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Abstract. We evaluate in the next-to-leading approximation the forward impact factor for the virtual

photon to light vector meson transition in the case of

longitudinal polarization. We find that in the hard

kinematic domain, both in the leading and in the next-to-leading approximation, the expression for the
impact factor factorizes, up to power suppressed corrections, into the convolution of a perturbatively
calculable hard-scattering amplitude and a meson twist-2 distribution amplitude.

1 Introduction

Diffractive processes in high-energy particle physics are of
central interest in present and forthcoming experiments.
Among them particularly important are those processes
with a large typical momentum transfer Q?, so-called semi-
hard processes, since they allow a theoretical description
to be given by perturbative QCD. The most suitable ap-
proach for such a description in the limit of high energy
/s is the BFKL approach [1], which has become widely
known since the discovery at HERA of the sharp rise of
the proton structure function for decreasing value of the
Bjorken variable = (see, for example, [2]).

In the BFKL approach the high-energy scattering am-
plitudes are expressed in terms of the Green’s function of
two interacting reggeized gluons and of the impact factors
of the colliding particles (see, for instance, [3]). The BFKL
equation allows one to determine this Green’s function.
The impact factors depend on the process in question and
must be calculated separately.

The BFKL equation was initially derived in the leading
logarithmic approximation (LLA) which means summation
of all terms of the type (asIn(s))™. The most important
disadvantage of LLA is that neither the scale of energy
nor the argument of the QCD running coupling constant
ag are constrained in this approximation. The correspond-
ing uncertainties related with the change of these scales
diminish the predictive power of the LLA and restrict its
application to the phenomenology. This is why the gen-
eralization of the BFKL approach to the next-to-leading
logarithmic approximation (NLA), which means resumma-
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tion of both the leading terms (a5 In(s))™ and of the terms
as(asIn(s))™, is very important. The radiative corrections
to the kernel of the BFKL equation were calculated several
years ago [4-9] and the explicit form of the kernel of the
equation in the NLA is known now [10,11] for the case
of forward scattering. Instead, the problem of calculating
NLA impact factors has been solved so far only for colliding
partons [12,13] and for forward jet production [14], while
no impact factors for colorless objects are known with the
NLA accuracy.

It is clear that for a complete NLA description in the
BFKL approach one needs to know the impact factors de-
scribing the transitions between colorless particles, analo-
gously as in the DGLAP approach one should know not only
the parton distributions, but also the coefficient functions.

The impact factor for the v* — v* transition is certainly
the most important one from the phenomenological point
of view, since it would open the way to predictions of the
~v*v* total cross section. However, its calculation in the NLA
turns out to be rather complicated and so far only partial
results are available [15]. For an alternative approach to
the calculation of the photon impact factor, see also [16].

In this paper we consider instead the NLA impact fac-
tor for the transition from a virtual photon v* to a light
neutral vector meson V = p% w, ¢. As we will explain in
detail below, the evaluation of this impact factor is con-
siderably simpler than for the case of the v* — ~v* impact
factor. Indeed, we obtained a closed analytical expression
for this impact factor in the NLA. This result should help
to understand more easily the main physical effects of the
radiative corrections in the BFKL approach. As a matter of
fact, the knowledge of the v* — V impact factor allows for
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the first time to determine completely within perturbative
QCD and with NLA accuracy the amplitude of a physical
process, the y*~v* — V'V reaction. This possibility is inter-
esting not only for theoretical reasons, since it could shed
light on the correct choice of energy scales in the BFKL ap-
proach and could be used to compare different approaches
such as BFKL and DGLAP, but also for the possible appli-
cations to the phenomenology. Indeed, the calculation of
the v* — V impact factor is the first step towards the appli-
cation of BFKL approach to the description of processes
such as the vector meson electroproduction v*p — Vp,
being carried out at the HERA collider, and the produc-
tion of two mesons in the photon collision y*y* — V'V or
v*y — V.J/¥, which can be studied at high-energy ete™
and ev colliders.

This paper is organized as follows. In the next sec-
tion we will recall the definition of impact factor in the
BFKL approach and outline the general framework of the
calculation; in Sect. 3 we give a detailed derivation of the
leading logarithmic approximation (LLA) impact factor;
Sect. 4 is devoted to the calculation of the impact factor
in the NLA; in Sect. 5 we summarize our results and draw
some conclusions.

2 General framework

In the BFKL approach (see, for example, [3] for details)

the scattering amplitude (A)’:BB of the process AB —
A’'B’, where A, B, A’, B’ are colorless particles, for CMS
energy /s — oo and fixed momentum transfer A =~ A, (L
means transverse to the initial particle momenta plane) is
expressed in terms of the Mellin transform of the Green’s
function of two interacting reggeized gluons in the color
singlet state G, and of the impact factors of the colliding
particles @A_>A/ and QSB_>B/2

dP=2¢,

_ s / dP—2q /
(2m)P=2 | qf(q1— A)? ) af(qz — A)?

oHoo g, s \“
X ¢A%A’(QI7A750)/ o [() Gw(qh(lz,A)]
S—ico <M1 S0

X Pp_p(—q2, — A, s0), (1)

where Img means s-channel imaginary part, the vector
sign is used for denotation of the transverse components,
D = 4+ 2¢ is the space-time dimension different from 4 to
regularize both infrared and ultraviolet divergences and sg
is the energy scale parameter. The Green’s function obeys
the BFKL equation generalized for non-zero momentum
transfer [3]

WGw(qthvA)
=q(a1 — AP (q; — qy)

P2
+/ m’c(qlakvA)Gw(ka qQ,A)a (2)
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where K is the NLA singlet kernel, and is completely defined
by this equation. The definition of the NLA impact factors
has been given in [3]; in the case of scattering of the particle
A off a reggeized gluon with momentum ¢, for transverse
momentum A and singlet color representation in the t¢-
channel, the impact factor has the form [12]

DPasa(adr, A, s0)

5cc’ 50 Ltw(—ay) 50 Tw(—(a1—A)?)
- /N2 -1 (qf) ((an)?)

d ’ *
X Z/ 2—';9(SA — R)dpsrla (Ffv{f})

1 dD_2k Born Born
_ 5 méA—)A'(k’A’SO)K:T (k,th)

n 3. N9 b
so(k —qp)?

where ¢, ¢’ are the color indices of the reggeized gluon in
the initial and in the final state, respectively, w(t) is the
reggeized gluon trajectory in the LLA and the intermediate
parameter s, must be taken tending to infinity. The inte-
gration 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, Fj{ ) 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 second term in (3) is the counterterm for the LLA
part of the first one, so that the logarithmic dependence of
both terms on the intermediate parameter s4 — oo disap-
pears in their sum; K2°™ is the part of the leading order
BFKL kernel related to the real gluon production (see [3]
for more details). It was shown in [17] that the definition (3)
guarantees the infrared finiteness of the impact factors of
colorless particles.

