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Electromagnetic transition form factors of light mesons
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We study selected meson transition processes and associated form factors within a model of QCD based on
the Dyson-Schwinger equations truncated to the ladder-rainbow level. The infrared structure of the ladder-
rainbow kernel is described by two parameters, the ultraviolet behavior is fixed by the one-loop renormaliza-
tion group behavior of QCD. The work is restricted to theu andd quark sector and allows a Poincare´-covariant
study of the radiative decaysr→pg, v→pg, andp0→gg. Particular attention is paid to the form factors for
the associated transitionsg* p0→g, g* p0→g* , g* p→r, and g* r→p. The latter two processes are of
interest as contributors to meson electroproduction from hadronic targets away from thes-channel resonance
region. We use the present QCD model to explore limitations to the assumption that coupling to at-channel

virtual q̄q correlation can be modeled as meson exchange.
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I. INTRODUCTION

At a soft scale, the electromagnetic content of hadr
reveals the distribution of current generated by the inter
ing constituent dressed quarks. This useful insight into n
perturbative hadron dynamics is expressed in terms of e
tromagnetic form factors obtained from exclusive proces
such as elastic lepton scattering or leptonic transitions
specific hadronic states. At a hard scale, typified by pres
deep inelastic scattering experiments, much of the final s
nonperturbative dynamics is reflected in the initial distrib
tions of quark and gluon partons, which are probed per
batively. The unraveling of this information from structu
functions will require a connection with nonperturbati
QCD calculations and models. Although some lattice QC
studies have begun to produce moments of structure fu
tions @1,2#, the opportunities are very limited at present. Us
ful quantities for calibration of models of QCD are the ele
tromagnetic elastic and transition form factors of hadrons

The most extensive hadronic models were designed
study the mass spectrum and decays, and often contain
ments that limit their use for developing electroweak fo
factors. Examples include nonrelativistic kinematics, a la
of manifest Poincare´ covariance, no quark sea, no dynamic
gluons, no QCD renormalization group behavior for evo
tion of scale, and no confinement of quarks. Covariant re
tivistic field theory models that are simpler than QCD, b
respect dynamical chiral symmetry breaking, have long b
utilized for the modeling of soft physics such as the hadro
mass spectrum. For example, such progress has bee
viewed within the Nambu–Jona-Lasinio model@3# and the
global color model@4,5#. In the case of the latter, soft elec
tromagnetic form factors of mesons and meson transiti
have been considered@5#. For hard electromagnetic pro
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cesses, studies of deep inelastic scattering within
Nambu–Jona-Lasinio model@6,7# have helped clarify some
of the issues confronting work within a quark field theo
format.

Here we summarize recent progress in the soft QCD m
eling of light meson electromagnetic transition form facto
based on the set of Dyson-Schwinger equations~DSEs! of
the theory@8,9#. The model we apply here has been pre
ously shown to give an efficient description of the mas
and electroweak decays of the light pseudoscalar and ve
mesons@10,11#. Here we work in theu and d quark sector
and treat electromagnetic processes involvingp, r, andv.
This covariant approach accommodates quark confinem
and implements the QCD one-loop renormalization gro
behavior. The performance of this model for deep inelas
scattering phenomena can be gauged from that of a sim
fied version that has recently produced excellent results
the pion valence quark distribution amplitude@12#.

An issue that arises in studies of electromagnetic inter
tions with hadrons is vector meson dominance~VMD !.
Within a quark-gluon model that dynamically produces t
vector meson pole in the dressed photon-quark vertex,
validity and effectiveness of extrapolating such a mechan
to nearby momentum domains can be tested. The pion ch
radius and low-Q2 charge form factor have recently bee
explored from that perspective@13#. The empirical effective-
ness of the simple VMD assumption in that case is mu
greater than its faithfulness to the underlying dynamics
similar example is found here in the transitiong* p0→g.
The vector meson resonance pole term extrapolated to
photon point produces an estimate of ther radiative decay
coupling constantgrpg in terms of thep decay coupling
constantgpgg , which is accurate to within a few percen
For a large range of spacelike momentum, we find the sh
of the form factor for this transition to be consistent with
monopole with mass scalemr ; this is also consistent with
analyses of the asymptotic behavior.
©2002 The American Physical Society11-1
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When a process like the above involves aq̄q correlation
with a spacelike invariant mass, there arises the questio
how accurately it can be modeled by meson exchange w
the meson is a bound state defined at a unique~timelike!
invariant mass. This question is here brought into shar
focus by examination of form factors for transition proces
g* MM 8 that arise in meson exchange models@14#. HereM

is a virtual t-channelq̄q correlation such as might be pro
vided by a hadronic target andM 8 is a produced physica
meson. Our model of the underlying quark-gluon dynam
is used to investigate the extent to which the virtuality ofM
influences theg* MM 8 form factor that should be employe
in meson exchange models, given that the emplo
t-channel propagator forM is of the standard point meso
type. We consider the cases whereM can be a vector or a
pseudoscalar. The domain of accuracy of the meson
change assumption is explored.

In Sec. II we use the generic coupling of a pseudosc
bosonic object to a pair of vector bosons in the impu
approximation to define our notation. There we introduce
required dressed-quark propagator from the QCD quark D
in the rainbow approximation, and the required vertex a
plitudes from the Bethe-Salpeter equation~BSE! in ladder
approximation. We also outline there the phenomenolog
infrared content and parametrization of the model and s
marize the resulting pseudoscalar and vector meson pro
ties. We specialize to thepgg process in Sec. III, discussin
both the coupling constant and two different transition fo
factors and their asymptotic behavior. In Sec. IV therpg
coupling is discussed from three different aspects: the c
pling constants and widths for radiative decay ofr and v,
the form factor for theg* p→r transition, and the form
factors forg* P→r andg* V→p, whereP andV are virtual
q̄q objects having the quantum numbers of ground s
pseudoscalar and vector mesons, respectively. Here the
nection tot-channel meson exchange is explored. A summ
can be found in Sec. V.

II. PSEUDOSCALAR-VECTOR-VECTOR PROCESSES
IN THE IMPULSE APPROXIMATION

Here we analyze pseudoscalar-vector-vector proce
~PVV! characterized by a generic PVV vertex, which,
QCD in the impulse approximation, is described by t
quark loop integral

Lmn
PVV~P;Q!5NcE

q

L

Tr@Sa~qa!GP
ab̄~qa ,qb!Sb~qb!

3Gm
bc̄~qb ,qc!S

c~qc!Gn
cā~qc ,qa!#. ~1!

Here GP
ab̄(qa ,qb) is the pseudoscalar vertex function for

pseudoscalar coupling to an outgoing quark with momen
qa and flavora5u,d, and an incoming quark with momen
tum qb and flavorb5u,d; similar definitions hold for the
two vector vertex functionsGm and Gn . The external mo-
menta areQ5qc2qa andP5qb2qc for the vector vertices
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and K52(P1Q)5qb2qa for the pseudoscalar vertex, a
flowing into the triangle diagram.

