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We critically review the QCD predictions for the cross sectionssL andsT for diffractive r meson electro-
production in longitudinally and transversely polarized states in the DESY HERA energy region. We show that
both perturbative and nonperturbative approaches, which involve convolution with ther meson wave function,
predict values ofsT which fall off too quickly with increasingQ

2, in comparison with the data. We present a
perturbative QCD model based on the open production of lightqq̄ pairs and parton-hadron duality, which
describes all features of the data forr electroproduction at highQ2 and, in particular, predicts a satisfactory
Q2 behavior ofsL /sT . We find that precise measurements of the latter can give valuable information on the
Q2 behavior of the gluon distribution at smallx. @S0556-2821~97!00807-2#

PACS number~s!: 13.60.Le, 12.38.Bx

I. INTRODUCTION

The results of the measurements ofr meson electropro-
duction, g* p→rp, are intriguing. These are coming from
the H1 @1# and ZEUS @2,3# experiments at the DESY
electron-proton collider HERA, and should be considered in
conjunction with the earlier measurements of New Muon
Collaboration~NMC! @4# at lower energies. We may briefly
summarize the main features of the observed behavior of the
cross sections(g* p→rp) as follows:

~i! s;1/Q5 for 7,Q2,30 GeV2.
~ii ! s;W0.8 for1 12,W,140 GeV.
~iii ! sL /sT;224 weakly rising with Q2 for

6,Q2,20 GeV2.
~iv! ds/dt;ebt with b.526 GeV22 for Q2.10

GeV2, as compared tob.9 GeV22 for Q250.
As usual,Q2 is the virtuality of the photon,W is the

center-of-mass energy of theg* p system, andt is the square
of the four-momentum transfer. Ther meson is observed
through its 2p decay. If there are sufficient events, then the
angular distribution of the decay products allows the mea-
surement of the componentssL andsT of the cross section,
which describer production in longitudinally and trans-
versely polarized states, respectively. As we shall see, the
measurement of theQ2 dependence ofsL /sT is particularly
informative. The present data~iii ! have large errors, but al-
ready indicate the general trend.

Observations~ii ! and ~iv! imply the validity of perturba-
tive QCD for the description of high energyr electroproduc-
tion. Observation~iv! means that the size of the system~the
g*→r Pomeron vertex! decreases withQ2, and that at large
Q2 we do indeed have a short-distance interaction so that
perturbative QCD is justified. In fact, the measurement of the
slope b.526 GeV22 is approximately equal to that ex-

pected from the size of the proton, which is consistent with
the hypothesis that at largeQ2 the size of theg*→r vertex
is close to zero. From observation~ii ! we see that the expo-
nent of thes;Wn behavior has changed from the ‘‘soft’’
pomeron value2 n54@aP( t̄)21#.0.2 observed inr photo-
production (Q250), to a valuen54l.0.8 at highQ2

which is consistent with the gluon density,xg;x2l,
extracted3 from the observed QCD scaling violations ofF2.
Moreover, it is in line with thes;W0.8 behavior observed in
J/c photoproduction, where perturbative QCD is expected to
be applicable due to the sizable charm quark mass.

Here, we explore the implications of all the observed
properties~i!–~iv! for the QCD description ofr electropro-
duction at HERA. Before we present our detailed study, it is
useful to give a brief overview of the situation. We begin
with theQ2 dependence ofs(g* p→rp). We will show that
for r meson electroproduction at highQ2, perturbative QCD
should be applicable tosT as well as tosL . The leading
order perturbative QCD prediction for electroproduction in
longitudinally polarized states is@8,9#

sL;
@xg~x,Q2!#2

Q6 ;
~Q2!2g

Q6 ;
1

Q4.8 ~1!

for Q2@mr
2 , wherex5Q2/W2 andg is the anomalous di-

mension of the gluon density,xg(x,Q2);(Q2)g. For the
relevant range ofx, 1023&x&1022, we have taken,4 for the
purposes of illustration, the representative average value
g50.3. So, the QCD prediction forsL is consistent with the
Q2 behavior of the data. This is not the case forsT . The

*Permanent address: Laboratory of Theoretical Nuclear Physics,
St. Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg
188350, Russia.
1This behavior is observed from the NMC experiment atW.13

GeV right through the HERA energy range, 40–140 GeV.

2Corresponding toaP(0).1.08.
3The Martin-Roberts-Stirling~MRS! parton sets, which best de-

scribe the recent HERA measurements ofF2 @5# and other data, are
MRS~A 8) @6# and MRS~R2! @7#. For these the effective value of
l increases from about 0.2 to 0.3 asQ2 increases from 10 to 50
GeV2.
4From the most recent sets of partons@6,7# we findg.0.25 rising

to g.0.4 asx decreases from 1022 to 1023 for Q2'10 GeV2. Of
course, in the numerical analysis of Sec. VI the truex and Q2

dependence ofg is automatically included.
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prediction for sT appears to be too small and to fall too
rapidly with increasingQ2. If only the leading-twist compo-
nent of the light-cone wave function5 of the r is taken into
account, then

sT;
m2

Q2sL;
1

Q6.8, ~2!

wherem is the current~light! quark mass. Although the lead-
ing twist is specified by the QCD sum rules, the next twist is
not known. However, we can make reasonable assumptions
to estimate its effect. We find that its inclusion has the effect
of replacingm2 in Eq. ~2! by a factor of the order ofmr

2 .
Even considering the uncertainties, the value predicted for
sL /sT is still much too big and has the wrongQ2 depen-
dence in comparison with the data. We elaborate the above
arguments in Sec. II.

