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Elastic form factors and charge radii of p and K mesons
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The elastic form factors of thep andK mesons are evaluated in a field-theoretic framework based on the
relativistic independent quark model with a scalar-vector harmonic potential. The predictions on the form
factors are compared with the results of different relativistic approaches and existing experimental data. The
results for the mean-square charge radii^r p1

2 &50.47 fm2; ^r K1
2 &50.33 fm2; ^r K0

2 &520.078 fm2 are found to
be consistent with those of several other calculations as well as experimental data.@S0556-2821~98!03323-2#

PACS number~s!: 13.40.Gp, 12.39.Pn, 14.40.Aq
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The electromagnetic structure of hadrons, especially
pion, has been the topic of overwhelming interest for m
than three decades@1#. The interaction of a charged pio
with the electromagnetic field is described in terms of
single structure function namely the pion form factorf p(q2),
which effectively provides the deviation from a pion wi
pointlike electric charge and depends upon the fo
momentum-transfer squared:q252Q2. The estimation of
the form factorf p(q2) is significant because the cross se
tion, which is an experimentally measurable and invari
physical quantity, is directly proportional tou f p(q2)u2.

The elastic form factor of thep meson is measured b
e1e2 colliding beam experiments in a broad range of a tim
like region (Q2,0). However, its measurement in a larg
spacelike region (Q2.0) is achieved only through an ind
rect approach based on the available reaction of pion e
troproduction from the nucleons: (ep→ep1n and en
→ep2p). In this reaction the presence of the nucleons a
their structure complicate theoretical models used to ext
f p(q2) from the measurement. Thus an analysis of the fo
factor in the spacelike region becomes predominantly mo
dependent. The experimental investigations spread ove
last two decades on the pion and kaon form factors@2–17#
have yielded enough data to guide theoretical models.
recent plan for the measurement at the Continuous Elec
Beam Accelerator Facility~CEBAF! @18# has, in fact,
aroused renewed interest in the theoretical evaluation of e
tromagnetic properties ofp andK mesons.

Theoretically quantum chromodynamics~QCD! @19# pro-
vides an economical and successful description of the e
tromagnetic structure of hadrons@20#, although the tradi-
tional approach based on vector meson dominance~VMD !
and its extended version~EVMD! still provide a useful
complementary framework to describe timelike as well
spacelike form factors@21#, especially in the long distanc
domain where perturbative QCD breaks down. It has b
argued@22,23# that the perturbative QCD contribution is to
insignificant compared to that of soft nonperturbative QC
Moreover, free-quark-model calculations based on pertu
tive QCD involve extra parameters to describe bound-s
effects, which actully control the theoretical predictions
any bound-state problem. There is, indeed, little justificat
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for continued application of perturbative QCD to exclusi
processes involving the bound-state hadrons. On the o
hand, the form factor data are easily reproduced by con
ering the important nonperturbative QCD effects@24#. How-
ever, owing to the complicacies inherent in the nonpertur
tive QCD, it is not straightforward to analyze the elastic for
factors and theirq2 dependence on first principles QCD a
plication. Therefore a large number of phenomenologi
models have been extended to analyze pion and kaon f
factors with varying degrees of success. Some of them
clude the bag model@25#, the QCD-motivated quark poten
tial model @26#, and the light cone relativistic constituen
quark models~RCQM! @27–30#, etc. As an alternative ap
proach, we have developed a relativistic independent qu
model based on an average confining potential in the sca
vector harmonic form @31–39#: U(r )5 1

2 (11g0)(ar2

1V0), a.0, where (a,V0) are the potential parameters. Th
predictive power of such a model has been demonstrate
wide ranging hadronic phenomena such as the static h
ronic properties@31,32#, radiative@33#, weak radiative@34#,
leptonic @35#, weak leptonic@36,37#, semileptonic@38#, and
rare radiative@39# decays of light and heavy mesons. Th
aim of this paper is to study the applicability of the model
comparison with other model predictions as well as the
perimental data for pion and kaon form factors and th
corresponding charge radii. The matrix element forp1 cou-
pling to the electromagnetic field has the covariant expans
in terms of two form factors: f p(q2) and gp(q2) as

^p1(kW )uJm
emup1(kW8)&5(k81k)m f p(q2)1(k82k)mgp(q2),

whereq[(k82k) is the four momentum transfer. The cu
rent conservation condition applied to thep1→p1

transition-matrix element, requiresgp(q2)50. The only non-
vanishing form factorf p(q2) in the rest frame of the initial
p1 meson, is obtained in the formf p(q2)5 @1/(Ep1mp)#

3^p1(kW )uJ0
emup1(kW850)&. The energy momentum assoc

ated with the finalp1 meson is given byEp5mp1

2q2/2mp ; ukW u5A(Ep
2 2mp

2 ). A similar expression for the
charged and neutral kaon form factors is identically found
be

f K~q2!5 @1/~EK1mK!# ^K~kW !uJ0
emuK~kW850!&. ~1!
©1998 The American Physical Society01-1
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The meson state in this model is represented by an appr
ate momentum wave packet in the form@33,36,38,39#

uM ~kW ,SV!&5
1

AN~kW !
Sl1 ,l2

zq1 ,q2

M ~l1 ,l2!

