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1 Introduction

There continues to be much activity in the study of semihard QCD processes,
that is processes at small values of * = Q?/s where Q2 is a typical virtual-
ity and /s is the centre-of-mass energy. Many intriguing low = phenomena
have been observed (see, for example, ref. [1]) since the announcement of the
sharp rise seen in the proton structure function at HERA at z decreases.
The theoretical understanding of these phenomena is a non-trivial task. One
important type of process is high energy diffractive ¢¢ (or vector meson) elec-
troproduction, which to lowest order proceeds via two gluon exchange. Much
data are becoming available for such reactions. However the size of the QCD
radiative corrections is not known. There are indications both experimen-
tally and phenomenologically that these corrections are very important [2].
Another relevant process is the total cross section for v*~* collisions.

The most common basis for the description of small # processes is the
BFKL equation [3]. In this approach the amplitude for the high energy pro-
cess A+ B — A’ + B’ at fixed momentum transfer /—t may be symbolically
written as the convolution

Py @ G ® Ppip, (1)

see Fig. 1 and eq.(2) below. The impact factors ® 4/4 and ®pp describe the
transitions A — A’ and B — B’ shown by the upper and lower blobs of Fig. 1,
while GG is the Green’s function for the two interacting Reggized gluons. This
representation is valid both in the leading logarithmic approximation (LLA)
[3] , when only the leading terms (ag Ins)™ are resummed, and in the next-
to-leading approximation (NLA) [4, 5], when the ag(as Ins)™ terms are also
resummed, not only for forward scattering [4, 5] with ¢ = 0, but for the non-
forward case [6] as well. The explicit form of the kernel for forward scattering
(with colourless exchange in the ¢ channel) was found in ref. [4, 5]. A number
of subsequent papers (see, for instance, [7]) were devoted to investigations of
its consequences.



Figure 1: Schematic representation of
the process A+ B — A’ + B’ displaying
the structure of (2). The zig-zag lines
represent Reggeized gluon exchange.

Both the kernel of the integral equation satisfied by the Green’s func-
tion and the impact factors are unambiguously defined [4, 6, 8] in terms of
the gluon Regge trajectory and the effective vertices for the Reggeon-particle
interactions, which have been calculated in the NLA in a series of papers
[9]-[12]. ! The cancellation of the infrared singularities in the kernel was
explicitly demonstrated in ref. [4]. We stress that, for brevity, we are using
the terminology “infrared singularities” to include both soft and collinear sin-
gularities. Strictly speaking the Green’s function for the Reggeized gluons,
taken by itself, is not physical, since only the amplitudes describing the inter-
action of colourless particles are measurable. It is these physical amplitudes
that must be free of infrared singularities. However since it has been shown
that the kernel of the equation for the Green’s function is infrared safe, it
should therefore be possible to construct impact factors which are infrared
safe. Recall that we are discussing impact factors for transitions between
colourless particles and, consequently, about a colour singlet state in the ¢
channel.

Here we study such impact factors at NLA accuracy. We demonstrate
explicitly the cancellation of the infrared singularities in the impact factor
of the virtual photon and, moreover, give a proof that the impact factors
describing the transitions between colourless particles are infrared safe in
general. We concentrate on the virtual photon because of the importance of
the NLA for diffractive ¢¢ electroproduction, as mentioned above. Our study
may therefore be considered as a first step in analyzing the next-to-leading
radiative corrections to this experimentally accessible process.

I The impact factors were defined in refs. [5, 13, 14] in a different way; see the comment
in Section 7.



The outline of the paper is as follows. In Section 2 we give a detailed
definition of the impact factor, concentrating on the example of that for a
virtual photon. In Section 3 we calculate the singular contribution which
comes from the virtual correction to the LLA approximation for the effective
virtual photon-Reggeon interaction. Then in Section 4 we consider the effects
arising from an additional real gluon emitted in the y*-Reggeon interaction.
In Section 5 we draw these results together and demonstrate the cancellation
of the infrared singularities in the impact factor of the virtual photon in the
NLA. A proof of the cancellation in the general case is given in Section 6.
Finally, in Section 7 we present our conclusions.

2 The definition of the impact factors

First we make explicit the convolution (1) for the amplitude T" describing the
process A + B — A’ + B’ shown in Fig. 1. To be specific we calculate the
s-channel imaginary part of the amplitude [6]

dD_2Q1 dD—Zq2
IHlT:/ / D44(q1,4; 50
q%q/12 ng/22 ( 1 )

s 3 s\“
X ——— —|l—] G ; ®pg(—q,, —q; 2
(27T)D_2 /(;_Z'OO i [(80) w(qlanaq)] BB( qs, anO)a( )
where the momenta are defined in Fig. 1. For convenience we introduce ¢; =
qi—q, where ¢ ~ g7 is the momentum transfer in the process A+ B — A’+ B’

¢ = pa—pa = pp —DPB- (3)

® 4.4 and ®p g are the impact factors which describe the A — A’ and B —
B’ particle transitions in the particle-Reggeon scattering processes shown in
Fig. 1, and Gy, is the Mellin transform of the Green’s function for Reggeon-
Reggeon scattering. We emphasize that the zig-zag intermediate lines in
Fig. 1 denote Reggeons, and not gluons — the Reggeons would only become
gluons in the absence of interaction. The integrations in (2) are performed
over D — 2 dimensional vectors which are transverse to the momenta py
and pp of the initial particles. The space-time dimension, D, 1s taken to be
D =4 + 2¢ in order to regularize the infrared divergences.

Representation (2) is derived assuming that the energy scale sg is inde-
pendent of g; and g, or at least has a factorizable dependence on g; and
q5. Then any so dependence induced by using so as the energy scale in
G\, can, to NLA accuracy, be transferred to the impact factors. This was
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shown in ref. [15] for forward scattering; for the non-forward case the proof
is essentially unchanged.

We consider a colour singlet state in the ¢-channel (or, to be more precise,
vacuum or Pomeron quantum number exchange), since only in this case will
the infrared singularities cancel. Thus we can suppress the colour group
representation indices of the impact factors and the Green’s function. We
also note that representation (2) applies not only to elastic processes, but
also to reactions where A’ and B’ may each correspond to a group of particles
with invariant mass independent of s. Finally the normalisation adopted in
(2) is that of [6], which seems to be convenient for non-forward processes. It
differs at ¢t = 0 from that used previously such that

Guld1, 92 Dlgeo = 414360 (a1,9), (4)

where Gy (qy, q5) is the Mellin transform that was used for the forward case

[4].
A a

qr

Figure 2: The intermediate pro-
cess A+ B — a4+ b mediated by
Reggeized gluon exchange.

