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Abstract

We calculate the quark part of the kernel of the generalized non-
forward BFKL equation at non-zero momentum transfer t in the next-
to-leading logarithmic approximation. Along with the quark contribu-
tion to the gluon Regge trajectory, this part includes pieces coming
from the quark-antiquark production and from the quark contribution
to the radiative corrections in one-glion production in the Reggeon-
Reggeon collisions. The results obtained can be used for an arbitrary
representation of the colour group in the t— channel. Using the results
for the adjoint representation, we demonstrate explicitly the fulfillment
of the “bootstrap” condition for the gluon Reggeization in the next-

to-leading logarithmic approximation in the part concerning the quark
contribution.
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1 Introduction

The BFKL equation [1, 2] became very popular in the last years due to the
experimental results on deep inelastic scattering obtained at HERA [3]. These
results show that the power of the growth of the cross sections of the p}mtm}—
proton interaction with the energy for a “hard” photon (the “hardness.” 18
supplied either by the photon virtuality or by the masses of tbfe quarks into
which the photon is converted) is larger than the corresponding power for
hadron processes. The idea arose that the rapid increase of the Cross sectu?ns
of the “hard” photon interactions is the manifestation of the BFF.L dyna.rfuc:s.
The BFKL equation was derived in the leading logarithmic approxima-
tion (LLA) of the QCD perturbation theory, which means summation of all
terms of the type [a, Ins]?; a, is the QCD coupling const‘,anj; and's is the
square of the c.m.s. energy. Unfortunately, in this approximation neither the
scale of s nor the argument of the running coupling constant o, are ﬁxec?. so,
in order to do accurate theoretical predictions, we have to know the radiative
corrections to the LLA. The program of the calculation of the radiative cor-
rections was formulated in Ref. [4] and fulfilled in Refs. [5]-[10]. Recently, Fhe
calculation of the radiative corrections to the kernel of the BFKL equation
was completed and the equation in the next-to-leading logarithmic approx-
imation (NLLA) was obtained [11]. The corrections appear to be la,r:ge and
caused a series of papers [12] devoted to the problem how to deal with the
corrections and what they mean. i
The BFKL equation is a particular case (for the forward scattering, 1.e.
{ = 0 and vacuum quantum numbers in the t—channel) of the equation for the
t—channel partial waves of the elastic amplitudes [1]. Independently fmm' the
value of #, we have in general a mixture of various irreducible representations
R of the colour group in the — channel. The most interesting representations

3



are the colour singlet (Pomeron channel) and the antisymmetric colour octet
(gluon channel). For brevity, we use the term “BFKL equation” for the
general case as well, adding the word “non-forward” when it is necessary’ to
distinguish the general case from the particular “forward”™ case.

It is very important to find the corrections to the kernel of the non-forward
BFKL, for the gluon channel as well as for the Pomeron channel. In the case of
the Pomeron channel the equation can be applied directly for the description
of experimental data. The importance of the correction in the gluon channel
is determined by a remarkable property of QCD, the gluon Reggeization.
We remind that the derivation of the BFKL equation was based [1] on this
property. In fact, this equation is the equation for the Green function of two
Reggeized gluons. In the colour singlet state these Reggeized gluons create
the Pomeron. The self-consistency requires that in the colour octet case
the two Reggeized gluons reproduce the Reggeized gluon itself ( “bootstrap”
condition). The above statements are valid in the NLLA as well as in LLA.
The “bootstrap” equations in the NLLA were recently derived [13]. Since the
BFKL equation is very important for the theory of Regge processes at high
energy /s in perturbative QCD, these equations must be checked. Along with
the stringent test of the gluon Reggeization, this check has another important
meaning. The calculations of the radiative corrections to the kernel are very
complicated. Therefore, they should be carefully verified. Up to now, only a
small part of the calculations was independently performed [9] or checked [14].
The bootstrap equations contain all the values appearing in the calculations
of the NLLA kernel, so that they provide a global test of the calculations.
Beside this, the colour octet state of two Reggeized gluons is necessary for
the description of colourless compound states of more than two gluons, in
particularly, for the Odderon.

In this paper we consider the non-forward BFKL equation, calculate the

quark contribution to the kernel of this equation and demonstrate explic-
itly the fulfillment of the “bootstrap” conditions in the NLLA in the part
concerning the quark-antiquark contribution.
.. In the next Section we present the general form of the quark contribution
to the kernel. In Section 3 we give the explicit form of the quark piece of the
gluon trajectory and derive the quark part of the contribution to the kernel
from the one-gluon production. In Section 4 we consider quark-antiquark
production in collisions of two Reggeized gluons. In Section 5 we obtain
the contribution of this process to the kernel. In Section 6 we demonstrate
the fulfillment of the “bootstrap” condition for the trajectory. The results
obtained are discussed in Section 7.

Figure 1: Diagrammatic representation of the elastic scattering amplitude
A+ B— A+ B.