It is frequently claimed that perturbative QCD is not ap-
plicable for sT and that its behavior is of nonperturbative
origin, see, for example, Ref.@9#. But in this case we would
expect the same slopeb as that in photoproduction and a
‘‘soft’’ W0.2 behavior. Moreover, nonperturbative QCD pre-
dicts a 1/Q8 or stronger falloff ofsT with increasingQ2.
Recall that these features are not observed in the data. A
further discussion of the nonperturbative approach is given
in Sec. III.

Here, we present a resolution of the problem, which is
based on the application of the hadron-parton duality hypoth-
esis to the production of openqq̄ pairs.6 First, we recall the
hadron-parton duality hypothesis for the processe1e2→
hadrons. In this case the hypothesis gives

K (
h

s~e1e2→g*→h!L
DM2

.K (
q

s~e1e2→g*→qq̄!L
DM2

, ~3!

that is, the total hadron production (h5r,v, . . . ), averaged
over a mass intervalDM2 ~typically ;1 GeV2), is well
represented by the partonic cross section. This duality has
been checked@11# down to the lowest values ofAs. We may,
therefore, expect the duality to apply to diffractiver electro-
production forqq̄ produced in the invariant mass interval
containing ther meson,M2&1–1.5 GeV2. In this domain
the more complicated partonic states (qq̄1g,qq̄12g,
qq̄1qq̄, . . . ) areheavily suppressed, while on the hadronic
side the 2p ~and to a lesser extent the 3p) states are known
to dominate. Thus, for lowM2 we mainly have

g*→qq̄→2p ~4!

or, in other words,

s~g* p→rp!.0.9 (
q5u,d

E
Ma
2

Mb
2 ds@g* p→~qq̄!p#

dM2 dM2,

~5!

where the limitsMa
2 andMb

2 are chosen so that they appro-
priately embrace the r meson mass region with
Mb

22Ma
2;1 GeV2. The factor 0.9 is included to allow for

v production. This duality model is predictive. In Sec. IV we
present the QCD formula for openqq̄ electroproduction via
two-gluon exchange, and in Sec. V we discuss their general
structure. In particular, we show how the scale dependence
of the gluon density softens thesL /sT;Q2 growth with
increasingQ2. The numerical predictions are presented in
Sec. VI. There we calculate diffractiveuū and dd̄ electro-
production and use the duality hypothesis to make detailed
predictions of theQ2 dependence of bothsL andsT for r
meson electroproduction at HERA; results whose general
structure was anticipated in the discussion of Sec. V.

In short, we argue that the convolution of theqq̄ wave
function~produced by theg* ), with any reasonabler meson
wave function, would yield a prediction forsT which is in
disagreement with the data. Rather, we claim thatr electro-
production proceeds viaopen uū, dd̄ production at low
M2, which has a different structure. Some long time after the
interaction with the proton, confinement distorts theqq̄ state
and forces it to be ther meson, as there are no other possi-
bilities. That is, the suppression due to the small wave func-
tion overlap^qq̄ur0& is not operative. We depict the situation
in Fig. 1.

II. STANDARD PERTURBATIVE APPROACH
TO THE Q2 BEHAVIOR OF sT,L„r…

First, we wish to sketch the derivation of the perturbative
QCD prediction forsT shown in Eq.~2!,

sT~g* p→rp!;@xg~x,Q2!#2/Q8 ~6!

for Q2@mr
2 , and to show that it is infrared stable. We must,

therefore, study theg*→r Pomeron vertex~or so-called im-
pact factor! of Fig. 1~a!, which we denote byJT . We shall
also considerJL . The factors are given by the convolution of
the wave functionscg(qq̄) and cr(qq̄). It is found that
@9,12#

Ji5 f rE dz dkT
2

«21kT
2cr

i ~z,kT
2!Bi , ~7!

with i5T or L. The quantityf r is ther meson decay con-
stant and the term«2 in the quark propagator is

5The twist of ther wave function should not be confused with
that of the operator which corresponds to thegp amplitude.
6The use of duality to predict longitudinalr production was men-

tioned in Ref.@10#.

FIG. 1. Alternative mechanisms forr meson electroproduction:
~a! involves a convolution of thecg(qq̄) andcr(qq̄) wave func-
tions, whereas~b! is based on openqq̄ production and parton-
hadron duality. At highQ2 the ‘‘Pomeron’’ exchange in this picture
really stands for the exchange of two gluons in thet channel.
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«25z~12z!Q21m2, ~8!

where m is the current quark mass.Bi are the helicity
factors7 coming from the quark loop, see Fig. 1~a!,

BL52z~12z!AQ2, ~9!

