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Q2 dependence of diffractive vector meson electroproduction
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We give a general formula for the cross section for diffractive vector meson electroproduction,g* p→Vp.

We first calculate diffractiveqq̄ production, and then use parton-hadron duality by projecting out theJP

512 state in the appropriate mass interval. We compare theQ2 dependence of the cross section for the
diffractive production ofr andJ/c mesons with recent DESY HERA data. We include the characteristicQ2

dependence associated with the use of the skewed gluon distribution. We give predictions forsL /sT for both
r andJ/c production.

PACS number~s!: 13.60.Le, 12.38.Bx
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The diffractive leptoproduction of vector mesons at hi
energy is an interesting and important process. Indeed
fractiveg* p→Vp data, withV5r,v,f,J/c andY, are be-
coming available with increasing precision from the expe
ments at the DESYep collider HERA @1–9#. They offer the
opportunity to study the vacuum-exchange singularity a
function of the virtualityQ2 of the incoming photon and o
the massM of the produced vector meson. Moreover, obs
vation of the vector meson decays allows bothsL andsT to
be measured, and evens-channel helicity conservation to b
checked@4,5,8,9#.

Let us first review the description of diffractive electr
production ofr mesons; a process which has attracted a
of theoretical interest@10–13#. At first, phenomenologica
parametrizations based on the vector-meson-domina
model and Regge exchanges were used. Then a
perturbative two-gluon exchange model of the Pomeron
introduced@10#. For largeQ2 however, we would expect tha
a pure perturbative QCD description is applicable. Suc
description for the production of longitudinally polarizedr
mesons was given by Brodskyet al. @11#, using the leading
twist wave function for ther meson. The process is sketch
in Fig. 1. However for the production of transversely pola
izedr mesons, the perturbative QCD approach encounter
infrared divergence in the integration over the quark tra
verse momentum. This problem can be overcome by us
parton-hadron duality@13#. The wave function of ther me-
son then never enters explicitly. The only property that
used is that ther meson corresponds to theJP512 projec-
tion of ‘‘open’’ qq̄ production~with q5u,d). The projection
has the effect of curing the infrared divergence. The resul
cross section is then integrated over an appropriate inte
DM of the invariant mass of theqq̄ pair which covers ther
resonance peak. As there are almost no other possibili1

1We allow for v production by taking the ratiov:r to be 1:9.
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for hadronization of theqq̄ pairs atMqq̄.M r , the procedure
is expected to give a reasonable estimate of the cross se
for r electroproduction. Indeed this perturbative framewo
@13# was found to describe theQ2 dependence ofr electro-
production for Q2*5 GeV2 for both longitudinally and
transversely polarizedr mesons, including the observedQ2

dependence of thesL /sT ratio. TheQ2 behavior of the am-
plitude is governed by the structure of the quark propaga
and by the effective anomalous dimensiong of the gluon,
defined byxg(x,K2);(K2)g. In particular the naive expec
tation thatsT5sLM2/Q2 is modified to2

sL

sT
5

Q2

M2 S g

g11D 2

~1!

which, on account of the decrease ofg with increasingQ2, is
in good agreement with the observedsL /sT behavior with
Q2.

The cross section for the diffractive electroproduction
vector mesons is proportional to the square of the o
diagonal or skewed gluon distribution. That isxÞx8 in Fig.
1, whereas for the conventional~diagonal! gluon we havex
5x8. In fact the gluon distribution becomes more skewed
Q2 increases, and is more skewed for vector mesons
larger massM. Skewed distributions were not included
our predictions of theQ2 behavior ofr electroproduction in
Ref. @13#. When compared with subsequent precise HER
data @4#, these predictions were found to fall off a bit to
rapidly with increasingQ2. We will see that the effect of
using the skewed distribution, rather than the usual appr
mation of using the conventional~diagonal! gluon, will en-