92 Definitions and basic equations

As usual, in an analysis of processes at high energy particle collisions, we
use the Sudakov decomposition for particle momenta. Admitting that the
initial particles A and B have non zero masses, we introduce the light-cone
vectors py and p_ in terms of which the momenta of the initial particles
are pa = p4 + (m%/s) p- and pp = p- + (m%/s) p4+ respectively, with
s = 2(pyp-). In the NLLA, as well as in the LLA, the elastic scattering
amplitudes with momentum transfer ¢ >~ ¢, are expressed in terms of the
impact factors @ of the scattering particles and of the Green function G for
the scattering of Reggeized gluons [13] (see Fig. 1). The Mellin transform
of the Green function for the Reggeized gluons with initial momenta in the
s—channel q1 ~ Bp+ + 11 and —g2 = —apy + g2y, momentum transfer ¢
~ ¢, and irreducible representation K of the colour group in the t—channel,
obeys the equation [13]:



MG&R} (q'rl! ‘;-"31 ‘i} = » (1)
423y
§2 (-9 a - @)+ f —— Kk ®) (4,79 GV (7, @ ) -
Fir—4)

Here §, and —§> are the transverse momenta of the colliding gluons in the
s—channel, ¢ is the momentum transfer and D = 4 + 2¢ is the space-time
dimension, taken different from 4 to regularize the infrared divergences. Let
us note that we use a normalization which is different from the one used for
the forward case [11]. The non-forward kernel, analogously to the forward
one, is given as the sum of the “virtual” part, defined by the gluon trajec-
tory j(t) = 1+ w (), and the “real” part K{®) related to the real particle
production in Reggeon-Reggeon collisions

K™ (§1,62:0) = (2)
[ (-a2) +w (= @ =) @ @ - 0 8070 (@ - @) + K55 (@ 2id)

The gluon trajectory is known [7] in the NLLA. The “real” part for the
non-forward case is known in the LLA only [1]:

9 = -y 2 - ~y2
g’cr (q?(qz—q) + 7 (1 = 7) _-—2) (3)

BB f o 2 o
R:E- B (§1,42:0) = (2m)D-1 (§1 = §=2)? q

where the superscript B means the LLA (Born) approximation and the co-
efficients cp for the singlet (R = 1) and octet (R = 8) cases are
N

5

In Eq. (3) and below g is the bare coupling constant, connected with the
renormalized coupling g, in the M S scheme by the relation

(4)

¢ =N, cg=

11 2n;\ 42
20 Dy AR ) P Gt 5
g=guH [1+(3 3N)2f} . (]
where '
O i (6)
Ju = (4m)2+e

Let us stress that in this paper we will systematically use the perturbative
expansion in terms of the bare coupling ¢. :
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In the NLLA the “real” part of the kernel can be presented as [13]:

- = = d-ﬁ e
K®) (q1, 2 §) =faﬂf;—”bimﬁ§ (§1,@2;7) 0(55 — 5rxr) (7)
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Here AE‘E (¢1,92; ) is the scattering amplitude of the Reggeons with initial
momenta ¢; = fp4 + q1L and —q2 = ap- —qa21 and momentum {ransfer
g = q. , for the representation R of the colour group in the t—channel, s,, =
(g1 — :;.rg)2 is the squared invariant mass of the Reggeons. The s, —channel

imaginary part ImAgg (@1, §2; §) is expressed in terms of the effective ver-
tices for the production of particles in the Reggeon-Reggeon collisions [13].
The second term in the r.h.s. of Eq. (7) serves for the subtraction of the con-
tribution of the large s,, region in the first term, in order to avoid a double
counting of this region in the BFKL equation. The intermediate parameter
s, in Eq. (7) must be taken tending to infinity. At large s, only the contri-
bution of the two-gluon production does survive in the first integral, so that
the dependence on s, disappears in Eq. (7) due to the factorization property
of the two-gluon production vertex [13]. Since we are interested here in the
quark contribution only, we can omit the subtraction term and perform the
integration over s,, up to infinity.

The imaginary part of the Reggeon-Reggeon scattering amplitudes en-
tering Eq. (7) can be expressed in terms of the production vertices, with
the help of the operators Px for the projection of two-gluon colour states in

the t—channel on the irreducible representations R of the colour group. We
have [].-.]

erct | Prleact B *
ImAGy (g1,92: ) = ¥ 112;“' 262) Zf?‘iﬂ_, (g1, 92) (ﬁ:’é (ql,q&)) dpy .
" n =
(8)

Here and below ¢} = ¢; — ¢, i = 1,2; ng is the number of independent states

in the representation R, ‘}fi;fc}g (g1, g2) is the effective vertex for the production

of particles {f} in the Reggeon-Reggeon collisions, dpy is their phase space
element,

D ¢(D) - >~
dpy = (2m)" 4 {ql—{sz-fo)H

- (9)
T 0 O ey



The sum over {f} in Eq. (8) is performed over all the contributing particles
{f} and over all their discreet quantum numbers. In the LLA only one-gluon
production does contribute and Eq. (7) gives for the kernel its LLA value
(3); in the NLLA the contributing states include also the two-gluon and the
quark-antiquark states. The normalization of the corresponding vertices is
defined in Ref. [13].

