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A vector-like model with nine leptons and nine quarks is presented. Various consequences of the model are dis- 
cussed. 

Recent measurements of  weak interaction phenom- 
ena indicate that a) there exists [1] a heavy lepton r -  
of  mass 1 .6-2  GeV which decays i n t o / l - ( e - )  + neu- 
trals, b) the parity violation in heavy atoms [2] seems 
to be significantly smaller than the naive Salam- 
Weinberg (S-W) model prediction [3, 4] while the neu- 
trino reactions suggest the existence of parity viola- 
tion in the hadronic dectors [5], and c) the "high-y 
anomaly" [6] in the ff reaction and the ratio of  the 
charged current cross section [7] by v and ~ are indica- 
tive of  the existence of  righthanded heavy quarks in 
the charged current. Although none of  these experi- 
mental evidences are conclusive at this time, the con- 
sideration of  all these phenomena combined urges us 
to extend the original SW model [3]. 

In constructing a model, we adopt the following as- 
sumptions as guiding principles which have proved to 
be useful in past experience: i) universality or symme- 
try among leptons, such as the/~-e universality and its 
generalization, and ii) symmetry between leptons and 
quarks. The latter symmetry,  of  course, can be true 
only modulo the color degree of  freedom. Also it is 
assumed that iii) the departure from the SW model is 
minimal, by which we mean that the particles form 
doublets or singlets in the SU(2) × U(1) gauge group 
and the number of  fields used is minimal. 

Starting with lepton multiplets, conditions a) and 
i), along with the consideration of  ordinary weak inter- 
action phenomenology, dictate the existence of the 
left-handed doublets 
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The observation b) suggests that ( e - )R  should be a 
member of  a doublet. Introducing the heavy neutral 
leptons E ° , M °, and T °, we have right-handed doublets 

These arrangements leave the left-out particles 

0'e)R, (~.)R, (re)R; (E°)L, (M°)L, (T°)L (m) 
to be assigned as singlets. 

Now we come to the hadron sector. Since the lep- 
tons consists of  3 sets of  triplet (E °, v e e - ) ( M  °, u , , p - )  
and (T °, v, r - ) ,  it is imperative to have 3 sets o f  quark 
triplet (u, d, s), (u c, d c, s e) and (u t, d t, s t) according 
to the symmetry requirement ii). We notice the differ- 
ence in the charge structure however: the lepton trip- 
lets belong to the "3 representation and the quark trip- 
lets to the 3 representation of  the SU(3) group. Analo- 
gous to the assignment for leptons, (I), (II) and 0 I I )  
the quarks form doublets 

(u) (ut) (u,) 
~ L ~ L dt L d R sC R st R 

and singlets 

d R, s R, d~;  d~, s~ and s[ .  (V) 

In the above assignment, ~[ andS' are the Cabibbo ro- 
tated states of  the d and s quarks, the more common 
nomenclature for heavy quarks is u c = c, d e = b, u t 
= t etc. 

The model to which we are led very naturally is an 
extension of  the model considered by Fayet  some 
years ago [8] and by Barnett [9] and Nieh [10] recent- 
ly. It is one of  the vector-like models. The characteris- 
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tics of  the model are 
(1) the neutral current of  the charged leptons and 

the u-type quarks is pure vector, while the neutrinos 
(heavy neutral leptons) have a left (right) handed neu- 
tral current, and the negatively charged quarks have a 
mixed V, A, currents. More explicitly 

.g  mz 
Hneutra 1 = 1 ~ mww Zu [ - e T u e ( 1 - 2  sinZ0w) 

l -  4 . 2 
+~-VeTu(1 +TS)Ve+fiTuu(1 - 3 s i n  0w) (1) 

_ ½ a [ 7 . ( 1  4 • 2 - ~ s l n  0w)+Yu75]  d + ...] 

where 0 w = tan -1  g'/g is the Weinberge angle and 

gg' g2 G F m w 
- e ,  8 ~ - m  ~ X/2-' cosO w - m z o  (2) 

(g2 +g'2)1/2 

as in the standard W-S model. 
(2) The interaction hamiltonian (1) predicts cro~ 

= ov~. At the present time, this is not incompatible 
with experiments [ 11 ] ,  although the accuracy of the 
experiment is not good enough to support or exclude 
this kind of model. 

(3) The existence of heavier quarks implies larger 
value for R = (e+e - -+ hadrons)/(e+e - ~/2+/2-)  than 
is measured currently. The asymptotic value of R 
should be 7. 

(4) If  there is no mixing between the heaviest quark 
triplet (u t, d t, s t) and the lower mass quarks (u, d, s) 
and/or (u c, d e, sC), then the lowest mass state ofha-  
drons which contain the t-type quarks becomes abso- 
lutely stable. Since this is an unlikely case in view of 
the past accumulated experiments (with cosmic rays 
and accelerators), it is more natural to expect some 
small amount of  mixing, which allows t-quark states 
to decay. This may be considered as a generalization 
of the Cabibbo rotation between the d and s quarks. 
(The appearance of the d and s quark fields as part- 
ners of  u and u c is a mystery. It would be more natural 
to identify s ~ d e and d c ~ s and to suppose that d e 
happens to be lighter than "u c ' '  and "s"  quarks.) 