The notation*q
L[*Ld4q/(2p)4 stands for a translation

ally invariant regularization of the integral, withL being the
regularization mass scale. The regularization can be remo
at the end of all calculations, by taking the limitL→`. It is
understood that the same regularization is applied to the
culated dressed-quark propagatorsS(q) and vertex functions
G appearing in Eq.~1!, and that the quark propagators a
renormalized at a convenient spacelike momentum scale
fore taking the limitL→`.

This generic PVV vertex can be specialized in an obvio
way to such processes as thep0→gg decay, radiative de-
cays such asr→pg, and transitions such asg* p→r. In
general, one has to add loop integrals corresponding to
different orderings of the vertices and the various flav
labeled components of neutral mesons, in order to get
vertex describing an actual physical process.

The form factor associated with the generic PVV vertex
identified from the general form

Lmn
PVV~P;Q!5CFPVV~@P1Q#2,P2,Q2!emnrsPrQs ~2!

normalized in such a way thatFPVV51 for on-shell external
momenta; the constantC contains the coupling constant, to
gether with numerical factors such as isospin, symmetry f
tors, factors ofp from the integration measure and so o
This will be made clear for specific cases discussed la
Note that from the three external momenta (P,Q,K), two of
which are independent, there are several choices for the
dependent Lorentz scalar quantities that a form factor
pends on. The choice of form factor variables will be d
tated by the process in question. The form in Eq.~2!
facilitates a study of the dependence upon the moment
the vector objects. To study the dependence upon the
mentumK52(P1Q) of the pseudoscalar object, we wou
take advantage of the antisymmetry of thee tensor to use

Lmn
PVV~2@Q1K#;Q!

5CFPVV~K2,@K1Q#2,Q2!emnrsQrKs . ~3!

For electromagnetic interactions, electromagnetic curr
conservation is manifest if the approximations used for
dressing of the quark propagators, meson Bethe-Salpeter
plitudes~BSAs!, and the quark-photon vertices are dynam
cally consistent with the approximation used for the photo
hadron interaction. The ladder-rainbow truncation of t
DSE and BSE, in combination with the impulse approxim
tion for the photon-meson coupling, satisfies this consiste
requirement@15#.

A. Dyson-Schwinger equations

The DSE for the renormalized quark propagator in E
clidean space is
1-2
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S~p!215 iZ2p”1Z4mq~m!

1Z1E
q

L

g2Dmn~k!
la

2
gmS~q!Gn

a~q,p!, ~4!

whereDmn(k) is the dressed-gluon propagator,Gn
a(q,p) the

dressed quark-gluon vertex, andk5p2q. The most genera
solution of Eq.~4! has the formS(p)215 ip”A(p2)1B(p2)
and is renormalized at spacelikem2 according toA(m2)51
and B(m2)5mq(m) with mq(m) being the current quark
mass. We use the Euclidean metric where$gm ,gn%52dmn ,
gm

† 5gm , anda•b5( i 51
4 aibi .

Mesons can be studied by solving the homogeneous B
for qaq̄b bound states,

GH
ab̄~p1 ,p2!5E

q

L

K~p,q;P! ^ Sa~q1!GH
ab̄~q1 ,q2!Sb~q2!,

~5!

where a and b are flavor indices,p15p1hP and p25p
2(12h)P are the outgoing and incoming quark momen
respectively, andq6 is defined similarly. The kernelK is the
renormalized, amputatedqq̄ scattering kernel that is irreduc
ible with respect to a pair ofqq̄ lines. This equation has
solutions at discrete values ofP252mH

2 , wheremH is the
meson mass. Together with the canonical normalization c
dition for qq̄ bound states, it completely determinesGH , the
bound state BSA. The different types of mesons, such
pseudoscalar, vector, etc., are characterized by diffe
Dirac structures. The most general decomposition for ps
doscalar bound states is@10#

GPS~q1 ,q2!5g5@ iE~q2;q•P;h!1P” F~q2;q•P;h!

1k”G~q2;q•P;h!1smnPmqnH~q2;q•P;h!#,

~6!

where the invariant amplitudesE, F, G, andH are Lorentz
scalar functions ofq2 andq•P. For charge eigenstates, the
amplitudes are appropriately odd or even in the charge pa
odd quantityq•P. In the case of the 021 pion, for example,
the amplitudeG is odd inq•P, the others are even. Note als
that these amplitudes explicitly depend on the momen
partitioning parameterh. However, so long as Poincare´ in-
variance is respected, the resulting physical observables
independent of this parameter@15#.

The meson BSAGab̄ is normalized according to the ca
nonical normalization condition

2Pm5Nc

]

]Pm
TrH E

q

L

Ḡbā~ q̃8,q̃!Sa~q1!Gab̄~ q̃,q̃8!Sb~q2!

1E
k,q

L

x̄bā~ k̃8,k̃!K~k,q;P!xab̄~ q̃,q̃8!J ~7!

at P25Q252mH
2 , with q̃5q1hQ,q̃85q2(12h)Q, and

similarly for k̃ and k̃8. For vector mesons, it is understoo
04521
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that one must contract and average over the Lorentz ind
of the~transverse! BSAs to account for the three independe
polarizations.

We will later need the following exact expression for th
pion decay constantf p :

f pPm5Z2NcE
q

L

Tr@g5gmS~q1!Gp~q1 ,q2!S~q2!#.

~8!

Since a massive vector meson bound state is transve
the BSA requires eight covariants for its representation.
choose the transverse projection of the form

Gm~q1 ,q2!5gmV11qmq”V21qmP” V31g5emanbgaqnPbV4

1qmV51smnqnV61smnPnV7

1qmsabqaPbV8 . ~9!

This form is a variation of that used in Ref.@11#, which is
simpler and easier to use in many respects. The invar
amplitudesVi are Lorentz scalar functions ofq2 and q•P
and again, for charge eigenstates, they are either odd or
in q•P. For the 122r meson,V3 andV6 are odd, the other
amplitudes are even.

The quark-photon vertex isG̃m
a 5Q̂aGm

a , whereQ̂a is the
a-quark electric charge and the amplitudeGm

a is normalized
so that its bare~UV! limit is gm . The vector vertexGm

a with
total momentumQ5p12p2 satisfies the inhomogeneou
BSE

Gm
a ~p1 ,p2!5Z2gm1E

q

L

K~p,q;Q!

^ Sa~q1!Gm
a ~q1 ,q2!Sa~q2!, ~10!

where we ignore the possibility of flavor mixing in the ke
nel. There are 12 invariant amplitudes needed to repre
the quark-photon vertex. The four longitudinal ones can
expressed directly in terms of the quark propagator am
tudes via the vector Ward-Takahashi identity~WTI!; the
eight transverse amplitudes are defined by a decompos
of the form of Eq.~9! and are obtained from solutions of Eq
~10! as discussed in Ref.@13#. For timelikeQ2 near the po-
sition of a vector meson bound state with massmV

2 , the
transverse part of the quark-photon vertex has the reson
pole behavior@13#

Gm
a ~p1 ,p2!→ f VmV

Q21mV
2

Gm
aāV~p1 ,p2!, ~11!

where f V is the electroweak decay constant of the vec
meson.

