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Nucleon and Pion Form Factors and the Dipole p Meson*
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A model of the pion and nucleon form factors is studied in which the isoscalar nucleon form factor is
dominated by monopole ~ and qb mesons, and the isovector form factor by a dipole p meson. The predicted
form factors are in good agreement with the data. The experimental p-, co-, and @-meson masses and the
nucleon magnetic moments constitute the only numerical input in the model.

ECENTI,V,' the implications of assuming that the
p meson has a dipole structure have been investi-

gated for the nucleon form factors and mX charge-
exchange scattering. It was found that the dipole p
meson provided an explanation of the 1/q4 falloff of the
nucleon form factors conhrmed by the new measure-
ments performed at SI.AC.2 The mE charge-exchange
scattering and a nonzero polarization were explained
on the basis of a Regge dipole model of the p meson,
which also satis6ed the superconvergence relations. In
the following, we shall extend our predictions of the
form factors by taking into account the isoscalar con-
tributions due to the ~ and p mesons. We shall assume
in our model that the or and p mesons are simple poles
and that the p meson is a dipole. A dipole I.ee model has
been constructed by Bell and GoebeP in which the
dipole nature of a resonance in momentum space arises
from a process of the type p~ ~ p2~ 2m, where the pq

and p2 are mass-degenerate and there is a cancellation
of the single-pole residues for this process, because of
a particular relationship between the coupling constants.
The p meson may be explained in terms of such a mass
degeneracy, and we adopt the attitude that the ~ and

mesons do not satisfy this type of degeneracy
condition. '

The proton and neutron form factors are dered in
terms of isoscalar and isovector contributions by

Gtt, ts"= s (Gtt, srs+Gz. sr ),
Gtt, sr"= ,'(Gtt, tss Gtt-, ss ), —

where Gtr"(0)=1, Gtt"(0)=0, Gsr"(0)=tto=2. 79, and
Gsr" (0)=tt = —1.91.
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48y using the alternative suggestion that an additional iso-
vector meson p' is necessary to saturate current-algebra sum rules
and form factors I see J. W. Moffat, Phys. Rev. Letters 20, 620
(1968)g, a prediction of j P (q'} has been obtained by J. G. Cordes
and P. J. O'Donnell, Phys. Rev. Letters 20, 1462 (1968). This
prediction of F1~(g~} is in good agreement with the data provided
it is assumed that Gg" (q2}=0. It is difIIcu1t to obtain the correct
asymptotic behavior of F2~ 1/q' in this model just on the basis
of p and p.

We assume that the form factors obey the unsub-
tracted dispersion relations

1 " ImGg. sr a(q")
Gs.~'(q') =- d(q"),

is+ s

1 " ImGtt, sr v(q")
Gs.~"(q')=- d(q").

Is+ s
(2m, tr) &

I.2
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Fro. f. Predictions of Goo/G, o, Gsrr/(noG. v), and Gsr"/
Q„G, o) compared with the experimental data for Gsrr/(js„G, ~)
presented in Ref. 2.
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The absorptive parts are taken to be dominated by the
dipole p meson and single-pole co and. $ mesons such that

ImGtt, M8(q') = sr'„d(qs —trt„s)+srZob(qs —ttto') (4)
and

ImGtr, stv(q') =srEr8(qs —mr' ),
d(q')

where E„, E~, and E, denote the corresponding resi-
dues. By assuming that 6~,~8 is superconvergent, it
follows that If +Eo 0, and w——e obtain the results:

Gtt, ~v(0)
G~.~'(q') = (6)

(1+q'/trt„s) (1+q'/rrto')

Gtt, srv(0)
Gtt, jr v(q') = (&)

(1+qs/trt, s)s

In view of Eq. (1) and the normalization conditions
at the origin, this leads us to the predictions for the pro-
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empirical dipole 6t

Gemp(q )=
{1+q'/0. /1)'

Also shown is the ratio of GII&/p„obtained at SLAC'
to the empirical dipo1e 6t.

In Fig. 2, we compare the predicted GI»"/II„and Gn"
to the experimental data. ' ' The experimental points
displayed do not include the systematic error {estimated
to be &6%), and they assume' Ga» ——GII&/f1~. This
latter assumption can introduce an error 5%, and an
estimate showers that relaxing this condition shifts the
experimental GII"/p„ into better agreement with our
prediction.