In this paper we will study in the NLA and in the
forward (A = 0) case the impact factor which describes
the transition of a virtual photon to a light neutral meson
Dy, V = p°,w, d. To start with, let us describe the
kinematics which is presented in Fig. 1. We introduce two
auxiliary Sudakov vectors p; and ps, such that p? = p3 =0

(3)

q,c

ror
q,c

Fig. 1. The kinematics of the virtual photon to vector meson
impact factor
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and 2(pi1p2) = s. The virtual photon momentum is p =
p1 — Cpa, where ¢ = Q?/s. The large negative virtuality
of the photon p? = —Q? introduces a hard scale in the
problem and justifies the application of perturbative QCD.
We denote the reggeon momenta as

:‘€+Q2+q2
¢=————pta, ¢ =4q1 =-q°,

/<;+q2
q¢ = P2 taL, (4)

where k is the squared invariant mass of the intermediate
state produced in the virtual photon-reggeon interaction.
The component of the reggeon momentum proportional
to the Sudakov vector p; is inessential for the analysis
of the impact factor; therefore it is not included in (4).
We restrict our consideration to the forward case, when
the momentum transfer vector has only the longitudinal
component, g—¢ = (ps. We remark that our denotation of
reggeon momenta here is slightly different from (3), since we
use the symbols g and ¢’ for the momenta of the incoming
and outgoing reggeon, instead of ¢; and gs of (3). We assume
that both the square of the reggeon transverse momentum
q 2 and the virtuality of the photon Q2 are much larger
than any hadronic scale. In what follows we will neglect
all power suppressed contributions. Therefore we neglect
the vector meson mass and denote the momentum of the
produced vector meson by the Sudakov vector p;.

We will show that in this kinematics the impact fac-
tor can be calculated in the collinear factorization frame-
work [18-20] which was developed for the QCD description
of hard exclusive processes. We will demonstrate by explicit
calculation that the dominant helicity amplitude is a tran-
sition of the longitudinally polarized photon v{ into the
longitudinally polarized meson Vi, and that both in LLA
and in NLA the expression for the impact factor factorizes
into the convolution?

Doy i (@, 0) (5)

4me, fi 6
= % / dzTu(z, a, o, i, iR ) | (2, piF)

of a perturbatively calculable hard-scattering amplitude,
Ty, and a meson twist-2 distribution amplitude, ¢ (2). The
distribution amplitude is defined as the vacuum-to-meson
matrix element of the light-cone operator

<0|@(0)7“W(y) |VL(p1)>y2ﬁ0

1
— / dze 20 g (2 ) (6)
0

1 Here and in the following we consider the unprojected impact
factor, i.e. the impact factor as defined in (3) except for the
singlet color projector 6“// /N2 — 1. The application of the
color projector on (5) will result in the replacement 5

VNZ 1.
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where fy ~ 200 MeV is the meson decay constant; it has
the meaning of the probability amplitude to find a meson
in a state with minimal number of constituents — quark and
antiquark — when they are separated by small transverse
distances, 7, ~ 1/pup. Here ud ~ Q% ,q? is a factorization
(or separation) scale at which soft and hard physics fac-
torizes according to (5). The variable z corresponds to the
longitudinal momentum fraction carried by the quark, for
the antiquark the fraction is z = 1 — z. Finally, N, = 3
in (5) stands for the number of QCD colors, we introduced

the ratio )

a = % ’ (7)
and we separated the other factors for further convenience.
We use the conventions of [21] for the vector meson distri-
bution amplitude.

Equations (5) and (6) give the contribution to the im-
pact factor of the single light quark flavor ¢ carrying electric
charge e,. According to the neutral mesons flavor structure,

L u 1 = L Uy il
0% = NG (low) = 1dd)) ,  |w) = 7 (la) + |dd)) ,
|4) = [35), (8)

ey should be replaced by e/v/2, e/(3v/2) and —e/3 for the
case of p¥, w and ¢ meson production, respectively.

The hard-scattering amplitude Ty is represented as a
series in the QCD running coupling constant oy (R ), where
the renormalization scale pugr is of the order of the hard
scale pu% ~ Q2 q?. The distribution amplitude is a non-
perturbative function, but its dependence on the scale up
is perturbative,

dfbn Ny

F 2
Hy

1
D= [Ve o o)
0

and is determined by the renormalization group equation
for the non-local light-cone operator in the left-hand side
of (6). It is renormalized at the scale pp, so that the dis-
tribution amplitude depends on up as well. The insertion
of the path-ordered gauge factor between the quark field
operators in (6), which restores the gauge invariance of
the non-local matrix element, is implied. The local limit of
this operator corresponds to the conserved vector current,

therefore )
/ dz ¢ (2, pr)
0

is a renormalization-scale-invariant quantity and the nor-
malization condition for the distribution amplitude

1
/dz O (z, pr) =
0

corresponds to our convention for fy,. The kernel of the
evolution equation (9) is known as an expansion in as(ur)
up to the second order

Vi(z,2")

(10)

(11)

(12)
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as (1) o (pr) ’
= Siv(l)(z,z’)Jr (g) V(Q)(z,z')Jr...