3E dpW 1dpW 2d~3!~pW 11pW 22kW !

3GM~pW 1 ,pW 2!b̂q1

† ~pW 1 ,l1! b̂̃q2

† ~pW 2 ,l2!u0&. ~2!

With the normalization condition taken as^M (kW )uM (kW8)&
5(2p)32EMd (3)(kW2kW8), the overall normalization factor o
the wave packet is found to be
b
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ri-
N~kW !5

1

~2p!32EM
E dpW uGM~pW ,kW2pW !u25

N̄~kW !

~2p!32EM
.

~3!

The effective momentum distribution functionGM(pW 1 ,pW 2)
for the constituent quark-antiquark inside the meson is ta
in the model @33,36,38,39# in the form GM(pW 1 ,pW 2)
5Agq1

(pW 1)g̃q2
(pW 2), where the factorsgq1

(pW 1) and g̃q2
(pW 2)

represent the momentum probability amplitude of the qu
and antiquark with momentumpW 1 andpW 2 , respectively, and
are derivable from the model dynamics by suitab
momentum-space projections of the corresponding bou
state orbitals of the model. Using appropriate meson st
for the initial and final mesons in the form as in Eq.~2!, and
taking SU~2!-flavor symmetry (mu5md5m), f p(q2) can be
derived as
f p~q2!5
~eu2ed!

~Ep1mp!
A Epmp

N̄~0!N̄~kW !
E dpW

Gp~pW ,2pW !Gp~kW1pW ,2pW !@~Ep1m!~Ek1p1m!1 p̄2#

AEpEk1p~Ep1m!~Ek1p1m!
. ~4!

A similar expression for charged and neutral kaon form factor is, in general, found to be

f K~q2!5
1

~EK1mK! A EKmK

N̄~0!N̄~kW !
F eqE dpW q

GK~pW q ,2pW q!GK~kW1pW q ,2pW q!@~Epq
1mq!~Ek1pq

1mq!1pW q
2#

AEpq
Ek1pq

~Epq
1mq!~Ek1pq

1mq!

2esE dpW s

GK~2pW s ,pW s!GK~2pW s ,kW1pW s!@~Eps
1ms!~Ek1ps

1ms!1pW s
2#

AEps
Ek1ps

~Eps
1ms!~Ek1ps

1ms!
G . ~5!
ue

or-
ct
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Here we take the subscriptq→u andq→d for the charged
and neutral kaon form factor, respectively. To a reasona
good approximation the energy of the recoil quark-antiqu

is taken asEkW1pW5A(kW1pW )21mq
2.AkW21pW 21mq

2.
For an estimation of the form factors we take the poten

parameters (a,V0), quark massmq , and the corresponding
quark binding energyEq as those used in previous applic
tions of the model@31–39#. Accordingly, we use here

~a;V0![~0.017 166 GeV3;20.1375 GeV!

mu5md50.078 75 GeV; Eu5Ed50.471 25 GeV

ms50.315 75 GeV; Es50.591 GeV. ~6!

The meson masses appearing in the form factor expres
are taken to be the observed masses@40#. With these param-
eters already fixed, we perform almost a parameter-free
culation. Our prediction on the form factorf p(Q2) is de-
picted in Fig. 1 which provides a reasonable agreement w
the data@2–6#. Most of the quark model calculations, mo
or less, provide overall agreement in the lowerQ2 range
(Q2,2 GeV2); but fail to do so in the higher range (Q2

.2 GeV2). In such calculations@41#, for example, the elastic
form factor of the pion was rather seriously underestima
ly
k

l

on

l-

th

d

in the high-Q2 range. This discrepancy was argued to be d
to the factorAmpEp/(Ep1mp). In order to bring their the-
oretical curve in line with the data, such a factor was n
malized to the unit at the zero recoil point which could effe
only a marginal improvement in the result. Our predictio
on the other hand, though it remains slightly below the
ported data in the low-Q2 range (Q2,2 GeV2) as depicted
in Figs. 1, 2, and 5, agrees remarkably well in the high-Q2

FIG. 1. The present model prediction on the charged pion fo
factor f p1(Q2) compared to the experimental data@2–6#.
1-2
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FIG. 2. The present model calculation of the charged pion fo
factor timesQ2 versusQ2 compared to that of the vector meso
dominance~VMD ! model and the experimental data@2–6#. The
solid line represents present prediction and the dotted line is
prediction of the VMD model with ther-meson pole only@i.e.,
f p(Q2)5(11Q2/mr

2)21#.

