4166 P. V. LANDSHOFF AND

p. V. Landshoff and J. C. Polkinghorne, Phys. Rep. 5C,
1 (1972).

°P. V. Landshoff and J. C. Polkinghorne, Phys. Lett.
45B, 361 (1973).

éCERN-Columbia-Rockefeller Collaboration, communi-
cated toXVIInternational Conference on High Energy
Physics, NAL, Batavia, Ill., 1972 (unpublished).

"P. V. Landshoff and J. C. Polkinghorne, Nucl. Phys.
B53, 473 (1973).

8H. Osborn and G. Woo, Cambridge Univ. Report No.
DAMTP 73/13 (unpublished).

p, V. Landshoff and J. C. Polkinghorne, Nucl. Phys.
B28, 240 (1971); B33, 221 (1971). For a review, see
P. V. Landshoff, Cargése Lectures, 1972 (Cambridge
Univ. Report No. DAMTP 72/35) (unpublished). A re-
lated picture is that of J. Kuti and V. F. Weisskopf,
Phys. Rev. D 4, 3418 (1971).

0p, v. Landshoff and J. C. Polkinghorne, Nucl. Phys.
B32, 541 (1971).

Up, v. Landshoff and J. C. Polkinghorne, Nucl. Phys.
B19, 432 (1970); P. V. Landshoff, in Springer Tracts
in Modern Physics, edited by G. Hohler (Springer,

J. C. POLKINGHORNE 8

New York, 1972), Vol. 62.

12H, J. Lipkin and M. Peshkin, Phys. Rev. Lett. 28, 862
(1972); C. H. Llewellyn Smith and A. Pais, ibid. 28,
865 (1972); A. J. Macfarlane, Phys. Rev. D 6, 326
(1972).

13We thank Mr. Kingsley and Dr. Macfarlane for valuable
discussions on this point.

Y45ee P, V. Lanashoff and J. C. Polkinghorne, Phys. Lett.
40B, 463 (1972), and references quoted therein.

153, M. Berman, J.D. Bjorken, and J. B. Kogut, Phys.
Rev. D 4, 3388 (1971).

16p, Horn and M. Moshe [Caltech Report No. CALT-68-
382 (unpublished)] give a possible example of a more
complicated mechanism.

TA, L. Mason (unpublished); V. N. Gribov and L. N.
Lipatov, Yad. Fiz. 15, 781 (1972) [Sov. J. Nucl. Phys.
15, 438 (1972).

8Note added in proof. See, however, the discussion of
multiplicities in P. V. Landshoff and J. C. Polkinghorne,
Cambridge University Report No. DAMTP 73/22 (un-
published).

PHYSICAL REVIEW D

VOLUME 8, NUMBER 11

1 DECEMBER 1973

Renormalizable SU(3) X SU(3) Model of the Weak Interaction™

Nathan Isgur
Department of Physics, University of Toronto, Toronto, Canada
(Received 24 January 1973; revised manuscript received 30 May 1973)

A new model of the weak interaction is presented. The renormalizable model, which is based on an
SU(3) X SU(3) intermediate scalar boson coupling scheme, reproduces the successes of the standard

(V — A) theory for leptonic and semileptonic processes. Hadronic AY = 1 processes arise in the model
exclusively from finite one-loop diagrams and obey an exact octet rule. The analogous AY =0
graphs renormalize the quark masses to give finite mass differences within isotopic spin multiplets;
when added to the electromagnetic mass differences within multiplets, this effect gives a good account

of these mass splittings.

I. INTRODUCTION

Although the Fermi current-current weak inter-
action?

() =75 7,019, )
with

Jh=Jt+J}, (2)

JE=T" (1 =y)e+ Ty (1 =y )u, (3)

JE=JY,;,cos0+JY, ;5sind, (4)

where the J! are an octet of currents,?'3 has been
very successful in its description of weak interac-
tions, it cannot be considered a complete theory
but must be viewed as a phenomenology of the
lowest-order weak processes.

There have been many attempts to remedy this
situation. In the intermediate-vector-boson theory
the Fermi current-current interaction (1) arises
in second order as an effective Hamiltonian in the
local limit of a theory where the current J*(x)
is coupled semiweakly to a vector boson field
W *(x) according to

How(x)=gJ, (x)WH(x)+H.c. (5)

In the limit M, - « one recovers the Fermi theory
in second order. Unfortunately, such a theory is
still nonrenormalizable and so many quantities of
interest must be expressed in terms of a cutoff
mass.

