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A SUjp (4) ® U(1) model of 4 quarks is presented. Three quartets of leptons are necessary 1n order to cancel anom-
alies. We propose, 1n the breaking of the SU(4) gauge symmetry, a set of W bosons with mass 2 130 GeV. The sup-
pression of parity violation in atomic experiments could be explamned with these heavier W bosons, the neutral current
cross sections are compared with the Weinberg-Salam model. The model has definite predictions for the decays of

charmed mesons and the heavy lepton 7.

The Wenberg-Salam (W-S) mode! [1] with four
quarks is quite successful in representing the neutrino
induced neutral current reactions. However, the exist-
ence of the heavy lepton 7 [2], the possible evidence
for other heavy leptons in neutrino induced reactions
[3] and the suppression of parity violation in atomic
neutral current experiments [4] necessitates a modifi-
cation of its conventional form. We present in this
note a model which incorporates consistently all the
above results [5].

We consider the SU; (4) ® U(1) gauge symmetry
of the 4 quarks. The charged currents being left-
handed, we do not expect the “y-anomaly” in anti-
neutrino reactions (beyond possible breaking of scal-
ing). We propose that the SU(4) gauge symmetry (of
the Higgs scalars) is broken in several stages, namely,
SuU(4) - O(5) (or SP(4)) » SU(2). The breaking of
SU(2) with the additional U(1) gives the Weinberg-
Salam model. The “super” symmetry-breaking pro-
vides us with SU(4) — O(5) = 5 W bosons of super
heavy masses and O(5) — SU(2) = 7 W bosons of inter-
mediate masses which are heavier than the SU(2)

W bosons. We report below what the “medium-heavy”
W bosons could do to the weak interactions [5].

The first thing they do is to restrict severely the
lepton representations. The four quarks are assigned
n a 4 representation (u, d, s, ¢). The electron, muon
and their neutrinos in this model cannot belong to the
same SU(4) representation, e.g. (g, e™, U™, ¥,),
which were proposed by Pati and Salam [6] . The rea-
son is that the SU(4) weak currents (e.8. ¥, Ag4,7¥)
with this assignment would generate strangeness-chang-
neutral currents and lepton number non-conservation
which 1s intolerable in ordinary weak interactions.

Another reason for rejecting this assignment is based
on the fact that the small mass of the neutrinos can-
not be explained, (1,,, as compared with the charm
quark mass). Instead, we identify the heavy lepton ob-
served at SLAC and DESY as an excited electron state
with an assocated v_. In order to cancel the anomalies
with respect to the SU; (4) ® U(1) gauge symmetry,
the leptons belong to the 4 representations, and the
sum of the quark and lepton charges must equal zero.
This results in a proliferation of the lepton families
and quark-lepton symmetry,

ut us ub e” u- 0
dr a8 d®| [», vy, &
s 8 b v, MO L*
¢t & b — M- L0

where 1, g, b denotes the color of the quarks. A uni-
fied picture of the quark and lepton masses could
emerge from the above representation. For simplicity,
we assume that the same set of Higgs scalars is respon-
sible for generating the quark and lepton mass. We
then expect the leptons to exhibit the same mass pat-
tern as the quarks¥1. In fact, m, ~ m,,, ~ mbare
~m3?® ~ 0 and m; ~ mbae are in accord with
strong PCAC and the observed 7 and the charmed
meson masses. We are thus led to speculate that m,,,
~ (mlsaare — mlt;are) ~ m‘?are_

The second restriction is that the Cabibbo angle
should be a consequence of the mixing between the u
and ¢ quarks. The SU(2) weak interaction (the W-S

*1 The radiative corrections to me, my could be as big as the
bare masses themselves.
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Table 1
Eigenstates and masses of the W bosons with their coupling to the fermion currents. 43 = (1/\/5)(W3 + (1/\/§)Wg — \/%Wls)’

tan26y = g'2/(g2/2). For the notation of the A’s see text.

W bosons Coupling to Masses
A=smowyAs+cosowB 0 0
3 2
Z = cos bwA3 — sin 6ywB % +g'2 |}‘W3 T=s sinzerjl , m% =MW
2 cos20y
- g 1-— s 2
w+ 3 Kwi 3 My
W T _g_ Ar+ 1 — s
K* N K*" 2
- g 1-1s
WD+ 7—2“}\D1 2
- _ _ - 1 -5 2 2
W(KD)O’ [W(KD)O] s }\(KD)O [R(KD)O] 2 myy ~ my
2 1 g 1—9s 2
Y=4/3Wgt+t+—=W 2=\ m
\/; 8 7 15 NG Y3 Y

