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The charge form factor ofp andK mesons is evaluated adopting a relativistic constituent quark model bas
on the light-front formalism. The relevance of the high-momentum components of the meson wave func
for values of the momentum transfer accessible to CEBAF energies, is illustrated. The predictions for
elastic form factor ofp and K mesons are compared with the results of different relativistic approache
showing that the measurements of the pion and kaon form factors planned at CEBAF could provide info
tion for discriminating among various models of the meson structure.@S0556-2821~96!05911-5#
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The evaluation of the electromagnetic~em! properties of
p andK mesons has recently received a renewed intere
because measurements of the pion and kaon charge f
factors are planned at the Continuous Electron Beam Acc
erator Facility~CEBAF! @1#. In the past few years, light-front
constituent quark models have been extensively applied
relativistic calculations of various electroweak properties
mesons@2–5# and baryons@6,7#. In most of these applica-
tions @4–6# it is assumed that~i! the hadron wave function is
given by a harmonic oscillator~HO! ansatz, which is ex-
pected to describe the effects of the confinement scale o
or has a power-law~PL! behavior, dictated at large moment
by the perturbative QCD theory@8#, and ~ii ! the constituent
quarks are pointlike objects as far as their em properties
concerned. In Ref.@2# a different approach is adopted
namely,~i! a light-front mass operator, constructed from th
effectiveqq̄ Hamiltonian of Ref.@9# reproducing the meson
mass spectra, is considered and the corresponding eigenf
tions are used to describe the dynamics of the constitu
quarks inside the meson and~ii ! a nonvanishing size of the
constituent quarks is assumed and a simple monopole cha
form factor for the constituent quarks is introduced. With
this approach existing pion data both at low and high valu
of the squared four-momentum transferQ2 are reproduced.
Moreover, it has been shown that the high-momentum co
ponents, generated in the wave function by the one-glu
exchange~OGE! part of the effectiveqq̄ interaction of Ref.
@9#, sharply affect the pion charge form factor for values
Q2 up to few ~GeV/c)2, i.e., in a range of values accessibl
to CEBAF energies. Differently, in Ref.@4# it has been
claimed that the charge form factor of pseudoscalar mes
is insensitive to a large class of wave functions, and, mo
over, that the high-momentum tail of the wave function do
not matter for energies accessible to present experime
The aim of this Brief Report are~i! to point out that our wave
functions do not belong to the limited class of wave fun
tions considered in@4#, and~ii ! to clarify the relevance of the
high-momentum components of the meson wave functio
particularly for values ofQ2; few ~GeV/c)2, by analyzing
in detail the structure of the expression of the pion for
factor used in Refs.@2# and @4#. Moreover, our theoretical
predictions for the elastic form factor ofp1, K1, andK0
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mesons are compared with the results obtained within diffe
ent sophisticated relativistic approaches, showing that t
measurements of the pion and kaon form factors planned
CEBAF @1# could provide information for discriminating
among various models of the meson structure.

The general expression of the charge form factor of
pseudoscalar meson,FP(Q2), obtained within the light-front
constituent quark model~see, e.g., Ref.@2#!, is

FP~Q2!5eqf
q~Q2!HP~Q2;mq ,mq̄ !

1eq̄ f
q̄~Q2!HP~Q2;mq̄ ,mq!, ~1!

whereeq (mq) is the charge~mass! of the constituent quark
and f q(Q2) its charge form factor. In Eq.~1! the body form
factorHP(Q2;m1 ,m2) is given explicitly by

HP~Q2;m1 ,m2!5E dkW'dj
AM0M08

4j~12j!

3AF12Sm1
22m2

2

M0
2 D 2GF12Sm1

22m2
2

M 80
2 D 2GwP~k2!wP~k82!

4p

3
j~12j!@M0

22~m12m2!
2#1kW'•~kW8'2kW'!

j~12j!AM0
22~m12m2!

2AM 80
22~m12m2!