For the purposes of the present work, we need to remind
the expression for V(1)

1—
VW (z,2) = Cp [ - (1 +

1-—2

z 1
+Z 1+Z,

,>ﬂz—/)

zZ—Z

>wzzﬂ+, (13)

where

a0 = fen2) =0 =) [ arfies). a9

Let us now discuss briefly the cancellation of diver-
gences in the final expression for the NLA impact factor.
We perform the calculations with unrenormalized quan-
tities, the bare strong coupling constant ag and the bare
meson distribution amplitude ¢|(|0)(z). Therefore the NLA
expression for the hard-scattering amplitude Ty expressed
in terms of these quantities will contain both ultraviolet
and infrared divergences, appearing as poles in the common
dimensional regularization parameter . The ultraviolet di-
vergences will disappear after the strong coupling constant
renormalization. In the MS scheme, it is given with the re-
quired accuracy by

oot [+ 200 (L ()] s

where p is the dimensional parameter introduced by the
dimensional regularization,

11N,  2ny
ﬁo - 3 3 3

1
== + Vg — In(4n) , (16)

™y | =

where n; is the effective number of light quark flavors,
Vg is Euler’s constant. The surviving infrared divergences
will be only due to collinear singularities, the soft singu-
larities cancel as usual after summing the “virtual” and
the “real” parts of the radiative corrections. Since impact
factors should be infrared-finite objects for physical transi-
tions, it must be possible to absorb the remaining infrared
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divergences into the definition of the non-perturbative dis-
tribution amplitude. We will show that this is achieved by
the substitution of the bare distribution amplitude by the
renormalized one, given in the MS scheme by

61 (2) = &) (2, )

(o)

1

X /V(l)(z,z’)m(z’,up)dz’,

0

(17)

which leads to a finite expression for Ty in the NLA. The
success of the procedure described above and the finiteness
of the z integral obtained in the factorization formula (5)
would mean that the NLA impact factor in question can be
unambiguously calculated in the collinear factorization ap-
proach.

3 Impact factor in LLA

Where the calculation of the impact factors in LLA is
concerned, reggeons are equivalent to gluons with polar-
ization vectors ph /s and the definition of the impact factor
is reduced to the following integral of the x-channel dis-
continuity of the reggeon (gluon) amplitude:
. [ ds .

Qe v = —1/ o Disc Ay rsv 7 (18)

where A-p_,vr is given by the Fourier transform of

the matrix element of the electromagnetic current J& =
—e Uyt W,

(2n)*6*(p+q—p1 — VARV

_ / Atz e e, (V(p)R'|JE, (@)R),  (19)

e, being the polarization vector of the virtual photon.

The lowest order Feynman diagrams for A« g,y g hav-
ing k-channel discontinuity are shown in Fig. 2. Let us con-
sider the diagram (a):

@)t (p+q—p1— VAR v

Fig. 2. Feynman diagrams at the lowest order
(d) for the v*R — VR’ transition amplitude
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= 76(1(19)2/d4xd4yd4ylefi(pw)fi(qy1)+i(q’y)

< (191 enlVipn)

ij

<0 [ (o 2)0) 2 0)00) 2 )
“0). 20

here the symbols ¥(z)¥(y1) and ¥(y;)¥(y) stand for the
fermion propagators, g is the QCD coupling, o, = g2/ (47),
t¢ and t¢ denote the color generators in the fundamental
representation and (4, j) are the quark color indices. Using
translational invariance, color neutrality of the meson state
and the Fierz identity, one can transform the meson matrix
element to the form

(V (p1) [, (2) %] ()|0)
= P (V (p))[ T, (x — y)T(0)[0) (21)

— ¢l(P1y) 5£ 1
N, 4

IS

(7")ga{V (p1)[# (x — )7, ¥(0)]0)

where ellipsis stand for the contributions of other Fierz
structures. Fierz projectors having an even number of ~
matrices correspond to the chiral-odd configuration of the
quark pair. Since in the massless limit chirality is conserved
in the perturbative photon and gluon vertices, these chiral-
odd structures do not contribute to the amplitude. Formally
this appears as the vanishing of the trace of an odd number
of v matrices in the quark loop. For the chiral-conserving
case there is another possibility beyond 7,,, the Fierz struc-
ture v,7vs. The light-cone expansion for this operator starts
from twist-3 [21]; therefore it does not contribute to the im-
pact factor at leading twist. The y,,v5 operator is important
for the production of transversely polarized vector mesons.
It contributes, together with the twist-3 term parameter-
izing the v, operator, to the leading power asymptotics
for the transversely polarized meson impact factor. But, in
comparison to the production of longitudinally polarized
meson, the transverse case contains an additional suppres-
sion factor my /Q, therefore we will concentrate in what
follows on the leading power asymptotics of the impact
factor, which is given by the production of a longitudinally
polarized meson.
Substituting (21) into (20) we obtain

qu25cc'
8N,
d4l1d4lgd4(l‘—y) i 1
54l — 1 — e~ () (z—Y))
| = o
h ¥ b P,

24ie s 2+ie s

xSp [¢

< (VL(p1) ¥ (2 — )7,%(0)]0) .
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The leading power asymptotics of the integral (22) origi-
nates from the region where the interquark separation goes
to the light-cone, (z —y)? — 0. Replacing the bilocal quark
operator by its light-cone limit

1
Vi (o) [T ()38 (0)[0) 2o = frrp: / dz =9 g (2) |

0
(23)
and performing the integrals, we find
Asyi)RHVLR’
1
2 cc’
€qg-fvo
= —q8T /dz¢‘|(z)/d4l154(plz 2 11)
0
L b h—d P
—= = . 24
XSp[¢l%+ies (h—q)?+ie s (24)

This consideration shows that the quark lines entering the
meson blob in Fig.2a belong actually to the light-cone
operator (23). The delta function in (24) means that the
remaining part of the diagram which contributes to the
hard-scattering amplitude is calculated for the quark and
antiquark momenta, p;z and p; z, being on-shell.

