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1 Introduction

Investigation of processes with the Pomeron exchange remains to be one
of the important problems of high energy physics. A special attention is
attracted by the so called semi-hard processes, where large values of typical
momentum transfers Q2 give a possibility to use perturbative QCD for their
theoretical description. The most common basis for such description is given
by the BFKL approach [1]. It became widely known since discovery at
HERA of the sharp rise of the proton structure function at decrease of the
Bjorken variable z (see, for example, [2]). Recently the total cross section
of the interaction of two highly virtual photons was measured at LEP. This
process, being the one-scale process, seems to be even more natural for the
application of the BFKL approach than the two-scale process of the deep
inelastic scattering at small x, since here the evolution in x described by the
BFKL equation does not interfere with the evolution in Q% described by the
DGLAP equation.

For a consistent comparison with the experimental data the theoretical
predictions must be obtained in the next-to-leading approximation (NLA),
where together with the leading terms (a5 In(s))” the terms o, (s In(s))™ are
also resumed. The radiative corrections to the kernel of the BFKL equation
were calculated several years ago [3]-[8] and the explicit form of the kernel
of the equation in the NLA is known now [9, 10] for the case of forward
scattering . But the problem of calculation in the NLA of the so called
impact factors, which describe the coupling of the Pomeron to the scattering
particles, remains unsolved.

Let us remind (see, for example, Ref. [11] for the details), that in the
BFKL approach the relevant to the irreducible representation R of the colour

group in the ¢-channel part (An)ﬁ;fl of the scattering amplitude for the
process AB — A’B’ at large c.m.s. energy /s — oo and fixed momentum
transfer ¢ ~ ¢, (L means transverse to the initial particle momenta plane) is

expressed in terms of the Mellin transform of the Green function of the two

)

interacting Reggeized gluons G&R and of the impact factors of the colliding
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particles ® 4, ,~ and Lp/p’:
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where Zm, means the s-channel imaginary part, the vector sign is used for
denotation of the transverse components, v enumerates the states in the
representation R, D = 4 + 2¢ is the space-time dimension different from 4 to
regularize both infrared and ultraviolet divergencies and the parameter s is
artificial and introduced for a convenience. While the Green function obeys
the generalized BFKL equation [11]

wG&R)(fﬁ, G2, q) = 512(671 — (T)25(D_2)(Cfl —2)

d°2k o) (R)(E
—i_/f’C q1, ,QG kaiaq 1.2
e (@, k, )G (K, 32 ) (1.2)
with the NLA kernel K£(®) and is completely defined by this equation, the
impact factors should be calculated separately. The definition of the NLA
impact factors has been given in Ref. [11]; in the case of definite colours of ¢
and ¢’ of the Reggeized gluons the impact factor has a form [12]

(G 50) (so>%w<<¥f)< 50 >;w<<q~1@2>
\4q1,4,%0) = | =5 e
AR @2 (@ — )2

xZ/—a WdpsTpya (Tia) (1.3)

{r}
2

_1/ - dlzfzk (I)le%(BOT”)(Eyq ) (’CBOTTL)CIC (E qu, q—»)ln ( SA ) ’
2 k2(k—q)? o ok — 1)

where w(t) is the Reggeized gluon trajectory and the intermediate parameter
sa should go to infinity. The integration in the first term of the above equality
is carried out over the phase space dpy and over the squared invariant mass
k of the system {f} produced in the fragmentation region of the particle A,
F? £1a are the particle-Reggeon effective vertices for this production and the
sum is taken over all systems {f} which can be produced in the NLA. The
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second term In Lg. (1.0) 1S the counterterm I1or the LLA part oI the Irst
one, so that the logarithmic dependence of both terms on the intermediate
parameter sy — oo disappears in their sum; 2™ is the part of the leading
order BFKL kernel related to the real gluon production (see Refs. [12] for
more details). It was shown in Ref. [13] that the definition (1.3) guarantees
infrared finiteness of the colourless particle impact factors.

It is clear from above that for complete NLA description in the BFKL
approach one needs to know the impact factors, analogously as in the DGLAP
approach one should know not only the parton distributions, but also the
coefficient functions.

This paper is an extended version of the short note [14], which can be
considered as the first step in the calculation of the virtual photon impact
factor in the NLA. We calculate here the virtual photon-Reggeon effective
vertices which enter the definition (1.3) in the case when the particle A is the
virtual photon. In the NLA the states which can be produced in the Reggeon-
virtual photon collision are the quark-antiquark and the quark-antiquark-
gluon ones. In the next Section we present the effective vertices for production
of these states in the Born approximation. This approximation is sufficient to
find in the NLA the contribution to the virtual photon impact factor from the
quark-antiquark-gluon state. In the case of the quark-antiquark state we need
to know the effective production vertex with the one-loop accuracy. Sections
3-5 are devoted to the calculation of the one-loop corrections. In Sections
3 and 4 we consider the two-gluon and the one-gluon exchange diagrams
correspondingly; in Section 5 the total one-loop correction is presented. The
results obtained are discussed in Section 6. Some details of the calculation
are given in Appendix A.