Recently there has been renewed interest in
finding a renormalizable theory of the weak inter-
action. One method that has been explored in-
volves seeking a unified vector-boson theory of
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the weak and electromagnetic interactions, and
such efforts have met with some success.*'®
There have also been attempts to obtain renormal-
izability by introducing a scalar boson interac-
tion.®~® Such considerations are based on the
Fierz-Tanikawa reordering theorem®’ 1°

(31')’“(1 -75)¢2$37u(1 _75)11"4 = _21—!)_1(1 '*‘75)4}3‘:
><$°z(1 -75)% , (6)

which leads to the possibility that the Fermi cur-
rent-current interaction arises in second order
as the local limit of a semiweak interaction of a
scalar boson with the densities 3;(1 +ys)Yf.

In what follows we shall present a simple SU(3)
xS8U(3) scheme for a renormalizable intermediate
scalar boson theory of the weak interaction.
Among other things we will show that the theory
(1) reduces to the usual (V — A) results for non-
diagonal leptonic and semileptonic processes in
the local limit, (2) gives rise to hadronic weak
interactions distinct in character from the leptonic
and semileptonic interactions and obeying an exact
octet rule (and therefore an exact Al=3 rule),
and (3) leads to mass splittings within isotopic
multiplets which, when combined with calculations
of electromagnetic mass differences, give a good
account of these mass splittings.

II. THE SU(3), X SU(3);; GROUP AND THE
PROPOSED INTERACTION

It is clear that a weak-interaction theory based
on the Fierz-Tanikawa identity (6) must be a theory
of pointlike particles, otherwise the basic scalar
densities El(l +y)¥5 would be so renormalized as
to obscure the (V - A) structure upon Fierz trans-
formation. This is in accord with the mounting
evidence that the hadrons are indeed composed of
pointlike constituents. Of course, the exact nature
of these constituents remains unclear, but in the
absence of any other clear alternatives we shall
take these constituents to correspond to the usual
Gell-Mann quarks!! @, 3, and A. In the leptonic
world the situation is clearer, as the known funda-
mental participants in the weak interactions are
the pointlike particles v,, e”, v,, and u~.

The first requirement that we shall make in
defining the properties of the weak interaction is
to insist that all particles that participate in the
interaction belong to an irreducible representation
of a group which we denote SU(3),;. On the basis
of this requirement we assign ®, R, and A to the
triplet representation of SU(3);,. In order to make
an analogous assignment for the leptons, we are
forced to postulate the existence of a heavy elec-
tron 2. and a heavy muon %z, to complete the lep-
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ton doublets,? and assign v,, e™,k; and v, u7,hy
to the 3 representation also. The Cabibbo angle
is introduced by taking!®

£=NcosH+Asing, (7

e”, and u~ to be the (I,), =—z partners of the @,
v, and v,, respectively. The three fundamental
triplets are then given in Table I. We have de-
noted the three triplets by W; (i=1,2,3). A given
particle within the ith triplet will be denoted by
Wi (@=1,2,3).

The next step which we take in defining the
properties of the weak interaction is to require
that each SU(3); multiplet, of which W,, W,, and
W, are examples, belong to an irreducible repre-
sentation of the group SU(3);. Motivated by the
observed universality of the weak interactions,
we assign W,, W,, and W, to a fundamental 3 rep-
resentation of SU(3);, which will contain all known
weakly interacting particles, and completely define
the weak interaction by seeking an interaction of
this fundamental triplet

(1) which is invariant under SU(3),;xSU(3)y,

(2) in which only the negative helicity parts of
W, participate, and

(3) which is a Lorentz-invariant bilinear in the
W’s, linear in a scalar field, and without deriva-
tives (for renormalizability).

The only such interaction is

Hw=%gwia(l+75)chﬁfijkgaeysky+H'c" (8)

where the S, are a set of scalar bosons and the
fi;. and g5, are constants which make the inter-
action invariant under SU(3); and SU(3)y;.