FIG. 3. The present model calculation of the charged kaon fo
factor timesQ2 versusQ2 compared to that of the VMD model an
the approach@42#. The solid line represents the present model p
diction. The dotted and dashed line provides the prediction of VM
model includingr-meson pole only and that of the calculation@42#
based on the Bethe-Salpeter approach, respectively.

FIG. 4. The present model calculation of the neutral kaon fo
factor timesQ2 versusQ2 compared to that of Refs.@30, 42#. The
solid line represents the present model prediction. The dotted
dashed line provide the prediction of the relativistic constitu
quark model~RCQM! @30# and that of the calculation based o
Bethe-Salpeter approach@42#, respectively.
03730
range up to 10 GeV2. Figure 2 provides our prediction o
f p(Q2) timesQ2 in comparison with that of the vector me
son dominance~VMD ! model with ther-meson pole only
taken asf p(Q2)5(11Q2/mr

2)21 and the data@2–6#. From
the model expression in Eq.~4!, one can analytically extrac
out theQ2 dependence ofQ2f p(Q2) in the limit Q2→` to
find an asymptotic behavior such asLtQ2→`Q2f p(Q2)
.AAQ2. We evaluate the mean-square charge radius fr
the slope of f p(Q2) at Q2→0, i.e., ^r p1

2 &5

26(d/dQ2) fp(Q2)uQ250. Our result^r p1
2 &50.47 fm2 is con-

sistent with the experimental results: (0.4660.011), 0.48
and (0.47560.025) fm2 of Quenzeret al. @13#, Heyn and
Lang @14#, and Geshkenbeinet al. @15#, respectively. It also
compares well with those of several authors from fits to p
vious form factor data@16#. Figure 3 depicts our prediction
for Q2f K1(Q2) which is found to be higher especially in th
high-Q2 range in comparision to that of the VMD model an
the calculation@42# based on the covariant Bethe-Salpe
approach. However, our prediction forQ2f K0(Q2) as shown
in Fig. 4, is more or less comparable with that of the analy
@42#. However, it is not so when compared with that of t
relativistic constituent quark model~RCQM! @30#, calculated
using^r 2&s5(0.25 fm)2 and^r 2&u5^r 2&d5(0.48 fm)2 in the
broken SU~3! symmetry. It is generally expected that th
mean-square charge radius of a charged kaon is smaller
that of charged pion due to the presence of a comparati
heavier strange quark. Experimentally the pion charge rad
is relatively well known sincef p(q2) is a well-measured
quantity both in the spacelike and timelike region. In contr
the behavior of the kaon form factor is poorly constrain
due to the absence of the electroproduction data, relativ
high threshold (q2.4mK1

2 ) for e1e2 annihilation, and un-
certainty in the isoscalar contribution. However, experime
tal and theoretical attempts over the last two deca
@8–11,26,29,43,44# have provided a set of data in this secto
Our result ^r K1

2 &50.33 fm2 is found to be consistent with
that of Amendoliaet al. @8#, the timelike extrapolation of
Baltnic et al. @11#, the quark potential model of Godfrey an
Isgur @26# and chiral perturbative-theory of Gasser a
Leutwyler @43#. This also compares well with many othe
experimental and theoretical approaches@9,10,44#. We also

e

-

nd
t

FIG. 5. The present model prediction on charged pion~solid
line! and charged kaon~dashed line! form factors compared to the
experimental data@6,8,9,17#.
1-3



re
-

on
t
or
fo

rs
een
and
s a
BAF
tor

m
ge

dis-
.
s
li-

BRIEF REPORTS PHYSICAL REVIEW D 59 037301
find ^r K1
2 & less than̂ r p1

2 & as expected. Our result^r K0
2 &5

20.078 fm2 though it appears to be overestimated compa
to that of Refs.@29, 44#, certainly remains within the experi
mental limit: (20.05460.026) fm2 @8#.

The behavior of pion and kaon form factors in the regi
close to the zero recoil point (Q2→0) is significant since a
Q2→0, the form factors are normalized to the unit and c
responding charge radii are precisely measured. There
we depict in Fig. 5, theQ2 dependence off p1(Q2) and
f K1(Q2) near the zero recoil point in the range 0<Q2

,0.12 GeV2. We find that our prediction forf p1(Q2) re-
mains slightly below the data@6,17# and that for f K1(Q2)
matches the available data@8,9#. Thus the predictions of this
o

. D

l

03730
d

-
re,

relativistic independent quark model for elastic form facto
of p andK mesons and corresponding charge radii have b
compared with those of several relativistic approaches
available experimental data; which provides more or les
reasonable agreement. The planned experiment at CE
for measuring independently the pion and kaon form fac
at Q2,3 GeV2 could provide relevant information on the e
structure of the light constituent quarks including the stran
flavored one and could represent an interesting tool to
criminate among different models of the meson structure
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