In the following the photon-Reggeon effective vertices presented in this
paper will be used for the calculation of the photon impact factor. But they
could have many other applications, for example, in the diffractive production
of quark jets and so on.

2 The Born interaction vertices

In this section we present the vertices for the ¢g and the ¢gg production in
the Reggeon-virtual photon collision in the Born approximation for the case
of completely massless QCD. These vertices can be obtained from the high
energy amplitudes with the octet colour state and the negative signature
in the t-channel for collision of the virtual photon with any particle, if the
corresponding system is produced in the virtual photon fragmentation region.
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ror simpliCity we always consider Collision oOr tne virtual pnoton witn tne
momentum p4 and the quark with the momentum pp. We use everywhere
below the Feynman gauge for the gluon field, the Sudakov decomposition of
momenta

2 =2
p°+p
p:ﬁp1+f¥p2+pb o = Sﬂ ) p%:pgzoa
s=2pipy — 00, P°=-pi, (2.1)

with the lightcone basis in the longitudinal space defined by

2
pa=p— P2, ph=-Q% pp=p2, pE=0, (2.2)

and the usual trick of retaining only the first term in the decomposition of
the metric tensor

o _, 205pY

2#«1/ 2HV
g/,u/: Do D1 4 D1 D2 +gi

S S

(2.3)

in the numerator of the gluon propagator connecting vertices p and v with
momenta predominantly along p; and py respectively. The virtual photon
polarization vector e is taken in the gauge ep2=0, so that

2ep:

e=e| + D2 . (2.4)

Then the polarization vector € in the usual gauge epsq = 0 is

- ep
e:e—|—Q—21pA, (2.5)

so that in the case of the longitudinal polarization, when é2 = 1, we have
erp1 = Q.

Let us start with the calculation of the quark-antiquark production
vertex. The diagrams of the production process contributing in the Regge
asymptotics are shown in Fig. 1.

As was already mentioned, the quark-antiquark pair is produced in the
photon fragmentation region, so that the invariant mass /k of the pair is
of order of typical transverse momenta and doesn’t grow with s. The Regge

form of the production amplitude Agﬁ)y*ﬁQqq is

(0) _ pe(0) 25 ¢(0)
AQW*HQq«? - FV*qQT QQ" (2-6)

6



N1 vl
paA pA
—ks —ks
q q
DB V2:4 PB DB

Puc. 1: The lowest order Feynman diagrams for the process 7*Q — (¢q)Q.

kl kl
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c(0)

Puc. 2: Schematic representation of the vertex I'.\ .

where t = ¢% and Fi(*oq)q and Fg%) are corresponding particle-Reggeon effective
vertices in the Born approximation. Let us note, that the amplitude of
Fig. 1 has automatically only the octet colour state and the negative signature
in the t-channel, so that it is not necessary here to perform any projection.
The notations for all momenta are shown in Fig. 1. The quark-Reggeon vertex

is known up to the NLA accuracy and its Born part is

0 _
FZQ(C?) = gtCB/BUB/

{WB, (2.7)

where ¢ is the coupling constant, ¢t are the colour group generators in the
fundamental representation and w is a quark spinor wave function. Then,
comparing Eqgs. (2.6), (2.7) with the explicit form of the amplitude given
by the diagrams of Fig. 1, one can easily obtain for Fi(*oq)q the diagrammatic
representation of Fig. 2 (see Ref. [13]), where the zig-zag lines represent the

Reggeon with the momentum

K+Q*+q7 .
G=—————"p+q, t=¢=q¢ =-7% (2.8)
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Puc. 3: The quark-quark-Reggeon and the gluon-gluon-Reggeon effective
vertices. T is the colour group generator in the adjoint representation.

and the colour index c. The lowest order effective vertices for interaction of

the Reggeon with quarks and gluons are defined in Fig. 3 (see Ref. [13]).
The vertex Fi(*oq)q can be obtained from the diagrams of Fig. 2 by the

usual Feynman rules as the amplitude of the quark-antiquark production in

collision of the virtual photon with the Reggeon. This procedure gives us the

result

—eqrgts ;, ([Ul%%vzl —[1 2]) : (2.9)

where eqy is the electric charge of the produced quark, i1 and i are the
colour indices of the quark and antiquark correspondingly, v is the spinor
wave function of the produced antiquark,

INE xi (2wa(ekr)— £ k1), To= £ (2z1(ekz) — k21 £1).
1 T2

k.2 + 2
= (pa— k)2 = B T NTC (2.10)
T
with the variables z; defined by the Sudakov decompositions of the produced
quark and antiquark momenta

-

2

k.
ki=aip1 + —~pa+ki, k2=0,i=1,2. (2.11)
STy




1he substitution 1L < 2 In £q. (2.J) means replacement quark < antiquark
, l.e. r1 o x4 ,kl > k2 together with replacement of the polarizations.
Validity of the second equality in (2.9) can be easily verified using the charge
conjugation matrix. We will need later the Born effective vertex Fv( +qq alsoin
the helicity representation for the case of the space-time dimension D equal