It follows from our assumptions that the scalar
bosons S,, belong to an irreducible representation
of SU(3),xSU(3)y; since W;,W}; contains the 3*
and the 6 representations of both SU(3); and
SU(3),, to obtain an [SU(3),; X SU(3)y ]-invariant
coupling the S,, must belong to either the (3%, 3%),

TABLE I. The SU(3);; quantum numbers of the triplets.

Triplet Members Yy Iy Iy

W, (electron) v, 1 1 1
- 1 1 -1

e 3 2 2

kg -3 0 0

W, (muon) Yy 3 3 H
- 1 1 1

4 3 2 2

hy -2 0 0

W, (hadron) P 3 3 3
1 1 1

4 3 3 -3

¢ -2 0 0
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(3*%,6), (6,3%), or (6, 6) representation of SU(3), bosons belong to a & multiplet of SU(3).

XSU(3)y. The constants £3¥) and f{8),, which Since

couple the density W,W§ to a triplet and a sextet _ _

of bosons [of either SU(3) group], may easily be DM +y P o=9,(L+vy, (11)

computed, and if we define the boson matrix S, 5

-~ fipoSe then the i* and the 6 couplings are given the interaction must be totally symmetric. But

the §* couplings are antisymmetric and the 6

by couplings are symmetric, so the over-all c&JpIing
0 Six) glsx) must be of either the type (3%, 3*) or (6,6). Sim-
S0 | g0 g _g(s® ©) plicity would of course favor the (3%, 3*) coupling,
3 1 ’ and since in fact the (6, 6) coupling differs from it
-5z gz 0 in relatively uninteresting ways we will assume
that the economical (3%, 3*) coupling is the correct
58 (L) 25(®) )/ 2@ one and write for the total weak Hamiltonian
1 2 2 2 4
S| (H/ese gl (B2 |, (10) Hy =38 W14y )W f3 7 34)S,, +H.c. (12)
1 1 (6) (6) — ~
(21288 ()28 sio =3gW(1+y,)SG* s¥we  H.c. (13)
where obviously the superscripts denote that the Writing this out in full we obtain

H,=g[7,(1 +Ys) 14 Sgg + Vel + ) Sy, — E(1+ Ys)V (S35 —8(L+y5)h [0S, -n,(1 +y5)vf1532+}79(1 +75) U°S,,
+ V(1 +75)£°S,, + T,(1 +Y6)L°S,, — (1 +7)P%S,, — (1 +y,)L°S,, ~n,(1 +y5)0)°822+ﬁe(1 +75)E°S,,

=V (L4798 s = T (1+75)8°S 1+ B+ )0°S 5+ L(L+7)E°S,, + 7, (1 +y)®°S), =k, (1+9,)£°S,, ]+ Hec.

(14)

The elementary vertices of H,, are given in Fig. 1. We shall take (13) as the fundamental Hamiltonian
density for the weak interaction and explore its consequences in the succeeding development.
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FIG. 1. The elementary vertices.
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III. PURELY LEPTONIC PROCESSES

In second order in the local limit M - = the interaction (14) gives rise to the effective Hamiltonian for

four-line leptonic processes involving known leptons:

2
H = +ﬁg;-a-[l7e(1 +y )T (1 = ys)e +B(L+y v Lo(1 = y)ve = To(L+75) up(1 = y5)v, = 8(1+y V575 (1 =y )e],

(15)

where M,, denotes the mass of the boson S, and which upon using the Fierz rearrangement (6) and the iden-

tity (11), and setting

g* _G
2M,2 V2’
becomes

(16)

H:Jﬁ; ==(3)V Gl (1 -vsle lj-')’u(l “Ys)Vu +erH (1 =y vy (1 =y5)u - Tey* (1 ""}’5)VeT1-')’u(1 ~Vs) i

- ﬁpyu(l -Ys)upé")'u(l "Ys)e] .

The first two terms are the usual off-diagonal
leptonic terms of the current-current model lead-
ing to muon decay and associated processes. The
second two terms are elastic terms correspond-
ing to elastic v, u and v e scattering and their
associated processes. This is in contrast to the
current-current model which predicts v,e and v,
elastic scattering but excludes these processes.'
The experimental situation regarding any of these
interactions is very uncertain at this time, al-

17)

though v, e scattering should be accessible to mea-
surement in the next generation of neutrino experi-
ments.'®

Notice that even with M,~ 100 GeV, g?2/47 is of
the order of magnitude of a, so we expect a per-
turbation series to be viable. In addition, we
expect that in some circumstances weak effects
might be of the same order of magnitude as elec-
tromagnetic effects. This possibility will be dis-
cussed further in what follows.