B. Model truncation

We employ the model that has been developed rece
for an efficient description of the masses and decay const
of the light pseudoscalar and vector mesons@10,11#. This
1-3
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consists of the rainbow truncation of the DSE for the qu
propagator and the ladder truncation of the BSE for the m
sons. The required effectiveq̄q interaction has a phenomeno
logical infrared behavior and reduces to the perturba
QCD running coupling in the ultraviolet region@10,11#. In
particular, the rainbow truncation of the quark DSE, Eq.~4!,
is

Z1g2Dmn~k!Gn
i ~q,p!→G~k2!Dmn

free~k!gn

l i

2
, ~12!

where Dmn
free(k5p2q) is the free gluon propagator in th

Landau gauge. The consistent ladder truncation of the B
Eq. ~5!, is

K~p,q;P!→2G~k2!Dmn
free~k!

l i

2
gm ^

l i

2
gn , ~13!

wherek5p2q. These two truncations are consistent in t
sense that the combination produces vector and axial-ve
vertices satisfying the respective WTIs. In the axial case,
ensures that in the chiral limit the ground state pseudosc
mesons are the massless Goldstone bosons associated
chiral symmetry breaking@10,16#. In the vector case, this
ensures electromagnetic current conservation if the imp
approximation is used to describe the meson electromagn
current or charge form factor@15#. Furthermore, this trunca
tion was found to be particularly suitable for the flavor oc
pseudoscalar and vector mesons, since the next-order co
butions in a quark-gluon skeleton graph expansion hav
significant amount of cancellation between repulsive and
tractive corrections@17#.

The model is completely specified once a form is cho
for the ‘‘effective coupling’’ G(k2). We employ the ansatz
@11#

G~k2!

k2
5

4p2Dk2

v6
e2k2/v2

1
4p2gmF~k2!

1
2 ln@t1~11k2/LQCD

2 !2#
,

~14!

with gm512/(3322Nf) and F(s)5@12exp(2s/4mt
2)#/s.

The ultraviolet behavior is chosen to be that of the QC
running couplinga(k2); the ladder-rainbow truncation the
generates the correct perturbative QCD structure of the D
BSE system of equations. The first term implements
strong infrared enhancement in the region 0,k2,1 GeV2

phenomenologically required@18# to produce a realistic
value for the chiral condensate. We usemt50.5 GeV, t
5e221, Nf54, LQCD50.234 GeV, and a renormalizatio
scalem519 GeV, which is well into the perturbative do
main @10,11#. The remaining parameters,v50.4 GeV and
D50.93 GeV2 along with the quark masses, are fitted
give a good description of the chiral condensate,mp/K and
f p .

Within this model, the quark propagator reduces to
one-loop perturbative QCD propagator in the ultraviolet
gion. In the infrared region both the wave function renorm
ization Z(p2)51/A(p2) and the dynamical mass functio
M (p2)5B(p2)/A(p2) deviate significantly from the pertur
04521
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bative behavior, due to chiral symmetry breaking. Rec
comparisons@19,20# of results from this rainbow DSE mode
to lattice QCD simulations@21,22# provide semiquantitative
confirmation of the behavior generated by the present D
model: a significant enhancement ofM (p2) and a modest
enhancement ofA(p2) below 1 GeV2.

The vector meson masses and electroweak decay
stants produced by this model are in good agreement w
experiments@11#, as can be seen from Table I. Without an
readjustment of the parameters, this model agrees rem
ably well with the most recent Jlab data@24# for the pion
charge form factorFp(Q2). Also the kaon charge radii an
electromagnetic form factors are well described@15,25#. The
strong decays of the vector mesons into a pair of pseu
scalar mesons are also well described within this mo
@26,27#.

III. THE pgg TRANSITION

The symmetrized invariant amplitude for the coupling
a pion with momentumK52(Q11Q2) to a pair of photons
with helicities l1 and l2 and momentaQ1 and Q2 has the
form M l1l25em

l1Lmn
Pggen

l2 , whereem
l is a photon polariza-

tion vector. With consideration of the two flavor-labele
components of the neutral pion and the two orderings
photons, the vertex can be decomposed as

Lmn
p0gg5

2

A2
@~Q̂u!2Lmn

u 2~Q̂d!2Lmn
d #, ~15!

whereQ̂a is the electric charge of thea-flavored quark. Here
Lmn

a is the vertex contribution from a given ordering of th

photons and from the flavor componentaā of the p0. The
factor of A2 in the denominator comes from the flav
weights in thep0 state, (uū2dd̄)/A2, and the factor of 2 in

TABLE I. Overview of the results of the model for the meso
masses and decay constant, adapted from Refs.@10,11#.

Experiment@23# Calculated
~estimates!

mm51 GeV
u5d 5–10 MeV 5.5 MeV

mm51 GeV
s 100–300 MeV 125 MeV

2^q̄q&m51 GeV
0 (0.236 GeV)3 (0.241a)3

mp 0.1385 GeV 0.138a

f p 0.131 GeV 0.131a

mK 0.496 GeV 0.497a

f K 0.160 GeV 0.155
mr 0.770 GeV 0.742
f r 0.216 GeV 0.207
mK* 0.892 GeV 0.936
f K* 0.225 GeV 0.241
mf 1.020 GeV 1.072
f f 0.236 GeV 0.259

aFitted values.
1-4
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the numerator comes from a summation over the two ord
ings of the photon vertices. Isospin symmetry givesLmn

u

5Lmn
d , thus we haveLmn

p0gg5A2Lmn
u /3. The impulse ap-

proximation result for the vertexLmn
u is

Lmn
u ~Q1 ;Q2!5e2NcE

k

L

Tr@S~q2!Gp~q2 ,q1!S~q1!

3 iGm~q1 ,k!S~k!iGn~k,q2!#, ~16!

with q15k1Q1 and q25k2Q2. The result is independen
of the choice of integration variable, and this provides a u
ful check on numerical methods.

The form factor that we associate with this process
defined from@28#

Lmn
p0gg~Q1 ;Q2!5

A2

3
Lmn

u ~Q1 ,Q2!

5
2iaemgpgg

p f̃ p

emnrsQ1rQ2sFpgg~Q1
2 ,Q2

2!,

~17!

where f̃ p5 f p /A2592 MeV and the fine structure consta
is aem5e2/4p. The Lorentz scalarQ1•Q2 does not occur as
a third argument of the form factor since the pion mass-s
constraint fixes it in terms of those shown. The form fac
so defined has the normalizationFpgg(0,0)51 so thatgpgg

is the coupling constant. For on-shell photons,Q1
25Q2

250,
this vertex describes the neutral pion decay and the ass
ated width is

Gp0gg5
gpgg

2 aem
2 mp

3

16p3 f̃ p
2

. ~18!

This decay is governed by the axial anomaly, which lead
gpgg

0 51/2 in the chiral limit. For example, the correspondi
decay width produced by Eq.~18! is G57.7 eV, while the
experimental value isG57.8 eV.