B b

We may express both the kernel of the equation for the Green’s function
and the impact factors in terms of the gluon Regge trajectory and the effective
vertices for the Reggeon-particle interaction [6]. We begin with the high
energy amplitude 7®) for the process A + B — a + b of Fig. 2, which is an
intermediate process of our reaction A+ B — A’ 4+ B’. We have colour octet
Reggeized gluon exchange in the tg channel (g = ¢% ~ q%) with negative
signature so that

w(tr) w(tr)
25 1/ —s 1 s i
T = T Tialan) [5(%) +3(5) ]“B“qR)’ ®)

where T, and I'l 5 are the Reggeon vertices for transitions A — a and B — b
and 1 + w(?) is the gluon Regge trajectory. Note that this representation
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is true for particle-parton as well as for parton-parton processes. By parton
we mean a coloured quark or gluon, whereas a particle is colourless. In the
parton-parton case the vertices are known in the one-loop approximation
[10]. One of our aims is to identify the particle-parton vertices in the same
approximation. The trajectory function,

it) = 1+ w(), (6)

is independent of the nature of the scattering objects, and is now known in
the two-loop approximation [11]. The summation over the repeated index i
is over the 8 coloured gluon states.

In the LLA the impact factors are given by

(O

Wt = =3 [ 52 L Y ) T )" (D)

where the number of colours No = 3 for QCD and T'(® means that the
vertices are evaluated in the LLA or Born approximation. The sum {a} is
over all states a which contribute to the A — A’ transition, and over all
discrete quantum numbers of these states. The phase space element dp, of a
state a consisting of particles with momenta /,, is

dpa:(Qﬂ')Dé(A—QR—ZE)HQﬂ_)D_if;E (8)

nea

while the remaining integration in (7) is over the squared invariant mass of
the state a

M7 = (pa—ar)’ = (P —dr)*
In the LLA the impact factors do not depend on sy. In fact the energy scale
is arbitrary in this approximation.

To be speciﬁc we choose the relevant example of the impact factor of a
virtual photon 7. In order to define the vertices I';. we may study the high
energy interaction of the v* with any particle. Clearly we should take the
simplest choice for particle B — a massless quark with momentum pg = p»
and p3 = 0 — and introduce the light-cone momentum p; so that the virtual
photon momentum is

2
Pa = pL— b2 and s = 2p1.pa, 9)
where —Q? is the virtuality of the photon.
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The lowest-order *¢ process which has a non-vanishing cross section at
large s is v*q¢ — (¢q)q where the ¢g pair is produced in the fragmentation
region of the photon. The Feynman diagrams are shown in Fig. 3. We may
evaluate these diagrams using the trick of writing the metric tensor in the
gluon propagator as

g o= P RS e (10)
s s
and retaining just the first term. Only this term gives a leading (growing as
s) contribution to the amplitude. In this way we arrive at the v*¢ — (¢¢)¢
Born amplitude in the form of (5) with the lower vertex (describing the ¢ — ¢’
transition via the Reggeon field) given by

PO = gah) Pt upa) = 0(a'1le) b, (1)

and the upper vertex (describing the v* — ¢¢ transition) given by

U4 (ar) = @100 (a0): Tgoelgr) =Ta + Ty (12)
with
r, = Sl g, D=0k (13)
r = - Sl PR (19
+

The components 'y, and 'y correspond to the upper vertices in diagrams 3a
and 3b respectively. The notation used in (11)—(14) is as follows: A denotes
the quark helicity, g is the QCD coupling and (alt!|b) are the matrix elements
of the colour generator in the fundamental representation. Also ee, is the
electric charge of the quark (in the ¢ pair), e+ is the polarization vector of
the photon, ¢ are the ¢ and § momenta shown in Fig. 3 and, finally,

EZ
Ay = F 4+ xin. (15)
T

We have taken the quark to be massless and have used the decomposition

Ez
by = xapi+ —=py + lor, € =02, (16)
ST+



In fact the expressions (11)—(14) for the vertices could have been written
immediately by noting that the vertex factors? igti]blyz/s describe the inter-
action of a Reggeon with quarks having a large component of momentum
along pa 1 respectively. In other words in the LLA the Reggeon acts as gluon
with polarization vector —ps 1/s when it interacts with a quark having a large
component of momentum along p; » respectively. Taking this into account

we can represent the vertices o by the diagrams of Fig. 4.

aq*
pA ‘l_
M ls
qr
- V - »
P> g g2

(a) (b)

Figure 3: The lowest-order Feynman diagrams for the process v*¢ — (¢q)q,
showing the particle four momenta.

I+ -l

Pa I Pa I

qR’ 1 qu i

(a) ()
(0)i

Figure 4: Schematic representation of the vertex I';; ., showing, at lowest

order, the transition v* R — ¢4.

The vertex Ffz?i* +(¢s) can be calculated in just the same way. Tt is given

?These are the simplest vertices in the effective action for Reggeon interactions [16]
which contains all LLA Reggeon-parton vertices.
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by (12)-(14) with replacements v* — v* " qr — q;%, Ay — AL, where

A;: — (E:F—i—x:Fq)z

+24Q'? (17)
T

and —@Q’? is the virtuality of the final photon.
Let us denote

\/N27{Z:} qu'y QR ((Iq)ry*’(q ) :qu(l‘:taezl:aqRaq/R)' (18)
q9

Besides the variables explicitly shown in (18), the function f,7 also depends
on the fixed parameters Q?, QI 2 and on the photon polarisation vectors. The
photon impact factor in the NLA is given by the integral of the function fug
over

dMg; D1
L dpyg = 20(1 =y — 2 )(2m)PL0(0 + € + ap)

dry de_ dP=20,, dP~20_,
X — —— .

204 2z (2m)P-1 (27)P-1
In fact this impact factor differs by only trivial factors from the analogous
one in QED, which was obtained for some particular cases many years ago

(19)

[17]. The explicit form of the function fy7 is not important for our purposes.
The crucial properties of this function are:

qu($ia£ia0aq}%):qu($ia£iaqRa0):0' (20)

These properties can be verified directly by using expressions (12)-(14) for

F((I?])W (¢r) and corresponding expressions for Féq)v*,(qR) But, in fact, these
properties have a quite general nature and are consequences of gauge invari-
ance. These properties guarantee that the impact factors of colourless objects

satisfy the equations
©4:4(0,q) = Para(g, q) =0, (21)

that are necessary for the corresponding cross sections to be finite.

