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A field-theoretic model of soft, neutral-meson production is used to bracket recent deep-inelastic electron-
proton scattering data.

I. INTRODUCTION

ECENT experiments' have tended to confirm
Bjorken's scaling prediction' suggesting that the

structure functions t/t/'I 2 of inelastic electron-proton
scattering' are dependent upon the combination x =co '
= q'/2mv and appear to yield a very small ratio for the
quantity E=oz,/or. In par.ticular, as x decreases from
the elastic region (x=1), vW2 rises to a maximum at
x 0.2, and thereafter apparently decreases only slightly
down to the minimum measured x 0.025. Various
theoretical explanations' ' have been proposed to obtain
a pt/V2 which exhibits scaling and is more or less constant
for very small x. It is the purpose of these remarks to
describe the predictions which follow from a simpli6ed
version of the soft, virtual, neutral vector meson

(SVNVM) field-theoretic model previously applied to
the nucleon electromagnetic form factors and elastic pp
scattering, and in a qualitative way, to xp elastic and
charge-exchange scattering. s

The ideas underlying this treatment are that (i)
neutral vector mesons (NVM's) are copiously produced
in the inelastic e-p channels, and (ii) they can be
described by a simple generalization of the "soft-
photon" methods, conserving energy and momentum

exactly in all processes, while approximating the nucleon
emission operators by those applicable to the case of
soft mesons. We do not attempt to compute the emis-

sion probabilities directly, but infer them via unitarity
from the o6-shell Compton amplitudes, the latter
calculated by summing over SVNVM exchanges be-

tween the proton legs of the simplest "hard" (i.e.,
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nonsoft) amplitude, as in Fig. 1. It is not yet known if
(i) is true, nor if large numbers of neutral mesons other
than p or co are produced. ; in the context of Refs. 7 and 8
it was useful to deal with vector mesons, and we con-
tinue to do so here, even though there is no compelling
reason why multiple soft-x' production cannot be in-
cluded. Assumption (ii) is a natural approximation in
any eikonal-type calculation where the proton shares in
a very large collision energy, and is not appreciably
deQected by the emission of relatively soft quanta. It
should be noted that the addition of SVNVM exchanges
between the proton legs of the graph of Fig. 1 represents
a generalization of recent eikonal models, 9 in the sense
that all virtual particles are soft except the internal
nucleon, which is very hard. , as be6ts the essential
constituent of a far-o6-shell Compton amplitude.

The present calculation was suggested by those of
Refs. 4 and 5, and. a comparison with the content of
these papers may be worthwhile. The computation of
Ref. 4 sums the large co dependence of the set of rainbow
(ladder) graphs, each approximated in an infinite mo-
mentum frame by an upper cutoff to the virtual-meson
transverse momentum. The forms which result are very
suggestive of a soft, or eikona1, approach, producing for
small x the behavior vS"~~ax~, with u and b constants;
the choice b 0 then yields a crude description of the
data. The Regge model of Ref. 5 suggests that apart
from anunknown background term, vW~ P(q')(m/v)'
where a and P are 3 =0 trajectory and residue functions,
respectively; in order to obtain dependence on the
variable x only, P(p) must have a similar power be-

Fir. 1. s-channel Born approximation used as the "hard"
part of the Compton amplitude.
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Fzo. 2. Curves of Eq. (14) superimposed on the data (presented by R. Taylor in Proceedings of the 1969 Conference on Electron
and Photon Interactions at High Energies, Daresbury, England (unpublished)g, as described in the text. Plots (a) and (b) have been
made assuming R=O; (c) and (d) use R=.

havior, while a roughly constant dependence for small x
can be achieved if n 1.