2
, ~2!

where the free mass operatorM0 (M08) and the intrinsic

light-front variableskW' (kW'8 !, j are defined as

M0
25

m1
21k'

2

j
1
m2
21k'

2

~12j!
, M 80

25
m1
21k8'

2

j
1
m2
21k8'

2

~12j!
,

~3!
kW'5pW 1'2jPW'52pW 2'1~12j!PW' ,

kW8'[kW'1~12j!QW ' , j5p1
1/P1512p2

1/P1.

In Eqs. ~2! and ~3! the subscript' indicates the projection
perpendicular to the spin quantization axis, defined by t
vector n̂5(0,0,1), and theplus component of a four-vector
p[(p0,pW ) is given by p15p01n̂•pW . Moreover,
6682 © 1996 The American Physical Society
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53 6683BRIEF REPORTS
P̃[(P1,PW')5 p̃11 p̃2 is the light-front momentum of the
meson, k2[k'

21kn
2 , k82[k8'

21k8n
2 , kn[(j21/2)M01

(m2
22m1

2)/2M0 , andkn8[(j21/2)M081(m2
22m1

2)/2M08 .
As in @2#, the radial wave functionwP(k2) can be identi-

fied with the equal-time radial wave function in the meso
rest frame. We will make use of the eigenfunctions of th
effective qq̄ Hamiltonian, developed by Godfrey and Isgu
~GI! @9# to reproduce the meson mass spectra. In case
pseudoscalar mesons one has

Hq q̄w
P~k2!u00&[@Amq

21k21Amq̄
21k21Vq q̄#w

P~k2!u00&

5Mqq̄w
P~k2!u00&, ~4!

where Mqq̄ is the mass of the meson,u00&
5(n n̄ ^ 1

2 n 1
2 n̄u00&xnx n̄ is the usual quark-spin wave func

tion of a pseudoscalar meson, andVq q̄ is the effectiveqq̄
potential. The GI interactionV(GI) is composed by an OGE
term ~dominant at short separations! and a linear-confining
term ~dominant at large separations!. We will consider two
types of wave functions: the first one,w~conf!

P , is given by the
solution of Eq.~4! obtained when the OGE part ofV (GI) is
switched off, i.e., when only its linear confining term
V(conf) is retained, whereas the second choice,w~GI!

P , is ob-
tained by solving Eq.~4! with the full GI interaction. Note
that the pion mass corresponding toV(conf) in Eq. ~4! is 1.024
GeV, whereas the one obtained usingV(GI) is 0.149 GeV.
The pion wave functionsw(conf)

p andw(GI)
p are shown in Fig.

1 and compared with the HO@w(HO)
p }exp(2k2/2a2)# and PL

@w(PL)
p }(11k2/b2)22# wave functions used in Ref.@4#. It

should be stressed that the latter ones are constrained
imposing the reproduction of the leptonic decay constants
p and r mesons and by assuming a pointlike quark ele

FIG. 1. Pion wave functions@kwp(k2)#2, calculated using in
Eq. ~4! different effectiveqq̄ interactions, as a function of the rela
tive momentumk. Dotted line:w(conf)

p , corresponding to the case in
which only the linear confining part of the GIqq̄ interaction@9# is
considered. Solid line:w(GI)

p , corresponding to the solution of Eq
~4! obtained using the full GIqq̄ interaction. The dot-dashed and
dashed lines correspond to the HO and PL wave functions of R
@4#, respectively.
n
e
r
of

-

by
of
c-

troweak~ew! current. It can clearly be seen that~i! the mo-
mentum behaviors ofw(conf)

p andw(GI)
p are sharply different,

because of the configuration mixing induced by the OG
part of the effectiveqq̄ interaction, ~ii ! for k,1 GeV/c
w(HO)

p and w(PL)
p are quite similar~possibly because they

have to satisfy the above-mentioned constraints! and do not
differ significantly fromw(conf)

p , which takes into account the
effects of the confinement scale only, and~iii ! the high-
momentum components ofw(GI)

p , while exhibiting a nominal

power-law falloff at large momenta (ukW'u.1 GeV/c), are
much higher than the ones pertaining tow(PL)

p . The average
transverse momentumk̄'[A^k'

