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Abstract

Motivaled by the Nambu-Jona-Lasinic model of light mcrons, we inlroduce s covariam
separable interaclion Lo model the struciure of relativistic quark-antiquark aystems. The
Schwinger-Dyson equation for the quark sell-energy is solved analytically, generating a
dynamical quark mass through spontancous breaking of chiral symmetry, and yielding a
pion which has zero maas in the chiral limit. The Bethe-Salpeler vertex [unction for this
¢i-pion, which has a momentum disteibution and composile siructure associated with the
interaction, is obtained m-mlyl.icnlly. Using Lhis vertex funclion, and a sitnilar one lor the p
mesan, we calculale the eleclromagnelic obscrvables of this composile Nambu-Goldstone
boson, including- efiects from p-meson dominance processes. Qur calculalion takes the
compotile siructure of Lhe mesons inlo accounl. The g meson effects are lound 1o be very
small in the pion charge form factor, but substantial in the charge radius. Using the model,

predictions arc made for v*x° — 7 and pmq Lransition form factors.




I. Introduction

It is well known thal the pion plays an imporiant role in the description of nuclear
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dynamics. Its lightness as a Nambu-Goldatone {(NG) bosen'’ means that it dominnies

the long-range and low-energy aspects of nuclear dynamics. The low-¢nergy theorema®
obtained with the PCAC hypothesis and current algebra® for poinl-like objects work ex-

tremnely well in the low energy region of nuclear dynamics?

, including electremagnetic
renclions®. As the energy scale is increaned, however, the intrinsic atructure of the pion
should be taken into mccount, and warious electromagnetic obaervables depend on this

structure. In this paper, we explore the electromagnetic properties of the pion as & NG

bosun with & composite structure.

In thix respect it would be very meaningful to develop a moadel in which both the
spontaneoua bresking of chiral symmetry? is renlized, and a NC boson with = compaonite
steucture is obinined. The Nambu-Jona-Lasinio {(NJL) model” is an example of a mnodel
satisfying the firat requirement, and exlensive investigations have been made using it*. The
standard approach in the NJL model is to introduce & won-covariant momentum cuioff in
arder Lo asaure that various loop integrals are finite. This approach docs not provide a clear
connections between Lhe moemenium distribution of the pion wave function and physical
oliservables. 11 is more natural, uselul, and realistic to introduce & momentum seale inlo
the gy mleraction which will control the loop inlegrals; this can be done covariantly using
a separable interaction. Combining this second requirement {finite momentum scale) with
the NJL model is one of the objects of this paper. Such & procedure gives & ctear connection
lietween composite atruciure and physical obinervables.

In this paper we employ a chirally invariant, covariani, separable interaction model io
describe the g inlernclion. Separable internclions are [requently used o treat pairing® in
the BCS theory'®, and here we take advantage of the simplicity with which the dynamical
equations can be solved using a separable form. In our approach, the momenium scale of
dynamical symimetry breaking can be nasociated with » range parameter {A) appearing
in the forin facior of the separable interaction. Solving the Bethe-Salpeter equation is

trivinl with separable interactions, and we can associale the size of a composite pion
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and the dynamically generated quark mass with this range parameter (A} Compared 1o
the standard use of the NJL model, our model relates the scale parameter A directly 1o
the momentum distribution of the wave function, which is preceisely defined by A. A
consistent calculntion of many observables including large momentum transfer processes is

straightforward, still keeping the essence of the original NJL model.

Using the Harlree approximation at the one loop level, our madel gives an analytic
solution of the Schwinger-Dyson equation'!-'? for the quark self-encrgy E{q?), which goes
like ~ ;'-, at large momentum. Thus the dynamical mass generaied by sponlancous sym-
metry breaking has » momentum dependence which insures that it vanialics at Iarge-g*.
This behavior untisfies Polizer's criterion'?, and therefore, in principle, our niodel can be
applied to the calculations of abaervables in Lhe asymmpiotic region, where quarks are slinost
masaless and perturbative QCD is very successful.'*

With the pion wave function obtained from the Bethe-Salpeler equation we caley-
Iate the physical obaservables masocinted with the pion. The charge forn factor (F{gh)).
charge radiue (r,}, wesk decay constant (f«), two photon deu_:ny width (['yu_,,,) as weil
as 7" x% — 3 transition form factor { F,.(g?)} are calculated. lere, we have only two
model parameters; o conatituent quark mass {m,} and s range parameter {A) appenring
in the rank-1 separable interaction. The results of our caleulation are remarkably good in
comparison with the experimental data, and the numerical values are very stable against

variatione of the parameters.

In electromagnetic procesaes, lor example in the pion charge fonn factor, we have
1o take into mccount aeme importamt effects in addition to the standard impulse process
(Fig.1). One effect is » contribution from the relativistic iwo-body current operator®
due to interaclion currenta (Fig.2). This interaction current can transfer large momentum
from the quark struck by the photon lo the spectntor quark. The interaclion curreut
ts associnled with the lwo-bud-_v interaclion, and s consisteni trealment is required bath
for the cvaluation of wave {unctions and for the enlcutation of the matrix elements. The
details of how lo derive this relativialic two-body currenl operator have already been
published®; the Ward-Takahashi identity and electromagnetic ERUgE invariance age usect

to constrain the current operator. We include this contribution in the charge form factor of
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the pion by calculating the malrix elements of this relativistic two-body current aperator;’
the derivation of the current operalor iluell wili not be repested here.

A second effect that oceurs in Lhe electromagunetic interaction ia that of virtual vector
mesons, which couple a photon to & hadton. Since the pion (as well as a vector meson) is
8 composile object, care must be taken in extending the usual Veclor-Meson-Dominance
{VMD] model'! to apace-like photon momentiin!®, For exsmpie, in the pien charge form
factor, both the momentum dependence of the prx trinngle diagram and of the o coupling
should be taken into account when the p is [ar off-mass shell, which is always Lhe case for
the space-like region. Furthermore, in the space-like region the propagator of & virtual p
meson may nol be the same as it is near the g pole. These effects are nol included in
the usunl hadronic description of the VMD model, where the structure of the £ meson i
ignored.

Thus, a dynamical study will help lo estimale nol only the size, bul montentum
transler region over which such vector meson processcs are significant. Here again, n simple
and explicit calculalion is possible with a relativiatic separable interaclion. We extend Lhe
separable model of 7 interactions lo the veclor channel. The Belhe-Salpelec equation
for the scallering malrix is solved analytically with the separable interaclion, and the
resulting scattering matrix ia introduced into the photan — quark-antiguark verlex (Fig.3).
From the view of quark-meson duality!?, Lhe impulse mry-triangle diagram (Fig.1) may
tmplicitly include the eflect of a vector meson channel, bul here we exnmine the addilional
correclion explicitly without intreducing double counting. Our resull shows a very smali
contribution. In this paper we discuss electromagnetic gauge invariance of the photen
propagator including this hadronic radiative correction.

