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Diffractive f and r production in a perturbative QCD model
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The elastic leptoproduction off measured by the H1 Collaboration at DESY HERA is described by a

perturbative QCD model, based on openss̄ production and parton hadron duality, proposed by Martinet al.
We observe that both the total cross section and the ratio of the longitudinal and transverse cross sections are
well reproduced with an effective strange-quark massms;3702400 MeV for various gluon distribution
functions. The possible connection of the effective mass and the momentum dependent dynamical mass
associated with dynamical breaking of chiral symmetry is discussed. Ther leptoproduction data are also well
reproduced with an effective quark mass;315 MeV.
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I. INTRODUCTION

Recently the diffractive photoproduction and leptoprodu
tion of vector mesons in electron proton collisions (e1p
→e1g!1p8→e1V1p8) has drawn considerable attentio
from experimental~see, e.g., Ref.@1#! as well as theoretica
sides@2–9#. As the cross section for the diffractive vect
meson production depends~quadratically! on the gluon dis-
tribution of the proton, it gives a unique opportunity to stu
the low x behavior of the gluons inside the proton and
investigate the transition from the perturbative to nonper
bative region. Experimental data for vector meson prod
tion at the DESYep collider HERA @1,10# in the reaction
ep→Vepare available over a wide range of the virtuality
the photonQ2, the c.m. energy ofg!p systemW, the mass of
the vector mesonsmV , and the square of the four momentu
transfert in the process. The physical picture for the vec
meson production is demonstrated through the diagram
Fig. 1. The virtual ~or real! photon fluctuates to quark
antiquark (qq̄) pairs, which interacts with the target proto
via two gluons exchange. This interaction changes the tra
verse momenta of the pair, which subsequently hadronize
a vector meson. It can be shown@11# that the time scale for
the interaction of theqq̄ with the proton is considerably
smaller than the time scale for theg!→qq̄ dissociation and
vector meson formation. This leads to the following facto
ization for the amplitude of diffractive vector meson produ
tion:

A~g!p→Vp!5cqq̄
g!

^ Aqq̄1p^ cqq̄
V , ~1!

wherecqq̄
g!

is the wave function of the virtual photon inqq̄,
Aqq̄1p is the amplitude for theqq̄-p interaction andcqq̄

V is
the vector meson wave function.

The process under consideration is governed by the s
K2;z(12z)(Q21mV

2), indicating that for largeQ2 and/or
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2 the perturbative QCD (PQCD) is applicable to descr

the diffractive vector meson production@6,12#. For the pro-
duction of heavier mesons (J/c or Y) such a process is
under control by PQCD even forQ250 ~photoproduction!.
A reliable description for the heavy vector meson product
is obtained by using Eq.~1!, which involves vector meson
wave functions@4–6,13#. These wave functions can be ob
tained by solving Schro¨dinger equation with nonrelativistic
potential model@14#. It has been argued in Ref.@15# that the
main uncertainty to the description of the light vector meso
(r) production~particularly in the transverse cross sectio!
originates from its wave function. To avoid this problem
Martin et al. @15# proposed a model based on the openqq̄
production and parton-hadron duality to describe various f
tures ofr production in diffractive processes. Subsequen
the same approach has been used to study the diffrac
J/C @16# and Y production@17#. In Ref. @18# it has been
shown that thex and Q2 behavior of the cross section fo
diffractive dissociation intoqq̄ pair and the exclusive vecto
meson production is similar forQ2/(Q21M2)→1, i.e.,
when the invariant mass of the pairM is small.