(5) If  one finds more heavy leptons, one may want 
to add more quarks under the assumption of lepton- 
hadron symmetry.  These new quarks should be mixed 
with the lower quarks of  the existence of  an absolutely 
stable, massive hadron is to be avoided. This argument 
makes one feel that the addition of infinite series of  

lepton-hadron triplets is an unlikely possibility. Be- 
sides, the asymptotic free theory [12] admits no more 
than 5 (flavor) triplets of quarks. 

(6) A recent measurement of  trimuon production 
in the neutrino reaction [5] indicates that the three 
muons are produced in the lepton sector. This phe- 
nomenon is interpreted [13] as the production and 
cascade decays of  a heavy charged lepton with mass 
~7 GeV. If  that is the case, a fourth set of  lepton and 
quark triplets would be required in our scheme. In or- 
der to avoid such an inflationary trend, the author pro- 
poses that the trimuon events involve the production 
of a charged Higgs boson [14]. Of course, that re- 
quires the existence of more than one Higgs scalar 
doublet. We notice that a model of  the spontaneous 
CP violation also requires Higgs scalar multiplets [15]. 

(7) The/2 ~ e7 decay can occur via a mixing be- 
tween E ° and M °, which looks analogous to a mixing 
of the d and s quarks, provided the masses of  E ° and 
M ° are different [16]. 

(8) The generation of  the lepton and quark masses 
requires a detailed consideration of the Higgs coupling. 
For a single Higgs scalar doublet, the mixing for e.g. the 
(M °, v u , /2-)  triplet is expressed as 

~b L =(v u Cos~+M 0 s in~)  

/2- L '  
(3) 

4#R=(--vvsin~+M0c°s~/2_ / R  

for doublets and 

X R = (vu cos ~ + M 0 sin ~)R 
(4) 

L ~U = (--v u sin tp + M 0 cos tp)L 

for singlets, where 

sin ~0 cos ~ = mu/m 0 (5) 

m 0 being the mass of  the heavy neutral lepton M 0. 
The other triplets mix analogously. Since the absence 
of the right handed neutrino in the low energy weak 
interaction phenomena implies that ~ ~ 1, we obtain 

sin ~o = mu/m O. (6) 

The coupling to the Higgs scalar is expressed as 

~k - L  R - R  L l(4Ju~o) x. + X2(~.~o)~. + h.c. 

where 
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and the coupling constants of  the Higgs scalar interac- 
tions are 

Xl (~po) = m0 sin ¢ sin ~ = m u tan 

X2(~0 °) = m 0 cos ~o cos ~ ~ m 0 

i .e .  

(8) 

)kl/~k 2 = m .  tan ~/m 0 ~ mu/m O. (9) 

The eq. (9) implies that the Higgs coupling is domi- 

nated by the X2(I~0M0~0 °) ~ (m0/(~o°)) ffl0Mo~0 ° term. 
This is a contrast to the standard W-S model  where the 
Higgs coupling is (mu/(~o°))rala~O °. (There is no/~/J~0 ° 
coupling in a vector-like model.)  The coupling strength 
of  the decay o ~ MOl~o is given by  

X2 1 mg 1 1 g2 2 , / ~ -  

4n - 47r (tpo)2 - 4 n  2 m 2 mg = ~ G  F mg. (10) 

(9) Finally, we give a comment on the pari ty viola- 
tion in atomic physics. By construction, the pari ty vio- 
lation in a heavy atom should be at least a factor of  
Z (~80)  smaller than the W-S prediction, since the 
electronic axial vector current is absent. From eq. (1), 
we obtain the parity violating interaction 

G F _  
H p v -  ~e3"ue~13"u3"sd(1-2sin2Ow). (11) 

For hydrogen or deuterium atom [17] we have to com- 
pute the matrix elements (pl d3'u 3'5 dl p) and 
in[ d7 u 3'5 din).  This can be done by using the SU(3) 
identi ty 

1 
dd - ' g s  = C:l 7 ( - X  3 + X/~ X8) q (12) 

and the fact that'gs does not  contribute to the isovec- 
tor part4~; 

(pld3'u3"5dlP) -- (nld3'u75dln) = - ( D  + F )  fi3'u75u , 
(13) 

where D, A and F are d and f couplings of  the axial 

* We use the formula for the SU(3) matrix calculation 
<Blqharq_l B) = tr((D + F)BhaB + (D - F)B~,aB)u-ru 
where B, B are the standard 3 X 3 SU(3) matrix of the 
baryon octet. 

vector current (D = 0.825 and F = 0.425). If  one as- 

sumes that (p[ ~7u3' 5 sl p)  = (nl ~3'u3'5 sl n) ~ 0, then one 
gets the matrix elements separately, 

(pla%3'5dl p) ~ (pit: t ½(-X 3 + ~ X8)qlp) 
(14) 

= - ( D  - F )  fi3,u3,5 u 

and 

1 
(nld3'u3'sdln) ~- (nlrt ~ (--X 3 + X/3 X8)qln) 

(15) 

= 2 F  fi3'u3'5 u. 

The latter results are consistent with those given by  
Cahn and Kane [18]. 

It is a pleasure to thank T. Witten for reading the 
manuscript.  
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