4. To obtain it we use the polarization matrix

_ 1 1 P2\ M
)= = = (a2k ko — _)
p = (v2i1) Tias A K@ 1+ Tk — K .
vo P2,
— 20 P hy k1o —2 | 7 (1= €35). (212)
where
e =1, 75 ="', (2.13)

and £ = 41 is a double helicity of the produced quark. The polarization
matrix satisfies the evident relations

Fop=p k1= (1—Ey)p=p+Ew)=0. (2.14)

For the virtual photon polarization vector we also use the helicity
representation

2 H
e(N) = {(5&1 +0x-1) (‘JL + 20N g p ) + 050 \/—2tQ2% :

1
V=2t
A=0,+1. (2.15)
Using Egs. (2.9) - (2.15) we get

2eqrgts . T2
= [ (e
—2lT1X2

—(krd + iAP) (220 ¢ — xl(sA,E)H e 2]) _

_ 2eqpgti;, { V2qQ17s (_1 xz)

\/72t$1I2 tg tl
T2 7 ., . 1,7 o .
+ (w26A7,§ — w1(5A7§) (t_(qu + ’L)\P) + t—(k'zq — Z/\P)):| , (2.16)
1 2
where ¢ = |q],
P = 2eM79Pky iy pr 22 (2.17)
S
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withh the property 77 = K"Ky~ — (R1R2)7, and the replacement (1L < z) 1S
.’I,‘1<—>£L‘2,k1<—>k2, £<—>—£

Next we do is the calculation of the quark-antiquark-gluon production
effective vertex ny(*oq)qg. It can be obtained through the usual Feynman rules
with the elementary Reggeon vertices defined at Fig. 3 as the amplitude of
the quark-antiquark-gluon production in the virtual photon-Reggeon collision
represented by the diagrams of Fig. 4, where the denotations of momenta are
presented. The colour indices of the Reggeon and the emitted gluon are ¢
and b respectively. The Reggeon momentum is given by Eq. (2.8), where &

" kl k'l /\il
Pa Pa ba
k
k k:
_k2 _kz —/\'2
q q q
—k —k ~k
P4 2 PA k 2 Pa 2
k k
k] k] ]\’l
q q q
k — ke
Pa ! P kg
_k2 }"‘1
k
q q h
Puc. 4: Schematic representation of the vertex Ff{@q)qg.

now is the quark-antiquark-gluon squared invariant mass. The vertex I‘i(*oq)qg

obtained in this way is invariant with respect to the gauge transformations of
the emitted gluon polarization vector e, and can be simplified by appropriate
choice of the gauge. We use the axial gauge

_2(€glkl)

Sﬁ P2 +egl, (218)

egp2 =0, e4=

where 3 is defined by k = fp1 + k 2/(s8)p> + k.. In this gauge the last
nonlocal term in the expression for the gluon-Reggeon interaction vertex of
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rig. o(b) disappears and we obtaln

T (earg®) ' = (2.19)
clon | - 1 « P2
1) o0 { o A R £t )22
1 b2
+(k+/€1)2(p,4—k: )2 £q(F+ /fl) (ba— k2) £
L b2

fg( ot K1) £kt )=

(k4 E1)2(k2 + )2
v (Lt - R ) e (s - B
+(1[tt°12) [1 = 2] =
= (1|t°¢°]2) {ul { o k1)12(k2 s £(pa— k1) £5(k2+ 4)%
REanrrrers:
G k1>21(k2 +q)?

(R - AR e (e %g(m;)) jo)

bkt )2 (pam o) £
£

£g( ot k1) £kt )=

w2 o { s P ) £ bam ) £

1 b2 .
+(k T k2)2(pa — k)2 A(pa— /kl) (f+ k2) £

1 /ﬁ )
F R p R s St A) AR R2) g

-
SR el G
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Pr Y24 Pr ) Py PR P
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kl k] 1\‘,1
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— k)Q . —,Cz —}{2
PB Pe PB e P P
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Puc. 5: The two-gluon exchange Feynman diagrams for the process 7*Q —

(99)Q-

3 The one-loop correction: the two-gluon
exchange diagrams

In this section we consider the contribution of the two gluon exchange
diagrams to I'S. ;. There are six diagrams of such kind for the process we
consider; they are shown at Fig. 5.

Now we have to perform the projection on the negative signature and the
octet colour state in the ¢-channel. It is done by the following replacement of
the colour factor of the lowest line of the diagrams Fig. 5:

1
ST (3.1)

(t't*) ('t —t1%) = 5T

1
BB 3
Then we obtain

_ 1
AGECqa) = Nt it (D1 + Do) = (1= 2)] = [s = —s]},  (3.2)
where NNV is the number of colours, D; is the amplitude represented by the
diagram of Fig. 5(1) with omitted colour generators in any its vertex, and
2D; is such amplitude for the diagram of Fig. 5(2).

The calculation of D; is quite straightforward. Note here that since our
final goal is the virtual photon impact factor in the physical space-time,
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and since tne mtegrarion over tne quark-antiquark states 1n rg. (1.o) 1S
not singular, we need to retain in the vertex I'J. . and consequently in
the amplitude Aggz(i’égél) only the terms which do not vanish at ¢ — 0.
Therefore all one-loop results are presented in this paper with such accuracy.