BT52m. ~10!

cr(z,kT
2) is the momentum representation of ther meson

wave function;z andkT are the Sudakov and transverse mo-
mentum components carried by one of the quarks with re-
spect to the photon. The other quark has components 12z
and2kT .

The wave functionscr
L,T decrease slowly withkT

2 and the
convergence of the integral in Eq.~7! is provided only by the
denominator«21kT

2 . We, therefore, introduce an integrated
wave function

fr
i ~z![E«2

dkT
2cr

i ~z,kT
2!, ~11!

defined by the scalem25«2 at which the integral ceases to
converge. The quantitiesfr

i are called the leading-twist,
light-coner meson wave functions and have been well stud-
ied in the framework of QCD sum rules@13,14#. As
Q2→` ~that is«2→`), we have

fr
i ~z!→6z~12z! ~12!

for both i5T,L. Their behavior at finite scales can be found
in Refs.@13,14#, but in any case thefr vanish at least as fast
as z as z→0 and as 12z as z→1. We may rewrite the
impact factors~7! in terms of the integrated wave functions
fr
i (z). We obtain

Ji' f rE dz

«2
fr
i ~z!Bi . ~13!

Finally, we must convoluteJi with theqq̄-proton interaction
amplitudeT given by the ‘‘hard’’ QCD Pomeron~or two-
gluon exchange ladder!. The amplitudeT behaves as

1

s
ImT5sq q̄2p;

xg~x,«2!

«2
;~«2!g21, ~14!

where recall that the scale is«25z(12z)Q21m2, and
whereg(x) is the anomalous dimension of the gluon. Thus,
the amplitudes forr electroproduction from transversely
( i5T) and longitudinally (i5L) polarized photons are

Ai5Ji ^T5 f rE dz

~«2!22g fr
i ~z!Bi , ~15!

which yield the followingQ2 behavior of the cross sections

sT;uATu2;@m/~Q2!22g#2;m2/Q6.8, ~16!

sL;uALu2;Q2@1/~Q2!22g#2;1/Q4.8. ~17!

For illustration, we have again set the gluon anomalous di-
mensiong50.3. We emphasize that the integral in Eq.~15!
is convergent forAT ~for anyg.0), as well as forAL . Thus,
«2;Q2 and perturbative QCD is valid not only forsL
@where we have additional convergence due toBL
;z(12z)#, but also for sT .

We note that while the prediction for the relativeQ2 de-
pendence ofsT and sL is meaningful~although not sup-
ported by the data!, the value for the ratio

sT

sL
;
m2

Q2 ~18!

~which is in gross disagreement with the data! is not a reli-
able estimate. The reason is that the currentu,d quark
masses are very small (m&7 MeV! and that, therefore, we
must consider how the non-leading-twist contribution to
cr
T(z,kT

2) will modify the prediction forsT . The nonleading
twist is not known. However, it is reasonable to assume that
instead of two variables, ther wave functioncr

T depends on
only one variable, namely, the invariant mass of theqq̄ pair8

M25
kT
2

z~12z!
, ~19!

where we neglectm2. Then, after some algebra, it is possible
to show that the impact factorJT can be written in the form
of Eq. ~15! with fr

T56z(12z), and that the helicity factor
becomes

BT52 1
2mr@z21~12z!2#, ~20!

rather than the very small ‘‘leading-twist’’ prediction given
in Eq. ~10!. The reason that we still obtain a definite predic-
tion for JT , again in terms off r , is due to the fact that this
same non-leading-twist component ofcr

T describes the decay
rT→e1e2, that is, thekT integral over the quark loop de-
scribing therT decay is the same integral that occurs in the
impact factorJT for Q2@mr

2 . In this way we are able to
normalize the nonleading twist to the observed width of the
decay, that is, to the decay constantf r .

If we estimate ther electroproduction amplitudeAT of
Eq. ~15!, using the modified form~20! of BT , then we obtain

sT

sL
5c

mr
2

Q2 , ~21!

with c;2. The precise value ofc depends on the actual
forms of fr

T,L(z) at the experimentally relevant scales,
m2;10 GeV2, which are far from the asymptotic region
wherefr

T,L(z)56z(12z). In our approximate estimate of
c;2 we have used thefr

T,L(z) wave functions of Ref.@14#.
Although a considerable improvement on Eq.~18!, the pre-
diction ~21! for the ratiosT/sL is still much smaller than the
observed ratio and, as before, decreases more rapidly with

7The vertex satisfiess channel~quark! helicity conservation. In
general, fortÞ0 we would also have off-diagonal helicity factors,
B(gT ,rL) andB(gL ,rT).

8This hypothesis is very natural from a dispersion relation view-
point @15#.
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Q2 than that indicated by the data@1,2,4#. In short, the stan-
dard perturbative QCD predictions forsT(g* p→rp) are
not in agreement with the observations.