The most interesting representations R are the colour singlet (Pomeron
channel) and the antisymmetric colour octet (gluon channel). We have for
the singlet case

: eyt Ocye!
(rcy|Prleach) = S—*, m=1, (10)

and for the octet case

fc lcflcfcgc;c
N A

where f.p. are the structure constants of the colour group.

(ﬂlcilﬁSiGEGE) = ng — Nz -1 ) (11)

3 Quark part of the kernel from the gluon
trajectory and real gluon production

The gluon trajectory is known [7] in the NLLA. The quark contribution
wg(t) to the trajectory appears at the two-loop level only. For the case of ny
massless quark flavours it can be written as

2 (D-2)
Q (t) (gﬂ.}ﬂ—l ‘;"12(9'1 —7)? | Q(q) Q(ﬁ'l}] (12)
where t = g% = —¢* and
. 2¢:Nn,T(2-2)T2(2) |, (R-2
Fo(d) = sT( =T ) (qz)( Jo (13)

(4m) 3T (D)

The quark contribution to the Reggeon-Reggeon-gluon (RRG) vertex was
calculated in Ref. [6]. We remind that beyond the LLA the vertex has a
complicated analytical stricture [15, 5], but in the NLLA only the real parts
of the production amplitudes do contribute, because only these parts inter-
fere with the LLA amplitudes, which are real. Neglecting the imaginary parts,
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the quark contribution to the RRG vertex becomes

3 I’(E—Q)Fz(g—l)
G(Q) _dmd BB 2 2 *po (Q) (Q)
761£== (91, 92) = €GTe,e, (4W)%F(D) €g {2‘@#(?2;?1)“1 + f3°')
? PA PB (Q) 72 =2 =2y Q)
" - ~ER=F -
((-kp,ﬂ} (kp}])>'uE 3 ( 1 2) 2 ]} )

Here €% and ey’ are the polarization vectors of the produced gluon in the
colour and Minkowskii spaces respectively, k = ¢ — g2 is the gluon momen-
tum,

247" 277
Clgz, 1) =—q1r —qar + (@1 —qu1) | 1— = +(ga—qar) | 1— 5

(15)
and
(@) _ (¢ +d5) (2 & 1)2%
i@ \2 ’
5.2
) R D_ s\, 222D
I3 = (tﬂg__%g)g [(2 2) @2 — 41 92 D) ﬁﬁu] 3
(@ Lot A ST R Sy (16)
3 = ';"*]_2 - 6‘22) 4, 92 | 0 9 1] »
where

¢ =@~ (F)rr] (17)
Using the expressions (14}-{16], with the help of Eqs. (8)-(11), we obtain
from Eq. (7)

4 L 2
G oty o e K8 DlEe
K rrc (41,42,9) =cr (2m)P-1 (4m)2*e  T(4+ 2¢)

o [B (2R - 77 - @ - 200 20 + 20%) + (@ - D - )]
(201 + ©)d2 20 — (@ + 3)o1] | (k2 —d{* - §f*

b4 =3 —~o\ 3 #* =32 =)

(-’jl —ij:g,] (g7 —'?2)

et g’ SR ;' - 2-*2-'2_-*2 -2+{ﬂg
+2(1+£)2( 192" — 93 % ¢y g5 — ¢ (g !2))%

}E¢1

+ = -
k2 {4y — ng)

F (@ B @) (18)
)



In the physical limit € — 0 we have:

g'ny

RIG o
Krre (§1,§2:9) = —cr 34(2n)°

x{ R (2R - a7 - @ - 2017 - 265 + 20%) + @ - )@ - )

9 21 =3 L S
[';"19' ﬂ(fh/?z) (QI flz)] +(F-§';2Ff£2)

(G2 — 2)3
§2@% — qiql® 24238 - TAd + §F) Ty
+2 — + - ] lI'l Tty
k? (¢ — §5) q3
+ (17, 2+ @)} . (19)

The remarkable property of the kernel, which follows from the gauge invari-
ance of the theory, is vanishing of the kernel when one of vectors §; or ¢}
tends to zero. One can check that this property is fulfilled in Eqs. (18) and

(19).

4 The quark-antiquark production
in the Reggeon-Reggeon collisions

Let us consider the production of a quark-antiquark pair with momental; and
I, respectively in collisions of two Reggeons with momenta ¢q; and —g2. We
will use the Sudakov parametrization for the produced quark and antiquark
momenta [; and Iy :

L =Bpa+aipp+ly, saifi=-} =L? i=12,

L+P2=48, o1+ =o , hi+lzs =q11—g21 , (20)

and the denotation
k=lL+l=qg—9g2, SRRI;EE. {21)

For the effective vertex of the quark-antiquark production in the Reggeon-
Reggeon collision we have [10]:

1 e mar—
192, (01,02) = 50 () [0, 1) = 2T, L) | w(la) , (22)
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where 1€ are the colour group generators in the fundamental representation.
The expressions for b(l1,l3) and 6(l2,{;) can be presented in the following
way':