The next important fact is that the integral of the function f,7 over the
measure (19) is not singular, so that we can take x4 ~ 1, Ezi ~ p?, with
some nonzero u depending on Q2 QI 2 g%, (qr — q)*. For our purposes we
can consider all these parameters to be of the same order. In the following
we use u” to denote this order.
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In the NLA the expression (7) for the impact factor has to be changed
in two ways. First we have to take into account the radiative corrections
to the vertices I' considered above. We note that the corrections depend
on an energy scale. In the definition (5) the energy scale was put equal
to —tgr. Since we calculate impact factors for scale sy we must allow for
the change of the vertices arising from the change of scale. It is clear from
(5) that the ratio of vertex factors evaluated at scales s; and ss is equal to
(s52/51)“tR)2 for a Reggeon of momentum gr. Secondly, in the sum over
{a} in (7), we have to include more complicated states which appear in the
next order of perturbative theory, such as states with an additional gluon.
For the photon impact factor ¢gg is the only such additional state. But here
we have a problem. The integral over M2, which is well convergent in the
LLA case, becomes divergent when an extra gluon is included in the final
state. The divergence arises because the gluon may be emitted not only in
the fragmentation region of particle A, but also in the central region and in
the fragmentation region of particle B. All three contributions have to be
carefully separated and the last two assigned to the Green’s function GG and
the impact factor ®g: g respectively. The separation was described in ref. [8].
The result for the non-forward case is [6]

dM? . ,

q)A'A(QRa q; 50) \/Nzi Z / aA QR) FZA’(Q;%)* dpGG(SA - Ma)

1 dD_Zq i R 52
_5 / #@f’)A(qR”q) |:[X/7(‘0)(qR’aqR;q) In ((7[\)

dr 9r dr —4qr)*so

+ i Slan—an) {1 (B) 4 ot w ()], e

S0 S0

where the intermediate parameter s should go to infinity. The second term
on the right hand side of (22) is the subtraction of the contribution of the
emission of the additional gluon outside the fragmentation region of particle
A. The dependence on s, vanishes because of the cancellation between the
first and second terms. Kﬁo) is that part of LLA kernel of the equation for
the non-forward Green’s function which is related to real gluon production

[3]

2 2 12
- 9’Ne [ q%d? + diq%
Awg())(QR’aQR;Q) = (2m)PT ( IEQJIZ—Q}:)R — 2). (23)

The kernel describes the transition from the ¢ channel state of two Reggeons
with momenta ¢ and —¢, = ¢—gr into the state with ¢ and —¢, = ¢—qrr.
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The terms which involve the Regge trajectory in (22) arise from the change
of energy scale in the vertices T'. The trajectory function w(t) has to be taken
in the one loop approximation [3]

B ¢*t  N¢ dP =%k o, 5 ()
o) = gy | s = T TRy @)

where T'(z) is the Euler function and
77 = ¢*NeT(1—e)/(4m)P /2, (25)

As stated above, to evaluate the photon impact factor in NLA we have to
evaluate the virtual corrections to the y* — ¢q vertex of (12) and to include
the effects of the emission of an additional gluon (that is to find the y* — ¢gg
vertices and to include their contribution in (22)). We begin with the virtual
corrections.

3 One-loop corrections to the v*R — ¢¢ vertex

One way to determine the corrections to the v* R — ¢¢ vertex is to calculate
the one-loop corrections to the diagrams of Fig. 3 with a colour-octet state
in the tg channel. We keep not only the In s terms, but the constant terms
as well. We will find the coefficient of the Ins term, which is due to gluon
Reggeization, is )

s , ,

o el T w(tg) (26)
as 1t must be. If we compare the calculated corrected amplitude with rep-
resentation (5) and use the known?® expression for the lower vertex Fg,yq to
one-loop accuracy [10], then we may extract Féé,v* in the one-loop approxi-
mation.

In practice we can determine the v* R — ¢ vertex to one-loop accuracy in
a more economical way by focusing attention directly on the vertex and not
on the amplitude. To be specific we work in the Feynman gauge. There are
several ways in which we can add the extra virtual gluon line to the diagrams
of Fig. 3. It is clear that if one end of the extra gluon line is attached to
the ¢ or ¢ of the upper ¢¢ pair and the other end is either again attached
to one of the upper pair or to the exchanged gluon, then the correction is

to the upper vertex. Similar considerations apply to the lower vertex. It is

31t was determined using the same procedure for the quark-quark scattering process.
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also clear that half the gluon self-energy correction has to be included in the
upper vertex and half in the lower vertex. The only uncertainty comes from
the diagrams of Fig. 5 with two gluon lines exchanged between the upper and
the lower vertices. Perhaps a better terminology, which we shall adopt, is to
say two gluons exchanged between the upper and lower blocks. We analyse
these two-gluon exchange diagrams first.

3.1 Two-gluon exchange diagrams

We start with diagram 5(a). The basic integral for this diagram is

dPk 1
Isq = - - - - P~
’ / (2m)Pi (k* +i0)((qr — k)* +i0)((ph — k)* +10)((£ + k)* + i0)
(27)
It is convenient to use the Sudakov decomposition for the gluon momentum,

k= Bpr+aps+ky, dPk = %dadﬁdkf‘z, (28)

and to consider three regions of the variables a, 3 :

the central region o] < g, |8 < fo
the A region 18] > Bo (29)
the B region la] > ao,
with ag and g chosen so that
ag € 1, By <1 and  sagfy > p’ (30)

Recall that we use p to denote the order of magnitude of typical transverse
momenta. In fact we will take the limit sagBy — oo, while ap — 0 and
G — 0. We see that regions A and B overlap. The whole a, 3 plane is covered
by the sum of the three regions, with the subtraction of the overlapping
subregions where both of the variables are “large”, that is |a| > ap and
|3 > Bo. If we decompose the momentum transfer

qr = Brp1 + arp2 + 4R, (31)
then we have
e
sBr ~ q%, sap ~ —Q? — — — &, (32)
X _ l‘+
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Combining this with the fact that all transverse momenta are of order p,
it is easy to show that the overlapping regions where |a| and |§| are both
“large” give a contribution of relative order < p?/sag3, which vanishes in
the limit s — oo. Thus 75, is given by the sum of the contributions from the
three regions. The result for the central region (Ja| < aq, |3| < Bo) is

2T(1 —¢) T*(¢) (qp) "
(4m)P/2 T(2€) 2sa_

tral
Jeen _
5a

(33)

o (Z22) v - v- 9 + 2000 - 2020
R

where (z) = T'(2)/T'(x). We emphasize the important fact that the con-

tribution of the central region is universal (i.e. process independent). The

above equation gives not only the singular 1/¢ term, but also the general

dependence. For completeness we give the contributions from regions A and

B which are non-vanishing as ¢ — 0:

- A LR () L ()

(4m)P/2 2sa_ I'(2¢) as
2 2
+%1n2 (2—%‘)+ L( —%) . L(l—?—é) + %] L (34)
where .
L(x) :/ ﬂln(l —1),
o 1
and

5 _ (1= I (qh) 1
e = o7 Tag gsx_ [—m <%) — (1) + 1/)(26)]. (35)

We checked by an independent calculation of the integral of (27), using Feyn-
man parameters, that I, is indeed given by the sum of the three contribu-
tions, and hence that there is a negligible contribution from the regions where
both || and |3] are “large”.