III. NONPERTURBATIVE APPROACH
TO THE Q2 DEPENDENCE OF sT„r…

It has been argued that the main contribution tosT comes
from the nonperturbative region@9#. Let us disregard the fact
that the perturbative integral~15! is convergent forsT and
suppose that nonperturbative effects dominate. In order to
obtain nonperturbative contributions associated with small
(;m2) virtualities, we must get contributions from the end-
point regions of integration

z&m2/Q2 and 12z&m2/Q2. ~22!

Only then will we sample small scales«2;m2 and large
distancesr;1/«;1/m. However, for large distances the
quark effectively has a constituent massmq;

1
2mr and the

nonrelativistic wave function,fr
T(z);d(z2 1

2), is appropri-
ate. Certainly,fr

T(z) decreases exponentially or, at least as a
large power, asz→0 or z→1. Thus, the contribution from
the regions~22! should be strongly suppressed. Even if
fr
T(z);z(12z), as in Eq.~12!, we would obtain, from Eq.

~13! with «;m,

sT~nonpert!;F 1m2E
0

m2/Q2

dzfr
T~z!BTG2; 1

Q8 . ~23!

Thus, for the actual nonperturbative prediction we would ex-
pect an even faster falloff with increasingQ2.

IV. QCD MODEL FOR sL ,T„r…
VIA OPEN qq̄ PRODUCTION

The above discussion suggests that the problem in suc-
cessfully describingr meson electroproduction may be asso-
ciated with having to convolute with ar meson wave func-
tion, which inevitably leads to a form-factor-like suppression
of the form u^qq̄ur0&u2;1/Q4. Here, we study an alternative
and physically compelling mechanism forr electroproduc-
tion based on the production ofuū anddd̄ pairs in a broad
mass interval containing ther meson. In this mass interval,
phase space forces theseqq̄ pairs to hadronize dominantly
into 2p states, with only a small amount of 3p production.
Moreover, provided theqq̄-proton interaction does not dis-
tort the spin, we expect that the processg*→qq̄→2p will
dominantly produce 2p systems withJP512. The calcula-
tion of the diffractive electroproduction ofqq̄ pairs, there-
fore, allows, via the parton-hadron duality hypothesis, a de-
tailed prediction of the structure of r meson
electroproduction.

The formula for the diffractive production of openqq̄
pairs is given in Refs.@16,17#. For light quarks we may
safely put the current quark massm50. The process is
shown in Fig. 2. We use the same notation as in Ref.@16#, so
the scale at which the gluon distribution is sampled is de-
noted

K25z~12z!Q21kT
25

kT
2

12b
, ~24!

where the last equality follows sincez(12z)5kT
2/M2 and

b[
Q2

Q21M2 . ~25!

Note that the scaleK2 plays the role that«2 played for ex-
clusive vector meson production@cf. Eq. ~8!#, and that it
determines the transverse distancesbT;1/K that are typi-
cally sampled in the process. It is convenient to replace the
dkT

2 integration over the quark transverse momentakT in
formulas ~40! and ~41! in Ref. @16# by an integration over
dK2. Then, it is straightforward to show that these formulas
giving the gL,T* p→(qq̄)p cross sections in the forward di-
rection (t50) may be written in the form

d2sL

dM2dt
5
4p2eq

2a

3

Q2

~Q21M2!4

3E
K0
2

~1/4!~Q21M2! dK2K2

A124K2/~Q21M2!
@ I L~K

2!#2,

~26!

d2sT

dM2dt
5
4p2eq

2a

3

M2

~Q21M2!3

3E
K0
2

~1/4!~Q21M2! dK2~122bK2/Q2!

A124K2/~Q21M2!
@ I T~K

2!#2,

~27!

where a is the electromagnetic coupling. The quantities
I L,T are the integrations over the transverse momenta6l T
of the exchanged gluons~see Fig. 2!

I L~K
2!5K2E dl T

2

l T
4 aS~ l T

2! f ~x,l T
2!S 1

K2 2
1

K l
2 D , ~28!

I T~K
2!5

K2

2 E dl T
2

l T
4 aS~ l T

2! f ~x,l T
2!

3S 1

K2 2
1

2kT
2 1

K222kT
21l T

2

2kT
2K l

2 D , ~29!

wherex5(Q21M2)/W2,

FIG. 2. Diffractive openqq̄ production in high energyg* p
collisions, wherez is the fraction of the energy of the photon that is
carried by the quark. The transverse momenta of the outgoing

quarks are6kWT , and those of the exchanged gluons are6lW T .
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K l
2[A~K21l T

2!224kT
2l T

2, ~30!

and f (x,l T
2) is the unintegrated gluon distribution of the pro-

ton. We will use formulas~26! and ~27! to predictr meson
electroproduction. They involve integration over the quark
kT
2 ~or K2) and over thel T

2 of the exchanged gluons. As we
are dealing with a diffractive process we see that the cross
sections have a quadratic sensitivity to the gluon density.