2Equation~1! is an approximate result obtained assuming that,
eachQ2, g is constant throughout the integration over the qua
loop. The full calculation can be found in Ref.@13#. See also the
results discussed below.
©2000 The American Physical Society22-1
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hance the cross sections at the larger values ofQ2 at which
data exists. As was previously discussed@13#, there are un-
certainties in the normalization of the predictions of the d
fractive cross sections, but much less in the predictions of
energy orQ2 dependence. Nevertheless, in order to use
Q2 dependence of the data to reveal the effects of the ske
distribution, we must include theQ2 dependence of othe
effects in our calculation. The~imaginary part of the! ampli-
tude is calculated att50 and the cross section obtained
integratingds/dt;exp(2bt) over t. We must therefore al-
low for the decrease ofb with increasingQ2. Second we
must study the ambiguity in our estimates of the next-
leading order~NLO! correction. In the perturbative region
we find that theQ2 variation of r electroproduction from
these two sources is smaller than that due to the use o
skewed gluon distribution. Also we must, of course, inclu
the contribution from the real part of the amplitude. Wh
we compare the full QCD prediction with theQ2 behavior of
diffractiver andJ/c production recently measured at HER
we find that the data are compatible with the characteri
enhancement arising from the skewed gluon.

We use perturbative QCD to derive the general form
for the cross section for diffractive vector meson product
by first recalling the formula for diffractive production of
qq̄ system of massM. For production from a transversel
~longitudinally! polarized photon

d2sT(L)

dM2dt
U

t50

5
2p2eq

2a

3~Q21M2!2E dzuBii 8
T(L)u2 ~2!

where i 51,2 and i 851,2 denote the helicity of the
quark and antiquark. The helicity amplitudes are

Im B11
T 5

mIL

2Az~12z!
, B22

T 50,

Im B12
T 5

2zkTI T

Az~12z!
, Im B21

T 5
~12z!kTI T

Az~12z!
,

~3!

FIG. 1. Schematic diagram for diffractive vector meson prod
tion at HERA,g* p→Vp. The longitudinal fractionsx andx8 of the
ingoing and outgoing proton momentum carried by the gluons
given by Eq.~10!; the gluons have momenta6 lT transverse to the
proton.z and 12z are the longitudinal fractions of the photon m

mentum carried by theq and q̄, and6kT are their momenta trans
verse to the photon. There are four possible couplings of the

gluons to theq and q̄, represented by the upper circle.
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for a photon of helicity11, whereas for a longitudinal pho
ton we have

B11
L 5B22

L 50,

Im B12
L 52Im B21

L 5Az~12z!Q2

2
I L . ~4!

The variablez is the fraction of the photon’s momentum
carried by the quark,kT is the transverse momentum of th
quark relative to the photon,eq is the charge~in units of e)
andm the mass of the quark;a51/137. The massM of the
qq̄ system satisfies

M25
m21kT

2

z~12z!
. ~5!

The integrals over the transverse momentum6 lT of the ex-
changed gluons are@14,13#

I L~K2!5E dlT
2

l T
4

aS~ l T
2! f ~x,x8,l T

2!S 12
K2

Kl
2D , ~6!

I T~K2!5
K2

2 E dlT
2

l T
4

aS~ l T
2! f ~x,x8,l T

2!

3F 1

K2
2

1

2kT
2

1
K222kT

21 l T
2

2kT
2Kl

2 G , ~7!

where

K25z~12z!Q21kT
21m2, ~8!

Kl
25A~K21 l T

2!224kT
2l T

2. ~9!

The function f (x,x8,l T
2) is the skewed unintegrated gluo

distribution describing the lower part of Fig. 1. The mome
tum fractions carried by the exchanged gluons satisfy@15#

S x.
Q21M2

W21Q2D @S x8.
l T
2

W21Q2D ~10!

whereW is theg* p center-of-mass energy.
In the strict leading log(1/x) approximation, it is enough

to use the diagonal unintegrated distribution, as at each s
ting we keep just the leading log(1/x) terms and neglect the
corrections due tox8!x. In this limit

f ~x,x8,l T
2!5 f ~x,l T

2!5
]„xg~x,m2!…

] ln m2 U
m25 l

T
2

~11!

and there is no difference between the diagonal and ske
distributions@16#. This is the approximation which is con
ventionally used.