Very recently the experimental data for elastic leptop
duction off mesons at HERA have been made available
the H1 Collaboration@19#. In the present article we follow
Ref. @17# to study thef production at HERA energies. In
this approach one first calculates the amplitude for the o

FIG. 1. The diffractive vector meson production inep colli-
sions.b is the separation between the quark and the antiquark.x and
l t (x8 and 2 l t , not shown in the figure! are the Bjorken-x and
transverse momentum of the left~right! gluon, respectively.
©2001 The American Physical Society23-1
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qq̄ production, then takes the projection of the amplitude
the JP512 state appropriate for the vector meson quant
numbers and finally integrating over an invariant mass in
val such that it contains the resonance peak for the ve
meson. The sensitivity of the results on the quark mas
examined. It is found in our analysis that the experimen
data forf are well reproduced with effective quark mas
interpolated between the current and the constituent m
The description ofr data is reasonably good with qua
mass;315 MeV.

The paper is organized as follows. In the next section
discuss the model used in the present work. Section II
devoted to present the results and finally in Sec. IV we g
summary and conclusions.

II. PQCD MODEL

The differential cross section for the openqq̄ production
from a longitudinally~L! or transversely~T! polarized pho-
ton can be written as@16,20# ~see also Refs.@21,22#!,

dsL(T)

dM2 dt
5

2p2eq
2a

3~Q21M2!2E dz(
i , j

uBi j
L(T)u2, ~2!

whereeq is the charge of the quark flavorq, a is the fine
structure constant,M is the invariant mass of theqq̄ pair,
z(12z) is the light cone fraction of the photon momentu
carried by the quark~antiquark! and Bi j

L(T) is the helicity
amplitude for the dissociation of aL(T) polarized photon
into a qq̄ pair with helicitiesi and j, respectively. For trans
versely and longitudinally polarized photon the amplitud
~for t50) are given by@16#

Im B11
T 5

mqI L

2h~z!
, Im B12

T 5
2zkTI T

h~z!
,

Im B21
T 5

~12z!kTI T

h~z!
, B22

T 50,

Im B12
L 52Im B21

L 5AQ2

2
h~z!I L ,

B11
L 5B22

L 50, ~3!

whereh(z)5Az(12z) and

I L5K2EK2 dlt
2

l t
4

as~ l t
2! f ~x,x8,l t

2!S 1

K2
2

1

Kl
2D , ~4!

I T5
K2

2 EK2 dlt
2

l t
4

as~ l t
2! f ~x,x8,l t

2!S 1

K2
2

1

2kT
2

1
K222kT

21 l t
2

2kT
2Kl

2 D . ~5!

mq is the mass of the quark,kT(2kT) is the transverse mo
mentum of the quark~antiquark!, K25z(12z)Q21kT
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2 , is the scale probed by the process,Kl

2

5A(K21 l t
2)224kT

2l t
2, and as is the strong coupling con

stant.f (x,x8,l t
2) is the skewed~off-diagonal! gluon distribu-

tion unintegrated over its transverse momentuml t . x.(Q2

1M2)/(W21Q2) and x8.(M22mV
2)/(W21Q2)(!x),

which indicates that the heavier the mesons the more im
tant is the skewness. In the present article we use diag
gluon distributiong(x,l t

2) related tof (x,l t
2) as follows:

f ~x,l t
2!5

]@xg~x,l t
2!#

] ln l t
2

. ~6!

The skewness of the gluon distribution has been taken
account by multiplying the amplitudes by a factorRg @16#

Rg5

22l13GS l1
5

2
D

ApG~l14!
, ~7!

wherel;] ln@xg(x,Q2)#/] ln(1/x).
The contribution from the infrared region has been o

tained by introducing an infrared separation scalel 0
2 @20#:

I L5as~ l 0
2!xg~x,l 0

2!S 1

K2
2

2kT
2

K4 D
1K2E

l 0
2

K2 dlt
2

l t
4

as~ l t
2! f ~x,x8,l t

2!S 1

K2
2

1

Kl
2D , ~8!

and similarly

I T5as~ l 0
2!xg~x,l 0

2!S 1

K2
2

kT
2

K4D
1

K2

2 E
l 0
2

K2dlt
2

l t
4

as~ l t
2! f ~x,x8,l t

2!S 1

K2
2

1

2kT
2

1
K222kT

21 l t
2

2kT
2Kl

2 D . ~9!

The amplitudesBi j
L(T) given above are evaluated in the pr

ton rest frame. As the formation of the vector meson ta
place in the rest frame of theqq̄, it is required to transform
the helicity amplitude from the proton rest frame to theqq̄
rest frame through the transformation