A consistent ladder-rainbow truncation of the DSE-BS
system of equations preserves the symmetry constraints
dictate this anomaly@29,30#. Our approach indeed repro
duces the correct neutral pion decay width. The differenc
the coupling constant produced by the finite size ofmp is
less than 2%, which is our estimate of our numerical ac
racy. Since the decay width is very sensitive tomp , we use
the experimentalmp to convert the experimental width to th
coupling constantgpgg

expt50.50160.018; our theoretical resul
is gpgg

th 50.502.

A. g* pg transition form factor

For one on-shell photon, we can define a transition fo
factor Fg* pg(Q2)5Fpgg(Q2,0) for the processg* p→g,
which has been measured by the CELLO and CLEO C
laborations@31,32#. Our numerical results for this form fac
tor are presented in Fig. 1, and agree very well with
04521
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available data.1 The corresponding interaction radius, defin
by r 2526F8(0), is r pgg

2 50.39 fm2. This is in much better
agreement with the experimental estimate@31# of r pgg

2

50.4260.04 fm2 than an earlier theoretical result@28#
within the present DSE framework that had a considera
greater reliance upon phenomenological elements.

Our numerical results indicate that this form factor is
almost perfect monopole, and can be simulated very wel
a VMD formula F(Q2)5mr

2/(Q21mr
2) with a r-meson

mass scalemr
250.59 GeV2 over the entire momentum rang

shown. With use of perturbative QCD and factorization
the lightfront, Lepage and Brodsky@34# showed that this
form factor behaves likeQ2F(Q2)→8p2 f̃ p

2 50.674 GeV2

in the asymptotic spacelike region (Q2.0 here!. Our results
indicate a slightly lower asymptotic mass scale, see Fig
We will discuss the asymptotic behavior further in Sec. III
below.

B. Equal photon momenta

Next, we consider thep0g* g* form factor, correspond-
ing to an on-shell pion, and two off-shell photons that ha
equal spacelike virtualitiesQ2. Although experimental data
are not available for this equally virtual configuration, it
interesting from a theoretical point of view.

At low Q2 this g* p→g* form factor is reasonably wel
represented by a dipole, in contrast to theg* p→g case,
which is an almost perfect monopole, see Fig. 2. This dip
behavior is consistent with VMD; in the symmetric ca

1
The present numerical procedures are an improvement over t

used to obtain the first results forFpgg(Q2) within this model,
reported for lowQ2 only in Ref. @33#. In particular the presen
result is about 15% higher near 1 GeV2 due to the inclusion of all
12 Dirac covariants of the quark-photon vertices and suffici
terms in the Chebyshev polynomial expansion@15# of theq•Q ~and
q•P) dependence of each vertex function.

FIG. 1. Our results for theg* p→g form factor, together with a
simple VMD monopole with mass scalemr

250.59 GeV2, a mono-
pole based on the Lepage-Brodsky asymptotic form 0.674/(Q2

10.674), and data from CLEO@32# and CELLO@31#.
1-5
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VMD leads to dipole behavior since both photons beha
like 1/(Q21mr

2) near ther pole. However, for spacelike
momenta of aboutQ2.0.5 GeV2, the influence of the vec
tor meson resonance has weakened considerably and th
havior becomes increasingly a monopole form. This can
seen more clearly in Fig. 3.

C. Asymptotic behavior

As pointed out recently@35#, it is convenient to discuss
the asymptotic behavior of this form factor with reference
the following form produced by the light-cone operator pro
uct expansion@34,36#:

FIG. 2. Our DSE results for the symmetricg* p→g* form
factor at low momentum together with a simple VMD dipole wi
mass scalemr

250.59 GeV2. For comparison, theg* p→g form
factor F(Q2,0) and the corresponding VMD monopole from Fig.
are also shown.

FIG. 3. Our DSE results for the symmetricg* p→g* form
factor, compared to the derived asymptotic 1/Q2 behavior. Note that
f p5131 MeV. The naive VMD model suggests a dipole behav
which is correct only in the infrared.
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F~Q1
2 ,Q2

2!→4p2 f̃ p
2 H J~v!

Q1
21Q2

2
1OS as

p
,

1

~Q1
21Q2

2!2D J .

~19!

Here v is the photon asymmetry (Q1
22Q2

2)/(Q1
21Q2

2). In
light front QCD J(v) is related to the leading twist pion
distribution amplitudefp(x) by

J~v!5
4

3E0

1 dx

12v2~2x21!
fp~x!. ~20!

The normalization offp(x) immediately givesJ(0)54/3
for the case of equal photon virtuality. Since a correspond
result does not exist forv51, one expects more model de
pendence for that asymmetric case.

Within the present DSE-based approach, it is straight
ward to analyze the asymptotic behavior for equal virtual
From Eq.~16! with photon momentaQ15P2K/2 andQ2
52P2K/2 and pion momentumK, we have

Lmn
u ~Q1 ;Q2!52e2NcE

q

L

Tr@S~q1!Gp~q1 ,q2!S~q2!

3Gm~q2 ,q̃!S~ q̃!Gn~ q̃,q1!#, ~21!

whereq65q6K/2 andq̃5q1P. The pion mass-shell con
dition coupled withmp being negligible compared to th
other scales leads to the asymptotic domain being chara
ized by Q1

25Q2
2.P2@K2. In this perturbative domain, we

have

Gm~q2K/2,q1P!S~q1P!Gn~q1P,q1K/2!

→Z2
2gmS0~q1P!gn

52 iZ2emnabg5gaPb /P21•••, ~22!

whereZ2 is the renormalization constant appearing in Eq.~4!
for the dressed-quark propagator, and the terms not sh
make only subleading contributions to the final result. Th
the asymptotic behavior of the impulse approximation ver
in Eq. ~21! is

Lmn
u ~Q1 ;Q2!5 ie2Z2Ncemnab

Pb

P2

3E
q

L

Tr@S~q1!Gp~q1 ,q2!S~q2!g5ga#.

~23!

Noting that the integral produces the pion decay constanf p

via Eq. ~8!, we find from Eq.~17! the asymptotic result

F~Q1
2 ,Q2

2!→
16p2 f̃ p

2

3~Q1
21Q2

2!
, ~24!

or in other words,J(0)54/3.
,

1-6
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Our numerical calculation reproducesJ(0)54/3 within
numerical accuracy as can be seen from the dashed cur
Fig. 3, whereQ1

25Q2
25Q2. In this figure we also show tha

in the asymptotic region, results employing the dress
quark-photon vertices obtained from the solution of the l
der BSE approach rapidly the results obtained with bare
tices. This confirms the key approximation used to obtain
~23! for the analytic extraction of the asymptotic behav
within the DSE approach.

Now we return to the experimentally accessible asymm
ric case where only one photon is on-shell, and the other
virtual: v51. Perturbative QCD on the light front, in com
bination with factorization, suggestsJ(1)52 @34#. However,
a monopole fit to the experimental data, forQ2 up to
10 GeV2, producesJ(1)51.6 @35#. This value agrees quite
well with estimates based on a chiral quark model with
phenomenological interaction@35# and with a fit to numeri-
cal results of the DSE model of the present work. Table
provides a summary of these results.

