar(+

1
+A(A TR ) 42| AQ‘)T""&A;(“)

(5.19

+2(ALTAA )+ 2

1
+2(ASTTRALT) ~ A*?tcc.

E. Vertices with color-symmetric pre-Reggeons

Analogous to the previous subsection we consider first the
case that the non-octet ReggeBA ™) is in thet channel

Unlike the previous case the product|on vertices can beonnected to the largle_ scattering particles. It is not diffi-
obtained from the quartic term&{)|,+ (4.9. We calculate cult to check that there is no gluon production vertex with
the part( £{£{37)) obtained by contracting the quartic terms the Reggeons8"*) in both t channels. The vertex with

D. A'— A, exchanges

with £87] 4 : B'(*) coupling to largek_ can be read off from the corre-
o s sponding terms imcgg‘gc?ﬂy The relevant projection is Eq.
(LA LE N -, (4.13:
2 *
3 9., |(d 1
g 1,1 (el L) =—f{(—,4 DfD—A)
:E:a—(EJsTa&TJ+ +7 JsTa(Q_*J+ ot D g b g, o,
9 1 1 9 (‘9* ) ¢
- . L +i A Dr—A’ +cci——jhip. (6.17
—7(1Taa—*J+ +§ﬁ*((ls_J)T (ML) i 4 Iolo
9* J_ 1 . . .
N I J ~ A*aice. 51 We consider first the case of the Reggeghsor A in the
279 1" 72 +H J° s .19 othert-channel; i.e., we contract

The remaining contributions in E@5.2) lead merely to the 5
“dressing” substitutionJ+—>JR+. The corresponding con- 5(13_)|A _ 9( 9-

*
tribution to the effective production vertices is obtained fac- 99
torizing L., | 4/ andﬁs_|A+. The result is obtained from Eq.

(5.19 by the following substitutions: and obtain

J% )Aa (5.18
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3 * H
_ g° . J 1 ig o~ 1 1
(L L Ngr-a, = 3—21’D|2(7 AID" J+> Lolg-a==7 *|BTD - ALY | — A24co,
* P (5.27)
+(7 AsD" ——z J4 | tec (519 The vertexL,| 45 can be obtained by the parity substi-

tution (4.4).
We recall the notation for the brackets witH,
VI. THE HIGH-ENERGY EFFECTIVE ACTION

D" A,)B" = A2A5B'DY,, 5.2
(DA Az ab (5-20 The effective action of high-energy scattering is obtained

and introduce the notation from the effective action of quasielastic scatter{dgl6 by
adding the effective production vertic&s :
(BD?A,) A3= A2 ASB'DY, (5.21)
) ) ) ) Lex= Eeff,scatt"’ Ep . (6.2
for the same expression for convenience in order to write
3 P 1 The production vertice£,, have been obtained for all pre-
<E§§t)£(13_)>s<—>7,4 _9 [ 2= (jDBa_*J+) Reggeons appearing in gluodynamics in the vicinity jof
vo32 J J =1 andj=0 in Egs.(5.7), (5.14, (5.16), (5.27:

~_ - 1 —
_‘9*(JDDaWJ+)] EA:a EP_‘CP|A,*A++£D|A'*A’+£p|A'*A++£p|A,*A’
(5.22 +Lolg-ua, + Lola —a+Lola -+ Lola-a-
(6.2
+c.c. (5.23

The effective action can be written in terms of the com-

The remaining contributions in E¢5.2) lead to the dressing Plex field ¢*=i(1/9)A3*, describing the two helicity states
substitutionJ, —Jg . We obtain the effective production Of scattering gluons, and the pre-Reggeon fields
- i A Ay AL A ) B,
vertices by factorizingC- : ) ls - . . . .
The parity transformation, interchanging the incoming
g(a_ - particles, acts on the terms of the action by interchanging
Lolgr-a, =3 [7 (B)D33A,) labels+ < — accompanied by interchanginyand ¢* (i.e.,
inversion of the helicities of scattering glugng,;, is sym-

1 o~ 1 1 metric under this transformation. The currents representing
3 g*| B'7'D? FAH| 7 A%* the scattering verticed_,J,J*,js.j,jp of large k_ trans-
form into the corresponding currents of vertices with large
tfec. (5.24) K, ,Jr: Jr. IR irs/iRirD, respectively. This means that

L, andLg_ transform into each other. The production ver-
The vertex£,|4 _g(+) can be obtained by the substitu- tices £, are symmetric under the parity transformation. In

tions discussed at the end of Sec. V D which are implied b)}his way we check that the whole effective action is parity

arity symmetry. The calculation directly from E@5.2 symmetric, as e'xpecteq. -
Fakez m)(/)re terrxs to evaluate y ®.2 In the effective action the longitudinal and transverse