Going back from the reggeon scattering amplitude to
the impact factor, we see that in LLA only one particle
intermediate states contribute to the discontinuity in (18).
In the case of the diagram Fig. 2a it is an antiquark cut

i 1
%DlscN 7“1 7 i
=0((li —q)*) = 6((pr1z —p— q)*) = 6(2x — 2q?) .

According to (24) and (25), the contribution of diagram
Fig. 2a to the impact factor reads

(25)

o@ g’ SV (ep)

1
W = - [aa). @)

0

We see that only the longitudinal polarization of the pho-
ton contributes. The polarization vector for longitudinally
polarized photon reads

1 Q 1 Q
e = éler SP2= §p+2§p27 (eLp) =0, ef =1.
(27)

Due to the U(1) gauge invariance, one can omit the first
term in the above expression and use the simpler vector

€L*>€L:2%p2. (28)

The consideration of the other diagrams of Fig. 2 goes
along similar lines. Here we cite the final result for the
hard-scattering amplitude entering the LLA impact factor

(07

(0)
T, , &5 90, 3 = Qg - . 29
u (2, 80, HF, [IR) = (29)
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ZP1

This result coincides with what has been found in [22].
Note that the method used here may be directly applied
to the calculation of the impact factors describing me-
son production at non-zero momentum transfer A and for
transverse polarization. Some results for the corresponding
LLA impact factors may be found in [23,24].

We see that due to collinear factorization, which ef-
fectively puts some fermion lines on the mass-shell, the
complexity of the intermediate state contributing to the
impact factor is reduced in comparison to the case of the
virtual photon impact factor @,«_,4-. Actually we have
a one-particle state instead of a two-particle one in the
LLA, and as we will shortly see not more than two-particle
intermediate states in the NLA, whereas a three-particle
state contributes in the NLA to the @,-_,+ impact factor.
Due to this, the calculation of @.,«_,y is much simpler than
that of @« _,,~. This allows one to obtain closed analytical
expression for the @.«_,y impact factor in the NLA, as we
show in the following section.

4 Impact factor in NLA

The impact factor is defined as an integral over the in-
termediate states produced in the y*-reggeon interaction,

D.Yu. Ivanov et al.: The impact factor for the virtual photon to light vector meson transition

Fig. 3. The contributions to
the impact factor from two-
particle a and three-particle b
intermediate states

—Zp1

Zp1

q Fig. 4. The lowest order Feynman dia-
grams describing reggeon—photon a and
reggeon—meson b vertices

see (3). In the NLA both two-particle quark—antiquark
(¢q) and three-particle quark—antiquark—gluon (ggg) in-
termediate states contribute. They are shown in Fig. 3a,b
respectively. To calculate the impact factor in the NLA
one has to know the (¢q) production vertices with NLA
accuracy and the (¢gg) ones at the Born level.

In the previous section we demonstrated in detail how
the impact factor factorizes into a convolution of the distri-
bution amplitude ¢ (z) and the hard-scattering amplitude
Ty, where the latter involves the gg-pair production on
the mass-shell. One can formulate a practical rule for the
calculation of the meson impact factor. It can be obtained
considering the impact factor describing the free ¢g produc-
tion, @45, and replacing the quark spinors as follows:

, ij
AT z) - )6z (30)
(&

The Born reggeon—photon vertex is given by the two

diagrams in Fig. 4a (see [22,25])

1 1
'Y = 2e,9Q(t%);;27 -
viaq = 26a9Q(1°)ij 2% a’ +Q%zz  qf +Q%zz

x%@n(f)w%mw, (31)
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where ¢; and g3 denote the momenta of the quark and of the
antiquark. The contributions to the reggeon—meson vertex
at the leading order are shown in Fig. 4b. Due to collinear
factorization, quark lines labeled by p;z and p;z should
be included in the definition of the meson distribution
amplitude ¢ (z). Therefore, for calculating T one can use
the following expression for the LO reggeon—meson vertex:

(F \(/g)qq> ool

LV ()i 0y (2) dz (32)
o +m2) (2 )

" 4N,

X

Ba

)

+ (151 éj) ul (p1z +q)
Ba

where the first and the second terms represent the con-
tributions of the first and the second diagrams of Fig. 4b,
respectively. They have been drawn as disconnected dia-
grams, where the upper quark (antiquark) line is shown
to indicate that, in the convolution of this vertex with the
reggeon—photon one, the corresponding quark (antiquark)
spinor in the expression of the reggeon—photon vertex (31)
has to be amputated because this quark (antiquark) line
is a part of ¢ (z). Therefore the two-particle intermediate
state (qq) is effectively reduced to a one-particle antiquark
(quark) state to be cut according to the definition of the
impact factor. Performing the convolution of the two Born
vertices given by (31) and (32) one gets again the result (29).

The radiation correction to the impact factor may be
divided into two parts,

TIEII) = 79 4 7(ed9) (33)

Here the first term represents the contribution of the (¢q)
intermediate state shown in Fig. 5, when one of the reggeon
effective vertices is taken at one-loop order. The second
term in (33) is the (¢gg) contribution, see Fig. 3b, which
appears first only in the NLA. In that case, it is enough to
take the corresponding reggeon interactions at the Born
level. We proceed now to the evaluation of the (gq) con-
tribution.

