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be expressed as

P +PD1rE(an+0D1r)/U1r=P1r1r+bZ’

mm

where P, . is a constant. This sum of effects is
plotted as a function of atomic number in Fig. 3.
A linear least-squares fit of these data yields
the results

P =0,./0,7(2.4+1.6)X1075,
and
P,,.=(0.38+0.19)x1075Z,

-Although the prime objective of the experiment
was to measure P, it is obvious that the method
adopted enables one to determine the three ef-
fects separately. This is important as it has
been pointed out! that the major uncertainty in a
single measurement in a low-Z target would be
due to the correction for the direct process.

The measured values of P,, and P, , are consis-
tent with predicted values. The latter, P ., is
estimated via a formula applicable in the high-
energy limit' as P, ,~2X 1075, Another possible
interfering effect is indicated by Volkovyskii.®

An attempt at estimating this contribution sug-
gests that it is negligible at an energy of 6.6 MeV.
Work is in progress to determine ratios in sev-
eral other targets as well as to improve the sta-
tistical significance of the results reported
above.
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Starting from the recent U(3) ® U(3) gauge model of strong interactions, we discuss the
very natural synthesis with Weinberg’s model of leptons. As a result of the interplay of
the two models (a) neutral AS=1 currents are eliminated without enlarging the number
of quarks, and (b) a natural (3,3)® (3, 3) symmetry breaking emerges for the hadrons.
Incorporation of alternative lepton theories is mentioned.

Although there are now a number of renormalizable gauge models of leptons,* only one class of such
theories has been constructed for hadrons.? We have asked the following question: Can we effect a
marriage between the hadron and lepton theories, such that, for simplicity, we have just [(3,3)® (3, 3)
broken] U(3) ® U(3) (three quarks) for the hadrons, and only observed leptons? The answer, modulo
anomalies, is a very natural yes. Our removal of anomalies, for reasons mentioned below, involves
fermionic doubling; this will be discussed after presentation of the model, along with inclusion of other

lepton models.

Our approach to the synthesis is orderly: Starting with the U(3) ® U(3) gauge model of hadrons, and
Weinberg’s SU(2) ® U(1) model, we study embedding the latter in progressively larger “primed” 2 groups.
Details of this study (and intermediate models) will appear in a larger paper. Here we sketch the
emerging picture: The structure of the hadron theory requires the “primed” group at least as large as
SU(3)®SU(3),* and Weinberg’s model can be embedded therein. Unfortunately, models of this type
have trouble with strangeness-changing processes. When we embed the leptons in U(4)® U(4), how-
ever, everything falls together beautifully, and it is this model we now present.

Groups and representations.—The hadronic group, entirely local, is U(3),® U(3);. We represent its
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generators F;, Fog by 3A% (@ =0, ..., 8, left or right), being the usual 3x3 SU(3) matrices. The local
leptonic group is SU(2); ® U(1), embedded in a “primed” U(4), ® U(4)z. We call the latter’s generators
Fa', Fe' (8=0,...,15), but only four are realized locally. These are ;" (k=1,2,3) and ¥ =F,’
+%(For'+F,."), with representations

1 0 0 O

1 s
: _plzT8 O -1 _|0 cosd sing 0
L R[ 0 %‘T’B]R » RB=10 —sing coso 0 (1)

0 0 0 1

where 75 (8 =0, 1, 2, 3, left or right) are the usual Pauli matrices, 75=7,757, and the tilde operation R
is the Cabibbo rotation. The charge operator is
Q=(Fy +Fyp) + %‘/—g(FsL +Fgp)+(Fap’ +Fyg") +5(Fop’ +Foz’). (2)

Neutral operators do not rotate under R: f,=t,, Y=Y, etc.
Local transformations.—We represent the general local operator transformation in a unified super-
matrix notation,

S, 0 0 0

. , 0 S, 0 ©
expli(a, Fp+ap Fp+p-F o/ +y¥)]=S=| & 5. 0 3)

0 0 0 §y

where, e.g., S/ =exp[i(f-B+3t,y)], S/ =explilty+3t,)Y], etc.
Fields.—Let V,*, A}, W,*, B*be (respectively) the strong vector and axial vector fields and the
weak gauge bosons. Defining

8 ~ 3
VL,R” EE()(VOL“ q:1401“)%>‘0L’ W521tkwk’

we specify the transformation properties of all gauge bosons at once in terms of a diagonal superma-
trix V¥ (like S), with entries®

VE VLR, fV R, g'(ts + 5t )BY, gWF + 3g't B*].