The asymptotic behavior of the form factor for the asy
metric case (v51) was analyzed in earlier DSE-base
works @37–39#, through an argument that is the counterp
of what we have presented in Eqs.~23! and ~24! for the
symmetric case. A complicating aspect of the asymme
case in the Euclidean metric is that, because of the m
shell constraint imposed by one photon being real, the
photon-quark vertices and the quark propagator linking th
have momentum arguments containing imaginary parts
grow with the asymptotic scale, but are subdominant to
real parts. The earlier analyses made the reasonable ass
tion that the leading asymptotic behavior is produced by c
sidering only the real arguments~and thus the known UV
limit ! of the propagator and vertices; the result obtained
J(1)54/3. In the symmetric case, the scale of the imagin
parts is dictated only bymp , and knowledge of the UV
behavior ofGmSGn is needed only along the real spaceli
momentum axis to produce the result given by Eq.~24!. We
consider this situation to be more reliable; it is confirmed
the comparison in Fig. 3 between results with and with
dressing of the photon-quark vertices.

IV. THE rpg AND vpg TRANSITIONS

An impulse approximation description of ther0p0g,
r6p6g, andv0p0g transitions can be obtained simply b

TABLE II. The asymptotic behavior summarized in terms of t
coefficientJ(1) for theg* pg form factor, andJ(0) for the sym-
metric g* pg* form factor, as defined in Eq.~19!.

J(1) light-cone pQCD@34,36# 2
J(1) Anikin et al. @35# 1.8
J(1) earlier DSE analysis@37–39# 4/3
J(1) current DSE model numerical estimate 1.7
J(1) experimental estimate 1.6
J(0) Anikin et al. @35# 4/3
J(0) DSE analysis 4/3
J(0) current DSE model numerical result 1.3
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replacing one of the vector vertices in the generic PVV
angle diagram, see Eq.~1!, by the vector meson bound sta
BSA, and the other by the dressed quark-photon vertex.
only difference between these three radiative decays is in
flavor dependent factors.

For the radiative decayr1→p1g, the photon can radiate
from either theu quark or thed̄ quark giving

Lmn
r1p1g5Q̂uLmn

ud̄,u1Q̂d̄Lmn
ud̄,d̄ , ~25!

whereLmn
ud̄,q is the vertex having the indicated quark flav

labeling and containing no charge or flavor weights asso
ated with external bosons. With both ther0 andp0 given by
(uū2dd̄)/A2, the radiative decayr0→p0g can be ex-
pressed as

Lmn
r0p0g5Q̂uLmn

uū,u1Q̂dLmn
dd̄,d , ~26!

where the radiative contributions from both the quark and
antiquark of the same flavor have been combined. In

isospin symmetric limit, we haveLmn
uū,u5Lmn

dd̄,d5Lmn
ud̄,u

52Lmn
ud̄,d̄ , and thusr6 andr0 have identicalpg radiative

decays at this level.
The radiative decayv→p0g is given by

Lmn
vpg5Q̂uLmn

uū,u2Q̂dLmn
dd̄,d , ~27!

where, compared to Eq.~26!, the change in phase of th
second term here comes from the phase of thedd̄ component
of the v. Again, with isospin symmetry, we haveLmn

vpg

5Lmn
uū,u and henceLmn

vpg53Lmn
rpg .

In impulse approximation, the physical vertex is given
the quark loop integral

Lmn
rpg~P;Q!5e

Nc

3 E
k

L

Tr@S~q2!Gp~q2 ,q1!S~q1!

3Gm
r ~q1 ,k!S~k!iGn

g~k,q2!#, ~28!

whereP is the r momentum, the photon momentum isQ,
and the pion momentum isK52(P1Q). We have used
q15k1P and q25k2Q. This is completely analogous t
Eq. ~16! for the pgg vertex if the quark-photon vertexiGm
is replaced by ther BSA. In fact, if that photon momenta i
continued into the timelike region, use of Eq.~11! to extract
the r0 pole contribution to thepgg vertex will identify Eq.
~28! as therpg vertex.

The rpg* transition form factor is identified from the
rpg vertex according to

TABLE III. Coupling constants and partial widths for radiativ
decays ofr andv, compared to experimental data@23#.

Calc.g/m Expt. g/m Calc.G Expt. G

r0→p0g 0.68 GeV21 0.960.2 52 keV 102625
r6→p6g 0.68 0.7460.05 52 6867
v0→p0g 2.07 2.3160.08 479 717643
1-7
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Lmn
rpg~P;Q!5

egrpg

mr
emnabPaQbFrpg~Q2! ~29!

at P252mr
2 . At the photon point we haveF(0)51, and

grpg is the conventional coupling constant associated w
the radiative decay width

Gr→pg5
aemgrpg

2

24
mrS 12

mp
2

mr
2 D 3

. ~30!

The corresponding formulas hold for thev→pg decay with
gvpg 53grpg .

As Eq. ~29! shows, it isgrpg /mr that is the natural out-
come of the calculations of the vector radiative deca
therefore, it is this combination that we report in Table I
We also give the corresponding decay widths. Except for
difference between the decay of the neutral and char
states of ther, which evidently is beyond the reach of th
isospin symmetric impulse approximation, the agreement
tween theory and experiment is within 10%. This is cons
tent with the otherp and r observables obtained from th
same model. Note that part of the difference between
experimental decay width and our calculated decay wi
comes from the phase space factor because our calcular
andv masses are about 5% too low.

A. Transition form factor

In Fig. 4 we show our DSE result for thevpg* transition
form factor as a function of the photon momentumQ2. The
rpg* form factor is identical to this. Our result compar
reasonably well with available experimental data for t
vpg* form factor in the timelike region@40#; we are not
aware of data in the spacelike region. Also shown in Fig. 4

FIG. 4. Our DSE result~solid line! for the vpg* ~andrpg* )
form factor, together with a simple VMD monopole with mass sc
mv

2 50.61 GeV2 ~dashed line! and the more phenomenological r
sult from Ref.@41#. The data in the timelike region are from Re
@40#.
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a result from an earlier study@41# that implemented phenom
enology at the level of the dressed-quark propagator and
r/v BSA. For reference we also display the simple VM
monopole having mass scalemv .

Note that in the timelike region, the three different curv
and the experimental data are all very close to each ot
they are dominated by the resonance pole at ther/v mass.
However, the three curves differ significantly in the spacel
region where a monopole clearly does not represent the
havior obtained from modeling at quark-gluon level. Our r
sults can be represented, in the manner of a Pade´ approxi-
mant, by the formula

Frpg~Q2!5
1.01Q2

1.013.04Q212.42Q410.36Q6
, ~31!

which is almost indistinguishable from our form factor in th
domain 20.5,Q2,5 GeV2. This suggests that the
asymptotic behavior of this form factor is 1/Q4. Although
there are no experimental data available for therpg* pro-
cess at spacelike photon momenta, indirect informat
about this form factor can be obtained from analyses of e
tron scattering from hadronic targets: e.g., it contributes a
meson exchange current tied to boson exchange mode
the nuclear interaction. In this case the ‘‘rp current’’ is vir-
tual and the relationship to processes involving true qua
gluon bound states is not entirely clear.