Thia paper is erganized in the foliowing way. in Sec.ll, the Bethe-Salpeler lormalism
wilh a relativistic separable inleraction is reviewed, the Schwinger-Dyson equalion for the
quark sell-encegy is lormulated and solved, the presence of a zero mass pion is demonstrated
in the chiral limil, And the pion weak decay constanl (f. ), charge radius (r, ), two-photon
decay width (yo_.,,}, and the charge form factors are calculaled. The effect of the
imteraclion current is discussed in Sec. 111 In Sec. IV, a covariaal gquark model of the

p-meson is inlroduced, and the pumerical effect of the veclor meson process on Lhe pion
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charge form Iaclor is presented ss a correction to the impulse form factor. We predict the

form factors of 1" x® — 4 and pwy processes in Sec. V, and summarize our work.

II. Separable Interaction and Bethe-Salpeter equation

A. Bethie-Sulpeter equation

One of the most important sspeets of the QUD lagrangian i that it is chirally sywm-
metric in Lhe light querk sector. The explicit symmelry breaking is very small due s Lhe
lightness of the u- and d-current quark maass (m, + my = 12Af¢ V%), however dynanncn
breaking of chirs) symmelry appenrs at Lhe low energy scale 1o yield & constitnent quark
maas of my = 200 ~ I00M eV, snd scveral dynamical models” 212 pddress tus isaue.
Here, we inlroduce a relalivistic separable inleraction with a chirally aymmetric lorim, aid
the nature of Use dynamical symmetry breaking is studied. As a consequence, the pion
an & Nambu-Geldstone boson acquires & composile structure with a quark-antiquack (g4)
momentum distribution associaled with the interaction, and within this framnework we
calculate the elcclromagnetic observables.

We start wilh a general expression of Uhe chiral invariant action {Sy4 ) [or & four quark

verlex,

5., =j]f/d‘z,d'z,d‘z'ld‘:',h'(:',,:’, o £1y22)

x[(ﬂsi W (= )T (23 ) ¥(22)} - (F(2) o e V{2 )W T2y 1y b))

(2.1)

Here, r is the Pauli malrix for the flavor space, and [ is meant to be a diagonal matrix
This aclion is invatiant under the global axinl Lransformation Fiz) — T TPYir) and
Pz} — ¥{z)e' T, independently of the structure of the kernei? K({z|,xy:x,,24). The
kernel in Lhe originad Nambu-Jona-Lasinio model is o constant, and a momentum cul.ofl
is inlroduced at Ay s = 0.8 ~ 1GeV in the diverging loop integrais caused by Lhe conlnet

interaction. Qther choices of the kernel will be lound elsewliere?®,



ln our inodel, Lhe generalized NJL interaction assuines a separable lorm

Kiz),zyrx1,m0) = Igf(lr'. T RTINS {2.2)

where [, = @y = "#.'Ic‘l.n 7'::1"-’“ is the projection operater for color singlet states,
where o and ¢, are color indices. The number of colors is n.. For flaver singlet staies it
may be possible to obiain this separable form fron & multiple-gluon nnihilation processes
in the ¢ channel,” but here we extend this idea ta non-flavor singlet channels, and simply
regard it s an empirical deseriplion of Lthe interaction. In momentum space the separabte

mteraction becomes

Vagiin(&' B) = o SIE ) [ TagTiy — (17 Janl v T ey | e, (2.3)

where the Greek letiers are used for the Lorenz and flavor indices (Fig. 4). Here, X' =
(k) £ k3)/2 is the relative momentum of the ¢ pair in Lthe final state, with a simitar relation
lilding between unprimed variables for the initial sinte. We use a monopole form: factor,
JIk?y = ir253, with a parameter A, s0 that we can perform loop integrals by the standard
Feymman parnmeler method. The Bethe-Salpeter equation for a bound state vertex (Fig.5)

is given by

4k .
Puntk'sp) = -'/ Gyt Vol E LIS a4 DI as(h p)Sueth - 2. (2.4)

For n pacudascalar-isovector state, the solution (defined sl p? = mi, where my is Lhe
muss of the bound state) has the form P(k; p) = AMyVF(k?)x . x; with Lhe wave funcijon
auormalization A 1o be delermined by the charge normalization. Normalized wave functions
fiur the color singlet and isovecior flnvor stales are denoted respectively by y, = —ﬁ:}}..‘
and vy | for example yy = ;};r;.'! for a neutral pion, where [ ia the flavor index |. The

quick propagator is defined by S(p} = [p—mo — T(p? ) +1¢] 7" with the currenl quark mass
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mg, and the quark aelf-energy T{p?) given by & self-consistent equalion. The equation for

the g§ momentum distribution F{k') becomes,

:

T AFTY d'k 5 Py s _P 1 1
PN = g f i [ e st + Ertse - B bonFe) sy

The solution is F(k?*) = f(k?} x constant, and we have Lhe cigenvalue equation

Cf d%
1= —ngi [2—”)_‘1»{1’5(1: + ;—'h'S(k - g)};’(k’). (2.6}

: For the zera mass pion {p? = 0), eq (2.5) becomes

. oyt d'k F(k?)
Ty _ 1 E RV L -
Fik ) =4dnggif(k j_/(Qr}‘f(k )k"*llng-l'ﬂ(k")l" {2.7)
where we used
] P e r —_ 7 Tya-1
Tf{'r Sk + Prytsih - 5)} =4[ — (mq + T
pr=a
B. The Schwinger-Dyson equation
The self-consistent equation for the quark-self energy (Fig.Ga) is
. . d'k .
Bk ?) ='j (—é'_)‘vn_ﬂ:l'r(k ‘k)s‘l‘(k]l
— d*k my + E(kY)
=4 L' kT
maif ) [ ) T (2.8)
The solution has a lorm E{k?) = constant x f{k¥}, and we wrile
NTE) Pt A
LR} = a0 fE) = ke (2.9)
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In the chiral limit {mq = 0), the equations for the ¢ momentum distribution, eq (2.7),
and for the quark sclf-energy, eq {2.8), become idenlical: if we have a nontrivial solution
(= # 0), then » zero mass pion emerges a3 & Nambu-Goldstone boson with a momenlum
distribution given by F{k*}. A similar approach has been used to deseribe the instanton
induced ¢ interaction?, and the monopole {orm of the quark self energy was introduced

by Coruwall.®

Inserting eq (2.9) inlo eq (2.8) with my = 0, given an equation for «

. d'k 1
b=tings [ o ) g
LTI =
‘4:1.\1/. b T (AT (210)

Thus, the exacl solution [or the quark scll-enecgy is given by eq (2.9} with « determined
by eq (2.10) for given values of g and A. Nole st for ¢ > g, with g, = ;’;N’a\’, Lhere
exists a nontrivial solution, x # 0.