IV. SEMILEPTONIC PROCESSES

In similar fashion the interaction (14) leads to the effective Hamiltonian for four-line semileptonic pro-

cesses involving known leptons

HE = =Y 26 [y (1 =v)v, @y (1 =v5)E + Dy (1 =y )ely (1 ~y,)® + (e~ p)]

+(DV G (1 =y Ty, (1 =y )T+ Xy, (1 =y N} + 2V (1 = 75)e@y, (1 =)@ + (€= p)]

G 2 _
2 (%f) [Er" (1 —vg)ely, (1 -yt + (e~ w)],

where in anticipation of the ensuing discussion we
have set

My =M, =Mpp=My3 = Mgy =My =M, (19)
and
M =My =My, =M, . (20)

The first term is the usual Cabibbo form of the
semileptonic interactions which will reproduce
all of the successes of the standard current-cur-
rent semileptonic theory contained in (1).%¢

The second term is a AY =0 neutral-current
term consistent with the rather weak limits on
such processes. For example, one has the limits!’

(18)
gz o,
_o(yn—y n1°) +a(v, p-v, pr°)
Q,=—+ 2ou(vun-— u‘Puﬂ") : <0.14, (22)
Qs=%“—_‘%<0.24. (23)
I

It is, however, difficult to draw any definite con-
clusions from these results since their interpre-
tations are model-dependent. For example, if
one assumes I = dominance of the processesin@,
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and @, and no reabsorptive effects, one can predict
@,=~+%and @,~ 1; however, these assumptions are
experimentally untenable, and if they are relaxed,
these predictions are changed and the ratio @,
may be brought into accord with the experimental
values.!” Since the processes in @, can also occur
through either an I=1 or /=0 current, it is sim-
ilarly model-dependent. However, within the con-
text of the quark model one can predict Q, ~%,
consistent with the experimental limit. Clearly,
it is just a little too early to reach any definite
conclusions regarding these terms.

On the other hand, the last term has been sepa-
rated out because it would give rise to AY=1 neu-
tral-current terms at a level ruled out experimen-
tally if M, =M,.'®* We are led by this observation
to conclude that the SU(3)xSU(3) symmetry must
be strongly broken by the masses of these bosons.

4

Although there is no mechanism within the context
of this theory to explain such mass breaking,
there is similarly no mechanism to explain the
broken masses of the weak spin-3 triplets in both
SU(3); and SU(3);; quantum numbers, and we as-
cribe these mass spectra to sources outside the
scope of this theory. In accordance with this ob-
servation and the universality of the weak inter-
actions, and in compliance with the experimental
limits on such AY =1 neutral-current terms, we
shall demand in what follows that all the bosons
are (nearly) degenerate in mass with mass M,
except for the Uy =0 members of the SU(3),; trip-
lets,'® namely, S,,, S,,, and S,,, which we take
to have masses M,=2 100M,.%° With this proviso
we can neglect most processes mediated by these
high-mass bosons to find that the effective
semileptonic Hamiltonian is

H::ffs.;.= -(5)Y Gl (1 -75)Ve§7u(1 v+ T4 (1 -Ys)eg')’u(l -ys)® —ey (1 ‘Ys)e@'yu(l -7s)®

= TP (L =y Ve[ Ty, (1 =y )T+ Ry (L= y ] + (e~ )} (24)

in complete accord with experiment.?

In this regard, special note should be made of
the absence of AY =1 neutral currents to neutrinos.
Neutral currents to ez and ppu have just been ex-
cluded by construction, but the absence of such
currents to vV, and v, 7, is the result of a cancel-
lation between graphs, as in Fig. 2. The cancella-
tion is exact so long as M,,=M,;, but it is interest-
ing to consider the possibility of a small breaking
of the boson masses. The current experimental
limit on such processes is?

(K * - m*vD) _3
&= <2x107%, (25)
which gives the result that the coupling for these
processes is less than 4% of the coupling to
charged currents, or, i.e., that

| |
|S 1S

A v A v
e (-]

FIG. 2. The absence of AY = 1 neutral currents to
neutrinos.