2 & turns out to be.0.8 GeV/
c in case ofw(GI)

p and.0.3 GeV/c for w(HO)
p , w(PL)

p , and
w(conf)

p . Thus the HO and PL wave functions adopted in
Refs. @4# and @6~c!# can hardly be considered representativ
of the range of uncertainty of the momentum behavior of th
wave function. As a matter of fact, ourw(GI)

p wave function,
which is an eigenfunction of a mass operator reproducing t
meson mass spectra, does not belong to the limited class
wave functions considered in Refs.@4# and @6~c!#, since it
gives rise to an overestimation of the leptonic decay co
stants when a pointlike quark ew current is adopted~cf. @2#!.

The relevance of the high-momentum components of th
wave function in the calculation of the pion form factor can
be investigated by substituting in Eq.~2! wP(k2) and
wP(k82) with w̃P(k2)5NwP(k2)u(k'

U2ukW'u) and w̃P(k82)

5NwP(k82)u(k'
U2ukW'8 u), respectively, wherek'

U is the cut-

off on the transverse momentumk'[ukW'u andN is a con-
stant ensuring the proper normalization of the wave functio
The results of the calculations, obtained assumingf q51 in
Eq. ~1! and using in Eq.~2! both w̃(conf)

p and w̃(GI)
p , are

shown in Fig. 2 for values ofQ2 up to 10~GeV/c)2. In what
follows we will limit ourselves to consider the wave func-
tions w̃(conf)

p and w̃(GI)
p , because forQ2,10 ~GeV/c)2 the

results obtained using the HO and PL wave functions of Re
@4# do not differ significantly from those calculated with

-

.

ef.

FIG. 2. Charge form factor of the pion,Q2Fp(Q2), calculated
assumingf q51 in Eq. ~1! and using in Eq.~2! the wave functions
w(conf)

p ~a! andw(GI)
p ~b!. The various lines correspond to the results

obtained by substituting in Eq.~2! wp(k2) and wp(k82)
with w̃p(k2)5Nwp(k2)u(k'

U2k') and w̃p(k82)5Nwp(k82)
u(k'

U2k'8 ), respectively, wherek'
U is the cutoff on the transverse

momentum~see text!. In ~a! and ~b! the dotted and dashed lines
correspond tok'

U50.3 and 0.8 GeV/c, respectively, while in~b! the
dot-dashed line corresponds tok'

U52 GeV/c. The solid lines rep-
resent the full calculations of the elastic form factor~i.e., when
k'
U→`). Experimental data from Ref.@13#.
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w̃(conf)
p . From Fig. 2 it can clearly be seen that, both fo

w(conf)
p and w(GI)

p , the calculation of the pion charge form
factor is strongly affected by components of the wave fun
tion corresponding tok'. k̄' . As a matter of fact, in case of
w(conf)

p , about one-half of the form factor at 0.5,Q2(GeV/
c)2,5 is due to components of the wave functions wi
k'.0.3 GeV/c @.( k̄')conf#, and, moreover, the saturation i
not completely reached even whenk'

U.0.8 GeV/c. In case
of w(GI)

p , the high-momentum components corresponding
k'.0.8 GeV/c @.( k̄') GI# are responsible for about one
half of the pion form factor atQ2.1(GeV/c)2 and the satu-
ration at high values ofQ2 is not completely reached even
when k'