In the convenient for us form we have

(D1 — D1(1 - 2))— (s —s) =

N tl t2 S t

s —s /1 2s sT(2—¢€) 1
() 4m (=2 dgiip PrupZeqrgp 29 ~
(i (5) () oo s T Gt

x{ {ul;—l—vz (2(—:5)6 (% +1+2(14+€)lnzy +e— 561//(1))

+/01 e y;y py e 2 -)| - [1o2ff 69

where the first term is responsible for the Reggeization of the amplitude

4 r, U
— Z gup /il wus(=)eqsgin (_1 _ _2> @usz(l)(t)

Ag;:)_,Qqq with w) being the one-loop Reggeized gluon trajectory,

(=€) ael?(e)
(4m)2+e (@) T(26)

w(t) = —¢’N (3.4)
and I'(z) and v(z) are the Euler I'-function and its logarithmic derivative
correspondingly. The calculation of Dy is more complicated and we present
some details of it in the Appendix. Here we write down only the result

. 1 2s 3T(2—¢) 1
(D2 = D2(1 < 2)) = (5 & —s) = dgup ~~up—reqyg Tam)e 2

A dy1dy>
X{[ 1/0 /0 (1= y2) (—(1 — y2)t — at2) + v (—(1 — y1)ts +51Q2)])*

% (yil(l )y (a5 — 220 (1)) 26F) + (1 — ) dt(eky)
+ (yiygfgjixge o 1) 4x2t(ep1)) %’Ug} — |:1 > 2:| } (35)
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INOte that the Imaginary parts or LJz (11 the (ppr — K2) -Channel) and
D3 (1 « 2) (in the (pps +k1)?-channel) which would destroy the Reggeization
cancel in the amplitude ASQI)—»Q i Although in the NLA BFKL approach
there is no requirement of the Reggeization of full amplitudes (the
Reggeization of their real parts is sufficient), we see that nevertheless the
Reggeization holds also without omitting of any imaginary part for the

process Qv* — (Qqq.
The amplitude Agy~—.Qqg With the octet colour state and the negative

signature in the ¢-channel has the following Reggeized form

o) ST/ s \9O g\ e
AQ;*ﬁQqQZFW*qég <_t) +<_t> QQ

~ 1e(0) 28 1e(0) | e(0) S (1
erqthQQ+quth()()

5 5\ | pe(0) | re(0) 251e(1) | e(l) 2810 )
{ln( t) —I—ln( t)} oo +F7*q‘?TFQQ + 1 gg : F (3.6)

Let us now split the one-loop contributions to this amplitude and both of
the effective vertices according to the three sets of the one-loop diagrams for
AQ~*—Qqq: the two-gluon exchange diagrams, the t-channel gluon self-energy
diagrams and the one-gluon exchange diagrams

)(1) (se)(8,— (19)(8,—)(1)
AQ’Y —>Qqq +AQW —>Qqq +‘AQ7 *—Qqq

Y*qq Yraq ¢ T QA

c(0) S c(0
+F7<q)qt (1)(){ln< )—Hn( t)}FQ(Q)}

(se)e(1) 28 <o> e(0) 28 (se)e(1)
 friep0 2y e, gy}

_ {F(zmc(lﬁrgg L e 25 Heg)e()
t

Y*qq Yrqq t
(19)e(1) 28 1e(0) | pe(0) 28 (1g e(1)
+ {rv*qq ~Too +I ~Tg } (3.7)

where the self-energy diagrams and one-gluon exchange diagrams have
automatically only the octet colour state and negative signature in the t¢-
channel, so that
(se)(8,—)(1) (se)(1) (19)(8,— (1g)(1
AQ"/*—'QQQ AQW *—=Qqq AQW —>Qqq AQW —>Qqq (3-8)
14



yve remind tinat 1 our Case OI completely massiess quantuin neld tneory
the contribution from the renormalization of the external lines is absent in
the dimensional regularization. Now, from the representations of Eqs. (3.7),

(3.8) it is easy to see that Fglgq); M i given by the radiative corrections to
the amplitude of the quark-antiquark production in collision of the virtual
photon with the gluon having momentum ¢, colour index ¢ and polarization
vector —ph /s, whereas F(I%)C(l) is defined by the radiative corrections to the
vertex of interaction of this gluon with the quark @. In both cases the gluon
self-energy is not 1ncluded into these corrections; it is divided in equal parts
between F(Wseq)g ™ and F 50 )" For the two-gluon exchange contributions we

have the relation:

(29)e(1) 25 1,c(0) | 1e(0) 28 (2g)e(1)
F'y*qq FQQ +1, qéTFQQ

(0) S S S c
= A7 00 — T () [1n< t) —l—ln( tﬂ Tag,  (3.9)

which shows that we need to know the correction I'?%)°)). This correction
can be obtained from the two-gluon contribution to the (Qq elastic scattering
amplitude with the colour octet and the negative signature in the ¢-channel
in the Regge kinematical region. From Eq. (3.9) with the replacements

