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Vector meson electroproduction at next-to-leading order
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The process of a light neutral vector meson electroproduction is studied in the framework of QCD factor-
ization in which the amplitude factorizes in a convolution of the nonperturbative meson distribution amplitude
and the generalized parton densities with the perturbatively calculable hard-scattering amplitudes. We derive a
complete set of hard-scattering amplitudes at next-to-leading order (NLO) for the production of vector mesons,

V=p%w,¢.
PACS: 12.38.Bx, 13.60.Le

1. The process of elastic neutral vector meson elec-
troproduction on a nucleon,

Y@N@P) - V(@ )N@), V=p»"w¢, (1)

was studied in fix target and in HERA collider experi-
ments. The primary motivation for the strong interest in
this process (and in the similar process of heavy quarko-
nium production) is that it can potentially serve to con-
strain the gluon density in a nucleon [1, 2]. On the the-
oretical side, the large negative virtuality of the photon,
¢> = —Q?, provides a hard scale for the process which
justifies the application of QCD factorization methods
that allow to separate the contributions to the ampli-
tude coming from different scales. The factorization
theorem [3] states that in a scaling limit, Q? — oo and
zg; = Q?/2(p - q) fixed, a vector meson is produced
in the longitudinally polarized state by the longitudi-
nally polarized photon and that the amplitude of the
process (1) is given by a convolution of the nonper-
turbative meson distribution amplitude (DA) and the
generalized parton densities (GPDs) with the pertur-
batively calculable hard-scattering amplitudes. In this
contribution we present the results of our calculation of
the hard-scattering amplitudes at NLO.

2. p? = p'? = m% and ¢'2 = m?,, where my and
mps are a proton mass and a meson mass respectively.
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The invariant c.m. energy s,«, = (g + p)? = W2. We

define
A=p —p, P:p—;p" t= A2,
o 2)
(¢—A)*=mi, zp;= W2 + Q2
We introduce two light-cone vectors
n% =n®> =0, nyn_ =1 (3)
Any vector a is decomposed as
a* =atny +a n* +ai, a®>=2ata" —a>. (4)
We choose the light-cone vectors in such a way that
m2
p=01+&§Wny + mn_,
P =(1—&Wny + % n_+AL. (5

We are interested in the kinematic region where the in-
variant transferred momentum, ¢, is small, much smaller
than Q%. In the scaling limit variable ¢ which para-
metrizes the plus component of the momentum transfer
equals £ = ©B;/(2 — zBj).

GPDs are defined as the matrix element of the light-
cone quark and gluon operators [4]:
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Fq(x’é-’ t) =
1 dA iz(Pz !/~ Z z
=5/ 5.¢ (P2)(p |q(—§)7ifq(5)lp>\z=xn- =
1 . o
- s [’H (2,€,8)a(p') A—u(p) +

ia"‘ﬂn_aAﬂ
—_— U

+E9(, &,t) u(p') (p)] ; (6)

2mN

F9(x,&,t) =

(Pi_) /@empz) n
16 (~2) 2 (2) o =
1

~2(Pn.) [%9(w,6, t)a(®') s-u(p) +

iaa'@n,aA,g
— U

+9(a,6,0) a(p) (v)]- (7)

2mN

In both cases the insertion of the path-ordered gauge
factor between the field operators is implied. Mo-
mentum fraction z, —1 < x < 1, parametrizes par-
ton momenta with respect to the symmetric momen-
tum P = (p+ p')/2. In the forward limit, p' = p,
the contributions proportional to the functions £9(z, £, t)
and &£9(x,&,t) vanish, the distributions H?(z, &, t) and
HI(z, &,t) reduce to the ordinary quark and gluon den-
sities:

H(z,0,0) = g(z) for z >0,
HI(z,0,0) = —g(—x) for <O, (8)
HI(z,0,0) = zg(z) for z>0.

Note that gluon GPD is even function of z, H9(z, &, t) =
=HI(—=x,&,t).

The meson DA ¢y (z) is defined by the following re-
lation

(012(¥)1.9(=9IVL(P))y2—0 =
1

=p, fv [ dz el VPV (). 9)
0

1
It is normalized to unity [ ¢v(z)dz = 1. Here z is a

0
light-cone fraction of a quark, fy is a meson dimen-
sional coupling constant known from V — ete~ decay,
in particular, f, = 198 & 7 MeV:

1 1

2w/ 4

M'YZN‘}VLN: %Cifv/(h(ﬁv(z)/dm X
0 -1

[ v (Tg(z,a:)Fg(m,§, t)+T(+)(z,a:)F(+) (z,¢&, t)) +

+) el Ty(z,2)F1H) (z, ¢, t)] : (10)

q

Here the dependence of the GPDs, DA and the hard-
scattering amplitudes on factorization scale pr is sup-
pressed for shortness. Since we consider the leading he-
licity non-flip amplitude, in eq. (10) the hard-scattering
amplitudes do not depend on ¢. The account of this de-
pendence would lead to the power suppressed, ~ ¢/@,
contribution®. « is a fine structure constant, N, = 3
is the number of QCD colors. @y depends on the me-
son flavor content. If one assumes it is %ﬂuﬂ) — |dd)),