In this paper we consider only the Harlree termn (Fig.6a) in the Schwinger-Dyson
equation. The Fock term {Fig.6b), which is of order € n'—.), in neglected. This is the same
approximalion scheme used in the otiginal NJL modec). To be consistent, the exchange
Ltern ia nlso nol included in the eq (2.4). Nevertheless, if the Fock snd exchange terms
were included in eq (2.8) and ¢q {2.4), it can be shown Lhal » zero mass pion still appears in
the chiral limit. The explicit calculation of the quark sell-energy including the Fock lerm

is possible by following the method of Rel.27, but here we will not pursue this further,

C. Observables

In the foliowing calculation of physical obscrvables, we npproximate the momentum
dependent quark self-energy by an effeclive mass my, 30 that £ —[my+ B2 (&F)|F — k7 mj.

Expanding around k? = m2,

K — [y + E(E)) = Z(E® — m?) + O(fk* mi]), (2.11)
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gives an effective propagater of the lorm 27?’1-75 near the quark pole, and Lhe constant
2 «an be removed by renormalizing the interaction strength. The low energy observables
will be calculated using Lhis effective propagalor.

We now evaluale Lhe pion weak decay constant {f.), lwo-photon decay widith (I »

1)

and impulse charge form lactor (Fimp{q?)) by using the pion vertex function
ik p) = M2 F(k oy

Here the culofl imnnss {A) aind the eflective quark mass (m,} are Lhe independent pacameters
filled 1o the physical observables. The wesk decay constant (f.) is given by ealculating
the diagram shiown in Fig.7,

d'k

u_ VN tr nr, u L _r -
fep* = iﬁﬂjm).ﬂk T {7’—, Sk o+ 5)2"S(k 21}. 12.12)

and the pion charge forn [aclor in the impulse approximation is given by the impulse

dingrams (Fig.] and Lhe other diagram where the photon couples Lo the d-quack),

d'k

Fupl @ )P +p)* =N (@

}"(k’)Tr{S(kﬁ§)7"5(k+g—qh"5(k+ gh’ } (2.1

where Lhe normalization (A) of wave function is determined by the charge normalization,
Fimpl#} = 1. Note that the loop integrals for the charge [orm (actor depend on FEY,
while the one for Lhe weak decay constant is linear in F(k?). We emsphasize that, in
our generalization of Lhe NJL model, the momentum cut-ofl is associated with the yunrk
mementum distribulion of the pion, and this effect therefore depends on the number of
picn vertices in & given diagran. This is an essential difference from the original NI
miodel. The xyy-amplitude in calculated from Lhe riangular disgrams {Fig.8) for tlie axint

anomaly??: 2%,

Muyy =tk 0y thy, ) FH(E o 2), (254
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where

kv kg, 0) = —INTr{Q, Qv s}

jl2 mrrdUntl {/:5(

P P
S(k+ 2 ' S(k 2)} {2.15)

Here Qg is the quark charge operaler @, = H1 + 3r?), and x4 = 7'51". This amplitude
can he expressed in a gauge invariant form
May = Aeyypee® e k0ED, (2.16)

where

A =8m N S, Tr{Q,Qx s}
dik Fix)
- / (

2m )t ( _,_,__;]1 m:) ([k-l—fi’—m:) ([k—ﬂ’—mf)

3
and the (wo-photon decay width is given by "o | = E:Az.

The numerical resulls for these observablea are plotied in Fig. 9 with several choices of
A and my. Nate that for & given quark mass, for example m, = 250AfeV, the two photon
decay width is very stable under the variation of the cutofl mass A =300 to B00A eV, and
& very amall devialion is found for the weak dceny constant, f, = 80 to 105 M V; aboul
10%% deviation [rom the experimental value of 93M eV, For a fixed culofl mass, for example
A = 500MeV, Lhe varintions of these observables are also in the acceplable range for the
quark mess, m, = 230 to 280M V. In eddition, the charge radiua hias & slow dependence
on the values of the cutofl mass and quark meass. The best fit is given by A = 450MeV
ant my = 248M eV, which gives f, = 9IMeV(91.), Pro_ ey = T.74eV(T.57 +£ 0.3%'} and
the charge radius ro = 0.74{0.663 £ 0.023'} fm, where the numbers in tlie parenthesis are
the experimental values,

Inserling Lhese beat values (A = 450M eV and m, = 248M eV ) into Lhe Bethe-Salpeter

eigenvalur ey (2.6,

10 N

R d'k 1,12 4m:+p3—-ﬂcl
—n;ylj ey T HaRH I EES SEEEH R

(2.17)

gives go = 2.795x° A% if i, = 140MeV. If we use this coupling conatant in the zero mass

eigenvalue equalion,

I=4in;yo (“2 ]|]‘ 1)[ Aflf

we gel an effective quark maas of Af = 234M eV, and n ressonnble estimate for the current

{2.18)

quark mass my = 248 — 234 = [4MeV.
We predict the pion charge form factor by using the paramcters obtained here. The
numerical renult for the impulse form factor {Fig.1) is presented in the next section along

wilh the one for the two-body current contribution (Fig.2).

. II1. Two-Body Interaction Currenta.

When a Inrge momentum is translerred to & meny-body system, the momentum can
be shared by each conatituent through the two (or many)-body interaction. This twa-
body process, the interaction cusrent, is an important correclion to the impulie one-Lady
process. The nonrelativistic treatment of this effect has an old history, bui the relativistic
Lreaimenl hay been started only recently!s:??,

The form of a relaliviatic two-body current must satialy & general constraint, which
is derived from currenl conservation and the Werd-Takahashi identity for Lthe one-body
current. Py using minimal substitution melhoda® for introducing the gauge field into
A nonlocal vertex, Rel.16 gives an explicit derivation of the iwa-body ¢urrent operator
for reinlivialic sepnrable interactions. The result in expressed in terms of the twa-body

interaction wnd sniinfies the general resiriction. Here, we calculate the mairix elementa of

Lhis current operator by using the bound staie solution of the Bethe-Salpeter equation.