4.1 Quark—antiquark intermediate state

According to Fig. 5, 7149 is given by the sum of two terms
which correspond to the corrections either to the reggeon—
photon or to the reggeon—meson interaction:

T(QQ) — nggq) + T‘(/qq) . (34)
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Fig. 5. The contribution of the
quark—antiquark intermediate
state at the next-to-leading or-
der (NLO)

The NLA contribution to the reggeon—meson effective
vertex is shown in Fig.6 and it splits naturally into the
sum of the three different contributions

(q9) _ (19 (1q) (1c)

Y =T, + Ty, Y + Ty 7 (35)

Here the first two terms represent the contributions of
disconnected diagrams which are expressed in terms of NLA
effective reggeon—antiquark and reggeon—quark vertices.
They are similar to the disconnected diagrams of Fig. 4b

which appear at the Born level. In the case of T‘(/lq) , the two-
particle (¢g) intermediate state reduces effectively, due to
collinear factorization, to a one-particle antiquark state,

whereas in the case of T‘(/M) it reduces to a one-particle
quark intermediate state. The last term in (35) stands
for the contribution to T‘(/qq) from the connected part of
the NLA reggeon—meson effective vertex, which is shown

in Fig. 7. The calculation of T; ‘(,M) involves the integration
over the two-particle (¢q) state.
The virtual photon-reggeon effective vertices were stud-

ied in the NLA in [25]. Considering Tfrfq), we found it

convenient to distinguish two contributions denoted Téla)

and TA(/lb):

(aq) _ p(1a) (1b)
T =T,"+T.". (36)
According to Fig.8, Tﬁb) originates from the particular
contribution to the photon-reggeon vertex given by the
sum of two box diagrams shown in Fig. 8b; Tw(ia)
for the contribution to Tv(‘fq) which comes from all other
contributions to the NLA photon-reggeon vertex except
those two box diagrams (for more details see [25]). The

reason for such a separation is that we will combine and

stands

consider together the connected contribution to T‘(,qq) and
the contribution to T,gim) coming from the box diagrams.
This allows one to perform the cancellation of some terms
in the sum of T‘(,lc) and T,Eib) in intermediate steps of
the calculation.

Thus, the contribution of the (¢q) intermediate state
to the NLA impact factor may be represented as the sum
of three terms:

TUD =Ty + Ty + Ts, (37)
where

T=T", T=T1{+1", =1 + T‘(}Z;é)
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ZP1

: ; ) : ;
v v
Using the results of [25] and calculating the correspond-

ing integrals in our kinematics, we find the following result
for T7i:

_ =@ o ]
I CE () +n(E)], (69)

_ Bo 1 3—2lna—4lnz
Tl(z)__él + Ne 262+ de

1 1 a+zZ a(z+ az)
4 2 (a—2?2) a? — 2?2
2

z et
- Ina
2 (o — 22)°

az? 22 (a—i-zz)
+ — 5 — 5 In
2z(a+ 2) 2(a — 22) oz
iy |- Dy Ina
"1TI8 T e

+i 1 5z 5z (o + 2%)
N, 4 (a—22) 2 (a?2-22)

2—z (2-2)z
_< 4z +2(a—z)
52 B 22 (2+32) o
4z(a+2)° 4Z(a+z)

1—222 <a+z§>
+ In -
8 2z

ala+zz az?
+ ( 2) — 5 In? o
4(a—2) 4z (a+ 2)
2 Here and in the expressions for 72(2), ..., 75(z) which will

appear below we used the z <> Z symmetry in order to simplify
the results.

+N706

ala+ 22) ln(a)

2(a— z)? z

Fig. 6. The separation of the
reggeon—meson NLO vertex into
the connected (1c) and the discon-

nected (1) parts

_ oo+ 2%) 2,
4l — z)? I

N 1—2z+7z—z2 +5(2z2—z3) l(z)
n(Z
4z 4 (a—2z) 4o —z)? a
+ 52% B 422473
622423 —a+4za o+ zzZ
+ 3 In
4(a—22) z
az’ 22 o [0+ 2Z
+ — 5 — 5 | In
4z (a+ 2) 4(a—22) z

1 ala+ z%)
e [9 + 4 (a—2) (a—22)

f§ln2a7 1ln2 <a+zz)
4 2 z

(4 (o — 22)? 2(a—22)_4z(a+z))

<a+zz)

B N L SR
6 4z(a+2)
2 _ 95,2 _
ot =22z az2(1—|—z) ln(a)
4z (a — 2)

a+z a+zz
ln< 2 >ln< o >
i (-2) i () -t (- )
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g N N

(b)
§ Fig. 7. The Feynman diagrams for the

(c) (d) (e) connected reggeon—meson vertex

i (_ a+ 2z )] (40) the integral over the transverse part of the loop momentum
22 and the integral over the two Sudakov variables. Then, we
performed the integration over one of the Sudakov vari-
and . ables. After that, we combined the results for box diagrams
) dt with all other contributions to T, and using some algebraic
Lis(z) = _/ r In(1—1). (41)  transformations obtained the representation (43).
0

The integration of (43) gives
Our result for Ty is

- g*I'll—e] (@*/u?)" TO () +7(2)] . (42) ra(z) = Cr [_a—&—zz 1m(2c+1ﬂ
€ deczz 2c—-1

(4m)2te
where +i 1 1 (z(a+22)
. Ne [2e2 e\ a2 - 22
ot (Y :
T2(2) = — 5
2 ! nlte[1 — €] 2Z __atzz L + z In o
0 2 (o — 22) 2 2(a—22)?

1—¢ 1 S S S R T2z
e ) (P8 mem e
1

4
(Z(u—z) (43) 4 (2(a2222)2 - 22(2':3 Z)2> In (O‘;’”)ﬂ

_ 2
+e> <1+<1+s><u 2)) (Ia) + uq w1, (2e41Y
12 |- +Q2““} (12 = (u - 2)a)” O (o Belr gy ) thne
_ 2
(R0 0 e (e,
12 { (1-— ) + uu( 24 Q?zz)} (1Z + zuq)® ¢
2¢—1 1 2 1
w2 —|—21ncln< < ) In (20—|—1)+2ln(2zt1)
X(1—|—5)le—(1—|—(1+€)zu)(lq)+(1—ﬂz)q2>} . 2c—|— c—l
1212 + Q2uaz] (1 — uq)” + — ) - 2Liy
Note that the box diagrams in Fig.8b and the diagrams
Fig. 7a,b contain imaginary parts. But combined together — Lip (1 9 c) ))]
in Ty these imaginary parts cancel. We made this cancel-
lation explicit proceeding in the following way. In the loop o+ 2z 2c + 1 ! 5
integrals for box diagrams we split the loop integration into 42272 +hha-
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e e

(a)