4P, 1P 1 :
(Il,jﬂ) g tl ng (21_13)
and
A | 5 1
b(lz,1;) = 1Wpfaba _ =¥, (24)
5 tg .ti?
where 7 g
i = (@ -1), ts = (g1 —la)?,
Qi=qi—¥H1, Q2=qi1—l ,
' gt @i
=2 {('?1 +q2)L — Bpa (1 i m)ﬁ app (1 il Zm)] : (25)

According to Egs. (7) and (8), the quark-antiquark contribution to the
BFKL kernel can be presented in the form

K og (T 84

{c1cf |P-mlr:g¢ » e
o f 199, (41,92) (435, (01 5)) " dsndps ,  (26)

where the sum 18 tﬂken over spin, colour and flavour states of the prodme{i

pair, ¢ =¢; — ¢, Sgpr = (g1 — q2)? is the squared invariant mass of the two
Reggeons and the element dp; of the phase space is given by Eq. (9). The
-function in Eq. (7) is omitted since the integral oves s, is convergent at
infinity. From the representation (22) we obtain

g'n

el |Prlead [s} (5%
(161 |Prlezcy) S 489 (01, 92) (?Sli (ﬁ'i,qz)) = 32h’;[aRA+bRB+(h & 1)),

2nn
QQ :
(27)
Here n; is the number of light quark flavours, the coefficients ap and bp for
the interesting cases of singlet and octet representations are

2 N?
ﬂﬂﬂ‘N“—l, f){]zl; HS:—Z“, bazﬂ (28}
and
A=tr (b, RPTLR)) o B=tr(hblls, )b (2,1)) o (29)

11



where b'(I1,ls) is obtained from b(l;,l2) by the substitution ;3 — fia B
1,2 — ¢ . In the following, for reasons evident from Eq. (28), we will call A
“non-Abelian” and (B — A) “Abelian” parts.

The calculation of the traces gives

S0y e 16 i~ é"ﬂé"‘fﬂ +q"2{‘?"'!2
A=32~_1—g'2"(Qle)+8—ﬁ{qz— 192 241 )

i1t} safl
8 AT LoDy o ube o
s (k:_:}g [3Cf,31 - sanf + 2"?12";* il 2'?22_"@" = 211(9‘1 ;. qz)]
== -1 201 _2-—42&_2;‘ —f —
x[safy — sa1 B + 24, 7y 92 3 1(qy + ¢2)]
16 1 - Ly P o Pty =t —r 2 X1
et (((quﬂ{smﬁz — Lila) + (Qil2)(sen B + L (d] + 42) — 243 “a“})
1
+(El H'E;;al HﬁErQE Hﬁl!‘?] « *tfﬁr"i‘]{ A __ﬁ_'g))] - [{:': Hé‘:,]} ¥

(30)

(A-B)+ (hh o b) = 32{5;}?2 (6.4)

(L) (1:35) + (20)(L@5) - (z;zz)(olczﬂ} (fiok). @
t11h
The Abelian and non-Abelian parts possess a “nice” behaviour at large trans-
verse momenta of the produced particles and at large values of their invariant
mass, that guarantees the convergence of the integral in Eq. (26) at ;> — o0
and s,, — 0o. The only region which leads to a singularity at the physical
dimension D = 4 is the infrared region k* — 0. This singularity is regularized
by non-zero € = D/2 —2 . To make the discussed behaviour explicit, one has
to take into account the relations (20) between longitudinal and transverse
variables. The functions A and B can be expressed through the transverse
momenta and one ratio of the longitudinal momenta. Choosing this ratio as

b1
2= —

we have

—

2 ) i A?
3&;3— I(l e .?:}' Sgr — i m*:—:—) 1 (33}
where 5 & ;o 4 G
A=1=-2)i—zl, T=A%+z(1-2)k", (34)
and T =
= e - < 17 % -
t1=“?-*11+2(f1f11)= iy =ty +2(l2q,)
, I; = 2 =t ] *3;2 -t 2 It
: t1=-;"‘11 +2(h4y ) 12=—1_¢,“"‘5’1 +2(l2q7 ) - (35)

Using these relations, we obtain

AG; Sy Gy
A = 16z(1 — z) {-—*2‘.{] — 2z) (2{:1:*_{‘1;1] + 2('?151}' 41 )

Bt

I e - =2 0 T
X(Q(AEI)_!_?{QI h) — gy )_q (} L Hah) ql)

.Tﬁlfl

L2 @) ) - di? | 2(A0)(§{ @) ( fecind )

A2 El A2

X (1-21:+2::(1—m}
A

(AF) 72
--n2 + x{l e ‘I)T

P
=3 =2 Ak
~2(1-2) 25 (1#2$+2x(1—‘a:)(i?}) }+{g; @@}, (36

(A= B)+(l; & Ip) = 162(1—=z) {-.":(1 _ z) 2(415::}1— i % 2{((;;1{2)25512)

2t 1—-z)t, =t}

. (zw'; h)-q* | 2Adl k) —{ff?)