It is useful to inspect the leading lnK2 approximation to
the dl T

2 integrations of Eqs.~28! and ~29!. In this approxi-
mation it is assumed that the main contributions to the inte-
grals come from the domainl T

2&K2, and so, on expanding
the integrands, we obtain9

I L
LLA5I T

LLA5
aS~K

2!

K2 EK2dl T
2

l T
2 f ~x,l T

2!5
aS~K

2!

K2 xg~x,K2!.

~31!

By analogy with Eq.~14!, we see thatI L,T are essentially the
cross sections for the (qq̄)L,T interaction with the proton. Of
course, in the calculations presented in Sec. VI we do not use
the leading log approximation, but instead we perform the
explicit dl T

2 integrations over f (x,l T
2)5]@xg(x,l T

2)#/
] lnl T

2 given in Eqs.~28! and ~29!. We treat the infrared
region using the linear approximation described in Ref.@16#
for low l T

2 values~that is,l T
2,l 0

2). We find stability of the
results to reasonable variations of the choice ofl 0

2.

V. INSIGHT INTO THE STRUCTURE
OF THE CROSS SECTIONSsL ,T

In Sec. VI we show the predictions for theQ2 behavior of
sL andsT for r electroproduction, which are obtained from
the numerical evaluation of Eqs.~26! and ~27! integrated
over ther mass region. However, it is informative to antici-
pate some of the general features of the results. First, we
study the infrared convergence of thedK2 integrations of
Eqs.~26! and ~27!. We note from the approximate forms of
I L,T in Eq. ~31! that

I i;x2l~K2!g/K2, ~32!

wherel andg are the effective exponents of the gluon de-
fined by

xg~x,K2!;x2l~K2!g. ~33!

We see that the integration~26! is infrared convergent pro-
vided thatg.0 asK2→0, whereas we requireg.0.5 to
ensure the convergence of Eq.~27!. How does the value of
g depend on K2? At high energy W ~that is,
x'Q2/W2→0), the gluong(x,K2) increases much faster as
x decreases for largeK2 (xg;x2l with l*0.3) than it does
for small K2. Thus, the effective anomalous dimensiong
increases whenx andK2 decrease. The behavior is evident in
Fig. 3 which shows the values ofg ~as a function ofx for
selectedK2), obtained from two recent sets of partons. For

example, let us take a typical valuex'Q2/W251023 rel-
evant for the measurements at HERA~say Q2510 GeV2

andW5100 GeV!. We see from Fig. 3 thatg increases from
0.3, 0.45, 0.6 to 1 asK2 decreases from about 20, 10, 5 to 2.5
GeV2. The infrared convergence requirement,g.0.5, of Eq.
~27! is, therefore, already satisfied whenK2 has decreased to
8 GeV2. In general, the behavior ofg with K2 amply pro-
vides, via Eq.~32!, the infrared convergence of Eq.~27!, as
well as that of Eq.~26!. This explains the reason why our
numerical evaluation of Eq.~27! for sT depends only weakly
on the infrared cutoff10 K0

2. Indeed, integral~26! for sL is
controlled by contributions close to the upper limit and we
expect

d2sL

dM2dt
;

~Q2!2g22l

Q6 . ~34!

This is exactly the sameQ2 behavior as the prediction~17!
for exclusiverL electroproduction; here, we have been more
precise and displayed theQ2 dependence coming from the
x(.Q2/W2) behavior of the gluon. Of course, the result~34!
is very approximate and the detailed dependence of theQ2

behavior ofsL ~as well as ofsT) on the properties of the
gluon must await the numerical predictions of Sec. VI.

Nevertheless, we can take the general discussion further
and anticipate the main features of theQ2 behavior of the
important ratiosL /sT . We first rewrite Eqs.~26! and~27! in
terms of an integration over the angles of the producedqq̄
pair. We use the polar angleu of the outgoingq in qq̄ rest
frame with respect to the incident direction of the proton.
Thus, we have

kT5 1
2M sinu, ~35!

and the square root in the denominators of Eqs.~26! and~27!
is equal to cosu. Also the factor in the numerator of Eq.~27!

9In the qualitative discussion we omit, for simplicity, factors
2b21 andb in I L

LLA and I T
LLA , respectively, which is appropriate

for Q2@M2.

10In Sec. VI we chooseK050.2 GeV, the order of the inverse
confinement radius 1 fm21.

FIG. 3. The continuous curves show the effective anomalous
dimensiong of the gluon @defined byxg(x,K2);(K2)g#, deter-
mined from the MRS~R2! set of partons@7# for K252.5, 5, 10,
and 20 GeV2. The dashed curves correspond to the values ofg for
the R4 set of partons.
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122bK2/Q25 1
2 ~11cos2u!5ud11

1 ~u!u21ud121
1 ~u!u2,

~36!

where dlm
J (u) are the conventional spin rotation matrices.