Fffgl)q ;o Fgfzg)(:(o’l)’ AQ’Y *Qqq "4(25* ‘1)(1)’ (3.10)
denoting
F((I%Ig)c(l) — 59 (t)FZ((JO), Fgg?)c(l) — 529 (t)l“ég?) (3.11)
we get
569 (1) = 7(t) o {AGLG
45Ty
-~ FZEIO)F(é(g)%W(U( ) {m <—t) +1In (_i)} } . (3.12)

The value Aggl(,%;)(l) is given by the contribution of two diagrams of
Fig. 6 through the same procedure (3.1) for the lowest line of these diagrams
to project on the negative signature and the colour octet in the ¢-channel. In
this way one gets

_ 1
AGDG) W = N (UEINBIEB) (Ds — Da(s = —5)),  (313)
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Puc. 6: The two-gluon exchange Feynman diagrams for the process ¢@Q — ¢Q.

where the Dj is the amplitude represented by the diagram of Fig. 6(a) with
omitted colour factors. The calculation of this diagram is quite simple and
we do not present any details here. The result for §(29) can be obtained in
exact form without e-expansion

69 (1) = %w(l)(t) E +1p(1) + (1 —€) — 29(1 + e)}

~ —gQNI;STi);_fB% (—t)° (% +14+e— 4e¢’(1)) : (3.14)

where the last approximate equality shows the expanded in e result which
is enough for our purposes. Now, using Egs. (2.7), (2.9), (3.2) - (3.5), (3.9),
(3.11) and (3.14) we obtain

rCoe0 (o e TR 1YL T 2(—t)° (2(1 + €)1 (D
Y*qq €dqrg 1112 (47T)2+E % = | +¢)lnwe — 62/} ( )) H
+/1 dy 2(1+€) (t— 2yt —t1)) Iy
s € - —l1)) —
0 (=(1—y)t—ytr)' t

+/1 /1 dy1dy2 {yel(l _ y1)y76
—\Y1
0 Jo (—yryak —t —ya(ty — t) — y1(ta — 1))° ’

x (2525 ¢ — 262/ (1)) 21 + (1 — y1)4t(ekr)

+ (yiys wias — 1) 4x2t(ep1)}) %’UQ:| - {1 - 2} (3.15)

The last equality gives the integral representation for the one-loop two-
gluon exchange part of the Reggeon-virtual photon effective vertex for
the quark-antiquark production. Although all the integrals in (3.15) can
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pe€ expressed In terms Ol elementary iunctions and dilogaritims witnl tne
necessary accuracy in e-expansion, it seems more convenient to leave the
result in such unintegrated form in order to have a possibility to use
usual Feynman parametrization and to change orders of integrations over
all Feynman parameters at subsequent calculation of the impact factor.
Performing the integrations in Eq. (3.15) one looses this possibility and has
to do a step back to an unintegrated result to restore it. Let us finally note,
that the method of extraction of F,(Y%gq)qf @ from the corresponding part of the
amplitude we used here is absolutely equivalent to one proposed in Ref. [13]
and gives the same result that has been checked by direct comparison.

4 The one-loop correction: the one-gluon
exchange diagrams

In this section we consider the contribution of the one-gluon exchange
diagrams to the vertex I'J. ;. It is presented by the diagrams of Fig. 7 with
the gluon polarization vector equal to —ph /s, as already was explained in
the previous Section. Calculating the colour factors of the diagrams one can

easily obtain the following representation

1g)e(1 . 2CF N —2Cr .
FEY*%)QC( ) = Nti1i2 { [—T (Rl +R2) + T (Rg + R4) + R5 —+ R6
with the usual notation 5
N°—-1
Cr= N (4.2)

and the notations 2R, ..., 2Ry, —2R5 and 4R for the amplitudes represented
by the diagrams of Figs. 7(1), ... , (4), (5) and (6) respectively with omitted
colour generators in any vertex and the external virtual gluon polarization
vector equal to ph/s. While the definition of Ry, ..., R4 is absolutely clear, the
Rs5 and Rg are not well defined by the above prescription because of presence
of three-gluon vertices in the corresponding diagrams Figs. 7(5) and 7(6).
To complete their definition we have indicated explicitly the momenta and
vector indices for the three-gluon vertex for which the following expression
should be used after the omission of colour generators

Y=k = q, k) =ig[—gn 2k + @) + gan(k +2q)0 + gup(k — @)r] . (4.3)
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Puc. 7: The diagrams corresponding to the correction I'..;

The calculation of R1, R2, R3 and Rj is simple and we present here only the
list of the results in integral form without any details

re—e1_ (! dy Q-
i card (4m)2te 26”1/0 (1—9)Q% —yt1)" © (1+2¢) t1 1+ 2€(ep1)

2

w020 (L) foae-oem)| [ 2 @)

1
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31—‘(276)1_ f‘l /ﬁg

Ry = — — =2, 4.
2 eqry (am)2re 26m(—t1)176 pac (4.5)
re—e1_ [t dy t .
Rs =eq 37—11/ 142¢)—T
BTy e L CRR