et} (1 - m}”"2

L Pe@h) - ) (( ! 1)

-#2 - f = e
§2(2(q{ bh) —4i°) ( 1 L ) 1 s
C = - - —— "'_2 J j
. 2t (1-=z)t, =i, b z(1 — =)t 15 ( (@) (@17 )
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-

e - S e e SRS ¢
+2(q7 fl)(‘hqz)+(‘i'1;2—912)“1k}+‘1124£d_ ; )}"1'111 Hf?} . (37)

It is easy to see from Eqs. (36) and (37) that the integrand in Eq. (26)
4

-

li

when |£-,'i — oo . Taking into account that

dk? e dP-2|,
famor=, (Bl i

-f-:i . As for the regions

falls down as

we see, that the integration is well convergent at large

of values of z close to 0 or 1 (which correspond to large invariant masses
s.x - see Egs. (33)), the convergence of the integration in these regions is
guaranteed by the vanishing of the functions A and B as z(l —z), as it is
evident from Eqs. (36) and (37). The limit k* = 0 means A? — 0, according
to Eq. (33). The Abelian part is regular in this hmit, as it can be seen from
Eq. (37). As for the non-Abelian part, from Eq. (36) we have for its singular
part:

Asing = 162{1~a2) {—Br(l—:r] ((i’tq"l] ¥ ,;712(;\1:)) ((‘a,ﬂ* 2 g?'{z(ﬂk})

A2 A2k? A2 Azk2
=3 i’ e A8 | ! ey [
i
Rl L s ) } . (39)
A2 A2k ?

5 The quark contribution to the kernel

: PN o i (R)
To obtain the contribution to the kernel KRHQ@

quark-antiquark production, we have to perform the integration in Eq. (26).
Though the expressions (36) and (37) are convenient for analyzing the be-
haviour of the functions A and B, they are not for the integration with the
measure given in Eq. (38). For this purpose, it is better to use the repre-
sentations (30 ) and (31) which are explicitly invariant under the “left-right”
transformation

(71,42;¢) from the real

heb aef, aebh, Go-6G -0 (40)

and to exploit also the integration measure in the alternative form:

dk? ! dy 402,
= _/a Syl —y) J @m)®@-1" (41)
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where

ek
y.—& . (42)

The details of the integration are presented in Appendix 1. The integration
for the non-Abelian contribution can be performed for arbitrary space-time
dimension. The result 18

f dk? 16 T{l1-¢)[T(1 + e)]?

{—2}7‘1”-"4: (Am)zre ¢ T4+ 2)

: 2 {EE}E =9 =12 | =212 —~2y14€
! 2(1+¢) 72 G-+ 9 )+d°)

[ (2R 37 - 7 -2 - 2017+ 20 + (@ - BV~ )]

(201 + 723260 — (@ + @7)01] ek - §{* - G@3%) —4(1+¢)°]°
£ =7 _ ~3\3 o "R 2
(g7 — 43 T —§3)
=] =3
q q — —— - =
1+ I gyt (T B )} @)
; Tl

where the functions ¢, are given in Eq. (17). Considering the physical limit
€ — 0, we have to take into account the subsequent integration of the kernel
over &, which leads to contributions ~ ¢! from the terms having the singu-
larity at £2 = 0. Conserving all the terms giving non-zero contributions in

the limit € — 0 after integration over k, the result (43) in this limit reads

@A = 3e

dk? 2 { 12 _gl@+al’
~ane U9 TE T 2e)

EE '3 o ] 458 Sl
X (( ) (‘]12¢I2'2+‘12291"2)‘“(‘?2}1+E)

B2
o [P (0F - 72— g 2?22 4 20°) + (@ - D@ - )]

. [2‘?12‘?22 In @1”'?2% e (514 o ?]] T <12 =12

@ - ) A
o e 45 ' B =2 72 _*2 s
2 (HEPGDY  (5) g (25)
(‘h s ?2"} 92 g
+(§ > T e @) 1)
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The Abelian contribution is not singular at all, so that we can consider
it from the beginning in the physical space-time dimension, ¢ = 0 . Nev-
ertheless, this contribution has a form much more complicated than the
non-Abelian one. Evidently, the circumstance that the latter contribution
is simpler must be related to the special role played by the gluon channel in
presence of gluon Reggeization. In fact, the Abelian contribution was calcu-
lated many years ago [16] in the framework of Quantum Electrodinamics and
we can use the results obtained there. We have

dk? 32 q g
——dp(A—B+1 )= —=K = §2— =
/(2 ) pf( 2 e 2} (2 )3 1 ( 2:?2 :‘:) ' (45)
whit the function K; given by Eq. (A39) of Ref. [16], where in the r.h.s. of
the equation we have to make the substitutions

¢ -~ 4
y § Q2 23
It is worthwhile to say that Eq. (45) contains a non-zero fermion mass and,
at first sight, has a logarithmic singularity when the mass tends to zero; but
the singularity is spurious because of cancellations among various terms.