Then, Eqs.~26! and ~27! become

d2sL

dM2dt
5
4p2eq

2a

3

Q2

~Q21M2!2
1

8E21

1

d cosuud10
1 ~u!u2uI Lu2,

~37!

d2sT

dM2dt
5
4p2eq

2a

3

M2

~Q21M2!2
1

4

3E
21

1

d cosu@ ud11
1 ~u!u21ud121

1 ~u!u2#uI Tu2,

~38!

where the dependence on the rotation matrices appropriately
reflects the decay of ther meson from longitudinally and
transversely polarized states, respectively.

In the limit of no interaction with the proton~that is,
I L5I T5const, where the first equality assumesQ2@M2!,
the photon has to produce theqq̄ pair in a pure spinJ51
state. We immediately find from Eqs.~37! and ~38! that

sL

sT
5

Q2

2M2

E d cosu sin2u

E d cosu~11cos2u!

5
Q2

4M2 . ~39!

In the realistic situation, the two-gluon exchange interaction
distorts theqq̄ state produced by the ‘‘heavy’’ photon. Some
idea of the consequences of this distortion can be anticipated
from the leading log approximation~31! for I L and I T , in
which

I L5I T;
~K2!g

K2 ;
1

~sin2u!12g . ~40!

We substitute this behavior into Eqs.~37! and ~38!, and
project11 out the spin-1 components of the underlyingqq̄
production amplitudes@;d1l

1 (u)I (u) where I L5I T[I (u)
;(sin2u)g21]. We then use the identity

E
0

p

sinpu du5Ap

GS 121
1

2
pD

GS 11
1

2
pD ~41!

to evaluate the projections

c~l!5
2J11

2 E d cosu@d1l
J51~u!I ~u!#d1l

J51~u!, ~42!

assuming thatg is a constant over the region of integration.
With this assumption we find the interesting result

sL

sT
5

Q2

2M2

uc~l50!u2

uc~l51!u21uc~l521!u2
5
Q2

M2S g

g11D
2

.

~43!

The dependence ong has the effect of masking theQ2

growth of sL /sT . This can be seen by inspecting Fig. 3;
higherQ2 means largerx and both changes imply smaller
g. The projection integrals~42! for the amplitudes@with their
linear dependence onI i(u)# are more infrared convergent
than Eqs.~37! and~38!. Now, sT ~as well assL) is conver-
gent provided only thatg.0 asK2→0 ~that is, asu→0). In
fact, providedx remains sufficiently small, both thesL and
sT integrations receive their main contributions from the re-
gion K2&Q2/4, and so we should insert into Eq.~43! the
averageg sampled in thisx, K2 domain. Indeed, the de-
crease ofg with increasingK2&Q2/4 is found to consider-
ably suppress the growth ofsL /sT with increasingQ2, and
to largely remove the gross disagreement of the QCD pre-
diction with the data; see the full numerical calculation pre-
sented in Sec. VI. We may turn the argument the other way
round. Accurate measurements of the ratiosL /sT as a func-
tion of Q2 will offer an excellent way of constraining the
K2 and x behavior of the gluong(x,K2) in the region
K2&Q2/4 andx'Q2/W2. Of course, result~43!, which is
based on a constantg, is oversimplified. It is given only to
indicate the general trend. The full calculation of Sec. VI is
performed with a realistic gluon distribution and so auto-
matically allows for theK2 ~andx) dependence ofg.

We see that the projection integrals~42! converge in the
infrared region of smallK2' 1

4Q
2sin2u @that is, at smallu#

for anyg.0, even forsT @that is, forc(l561)]. Wehave
stronger infrared convergence forsL or c(l50) due to
d10
1 52sinu/A2. We also notice that the factor
I (u)51/(sin2u)12g, arising from theqq̄-proton interaction,
gives a strong peak in the forward direction.12 It means that
the distortion caused by the interaction will, in principle,
produce higher spinqq̄ states. Most probably, the higher
spin states at smallM2 are killed by confinement during the
hadronization stage as there is insufficient phase space to
create 2p states with large spin withM2&1 GeV2. In any
case, the higher spin components13 cannot affectr produc-
tion, since confinement cannot change the spin of the pro-
ducedqq̄ state. At higher energies~smallx), the anomalous
dimensiong grows and the functionI (u) is not so singular
asu→0. Therefore, in this energy domain the incoming spin
of theqq̄ system is not so contaminated byJÞ1 components
arising from the interaction with the proton. In the black disk

11To be precise, the rotation matricesDlm
J (f,u,2f) form the

orthogonal basis and we project out the componentsc(l) from the
qq̄ amplitudesD1l

1* I (u) with the matrixD1l
1 . However, thef in-

tegrations are trivial and hence the projection can be done simply in
terms ofd1l

1 .

12The height of the peak is limited by the infrared cutoff,
K050.2 GeV, provided by confinement.
13Indeed, it will be interesting to study the detailed spin decom-

position ofg*→ openqq̄ production as a function ofM2. In this
way we can investigate how the QCD ‘‘Pomeron’’ distorts the ini-
tial state and how confinement or parton-hadron duality operates in
different ~relatively small! M2 regions for the differentJP states.
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limit of the proton, when the cross section approaches the
saturation~unitarity! limit, g tends to 1 and we come back to
pureJ51 qq̄ production.