Thus therpg* form factor plays a role in the interpreta
tion of electron scattering data from light nuclei, because
isoscalar meson-exchange current contributes significant
these processes. In particular, our understanding of the
teron electromagnetic structure functions forQ2

'2 – 6 GeV2 requires knowledge of this form factor@42#.
An initial exploratory study@41# of the rpg* vertex within
the present framework, but employing phenomenology t
much greater extent, produced a very soft result for the fo
factor and this is shown in Fig. 4 as the Mitchell-Tand
curve. It was found@42# that the resulting meson exchang
current contribution provided a very good description of t
elastic deuteron electromagnetic form factorsA(Q2) and
B(Q2) in the range 2 – 6 GeV2, where such effects are im
portant.

The model under consideration in the present work, ba
on the DSEs of QCD, has no free parameters other than
two set by f p and ^qq̄& as described earlier; the amount
phenomenology is significantly less than the earlier Mitche
Tandy result@41#. The present work produces a form fact
that is much softer than what is inferred from VMD b
obviously harder than the Mitchell-Tandy result@41#, as can
be seen in Fig. 4. We expect the present impulse approxi
tion results for the form factor to be as reliable as the p
and kaon charge form factors from this model@15#. The
present form factor is harder than what is required to
electron scattering from the deuteron if the standard anal
is employed@43#. What is required for progress is some e
timation of the likely effect from the virtuality of thep and
1-8
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r q̄q correlations relevant to the meson exchange cur
mechanism. An investigation of a related aspect of this is
is to be found below.

B. Virtual vector q̄q correlations and VMD

In Sec. III A we have seen that theg* →pg form factor is
an almost perfect monopole withmr as the mass scale, se
Fig. 1. This suggests that the vector meson resonance po
the dressedq̄g* q vertex dominates to the extent that th
following VMD mechanism is very effective: there is ag-r
transition, ar propagation, then ar-p-g transition. Implicit
in this three-step mechanism are the assumptions that
for spacelike momentum of theg* , the first and third steps
are described by coupling constants defined at ther mass
shell, and the momentum dependence is carried totally by
propagator of a point particle having ther mass. However, a
the quark-gluon level, one cannot define ar-meson bound
state at spacelike momentum; only a vectorq̄q correlation
with the same quantum numbers ofr can be discussed
Hence the issue is the domain of applicability and the ac
racy of those assumptions. We wish to explore this fo
variety of PVV processes; we will begin with the connecti
between theg* pg process and therpg process.

We begin with Eq.~16! for the quark loop integral, which

produces the vertexLmn
p0gg via Eq. ~17!, use the notation

changeQ1→P and Q2→Q, and consider the domainP2

'2mr
2 . The quark-photon vertexGm(q1 ,k) in Eq. ~16! then

behaves like

Gm~q1 ,k!;
f rmr

P21mr
2
Gm

r ~q1 ,k!. ~32!

Use of only this resonance contribution gives

Lmn
p0gg~P;Q!;

f rmr

P21mr
2

A2e2Nc

3 E
k

L

Tr@S~q2!Gp~q2 ,q1!

3S~q1!iGm
r ~q1 ,k!S~k!iGn~k,q2!#

5
ieA2 f rmr

P21mr
2

Lmn
rpg~P;Q!, ~33!

where the last equality follows from identifying the qua
loop integral for therpg vertex via Eq.~28!. We substitute
the general forms of both vertices from Eqs.~17! and ~29!
and cancel common factors. This yields

gpgg

4p2 f̃ p

Fg* pg* ~P2,Q2!;
f rgrpg

A2~P21mr
2!

Frpg* ~Q2!.

~34!

When the nonresonant photon is real, Fig. 1 shows
Fg* pg(P2,Q250) is very accurately described by th
monopole shape even for spacelike momentum as larg
P255 GeV2.10mr

2 . At P250, Eq. ~34! accurately ac-
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counts for the transition strengthgrpg in terms ofgpgg and
the other more fundamental quantities. The relation

gpgg

4p2 f̃ p

;
f rgrpg

A2mr
2

~35!

is borne out to the extent that substitution of the separa
calculated values of these quantities gives 0.138 for the l
hand side and 0.134 for the right-hand side.

In the g* →pg process, we can view thepg transition
current as coupling to a vectorq̄q correlation initiated by the
g* . In the processg* N→pN away from thes-channel reso-
nance region, one often considers softt-channel mechanism
modeled by meson exchange. In the case of a ve
t-channel mechanism, the nucleon current is required to p
vide a spacelike vectorq̄q correlation to thegp transition
current. If we model the vectorq̄q vertex provided by the
nucleon current as q̄(p1)gmgVNN(P2)q(p2), where
gVNN(P2) is the phenomenological coupling constant a
form factor corresponding to thet-channel momentumP,
then we have a pointq̄q correlation that can interact an
propagate to thegp transition current. The object with mo
mentumP5p12p2 that describes this satisfies the inhom
geneous BSE

Gm
VNN~p1 ,p2!5Z2gmgVNN~P2!1E

q

L

K~p,q;P!

^ S~q1!Gm
VNN~q1 ,q2!S~q2!. ~36!

This is just gVNN(P2) times the dressed vertex seeded
gm ; i.e., gVNN(P2) times the photon vertexGm . SinceGm
has the vector meson pole, see Eq.~32!, the meson exchang
mechanism, including the ‘‘meson’’ propagation, is embe
ded in this vertex.

A more exact treatment would be to calculate a distribu
vector q̄q vertex q̄(p1)Vm(p1 ,p2)q(p2) from a quark-
gluon model of the nucleon. In the absence of a relia
calculation of such a distributed vertex, we here explore
consequences of the above modeling of the nucleon cur
as a pointlike currentq̄(p1)gmgVNN(P2)q(p2). For simplic-
ity, we omit the phenomenological nucleon coupling stren
gVNN(P2) in the calculations below, which can be easily a
pended for subsequent applications such asg* N→pN pro-
cesses. Thus, for theV* pg* vertex we are led to the im
pulse approximation

Lmn
Vpg~P;Q!5e

Nc

3 E
k

L

Tr@S~q2!Gp~q2 ,q1!S~q1!

3Gm
V~q1 ,k!S~k!iGn

g~k,q2!#, ~37!

where Q is the photon momentum, the vector current m
mentum isP, and the pion momentum isK52(P1Q). We
have usedq15k1P andq25k2Q in complete analogy to
Eq. ~28! for the rpg vertex but withGm

V replacing ther
BSA. In analogy with Eq.~29!, the general form may be
expressed as
1-9
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Lmn
Vpg~P;Q!5

egrpg

mr
emnabPaQbAV* pg* ~P2,Q2!,

~38!

thereby defining an amplitudeAV* pg* . Due to Eq.~32!, this
amplitude has the physical vector meson resonance po
the mass shell,P252mr

2 . We thus may write for any mo
mentum

AV* pg* ~P2,Q2!5
f rmr

P21mr
2

Gr* pg* ~P2,Q2!, ~39!

and this serves to define a generalized form factorGr* pg*
for the ‘‘process’’g* r* →p. At the r mass shell, this form
factor Gr* pg* reduces to the previously defined form fact
Frpg* (Q2). Note that this form factor is not unique in th
sense that we have chosen one particular description o
vector q̄q correlation. A different choice for the inhomoge
neous term in Eq.~36! would lead to a different amplitude
AV* pg* and thus to a different form factorGr* pg* ; only for
on-shell r and p mesons can one uniquely define a for
factor Frpg* .