We can now present the quark contribution !C,- e (41, ¢2; ) to the “real”
part of the non-forward kernel of the BFKL equation. It was explained al-
ready that in the NLLA this contribution is determined by the quark correc-
tion to the one-gluon production and by the quark-antiquark production in
the Reggeon-Reggeon collisions:

KR9 (§1, 823 4) = Kigna (01,5 0) + Koz (@1,62:0) . (46)
The first term in the r.h.s. of this equation is given by Eqgs. (4) and (17)-(19);
the second, by Eqs. (26)-(29) and (43)-(45). For the octet case, as it can be
seen from Eqgs. (26)-(29), the contribution from the quark-antiquark produc-
tion contains only the non-Abelian part, which was calculated for arbitrary
space-time dimension. Since the quark correction to the one-gluon produc-
tion was also calculated at arbitrary D, the quark contribution to the “real”
part of the kernel in the gluon channel at arbitrary € turns out to be:

1 T(1-¢[l(2+¢)?
(2m)P-1 (4m)2+e ¢ TI'(4+ 2¢)

7> q-1 2 @ di-d-y), ' > H-d1-1).

[ o]

K&® (41,6 ¢) = g*n; N

k? - ' = AT ~2\ e -
{(k) (@202 + 3267 %) + (@) = ¢ (62 + (@D)°)
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(@@ -4 (@2
k?

-(@))+ (@1, fi‘z<—>ﬂ)}. (47)

It is easy to see, that the expression in the curly brackets vanishes when
any of the ¢;'s or ¢/’s tends to zero, as it should be. In the physical limit
¢ =+ 0, keeping all the terms giving non-zero contributions in that limit after
integration over k , we obtain

giny N L B [T(2 + ¢))?
24(2n)% {“F(@}ﬂfr("f) T'(4+ 2¢)

K®9 (1, 3;9) =

x (EE} (ﬂ' -IE_I_ =2 =t 2 +-2((-*2)£ =Jve _ f=~1 E)
5 @G+ RE)+ (@) — ()

e e ' = =y
a1 q - - »
BB B W (L) @ e ngq;)}. (48)

The quark contribution to the “real” part of the kernel in the Pomeron
channel, according to Eqs. (4) and (27)-(29) and (49) can be presented as

K99 (G, ) =K 01,05 0) ~ o K (0~ 20— £) (49
Let us mention the properties of the kernel
K0, 82 7) = K@, 0:0) = KT 2, 7) = K@, 5,9) = 0,
which follow from the gauge invariance, and

K™ 1, §2;§) = KRN, §1; -¢) = KNG, 44 -7)

which are consequences of the symmetry of the imaginary part of the Reggeon-
Reggeon scattering amplitude (8), entering the expression (7) for the ”real”
part of the kernel. Let us stress here that the above properties, which follow
from very general arguments, are valid also for the gluon part of the kernel;
we omitted indeed the superscript @ in the above equations.

Another important property of the kernel is its infrared finiteness at fixed
k =§,—@. The 1 /€ singularity in Eq. (47) is the ultraviolet one and disappears
when we expand the kernel in terms of the renormalized coupling. Indeed,
in this case we have to add to the r.h.s. of Eq. (47) the piece coming from
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the coupling constant renormalization (5), (6) in the LLA kernel (3). For the
expansion in terms of the renormalized coupling we obtain in the limit ¢ = 0

KO (G di ). = Swkn[1(2r@+ P (#2 sl
r AL 819 Jrenorm™ ml+el(1—e)N | e \ T(4+2¢) |\ p? 3 =

(22 +@RTY o] 1., [Tk (G262 - G257, (2
x[ o =g |y 1o In 7772 ) = In| =

As it can be seen from this expression, the 1/¢ singularity at fixed k¢ disap-

pear after expanding (kg) in powers of ¢. The expansion is not performed

here, since in the integral over & of Eq. (1) the region of small k2, for which
eln (%;) ~ 1, does contribute. This region contributes to the integral with

terms singular in 1/e. For the vacuum channel, these terms cancel the sin-
gularity in the ”virtual” contribution to the kernel, related with the gluon
trajectory. The cancellation occurs in a way quite similar to the analogous
cancellation in the forward case, so it does not need a special treatment. For
the octet case such cancellation is evidently absent because of the different
coefficients {4) between vacuum and gluon channels. We observe, however,
that the cancellation is recovered in the case of the colourless compound state
of three Reggeized gluons, i.e. the Odderon. In this case, indeed, the ”real”
part of the Kernel involves the three combinations with different pairs of
Reggeized gluons in the octet channel, while the ”virtial” part of the Kernel
involves three gluon trajectories. The cancellation of the infrared singularities
follows then quite simply from the singular part of Eq. (49).