%(|uﬂ)+ |dd)) and |s3) for p, w and ¢ respectively, than
Q, = 1/v2, Q, = 1/3v2 and Q4 = —1/3, the sum in
the last term of (10) runs over ¢ = u,d for V = p,w and
qg=sfor V =¢ and

2 1 -1
= ep:—ew: —, e¢:—'
d 4 3v2

3\/§a s 3,

el =e

w
u u

FIH) (g €. t) = F(x, &,t) — F(—z,&,t) denotes a sin-
glet quark GPD, F(V)(z,£,t) = Y g—ud,s Fa(H) (g, £ 1)
stands for the sum of all light flavors.

Due to odd C-parity of a vector meson ¢y (z) =
= ¢v(1 — z). Moreover, since V and 4* have the
same C-parities, v* — V transition selects the C-even
gluon and singlet quark contributions, whereas the
C-odd quark combination F9(7)(z,£,t) = Fi(z,&,t) +
+ Fi(—z,&,t) decouples in (10).

3. Below we present the results of our calculation of
the hard-scattering amplitudes in the MS scheme.

Ty(z,z) may be obtained by the following substitu-
tion from the known results for a pion EM formfactor,
see also [§],

3)For the analysis of other helicity amplitudes see [5—7].
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T(v,u) =

as(u%)Cr 14 as(lﬁz)x
4ou

#60 (3-mow) -1 (%)) +

+er (2058 (Lia(a) - Lia(o) + Liao)-

—Lis(u) + In() In(u) — In(@) In(v)] +
(v—|—1zv—_221)12) In % + 2[Lis(a) + Lia () —
— Lis(u) — Lia(v) + In(3) In(u) + In(@) In(v)] +

+4”(Zlf7(;’)“) 41()1n(ﬂ)—23—0)]>. (12)

+2

Here and below we use a shorthand notation . =1 — u
for any light-cone fraction. pg is a renormalization scale
for a strong coupling, Bo = 11N./3 — 2ns/3, ny is the
effective number of quark flavors.

NZ2—-1 ) dt
Cr = "5, Lzz(z)——/—ln(l—t)

Also we denote

01:CF, 6220 _ = - ) (13)

T(4)(z, ) starts from NLO

2 (u3,) C —¢
T4y (z,2) = as((gl:rl;iz dl 1, ( ) $2£§ +le> ,  (14)
here
2y+1 |y
L(e) = { 2L Bt - L ) +

+< <u ) )yln y) — (y+1)1n(y+1)>]+

+y1n( y)+(y+1)In(y+1) R(zy)
yly+1) y+z
2 2
+y(y+(;)jz()y2+ ) H(z,y)}+{z—>2}, (15)

where we introduced two auxiliary functions

R(z,y) = zln(—y) + zln(y + 1) + zIn(z) + zIn(2),
(16)
H(z,y) = Lis(y + 1) — Lia(—y) + Lia(2) — Lia(Z)
+In(—y) In(2) — In(y + 1) In(2). amn
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For the gluonic contribution we obtain

as(pg) €
(z+ & —ie)(x — &+ ie)

2Z
2 _
x [1 + asi;"‘) I, <z, ‘”255 +ie>], (18)

Ty(z,z) =

((y +1)In(y +1) —

(y+ 1DlIn(y +1)
2\ y+r T y )]_
_ a2y +1)R(zy)
2(y + 2)
(y+1)In®(y + 1)
y+1 y ) *

_201_

~ (Bcr — 4er) (ylnz(—y)
4

+(1n(_y) +In(y + 1)) [c1 <21n(z) - i) + 202] +

+er(L+32) In(2) — (c1 — 2) (ln(zz) - 2) [M n

y+1
+(y+1)ln(y+1)

” ] +(ci—c)(2y+1)In (%) x

3
x5 +In(z2) + In(—y) + In(y + 1)] +ezIn®(z) +

+(aWy+1)+@+2)?) —aly+ 1 +2)

[ RGY) | In(y) ~lInfy+1) +In(z) ~Inz)

(y +2)? 2(y + 2)
+ vy +(2):z()313+z) H(z,y)]} +{z—>2}. (19)

4. Above formulas and the known NLO evolution
equations describing ur dependence of the GPDs and
meson DA give a complete basis for the description of
a neutral vector meson electroproduction with NLO ac-
curacy. At leading order we reproduce the known result
[9], our results for the NLO hard-scattering amplitudes
are new.