Here we wish to take into account the skewed effect,
first we must extend the definition of the unintegrated glu
Eq. ~11!, beyond the leading log(1/x) approximation. Indeed
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it is easy to see that Eq.~11! can only be true for sufficiently
small x. If x increases thenf calculated from Eq.~11! would
soon become negative due to the~negative! virtual contribu-
tion in the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi~DG-
LAP! evolution. It was shown in Ref.@17# that the virtual
corrections may be resummed via the Sudakov form fa
and that the number of gluons with transverse momentuml T
is @18#

f ~x,l T
2!5

]@xg~x,q0
2!T~q0

2 ,m2!#

] ln q0
2 U

q
0
25 l

T
2

, ~12!

where in the double log approximation~DLA !

T~q0
2 ,m2!5expF2CAaS~m2!

4p
ln2

m2

q0
2 G , ~13!

with scalem2;(Q21M2)/4. T is a survival probability. It is
the probability that the parent gluon does not emit gluons
the intervalq0

2,qT
2,m2. From the formal point of view, the

T factor may be regarded as a next-to-leading order cor
tion since the main contributions to the integrals~6! and ~7!
come from the region3 l T

2&m2. In general we find that the
inclusion of T has a small effect, essentially only ensuri
the positivity of f for Y production which samples values o
x as large asx;0.05.

The main effect of using the skewed~or off-diagonal!
gluon distribution comes, within leading lnQ2 kinematics,
from the region wherex8!x, see Eq.~10!. In this region the
skewed gluon distributionHg(x,x8) ~integrated overl T) is
larger than the conventional diagonal distributionHg(x,x)
5xg(x). For smallx, which is appropriate for vector meso
production at HERA, the enhancement is generated enti
by off-diagonal evolution. Moreover, the ratio

Rg5
Hg~x,x8!x!

Hg~x,x!
~14!

can be determined unambiguously in terms of the kno
diagonal distribution@19#. It was shown that the enhance
mentRg depends on the effective powerl(Q2) of the small
x behavior of the gluonxg;x2l. The result is@19#

Rg5
22l13

Ap

GS l1
5

2D
G~l14!

. ~15!

Note that the off-diagonal enhancement enters at leading
der ~in ln Q2) and increases withQ2 ~sincel increases with

3If l T.m then we setT51 in Eq. ~12!, consistent with the DLA.
It may occasionally happen~at the edge of phase space! that the
inclusion of theT factor in the DLA is not enough to ensure th
positivity of f (x,l T

2), whereas the exact form of theT factor would
guarantee thatf .0. Therefore we setf 50 if it should happen that
Eq. ~12! is negative.
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Q2). Here we allow for the off-diagonal effect by multiply
ing the amplitudes~3! and~4!, calculated4 with diagonal glu-
ons in Eqs.~6! and ~7!, by the factorRg . We determine the
effective power for each component amplitude separat
that is

l5
] logBii 8
] log~1/x!

. ~16!

The full NLO corrections for the diffractive process are n
known yet, and so we approximate them by aK factor
@14,13#. Following @14#, the main (p2 enhanced! part of the
K factor is of the order of (p2CFaS /p), whereCF54/3. It
comes from theip terms in the double logarithmic Sudako
form factor exp@2CF(aS/4p)ln2(2M2)# where ln(2M2)
5ln M21ip. Thus we multiply the amplitudes by the facto
@14#

K5exp~pCFaS/2!. ~17!

But we still have the ambiguity of the choice of the scale
aS . We show results for two choices of scale:m25K2 and
our default valuem252K2, whereK2 given by Eq.~8! is the
natural hard scale for a perturbative gluon coupling to
~anti!quark.

To include the contribution from the real part of the am
plitude we use the signature factor

S (1)5 i 1tan~pl/2! ~18!

for positive signature exchange. This is a simple way
implementing the dispersion relation result. It gives

ReBii 85tan~pl/2!Im Bii 8 , ~19!

wherel is given by Eq.~16!. The inclusion of the real par
enhances the cross section ofr production by 14 to 19% in
the range where we compare to data,J/c production by 18
to 25%, andY by about 30%, where the bigger effect alwa
occurs at higherQ2.