U.2 GeV/c. Such results are simply related to th
fact that, forQ; few GeV/c, values ofk';1 GeV/c can
give rise to low values ofk'8 @5ukW'1(12j)QW 'u#, when
kW' is antiparallel toQW ' and the struck quark carries an av
erage fraction of the momentum of the meson~i.e.,
j;j̄50.5 in the pion!. This interplay betweenk' and k'8
implies that, even without the effects of the OGE term of th
GI interaction, the pion form factor atQ; few GeV/c is
affected by the wave function atk'. k̄' . In particular, since
( k̄')GI.0.8 GeV/c, configurations both at short and larg
transverseqq̄ separations turn out to be relevant forwGI

p . To
sum up, the results reported clearly show that~i! for all the
wave functions considered, the high-momentum part
k'. k̄' is relevant for values ofQ2 accessible to CEBAF
energies, and~ii ! the OGE term of the GI interaction~which,
as known, nicely explains thep - r mass splitting! generates
in the wave function high-momentum componen
(k'.1GeV/c), which lead to a strong overestimation of th
pion form factor atQ2; few ~GeV/c)2. In this work we
have checked that the same conclusions hold as well for
charge form factor ofK meson, whereas they are no longe
true in case of heavy pseudoscalar mesons, such as theD and

FIG. 3. Elastic form factor of the charged pion, timesQ2, vs
Q2. The solid line represents the results of our RCQM, obtain
using in Eq.~2! the eigenfunction of the effectiveqq̄ Hamiltonian
of Ref. @9# and adopting in Eq.~1! the monopole charge form factor
@Eq. ~5!# with ^r 2&u5^r 2&d5(0.48 fm)2. The dashed and dot-
dashed lines represent the predictions of the covariant Bet
Salpeter approach of Ref.@14# and of the QCD sum rule technique
of Ref. @15#, respectively. The dotted line is the prediction of th
VMD model with the r-meson pole only @i.e.,
Fp5(11Q2/mr

2)21#.
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B mesons. As a matter of fact, the explicit calculations o
Eqs. ~1! and ~2! ~assumingf q51) yield almost the same
results in a wide range of values ofQ2 @Q2@1(GeV/c)2#
both for w(conf)

D(B) and w(GI)
D(B) wave functions. We will limit

ourselves to comment that such a result can be ascribed
the fact that~i! the body form factor (HP) corresponding to
the virtual photon absorption by the heavyc (b) quark in the
D (B) meson is dominant and~ii ! the average fraction of the
momentum of the meson carried by the heavy quark is ve
close to 1, leading tok'8 .k' , which implies a weak depen-
dence of the calculated form factor on the heavy meson wa
function in a wide range of values ofQ2.

The results reported in Fig. 2 suggest that, if the constit
ent quarks are assumed to be pointlike particles~i.e., if
f q51), the pion form factor calculated with wave functions
having k̄';0.3 GeV/c ~like, e.g., w(conf)

p , w(HO)
p , and

w(PL)
p ) is in fairly good agreement with existing data,

whereas the one obtained usingw(GI)
p is not. However, once

the assumptionf q51 is made, the parameters which un
avoidably appear in the hadron wave function are usual
adjusted in order to fit em~or, more generally, electroweak!
hadron properties@see, e.g., Ref.@6~c!##. In this way the rela-
tivistic constituent quark model~RCQM! loses~at least par-
tially! its predictive power, for the wave function is not com-
pletely independent of the em observable unde
investigation. A different approach is to adopt the eigenfun
tions of a~light-front! mass operator able to reproduce cor
rectly the hadron mass spectra, so that the wave functions
not depend upon any observable but the hadron energy le
els. In this way, the momentum behavior of the hadron wav
functions is dictated by the features of the effectiveqq̄ in-
teraction and the investigation of the em properties of ha
rons could provide information on those of the constituen
quarks. Thus, in order to recover the predictive power of th
RCQM, the same em one-body current should be used for
the hadrons. Following this strategy, a monopole ansatz f
the charge form factor of the constituent quarks has be
considered in Ref.@2#, viz.,

f q~Q2!5 ~11Q2^r 2&q /6!21 . ~5!