—

AM,

S

<2x1072, (26)

This is certainly a reasonable restriction which
we will have occasion to recall later. In fact,

if the mass splittings of the bosons were 10 MeV,®
then for 30-GeV bosons we would only expect
neutral AY =1 neutrino processes at the level

2

<%%4A&> ~4x1077, (27)
s

five orders of magnitude below the present experi-

mental limit.

V. WEAK HADRONIC PROCESSES AND THE
OCTET RULE

Up to now we have demonstrated how the model
interaction (13) reproduces the successes of
standard weak-interaction theory for leptonic
and semileptonic processes and is at the same time
a renormalizable theory that may be extended to
all orders in g2/4n. In the realm of the pure had-
ronic processes, however, the model gives re-
sults quite different from those of the standard
theory. In particular we shall see that the model
gives rise to an exact octet rule for AY=1 had-
ronic processes, in accord with observation.*

We begin by making the very simple observation
that, because of the absence of a direct quark-
quark-boson coupling in (14) there are no four-line
quark processes in order g2, In fact, to order g2
the only hadronic processes allowed are those in
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FIG. 3. (a) AY =0 hadronic processes. (b) AY=1
hadronic processes.

Fig. 3.2 We immediately see that the graphs of
Fig. 3(b) arise by joining the neutrino lines of the
graphs of Fig. 2 and that in the limit of exact mass
degeneracy of the bosons, there will be no AY=1
hadronic processes. On the other hand, the sym-
metry is not exact and there will certainly be
mass splittings.? In what follows we shall dem-
onstrate that even though small mass splittings
give rise to insignificant levels of AY =1 neutral
semileptonic processes, they can give rise to
quite large levels of AY =1 hadronic processes
even though such amplitudes are proportional to
AM; in fact, such a process can easily lead to
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N

A

FIG. 4. The octet amplitude for AY =1 hadronic pro-
cesses.

AY=1 rates larger than those predicted by the
standard theory. This is advantageous since it
has long been recognized that hadronic rates need
some sort of order of magnitude enhancement over
the predictions of the current-current model.?

With these preliminaries we now proceed to the
following calculation: Any AY =1 hadronic process
can proceed via a one-line amplitude (which would
have exact octet transformation properties) for
changing a A into an N quark.? So we consider a
line in a Feynman graph (not necessarily an ex-
ternal line, of course) as in Fig. 4. The amplitude
A resulting from all the graphs of the type shown
in Fig. 3(b) is

A =2ig?cosf sing

d‘k 1 1 >
(2m)* \R%2= 2 +ie ~ R%P= pgi+ie
1
x(1 +Ys)m (1-vs), (28)

where in the case at hand ., is the mass of S,
and S,;, up is the mass of S,, and S,,, and m, is
the mass of the neutrino. Proceeding, one easily
obtains

d*k B-K
—Aio02 s 2 2
A=4ig?cosf sinf(u,% - up?)(1+v,) j @ P i p o (=B —mrie] (29)
=4g2sing cosf(p 2 - pup*)(1+y,) 7, (30)
where
[ d’k P —RH
B= . 31
T - +12€ - +ie)(p=-R)*=m,%+ic
1=t ) G P T iow - e riol(p = B = m P vic] Gy
T
It may easily be shown that in the case p, =~ ug F(p/M,) is practically independent of p/M, and
~M,, m,~0, the integral is equal to equal to unity. We therefore have, using u ,2
- F"BZu ZMsAMs:
2 w(p/m,) 32 g?
321[2M32 b s/ ( ) A :W cosf sind MSAMS(l +‘}/5)I‘ B (34)
where for or using g2/2M52=(%)1/ 2G
p <0.5 3 __...g._ s 3
i SO (33) A—2‘/—2—7r2 cosf sinf M AM (1 +vy,)p. (35)
S
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Of course this calculation does not in any way
take into account the renormalization effects that
the strong interactions will produce, and so this
result may only be taken as indicative.

We can, hoWever, immediately see the interest-
ing result promised previously: Although the
mass splitting by AM resulted in neutral AY =1
semileptonic processes of the order of (G/V2)

X (AM,/M,), it results in AY =1 hadronic processes
of the order of (G/V2)(M,AM,) so that for reason-
able values of AM and M,, the hadronic processes
occurring via symmetry breaking will be as large
or larger than normal weak processes.