We now study how the basic integral (27) enters the matrix element. We
use the same trick that we used before for the metric tensors in the gluon
propagators, see (10). In this way we find factors

Po(—f——F)p2 and  pa(fs — ) (36)
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respectively in the numerator for the upper and lower blocks in Fig. ba. It
is clear that we can neglect § in the central region. Since we can omit the
contribution from the region where both |«| and |3] are large, we are also able
to neglect § in the numerator of the upper (lower) block in the A(B) region.
We can then factorize from the numerator the corresponding term which
arises in the amplitude of Fig. 3a. To see this we use the anticommutation
relations of the v matrices to move f_ (#5) to act on the spinor v(£_)(u(p})),
and then use the Dirac equation. We also have factorization in colour space.
We require negative-signature colour-octet exchange in the {g channel, and
so we need the antisymmetric colour-octet projection of the two-gluon state.
The colour structure is thus identical to that of the diagrams of Fig. 3.

Therefore it turns out that the contribution of the “central” region of
Fig. 5a to the v*¢ — (¢¢)q amplitude T®) of (5) is

T = ) T r et 1 (2] o+ otaa) + o] (1
R dr

where T'y is the v* — ¢¢ Reggeon vertex of (13), F((;,J); is the ¢ — ¢’ Reggeon
vertex of (11), w is the one-loop contribution to the trajectory function of
(25), and the ¢ functions are

¢(z) = Inz = S [(¥(1) = Y1 —€e)] — v(e) + ¥(26). (38)

Diagrams bb, ba’ and 5b’ can be computed in exactly the same way. The con-
tribution of the central region of Fig. 5b is given by (37) with the replacement
of Ty of (14) for T'y; while the contributions of ba’ and 5b’ are obtained from
those of diagrams ba and bb by the replacement s — —s and by changing the
overall sign (due to antisymmetry in colour space). Collecting all these four
central region contributions together we therefore have

95 . . 1 —s 1 s
central __ (0)i (0)i
ret = B e g () + g () o

+ (o) + 6(Po)],

where we have used (12). We see that the logarithmic part of the contri-
bution coincides with the first term in the expansion of (5) in w(tg); that
is, it is responsible for gluon Reggeization. The remaining pieces, ¢(cg) and
#(Fo), must be included as corrections to the corresponding vertices. The
important fact is that contribution (39) of the central region is universal.
That is this result for v*¢ — (¢¢)q applies to any process A+a — B+, as

15



in Fig. 2, with the same expression in square brackets, provided that we use
the corresponding vertices.

We now turn to the A region (]3| > fo, see (29)). We first consider the
combined contribution of the diagrams of Figs. ba, ba’ and 6a. To evaluate
diagram 6a we again use the familiar trick (10) for the metric tensor in the
propagator of the gluon with momentum ¢gg. In this way we show that we
((1??;. The same factorization applies to diagrams
ba and 5a’ in the A region. Moreover here we can replace

can factor out the vertex I'

(o —k)? + 0 = —s(6-Pr)(1—a—ar) — (gr—k)* + 0 — —sf
(40)
(p24 k)2 +i0 = s8 — k% +i0 — sp.

Then taking into account the difference in signs for diagrams ba and ba’
due to colour antisymmetry, we see that they give equal contributions in the
A region. After the factorization of the common factor %% we find that
the remainder does not depend on the properties of the lower block (vertex).
Thus the sum of the remaining contributions of diagrams 5a, ba’ and 6a must
give corrections to the vertex I'g7~+. Moreover this sum is given by Fig. 7a,
where we have introduced the off-mass-shell gluon-gluon-Reggeon vertex of

Fig. 8

v Z 7 v v
Viap (K1, ko) = —;g ab | =" P2 - (k2 — k1) — ph(2k1 + ko)
(41)
Mo
§(2ks + ki) — 2(ky + ko) — 22
+ p5(2ks + k1) (k1 + k2) o (k1 — )

where 7% are the generators in the adjoint representation in colour space;
T(fb = _ifcab~

In the same way we factor off the lower vertex ' from the A region
contributions of diagrams 5b, 5b’ and 6b, and find that their sum is given
by Fig. Tb. It is also clear that the B region contributions of diagrams 5a,
b, a’, b/, in which the upper vertex F((I?j?;* has been factored off, will give the
corrections to the lower quark-quark-Reggeon vertex I'y ,. We are, however,
not concerned with these latter corrections here.

Now we turn to the remaining two gluon exchange diagrams, 5¢, ¢’. Unlike
the previous diagrams here both the produced ¢ and ¢ interact, and they
contribute in quite different regions of the Sudakov parameters o and g.
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(b)

(b")

Figure 5: The two-gluon exchange Feynman diagrams mediating the process
7= (a9
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Only the region of small «, |a| ~ u?/s, is important. The reason is that
the two virtual fermions in the upper block have momenta components of
order unity along p1, and ~ o+ O(u?/s) along ps. The denominators of their
propagators are

(5(1‘_ + B) (a + %) — (L + k) + io) (42)

EZ
x | s(xy + Br — B) (OZR—Oé‘Fj) — (0 +qr—k)?+i0],
+

whereas we find the numerators (after performing the trick with the metric
tensors in the gluon propagators) do not contain any a dependence. Therefore
the integral over « converges with the main contribution coming from the
region |a| ~ pu?/s. Let us now consider the 3 integration. The contribution
of both diagrams 5¢ and 5¢’ to the colour-octet, negative- signature amplitude
in the ¢g channel contains a factor, from the fermion propagators of the lower

block, of

1 1

oo t ETmen) . ®
In the limit s — oo it gives 2P(1/3), since Br ~ g%/s, where P means the
principal value. For |a| ~ p?/s, the 3 dependence in all the other prop-
agators can be neglected at small 5. Thus the region |5| < By does not
contribute. Hence diagrams 5c, ¢’ contribute only in the A region. As before,
we can combine them with diagram 6¢ and factorize off the vertex T{9% The
remainder can be represented by diagram 6c¢ with the off-mass-shell gluon-
gluon-Reggeon vertex of (41).