In contrast, the SVNVM model of this paper does not
require an ad hoc upper cutoff to the virtual momenta,
does not single out an infinite-momentum frame, and
does include properly weighted contributions from all
ladder and crossed graphs. It takes advantage of the
other possibility associated with Regge behavior, pro-
ducing a function with P~constant, n 1, and an ex-
plicit background term which scales. One finds an ex-
pression for pn/'~ which separates into two distinct
parts: a Regge-like term proportional to (m/v) v, where

p is a small positive parameter, together with a, back-
ground term of form

formula, Eq. (14), which owes its simplicity in part to
several technical approximations, is a function of three
parameters which may be partially inferred from the
work of Refs. 7 and 8, and provides a moderately good
6t to the existing data in the deep inelastic region,
Fig. 2. It will be interesting to see, experimentally, if and
how vWs decreases for very small values of m/v and/or x
in the deep inelastic region; as indicated in the text,
corrections to (14) are dependent upon possibly differ-
ent masses and coupling constants of the SVNVM
exchanged, and on the resonant structure of the yp
channel.

II. DERIVATION

The simplest Born approximation to the Compton
amplitude is given by'

where m is the proton mass and mg denotes the internal
nucleon state, as pictured in Fig. 1. It is the 6rst term
which produces a constant (or more precisely, weakly
dependent upon m/v) limiting behavior as x vanishes,
while for moderate values of ro(2v/m, the second term
effectively scales and provides the approach to that
limit. For &e)&2v/m we do not obtain scaling, which

property depends crucially upon the sequence in which
the limits v/m~~ and &e —+so are taken. Our fmal

M„„=—(2s) 4 dx e'v * dl e'& "

dye '2' 'If due '~ '"

'0 We neglect the graph with a 7I.O pole in the t channel, since it
vanishes for t=O, and omit the crossed graph of Fig. 1, which
cannot contribute to ImT„„.Equation (1) and subsequent expres-
sions may be und|;rstood t;o Qe averaged over nucleon spins.



226 K GA I SSEM F RIED AND T. K.

&A, W.

1

Greens fu
a fictltlous,

(P.p./~') T2

h G ' f

P 4vv) 4vv 44 v

and or q„. Current con-

be 'ven by qs. 9 o e.

hi. --'.---s tio 1 to q„d or q„.p us
be reserve w i

and/or q„

ser p' b smpy
41 =8 —g„It,/q

I11,8,

v.l.n "ddn. 'n.d& P~A. (N fp)—
0

e ~ pN ) Ap 4n'44GRN (.I ')
(y

—
741

~dp e

d „'A„(w+p'&)exp zg p p,

n e calculate t enot

a sbe present a poi

ell" an s'
than t o

estimatecompl
e r ugh immediate y, w'

h
'

b 1

be carried t roug
' '

e w

0

lbdf d

may e ug

can be exten e

fo]p"sep
urely e as ic

astic region.

Xn y„', — I e') S,(—s)y„44 p e'

mode 0d lt b rel vanton yin
nient represenIntro ud ci a conveni

dr 4."&'*GRN &»(N,x
~
A)

=e'~ "exp zg

m. s.

—' —P') d4s LcxpF(z) $~(Ii+P C' P——

where
2

(P P'~()
(24r)

ie (f4 p i—~)(I4 p' ie- —

t e s in the forward. direc-h se qIIR titie

made to the eQec

11g

P((p/m s o)—=&((~/~)& P)etc z

expo:((p/4r4)s p)

1 +
'a j))s)z p—saXesa(paed) exp%(X)

2%

ed. to . . f r this remark.ed to D. R. Yennie or» We are indebted to

p III)s P,I4's') may be ne-((~ vt

situation ex h inists here in
e the nit 1 d

d. roton morn
'