The asymptotic limits of the form factors for large
call all bc cxpl'essed 111 thc fol'nl II /q . Wc flIld 'tllat

q'Gz", = —,'(m„'+»II„'IIIg') = (0.71)'.
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Also, q'GI»"/II, tends to (0.64)' at large q', and ~n"
tends to (0.37)'. We stress that these results follow just
from the experimental masses, as seen in other reactions,
and thc measured IQagnctlc moment. s. For thc slope of
the neutron form factor at q'= 0, we obtain

(I did(q') jGn" (q')) "=o=0o144 F'

which is 25% smaller than the experimental value

(Ld/ j(q') jG„n(q») )», »
——0.0193+0.0004 F»

0 I.O 3.0
q~(BOV/c)

FIo. 2 (a) prediction of GI»"/p„compared with the SLAC data
for G~»/p, in Ref. 2. (h) Prediction of Ga" compared with the
neutron form-factor data shorn in Ref. 5.

obtained from the scattering of electrons and thermal
neutrons. 7 This prediction of the neutron farm-factor
slope corresponds to a predicted. root-mean-square
radius of the neutron r„=0.29 I'. The predicted root-
mean-square radius of the proton is r~=0.83 I'. In order

ton and neutron form factors

Ggy, e(q»)

1f 1
(g)

2~(1+q'/»1I„') (1+q'/e'e') (1+q'/»rI, ')9'

Lo-
F~(gI

0.6—

G~y, n (q») 0.2—

1( 1+f -/p~ 1 p-/» ~—
(9)

2 & (1+q'/»II„') (1+q'/me') (1+q'/m, ')'

where the plus and. minus signs refer to the proton and,

neutron form factors~ Icspcctlvcly.
The only numerical input in our predictions (8) and

(9) is the experimental meson masses and nucleon mag-

netic moments. Our predictions of the nucleon electric

and magnetic form factors are displayed in Fig. 1 as the

ratios of the predicted Gz", GII"/f1~, and Gm"/fI„ to the
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FIG. 3. Comparison of our prediction for Ii vnth the
experimental data in Ref. 8.
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6 One normally assumes the equalities G~&=6~&/p„=a~"/p„
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ever, since ere have explicitly assumed different q' behavior in the
isovector and isoscalar form factors, me have Gg"WO and the other
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to estimate the theoretical uncertainty in our predic-
tion, we use the neutron form-factor slope at the origin
as an lndlcatlon that at q'= 0 the lsovector and lsoscalar
form factors will have approximately a 10% uncer-
tainty. Ke expect that G~", being a difference of form
factors, will be much more sensitive to this uncertainty
than Gg~ and it is interesting to note that our predicted
Gz" is close to the empirical dipole St t Eq. (10)j„and
approaches it exactly in the limit of large q'.

Let us now consider the pion form factor. In this
case, there is only an isovector contribution and we

J'*(v') = (12)
(1+q'/rtt, ')'

Our predicted F (q') is displa, yed in Fig. 3, and it is
clear that the result is consistent with the available
data. s The predicted charge radius of the pion is t
=0.88 F.

8 C. W. Akerlof, %. %'. Ash, K. Berkelman, C. A. Lichtenstcin,
A. Ramanauskas, and R. H. Siemann, Phys. Rev. 163 1482
(1967).
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Kemmerys equation js modified to include the rotational contribution to thc rest CQergy characteristic of
a spherjcal top. fhe rcsultiQg representation-invariant cigcnvaluc equation is solved, giving the rest energy
as a function of the spin. An order-of-magnitude calculation yields a mass difference for the two superposed
spin states characteristic of the elementary particles.

HE applicability of certain linear relativistic wave

equations, with the capacity to admit a mass-spin

spectrum, to a description of the elementary particles
ls a sub)ect of consldelable cUrrent lnteI'est. In this

spirit, we here treat the rest-energy eigenvalue problem
derlvlng from KeIDIDer s equatlony Dlodl6ed to include
a rotational contribution to the rest energy. This is a
specialization of Corben's formulation' for a relativistic
rotator to the case of a spherical top with spin 0 or 4.
The calculation is independent of any particular repre-
sentation of the Dugan-Kelnmer Inatrices.

KemIner's equation with a mass operator character-
istic of the rotational energy of a spherical top is

(tp„p„+Mc)$=0,

Mc = rÃc+1% cPorPgu

is the mass operator, I'o= tt'scion por= (pwpr) defines

the spin operator, and the algebra of the p matrices is

given by
MA+PrP. Pu= P 4+P.4'

There are two parameters in (2), rtt and

rN' =h~/4c2I, (4)

momen«f inertia of the sph „;
1otator. ~

Introducing the spin and boost opeI'ators

'J=(P A,P ), (Sa)
t:K= (Pw,Ps4,Ps4), (Sb)

then in the rest system, I'„= (O,iE'%), Eq. (1)becomes

P4Wf= $1+ 2a(Js+K') Q, (6)
where a=tN'/ttt and W=&'&/sic'. It is the solution of
the eigenvalue problem (6) we wish to present here.

With A =1+2ttJ, squarlIlg (6) yields

(A+2eK2)P4WP= (A'+4aAK2+4a'K4)iP, (7)
where we have used (J',K') =0. After some lengthy,
but straightforward, algebra, we see that

W'P4V = (A'+4m J2+6A)y.
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