A. Current Conservation and Interaction Currents.

if an external photon field couples Lo the bound slate of the g4 system described by

eq {2.4), Lhe matrix clement of the one-body impulse current is

lf‘k - P “ -
<J:‘> = e./(z—ﬂirr{w,(k i) ki p) ST k-

see Fig.1, and

P
i’}

4
(J;‘) = c,/%rr{i,(k";p')r'(uE)W.(k:pi 7 }

{3.-1a)

(3.18)

where the Bethe-Salpeter wave [unclion is related to the verlex funclion by ¥(k;p) =

S{k + §)L{k; p)S(k — £), and f and i denote the final and initial bound states (which need

nol be the same). The momentum variables are k' = k + Jand k" = k-1, and e gy is the

charge of the u(d)-quark. The impulse form factor is Fim, (9% )lp+p')* =< Jr>r<di >

By using the Ward-Takaheshi identily

PRI SO,
4—57{k+2+q) 5 (k+2).

the divergence of one-body current can be cxpressed as

d'k -
n{2) = =ien [ 50 Bk Siis e D) it

. d'k B S P - r
f-l!./m?r{‘l’_ﬂk-‘-iip)s '{k+i)W.—(k;p}S I(k-»-z}}

[ bt g
“oof [ Fraimr v - vie - Lo

(3.2}

¥, (k:p,

Dady

{3.3a)

and

'hl(":)
d'kdti
= -tdf/ ——¥y dkip+q) V(k"rg.kl- V(k'.k—g) ¥, . kop)

(2n)* A8y

[ NM1Y

The wave equation eq {2.4] is used to obtain Lhe lasl equahty in eq (1.3a) The divergenee
of the one-body current is not generally zero, and the presence of a lwo-body current is

tequired Lo conserve the electromagnetic current,

q,.(J:' + 45+ J,“",>= 0. 13.4)

Thus, irom eqs. (3.3} and (3.4}, we get a very general restriction on the divergence ul the

relulivistic lwo-body currenl operators. Specifically,

qﬂ"::u“"-kil.mq“ =y [V(k'7 %!k) - V(kllk+ g}]
v 1 v, 9 e
+ E;{V(k +i,k)—V(k,k-i)], (1.3
where the charge of the d quark is e; = —eq.
Now, we derive the two-body current operalor itself, not the divergence. An analyt
ical derivation is possible when employing a separable inleraclion, which is a producl of

two form faclors depeading on the momenta of Lhe charged particles. In Uic coordinate

repreacutalion, the separable interaclion can be writlen

Vagual®y Ty 1) = Al 2 )As (1), 12), {16}

where
. PP e e
Bateloi) = [ S Sk R Mlggertisi i, (a.7)
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Here the matrix (1 is independent of momentum, and (,p = 12‘, for the pion. The
form factor f{lk, - k;]?) depends on the momentam k,(k;) of the charged particle ({2),
and we inlroduce the photon field A%{z,) into this momentum dependence by minimal

iL}

auhstitution . This induces a change of the forin factor, f{[k) - k3|?) — fi[B; - 5;|’),
where (-5:‘ = 8 ~ie,A*{(z,). Thus the verlex A(x,,7,;) is modified by the photen field,

The change in Ulic vertex, & {Fig.10}, is

kyd'k P
mm.(r..mﬁj/“u . ’{f{la.—azl’a—fual—a,t’}}n.mz""‘e"m. (2.8)

wlich is & function of the pholon field operntor A(z).
The two-body eleclromagnelic current is obluined by taking the matrix elementa for

the photon annihilalion process, JX (2),z3; 21,55 1 q) = —{2x) <0] 5V |a1(q)>, where

the wodified action induced by the photon field is given by

SViry, o2y, 22) = BA(x), 2y} Az, 22) + Alz), 24) - §Alxy, 13). {3.10)

We refer to the Rel. 16 for further details. The results for this relativistic two-body current

operator can be expressed in terms of the two-body interaction {Fig.11),

JE Rk e = — e h"-“ [V(k' k+ -) - V(k, k)]i»e. K [V(h' g ey V[k',k)]
4
i : [V(k' k- -) vk, k)]+¢, [vu:'+ T ky- v, k)].

(3.1

Here ', = 2k} — 2k} + ¢ (and similarily for the umprimed variables), and e,{e3) in the
charge of u(d) quark. Note Lhat this operator salisfies the general conatraint given in eq

(1.9

D. Matrix Elements

The Bethe-Salpeter equation and the interaction current operators are explicitly co-
variant in our approach, and the evaluatlion of the matrix elements should not depend on

the frame we use; thus we choose the Breit frame

1 ,
P =[P - q}* =(E, -aq),

2
. 1
pH = 'E(P +q) = (E,|! - elq},
¢ =10, q),
=(2E, 1 - 2alq). 1312}

where p* and p'* are momenta of the initial and final state of the bound sinte, and o is

given by F = \i‘-u'! + alq? = p} +{t -a)ql. (When p, = p; =m,, a = %I In the

Breit frame the interaction current can be expressed

JE, ',k:.,):-..(%[vw,Hg) Vi, k)]— |vu:' “ - VI, np)

+{ey term}), (3.13)

where §, = }::—::h and £}, = {H—::;‘; The matrix element (Fig.2) is given by

d*k’ d*k
<....(?)> ) W{Jﬁ..}. (314}

where

{ .-.:} =[S(k' - 3F("')5(""+%)|ﬂn-f:..{k‘-k i Qlagaq | Skt g)[‘[k)SUr‘ gllu.

and the contribulion to the charge form factor is given by §F, (q?) = Ip' +pl* < J% (g} »
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The numerical cesulls are plotted in Fig. 12 for {a} the impulse {orm lactor and {b)
tiie correction from the interaction currenl. The best parametera obiained in the previous
section [ my = 48M eV and A = 450MeV) are used, and the sensilivily to u varintion of
A is shown. The eflect of the interaclion curcent is zero at g* =0, so the interaction current
does not renormalize the charge. The relative size of Lhe interaction currenl increases al
large-02, Q > 4G eV?, where the impulse form factor dies ofl, The comparison with the

experiniental dala is shown in Fig. 3.

IV. Vector Meson Processes at space-like tnomentum transfer

in c* e~ -collisions®® the intermediate photon has lime-like momentum (¢* >6), where
the Vector Meson Dominance (VMD) modet wocks extremely well in predicling the cross
seclions of hadron production, such sy e*e~ — w*x=. Here, the strengthe of cho-photon
(/o) and rho-pion [ggax) couplings are the [undamental parameters fixed from the decay
processes of the physicai tho meson, p ~e*e™ and p—~x*n~. The VMD model somehow
works even in the space-like region for predicling the pion charge form factor and radius,
where the on-shell values of the coupling constants f,(¢? =m}) and g,..(g? =m?) are used
as an approximation. This approximation hes been applied for other mesonic processen
such ns pry coupling®’ as well as Lhe 17 ~ 5 reaction®®.