When the wave functionw(GI)
p is adopted in Eq.~2!, the

value^r 2&u5^r 2&d5(0.48 fm)2 has to be chosen in order to
reproduce the experimental value of the pion charge radi
^r 2&expt

(p)5(0.66060.024 fm)2 @10#. It should be pointed out
that such a value of the constituent quark radius is in nic
agreement with the ansatz^r 2&q5k/mq

2 , suggested in Ref.
@11#, from the analysis of the so-called strong interactio
radius of hadrons, when the valuesk.0.3, extracted from
the chiral quark model of Ref. @12#, and
mu5md50.220GeV@9# are adopted.1 Moreover, it should
be stressed that, though theu(d)-quark charge radius is fixed
only by the pion data at very low values ofQ2, the predic-
tions of our RCQM compare very favorably with the data
also at high values ofQ2 ~see Ref.@2#!. This is illustrated in
Fig. 3, where our results for the pion charge form factor ar
compared with the experimental data@13# and also with the
predictions of different relativistic approaches, like the cova
riant Bethe-Salpeter approach of Ref.@14# and the QCD sum
rule technique of Ref.@15#. The predictions of the simple
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vector meson dominance~VMD ! model, including the
r-meson pole only, are also shown in the same figure. It c
be seen that existing pion data do not discriminate amo
calculations based on different models of the pion structu

By using in Eq.~2! the appropriate eigenfunctions of th
GI Hamiltonian~4!, the elastic form factors of chargedK1

and neutralK0 mesons have been calculated. In Fig. 4 th
results of our calculations, performed adopting differe
choices of the charge radius of the constituents quark
(^r 2&s), are reported and compared with the predictions
Ref. @14#, based on a covariant Bethe-Salpeter approach
can be seen that forQ2.1(GeV/c)2 the calculated charge
form factors ofK1 andK0 mesons are remarkably sensitiv
to the value used for̂r 2&s , so that their experimental inves
tigation could provide information on the em structure o
light constituent quarks. From Fig. 4 it can also be seen th
unlike the case of the pion, the measurement of the ka
form factor atQ2.1(GeV/c)2 could discriminate among
different models of the meson structure.

In conclusion, the charge form factor ofp andK mesons
has been evaluated within a light-front constituent qua
model. The use of the eigenfunctions of a mass opera
constructed from the effectiveqq̄ Hamiltonian of Ref.@9#
reproducing the meson mass spectra, and the introductio
a phenomenological charge form factor for the constitue
quarks have been briefly discussed. It has been shown
the high-momentum components generated in the me
wave function by the effective one-gluon exchange intera
tion ~namely,k'.1 GeV/c) are essential in determining the
behavior of the form factor for values ofQ2 accessible to
CEBAF. Therefore, the investigation ofp andK form fac-
tors at CEBAF represents a powerful tool to study the sho
range structure of mesons. The predictions of our relativis
constituent quark model for the charge form factor ofp and
K mesons have been compared with those of different re
tivistic approaches, showing that the planned experiments
CEBAF @1#, aimed at measuring independently the pion a
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kaon form factor forQ2,3(GeV/c)2, could provide relevant
information on the em structure of light constituent quark
and could represent an interesting tool to discriminate amo
different models of the meson structure.
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FIG. 4. Elastic form factor of chargedK1 ~a! and neutralK0 ~b!
mesons, timesQ2, as a function ofQ2. The solid line represents the
results of our RCQM, obtained using in Eq.~2! the appropriate
eigenfunctions of the effectiveqq̄ Hamiltonian of Ref.@9# @see Eq.
~4!# and adopting in Eq.~1! a SU~3! symmetric~monopole! charge
form factor for the constituent quarks with
^r 2&u5^r 2&d5^r 2&s5(0.48fm)2. The dot-dashed lines are the re-
sults of the calculations of Ref.@14#, based on a covariant Bethe-
Salpeter approach. The dashed lines represent the predictions of
RCQM, calculated using ^r 2&s5(0.25 fm)2 and
^r 2&u5^r 2&d5(0.48 fm)2. Note that these values correspond
to the ansatz ^r 2&q5k/mq

2 @11#, adopting k.0.3 @12#,
mu5md50.220 GeV andms50.419 GeV@9#. Eventually, the dot-
ted line in ~a! is the prediction of the VMD model including the
r-meson pole only.
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