Now we consider the case of a pre-Reggedhin the space-time dimensions are separated to a large extent. Be-
secondt channel. There is no vertex wid"(~) in one and S|de_s of 'ghe kinetic term of the scattering f|eI¢§aII terms
A5 in the othért channel. This is easily seen becausea-re invariant under separate sqale transformations in Ion_g|tu—

(237) , , N y dinal and in transverse directions. All terms are invariant
Ly" 7 does involvejs but notj. with respect to longitudinal Lorentz boosts and with respect

We contractZ{g)| with to rotations in the transverse plane.
3= a The notations for the pre-Reggeon fields have been cho-
L7 =—gjsA"? (5.29  sen in such a way that they all are invariant with respect to

. transverse rotations. The rotation acts on the complex num-
and obtain bersx describing the impact parameters as
iq3
_ g Cma 1)1
(L Lt )>|B—A':? &*(JDDa F Js) 3 A*34c.c.
(5.2  The (transversggluon fieldsA transform in the same way
and the derivatives in the opposite wai>e™'“d.

X— el X, (6.3

The remaining contribution in E@5.2) leads to the dress- We have written all vertices iif, in such a way that no
ing substitutionj .— jrs. We obtain the effective production transverse derivatives act apf=i(1/d)A%? or ¢*, which
vertex by factorizingCs-. : are invariant under Eq6.3). We consider the vertices as
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transitions of a “left” (coupling to largek_ gluong to a  terms for high-energy scattering is essential. We encounter
“right” (coupling to largek, gluong pre-Reggeon. Con- several pre-Reggeons at the le@is®): Some of them carry
sider, for example, the leading pre-Reggeon vertices the gauge group representation of the gluon and some of
them other representations. Among the first ones we have the
next-to-leading partner of the leading Reggeized gluon car-
—ig[(d* A_T%A,)p* 2+ (dA-T* A, )$%]. (6.4  rying positiveP parity and insensitive to the helicity of scat-
tering partons. Two pre-Reggeons carry ¢gtgarity and are
. % sensitive to the helicity. The physical difference between the
In the production term of™ the state related to the Ieft | yqr is one of the questions to be investigated in more de-
ReggeonA_ transforms ag'®, i.e., it has transverse angular 5 one of them is sensitive to the transverse momenta and
momentunm= 1. One can read this term as a transfer of thei,o gther not. More generally, it has to be investigated

angular momenturn=1 from the “left” to the “right” \ypether all these pre-Reggeons Reggeize in the same way as
pre-Reggeon. In the production vertex ¢fthe angular mo- 4 leading gluon exchange.
mentumn=—1 is transferred from the left to the right. The effective vertices describing emission or absorption
We observe that in general non-negative angular momerst 5 gluon from the exchanged pre-Reggeons is an essential
tum n=0 is transferred from left to right in all production part of our result. Whereas the corresponding effective ver-
vertices of¢*, whereas in the terms @ we have the trans-  tices in the case of the leading gluons and quitks4] were
fer of n<0 only. In the¢™ vertices we encountaT=1 in | own long before the effective action approach to high-
the leading (4_, A, ) vertex,n=0,1,2 in the other vertices. gnergy scattering was proposed, the effective vertices for the
Notice, in particular, that the transfer ¥ 1 is absentin the  pext-to-leading exchanges appear here for the first time. To
nonleading positive-parity pre-Reggears. ) and that there  jhyestigate these vertices more closely will be our next task.
is only zero angular momentum transfer in the The investigations along these lines contribute to a deeper

(Aé(_) ,Aé(ﬂ) vertex. understanding of the high-energy asymptotics of gauge theo-
ries. There is the hope that some of the interesting structure
VII. SUMMARY uncovered in perturbation theory is significant in general. On

the other hand, there are problems arrising from the present
%ay phenomenology of semihard processes to which the
next-to-leading high-energy effective action can be applied.

In this paper we have extended the high-energy effectiv
action to the next-to-leading exchange contributing(a°)
to the amplitude. Staying within the multi-Regge approxima-
tion, i.e., assuming ths-channel multiparticle intermediate
states obey the conditiori2.6), we improve the approxima-
tion in all transformations related to the separation of modes,
integration over heavy modes, and extraction of effective L.S. would like to acknowledge the warm hospitality ex-
vertices keeping all terms suppressed by one powes of tended to him during his stay at the University of Leipzig.
compared to the leading ones. We have introduced preFhis work was supported by Deutsche Forschungsgemein-
Reggeon fields describing in the effective action the next-toschaft Kl 623/1 and the German-Polish agreement on scien-
leading exchanges. For this the factorizability of the quartidific and technological cooperation N-115-95.
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