However, baryon form factors behave asymplotically like g4, and from this Inct it
is very clear that the validity of monopole behavior due to the VMD is not universal. il
the success of the hadronic VMD medel in the low momentumn region in based on quark-
meson duality, the mized ueage of the YMD model and & quark model may induce some
double counting. Here we exanine the effects of virtual vector meson processes based on
guark degrees of [reedom, not as an effective hadronic descriplion, bul by actually using
the q7 scallering matrix in the vector channel (Fig.3). The momentum dependence of the
rho-pholon (f,(¢*)) and Lhe rho-pion (g,ex{q?}) couplings, which can be obtained from
Lhe bound state solution of Lhe Bethe-Salpeter equalion, are aulomalically included in
Lhis approach. The propagator of the interncting q7 pair is introduced through the use

of the scallering matrix in the vector channel, which has a bound siale pole al the p-
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meson mass. This consistent calculation can be performed almost analytically by using
the relativistic separable model for the ¢g interaction. We estimale the corrections to the
impulse calculalion of Lhe pion charge form factor which arise from the 9§ inleraclion in
the veclor channel, and discuss electromagnetic gauge invariance in the presence of 1he
hadronic corrections.

The minial cequirements on this model are 1o {1) reproduce the correct position of
p-meson pole in the qF propagator in the veclor channel, (2} snlisfy electromagnetic gangr
invariance at the gy coupling so that the photon mass remains zero, and {3) reproduce the

on-shell values of coupling constants f,(q’:m;) wnd go, . (g?=ml).

A. Seporabie Interaction in the Vecltor Channel

We intraduce n separable quark-aatiquark interaction for the Lorenz vector ae isovec s

lor channel of the {ollowing form,

Varir K kip) = af(p )G (K i plg, Gh (ki ) Loy oo (11}

Here, G (ki p) in o veclor verlex depending on the relative (k) and tatal (p) momentn of
the ¢ pair, Fig.14, and a is the coupling constant. The projeclion operalors for the color
singlet and isoveclor stales are denoted by ., and 1,,, respeclively. A funclion, f(p?},
multiplies the interaction, and wili be discussed Iater. For Lhe veelor vertex we use the

[ollowing specific forms

1 #r*

o = ke (o1,
Dn“‘ ) P:

This veclor verlex couples to the polarization veclor, ¢,(p, A}, of the inlermediate vertnr

particle. The summation over the polarization slates of this inlerniediate particle gives

Taep AT (A} = g - p#p*[p?, whete, using Lhe vertex eq (4.2), we see Uhal the

P*p"/p* Lerm does not contribute, giving the struclure eq (4.1}. It is shown faler Llisl use

ol the vector vertex form ( T - ‘t:r ) reaulls in a simple realization of electromagnetic
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gouge invariance for the p coupling.
The Betlie-Salpeter equalion for Lhe bound slale vertex is given by
" . f d%k P . P
Foslkip) = '/E”—)‘Vﬂ.“{k.k';i’)su-(k' + E}F:-;-(k'-l’}sr.f(‘-‘ - i]- 4.}

The solution can be written in lerms of the vector verlex G*(k;p),

r:.(k”’) = NFG..:.(&:P,XLY!: {1.4)

where A/, is the normalization constant. Introducing the function f{p?) (=ee Fig. 15)

d'k Am? — 2k? 4 p?
Ty 2 2 4.5
N{p") = iaf(p )f{h], DIRTN[k + B~ i ){[k = FF — )’ (4.5)

we oblain 1he eigenvalue condition
fi{mi} =1 (4.6)
The Deilie-Salpeler equation for the sentlering matrix A is given by

Map stk K p) = Vg, K p)
{4.7)

. d'k H w P w_P LIS TR
+.j(——m‘ Vagualk. K p)Saa (k" + 2150 (k" = )Mty 7 k50,

and the existance of & bound state meana that A has a pole at p? =m?

T atk; v Py LR
2l 2P} 00 Ty R5P) otk k), (4.8)

3
P "'lp

Afnﬂ:hv(k-k.:?’) =

Here, R{k,&'; pY is regular at p? = m}, and T¥(k;p) in the bound siate vertex, eq (4.4).

[t Tact eq {4.3) can be derived by inserting Lhe expression (4.8) into (4.7} and taking Lhe

residue al p? =ml]. Inserting the explicit form eq (4.4) into eq (4.8) we get

N1G#(k;p) g,. G (K p)

2
r

Mk, k';p) = I L, + Rik, k' p), £4.9)

pP-m
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where the Greck teliers have heen dropped for simplicity. Meanwlile, we can explicitly
solve Lthe Bethe-Salpeler equation {4.7) by using the separable interaction {4.1). After the

chain summetion, the solution is

P4k . GV,
Mk, k':p) = a!(p’)gﬂulﬁ_g‘r‘“T){J—]h.!... (4.10}

where M1(p) was defined in eq {1.5). Equalion {4.7), the chain summation, and the analytic

solulion {4.10) are illuatrated in Fig. 16. Expanding the denominator near the pole gives

G*(k;p) g, C*(k';p)
L]
1-T(m2) = (p? - m2)| ),

Comparing with eq [4.9), and using the eigenvalue condition (4.6), gives an explicit form

Mk, k' p) = af(m})

Ieafiv, (4.11)

of the wave function normalization

dMip)]™’
dP’ |I

i}
plmm}

NI = —..f(m:;[ (112}

B. Vector Meson processes and Electromagnetic gauge invariance.

Hadronic cotrections Lo the photon propagator must satinfy electromagnetic gauge
invariance in order o keep the pholon mass zero. A perturbative caleulation®® of the
hadronic (¢§) loop corrections ta the photan propagator, alter suitable regularization,
givea Lhe gnuge independent form [g#“¢? — g#¢*|. On the other hand, effective hadronic
models must add an additionsl contact term in order to maintain gauge invariance®®4!
Our separnble interaction model of the vector meson slso satisfics gauge invariance when il
couples 1o a photon, and the momentum dependence of the py-coupling is determined from
the internction. The renormalized charge in QED already includes the hadronic corrections
through the empirical value of f—' = 713, where the hadronic correction is estimated io
be {e/f,)} ~ 0.26%*' L the renormalization point where the square of the photon lour

momeatum is zero. Thus, we will require that cur model gives no further renormalization
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of electromagnelic charge. The same argument is used in a simpler approach!? where the
p-meson is trealed as an elementary field.
We start with & calculation of the hadtonic loop correction Lo the photon self-energy