Akl5(
i , j

cikcl j Bi j , ~10!

where

c115c225c1252c215A~12ab!/2, ~11!

am is the quark polarization vector in theqq̄ rest frame and
bm is the corresponding quantities in the proton rest fra
@17#.
3-2
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DIFFRACTIVE f AND r PRODUCTION IN A . . . PHYSICAL REVIEW D 63 114023
Having obtained these values for the amplitudes in theqq̄
rest frame we take the projections of these amplitudes in
JP512 states by the following equation:

Ajk
L(T)5(

J
eJ

L(T)d1b
J , ~12!

whered1b
J are the spin rotation matrices@23# andeJ

L(T) could
be obtained by inverting the above relation. The helicity a
plitude for diffractive leptoproduction of both light an
heavy vector mesons has been performed in Refs.@24,25#
and a radically different spin dependence ofS and D wave
amplitude has been obtained@26#. However, in the presen
work we will confine ourselves to theS-wave amplitude of
openqq̄ production only.

The amplitudes given in Eqs.~3! contain only the imagi-
nary part, while the real parts are obtained by using the
lation ReA5tan(pl/2) ImA @17#. In the present work the
next-leading order~NLO! correction has been taken into a
count by multiplying the amplitudes by aK factor, K
5exp(pCFas), where the scale used as the argument ofas is
2K2 andCF54/3. The absolute normalization of the vect
meson production cross section depends on the value o
K factor and the invariant mass window one selects for
integration overdM in Eq. ~2!. There is some degree o
freedom in the choice of these two quantities. However
reasonably goodQ2 behavior of the cross section and th
ratio R5sL /sT , has been obtained here by constraini
these quantities to reproduce the data at a large valu
Q2 (514 and 40 GeV2 for f and r, respectively, where
the results are less sensitive to quark mass and infrared
l 0) and kept fixed for all other values ofQ2. It is also im-
portant to mention at this point that forQ2;14 GeV2 and
the invariant mass window forf @1<M (GeV)<1.04#
here, the quantity,b@[Q2/(Q21M2)#;0.9, where the du-
ality type relationship between the exclusive vector me
production and the diffractive dissociation toqq̄ continuum
holds good as shown in Ref.@18#.

III. RESULTS

The cross section for thef production from longitudi-
nally and transversely polarized photon are obtained by i
grating Eq. ~2! ~with the amplitudes projected in theJP

512 state! over an mass interval 1.0 GeV<M
<1.04 GeV, as thef meson has been experimentally o
served in this invariant mass interval throughf→KK̄ decay
@19#. The t integration has been performed by assumingt
dependence of the cross section;exp(bt), with an average
slope,b55.2 GeV22, taken from experiment@19#.

The typical value ofx sampled in diffractivef production
for W575 GeV isx;231024. For such a low value ofx
there is a large ambiguity among various parametrization
the gluon distributions@27–29#. Therefore, we will show the
sensitivity of our results on the gluon distributions. We st
with the Glück-Reya-Vogt~GRV98! 1998~NLO! gluon dis-
tribution. In Fig. 2, theQ2 dependence of the cross section
depicted. For the strange quark massms5390 MeV, and the
infrared scalel 0

251 GeV2, the agreement between the QC
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based description and the experimental data is reason
good. The sensitivity of the cross section on the stran
quark mass is evident from the figure. The data can be fi
by appropriately increasing~decreasing! the invariant mass
interval forms5400(380) MeV, but in the present work w
prefer to fix the window in the range 1<M<1.04 GeV be-
cause of the reason mentioned earlier. With current qu
mass,ms;150 MeV, it is observed that the theoretical r
sults overestimate the data by a large amount with the ab
invariant mass window. It is also observed that the data
be well reproduced by a constantK factor ;3.5 with the
above invariant mass window and the strange quark m
;390 MeV.