6 The check of the “bootstrap” condition

The “bootstrap” condition derived in Ref. [13] has the form

gENf dﬂ*? g1 dﬂ 2
,L{ )
2 (2m)P f TG -0 (f}z"ﬂ e i)
= W 1) (0 (1) +w® (t)) : (51)
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Here K® (g1, ¢5; §) is the kernel of the non-forward BFKL equation , w (t) =
w(V (t) + w'? (1) is the deviation of the gluon Regge trajectory from unity in
the two-loop approximation and t = —¢'%. In the one-loop approximation
(LLA) the trajectory

g*Nt dP-2q,
2(27)°" ) @ (g1 - 7

is purely gluonic. The quark contribution to the trajectory appears at the
two-loop level (NLLA) and in the NLLA is given by Eqs. (12) and (13).
The kernel K® (g1, ¢; ), according to Eq. (2), is expressed through the
trajectory and the “real” part. The quark piece of the latter is given by
Eq. (47). Using this equation together with Eqs. (12) and (13) for the quark
contribution to the trajectory, we arrive at

dP-2q. N 1 1 T(l1-¢)[I(2+¢)?
f@f@—%ﬂxm( B0 =9 N o e T +29

W () = (562)

dD_EQE ‘f? -2 g —f 2y E =
XIT{E—;((QE] + (@ %) = (@) = (327))

*’T((*EJ - (@ - @) + fﬁiwﬂ)} = (53)

“;-hﬂre k =q1 — §2, §; = ¢1 — ¢ and §5 = ¢2» — §. Putting the r.h.s. expression
into Eq. (51) and using Egs. (52), (12) and (13), it is easy to verify that the
“bootstrap” equation (51) is satisfied.

7 Discussion

In this paper we have calculated the quark part of the kernel of the generalized
non-forward BFKL equation at non-zero momentum transfer ¢ in the next-to-
leading logarithmic approximation. Along with the quark contribution to the
gluon Regge trajectory, which is the same as for the case of zero momentum
transfer { and therefore is known already, this part includes pieces coming
from the quark contribution to the radiative corrections for the one-glucn
production and from the quark-antiquark production in the Reggeon-Reggeon
collisions. The results obtained can be used for an arbltrary representation
of the colour group in the t—channel.
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For all such representations, the part of the kernel related with the real
particle production is infrared finite, in the sense that there are no singu-
larities at fixed transverse momentum k of produced particles. Integration
over k in the generalized BFKL equation leads to terms singular in the limit
e — 0. For the vacuum channel, these terms cancel the singularity in the ” vir-
tual” contribution related with the gluon trajectory. For the octet, case such
cancellation is evidently absent, although it is recovered in the case of the
colourless compound state of three Reggeized gluons, i.e. for the Odderon.

The kernel for the octet case enters the “bootstrap” equation for the
gluon Reggeization in QCD. The fulfillment of this equation is necessary for
the self-consistency of the derivation of the BFKL equation. We demonstrate
explicitly the fulfillment of the “bootstrap” condition in the next-to-leading
logarithmic approximation in the part concerning the quark contribution.

The check performed serves simultaneously as a stringent examination of the
correctness of the calculations of the quark contribution to the kernel of the

BFKL equation.

Recently a paper by M. Braun and G.P. Vacca [17] appeared, devoted to
the NLLA kernel of the non-forward BFKL equation in the octet case. In
this paper the kernel was obtained using as a basis the bootstrap relation and
a specific ansatz to solve it. Qur results disagree with the results obtained in
Ref. [17] . Since our answer is the result of a direct calculation, contrary to
the results of Ref. [17], in their approach there must be a weak point. Indeed,
already the form of the bootstrap relation used in Ref. [17] is too restrictive
and is not satisfied. Moreover, the ansatz used to solve the bootstrap equation
does not satisfy the symmetry relations of the kernel..

A Appendix I

In this Appendix we present the details of the calculation of

dk? : dz g
dprA = — A Al
| atet=[ si=s | g s
where A is given by Eq. (30). We group the terms contributing to A in four

different classes according to their behaviour under the integration. The first
class contains only the first term in the r.h.s. of Eq. (30)

sayfIa

A =322 (@3 (A.2)

2{]

It can be rewritten using Egs. (20), (32), (33) and ( 35) in the equivalent
form
32z(1 - 2)i2(0,Q))

= (@) 2 +2(g? - 2(Lhdy))]
(A.3)

1-z2(Q\G)) _

A =3 o
Sacs TR T IR + 2(§?

Taking first the integral over z, we have

fi dz o 16@Q) . @-h)
0 "22(1-z) (@ -LP - (1 —h)? (§1-1h)?
Using now the following simple trick

: ln(
= h) =@ =iH)F

the integration over [; and the subsequent integration over z become trivial

and give
64T (=€) [F(2+ €¢)]° F2)iHe il .
{4w)2+f Td+2q) 4 ) +16f[2r}{ﬂ—1] : i

The last term in the above expression vanishes in dimensional regularization.