tenmor, i**(p?), Fig. 17s. Using Lhe q§ acattering matrix eq {4.19), gives

#(p’)
_ [k A r . r ' " P vrerpry P
= - @/ ey [S(k—il(Q.‘: )S(k+i} Bi'f.,g.-n(k.k ip)| Sik ~2)(Q'1 )5k +2] y
= (9“"1” —p"p”)l(p’). (4.13a)
which is gauge invarisul because p, (" = 0. Hel-'e. t{p'} is given by
Al(p? H 1
Hp'} = iﬁ‘:ﬁ”ﬁf ,(Tr(G.l..}Tr{l,.)) , {4.138)

and A{p?) is obtained (tom

d'k
A (p?) = /rﬁﬁz”)!Tr{'r"S(k - g)G"(k:P)S(k + gl}

= (- 2L )awh

o P d'k Am? — 2k 4 p?
= (’ -y ) /(zr)'o,wulk EF S miyk = oy (13

The propagstor of photon ie modified by this loop correction

DR = DT+ DL (0 e (81) DY ()

v 1
=D} (pl)m?—) {4.14)
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where DE¥(p?) = -§—

;¥ i the renormalized QED photon propagator without hadrome
corcections. Here, il is impertant that #{p*} has no pole at P = 0:if it did then it would
cancel Lhe photon pole in Dg(p?) and induce a new pole in 2 at p* £ 0, which wonld
shilt the photon mass [rom zero. This is the renson that we introduced the function f{p?),
which is now choscn so that f(p?)}/p? is regular al p? =0. The simplest choice, whicl wili

be used from now on, is f(p?) = p?/m?. Since the hadronic correction, which 1s linits at

.

p’ = 0, should be inciuded in the renormalized charge, we wrile cq {4.14) as

D!y = Dg*te")2"p)
ZM(pt) - Z2M(6)

=Dy pizHo) i + 779 '

[4.15)

where ZH(p?) = I_-T‘t?rl' and Lhe overall [actor ZM(0} in abaorbed into the physical charge.
The remaining hadronie correction $¥(p) = E:—Li')r'(—:i:m = l’nil_:%ﬁ.!}-,u in zero at p? = 0
H]
The py coupling r,(p*), where (emlff,}? = xi(m3) with {‘;— = 2.2 .4 0.2, cau br

obtained by equaling Lhe quark loop disgram, Fig. 17, with Uhe eflective hadronic dagram

Fig. 17b:
~{p’)
[ AL ——— T 116
i g e Tl (e ), {115}

Expanding the faclor | — TI{p?) sppearing in t{p?} at p? = ml, we gel

1
KI(ml) = N:ﬂ’(mf,}(TF{Q.XI}T"{M}) , (4.1}

where yy = —j;r’. Here we ignore Lhe imaginary parl of the veclor meson propagator,
which is mostly pccounted by the p° — #* n~ process nol included in this diagram. Aller.
natively, a simple evaluatlion of the p”y diagram, Fig. 1Ba, resulls in the same conclusion

an eq (4.17).
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C. Vector Meson Contributions to the Pion charge form factor.

We first caleulate the additional contributions to the quark current due to vector
meson processes, which will be denoted J),. These processes arise [rom g scattering in
the vector channel. Using Lhe scattering matrix to describe this phyasics, as shown in Fig.

19, gives

d'k' L} r 1
Tiolkindan = [55 Mopanlh,Kim) | S+ EXQur")STK - ) (4.18)

]
llsing the quantities defined in eq {4.5) and eq {4.13) gives the cxpression
af(p")A(p?}

Ji (kip) = —————C*{k; p), 4.19
vikip) =2 T GHik;p) (4.19)
wliere y = v @ v X Tr{Q ;v }Tr{x.} with Tri{x.} = /M, and Tr{Ququyv}= e/ V2.
Thia is Lhe isoveclor correction, which is necesmnrily important in the plon charge form
factor. |For completeness, the isoscalar correction, needed lnler, witl Le given by sluply
assuming the univeraality of the separable interaction, Then, the expression of the isoacalar
correction {J]'5) is obtained by replacing vyv and Tr{Q,x v} by xss5 and Tr{Q x5} =
$Tr{Qev v} in eq (4.19)] The correction to the pion charge form faclor can be obtained

by calcutating the diagrame shown in Fig. 20, and ihe ransition amplitude is given by

dik =
Jr = ft]E'FTr{l‘.(K':P')S(k+P')J}'v(Q:q}-"'(k-l-p)f'.(K:p}S(H}. (4.20)

where W' = & + E wnd K = k + 2 are Lhe ¢§ relalive momenta in the fina! and initial
7 ] L'L]

stales of pion, and Q@ = k+ Llil Further evaluation can be carried cul in the Breit frame,

ey (3.12}. Including the d process, we have the tolal correction to the pion charge form

factur

EFiq’) = O )T, (4.21)

2

where

T{q,}=/d‘k ' (m? +_p"'-p-k=)*7,'!r’+(nﬂ"k2- LRy ‘
(2x)* DA K7 ) DA R DAQ)[k + ' — m?){[k + pf? —m?)

SRV L(CRLICA]
Clg") = AN T

and each factor is illustrated in Fig. 20.

The effective p° — x*

x~ verlex can be abtained from L., = f.alpr — p2lue®iq, A,
where py, p; and g = p; + py are the momenta of ¥*, x~ and p° and ¢¥{q, A} is Lhe
polarization vector of p-meson. The coupling strength f,.. is filled Lo the widih for Lhe

decny of u physical p-meson into w¥x~,

- flae m,
ot ir 12

F

2
_ thn,,)! .

( (4.22)

ml
By using our model for Lhe veclor meson vertex function M (k;p), given by eq [1.4), we

can cnlcutate fo,.(q7} from the trinngle disgrams of Fig. 1Bb. The transition amplitude

is given by Tyyy = T3+ T3, where

VPR (L. R PR PP ITSN [ NTOS  FP RS ORI T

ik (2m)} " 2! 2 ' 2 PRA 2 [
= MINTrXE xb, aadTr{x) Loatodplops - o), 4.2m)

and l‘:" = 1,.(1 = 2}). The loop integral F . is given by
Licelpl phopr -p2) =

$E Tr{v'(i!u BB )y O+ ) - ey - +ml}
(27} Dok - B 1D ([k + B ID (kN (k— BT —m?) (&4 37— st Sk = 17 me?)
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D. Nunterical Results,

The expression for the vector meson corrections, eq {4.21), has quite an involved
structure with many denominators in the integrand. Neverthcless, we can in principle
evalusle the integral us accurnately as neceasary by slandard numerical methods sjnce the
photon is space.like and no singularity is involved. We first express this inoment umn integral

in terms of Feynman parameters, which has the slructure

/.../ﬁd:,&{i:j — 1} F(xy,-- -z}

i=l j=t
We can then perform the numerical integralion by the Monle-Carlo method. The delin
funclion constraint is handled by doing the integralion on the surface of & L-dimensional

hypetapherse.