So far we have calculated the cross sectiond2s/dM2dt

for diffractive qq̄ production att50. To determineds/dM2

we integrate the form exp(2bt) over t, with @20#

b~Q2!5
4

^t&10.71 GeV2
1

2

Q21M21^t&

12aP8 lnS W2M2

~Q21M2!2D , ~20!

where ^t& is the average value oft. ~Here we set̂ t&50.!
This form, with aP850.15 GeV22, successfully reproduce
the t behavior of diffractiver meson leptoproduction data a

4In the infrared regionl T
2, l 0

2 we use the ‘‘linear’’ approximation
aS( l T

2)g(x,l T
2)5( l T

2/ l 0
2)aS( l 0

2)g(x,l 0
2) as described in@14#. This lin-

ear approximation is reasonable since~i! it corresponds to a con
stant gluon-proton cross section at small scalesl T, l 0 and ~ii ! it
matches well to the scale dependence of the phenomenolo
gluon distribution at lowl T . We have checked that our results a
stable to reasonable variations ofl 0

2 about our default value of
1.5 GeV2.
2-3
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a function ofQ2 andM2.MV
2 . It is motivated by the addi-

tive quark model, together with a form factor given b
FV(t)5M2/(M22t), see also@21#. We also use the phe
nomenological expression~20! for diffractive J/c produc-
tion even though the measured slopes appear, at prese
be about 2 GeV22 or 30% less. Using the observed values
b would lead to an overall increase in theJ/c cross section
of about 30%, well within the present uncertainties in t
theoretical normalization.

To determine the cross section forg* p→Vp from that
for diffractive qq̄ production, we project out theJP512

state in theqq̄ rest frame. However the helicity amplitude
Bii 8 are defined in the target proton rest frame, and helicit
not conserved by Lorentz transformations for the hea
quark states. So to obtain the helicity amplitudesAj j 8 in the
qq̄ rest frame forV5J/c andY, we must perform a Lorentz
boost and use

Aj j 85(
i ,i 8

ci j cj 8 i 8Bii 8 , ~21!

where the known coefficientsci j are given in Ref.@22#. Fi-
nally we integrate the cross sectionds/dM2 for J512qq̄
production over an appropriate intervalDM2 covering the
vector meson resonance. Clearly this, together with theK
factor of Eq.~17!, introduces an overall normalization unce
tainty. However here we are interested in theQ2 dependence
of s(g* p→Vp) and the properties of the ratiosL /sT ,
rather than the normalization.

The QCD predictions forr, J/c and Y production5 are
compared with HERA data in Figs. 2–4. Figure 2 shows
predictions obtained from using three different recent glu
distributions: MRST99@23#, CTEQ~5M! @24# and KMS@25#.
All fit the F2 structure function data well. The first two ar
obtained from conventional NLO DGLAP analyses, wh
the KMS analysis is in terms of an unintegrated gluon d
tribution which satisfies a unified~BFKL! Balitskiı̆-Fadin-
Kuraev-Lipatov DGLAP equation with subleading ln(1/x)
contributions. In each case the scalem2 in aS of theK factor
is taken to be 2K2. The lower continuous curves in Fig.
correspond to the ‘‘default’’ prediction obtained usin
MRST99 partons. In both plots the upper continuous cu
corresponds to takingm25K2 and demonstrates the unce
tainty of our prediction with respect to reasonable variat
of the scalem2. The dashed curve is the default predicti
using the diagonal gluon, and so comparison with the low
continuous curve shows the enhancement due to off-diag
effects. At the larger values ofQ2 the enhancement is abou
55% for r production and 70% forJ/c production.

Our approach is infrared finite. However there are no
negligible contributions from the region of low gluon tran
verse momental T, l 0. Fortunately the predictions based o
conventional DGLAP partons~MRST, CTEQ! are rather in-

5The J/c production amplitudes were calculated for a cha
quark massmc51.4 GeV, whereas forY production we take theb
quark massmb54.6 GeV.
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sensitive to the choice of the value ofl 0. Nevertheless to
check the infrared sensitivity of the predictions we also us
gluon obtained from a unified BFKL-DGLAP analysis of th
deep inelastic data@25#.6 We would expect some differenc
since the latter~Reggeised! gluon embodies a higher twis

6In @25# the value of the unintegrated gluon is determined down
l T5k051 GeV. Belowk0 we use the linear approximation as wa
described in footnote 4 above, but now withxg(x,k0

2)51.57(1
2x)2.5 as found for the KMS gluon in the fit of@25#. Note that the
KMS gluon is quite compatible with those obtained from the glob
parton analyses, see@25#.