To make this observation quantitative, however,
we must apply this calculation to a weak matrix
element of observed particles. The simplest way
to do this is to use soft-pion?® techniques (which
remain valid in this scheme, of course) to relate
the amplitudes of the hadronic processes H~H' +m
to the matrix elements of states of the same mo-
mentum and spin

(H'|H,0)|H)=(21)%a 4y . (36)

In this way, one can extract from experiment that,
for example,®

a,5+=0.48X1077 GeV . (37)

One can, on the other hand, easily calculate the
amplitude a,;+ using the quark model. Assuming
exact SU(3) and nonrelativistic quarks one easily
obtains from (35)

_Gcos6sing M;AM M,
Bt = 2V3 2 ’

which with M,AM M, ~0.6 GeV 3 (as would be the
case if, for example, M, =30 GeV, AM,=10 MeV,
and M, =2 GeV) gives

a,5+~0.5x10"" GeV (39)

(38)

in agreement with the result (37). In fact, of
course, one may proceed in this way to calculate
all of the amplitudes @, 4 and thereby via the soft-

pion results to calculate the parity-violating hyper-
on amplitudes. In this manner one obtains the
results shown in the fourth column of Table II

by making a best fit to the one parameter

M AM M, < . Considering that we have not in-
cluded any renormalization effects, the results
are in good agreement with the data.?* This agree-
ment is a reflection of the fact that these quark
amplitudes are of the pure F type, offering an
attractive explanation of the well-known F-type
character of these decays.?® Of course, the strong
interactions will in general intercede to introduce
D-type contributions as well. In the fifth column
of Table II we have shown the result of allowing

D couplings. The best fit in this case gives D/F
=-0.37, bearing out the idea that the renormaliza-
tion effects of the strong interactions are not over-
whelming.’! These results should be contrasted
with those of the current-current theory, which do
not follow the octet rule and are of the wrong mag-
nitude.

Finally, it seems worth mentioning that because
of the approximate Uy -spin symmetry, fourth-
order box diagrams contributing to the K3 -K §
mass difference are very strongly suppressed.
1t follows that the K } -K 3 mass difference occurs
via the process

I = { AR, A} - AN (40)

by the mechanism of direct A - N transition dis-
cussed here. One may therefore still use the octet
rule for the effective weak Hamiltonian when deal-
ing with AY =2 processes.??

VI. MASS DIFFERENCES WITHIN ISOMULTIPLETS

In Sec. V we have seen how the seemingly small
graphs of Fig. 2 can become large when the neu-
trino lines are connected to make the self-energy-
type graphs of Fig. 3(b). We will now discuss a
similar effect that can arise from the graphs of
Fig. 3(a). We will demonstrate that although the

TABLE II. Calculated and observed parity-violating hyperon decay amplitudes.

Formula 10"x best fit
Amplitude I Il I i
(bare (renormalized (=3.6) (D /F =-0.37) 10"x observed
quarks) quarks)
A(ZD) a (F =D) 3.6 4.3 4.240.1
A(Zh) 0 0 0.0 0.0 0.1£0.1
A(Zh) -2 -Q)Y%F -D) -2.5 -3.1 -3.1+0.2
A(AY) )% &VXF +3D) 4.3 3.4 3.310.1
A(A) -3 -@V4F +iD) -3.1 2.4 .
A(ED) ~-(3) ~@VUF -3iD) —-4.3 —4.4 -4.5+0.1
A(ES) (212 @VUF -1D) 3.1 3.1 3.3+0,1




8 RENORMALIZABLE SU(3) x SU(3) MODEL OF THE WEAK...

graphs of Fig. 3(a) are infinite and must renormal -
ize the ®, 3¢, and A masses, when combined with
the analogous graphs of Fig. 5 involving the heavy
Uy =0 bosons, they lead to finite mass differences
that make the ® quark lightey than the % or
quavks. The mass M, of the heavy Uy =0 bosons
enters the calculations as a natural “cutoff” on

the mass differences.