Then UV, U™ =S(V,-43,)S™*. Similarly, for Weinberg’s leptons, we introduce (v, =v,, vg=v,°, D =dou-
blet, S=singlet)

0

Yp=| e —Vg , Ys=|er O , 1=

00 0
+ +

i e 0 ki 00 0

0 ? 0 ? 00 ¥s

0

. 4

1T Y
00 &2y, o0

The question marks will be replaced later by heavy leptons to eliminate anomalies and ¢ p° is the charge
conjugate of ¥,; then WU =8IS™!. There is a great deal of freedom in the quark assignment. We will
take here the simplest case, three fractionally charged quarks: (T =transpose) ¢7=(qy, qg, 0, 0), UgU™*
=Sq. The supermatrix notation is most symmetric for the scalar mesons,

0 = 0 M
Z* 0 Mg 0
0 Mgt 0 §*

~

MY 0 ¢ O

M= UMU™ =SMS™. (5)

Here, Z =0 +ir is the usual (3, 3)® (3, 3) multiplet of scalars and pseudoscalars; M, g are three-by-
four complex matrices, being the scalars of Ref. 2, now with an extra fourth column. These scalars
are the only connections of the weak and electromagnetic interactions with the strong, and will give
mass to strong vector mesons?; the Weinberg scalar field ¢ =¢,t, +i@-t, which we see (in this notation)
is to the leptonic system what Z is to the hadronic. The covariant derivatives can be read from the co-
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variant momentum operator
CF=Pr L f(V P Fp+ Vgl Fp) +gWhF ' +g'B*'Y (6)

by commuting this operator with each field. We find A ¢=8,9-iV g, A /=81~ i[V,,, 1], A,M=8,M
- i[V;,,M ], and the usual F,”,’s for each gauge meson. Our locally invariant Lagrangian is

L= %Tr(FL"VvaL +FR‘WF;WR) - %Tr(FpuBFB"V) -3 Tr(FquFW’w) - i?A”Y,,q -1 Tr(fA"')’ul)
-3 Tr{(AMM)* A M} + (G205 + He.) + Tr(Pp@T sG+He.) + VM ) + V(M g) + V(Z) + V()
+Tr(Go@ M ™M 1@ + GuM "M g 3* 3) + Tr(G,@*M L *EM g +H.c.), (7)

where the V(--+)’s are the usual quartic and quadratic terms,® and the G “insertions,” 2 which are 4x4
diagonal matrices with entries
V2

2 m: f.m.2 2f ,/m2—f m?
G::(m,,,m,,, 2,9, Glz-zT<f”’<12" , "Klz" , & izz —1-d), G,:(a,a,b,c),

do not spoil the unified gauge invariance. The interpretation of the parameters in these insertions
will be clarified in the following paragraph.

Spontaneous breakdown and symmetries.—A detailed study of the complicated scalar system will be
presented in a larger paper. Here we sketch the general ideas. First, we use 21 degrees of gauge
freedom (all but @) to eliminate the 3 X3 submatrices of M -M;* and M 5 — M ;*, and all the compo-
nents of ¢ except ¢,. Next, in order to give masses to all the gauge fields except the photon, we as-
sign vacuum expectation values (p)=xt,, (M )=(Mg)=k. These then generate a linear term in = (last
term in £). Thus Z itself acquires a vacuum expectation value (Z)=v, which is the usual (3,3)® (3, 3)
hadronic symmetry breaking in the spirit of Gell-Mann, Oakes, and Renner.* It further turns out that
the system allows the following arbitrary vacuum expectation values:

k, 0 0 0 .0 0
k=10 k, 0 Of, v= 0f O , (8)
0 0 «, 0 2 0 0 2fx—fx

and no Goldstone bosons. Except for d, the interpretation of the parameters in G, and v is standard,®
while G,, d, and V(---) can be adjusted to give arbitrarily large masses to ¢, and the remaining sca-
lars in M ; and M g; hence with Ref. 2, we continue to regard these as unobservable entities. Actually,
the model is perhaps more satisfactory with k, =k,, leaving w-¢ splitting until higher order in strong
interactions. For this case we preserve the Weinberg sum rules® and so we specialize to K, =k, below.