At high energies, W? > @2, the imaginary part
of the amplitude dominates. Leading contribution to
the NLO correction comes from the integration region
& < |z| < 1, simplifying the gluon hard-scattering am-
plitude in this limit we obtain the estimate

M’yzN—>VLN ~

—-2imVAra asfv Qv /1 dz ¢y (2) y

NcQ{ o 2Z

9 asN, Q2%2z 9 (s
«|Foie g0 + 2N I(NF)g 2 o 5,)]( 0
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Given the behavior of the gluon GPD at small z,
F9(z,&,t) ~ const, we see that NLO correction is para-
metrically large, ~ In(1/£), and negative unless one
chooses the value of the factorization scale sufficiently
lower than the kinematic scale. For the asymptotic form
of meson DA, ¢{7(2) = 62%, the last term in (20) changes
the sign at ur = Q/e, for the DA with a more broad
shape this happens at even lower values of up.

It is interesting to note that the value p% = Q?/e?
is rather close to an estimate in the dipole approach [10]
of a typical inverse dipole size [11, 12], 1/r? ~ p2 =
= 0.15Q2, for vector meson electroproduction in the
HERA kinematic region. We believe that a study of
relationship between the collinear factorization and the
dipole approach at the NLO level would be very impor-
tant. But this question, as well as the resummation of
large at high energies, ~ (agIn(1/£))™, contributions
both to the hard-scattering amplitudes and to the evolu-
tion of GPDs, go beyond the scope of the present work.

5. As an example of our results we compare a
one point for the longitudinal cross section reported
by ZEUS collaboration [13], e.g. dor/dt|y=¢ = 17 +
+ 4 nb/GeV? at Q? = 27 GeV2, W = 110 GeV, with
our predictions. On the Fig. 1 we plot the depen-
dence of predicted dor/dt|t—o(ur,ur) on the factor-
ization scale up for two choices of the renormalization
scale: ug = pr (the solid curves) and ur = @/+/e, i.e.
the BLM (Brodsky-Lepage-McKenzie) prescription (the
dashed curves). The data point is described in this plot
by the black horizontal line. In this numerical analy-
sis we use two models of the NLO generalized parton
distributions of [14]: first one based on MRST2001 for-
ward distribution (the curves a and ¢) and second one —
on CTEQ6M (the curves b and d). Moreover, we take
the NLO strong coupling constant a, and the asymp-
totic meson DAY. Fig.1 shows that the BLM prescrip-
tion leads to smaller cross section and to much flatter
behaviour of the cross-section on pr than for the choice
pr = pr. We observe also a substantial uncertainty of
our predictions due to the input parton GPDs.

Since as mentioned above the NLO corrections are
large it is instructive to study the relative magnitudes
of different contributions to the amplitude (10). This is
done by assuming ug = pr and for CTEQ6M GPD. In
Fig.2 we show plots of Im M and Re M as functions of
pr corresponding to a gluonic and a quark Born parts
of the amplitude (10) (denoted as gB and ¢B, respec-

4)QCD sum rules studies [15] show that at low scale the shape
of vector meson DA is close to the asymptotic one. At up — o0
any DA aproaches the limit — asymptotic DA. Due to this we use
asymptotic DA, and postponed the study of dependence on the
DA shape for the future analysis.

24
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Fig.1. Factorization scale dependence of predicted

dor/dt|i=0 at Q* = 27 GeV?, W = 110 GeV. The hor-
izontal black line describes the data point. Solid curves
assume pr = pr, dashed curves — the BLM prescription.
The curves a and ¢ (b and d) are obtained with the use of
MRST2001 (CTEQ6M)

tively), to the NLO part of the gluonic contribution T,
(gN), to the NLO part of the quark contribution T,
(gN), to the quark contribution T(;) (¢*) and to the
full amplitude (10) (denoted as full). All these sepa-
rate contributions are normalized by |M)| of (10) with
all terms taken into account. Let us note that, as ex-
pected for the small z process, the imaginary part of
the amplitude (10) dominates over its real part. We ob-
serve that the NLO corrections are mostly of opposite
signs than the corresponding Born terms and they are
big, consequently the final values of the amplitude (10)
are the result of a strong cancellations between Born
parts and NLO terms. Without account of NLO terms
the predictions would be substantially above the data.
These results are similar to ones obtained recently for
T photoproduction [16].

In this paper we restrict our analysis to the lead-
ing twist and neglect completely the power suppressed,
~ 1/Q, contributions. This is definitely legitimate for
sufficiently large (). Most probably, at the HERA ener-
gies and Q2 ~ 20 GeV? the higher twist corrections are
still large, see e.g. [11, 12] based on [17]. Nevertheless,
we want to stress that our leading twist results obtained
with NLO hard-scattering amplitudes and NLO GPDs
[14] (which were adjusted to describe HERA deeply vir-
tual Compton scattering data) are in qualitative agree-
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Fig.2. Different contributions to ImM/|M| and

ReM/|M| in dependence on pur (for ug = pr and
CTEQ6M): gB — Born term of Ty, ¢B — Born term of
T,, gN — NLO terms of Ty, ¢N — NLO terms of Ty, g+ —
T(+), full — all terms of (10) included

ment with the measured at HERA p meson electropro-
duction cross section.
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