We note that the experimental data is well reproduc
with the strange quark massms;390 MeV which is inter-
mediate between the constituent mass (Ms;500 MeV) and
the current mass (ms,0.120 MeV). At this point we recall
the momentum-dependent effective strange-quark m
ms(p), which interpolates between the constituent mass
the current mass, may be realized through the dynam
breaking of chiral symmetry@30–32#. In particular, for large
spacelike momentump252P2,0 (P2: large!, the operator
product expansion for the quark propagator yields
asymptotic behavior@31#

ms~P!5ms,0~m!S as~P!

as~m! D
d

1
16pas~P!

P2
u^c̄c~m!&uS as~P!

as~m! D
2d

, ~13!

whered(512/27 forNf53) is the mass anomalous dime
sion,m is the renormalization point and̂c̄c(m)& is the chi-
ral vacuum condensate.

In Fig. 3, the asymptotic form ofms(P) as a function of
the spacelike momentumP is shown, wherems,0(2 GeV)
5118.9612.2 MeV, mu,0(2 GeV)53.560.4 MeV,
md,0(2 GeV)56.360.8, andmp

2 f p
2 .2(mu1md)^c̄c& are

FIG. 2. Diffractivef production cross section as a function
Q2 at HERA for GRV98~NLO! gluon distribution and for three
values of the strange quark masses,ms5380, 390, and 400 MeV.
The c.m. energy of theg!p system is W575 GeV and l 0

2

51 GeV2.
3-3
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taken from Narison@33#. To obtainms(P) for an entire do-
main of spacelike and timelike momenta, one needs to s
the Schwinger-Dyson equation for quark propagator w
suitable assumption on the gluon propagator and the qu
gluon vertex at low energies~see, e.g., Refs.@32,34,35#!. In
that case,ms(P) is expected to be a smooth interpolatio
between the asymptotic behavior Eq.~13! at largeP2 and the
constituent massMs.500 MeV atP;0. In our diffractive
process, we needms(P) in the entire domain ofP in prin-
ciple, since the quarks with spacelike momentum are initia
produced by the spacelike photon (Q2,0) and they eventu-
ally become timelike after thekick by the gluons inside the
proton ~see Fig. 1!. The quark mass, we have found in o
analysis,ms;390 MeV, which is smaller thanMs but is
larger thanms,0 , may thus be interpreted as an effecti
mass averaged over momentum relevant for the diffrac
process shown in Fig. 1.

In Fig. 4 we show the ratioR5sL /sT as a function of
Q2. The theoretical calculation shows the correct trend. P
ting the constraint on the strange quark mass and the infr
scale from the experimental data shown in Fig. 2, we eva

FIG. 3. The variation of the strange quark mass as a functio
P2 in the spacelike domain taking into account the uncertainty
the current massesmu,0(2 GeV)53.560.4 MeV, md,0(2 GeV)
56.360.8 MeV, andms,0(2 GeV)5118.9612.2 MeV ~see text!.
These current masses are taken from Ref.@33#.

FIG. 4. The ratio R5sL /sT as a function of Q2 for
GRV98~NLO! gluon distribution forl 0

251 GeV2.
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ate theW dependence of the cross section for various val
of Q2. The agreement between the experimental data~taken
from Ref. @1#! and the theoretical calculation is satisfactor
as shown in Fig. 5. In Fig. 6 we show the results for vario
values of l 0

2 with ms5390 MeV. Results obtained forl 0
2

51.5 and 2 GeV2 start deviating from the experimenta
value at smallQ2.

In Fig. 7 we show theQ2 behavior of the cross section fo
different gluon distribution functions. The value of the infr
red scalel 0

2 and strange quark massms are 1.5 GeV2 and
370 MeV, respectively. Although GRV98~NLO! gluon dis-
tribution overestimates, the predictions with Martin-Rober
Stirling-Thorne 1999~MRST99! and CTEQ5M gluon distri-
butions are in agreement with the experimental results.