Our choice for the inhomogeneous term leads to a m
mentum dependence of the amplitudeAV* pg* that is the
same as that of theg* pg* form factor, apart from the over
all scale. Hence the earlier observations associated with
1 indicate that forQ2'0, the monopole shape inP2 with
mass scale mr dominates. Thus the form facto
Gr* pg* (P2,Q2.0) in Eq. ~39! has very little P2 depen-
dence and the meson exchange picture is thus very effe
there. In other words, the strict VMD approximatio
to Eq. ~39!,

AV* pg* ~P2,Q2!'
f rmr

P21mr
2

Frpg* ~Q2!, ~40!

is valid for Q2.0 and for the complete range of spaceli
P2 investigated here (,5 GeV2).

The question arises: what is the more general domain
Q2 and P2 for the applicability of the meson exchange pi
ture? Certainly whenQ2 andP2 are both large, we can con
clude from Fig. 3 that the amplitudeAV* pg* (P2,Q2) with
Q25P2 falls off like 1/P2, whereas a meson dominanc
model would predict 1/P4. Thus, the form factor
Gr* pg* (P2,P2) becomes a constant for largeP2, in contrast
to Frpg* (P2), which seems to fall off as 1/P4, as can be
seen from Fig. 4 and our fit, Eq.~31!.

In the top panel of Fig. 5 we display as discrete d
points our results for theP2 dependence of the amplitud
AV* pg* (P2,Q2) for several values of the photon momentu
Q2, and compare it with the naive VMD formula, Eq.~40!.
For photon momentaQ2 near ther pole, the behavior of the
amplitudeA as a function ofP2 is softer than one would
expect from VMD. This is no surprise, since we have alrea
seen in the preceding section that the on-shellFrpg* is softer
than VMD. For Q2'0, the VMD prediction works quite
well. For increasing spacelikeQ2, the amplitudeAV* pg* is
progressively harder inP2 ~i.e., falls off slower! compared to
04521
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the VMD approximation. This means that the 1/(P21mr
2)

behavior of ther-meson propagator increasingly overes
mates the falloff with the momentum of the virtual vect
object; the meson exchange picture is showing its lim
tions. As a consequence, the momentum dependence o
generalized form factorGr* pg* (P2,Q2) becomes more evi-
dent; compared to the on-shell form factorFrpg* (Q2) it be-
comes progressively harder inQ2 for increasing~spacelike!
P2. This can be seen more clearly in the bottom panel of F
5.

If Q2 andP2 are both more spacelike than about 1 GeV2,
the point meson propagator in the VMD or meson excha
approximation represented by Eq.~40! can overestimate the
falloff by 50% or more. We anticipate this inadequacy of t
point meson propagator to apply generally to meson
change models. No standard phenomenological form fac
for the coupling of virtual ‘‘mesons’’ to hadronic current
@such asgVNN(P2)# can compensate for the propagator fa
ing off too fast. In the present specific case, we have a sp

FIG. 5. Top: The virtual vector momentumP2 dependence of
the amplitudeAV* pg* from the DSE calculation for several value
of the photon momentumQ2 is shown by the discrete points. Th
meson exchange approximation is shown by the curves. Bott
TheQ2 dependence of the generalized form factorGr* pg* (P2,Q2)
for several values of the virtual vector momentumP2 is shown by
the discrete points. The curve is the on-shellFrpg* (Q2).
1-10
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ELECTROMAGNETIC TRANSITION FORM FACTORS OF . . . PHYSICAL REVIEW C 65 045211
like q̄gmq correlation, not a ‘‘virtual bound state meson
This q̄gmq correlation falls off slower than a point meso
propagator; in the UV region it does not vanish, but goes
a bare vertex,gm . Our modeling of theq̄gmq correlation by
a ladder BSE with a point inhomogeneous term is in agr
ment with perturbative QCD, whereas the notion of a hig
virtual r-meson ‘‘bound state’’ does not make any sense
the perturbative region.

C. Virtual pseudoscalar q̄q correlations

As an extension of these observations, we also calcu
the corresponding amplitude associated with therP* g* ver-
tex, whereP stands for the pointlike pseudoscalar curre
q̄g5q. The interaction and propagation of this correlati
generates the pion pole. The quantity thus made availab
us is relevant to theg* N→rN process viat-channel ex-
change of a pseudoscalarq̄q correlation. Of course, in a
more realistic calculation, one should use a distributed ve
q̄(p1)P(p1 ,p2)q(p2) from a quark-gluon model of the
nucleon, rather than a pointlike pseudoscalar vertex. Co
sponding to Eq.~36! for the vector case, our approximatio
for the pseudoscalarq̄q correlation @with the phenomeno-
logical gPNN(K2) removed# is the inhomogeneous BSE fo
the vertex

G5~p1 ,p2!5Z4g51E
q

L

K~p,q;Q!

^ S~q1!G5~q1 ,q2!S~q2!, ~41!

where the total momentum isK5p12p2 . Note that this
dressed vertex is renormalization-pointdependent; however,
the combinationmq(m)G5, wheremq(m) is the current quark
mass, is renormalization-point independent. Near the p
pole, this dressed vertexG5 behaves like

G5~p1 ,p2!;
r P~m!

K21mp
2

Gp~p1 ,p2!, ~42!

wherer P(m) is the renormalization-point-dependent resid
in the pseudoscalar channel and is given by@16#

r P~m!5Z4NcE
q

L

Tr@g5S~q1!Gp~q1 ,q2!S~q2!#.

~43!

The axial-vector WTI dictates that this pseudoscalar resi
is related to the pion mass and decay constant through@16#

2mq~m!r P~m!5 f pmp
2 , ~44!

where the renormalization-point dependence of the cur
quark mass and that of the residue is such that the comb
tion is renormalization-point independent.

In a way that is completely parallel to Eq.~37!, we model
the rP* g* vertex through the impulse approximation
04521
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Lmn
rPg~P;Q!5e

Nc

3 E
q

L

Tr@S~q2!G5~q2 ,q1!S~q1!

3Gm
r ~q1 ,k!S~k!iGn

g~k,q2!#, ~45!

and note that this is renormalization-point dependent. We
define a renormalization-point-dependent amplitu
ArP* g* (K2,Q2) via

Lmn
rPg~P;Q!5e

grpg

mr
emnabPaQbArP* g* ~K2,Q2!,

~46!

whereK52(P1Q) is the pseudoscalar momentum andQ
is the photon momentum, both incoming to the diagram. T
amplitude ArP* g* has a physical pion resonance po
at the mass shell,K252mp

2 . We thus may write for any
momentum

ArP* g* ~K2,Q2!5
r P~m!