“Er- LT

(b)

a2+az—zz
2237 o+ 2z
+1n<20+1> <2a+z (1+2¢) )

2¢c—1 20+ 2(1—2¢

2 2z 2z z
T on oL _Li (—f)
Tt 12(1—2C>+ l2<1+2c) 27y

2
+L12(— i _>
o+ zz
1 _
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n2+3+2z o 82 —92°
12 2z 22222 4z(a—2)
5z—4z2° 523
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3z—22—a 3224323
- — Ina
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9 1—2z2 2z
In“ o + In —
8« a+zZ

524
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4z (a+ 2)
I T
4 4z (a+2)

1
| >
+422 n(a+ 22)

1 3z — 22 22223 9 9
- 1 —1
+(4+4(a—z)+4(a—z)2)(nz na)

Fig. 8. a The separation of the NLO
virtual photon-reggeon vertex into the
sum of two contributions (1a) and (1b).
b The contribution (1b) is given by two
box diagrams

B 1+4z—7z2+23
2 4z (o — 2)

n(3)

(522+z3 524

822—14z3+524>

17(a —2)?

522 — 423

N 4z(a — 22)

1Z(a+2)  4z(a+2) 2

+1—5z—|—622 In a+zz
47z (a0 — 22) z
1 @z a(a+z 22
Ll i 2 (—3 )+ 212
4 4z(a+2) 4zz 4(a — 2?)
< In? (M)} , (44)
z

where we used the notation ¢ = \/a +1/4 .
Finally, using the result for the NLA quark—quark—
reggeon effective vertex [26] we obtain

I -] (%)

(0)
T3 - (47.c)2+5 T [ ( )+ T3( )] ) (45)
where
n() =4
1 3 Ina+2Inz Inz
Colo— ¢ 2 7277 _
+ F[ 2¢e € ] Nce

5 Ino
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—Zp1

q q
(0)
1 on? 1 1
+Cg [12+§I;Oé21n2a21nalnz]
1 [854 9n? 11lno
= — —lnal . 4
¥ [ 2% i no nz] (46)

4.2 Quark—antiquark—gluon intermediate state

We proceed now to the evaluation of the contribution to
the impact factor from the (¢Gg) intermediate state shown
in Fig. 3b. For this purpose we need the (¢gg) production
vertices at the Born level. Examining the Feynman dia-
grams for the corresponding reggeon—meson vertex, one
can easily see that at the Born level only disconnected di-
agrams contribute, i.e. in each diagram either the quark or
the antiquark cut line enters directly the meson vertex and
therefore is absorbed into the definition of the meson dis-
tribution amplitude. Thus the reggeon-meson vertex can
be represented as the sum of two contributions,

q
+ FVthig !

FVqufg = Fg'Lng (47)
Consequently, one deals here with the contributions of effec-
tive two-particle intermediate states, the antiquark—gluon
one (related to I't: . ) and the quark-gluon one (related

. VLqdg
to FgL qtjg)’ which are shown in the first and the second

—Zp1
Fig. 9. a The separation
of the (gdg) contribution to
the impact factor into the
sum of the antiquark—gluon
q and the quark—gluon cuts.

b The lowest order Feyn-
man diagrams for the gluon
bremsstrahlung vertex

diagrams in Fig.9a. Since due to the charge conjugation
symmetry these two contributions are related to each other,
it is enough to evaluate one of them, say the first diagram
of Fig. 9a, with the effective antiquark—gluon cut. The re-
sult for the diagram with the effective quark—gluon cut is
obtained from the contribution of the antiquark—gluon one
by the replacement z — z. Therefore, in what follows we
will consider the antiquark—gluon cut.

According to the first diagram in Fig. 9a, to calculate
I {ﬂL qqg OnE needs to consider the gluon bremsstrahlung
from the antiquark line, described by the three diagrams
shown in Fig. 9b. After a simple calculation we obtain the
following result for the corresponding part of the reggeon—
meson vertex

q t_
(FVqug> B

NS ([22 (Te®) + 2 ¢17] 2 m)ﬁ o (2) dz.

v
N,

(48)

Here ¢ = zop1 + (a2/22)(p2/s) + 2.1 denotes the momen-
tum of the cut antiquark, the momentum of the cut gluon

is k = 23p1 + (k?/23)(pa/s) + ko,
Zatz=1-2z, (49)

The polarization state of the cut gluon is described by the
4-vector e®, which can be expressed in the gauge e®ps =0

k1 +q1 =q1.
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as
2(e®k) u
= P2 + eJ_ )
z3 S

a

k=0, (50)

where the index a describes the color state of the gluon,
and the transverse vector e} parameterizes two different

physical polarization states of the gluon, (e *)? = —(e *)2.
The other transverse vector entering (48) is
Zq2 — 229 q2
T=( 220 _ t9t<)
<(ZQ2 —2q)*  Zq3 ) ( Ji
]. k q2 ¢ a
1 (B e, (51)

where the indices 7, j describe the color states of the quark
and of the antiquark, respectively.

The reggeon—photon (chg) production vertex was con-
sidered in [25]. Similarly to the reggeon—meson vertex dis-
cussed above, we rewrite the reggeon—photon vertex in
terms of the transverse gluon polarization vector e and of
the other two transverse vectors which we denote Ty and T:

I

71979 —

x ([2<ea<qu—T )+ 2 (Lot Ty) £ 7”2) ﬁ

—2eq 7’ Q ﬂﬁl (zp1)

xv5(g2) (52)
where
T - | F2—%2q [ 1 1
T (a2 — 22q)% | Q2 2, 92, 95 | k?
Q24+ L 424
e ol KR (53)
QQ + 222723 Z923
1 k q2
+ 2z + 2 (tatc>ij )
Pz \ QP+ 55 Q2+ 22
and
Tq = (tcta)ij
o 22— *2a 1 - 1
_ 2 2 2 2
(zq2 — 22q) Q2+£7;2 Q2+q7+%+1;—2
n qd2 1 _ qd2 z
2 = 2z
Q2 + % Q222929 Q2 + % Q222923
t) ;4 k 1 1
+( by [k - — (54)
z k2 Q2 + 021 9 Q?
ZQZQ
z k n d2
Q*z2z3 \ Q2+ % Q2 + %
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I 1
Q2 + 92 Q%227

2222

with Zo =1 — 29 = 2 + 23.