When we evaluale the py-coupling, we fnce an integral given by eq (4.13¢). In order

for the integral to be finite, the momentum distribution D,(k?) is required to behave Jike

k' with N > 2. We therefore choose D2, to be a product of monopole functions

DyKT) = (k7 = AL (K — AL, (4.24)
with two parameters A, and A,;. These parameters are fixed to give the empirical vatues
of p7 and prx coupling conslanis, f1/4x = 2.2 and gineldm = 2.3, By using the pion
veriex, eq (2.4), we get A,y = 0.6 ~ 0.7GeV and A,y = 1.0GeV for my = 248MeV. Here,
we azaume m, = 2mg, in order lo avoid the g§ threshold singularity which arises when
calculaling the g — xx amplitude, and which is very difficult 1o calculale with the Monte-
Carlo method. This approximation is used ouly for mudeling the momentunt distribution
by estimating the sizes of A,; and Ay, and is nol used in the caleulation of §Fv(gt).

Figure 21 shows the numerical reaults for the vector meson corrections 8Fy{q?), and
compares them -lo the impulse contribution, Note that §Fy{q?} is very small, bul the
contribution to the charge radiua is nol negligible. The Tabic shows each conlribuiion Lo
the charge radius.

The correction §Fy{q’) is zero at g7 = 0, and has & maximum contribution at Q? ~

0.4GeV?, the same qualitalive conclusion found in other models*®. In Fig. 22, we plot

b7

7(q") and (g} defined by eq (4.21) and in Fig. 20. The Q7 dependence of T{g?} is sinulnr
to the Q? dependence of the impulse form factor, except for Lhe ndditional damping effect
csused by lhe ¢f miomentum distribution. The peak at ¢* = ml in C{g?) is cnuned by
the p-meson pole in Lhe scattering matrix, eq (4.11), and ({q?) is zero al g7 = 0 30 Liat
the charge is nol renormalized agnin, The peak in $Fyv(g?) can be unsderstomd from the
product 8Fy(g?) = C(9?)T(g%). The present model Lakes into account the gi-dependence

of the couplings f.{g?) and g,..(g7).

V. Summary, Discussion, and Predictions

We summarize the work presented in Lhis paper:

(i} We introduced a relaliviatic separable internction to model the chirally synuetric
99 inleraclion. We solved Lthe Schwinger-Dyson equation for the quark aclf-energy, nud
the dynamical mess. In our model, Lhe onsel of chiral symmetry breaking is associaled

with the range and momentum dependence of the separabie interaction. The pion ficld

‘emerges as & Nambu-Goldstone boson associaled with the symmelry breaking, and the

ilcthe-Salpeler equation is solved for the ¢ momentum distribution of the pion.

(i) Low euergy observables {Lhe pion wesk decay constant, iwo-photon decay width
and Lhe charge radius) are calcuiated with an effeclive mass approximalion Lo the dynam-
ical quark mans. Clicosing Lhe effeclive quark mnass, my = 24BM eV, and pion momentum
scale, A = 450Mecl’, resulls in cxcellent agreement with Lhe experithental data.  Here,
we remark thal the momentum distribulion of the pion wave [unclion plays tie rmle wla
momentum cutoll in our Feynman diagrams, and this eflect depends on the number of piom
vértices in Lhe process. This is an essential diflerenice from Lhe original Nambu- Jona- Lasinio
model, where same noncovarianl momentum cutofl enters into all loop integrals.

(iii) We predict the charge lorm {actor of the pion by calculaling the impulse diagram ,
using the Bethie-Salpeter wave [unclion 1o describe Lhe pion siruclure. Excellent agreeinenl
wilh the experunental dala is obtained with the paramelers (my = 248AfeV and A =

A50MeV )

(iv) In addition to the impulse diagram for the pion charge forin factor, we evaluate
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the effect of the two-body inleraction currenls nssociated with the relativialic separable
interaction. This eflect becomes important in the large Q? region{Q? > 2G=V7), though
its correction to the charge radius is negligible. This effect doen not renormalize the charge
of the pion.

{v) The separable ¢f interaction model is then applied to the Lorenlz vectos channel.
The Dethe-Salpeter equation for the scattering matrix is solved by the chain summation
tn yield a bound state pole at the p-meson mass. The resulling p channe] scaltering ma-
tnx 1s added to the impulse diagram lor the charge form factor. This is & generalization
of the Vector Meson Dominance model Lo space-like momentum Lreansfers. The composite
structures of Lhe vector meson and pion are taken into nccount. The numerical results turn
uul to give a very small correction 1o the charge form (actor of the pion; the maximum
contribution, which occurrs at Q7 = 0.4GeV?, is only aboul § ~ 8% of the impulse contri-
bution. However, this effect makes a significant contribution to the charge radius. Because
of electromngnetic gauge invariance, this veclor meson process does not renormualize the
charge.

We wish Lo emphasize that Lhe additional vector meson processes have been found to
be very small. By using a dynamical quark mass, m, ~ 250M ¢V, and a 9§ momentum
iistribution fur the pion, we are alile to reproduce the obeservables very well using ouly the
impulse approximation, and wilthout relying on effects from Yector Meson Dominance. A
sinsilar conclusion follows from the ¢§ — meson dunlity®®, even without the eflect of quark
conlinement.

We now presenl wo predictions of this model. Using the values of the parameters
determined (rom Lhe previous celculntions, we celculate two new form factors in which the
pion diructure is involved.

Ficsl, we predict the traasition form factor for the transilion y°w® — ., While
the axial mmmn-ly gives & mode! independent explaination?™:*:3° of the renl two-photon
decay (Fan_,, ), il the one of pholons {37) is virtual, ita four-mementum Q? becomes an
adilitinnal dynamical varinble which probes the dynamics of Lhe axinl anomaly. Using Lhe
same parameters, i.e m, = 248MeV and A = {50M eV, Fig. 24 shows our prediction for

this form factor, based on the diageam shown in Fig. 8. For comparison, the resull of
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the hindronic VMD modet is alsa shown. Using Lhe quark mass mg = M48M eV reaulta in
cxccllent agreement, mid the result is found 1o be sensitive to the size of the quark mass.