FIG. 2. The QCD predictions for theQ2 dependence of the cros
sections for g* p→rp ~upper plot, W575 GeV) and g* p
→J/c p ~lower plot,W590 GeV) compared with the HERA dat
@4,5#. The continuous curves are obtained using the 1999 Mar
Roberts-Stirling-Thorne~MRST99! gluon @23#. For the lower curve
the default value 2K2 is chosen for the scale ofaS in theK factor,
whereas for the upper curve the scaleK2 was used. The dash-dotte
~dotted! curves show the results if the CTEQ~5M! @24#
~Kwiecinski-Martin-Stasto~KMS! @25#! gluon are used. The dashe
curves show our results using the MRST99 gluon and default
rameters but without the effect of skewing. All predictions conta
contributions from the real part of the amplitude as discussed in
text. The data point forJ/c photoproduction in the lower plot is
interpolated between H1 data for different values ofW @2# and
agrees well with the ZEUS result@6#.
2-4
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Q2 DEPENDENCE OF DIFFRACTIVE VECTOR MESON . . . PHYSICAL REVIEW D62 014022
component originating from the BFKL evolution, which ma
be important at low scales. Indeed we see from the do
curves in Fig. 2 that the cross sections are considera
larger than the DGLAP-based predictions particularly at l
values ofQ2. This demonstrates the need to better und
stand the role of higher twist~and power! corrections in par-
ton analyses. Diffractive vector meson production is clear
good process in which to further investigate these effect

In the parton-hadron duality approach we have a comm
mechanism for the description of all vector meson prod
tion processes,g* p→Vp, governed by the average ha
scale^K2&, where

K25z~12z!~Q21MV
2 !. ~22!

Therefore it is informative to plot all the observed cross s
tions, in a givenW domain, as a function ofQ21MV

2 on the
same plot, after allowing for the different photon-quark co
plings eq ~that is r:J/c:Y59:8:2) and thedifferent ener-
gies W of the data. The result is compared with ther pre-
diction in Fig. 3. The fact that the measured cross secti
approximately lie on a common curve, demonstrates the

FIG. 3. The data@4,5,2,3,7# for the g* p→Vp cross sections
with V5r ~circles!, J/c ~triangles! and Y(1S) ~squares: solid
ZEUS, open H1, both slightly displaced fromQ250 for readabil-
ity! plotted versusQ21MV

2 . The QCD predictions~with standard
parameters as described in the text! are shown for comparison a
continuous, dashed and dotted lines, respectively. TheJ/c and Y
data ~and errors! are corrected for~i! the different photon-quark
couplings by multiplying theJ/c andY measurements by 9/8 an
9/2, respectively, and~ii ! the differentW values according to the
QCD predicted energy behaviors(J/c);W1.1 ~in agreement with
the experimental measurements from@5#! and s(Y);W1.3. The
upper dotted curve is obtained using a fixed slope parametb
54 GeV22, whereas the lower curve contains the slope as give
Eq. ~20!.
01402
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versality inherent in the perturbative QCD description. So
departure from universality may arise from the differe
measuredt slopes, from the flavor symmetry breaking of th

qq̄→V transition,7 and from comparing data with differen
averageW values.

Figures 4 and 5 show the QCD predictions forsL /sT .
The upper ~lower! plot of Fig. 4 compare the ratio fo
r (J/c) electroproduction with the recent HERA data as
function of Q2 at fixed energyW575 GeV (W590 GeV),
whereas Fig. 5 shows theW dependence for fixed values o
Q2 for bothr andJ/c production. Recall that in Ref.@11# it
was pointed out that onlysL is calculable in perturbative
QCD; the calculation ofsT(r) using the leading twistr
meson wave function is infrared divergent. We must the
fore explain how thesL /sT curves can be obtained. In th
parton-hadron duality approach, with theJP512 projection

of the qq̄ system, the integral over the quarkkT is of loga-
rithmic form @13# ~as in the usual DIS amplitudes!. So the
corresponding Feynman graphs have~at leading order! a
pure ladder structure with strongkT ordering along the lad-
der. The factorization theorem is therefore valid forsT , as
well as sL @13#. After convolution with the gluon distribu-
tion, the logarithmic behavior effectively enhances the tra
verse amplitude by a factor 1/g, so sT;1/g2 as in Eq.~1!.
The decrease ofg with increasingQ2 masks the naive
Q2/M2 expectation for theQ2 behavior ofsL /sT .