Note that the quantities T, T, and T; and, therefore,
the reggeon vertices I'y; 4gg and I'ys4q4, vanish when the
reggeon transverse momentum q tends to zero.

The convolution® of the reggeon vertices (52) and (48),
with the subsequent summation over the Dirac and the
color indices of the cut antiquark and gluon, gives the
following contribution of the diagrams in Fig.9a to the
impact factor:

- q%nfﬁi / di(z

X [(TQT)(QZzg +(1+ 6)2’3) +
—22z2+ (14¢)23)] ,

d
/ ﬁd%zqu O(sa — k)
23

(TgT)(23(22 — 1)

(55)

where in (T,T) and (T3T) the sum over the quark and
the gluon color indices 7, j and a is implied. The integrals
over dzg and d?T2¢q in (55) stand for the integration over
the antiquark—gluon intermediate state. For z3 — 0 the
integral (55) would diverge if the invariant mass x were
allowed to become arbitrarily large, this corresponding to
the radiation of the gluon in the central region, away from
the fragmentation region of the virtual photon. Such a
gluon radiation has to be assigned to the reggeon Green’s
function and subtracted from the impact factor. The cor-
responding separation procedure, described in [3,17], leads
to the appearance of the §(s4 — ) in the definition of the
impact factor (see (3)) and to the need to subtract the so-
called counterterm, given by the second term in the RHS
of (3). Since
2 2
he X9 0

o o (56)

and the integral is restricted by the condition 6(s — k),
with s4 — 00, the lower boundary of the z3 integral in (55)

min k2
is zZ3 = e
We define the divergent part of (55) for z5 — 0 as
26q94fVQ
—_— 57
N, (2m)3+2¢ (57)
1 z q
23 PN
< [ oneds [ Tt Ty - TeT, L
0 0
where
SO S0 PR LA LIS
“\Lq= a%) 0 = 2Q% K2[q2 + Q%z7]

3 Beforehand, the quark spinor ﬁ}; (p1z) has to be amputated
from the photon vertex, since it belongs to the definition of the
meson distribution amplitude.
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Integrating over zs in (57) we obtain

B qu4fv(5cc'
Q(?n)3+2€
2

1
N ds 2+4-2¢ q
XO/¢|( )d /d 92 (a2 — 9)2[q2 + Q227]

xln((q;_i/lq)z>.

The consideration of the contribution of the quark-
gluon cut diagrams shown on the right picture in Fig.9a
goes along the same lines. Similarly to (59), we define the
contribution which is singular for s, — oo, given by the
replacement z — Z in (59). Then in the sum of these two
contributions with the BFKL subtraction term we find that
s cancels out and arrive at some finite contribution to the
impact factor which is denoted below as T;. Thus, the total
contribution of the (gdg) intermediate state to the NLA
impact factor may be represented as the sum of two terms,

(59)

7099 =Ty + Ty, (60)

where the results for T and T5 are presented, as usual, in
the form

I -] (Q°/1°)°

(4m)2te

7

Tys = g [T45(2) + Ta5(2)] -

(61)
The procedure described above gives for 74 the following ex-
pression:

(a+ 2Z)N, (QQ) e
el — ¢

d?t2¢q, ( 2280 >
1
X/kmqvm3+Q%a‘l<mqﬂ
N, I?[1 +¢€)(a)® | aQ?
e I'[1 + 2¢] n(s())’

and for 75(z) one arrives naturally at two contributions:

’7'4(2) =

(62)

T5(2) = 15 (2) + Té’(z) , (63)
where
CC/ a 2 (QQ) 1_6 (a Jr 22)
0 () = ntell —e] «
x / 428 g2t2e gy (64)
z3

0
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ot —¢] «

207
dz3d®™°qy [(22 — 1 + 23(1 +¢)) (T4T)
0
— (22— 2z3(1 +¢)) (T,T)] . (65)
After a long calculation we find
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-+ 229 a+zz

C
Ts(2) = —7F dzs
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Z923 zZz z
0
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n (a+22)(22 — 1+ 23)
azzZ

In Z(azo + 223)(za + Z23)
z3(a+ 2Z) (aze + 2229)

N (a+ 22)(23 — 22) " (azg(azz + ZZg))

2 Z323

_|_

2z =22 < 23 (azy + 223) ﬂ

Za azzzs(a+ 22)

1 [(a+22)(22 — 14 2z3)
2N,
" (2_ zzg  EZp >ln(a+2222)

o+ zz9 o+ ZzZo

(a+ 22)(z5 — 22) 23(avzg + Z22)
+ - In| — =
Z2a 25 (qze + Z23)
z(z3 — 22) I zo(Zg + 2z22)
Za zg(aZa + 223)

ZZo
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azz
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azezizg(aza + 223)(aze + Z23)
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o+ 229 o+ zz

53 )
w2 ) (67
o+ 229 azo + 2422

The integration over q2 in 74(z) is quite simple and
leads to

1
’7'4( ) (CF+ 2N )
2 —
" [2 N 2Ina+4Inz +41n<SO/Q> ln<a+zz)
€ a+zz

g2 z

2 2
+21naln( oQ ) — % +ln2a

+4lnzln <(;’ZZ’Z)>+2L12( Zj)} . (68)

For 75(z) a more cumbersome calculation gives
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23 z 5—-Tz a+ zz
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Liy (72) + 2Ly (i;C)
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Equations (60), (61), (68) and (69) give the result for the
(¢Gg) contribution to the impact factor.

4.3 The result for NLA impact factor

Now we are ready to add together the (¢g) and the (¢gg)
contributions and to obtain (as anticipated above), after
the treatment of the ultraviolet and of the collinear singu-
larities, the finite result for the NLA impact factor.