model) cannot distinguish this scheme from the GIM
mixing [7] for the d and s quarks. But the d and s
mixing with respect to SU(4) will result in strangeness-
changing neutral currents in ordinary weak mterac-
tions generated by the new SU(4) currents e.g. A, of
eq. (2)). This 1s not allowed. With the Cabibbo angle
generated from the u and ¢ quark mixing, its magni-
tude could be estimated as follows. The strong inter-
action symmetry SU(4) 1s badly broken to SU(3).
Since in gauge theories the strong symmetry breaking
only appears 1n the quark mass terms, the ¢ quark ac-
quires a large mass. We assume that a second stage of
symmetry breaking on a smaller scale, be it the Higgs
mechanism or radiative corrections, generates the mass
of the u quark and its mixing with the ¢ quark
(Am,, ). We then find, after diagonalizing the mass
matrix, that sin 6 . ~ Am [(m, —m ) ~m /m,
where m,;, m_ refer to the “physical” quark masses.
From the fermion representations and the Cabibbo
structure described above, we see that the strangeness-
changing neutral currents ($L7u7\61 VL), in the
semi-leptonic processes, always couple to at least one
“new” lepton, if they are decoupled from the diagonal
neutral currents. The decoupling is verified from the
Higgs mechanism (see table 1 below). From table 1
also follows that the effective Lagrangian in lowest or-
der of G, has no {As| = 2 piece for the non-leptonic
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interactions. The GIM cancellation mechanism works
for the higher order box diagrams, as expected.

We have explicitly constructed the Higgs sector [5]
to break the SU(4) to O(5) and then to SU(2). The
SU(2), n the (u(8), d, s, c(8.)) basis (u(8)
=ucosfl,—csinfd,c(6.)=usinf +ccosb),con-
sists of the following generators,

0100
10000} _

W=l g0 00 |77 Msiz ks al = w17

00hoO

1

P . 1)
>\W3—— 2 _l =-2-[)\W+,>\W-]

2

1 Ag
=§ [}\3 +$ -\/g 7\15:]

where the \’s are the SU(4) A-matrices, and where h

= +1. The sign of 4 is not determined from ordinary
mesons or hyperons decay. We shall assume # = 1 for
simplicity. The subgroup of SU(4) which contains the
above SU(2) as a subgroup is an O(5), consisting of the
following generators in addition to (1),
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O(5) contains two subgroups formed by (1) and th)*z.

Denoting the gauge couplings of SU; (4) ® U(1) as
g and g’ and their gauge bosons as W;@=1, .,15)and
B, the diagonalized states after spontaneous symmetry
breaking of O(5) and SU; (2) ® U(1) are listed in
table 1. For the complete breaking of SUy (4) @ U(1),
we refer to ref. [5]. SUy (4) ® U(1) contains 4 neutral
gauge bosons coupling to diagonal neutral currents,
which we denote as A, X, Y, and Z. A and Z are the
photon and the neutral gauge boson of the Weinberg-
Salam model. X 1s super-heavy and does not mnterest
us here. We will study below the contribution of Y to
the low energy weak interactions. The interaction
Lagrangian can be obtaned from

- ‘T’?ﬂ#(aﬂ +;g7\iwi‘ +;glqu#) YR+ IR
+E OB T, (04 + s DWE ()
1 - .t
—ingB“>¢QL + P8y, (04 +ig OB Y

2 O(5) could be broken to SU(2) ® SU(2) and then broken
to SU(2).
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where the »’s are constants (matrices) determined
from the charge of the quarks and leptons. Q 1s the
charge matrix. We obtain from (3) the coupling as
shown in table 1. The effective Lagrangian for the neu-
tral current induced interactions is as follows:

(1) Atomic neutral currents. Here the dominant
contribution comes from the quark vector currents
and electron axial vector-current which are

1

G -
2% {[fn'#u - dyﬂd — 4XW(—23-ﬁfy“u —3d d)] Eykvse

)
+ (g /m3 [y, u + &y, ] @rysel.
The first term is the W-model prediction (X
= sm20w) and the second term 1s the added contribu-
tion from the Y exchange diagram. The relevant quan-
tity for the atomic Bi2$® experiments is QW = Z(1
— 4XW) N+ (mw/mz) 3(Z+N)=-129
+ (mw/mY)627 for XW ~0.26.1f Q¥ is near zero, we
find my, ~ 2my; ~ 160 GeV. But my could of course
be heavier, depending on the final expermment results.
(2) Neutral currents in neutrino reactions. The
W-S model 1s modified as follows