We stress once more, however, that independently from the regula.rizatmn

scheme, the integrals w]uch dwerge at large |I;| in D = 4 cancel in Eq. (A.1).
The second class of terms in the r.h.s. of Eq. (30)

{} —/ dz - :
=4t Jen e & (P~ h)?

i

e EE( 27 i+ 34

L

o safd
: _ 1 = :
( }2 [Eﬂ’ﬁl > S&Iﬁ‘!‘ 291 v 2 dn —B"' - 2!1 (q )] (Ad)

x[sapy — sa1f+ 24?21 2*’2% AGET AR

Using again Eqs. (20), (32), (33) and (35), the above expression can be recast
in the following form

..,3 ot i
A2=16I(1"'$) [2_+_(1_2 )EM__QI(}."I)( 2::}2@1 g1 ]

b 22
16z%(1 —2)%2 |2(1-22) { , =, -'1’2(;‘-") gt
e Ez [1.‘(1—.‘[:) (Aql)—zr{l—:c}——iu—— (I—QI(I—T)'L—")
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i (207 +q 24"2
X J.‘(l —z)
1282z%(1 —z)? [ , - q; (hk} - ”‘E(ﬁk}
- = Agi) — — g} Agy) — - :
T (A@) - 2= 9T ) Riy =20 - ) By
Non-zero integrals over {; are the following
dD—L’fl 1 ZF{—E) =
I, = e e e IR iy 48 e
; _[ (2x)(P-1 T (4x)2+e o
a =3, .} 2r(1 —
i L B O s i

(27)(P-1) 12 R (47)2+¢

a1 2T (—e¢) it
= [ oo = - el P

f s ;e
L; - =
(2m)(P=1) (X2)2

({ﬂq‘}-—z(l-z) *g‘“) (( }—z(l—r)ﬂjg”"])

L(—¢) (1-€)d2d{?— ai*(ak) — q2(q}k)
(4m)2+e (1+¢)

Using the above result and integrating also over z , we finally obtain

am—

2(1 - 2)[2(1 - 2)F2e?

P ds dP-2l, 6AT(—e) [[(2+ ]2 (FY)< ,
fa %(1—-1:)/(ﬂfr)f"j”ﬂ""_(cln)ﬂf T(4+2¢) k2 (@@ +3 6" -
(A.8)

The remaining terms in the r.h.s. of Eq. (30) are

16 | 1 i e
Ag = %) [" ({(Qiﬁ](ﬁﬂlﬁg—ffﬂ) (@if2)(so1 B+ (T + @3) — 2—’211))

i oham o homobdo-mide-ad)), (A9
and
As=A3(f1 0 0, HOB). (A.10)
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It is not necessary to calculate explicitly the integral of A4, since it can be
obtained by simple substitutions from that of A3. Concerning As, it can be
rewritten equivalently as

As = 16::& z) [(ﬂél}ﬂv@fw;)ﬂfzél): @ + )+ (MI)Qlin +3)
i

2‘*‘!’2 2-*;'2 I_‘ i : A 1

s (ld afs ) (::Q1) _aﬂﬂs( afs )(191)] ; (A.11)

Since Aj is manifestly invariant under the “left-right” transformation {40},
we can separate in the above expression two set of terms, related each other
by the “left-right” transformation. One possible separation is

168 2V | BN e et (A1) Q1(d) + 43)
Ay = iy [(31Q1)52(¥1+‘Iz)+ o

-'f 2
—  apss (1 15 ) (1§ )] + [“left-right” ] fs+ FER (A.12)
with obvious notation. Since the integration measure can be presented in
two equivalent forms (38) and (41) connected by the “left-right” transforma-
tion, the result of the integratian of f( /R) can be obtained from that of fa
by l;he change (§; ©» —¢3, §{ © —¢3). Therefore the former integration
can be avoided. Thls allows to escape those integrands with A2{,¥ at the
denominator which come from the term proportional to a;/a in Eq. (A.11)
and would be very nasty to integrate with the measure (38). Let us focus
then our attention on fs which can be written as:

. _M{z-g{m) (AR) @1(d +d3)

e
+ 2GQ)201 - o) FE) + 2@ - #) + L@+ @)} (A13)

The integration of the first term is trivial and gives

& __fl dz / dP=2t | 16(1 — 2)A%(11 Q1)
T Jo 22(1-2) ] (2%)@-D) Azf,

_ 32r(=¢) [T(2+ ¢))? (214
= @t Md+ag B
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(A.14)




For the remaining terms we limit ourselves to illustrate the strategy of the
integration since presenting all the intermediate results would be too lengthy.
The basic integrals to be calculated are of the form?!

I= fdf o - (A.15)
DY ' " (A5
2m)P=1) (1 — zk)2[(I; — 1) + 2(1 — 2)§7]

with n natural number. Using the Feynman parametrization and integrating
in d?-21,, one obtains

2P (1~ ¢) gl
I= e TAm)2Fe fdmf dz{:czi:{l-Z)qg (1-z)gf}}i—
1

— Er(]' _'i) ]1 dyyé-l'/. z"
 (Axpslly [J«"(‘i‘z - §7) + ¢ — ygse

where the change of variable y = x2 has been performed in the !ast equality.
This integral can be now calculated integrating first over £ and then over y.
The complete calculation for all the terms in Eq. (A.13) but the first is long,
but straightforward. The final result for

(A.16)

1 D-2
dz d l'l
is given by the last three rows in the r.h.s. of Eq. (43).
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