+y {(1 —2¢) (% _ 1) Iy + (2= €)zo (ﬂ + 1y — 2(euu))

}%1)2, (4.6)

re—e1_ [t dy t e R
Ry = eqrg®————=—2—1 / —(1—=2¢)—T'1—(2+4¢)l
B Ty A e L B PR

+(1 + 26)1‘2 (f‘l + fz - Q(BLQL)>

+UK% — 1) Ty — (1+€)zo (fl +1y — 2(equ)>} }%’Uz. (4.7)

The calculation of Ry and Rg is, actually, also quite straightforward,
though it is very tedious. To simplify representation of the results, we
split the corresponding diagrams into two parts: infrared divergent part
and convergent one. For the first part we present results in the spinor
representation and for another part in the helicity representation with the
use of the definitions of Eqgs. (2.12), (2.15). Besides that, instead of the result
for Rg we present the result for Rg

~ 1
R6 = 5 (Rﬁ — R6(1 > 2)) (48)
which can evidently be used in (4.1) instead of Rg. The results for the singular

parts are
€)

302 -
(4m)2te
/ / / dzdyrdy20 (1 — y1 — y2) 2%k

212 (=K = i0) + (1 — 2) (11Q% — ot — (1 — y1 — y2)t1)]* ¢

X {(1 — Y1 — Y2) ((1 —z(1- y2))$2 (fl + 1y — 2(€LQL)) - f1>

Rfls) = equ ————U1 X

21— 2y (eky) | L2, (4.9)
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RY) = eqpg® ——— = / / A S Y
) — =
2+6 26 —y1Yy2k —t — yg(tl - t) — YN (tQ - t))Q ‘

X u1{2(t2 —t) (fl + 23/1(67‘31))

—z1((1 = y1)ts — Q%) (f1 + Ty — 2(elqﬁ> } %Ug. (4.10)
The results for the regular parts are

eqf93 2

(47)? /221252

Rl = (4.11)

1
/ dzdy1dy20 (1 — y1 — y2) 2
J g1y (—k — i0) + (1 — 2) (11Q2 — yat — (1 — y1 — yo)t1)]*

1
X\/
0

o _

X { {(1 —2) (1nQ° —yat — (1 —y1 —y2)t1) — Zylyzfi}
x [((1 ) (1§ iIAP) — yora 2) o
- ((1 — 2y ) (@17 2 + 1+ iAP) + (1 — z):rgcf2> mm}
+ yﬂﬂ[(l —2z(1 —y2)) 11 (\/_QQ9315,\ o — (k1@ + iAP)(Ox ¢ + Oy, £)>
- zygxltfz&\,g} +(1-2) {(1—y1—y2)((1‘2(}'4+((E1—E2)q") (Ezq-’—up))xlak,g
29k 27 2 (O ¢ — m)) + yom1 7 2 (xgcj' 255 —¢ — (ka@ — iAP)cS,\,g)}

+(1 = 2) (171 + (1 — y2)72) {(l“l(kzq —iEP) — zyy (k1§ — i€P — $1t1)>

X V2qQ0x0 + 2(1 — y1 — y2) ((E12§2 — it (b d + MP)) (Gx,—¢ — dx¢)
+2(k1ky — 2122Q2) X (F1G+ iAP)Os, ¢ — (1§ — i€P — xltl)\/Qqug&\,g)

+2y2q ° ((E1§+ NP — 21t1)(0x,—¢ — Ox,e) — 2(k1ka — I1I2Q2)5,\,5)] }
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anda

1 1
. dy1d
Ré ) equ // Y1ay2 : (4‘12)
00

(47)2 /221227 2 —y1yak —t —ya(ts —t) —y1(ta — 1))
X (y15/\,0\/§QQ$1{ ($19102Q2 — k1ky — ifp)(l — 3x2) +222(l2 —t)} +(1—y1)
X{ [2 (—y1y2k —t —yalts — 1) —ya(ta — 1)) +ya(ta — 1 — "”v)] T1T2
X <(5,\75 + 5/\75)(]21@"" iAP) — 5,\,0\/§(IQ$1>
+ [2-7?1?51 + 2x9ty — 2t — yowa(te —t — K)} <5>\,0\/§(]Q$13/’2
— 5>\7,5w2(l;1(f+ i\P) — 5>\,5$1(E2lf— MP)) - {t (22106
+ 3w20x,—¢) + y171 (t&,—g - 5/\,0\/5(1621’1)} (meQ — kika — iEP)
+ [3 (25t205,—¢ — TTt167,¢) +y17122 (t20N,—¢ — t15,\,§)—3/1?01Q25A,4(E1ff+77>\13)

+x1t |:3.73§Q2(5>\7€ — 3%12(5)\75 + y1x1Q2 ((5)775‘732 + 5>\75m1) + 2y2x2/~c(5>\75} }> .