In the sum of all contributions — the z <> Z symmetry
was used where necessary — we find

Cr
Z 7i(2) = ~

i=1,...,5
" §+(1—2z)£oz—zz) In 1+2c—2z

2 deczz 2c—-1+2z

(a4 z2) 2¢+1
- 1

dczz "\ 2c-1 (70)
_(a—_éz)ln a+ zz _@_'_.“7

2zz o 2¢e

where the ellipsis stand for the terms which are finite for
e — 0. First of all, we note that the double poles in ¢
which appear due to soft singularities and are present in
the separate contributions cancel out in the sum (70). What
is left are the single poles in € which represent the ultraviolet
and the collinear singularities which are removed by the
renormalization of the strong coupling constant and of the
distribution amplitude, as explained in Sect. 2.

After substituting the bare strong coupling constant
and the meson distribution amplitude by the renormalized
quantities, given respectively in (15) and (17), we find the
following expressions for the ultraviolet

A% Ty(z) = %ﬂo E +1n (‘fgﬂ TV(z), (71)

and the collinear

AN Ty (2) (72)
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:_% {1 < )}jd T () VO (u, 2)
0

counterterms to Ty, where the LLA hard-scattering am-
plitude T and the one-loop evolution kernel V1) are
given by (29) and (13), respectively. Calculating the inte-
gral in (72) and then combining the corresponding contri-
butions coming from the counterterms with the singular
part of (70), we see that the ultraviolet and the collinear
singularities in the hard-scattering amplitude cancel and
the result for the finite part may be presented as in (70)

with the replacements
Q2
(u% ) '

2
bom (%)
3 W

Finally we find that the NLA impact factor is given
by (5) with

Cr

— = Crln (73)

TH(Z7a7807/J'F7/J‘R)| (74)
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i) iz {1+ 0 ) )]
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Equations (5), (74) and (75) represent the main result of
the present paper.

In LLA terms of the type ~aZIn"(s/sg) are summed.
Therefore the leading energy scale uncertainty of a LLA am-
plitude is related with the contributions ~aIn"~*(s)In(sq).
These terms represent some particular part of NLA cor-
rection to the amplitude. Note that in the sum of all NLA
terms the contributions ~a” In"~*(s) In(s¢) should cancel,
since by construction a NLA amplitude does not depend
on so with the NLA accuracy.

Using our result for the meson impact factor let us
demonstrate the cancellation of the ~a/In" *(s)In(so)
contributions to the forward amplitude of the process of
two p mesons production, Vi (Q%)v;(Q3) — p1p2. Exam-
ining (1) one can see that the contributions of such a type
cannot be generated by the corrections to the kernel of
BFKL equation, since these corrections do not depend on
sgp. Therefore, for our purposes, we can use the known re-
sult for the Green’s function in the LLA approximation.
In the azimuth symmetric, n = 0, sector it reads

—2Lig

(75)

i dv (Q12)%+iu((122)%7iy
Go(q1,92,A =0) = — - 76
(a1, ) / 22 w—asx(v) (76)
where
asN,
s = 5 7
6= (77)
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and ¥ (x) = I''(z)/I'(z). Inserting (76) in (1) we found the
following representation for the amplitude
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the ellipsis in (80) stand for the NLA contributions to the
impact factor which do not depend on sg. Performing the
integration over reggeon momenta in (79) we found that

Lio(v,s0) ~ (QF o) 1 (£v)

by +ip—1 ~ 2
Yy 2 s (y+1)
1+ —=1 1 ~
x/dyy+l[+2n(so)n< ; )—f— }
0

= (QF )™ (%) (81)
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1
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0
Thus we obtain that
t, (A1
+oo i
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x (S> : [1 (GO } . (83)
So 2

Expanding in series the last line of (83), one can easily see
that the dependence of the amplitude on sg indeed cancels
with the NLA accuracy. This calculation shows that the sq
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dependence of our result for the impact factor is consistent
with the form of the BFKL kernel.

The hard-scattering amplitude in the limits of small
and large virtualities of the reggeized gluon reads
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These limiting expressions may be useful for the analysis
of vector meson production amplitudes in the asymmetric
kinematics, when the two virtualities are essentially differ-
ent, Q1 > (2. In this case not only a large In(s), but also
large In(Q?%/Q3) appear in the perturbative expansion. In
the BFKL approach powers of the logarithm of virtual-
ity originate from the region of reggeon momenta where
Q? > q? > Q% which corresponds to the limits (84), (85)
for the meson impact factor.
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5 Summary and conclusions

In this paper we have considered the impact factor for the
virtual photon to light vector meson transition in the case
of the dominant longitudinal polarization. We have shown
that, up to power suppressed corrections, both in the lead-
ing and in the next-to-leading approximation the expres-
sion for the impact factor factorizes into the convolution
of a perturbatively calculable hard-scattering amplitude
Ty and a meson twist-2 distribution amplitude. We have
determined Ty in the next-to-leading order by calculating
cut diagrams with effectively no more than two-particle
intermediate states. We have observed cancellation of the
soft infrared divergences between the “real” and the “vir-
tual” parts of the radiative corrections. Collinear infrared
divergences have been absorbed into the definition of the
distribution amplitude. We have obtained finally a close an-
alytical expression for the impact factor which can be used,
after convolution with the Green’s function of two interact-
ing reggeized gluons, to build entirely within perturbative
QCD the complete amplitude for a physical process, in the
next-to-leading logarithmic approximation.

This result can have important theoretical implications,
since it could shed light on the correct choice of energy
scales in the BFKL approach and could be used to compare
different approaches such as BFKL and DGLAP. Moreover,
it can be considered as the first step towards the study of
phenomenologically relevant processes, such as the vector
meson electroproduction at the HERA collider and the
production of two mesons in the photon collision which
can be studied at high-energy ete™ and ey colliders.

This work was completed after M.1. Kotsky tragically passed
away. We had the pleasure to know him not only as a bright
scientist, but also as an exceptionally rich personality. We
missed a friend.
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