The model in g ec eton momenta respp " p" t

bt ined by replacing
in ation an p() y8(x—44) . .h(w —y) ofactors, x— . . — o

44

GsN'"'(44, *~A ~)~ =~ =0,

11 RI1 111f R Cd dlVC gCIICC I
111C R RI1 g ls

XGBN )
' ' ' BN )

the onset o

where

lastic continu

Th only reaso
W „I»(s,) W „s&fj

is then simp
the VM propagator aa, elltated mass sh

e functions a
T, denote the q &'&0 con-whel e

Bloc
the
exte
tion



~ 4~2 One then ~'where P=fl e expressions forone obtains tI e ex

CA T TF RINGENERGYRF T I CC MOD«0~F i ELD THEo 227

, , q, — x g(&,) da, e '"T—
&,2 (q,p&,a e (H& (6)T&,&(q,p) = — dX exp% & a, e

d& exp%(&) da e
—'~~(1; $}D(s,()

d& (1;»g —v/m}

&(exp P(X) —i&).r»~ ——————1

+f 1; —»g —v/m}

litude,e "hard" part of each amp i u

T&&a&(q,P&) = (v+m& —ma D s,

T'"'(q,ph)=2( D(,5) ',

() () o p p v
ntnbutions mg ~) m, w~resonance contri u

to this point below.rs we return oweighting factor, o
With the aid of the integra s

d& expLRer(X)]vS'g =
pg

X X cosX& & cosLr)), (1—X~—&)+-,'~pe ~

—X&+& cosLrX(1+X~+ )+-,~p-co '+& -'~ e
—']} (10)

and

2mt/t/ p
= ——m, = —— d& exp)Rep(&, )]

7l"Pg

r& 1—X~-&)+-,'~p e-&]&(((m» —m») cosfr& (—
[r) (1+X(+&)+-,m-p e- ]}.1 —) (11)—(m»+ma cos r

re n
' 'al. They both containre not uite tnvsa .These integrals are n

mated elastic pea
b

'
f~ & —1), which can e s

e
' '

the X& epen-&d d Xbco
b bt t' fove these terms y

10 d(11) thi lthe X( & dependence of (10 an
p=0:

dZ exp)Re@(Z)]

X
—cosPr+-,'&rp e-') cos(XrX'+&)]

X(+&(sin(&)r+-, x p e
— ' +e
—' sin XrX+)

x r.*(&).) iver—»z+ —+, 9, (9)

d& X& &fexpLRet(&))]

(+~)(,")'.

Re5:(&)= —p cos(A),
s2+ 1

Xep ( .
d. from (6)-(8).or T» may be obtacne r

7lmg p

e ']&&cost &).r(1 —X' +-,n. e
and enters in the corn

—c — &-& 12)-cosPr(1 -X —)]}, (

sio the limit ofsion for m8"i. ln t e im

dth '- l t

of 12) ex&i q/ ((1 the two terms o
he missing mass equa s

itraril large m pnecessary o su
X(+& 2v/m, on y sma'f the relative couping,

iable X can e imth o- h

sp ss bl

b 1 d d ld
yj

h l

(13)
2 i th l /

i e summation over all r
X& & x+m 2v in

resonant

12 ontheotherhan „mus v

hmi,
ulti licative factor Z, w i

ll. I""hes 'll
(4 pof the order o t ree

limit this term ss o or e

pected to be o

f h d
'

l

due to

p

ution to ~ 2 is u

ngt
n whose numeri

mv sota
onstancy o t e v

justed to fit the a a
factor o mg,

rin to observe
(1 x. The

ted b Im5'(X) reassu ing

. ft- ion exchange,

" and the parametric statemen

o ld ot b t

=x2&rpe x an t e pa men

ill just result

zt&
W1t

large v/m. If 0.2(p( . , a



H. M. I RIED AND T. K. GAISSER

in a diminution of (13) by a factor 0.8, a numerical
variation not incompatible with the a,ccura, cy of the
present data. For such small p, we will replace (13) by
p(m/2rv)". Note that it would be wrong (by at least a
fs.ctor of 2) to replace this quantity by just p, its leading
term in a perturbation expansion in powers of p, since
the validity of such an expansion would. require
p«[ln(2ri/m)] '

Because the parameter p is small, the contribution of
(13) is effectively (at present energies) a constant, and.