With smaller values ofms;150 MeV, however, we fail
to describe the data provided the invariant mass window
kept fixed at 1<M<1.04 GeV, where thef has been mea
sured experimentally. Figure 8 indicates the variation
sL /sT as function ofQ2 for CTEQ5M, GRV98~NLO!, and
MRST gluon distributions, the ratio seems to be less se
tive to the parametrization of the gluon distributions.

In Fig. 9 we show the elastic leptoproduction cross s
tion of r meson forW575 GeV as a function ofQ2. The

of
f

FIG. 5. The cross section forf production as a function ofW
for Q25 2.5 ~solid line!, 8.3 ~dashed line!, and 14.6 GeV2 ~dotted
line! for GRV98~NLO! gluon distribution with l 0

251 GeV2 and
ms5390 MeV.

FIG. 6. The cross section forf production as a function ofQ2

for W575 GeV with GRV98~NLO! gluon distribution forl 0
251

~solid line!, 1.5 ~dashed line!, and 2 GeV2 ~dotted line! with ms

5390 MeV.
3-4
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DIFFRACTIVE f AND r PRODUCTION IN A . . . PHYSICAL REVIEW D 63 114023
theoretical result is obtained by integrating over the invari
mass window 0.63<M (GeV)<1.08 with effective quark
mass, mu5md[mq5315 MeV and l 0

251.5 GeV2. The
slope parameter for thet dependence is taken as 5.5 GeV22

@36#. The theoretical prediction describe the data well up t
value ofQ2 as low as;1 GeV2. It is observed that the dat
cannot be reproduced with quark massmq;100 MeV or
below for low value ofQ2. For Q2.5 GeV2 the cross sec-
tion is not sensitive to the value ofl 0

2 which is in agreemen
with Ref. @15#, but for lowerQ2 the result is sensitive tol 0

2.
In Fig. 10 we depict the ratiosL /sT for r. Although

experimental data@36# shows a tendency of saturation
higher Q2, the theoretical results indicate a slow grow
However, inclusion of quark off-shellness and Fermi moti
lead to the saturation at higherQ2 @7#. It is also evident from
Fig. 10 that for lowQ2, current quark mass cannot reprodu
the data. We recall that an effective quark mass;280 MeV
has recently been used to extract the dipole cross sec
from photo and leptoproduction data@37# and the importance
of an effective quark mass has been emphasized for
value ofQ2.

FIG. 8. The ratioR5sL /sT as a function ofQ2 for various
parametrizations of the gluon distribution function withms

5370 MeV andl 0
251.5 GeV2.

FIG. 7. Diffractive production off at HERA for various param-
etrizations of gluon distribution function.ms5370 MeV and l 0

2

51.5 GeV2 are adopted.
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IV. SUMMARY AND CONCLUSIONS

We have studied the diffractivef production at HERA
energies measured by the H1 Collaboration within the am
of PQCD model based on parton hadron duality. The effe
of the off-diagonal gluon distribution and the NLO corre
tions through theK factor have been incorporated. The se
sitivity of the results on the infrared separation scale and
various parametrizations of the gluon distribution have be
discussed. It is found that, with reasonable choice of
infrared scale, the total cross section and the ratiosL /sT are
well described in the present framework with an effecti
strange quark massms;3702400 MeV. Such a value of
the strange quark mass, which lies between constituent
current quark masses may be closely related to
momentum-dependent dynamical mass associated with
dynamical breaking of chiral symmetry in QCD. For the le
toproduction ofr, at low values ofQ2, the effects of quark
mass have also been emphasized.

FIG. 9. r production cross section as function ofQ2, for MRST
gluons for mq5315 MeV and l 0

251.5 GeV2. Data taken from
Ref. @36#.

FIG. 10. The ratioR5sL /sT for r as a function ofQ2 for
MRST parametrization of the gluon distribution function withmq

5315, 100, and 10 MeV forl 0
251.5 GeV2. Data taken from

Ref. @36#.
3-5
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