Let us summarize the analysis of the two-gluon exchange diagrams of
Fig. 5. These diagrams, which are responsible for gluon Reggeization, also
contribute to the Reggeon vertices. The contributions to the v* — ¢ vertex,
which we are interested in, come both from the central region (Jo| < aq, |3] <
Bo) and from the A region (]3| > Bo). The contributions coming from the A
region can be combined with the contributions of Fig. 6 and represented by
the diagrams of Fig. 7 with the gluon-g luon-Reggeon vertex given by (41).
The contribution coming from the “central” region can be extracted from

(39)

i(central _ F2(€) € 0)e
AL = =g g laR) Taghe #(50), (44)
where we have used (24), and where ¢(z) is given by (38). The intermedi-
ate parameter 3y cancels when we combine (44) with the contributions of
Figs. 7a,b. (The contribution of diagram 7c does not depend on fy.)
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D3 1) P, b2 P, D;
(a) (b) (©)

Figure 6: eynman diagrams mediating v*¢ — (¢¢)¢ which must be considered
with those of Fig. 5.

(a) (b) (©)

Figure 7: Diagrams containing the gluon-gluon-Reggeon vertex which contain
the corrections to the I'yg 4+ coming from Figs. 5 and 6.

kb a, “' kz, b,V

(k1+k2)’i Figure 8: The gluon-gluon-Reggeon vertex
of (41).
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In addition to the two-gluon exchange contributions, we have also to in-
clude corrections to the v* — ¢¢ vertex coming from the diagrams of Fig. 9,
as well as from the quark self-energy diagrams, and also from half of the self-
energy contribution of the gluon of momentum gg. The latter contribution
is not infrared divergent and will not be discussed further.

3.2 Loop diagrams within the produced ¢q pair

The infrared divergent contribution of the quark self-energy diagrams can
be found as follows. First the self-energy of the internal fermion lines is
not infrared divergent. For the external lines, in dimensional regularization,
the ultraviolet and infrared divergences cancel. Therefore it is simplest to
determine the infrared divergence by taking the ultraviolet divergence with
the opposite sign. It gives

=2
i(quark self—energy) _  (0)¢ g CF
Alyg5 = Tgae (— " N—c) : (45)

It remains to calculate the divergent contributions of Figs. 7 and 9. Unfor-
tunately, in the Feynman gauge, there are many artificial divergences in the
contributions of the separate diagrams, which cancel in the sum. Although
calculations can be done more easily by the choice of an appropriate gauge,
we prefer to work in the Feynman gauge in order to escape ambiguities of
the light-cone gauges.

Our procedure is to calculate D-dimensional integrals over the virtual
gluon momentum k using the Sudakov components. We first perform the
integration over a using the residue theorem. We then introduce an inter-
mediate parameter zy to consider the collinear singularities in the regions
|B8] < ap and |B] > x¢ separately. We take xo small, 2y <« 1. We let it
tend to zero but not before ¢ — 0, so that eIn(1/2zy) — 0 as ¢ = 0. On
the other hand we take 5y — 0 before € — 0. Recall that all calculations at
next-to-leading order are performed by first taking s — oo and then € — 0.

For |B] < a¢ all three diagrams of Fig. 7 contribute, as well as diagrams
al and bl of Fig. 9. At first sight it may seem strange that the diagrams of
Fig. 7 are divergent in the ‘soft’ region. However recall that they contain the
gluon-gluon-Reggeon vertex and receive contributions to the v* — ¢¢ vertex
from the diagrams of Fig. 5. The contribution of diagram 7a is

T2(e) 11 A
Aot Ta) o2 2V Ip — — — — Z ] T, 46
ad, g I'(2¢) (ar) nﬁo €? ¢ Loz - » (49)
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Figure 9: Loop diagrams within the produced ¢g pair. The quark (antiquark)
self-energy diagrams are not shown.

while that of 7b is obtained by the substitution ¢ < ¢, that is by 'y, &
Ty, AL & Ap and z_ & x4. The In(1/5;) terms cancel the exactly analo-
gous terms coming from the central region, see (44) and (38), as they must.
Diagram 7c, which is symmetric with respect to the ¢ < ¢ substitution, is
given by

SO C — 1 1 A_ _
ADER T — g2 L_Z + - 1n< xo)] Lo + (g @),  (47)

X _

Turning now to diagram 9al we have
5 1 J1 1 (by +0_)2x2
AF(stt*9a1) — 72 - | = | "+ T A—J *n T, 48
99,7 9 NZ | o Trt_ , (48)

while the contribution of 9bl is obtained by the substitution ¢ <> ¢. The
total contribution from the central region [(44), (38)] and the soft region
[(46)—(48)], plus the ¢ & ¢ diagrams of 7b and 9b1] is

aqv* €2

L O e e AR O
NZ\e? e Tz aq,y
We now study the diagrams with collinear singularities. As mentioned

above, in the Feynman gauge there are artificial singularities in the separate
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diagrams, which cancel each other in the sum. The final answer is very simple
and could be written down straightaway. Nevertheless we check explicitly
that the cancellation indeed occurs.

For instance diagram 7a has a singular contribution from the region in
which & is collinear with ¢_

=2

Ari(Tecoliinear) g (1112—; — 1) (qlt!|)Ts — R, (50)

aan* €
with the non-factorizable contribution

—92 1
: g (I1—2)e_  _ :
R = eg— de———"——u(ly)t" ¢ v(£-). 51
L=l [ g ¢ e ) (51)
It is easy to understand the origin of such non-factorizable terms, and to fol-
low their mutual cancellation using the gauge properties of the gluon vertices.
The gluon-gluon-Reggeon vertex (41) gives

v v Z-g 7
Pyzyab(kl’kz)kZ = - ? Tab [k%pg + (k’z pQ)kf] ) (52)

since ps - ko >~ —py - k1 as the Reggeon momentum gg = k1 — k2 1s almost
transverse; thus ps - g does not grow with s, whereas p» - k1 and ps - ko are
proportional to s. A vertex describing the interaction of a collinear gluon
and a fermion gives us a gluon momentum which has to be contracted (via
the gluon propagator) with another gluon vertex. For example, in the region
where k and ¢_ are collinear, k ~ —zf_ the matrix element of diagram 7a
contains the factor