We begin by noting that a graph of this type will
indeed make the external particle lighter. It is
easiest to see this in terms of the well-known re-
sult that the second-order mass renormalization
of a particle g;(ps) with normalization

E - -
(a;(p's")qi(p$)) = 77 0:;0,:50°(p" ~P)
is given by
_(am)® -
AM—W Z 6%(p, ~ )P

In)

[{n|H,(0)|q;(ps))|?
E-E, ’

(41)

In the rest frame of g; it is obvious, since in
lowest order the intermediate state must contain
at least a boson of mass M, that E - E, will al-
ways be negative. It follows that each graph of
Figs. 3(a) and 5 makes a negative contribution to
AM; but the @ quark is so renormalized by four
graphs involving normal bosons, whereas the N
and A quarks are each renormalized by two graphs
involving normal bosons and two involving heavy
Uy =0 bosons. It follows that the ® and N quarks
will develop a mass difference

M(®) - M) = -M , (42)

where 6M is a positive quantity. Such a lighter @
quark would lead to the results for the mass

differences within isomultiplets given in the second

column of Table III.3* Notice that £+ Z~ ~ 23°
and 7* —7°, the only cases in which calculations
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FIG. 5. Up=0 boson mass-renormalization graphs.

of the electromagnetic mass differences AM,,
agree with the observed mass differences, are
unaffected by such a weak mass renormalization
and that in all other cases the weak mass differ-
ence AM,, has the same sign as the observed AM.
This indicates that perhaps the combination of
AM,, and AMem may account for these mass split-
tings, and we test this hypothesis in Table III.3*
As in the case of the hyperon amplitudes we have
shown in a separate column of the table the re-
sult of including the D-type amplitudes introduced
by strong renormalization effects. Considering
the uncertainty in calculations of AMen, the agree-
ment that results is really quite startling.3®
Notice that once again the renormalization effects
are small and that, in fact, we have D/F=-0.31
in this case, nearly the same value as in the
hyperon amplitudes. This further substantiates
the connection between the weak hyperon ampli-
tudes and these mass splittings, since one would
expect equal D/F ratios in the two cases.

But before putting too much credence into this
hypothesis, we must first demonstrate that it is
reasonable for a weak graph like those of Fig. 3(a)
to give mass differences comparable to electro-
magnetic mass differences. We first remark that
in principle this is not too surprising since, as

TABLE III, Calculated and observed values of isomultiplet mass differences. (Masses in MeV/c?.)

AM,, AMen AM=AM,+AMen AM
Mass I II I II
difference (bare (renormalized (6M =2.9) (D/F =-0.31) (observed)
quarks) quarks)

p-n —6M —(F +D) +1.25 -1.6 -1.3 -1.3
st 30 —6M -F 0.4 -2.5 -3.2 —3.1+0.2
z--30 +6M +F +1.65 +4.6 +5.2 +4.9+0.1
=t +3z7 -230 0 0 +2.0 +2.0 +2.0 +1.8£0.2
= —E +6M +(F -D) +1.4 +4.3 +6.1 +6.6=0.7
7% —70 0 0 +4.5 +4.5 +4.5 +4.5
K* -K%2 —6M -D’ +0.9 -2.0 -3.9 -3.920.1

2 See Ref. 35.
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pointed out in Sec. III, g2/47 may be a fairly large
coupling constant. With this in mind, we proceed
to a quantitative evaluation of the mass 6M. Ne-

glecting all the lepton masses 6M will be given by
the expression (recall the mass difference was
defined to be ~6M)

. d*k 1 1 1

ovt = ~2ig (p3) [ e (e ~ e )0 47 g (= v po) (43)
Fo 2 2 2\>7 d4k ‘5 - ’é

:—47:g (Ms —Mc )u(PS)(l +')/5) (21’_)4 (ké-M32+i€)(k2—Mc2+i€)[(p—k)2+i€i[ u(ps) (44)

~ 4g %M, = M,A(pS)(1 +7 Mu( p), (45)

where

. d*e P~ BH

L) B BP-Mrie) (- M2+ 0 (p-F)P+ie] *
(46)

This is, of course, the same integral we encoun-
tered earlier in Eq. (31) with p, =M, ug=M,,
m,;=0, and p=M,. It may be shown that for m,; and
M, <<Mjg as obtains here,

gie_P"_ 1nl(M./M,)]
32mM 2 (M,/M,)? 1"

so that

JH

(47)