Photon system and diagonalization.—Our spontaneous breakdown is such that the only unbroken gauge
symmetry is generated by ¢. Rewriting the covariant momentum (6), we isolate the (massless, uni-
versal) photon as the coefficient of @:

A" =cosn(singW,* + cospB") + sing(3V3V,* + 3V, 4),

(9)
e =gsing cosn; tang=g’/g, tann=2gsing/V3f.
With f2/4m ~2 and g, g’ small, we obtain approxi-
mately Weinberg’s e ~ gg’/( g% +g’?)*/2. This diag- term
onalization induces electromagnetic mixing of . ~ +
bare p,, ¢, and w, such that the physical parti- £ =gf Tr{V (M, + WM, " + )}, (10)

cles have order e?/f couplings directly to the lep-
tonic electromagnetic currents. This simulates
vector-dominated electromagnetic form factors
in lowest order, and gives a hadronic correction
to the muonic 3(g — 2) which agrees with previous
estimates.” To keep the usual universality of
weak interactions, we do not diagonalize the W*-
strong-vector-meson mixings involved in the

Thus, charged currents at low energy proceed
via vector dominance in lowest order.

AS =1 neutral curvents.—Because our Cabibbo
rotation rotates only W*, we find no neutral AS
=1 currents. In this model, then, although we
need four “things” to eliminate such currents,
they are the columns of the unobservable M p,
and not extra quarks.
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Fermions and anomalies.—As thus far present-
ed, the model has anomalies.® Further, there ap-
pears to be no way, in the presence of both strong
and weak vector mesons, to cancel hadronic
against leptonic anomalies. Thus, we mention a
flexible doubling scheme that for hadrons is in
the spirit of dual models. We introduce ¢q’, ¢g,,"°
that couple to gauge bosons just as ¢q, ¥ p, but
with the opposite sign of y,. In the leptonic sys-
tem anomalies are canceled without complication.
To avoid suppressing 7, ~ 2y, however, we also
need a new Z’, which transforms like %, but by
choice, couples only to ¢’. It is then easy to ar-
range, with other terms in £ like Tr[@*M *Z’

XM zG,'] and (a'g,'Z'qy' +H.c.), that the masses
of g/, Z' are high with negligible effect on V, A
masses. Then, 7° -2y proceeds only through q.
To get an extra factor of 3 in amplitude,’ there
are a number of choices—the simplest being the
introduction of two more “pairs” of canceling
quarks (like g, ¢’) with large mass.!!

Other lepton models.—Among the other lepton
models in the literature, one stands out as fitting
our hadrons as well as Weinberg’s. This is the
“second” model of Prentki and Zumino! which
may confront neutral current measurements more
successfully than Weinberg. The Prentki- Zumino
leptons {fit into our yj 5 using the lower right-
hand corners as well. All other details are es-
sentially the same as above. Not all leptonic the-
ories fit our hadron theory, however. For exam-
ple, the model of Georgi and Glashow,? if it fits
at all, appears unnatural. In the first place we
need a U(5)® U(5) hadronic group (five quarks be-
fore anomaly cancelation), and worse, their sca-
lar field transforms such that, without further
scalars, we cannot find a (3, 3)® (3, 3) symmetry
breaking term like Tr[@*M *ZM].

Conclusions.—To the best of our knowledge,
our unified model is consistent with known low-
energy data, including vector-meson dominance
at low energies for electromagnetic and weak
form factors, and accepted theoretical ideas
about broken hadron symmetries, etc.—in the
presence of explicit hadron dynamics.

The question of deep inelastic scaling for our
model (in perturbation theory) remains to be in-
vestigated. Although it turns out that the current
algebra generally resembles algebra of fields,
we do not expect worse scaling properties than
other renormalizable (longitudinally damped) the-
ories.!?

We find it very encouraging that a unified re-
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normalizable gauge theory of strong, weak, and
electromagnetic interactions exist in which all
three forces derive from a single, stringent prin-
ciple: gauge invariance.
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