=2 o).
(53)
Now we use the gauge properties of the vertices. For diagram 7a we put
ko = k and ky = gr—k into the gluon-gluon-Reggeon vertex of (52). The first
term gives a contribution proportional to I'y, and the second term the non-
factorizable contribution R% of (51), where we recognize the gluon propagator
with momentum qp — k with & = —2/0_.
The contribution of diagram 7b has a form analogous to (50), coming
from the region where k is collinear with £,

-+F) Y v(lo) = (1=2) -7 v(l) = 2(1—2)  v(f_) ~ =2

. . a2 . X
A = L () gr, - R 61

aan* €
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where -

i g (1—-2)zy i

Ry ~ —eg— = u(l )t gv(f). 55

D el [ S ) 69)
Diagram 7c¢ has contributions both from the region where k is collinear

with ¢4 and from the region where ¢r — k is collinear with £_. It has the

non-factorizable form

3(7c collinear i 7 7 7
ATIEMD = R4 RE + RL 4+ RY, (56)
where Ri and
—9 1
: g (1-2) P4 + R+ 2 )¢y
L= g dz—"L q(4 )t (-
ft- 4 € Joo/o_ : z U( +) S(E-l- +4qr + ZE—)Z v( ) (57)

come from the region where ¢r — k is collinear with £_. On the other hand
Ri and
—92 1
: 1- (-
RZ—l— — egg— dZ( Z) ﬂ(£+)tl ¢’Y (ﬂ +g3+2£+)2ﬁ2 U(ﬁ_)
€ zo/T4 < S(E— +QR+Z£+)

(58)

come from the region where k is collinear with £, . We see that the contribu-
tions R and R! cancel with the corresponding contributions of diagrams 7a
and 7b respectively.

Contributions R, cancel with analogous contributions from diagrams 9al,
a2 and 9bl, b2 respectively, which have the form

i(9al collinear) 1 i 7
Algg e - _WR‘F - R (59)
c
9
i) _ 97 20p (| @y N, — 25F pi
Al = . In ) 1) (g)t"|9)T 4 Vo R, (60)
1(9b1 collinear 1 7 7
AT ' =~z RL-R (61)
c
9
i) _ 97 20F (| @ N, — 2CF pi
A = L2 (2= ) gglar, - XERL (62)

where we have not used the ‘collinear’ superscript for those diagrams which
do not have soft singularities. These contributions contain further artificial
non-factorizable singularities

S L T N N PRI A
By = // (PR IS TRE
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They in turn cancel with the contributions of diagrams 9a3, b3.

—9
i(9a3) g xr_ i i
qum* = —]\%6 (lnx—o — 1) qIt'|eTe + R}
—9
i1(9b3) g T4 1= i
Al = NZe (lng - ) (qlt'|)Ty + RS.

Taking the sum of all these contributions and adding to it the quark
self-energy contribution (45), which we may call collinear as well, we obtain

=2
i(collinear) 29° CF Tyl 3 (0)i
qum* = — ? N_C (hl l% - 5 qu,’Y* . (65)

As mentioned earlier, this answer could have been written ‘by hand’, since the
expression in brackets is easily recognized as arising from the quark splitting
function

(/xz/“ " /xZ/f—) Pnl) = (/xz/x+ " /x:/x—) dz% (1 +(1-2)?%.

We see that the verification of (65) in the Feynman gauge is complicated by
the presence of spurious singular terms which mutually cancel. Neverthe-
less we prefer to use this gauge so as to minimize the possible error in the
subsequent evaluation of the non-singular terms.

3.3 Total singular virtual contribution

The total singular part of the virtual correction to the Reggeon vertex for
¥* = ¢qq is given by the sum of the ‘soft + central’ contribution of (49) and
the ‘collinear’ contribution of (65). It is

i _ 1 1 3
Aty = g5 + * (eread) - ) (66)

1 1 1 9 3 (0)i
- N—g (6—2 + - {1n(£+ +£_) — 5})] quﬂ*.
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4 Real gluon emission

Now we consider the contribution to the photon impact factor from the quark-
antiquark-gluon intermediate state. First, we have to find the v*R — qqg
effective vertex. In principle, we could use the same approach as for the
~*R — qq vertex. Namely, we could calculate the amplitude for the con-
version of a virtual photon into a ¢gg state in the high energy collision of
the photon with a quark, take the part of this amplitude with a colour-octet
state in the ¢ channel and determine the v* R — ¢qg vertex by comparison of
this part with the Regge form (5). Since we need the vertex only in the Born
approximation, it is sufficient to calculate the conversion amplitude in the
same approximation and to take the Regge form in the lowest approximation
in the coupling constant.

The expression for the vertex can be obtained immediately, if we rep-
resent it by the diagrams of Fig. 10 with the vertex factor igt'ps/s for the
interaction of the Reggeon with quarks, and by the vertex factor 4/, (41)
for the interaction of the Reggeon with gluons. It is straightforward to check
that this direct calculation gives exactly the same v* R — ¢gg vertex as the
method described above.

s s 1 L+
V\’<§E{ . ""ﬁ . . .
(al) (a2) (a3) (ad)
-l -l -l -l
V\'ﬁh V"ﬁh B .
(bDhH (b2) (b3) (bd)

Figure 10: The real gluon emission diagrams from the I'g + vertex.

In the following we denote the momentum, polarisation vector and colour
index of the emitted gluon by k,e and ¢ respectively. The Sudakov decom-
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position is
2

k
k= ﬁp1+£p2 + ki, k= -k, (67)

The vertex v* R — ¢qqg has the following properties.
1. In the ‘soft’ region

B, k< (68)
the vertex 1s given by the formula for accompanying soft bremsstrahlung, i.e.

g 14 P2 : 4| =
Liggne (ar) = Tyq 1+ (ar)y [(i - k’—pz) (qlt°t'|q) (69)

= p2 \" e~
= - L= FAR A *

2. In the ‘central’ region
Bl kK> B (70)

the vertex factorizes into a product of two Reggeon vertices, i.e

Ul (00) = Vg 1) () 25an - an) M)
where ¢+ = qr + k, and where 'y]c»i(qR/, qr), the effective vertex for gluon
production in a Reggeon-Reggeon collision [3], is given by

c c ﬁpl P2 . *
Y5ilar's qr) = 975 |—qr L — qro + (K° — QQ%/)? — (K - QQ%)E €
(72)