K21mp
2

Grp* g* ~K2,Q2!, ~47!

and this serves to define a generalized form factorGrp* g*
for the ‘‘process’’g* P* →r. This dimensionless form facto
is renormalization-point independent, and reduces to the
shell form factor Frpg* (Q2) at the pion mass shell
K252mp

2 . With Grp* g* replaced by its value at the pio
mass shell, Eq.~47! yields the meson exchange approxim
tion

ArP* g* ~K2,Q2!'
r P~m!

K21mp
2

Frpg* ~Q2!. ~48!

The directly calculated amplitudeArP* g* is shown in the
upper panel of Fig. 6 by the discrete points as a function
K2 for several values ofQ2. The continuous curves illustrat
the meson exchange approximation, Eq.~48!. The degree of
agreement indicates the domain where the pseudoscalar
son exchange picture is effective. The pion pole domina
the behavior at low momentum of the pseudoscalar corr
tion. For on-shell photons, the meson exchange approxi
tion is quite accurate for spacelike momenta up to ab
K251 GeV2'50mp

2 . However with increasingQ2, one ob-
serves that the pion pole alone falls off withK2 faster than
what is required to describeArP* g* (K2,Q2). Similar to the
vector case, for spacelike photon momenta, the falloff of
amplitudeA with K2 is slower than that of a pseudoscala
meson dominance model; the meson exchange picture
has a very limited domain of applicability.

In the bottom panel of Fig. 6 we display the generaliz
form factorGrp* g* (K2,Q2) as a function of the photon mo
mentumQ2 for several values of the virtual pseudoscalarK2.
The physical form factor at the pseudoscalar meson m
shell,Fg* rp(Q2), is shown by the continuous curve. The ri
at timelike photon momentum is due to the vector pole in
photon-quark vertex. This figure illustrates that the form fa
tor as a function ofQ2 becomes harder as the momentumK2

of the spacelike pseudoscalar correlation is increased.
1-11
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spacelike K2,0.1 GeV2'5mp
2 the meson exchange ap

proximation is quite good up toQ2'3 GeV2, but with the
larger virtuality, K2.0.8.40mp

2 , the error in the meson
dominance assumption has grown to almost a factor of 2
Q2'3 GeV2. No standard phenomenological form fact
for the meson-nucleon coupling,gPNN(K2), can compensate
This observation is evidently due to the fact that theq̄g5q
correlation does not continue to fall off with increasin
spacelike total momentum, but goes to a constant.

V. SUMMARY

We have studied selected meson transition processes
associated form factors within a model of QCD based on
Dyson-Schwinger equations truncated to the ladder-rainb
level. The infrared structure of the ladder-rainbow kerne
described by two parameters; the ultraviolet behavior is fi
by the one-loop renormalization group behavior of QC

FIG. 6. Top: The dependence of the amplitudeArP* g* on the
pseudoscalar momentumK2 for several values of the photon mo
mentumQ2 is given by the discrete points from the DSE calcu
tion. The meson exchange approximation is given by the cur
Bottom: The DSE results for theQ2 dependence of the generalize
form factorGrp* g* (K2,Q2) for several values of the pseudosca
momentumK2 are the discrete points. The on-shellFrpg* (Q2) is
given by the curve.
04521
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Within the u and d quark sector we have obtained the co
pling constants for the radiative decaysr→pg, v→pg,
andp0→gg. We have studied the form factors for the ass
ciated transitionsg* p0→g, g* p0→g* , g* p→r, and
g* r→p. The latter two processes are of interest as contri
tors to meson electroproduction from hadronic targets aw
from thes-channel resonance region.

We have exploited the fact that since a quark-gluon mo
can dynamically produce the vector meson pole in
dressed photon-quark vertex, the validity and effectiven
of using a meson exchange picture in nearby momen
domains can be tested. We find that for the transitiong* p0

→g, the vector meson resonance pole term extrapolate
the photon point produces an estimate of ther radiative de-
cay coupling constantgrpg in terms of thep decay coupling
constantgpgg that is accurate to within a few percent. How
ever at the photon point and more generally for space
momentum, there is no vector meson bound state; the ob
that occurs in such dynamics is a vectorq̄q correlation de-
scribed by the dressedq̄gmq vertex. This particular meson
q̄q duality cannot survive when the momentum of the vec
object becomes sufficiently large and spacelike because
dressedq̄gmq vertex eventually becomes bare or perturb
tive, it does not fall off with large spacelike momentum, th
is, it cannot provide a falloff like a point meson propagat
Nevertheless, for a large range of spacelike momentum,
find the shape of the form factor for the transitiong* p0

→g to be quite accurately described by a monopole w
mass scalemr , which is also consistent with analyses of th
asymptotic behavior. This is an example of the empiri
effectiveness of the simple VMD assumption being mu
greater than its faithfulness to the underlying dynamics
physical picture.

We have examined this issue further by considering fo
factors for transition processesg* P→r and g* V→p,
where P and V are virtual q̄q objects having the quantum
numbers of ground state pseudoscalar and vector mes
respectively. Such processes often arise in meson exch
models of electroproduction of mesons from hadronic t
gets. Our model of the underlying quark-gluon dynamics
used to investigate the extent to which the virtuality ofV and
P influences the corresponding form factors that should
employed in meson exchange models, given that the
ployed t-channel propagator is of the standard point mes
type.

Here we model the hadronic coupling toV or P as gener-
ated by a pointq̄gmq or q̄g5q vertex accompanied by a
standard phenomenological meson-hadron form factor.
physics of interaction and propagation ofV or P towards the
g* p or g* r transition currents is implemented by the sol
tion of the ladder BSE for the corresponding dressed v
sions of theq̄gmq or q̄g5q vertices. We contrast the resul
obtained this way with those from the meson exchange
ture in which theg* p→r and g* r→p form factors are
paired with the corresponding point meson propagator.
this way we obtain some insight into the domain of applic
bility of the meson exchange mechanism for these proces

s.
1-12
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We find that near the photon point, the dependence of
amplitude forg* V→p upon the spacelike virtuality ofV is
well described by the meson exchange picture out to at l
5 GeV2, which is the limit of our examination. As we hav
pointed out, there is indirect information that the agreem
will extend to asymptotic spacelike momenta. Howev
when bothg* andV are more spacelike than about 1 GeV2,
the point meson propagator forV overestimates the fallof
with virtuality of V by at least 50% and the discrepan
increases with the virtuality. This means that theg* Vp form
factor to be used in effective point meson exchange mo
must have a dependence upon virtuality ofV that compen-
sates for the inadequacy of the point meson propaga
Similar conclusions are drawn for theg* P→r process.

Rather than model the coupling of theq̄q correlation to a
nucleon source by aq̄q dressed vertex seeded by a po
vertex and a phenomenological meson-nucleon form facto
G.

s.

B

D

04521
e

st

t
r

ls

r.

t
a

more exact treatment would require a quark-gluon desc
tion of the nucleon transition current. It is a difficult task
combine such a description with the meson transition fo
factors considered here. Some progress in the developm
of the required techniques within a DSE approach can
found in Ref.@44#.
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