The result for the correction r@i{}g () is obtained now by Eq. (4.1) with

the replacement ~
R — R, (4.13)

where R;, Ro, R3 and Ry are presented by Egs. (4.4), (4.5), (4.6) and (4.7)
respectively and R, and Rg are given by Eqgs. (4.9) - (4.12) and by the relation

Ry = R + RY). (4.14)
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Puc. 8: Schematic representation of the correction I',. 7

5 The total one-loop correction

There is one more one-loop contribution to the vertex I'S. . related to
the t-channel gluon self-energy. It is given by the half of the amplitude
schematically represented at Fig. 8 with the gluon polarization vector equal
to —ph /s, as was already explained in the Section 3. To find the correction
nyseq)qc ™) one should only know the one-loop gluon vacuum polarization and
the Born Reggeon-virtual photon vertex. We obtain:

—1
(se)e(1) 3 I'2-¢1
[vag (eq 9 Nti i, (4m)2Fe 2¢

o (e )58 e

where ny is the number of quark flavours.
We present the total one-loop correction to the vertex of the quark-
antiquark production in the virtual photon-Reggeized gluon collision in the

form: () _ painge) | prene(t
FW *qq — F"/ qqg + F ’ (5-2)
with

re 2C .
o - Ntfm{ {TF}Q + R )} - {1 o z]} (5.3)

where R\ and R{" are given by Eqs. (4.11) and (4.12) correspondingly, and

plsing)e(l) _ p(20)e(t) 4 plee) | e H QJC\Y]F (R1 + Ry)

N —2Cp

~ (R3 + Rff)) + R+ Réﬂ - {1 o 2} } (5.4)
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where L «gz" "y Lly=qq )4t — 413, L[5, L1y and [ig * are detned 1n ngs. (9.19),
(5.1), (4.4) - (4.6), (4.7), (4.9) and (4.10) respectively. Using the last set of
relations one can easily obtain

—1
(sing)c(1) c F(2 — 6) 1 _
Fv*qri (equ Ntm2 Ay % =

—{m((t)e{ggn—]\’; 4(1+€)ln”£2+2€<§?\5j 91#())}1;1

2Cr Iy 2Cp [ dy { o
+ N (*t1)176+ N ) ((1_ )Qz_ytl)lie <1+2€) t F1—|—2€(ep1)
2
+y[(12€)<%“)f1+2(2€) 6’“” N/ P
- 1

X {2 (14 3€)N — (14 2¢)Cr) Efl — (2+€)NIy

. . t .
+(1+42€)Nzy (Fl + 1T — 2(6LqL)) —y4(1+e)N <t_ — l> Iy
1

+y {2 (1—€)N — (1 —26)Cp) (% — 1) I+ ((1-2e)N

N —2CF
— X
N

11 1
/// dzdyrdy=0 (1 — y1 — y2) 2172k
g0 e (<R —i0) + (1= 2) (11Q2 —yat — (1 =41 — y2)t1)]*

X {(1 — Y1 — Y2). ((1 —2(1 — y2)) 2 (fl +15 — 2(6ﬂu)) - f1>

—2(2 — €)CF) 2 (f1 +1y — 2(€LQL)):| } +

—2y1(1 — zy1) (ekl)}

i /1 /1 dy1dy {yel(l B y1>y7€
Jo Jo (yryas —t —yalts — 1) —ya(t —1))> 7 L7 ’

x (2§25 ¢ — 262/ (1)) 200 + (y5ys “wizy € — 1) daat(epr)+(1—y1) {2(152 —t)I
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—x1ty (fl + Iy — Z(eLqL)) + 4t(ek1)J +y1(1— 1) {4@2 —t)(eky)

+21(t + Q) (ﬂ + 1y — 2(em))} }) %vg} - {1 o 2} (5.5)

The relations (5.2), (5.3), (5.5) together with Eqgs. (4.11, 4.12) present the
one-loop correction to the v*R — ¢q vertex.

6 Discussion

In this paper we have calculated the effective vertices for the Reggeon-virtual
photon interaction. Starting from already known expressions (2.9), (2.10) for
the ¢ production vertex in the Born approximation we have represented
this vertex in the helicity basis (2.16) and then have obtained in the same
approximation the vertex (2.19) for the ¢gg production. The most of the
paper is devoted to the calculation of the one-loop corrections for the ¢q
production vertex, which are presented in Egs. (5.2), (5.5), (5.3), (4.11) and
(4.12). In order to simplify the presentation the last three results are given in
the helicity basis, that caused the representation in this basis also the Born
qq production vertex (2.16).

The obtained results can be used for theoretical analysis of a number
of processes related to the quark-antiquark production in the photon
fragmentation region. In particular, they are necessary for calculation of the
virtual photon impact factor at the next-to-leading order (see Eq. (1.3)). We
have used the integral representation for a part of the one-loop corrections
to the ¢¢ production vertex since it is convenient for further calculation of
the virtual photon impact factor in the next-to-leading order.

Note, that everywhere in the paper ¢ is the unrenormalized coupling
constant, so that the one-loop correction contains the ultraviolet singularities
in e. In order to remove them one should only express g in terms of the
renormalized coupling constant g(u). After the renormalization there still
remain the infrared singularities, which must cancel in physical quantities
(in the virtual photon impact factor they cancel [13] with corresponding
terms in the contributions from the additional gluon emission and from the
counterterm (see Eq. (1.3)).
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Fisica della Universita della Calabria for the warm hospitality while part of
this work was done. D.I. was supported by Alexander von Humboldt Stiftung.