Note that in (4) the gluon momentum is neglected in the vertex I'yz+.
The neglect is valid in the whole region (68), not only when 2(k.f1) < p?,
(i.e. when k< Bp?) where it is obviously true. In fact, it is a consequence
of Gribov’s theorem [18] concerning the region of applicability of formulas for
accompanying soft bremsstrahlung. Thus the factorization (4) in the region
(68) has a general nature. The same can be said about (71). This equation
was also checked by direct calculation; but, in fact, it also has quite a general
nature and is connected with gluon Reggeization in QCD.
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The important point is that the soft (68) and central (70) regions overlap
and cover the entire region 7 < xg with zy <« 1. Let us denote

(0)i
(qR) Fqég,v

*/(QQ%)* = fqgga (73)

1 (0)i
| AN
NI T 999,y
Ne—1 {939}

c.f. (18). The contribution of the q¢ g intermediate state to the impact factor
is given by the integral of the function f,5, over

dquqg _ D-1
5 Waig =20(1—wy —w = F)(2m)770(C+ +£- +qp + k)

Xda:_|_ de_dp dP=20, dP~20_ d”~2k
20y 2x_ 28 (2m)P-1 (2m)P-1 (2m)P -1
c.f. (19). In the soft region we find, using (4), that

(74)

2 xZ

$+ —
k- gtV ek—peyr )

1 Be b —x_ly)?
N2 (wpk— B2 (e_k — ﬁﬁ—)z] ’

where f,7 is defined by (18). On the other hand in the central region it
follows from (71), (72) that

fqég = qu(l‘iaeiQQRaqg&) X 2g2NC |:<

202m)P-1
fagg = feq(zs, 81 ap, dr) 202m)_ 3 ) — K" (qp, ag; q), (76)
dr:q9g:

where qp = qr +k; 9% = qr — q and Kﬁo) is the part of the non-forward
LLA kernel entering (22) and defined by (23). Comparing (75) and (76) one
discovers an interesting result. The region of the applicability of the central
form (76) for fyq4 is larger than (70) and, in fact, is given by

<1, K> put (77)

It is convenient to consider the contribution of the central region together
with the subtraction term in (22). This term has two types of infrared sin-
gularities: the singularities contained in the trajectory function w(t), and
the singularities coming from the integration over qg . Owing to properties
(21) of the impact factor, the latter singularities are only due to the singular

behaviour of the real part of Kﬁo)(qR,,qR; q) atqp — qr = k = 0. It is
27



useful to note that in (22) In(sg) appears as a factor of the total non-forward
BFKL kernel,

K(qp,qr: ) = 4745 0(ar — ar) (W(tr) + w(tr)) + K:(qp, qr; q), (78)

taken in the Born approximation. Since the total kernel is infrared safe,
the infrared singularities do not depend on the value of sg, so that we can
take any suitable choice of sy to analyse them. It is convenient to take sg
sufficiently large so that so >> p?, but such that at the same time it satisfies
so & p?/xk.

Then we can evaluate the integral over f,z4 in the region 8 < xy as the
sum of two subregions, in the first (second) of which k? is less (larger) than
(%sy. The contribution of the first region can be calculated with the help of
(75). Tts singular part is

(0) _9 1 1 9 1 1 1 l‘g(g_ +£+)2
/dq)’Y*’,’Y* (qR’ q)?g 6—2 + z ln(l‘OSO) — N—g 6—2 + z ln T s
(79)

where )

o' — Fua(oe P s ) T g 80
,Y*/’,Y*(qRaq)_qu(l;ﬂ:a iaqRaqR) I Pqq ( )

with the function f,7 defined in (18) and the phase space element in (19), so
that

/d@(ﬁ)w (ar-a) = 9V, . (qr,q), (81)

see (7) and (18). The contribution of the second region can be calculated with
the help of (76). As already mentioned, it is convenient to consider this con-
tribution together with the subtraction term in (22). Our choice of sg makes
such a consideration especially convenient because of the total cancellation
of the singular part of this contribution with the part of the subtraction term
involving Kﬁo). So, the singular contribution from the second region and the
subtraction term is simply

- 2 /2
0 g dr4d
@g*),yv*(qR,q)?ln ( RoR ) . (82)

50

The dependence on s vanishes in the sum of (79) and (82), as it must.

It remains to consider the singular contributions from the region g > zg.
These contributions have a collinear nature. For real emission we can use,
without uncertainty, a physical gauge. In such a gauge, the v* R — ¢gg vertex
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in the region of quasi-collinearity of the gluon and the quark (antiquark)
momenta is given by the diagrams with a gluon line attached to the external
quark (antiquark) line, Fig. 10al, bl (Fig. 10a3, b3). They can be easily
calculated by the quasi-real electron method [19]. In this way the singular
contribution from the region 5 > zq is found to be

2C d
/dd)go*),ﬂ*(qR, )L 2%k (/ / ) S+ (1—2) )]
zof/T4 zo/®— z

€ NC
=2
_ (0) q QCF T4
= /dq)v*w*(qR,q) o 21n = —3]. (83)
This completes the study of the real gluon emission contribution to the

photon impact factor. The singular parts of this contribution together with
the subtraction term in eq. (22) are given by (79), (82) and (83).

5 Cancellation of the infrared singularities

Let us denote the singular part of the virtual photon impact factor as the
sum

q)’Y* fr* (QRa Q)singular (84)

real real

_ (0) soft + central colhnear soft central collinear
- /dq)’y* Loyt (qR’ ) [6v1rtual 6v1rtual 6real + o 6 ] .

Here the first two terms in the square brackets are the singular parts con-
nected with the virtual corrections to the v* R — ¢4 vertex and coming from
the central and soft regions (49) and the collinear regions (65)

2 1 2 (1 1. [a3(-+104)?
soft+central __ =2 4 2 2 0 +
Sl = [_ + ¢ Inleodndr) = 3z (‘ +n <+7 ~
(85)
=2
collinear g QCF T4
6Virtual = _?N—C |:2 In ( 3 ) — 3:| . (86)

The next three terms are the singular parts of the contribution of the real
gluon emission taken together with the subtraction term in (22). They are

given by (79), (82) and (83)
o1 1 1 /1 1 [22(f 4 04)
3o = 2g° =t In(zgs0) — NI (6—2 +—1In (07 , (87)

€ ryr_
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=2 2 12
seemral = Ly (%) , (88)

€ 80
and 2 90
. g 2Cp rox_
6colhnear — g_ 21 + _ .
real € Nc n x% 3 (89)

We see that the sum of the contributions (85)-(89) is zero. That is the impact
factor is infrared safe.