hence the fact that it does not scale is irrelevant. The
property of scaling is exhibited by the X' ' term of (12),
which is essentially a function of x only for 1)x)m/2);
this term describes the approach to the deep inelastic
limit. Numerical evaluation of the integral is a rather
delicate adair because great care is necessary in com-
bining the oscillatory factors of the integrand, while
simultaneously performing a numerical integration to
obtain ReG:()),). Rather, we have here employed a
perturbation expansion, in powers of p, to carry out the
integrals of the X( ) dependence in closed form. There is
no reason to suspect the perturbation expansion of this
term, and, in fact, the corrections of order p' have been
computed and appear to change the answer below only
slightly. In this way one finds for the entire expression
(12) the approximate form

1S P

) W2 pZ +f(X~—))
2'p'v

(14)

In Fig. 2 we have superimposed. on the existing data our
curves of (14) for v/m =5 (the upper curve of each pair)
and for ) /m =10 (the lower member of each pair) using
the parameters r = 1.3, p =0.26, Z =4.3 (dashed curves),
and r=1, p=0.2, 2=3.5 (solid curves) The fir.st set of

y, p values is what one would expect from a model of
soft p' mesons only, while the second set of y, p values
has been chosen to give a slightly better fit at large cv.

In both cases, the accurately known data (plotted as-

suming R=O) is bracketed by the curves of (14), as in
Figs. (2a) and (2b).

It may be noted that, as ) /m increases, our expression
for vt/t/'2 tends to go negative; this tendency is enhanced
for small p, and in the limit p —+ 0 and/or m/) —) 0 (14)
is negative for all co& 1. Since vw/ ~ must be positive, the
approximations which have been made in pa, ssing to
(14) are at fault. In the elastic region, the replacement
of 5'(()»/m)s, p,p's') by F(()»/m)s, p,0) removes the gap
between x= 1 and the onset of the inelastic continuum
[which should occur at x = 1 p(p+2m)/2—e)v] and does
not, for finite v, trea, t the small-p, limit properly. In the
large-ar deep-inelastic region, however, the value of p
should be irrelevant, and a calculational procedure
which treats both terms of (12) in the same way should
yield a positive answer. If we suppose, for example, that

p is extremely small, so that a perturbation expansion of

both terms of (12) is permissible, the curly bracket of
(14) will be replaced by the combination f(X& ))

+f(—X'+)), which, for large v/m and in the worst case
of p, =0, is positive for all or&2. Further, a more reined
calculation should include the higher-resonance quasi-
elastic peaks, neglected above, which move out of the
deep-inelastic continuum as v increases, and tend to
maintain the positivity of the cross section. In the light
of these remarks it is perhaps fortunate to 6nd that the
curves corresponding to the crude approximations of
(14) do actually resemble and bracket the deep-
inelastic data.

An analogous calculation can be carried through for
m8'g,

which may then be used to compute

R = (W2/Wi) (1+v'/)I') —1.

In the limit'm/) ~ 0, @&0, a comparison of (14) and

(15) yields ) W2 2mxWi, or R q'/v', the same value
found in Ref. 4, and in agreement with experiment.
However, the derivation here is open to question be-
cause of the tendency for both vS'2 and mt/t/'~ to become
negative for extremely 1arge v. At smaller values of v,

(15) is simply not adequate since, for mz=m, it
produces negative values for mS'~ over most of the
inela, stic region, and a more accurate evaluation is
required. .

III. SUMMARY

Of the various simplifying assumptions employed in
this calculation, probably the most severe is the
overestimate of the elastic region, which is unavoidable
if no attempt is made to use the correct form factors;
this diKculty is closely related. to questions of normal-
ization (low-energy theorems) and will be treated sepa-
rately. " If, in the deep-inelastic region, the tendency
of the data points to drop as x decreases persists, the
model will need further refinement, probably in the
direction of taking the resonance sum into account in a
more accurate way. A good numerical evaluation of the
relatively simple expression (12) would be welcome.