24



LA APPClIULA

In this section we explain very briefly important steps for calculation of the
most complicated diagram D» (Fig. 5(2)) to make our results checkable step
by step. According to its definition we obtain from the corresponding diagram

; 4
—ieqrg
2 2(27r)D X (A )

/ dPkuny" (k+ pa— k) £(k— ko) Y vasupy? (k+ b))V UBGuwIre
[+ por )2+ 0] [(k + pa — ka)2 + 0] [(k — ka)2 + i0] [I2 + 6] [(k + q)° + 0]

It was explained in details in Ref. [13], that the negative ¢-channel signature
combination of the two pentagon diagrams of Fig. 5, or, that is the same, the
s +» —s antisymmetric part of the D, gets the contribution only from the
integration region where

T2~ k2~ kpy| < kpa| ~ s, (A.2)

and therefore we can replace from the beginning

1 1
P
k+ps )2 +i0  2kpa

(A.3)

and understand this singularity in a sense of the principal value everywhere
below. In order to simplify also the numerator of the Dy we use the familiar
replacement (2.3) for the t-channel gluon propagators. These simplifications
lead to the following representation for Do

k-
(2m)P

Dy = —2iequ4sﬂ3rﬁu3/ (A4)
s

1
[(k + pa — k)2 + 0] [(k — k2)2 + 0] (k2 + 8] [(k + )2 + i0]

{é(/v Fo) (Bt ) fo gy (B ) =2 (B ) é)} ﬂ

Since the structure of D, is like the box diagram with two massive
external lines in opposite corners, it is convenient to perform the Feynman
parametrization joining first the pairs of propagators which meet in each of
the vertices with massless external lines, and then to join two denominators
obtained in this way using the third Feynman parameter. Doing so we
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naturally get tne result OI momentuin integration 1in tine iorm wiere tne
dependence on the third Feynman parameter factorizes and the integration
over this parameter can be performed straightforwardly. So we use in
Eq. (A.4) the representation

1
[(k+ pa— k2)® + 6] [(k — ka)2 + i0] [k + 0] [(k + Q)2 +40]

(A.5)

6/ Pyys(1 —ys3)
J k2 + 2k (1= ) (g + y1kr) — ysyoka) + (1 = y3) (1 = y1)t +yat2) + Tk

For the term with 1/(2kp2) in Eq. (A.4) we use the relation

1 * du
—4 - A.
a*b /0 (a+ bu)>’ (4.6)

which leads, together with Eq. (A.5), to the expression

1
Ty K (A7)
0

Dy = —12iequ4sﬂB/

X/ dPk £ k= ko) + (Kt 4) £
2m)P | [(k +p)% — ya(1 — y3)b? + i6]*

(oo}

s(v1 £(k— ko) — 2 (k4 4) £) PQ

—|—4/du 15 U2,
J [(k4+p+up2)? —ys(1 —y3)b? — su ((1 — y3)y1x1 — yayswa) +40]° | S

where the notations
= (1 —y3)(q +yik1) — yayska ,

b= (1—1) (=1 —y1)t —yt2) + y2 (=1 — y1)t1 + 11Q?) (A.8)

have been introduced.
Now the k-integration and then the integration over u are immediate to
perform. The result is:

1

1
25 d?y
Dz:QTAB,/{? uB—efIfg 2_,_6 / ) EP/[ 1_ — X
0 o y3( Yy3)]




i(ﬁ* D) = (ot )+ = Sy (A)

r1 (1 — y3)y1 — 2y3y2) s
with -
= — . A.10
Sl ( )

After some simplifying algebra with the use of the fact that Dy enters into
our result for the vertex only in the antisymmetric under the replacement
1 < 2 combination (see Eq. (3.2)) we come to the representation

2s 3126 Pz

P
Dy = QQUBr?uBTefIfQ Wu

1 1
N // dy1dya {1 -y
00 (1—y2) (—(1 —yi)t —yat2) + 92 (—(1 — g )t + 1 Q)]> L 1

X (2za(k1er)— £1 ki) P/ dysys (1= po)" + z2(ep1)

(1 —y3)y1 — zysy2)

dy3y§_1(1 —y3) ! g e — —x9(e v
X P/ ((1 —y3)y1 — zy3y2) A (( kl) (1 y1) (,2(1p1)):| 2, (A.].].)

and, finally, the relations

1

dysys~ 1 —y3)© 1 2 1 - 1, —
P =—(1—=2e¢"(1)) 2~y "y5 € A.12
/ 1 —y3)yr — zysys) € ( ®) v ( )

0

1— 262’(//(1)) L€ (yifly2 25 1y§ ly;e) ’

(A.13)
which are valid with an enough for us accuracy in the e-expansion, lead to
the result (3.5).

and
! 1
1 — € 1
P/ dysys ys) 1 (
) 1 —y3)y1 — zysy2) €
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