6 Infrared safety of impact factors
in the general case

In the preceding Sections we have explicitly calculated the infrared contribu-
tions to the impact factor of the virtual photon coming from various sources,
and have demonstrated their cancellation. In this Section we present gen-
eral arguments, applicable to any impact factor, to prove its infrared safety.
These arguments are based on well known theorems [20] about the absence of
infrared divergences in totally inclusive quantities. Though these theorems
are commonly used for cross sections and for the imaginary parts of forward
scattering amplitudes, they apply equally well to non-forward scattering.

Therefore we could be sure of the infrared safety of the impact factors
provided that Reggeons were a kind of off-mass-shell partons,; described by
some fields; and the impact factors were the imaginary parts of the amplitudes
for the scattering of these ‘partons’ off particles. But this is not the case for
several reasons. First, the impact factors contain the subtraction (see (22)
where we have singularities due to the gluon trajectory function w(t) as well
as arising from Kﬁo)). Second, the region of integration over the phase space
volume in (22) is restricted by a theta-function. And finally, the Reggeon-
particle vertices I' in (22) are not true field theory amplitudes.

The first two reasons are evident and do not need further explanation.
Let us amplify the third reason. We noted that at the Born level the vertices
v*R — q¢ and v* R — qqg are given by Feynman diagrams. It means, that
these vertices appear as amplitudes of the effective field theory [16]. An
analogous statement is applicable in the general case, but it is only valid in
the Born approximation. Recall that the corrections to the v* R — ¢¢ vertex
consist of two parts. One contribution, which comes from the central region
of virtual gluon momenta (29), is given by (39) and is universal, i.e. process
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independent. The other contribution, which comes from the A-region, is given
by Feynman diagrams of the effective field theory with the restriction |3| > 5o
on the Sudakov parameters of the gluon momenta. This last statement again
has a general natur e, i.e. in the general case the one-loop corrections to
Reggeon-particle vertices are given by the sum of the universal contribution
(39) and a part given by the effective field theory with the restriction |3| >
Bo on gluon momenta. We can apply arguments [20] about the absence of
infrared divergences to the imaginary parts of Reggeon-particle scattering
amplitudes in this theory. From the above discussion it is clear how impact
factors differ from such imaginary parts. They differ by

1) the existence of the subtraction term;

2) the presence of the contribution of (virtual and real) gluons with

18] < Bo;

3) the limitation of the integration region over the phase space of the
produced particles.

So, to be convinced that the impact factors are indeed infrared safe, we need
to check the cancellation of the infrared contributions to the impact factor
coming from these three sources.

It is convenient to use a notation analogous to (84) for the singular part
of the next-to-leading correction to the impact factor

P41 4(dR, Dsingutar = / do'), (qp, q) [61 + 65 46554 4 65] . (90)

Then, taking into account the properties (21) of the impact factors for colour-
less objects, we obtain from (22)-(25)

1 d”=%k 2¢°N¢ 52 q?
0= — = | A i | R
' [/ K (2m)P n(k%O) tutn) n<50)

q/2 ~ 2 1 54
singular

Recall from Section 3 that the contribution of virtual gluons with |5] < Gy is
universal. It gives the correction (44) to Born vertex. Therefore, we obtain

virtua = 2 4 !
yirtual — _ g2 <€_2 + zlnﬁo + zln (ng%)) : (92)
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It is appropriate to consider the contribution of real gluons with |3] < Sy
together with the limitation M2 < s, of the integration region over the
phase space of the produced partons in (22). This limitation does not play
any role in the LLA, and becomes important only for gluon emission. Thus,
in fact it is a limitation on the phase space of the emitted gluon to the region
kZ
— S SA-.
g
Recall that we take limit 8y — 0 before ¢ — 0, so that for the calculation
of the contribution of real gluons with |8| < Sy we can use the multi-Regge
factorisation formula analogous to (76). Therefore we obtain

(geal Vg = 492 N¢ / dD_;k /ﬁu %
(QF)D_l k k2/sA 26 singular
o1 1

We see that the sum of (91)-(93) is zero, which means that we have verified
the infrared safety of impact factors in general.

7 Discussion

In this paper we have investigated, to the next-to-leading order accuracy, the
infrared properties of impact factors appearing in the BFKL description of
small z processes. We have shown, by explicit calculation, the cancellation
of the infrared singularities in the impact factor of the virtual photon. The
virtual photon impact factor was considered because of the importance of
corrections to LLA for diffractive ¢¢ electroproduction and because of the
possibility of calculating this impact factor in perturbation theory for large
enough photon virtuality. We also presented a general proof of the infrared
safety of the impact factors describing the transitions between colourless par-
ticles.

We have considered impact factors in the general case of non-forward
scattering and have used the definition of impact factors given in [6, 8]. These
impact factors are defined for the case when the energy scale sy (in the Mellin
transform factor (s/sg)* in (2)) is a constant independent of the integration
variables (the Reggeon “masses”). One may prefer to use a scale which is
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dependent on these variables. (For instance in the particular case of forward
scattering, i.e. for calculation of cross sections, the scale \/q?q% was used in
[4]). Tt was shown in [15] that to the NLA accuracy one can indeed change
the scale sy in (2) for any factorizable scale fi fa, with f; depending on ¢;
(and on g), without changing the Green function, provided that the impact
factors are also changed according to

D4ra(qr,q;50) = Paralgr, qg; s0)

1 dD_ZQI . f
5 [ S elana) A<0><qR,,qR;q>ln(_R)’ (94)
2 dr dr S0

where K9 is the total non-forward LLA kernel,

Kqp,ar;q) = K\ (ap, ap; @) + 4w d(an — ar) (@(tr) +w(tR)) .

(95)
Kﬁo) is the part of the LLA kernel related to real gluon production, (23), and
w(t) is the gluon Regge trajectory. The properties of the impact factors (20)
and the infrared safety of the total kernel (due to cancellation of the infrared
singularities connected with Kﬁo) and with the gluon trajectory) guarantees
that the transformation (94) does not change the infrared properties of the
impact factors.

We emphasize that the above definitions differ from those introduced, for
the case of the forward scattering, in [13] and used in [5] and in [14], where
impact factors of partons (quarks and gluons) were calculated for a colour
singlet state in the ¢ channel. The definition advocated in these papers is
based on “the requirement that the subtracted leading term should satisfy at
finite energies for the impact factors to be well defined (e.g., without spuri-
ous infrared divergencies)” [14]. In order to fulfil this requirement additional
operator factors Hy, Hg were introduced [5], [14] in the Green function G,,.
In our opinion, the only physical requirement is the absence of infrared sin-
gularities in the impact factors of colourless objects, and we have explicitly
demonstrated here that our definition of the impact factors fulfills this im-
portant requirement.
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