G
5% {wéyu(l — 44Xy —v5)e+ [0y, (1 —vs5)u

~dy, (1 —75)d —4Xy (GOy,u — 5dy,4d)]
maA j (5)
+ (;Vzl) [Er (1 —vs)e —uy, (1 —75)u

Y
—dy,(1- vs)d]} PR -5,

where the last term 1s the new contribution from the
Y exchange. The new contribution suppresses the left-
handed component of the electron neutral current.
For Xy, = 0.26 and my =~ 2my, the cross sections
o(p,e) and o(v,e) are reduced by 16% and 50% re-
spectively as compared with the W-S model predic-
tions. We find o(v,e) ~ 0.63 X 1041 £, cm? Gev~1
and o(F,e) ~ 1 25X 10-42 E, cm? GeV~L. For com-
parisons with the recent data, see ref. [S]. The effect
of the new contribution for the inclusive neutral cur-
rent cross sections turns out to be neghgibly small. For
the elastic vp and Pp cross sections, the effect is at the
10 ~ 20% level, the modification appears only in the
isoscalar currents [5] .

(3) Strangeness-changing and charm-changing neu-
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tral currents. From the W%D exchange, we arrive at
the effective Lagrangian (mw$p, =mw")

Cw 2, 5 .z
N (myg/myg ) [dy, (1 —7s)s

+ﬁ'y“(1 ~7s)c] [Fy*(1 —v5)v.] +he.

Thus, unless W?(D is very heavy, the lower limit of
my, 1s given by the absence of Kt - 7tww, namely,
my, R 2 (mg+ — m,+) ~ 350 MeV¥3. This value 1s n ac-
cord with the theoretical expectation (m,, ~ m?are,
see above) — the present experimental upper limit
from 7 decay is m,, <500—600 MeV [8]. If my
~my ~ 2my, we predict that (D" - n*5, v, )/T(D*
- KOe*p,) ~ 7% for m,,_ ~ 0.35-0.45 GeV and hav-
ing assumed the same constant form factors for both
processes.

(4) Implications for 7 decays. With respect to the
SU(2) gauge interactions, 7 behaves just like a true se-
quential heavy lepton. Modification arises from the
W?(D exchange diagrams (other contributions are
much suppressed by phase space). Specifically, the
electron quantum number carried by 7 will manifest
itself 1n the following decay modes (but 7~ e ete~

T~ P e utuT), neglecting m,,_/m._,
T T

2 2
0 »e KO _ 127k (1 _mK)Z( mw) ©
1-‘(T- VM Vp) m% m% m%v.
F(T »v.e b,) mé; P
il e [ =21 h=l )
F(T v V#) m2

w

Thus we will expect that the ratio of ete™ versus u*e
from the heavy lepton pair decay in e*e™ annihilation
will not be 1. It is interesting to remark that the sign
of & could be measured by this ratio. For my ~2myy,
one finds o(e*e™)/o(ue) = 0.28 or 0.78 as compared
with the preliminary data [9] o(ee)/a(ue) = 0.57

% 0.3. More precise measurement should be interesting.

The corresponding prediction for o(ueK )/ o(ue) from

*3 The mass of vy reflects how O(5) 1s broken. If myy g+
~ M.y, then My, ~ mK* in order that K* — e*v; 1s not ob-
served. On the other hand, My, < mg+ would 1mply
Myt * my which means O(S) is badly broken to SU(2)
® SU(2). The choice m,,, ~ mg+ ~ 500 MeV is not ruled
out experimentally
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(6) 15 at the level of (1-2)%. The search for ueK

+ nothing is a difficult experiment, but a resonance in
eK,, if seen, could be a direct proof of the existence
of the heavy lepton. v_ in this model 1s a long lived
particle, since 1t is forbidden to decay by phase space.
We predict m,,_ 2 350 MeV (see above). Thus the
measurement of m,,_ will be the first crucial test of
this model. The two-body decay modes of 7 (e.g. v,
vp) could be the best place to measure m,,_.

(5) Implication for high energy neutrino and e*e~
experiments. From table 1, one immediately concludes
that the semi-leptonic decay of MO always involves
strangeness non-zero final states. (M~ 1s heavier than
MO by the quark-lepton mass analogy). MO could be
found in high energy e” e~ annthilation through pair
production of MY*M~ and their subsequent decays. In
particular, MO could be looked for in the invariant
mass plot of u*K*. In neutrino reactions, M~ can be
produced via the charm changing current only. This
and the decay*4 of M~ and M? leads us to speculate
that trimuon events are associated with two strange
particles.

I thank M. Krammer and my other colleagues for
helpful comments.

4 Note that M® y*u"uﬂ, but M wetu,.
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