VI. NUMERICAL QCD PREDICTIONS
FOR r ELECTROPRODUCTION

We use parton-hadron duality to predictr electroproduc-
tion from the QCD formulas for openuū anddd̄ production.
To be precise we compute

sL,T~r!50.9E
~0.6 GeV!2

~1.05 GeV!2

dM2
dsL,T~J51!

dM2 , ~44!

wheredsL,T(J51)/dM2 are the spin-1 projections of open
qq̄ production of Eqs.~37! and~38!, carried out as described
in Eq. ~42!, and where the cross sections have been inte-
grated overt assuming the form exp(2butu) with the observed
slopeb55.5 GeV22 @1,2#. The factor 0.9 is included in Eq.
~44! to allow for v production. TheI L and I T integrations
over the gluon transverse momentum are computed from
Eqs.~28! and~29! as described in Ref.@16#. We checked the
stability of the results to contributions from the infrared re-
gions of thedK2 anddl T

2 integrations. First, we varied the
infrared cutoff around the valueK05200 MeV that we used
to evaluate Eqs.~26! and ~27!. Second, we explored the ef-
fect of varyingl 0

2 around the valuel 0
251.5 GeV2 that we

used to evaluate the integrals of Eqs.~28! and ~29!. Recall
that we use the linear approximation described in Ref.@16# to
evaluate the contribution from the regionl T

2,l 0
2 . We found

only a weak sensitivity to variation of the choice ofl 0
2. For

instance, reducingl 0
2 to 1 GeV2 changes the cross sections

by less than 5%. We will report on the sensitivity to variation
of K0 at the end of the section.

We begin by taking the gluon distribution from the
MRS~R2! set of partons@7#, which corresponds to a QCD
coupling which satisfiesaS(MZ

2)50.12. The parton set with
this QCD coupling, found by global analysis of deep inelas-
tic and related data~including recent HERA measurements
of F2), is favored by the Fermilab jet data withET,200
GeV @7#. We first compare our cross section predictions ob-
tained with this gluon with the data. Then, we use different
gluon distributions from several recent sets of partons to
study the sensitivity ofg* p→rp to the behavior of the
gluon.

Note that we use phenomenological gluon distributions
which are obtained from global fits to deep inelastic experi-
mental data, rather than ‘‘ab initio’’ distributions calculated
from theoretical models. Thus, the gluon distributions that
we use already incorporate absorptive effects.

There is another crucial ingredient in the calculation of
the cross section for diffractive openqq̄ production. Virtual
gluon corrections to the process shown in Fig. 2 are surpris-
ingly important. The relevant diagrams are discussed in Ref.
@16# and lead top2 enhancements of theO(aS) corrections.
If the contributions are resummed they lead to an enhance-
ment of the lowest order result by a factor exp(aSCFp), the
so-called K factor enhancement, where the color factor
CF54/3. A similar K factor is well known in Drell-Yan

production, although there the contributions come from dif-
ferent virtual diagrams@16#. For the Drell-Yan process the
enhancement can be as much as about a factor of 3. In our
case theK factor can, at present, only be estimated. It proves
to be the main uncertainty in the normalization of diffractive
qq̄ production. The major ambiguity is associated with the
choice of the argument ofaS . We take the scale to be
2K2. Since theK2 integrations are dominated by contribu-
tions towards the upper limit, this choice is equivalent to a
scale&Q2/2. With this choice we obtain the values of the
g* p→rp cross section shown by the curves in Fig. 4, which
are in reasonable agreement with the measured values. For
our choice of scale the averageK factor forsL varies from
about 3–3.7 forQ2 going from 25–10 GeV2, and is about
20–25% larger forsT ~as in this case somewhat lowerK2

values are sampled!. The cross section agreement shown in
Fig. 4 corresponds to a physically reasonable choice of scale,
and leads to a sensible range of size of theK factors. It
shows that the openqq̄ duality model forr electroproduc-
tion is at least consistent with observations. Due to the sen-
sitivity to the choice of scale, clearly the agreement cannot
be regarded as confirmation of the approach. Nevertheless, it
does imply the existence of a sizablep2 enhancement of the
Born amplitude, as was also found in the Drell-Yan process.

On the other hand, the predictions for theQ2 dependence
of the ratiosL /sT have much less ambiguity. The calcula-
tions are compared with the measurements at HERA in Fig.
5. The agreement with the data shows a dramatic improve-
ment over the QCD expectations which involve convolution
with ther meson wave function. The smallx behavior of the
gluon plays a crucial role in masking theQ2 increase antici-
pated in these earlier predictions of the ratio.