Finally, we predict the form {actor for the pxy-coupling. This coupling is particutarly
ilportant in calculations of nuclear exchange currents at large momentum transfer. For
example, n relativistic calculntion of the deuteron form factor is sensilive to the prq-
exchange current?. Qur numerical results are shown in Fig.25, where the prediction with
the the hadronic VMD rpproach is also given for comparison. These different spproaches
agree with each other for @° < 1GeV /. However, the alrengths are 40 ~ 50% different
at @7 = 2~ 4QeV/c?, where the pry coupling ie moet important in applications 1o the

calcutation of the deuteron form faclor.
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The pion charge radiuy obtained from various contsibutions.

TABLE
tupulse lpulse Linpulse
+ [nteraction Current + Inleraction Curzent
+ Vector Meson Procens
1.lfm) 0.740 0.754 0.253




Fig. t

An impulse diagram for Lhe pion charge form lactor, where Lhe open

Fig. 2

The two-body interaction current disgram. The reclangular box is Lhe

circles are the Bethe-Salpeter vertex functions of the qf pion. The solid
relativistic lwo-body interaclion currenl opersator, A O )

lines mre quark lines, and the wavy line is ineant 1o be o photon with

momentum g.



Fig. 3
A disgram including the modification of 2 photon-quark coupling due to
the vector meson process. The circle with M s the ¢§ acatlering matrix

in the Lorenz vector channel.

Fig. ¢
A relativistic separable internction ns & product of two nonlocal vertices

indiented by the open circles.

k'+£. k' 4+ —

l_'-_p-_ ] p
K 5 k'?

' Fig. 5
The Bethe-Salpeter equation for a bound state veterx, which is indicated

by the open circle.
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(a) (b) kK k.

The disgrams for the quark aell-energy induced by the separable inter- p +

action; (a)tariree and {b} Fock lerma.

Fig. 8

=1

0 9 . k + % Disgrams for the (erntion triangle axial anomaly, where Lhe wavey lines

are photons with the momcntum k; and &,.

5
yoyH :
P
k- —
2
Fig. 7
A diagram for the pion weak decny, 7~ 1 ¢” + Uy, The zigzag line is a

weak vector boson, W,
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Fig. 9

The results for the low energy observables, the pion weak decay constant{f.}),
two-pholon decay width(T',e_,,} and the charge radiva{r,). The de-
pendence on the effective quark mass(m,) and on the parameter of the
separable interaction{A) is shown. The circle with a croes is Lhe best fit;

my = MBMeV and A = 3500 V.

Fig. 10
The modified ¢f —a vertex function{circle with hatching) due Lo minimal

subslitution of the photon field.
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Fig. 11

The relativisiic operator for the two-body inleraction current, which is
expressed in terma of products of the 9§ — x vertex and ils modifica-

tion(Fig.10) due to the photon field.
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Contributions of (a)the impulse( F,mp{@?}) and (b)the interaction (§F,, { Q7 }}
form {aclors. The solid line is the result with my = 248MeV and A =
450M el , Lhe dashed{dash-dolled} line is the one wilh m, = 24BMeV

and A = 530(650)M eV .
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Fig. 13
The pion charge form factor muitiplied by Q. Contribulions of Lhe
impulse and Lhe interaction form [actors are shown and compared with
the expetimental data. The solid(dashed) Lne is the resuit with m, =
24BMeV and A = 450(550)AM eV The expcrimenial dala are [rom
Ref 45.
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Fig. 14
The separnble interaction for Lthe Lorent vector channel, where the solid

circle ia Lthe vector vertex G¥{k : p).
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The veclor meson scll-encrgy loop expreased in Lerms of the Bethe-

Salpeter vertex funclion.
Fig. 16

The integral equation for the g3 scattering malrix in the Lorenz vector

channel. The chain summation is illustrated.
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Fig. 17

Dingrars which give risc to the hndrouic correction 1o the pholon prop-

agelor. {a)Qur model, in which the hadronic correction arises from the
9§ scallering matrix, (b)Hadronic correclions from the Vector Meson

Dominance model.
Fig. 19

Modified quark-charge operator with momentum transfer p. The circle
with M is the gq scatllering matrix in the Lorent vector channel, and

the wavy linc is & photon with momentum p.
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Fig. 18 Fig. 20
Physical f -sheil p- . P eter L
yoicel processen for on-shell p-meson decars. (=)o ¢’e” and The diagram for Lhe pion charge form factor which includes the cor-
bjp? —n*n-.
fble T rection from the veclor meson process. This diagram has Lwo [aclors:

T{q?) rom the xr vector vertex triangle dingram and C(¢?) from Lhe

7-vector verlex coupling to the vector channel propagator.
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Fig. 2t

Flie plots of the vector nicson correction (§F-{Q7)) Lo the pion charge
form factor. (2} Our calenlnlion is given by the solid tine (A = {50Af:V)
snd the dashed line (A = 350M¢l"). The reaulis {rown the Quark Confin-
ing Made!' sre given by the dol-dash line. The eflect of Lhe interaction
curcent §F,, Q%) is given {dotted line) [or comparison. {b} This figuce
aliws the gelative site of the contributions from the impuelec eud e

verlar meaen prooe.
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Fig. 22
Plot of the different factors, T{q?) and C(q?}, defined in Fig. 20. The
dash line is the facior T(g?) and the dot-dash Lne is the factor C{q*).
The total, § Fy{q? ) = 10, ia the solid line, For comparison, the dotted line

shows Lhe impulse form faclor calculated from the xwy teiangle diagram.
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Fig. 23
The pion charge form factor multiplied by Q. Separate conlributions
from Lhe impulse (F\.,(Q%)), interaction current (§ Fine(@?}) and veclor
channel (§Fv(Q?)) form factors mre shown as deshed lines. The solid
lisie is the total result, and the dotted line is Lhe tolal amount withoul
the vector channel conteibution. The experimental data ace from Rel.

45.
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Fig. 24
The transition [orm factor of v°x% — 5 reaction, where Lhe virtual pho-
ton carries space-like momentum, ¢ = —-Q? < 0. The solid line is cur
prediction with Lhe paramelers, m, = 248MeV and A = 4500 eV . The
dashed linc is the prediclion with the hadrenic Veclor Meson Dominance

model. The experimental data are given by Rel.38.
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Fig. 25

The form factor for the pry coupling for space-like pholons, ¢? = ~Q? <
0. The solid (dotdush) linc is our prediction with the parnmeters, m, =
21BAf eV and A = 450{550)M eV . The dushed line is the prediction with

the hadronic Vecior Meson Dominance model?7.