2(Mcz - Msz) ln[(Mc/Ms)z]

g
oM = 87°M;2 (M,/M,)? -1

Me, (48)

where M is the mass of the ® quark., Since M,
>>M, we may approximate to get the simple re-
sult that

6M=(2GTJ¥§T;<%2 >2M@1n(%—:>, (49)

which for M 2M ¢ 1n(M, M ™) = 10* GeV ® (as would
be the case if, for example, M,=30 GeV, M¢e=2
GeV, and M, =~100M,) results in

M ~3 MeV (50)

thereby substantiating the results of Table III and
establishing a connection between isomultiplet
mass splittings and the high mass of the Uy =0
bosons. Quite similar arguments may be made
regarding weak mass differences of the scalar
bosons to justify the value of the mass splitting
AM used in Secs. IV and V.

Finally, we wish to briefly discuss AY =0 parity-
violating nuclear processes. As is the case with
AY =1 hadronic processes, there seems to be con-
siderable evidence for effects much larger than
those predicted by the current-current model.

Of course, one is again faced with the difficulty

of drawing conclusions in the presence of strong
interactions, but careful analyses seem to indicate
discrepancies in amplitudes of about two orders of
magnitude in the '#!Ta system3 and of about three

T

orders of magnitude in np—- dy.>” A detailed dis-
cussion of this situation is certainly beyond the
scope of this article, but as is clear from inspec-
tion of Eqgs. (45) to (49) one expects AY =0 parity-
violating amplitudes in this model with a magnitude
GM? as opposed to the current-current amplitudes
of size GM,?, i.e., one expects these processes

at a level roughly two to three orders of magnitude
larger in amplitude than the predictions of the
current-current model.

VII. CONCLUSION

The model of the weak interaction presented
here has many desirable features. It reproduces
the well-verified successes of the standard cur-
rent-current theory for leptonic and semileptonic
processes, and because the model is renormaliz-
able the amplitude for these and all other weak
processes may be calculated by perturbation
theory to all orders. Weak hadronic processes in
the theory have a quite different character from
leptonic and semileptonic processes, inaccord with
experience, and not only obey an exact octet rule
but can give amplitudes which are of the correct
size, in contrast to the current-current model,?
Finally, the model quite gratuitously gives mass
splittings within isotopic-spin multiplets compar-
able to electromagnetic splittings which may help
clear up the problem of “electromagnetic mass
differences.”

In closing, we feel obliged to mention once again
the obvious fact that calculations of the sort pre-
sented in Secs. V and VI can only be indicative of
the properties of this model; strong interactions
and the unknown masses involved make it difficult
to be more precise than this at this stage. In any
event these calculations take the quark model
rather seriously even though the relation of the
quarks to possible hadron constituents remains
obscure. On the positive side, the model does
seem to incorporate in a simple renormalizable
scheme the major features of the weak interaction,
and as such may have value.
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The absorbed multiperipheral model is suggested as a vehicle for understanding the approx-
imate constancy with energy of total cross sections that ultimately rise to saturate the Frois-
sart bound. Two approximation schemes, which share as their lowest approximation a sim-
ple, factorizable Pomeron, are discussed. In a streamlined version of the model, an esti-
mate of the squared energy s at which this simple picture breaks down is given by In(s/s)

= [0,/ (4Ta’) V3 =43,

I. INTRODUCTION

We now know that the Pomeron is not a simple,
isolated pole with an intercept of unity. Theoreti-
cally, the last link in the chain of argument show-
ing that such a pole would be incompatible with uni-
tarity has now been forged.! Experimentally, there
are indications?® that total cross sections may not
have finite limits as the energy increases, or, if
they do, that the values of those limits may be.
quite different from what had been previously ex- -
pected. On the other hand, much of the phenome-
nology based on treating the Pomeron as a simple

pole, for example the constancy of total cross
sections and the factorization properties of inclu-
sive distributions, seems to be at least approxi-
mately valid over a wide range of energy.® In this
paper we present a discussion of the question of
how the Pomeron can look like a simple pole and
yet really be more complicated.

Several authors, for example those listed in Ref.
4, have suggested that it is useful to perform an
expansion in powers of £1lns, considered as a
small parameter, where ¢ is some measure of the
Pomeron coupling to inelastic channels; to zeroth
order in this expansion, the Pomeron would be a