The dependence on the gluon is seen in Fig. 6 which
compares theQ2 behavior forsL /sT atW590 GeV for the
gluon distribution of several recent sets of partons
@MRS~A 8) @6#, Glück-Reya-Vogt ~GRV! @18#, MRS~R2!
@7##. We stress that the normalization of the QCD predictions
for the cross section are dependent on the choice of the mass
interval embracing ther meson and on the estimate of the

FIG. 4. The predictedQ2 dependence of the cross section for
g* p→rp compared with~a! H1 data@1# collected over the energy
range 40,W,140 GeV and~b! preliminary ZEUS data@3# in en-
ergy bins with^W&556, 81, and 110 GeV. The QCD curves for the
various values ofW are obtained using MRS~R2! partons@7#.
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K factor enhancement. On the other hand, the ratiosL /sT is
not so sensitive to these ambiguities. At this stage it is rel-
evant to study the stability of the results to variation of the
infrared cutoffK0. This we also show in Fig. 6, where we
present QCD predictions based on MRS~R2! partons for two
different choices ofK0. We see that the cross section is
hardly changed while the ratiosL /sT increases a little when
K0 is increased from 200 to 300 MeV. Such a result is to be
anticipated assT samples, on average, smallerK2 values
than those bysL . However, we see that the sensitivity of the
predictions forsL /sT to the value ofK0 is sufficiently weak
so that measurements of the ratio can give a reliable probe of
the gluon.

VII. CONCLUSIONS

We have shown that the diffractive electroproduction of
r mesons at highQ2 can be described by perturbative QCD.
Indeed, sincer production in both longitudinally and trans-
versely polarized states is being measured at HERA with
better and better precision, the processg* p→rp can serve
as an excellent testing ground for QCD. Moreover, we have
shown that it also provides a sensitive probe of the smallx
behavior of the gluon distribution.

The validity of perturbative QCD is ensured by the large
value ofQ2. This is already suggested by several features of
the existing data@1,2,4#. However, the measurements of the
ratio sL /sT do not support the behavior,

sL

sT
;

Q2

2mr
2 , ~45!

predicted from QCD by convolutingg*→qq̄ diffractive pro-
duction with our knowledge of ther meson wave function.
The main problem is that the predictions forsT are too small
and fall off too quickly with increasingQ2. We showed that
a nonperturbative approach tosT does not resolve the con-
flict with the data. Rather, we argued that on account of the
low mass of ther meson the convolution with the wave
function should be omitted. Theuū or dd̄ pairs produced in
the r mass region have, because of phase space restrictions,
little alternative but to hadronize as 2p states. Thus, a more
appropriate approach tor electroproduction is to apply the
parton-hadron duality hypothesis to openuū anddd̄ produc-
tion. Indeed, we found that this model gives a good descrip-
tion of all of the features observed for diffractiver electro-
production at HERA including, in particular, theQ2 behavior
of sL /sT . To gain insight into expectations of the model,
we first made a simple estimate based on assuming a con-
stant anomalous dimensiong. We found

sL

sT
5
Q2

M2S g

g11D
2

, ~46!

whereM is the invariant mass of theqq̄ pair andg is the
effective anomalous dimension of the gluon defined by
xg(x,K2);(K2)g, where the typical K2 sampled is
K2&Q2/4 ~approximated to be the same for bothsL and
sT). The decrease ofg with increasingQ2 masks the strong
growth shown in Eq.~45!. Of course, result~46! is greatly
oversimplified but it gives a good idea of the crucial role
played by the gluon distribution. In Figs. 4–6 we showed the
results of the full calculation. The computation is based on a
measured gluon distribution and so automatically allows for
the appropriateK2 andx dependence ofg. The figures com-
pare the detailed predictions of the model with the measure-
ments of diffractiver electroproduction at HERA. The main
uncertainty is in the normalization of the cross section. One
source is in the choice of the width of theDM2 interval over
which to apply the duality hypothesis. The second is associ-
ated with theK factor enhancement which arises from virtual
gluon corrections to openqq̄ production. The normalization
is sensitive to the choice of scale used as the argument of
aS in the calculation of theK factor. The data show evidence

FIG. 5. TheQ2 dependence of the QCD predictions for the ratio
sL /sT of the electroproduction ofr mesons (g* p→rp) in longi-
tudinal and transverse polarization states compared with the most
recent H1@1# and ZEUS@3# data. MRS~R2! partons@7# are used.

FIG. 6. The QCD predictions forW590 GeV based on three
recent sets of partons@6,7,18# compared with the recent HERA data
@1,3#. We also show the sensitivity of the predictions using the
MRS~R2! partons to the choice of the cutoffK0; the dot-dashed
curves correspond toK05300 MeV whereas all other curves cor-
respond toK05200 MeV. The dot-dashed curve in~a! essentially
coincides with the continuous curve which demonstrates the insen-
sitivity of the cross section prediction to the value ofK0, whereas
we see that the ratiosL /sT of ~b! has some dependence.
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for a K factor of about 3–4, comparable in size to theK
factor enhancement established for Drell-Yan production.

The QCD model prediction of the ratiosL /sT is essen-
tially free of the above ambiguities. Figure 6 shows that pre-
cise measurements of the ratio forr electroproduction at
different values ofQ2, and theg* p c.m. energyW, will
provide a valuable probe of the behavior of the gluon distri-
bution g(x,K2) in the kinematic domainx'Q2/W2 and
K2&Q2/4.
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