It is interesting to compare the predictions for theW be-
havior ofsL /sT for J/c production with those forr produc-
tion, shown respectively by the dashed and continu

curves in Fig. 5. Forr production we are in a relativisticqq̄
situation wherez covers an extensive part of the~0,1! inter-
val allowing the 1/g behavior to develop. The growth o
sL /sT with W reflects the rise ofg with 1/x. On the other
hand J/c production is nearer the non-relativistic lim
wherez51/2 andsL /sT5Q2/M2 apply, and hence the ratio
sL /sT is almost independent ofW.

To gain physical insight we have discussed the result
terms of an effective gluon anomalous dimensiong and the
simplified formula~1!. In the actual computations we use,
course, the explicit unintegrated~skewed! gluon distributions
and perform the full integrations overkT and l T , or related
variables.

7In the non-relativistic approximation theqq̄→V vertices are pro-
portional to the meson wave functions evaluated at the orig
which may differ according to the mass of the meson. In our
proach this is replaced by the differentz intervals sampled by the
relativistic r system as compared to the more non-relativisticJ/c
andY systems and by possible different choices of the mass in
val DM covering the resonance peaks. HereM
5600 . . .1050 MeV was used forr and a similar mass interva
(M5MJ/c6200 MeV) for J/c. For the Y the interval M
58.9 . . .10.9 GeV was chosen to predictY(1S, 2S, 3S) produc-
tion in accordance with the experimental analysis@7#, and the re-
sulting cross sections where divided by 1.7 to get the predictions
Y(1S), see@22#.

in
2-5
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In summary we have shown that a perturbative QC
parton-hadron duality approach is able to describe all
main features of thesL , and even thesT , data for diffrac-
tive vector meson productiong* p→Vp, providedthat there

FIG. 4. The upper plot shows the QCD predictions for theQ2

dependence ofsL /sT for r electroproduction~at W575 GeV)
compared with HERA data@4,1,8,9#, partially at slightly different
~average! values ofW as indicated on the plot. The ZEUS measu
ment displayed by the open triangle is the one obtained by rela
thes-channel helicity conservation condition; see@9#. The different
linestyles for the different gluons are chosen as in Fig. 2. Here
steeper continuous curve corresponds to the standard choice oK2

as scale ofaS in the K factor, the less steeper one toK2. Also
displayed is the naive expectationsL /sT5Q2/M r

2 ~steep dashed
line!. The lower plot showssL /sT for J/c production ~at W
590 GeV) compared to data from@5,8#.
rib
rg

01402
e

is a sufficiently hard scale~that is providedQ21M2 is
greater than about 5 GeV2). We emphasize that the approac
is infrared convergent. There are non-negligible contrib
tions at low gluon transverse momentuml T , but the pertur-
bative gluon form matches well on to the linearl T

2 form for
l T, l 0 making the predictions rather insensitive to the cho
of l 0. The effects of using skewed gluons are fully includ
in the QCD calculations. The skewed distribution is co
pletely determined by the conventional~diagonal! gluon dis-
tribution, and is found to enhance ther andJ/c cross sec-
tions by about 55% and 70% respectively at the larg
observed values ofQ2. For r production the use of the
skewed gluon distribution predicts a flatterQ2 dependence,
compatible with the recent data, see Fig. 2. We conclude
the data for diffractive vector meson production processe
HERA offer a particularly sensitive probe of the properti
of the gluon distribution of the proton. TheM , Q2, t depen-
dences and the spin properties can be measured with
creased precision and all constrain the behavior of the glu
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FIG. 5. TheW behavior ofsL /sT for fixed values ofQ2 for
both r electroproduction~continuous curves! and J/c electropro-
duction ~dashed curves!, obtained with our default parameters an
the MRST99 gluon.
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