Nevertheless, in spite of the crudeness of the computa-
tion, it is gratifying to be able to employ SUNVM
exchange to produce a model of vt/t/'2 which qualitatively
agrees with the deep-inelastic d.ata.
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%e determine the 6fth-interaction coupling from large-angle high-energy nucleon-nucleon scattering,
and extract the D/F value for baryon matrix elements of a current-current product from hyperon decays.
Assuming symmetric-nonet conserved vector current, we predict the baryon octet D/Ii value. The result 6ts
observations to within 30 jo. The actual baryon masses fix sin&= ~9-~~ for the eighth-component admixture
in the 6fth-interaction current.

INTRODUCTION

S EVERAL authors'~ have suggested that at least
part of SU(3) symmetry breaking may be due to

the "6fth interaction" described by the Hamiltonian'

&"(*)=g+i.'(*)J."'(*)
where

J."(*)=cost i,'(*)+»n4 i.'(*). (2)

SIIlcc Ilo cxtcl'IIRl weak probe (s11cll Rs tlIc photon ol R

lepton pair) coupling to j„(ot) is known, it is quite
dificult to verify the existence of this interaction.

However, a particular feature of the interaction —the
fact that in the nomenclature of the complex J plane
it corresponds to a axed pol" — suggests a possible
approach to its isolation. In the elastic scattering of
particles with which j„couples, the Born term generated

~ Research sponsored by the U. S. Air Force OfIj.ce of Scienti6c
Research, OfBce of Aerospace Research, under AFOSR Grant
No. KOOAR-68-0010, through the European OQice of Aerospace
Research.

I M. Gell-Mann and Y. Ne'eman, The Eightfold Way (Benjamin,
New York, 1969), p. 297.
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e Y. Ne'eman, Algebraic Theory of Particle Physics (Benjamin,

New York, 196/), p. 103—105; Phys. Rev. 1'72, 1818 (1968).
e Originajly a j„(g)B&(a)interaction was suggested. It is very

likely, however, that ran, the mass of the boson B, is large, so that
we can use the eGective local form of Kq. (1). I Some lower
bounds on m~ have been established by D. Beder, R. Dashen, and
S. Frautscbi, Phys. Rev. 136B, 1777 (1964)). In principle, a jarge
but 6nite ps' would be indicated if at very large t an additional
factor I mg~j(t —~lng')g' would be needed on the right-hand side
of Kq. (3).

by Hy should be dominant for suKciently large s and t.
Here the usual Regge contributions, decaying ex-
ponentially in t, are quite negligible. In this region one
expects fol P-P scattCIIllg

dG s
lim —(z,&) o,'o), —1 rge)it~co; —t~ery d~

(3)

where G~„ is the proton's measured magnetic form
factor. '

The indication that experimental data Inay approach
the limit of Eq. (3) caused Abarbanel, Drell, and
Gilmanv to suggest that a current&current interaction
might be responsible. It has been conjectured by one
of us'4 that this interaction is identical with the
"fifth interaction" Hv of Eq. (I). In this paper we base
ourselves on this hypothesis, as well as on the value of
gyes as determined by Abarbanel eg ul. , and on Suzuki
and Sugawara's' analysis of nonleptonic decays, to
compute the mass splittings of baryons.

I ROCEDURE

The Born term, derived from an eRective j)&j
Hamiltonian, was written by Abarbanel et al. as
follows:

~~~"=g'G'(g)~(P')~. l(Ps)~(PI')7"N(PI) (4)
6 T. T. Wu and C. ¹ Yang, Phys. Rev. INS, 708 (1965).
7 H. D. Abarbanel, S. D. Drell, and F. J. Gilman, Phys. Rev.

1VV, 2458 (1969).
s M. Suzuki, Phys. Rev. Letters 15, 986 (1965};H. Sugawara,

ibid. 15, 870 (1965}.


