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IS CABIBBO MIXING INDUCED BY HIGGS BOSONS OF THE
SECOND GENERATION?

By W. KROLIKOWSKI
Institute of Theoretical Physics, University of Warsaw*
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1t is shown that Cabibbo-like mixing is related to a non-diagonal fermion mass which
may be generated by the Higgs mechanism involving scalars of higher generations. Then
a spontaneously broken symmetry group is given by SU(2) x U(1) x U’(1), the factor U’(1)
being generated by the properly defined particle-generation number.

PACS numbers: 12.20.Hx, 11.30.Ly, 12.30.-s

First, we point out that the standard model of electroweak and strong interactions [1],
involving the diagonal mass and Cabibbo-like mixing, is equivalent to another version of
the standard model with a non-diagonal mass and no Cabibbo-like mixing.

To this end let us consider the former model, where the mass and electroweak-interac-
tion fermion lagrangians are
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and the electroweak fermion currents have the form
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In Eq. (6),d© denotes the Cabibbo-like-rotated d [2], while v'© describes the usual neutrinos
as they appear in weak interactions. In Eq. (1), for the sake of lucidity, we take into account
the possibility that neutrinos may have some non-zero Dirac masses and denote the cor-
responding mass eigenstates by v (which is in general different from v(©). If there are no
right-handed neutrinos, we put M, = 0. In the case of M, = 0, or more generally if M, has
all eigenvalues degenerate, there is no reason to distinguish v from v, because then the
unitary transformation v — v'© (expressing v, whereever it appears, by v'9) does not
change the form of the lagrangian. Thus, in this case, we can choose v = v©. If M, #0
with non-degenerate eigenvalues, v cannot be expressed everywhere by v(© without changing
the form of the lagrangian. So, in this case, Cabibbo-like mixing of neutrinos is not trivial
(and neutrino oscillations of the Dirac type appear). Generally, we shall write the unitary
transformations v(© — v and d© — d in the form

c
9= Uy©y, 4© = yy, %)
Now, let us introduce the arbitrary unitary transformations
=Uy, e =Ue u®9=Uu d9="U4d, ®)

subject to the two conditions:
Uslu, = U9, U'Ug = UP. )

Here, U,=U, (1+75)/2+ U, (1-y5)/2, etc., with U, and U, being unitary matrices.
Then it can be easily seen from Egs. (1) and (4), (5), (6) that
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where there are non-diagonal fermion masses,
ﬁMS»O) = UvBMvU: 17 BMS’) = UeBMeU: 1’ ﬂfoO) = UuﬁMuUu—l,
BME? = UM U, (14)

but no Cabibbo-like mixing. That completes our proof of the equivalence of both versions
of the standard model, as the rest of the fermion lagrangian (consisting of the kinetic and
strong-interaction fermion lagrangians) has the same form before and after the transforma-
tions (8). Let us remark that the latter version of the standard model may be considered
as a more fundamental if a physical mechanism generatirg the non-diagonal fermion -
masses exists.

1In fact, it is very natural to expect that the non-diagonal fermion masses are generated
by the Higgs mechanism. In such a case, however, beside the usual Higgs bosons of the first
generation, there should exist Higgs bosons of higher generations in order to couple pairs
of fermions of different generations in the way conserving some diagonal charges (whose
eigenvalues characterize particle generations) and possibly also some non-diagonal charges
(closing together with the former the algebra of a new symmetry group called sometimes
the “horizontal group” [1]). Such a coupling generates in the lagrangian off-diagonal
fermion-mass terms, after the symmetry of this coupling has been spontaneously broken.
The respective symmetry group which at the lower mass scale is spontaneously broken
to Ugm(1) x SU(3), is evidently given by the direct product of three factors: the usual
electroweak group SU(2) x U(1), the “horizontal group’ or its certain diagoral subgroup,
and the colour group SU(3). At some higher mass scale the two former factors of this
direct product may be unified into a large clectroweak group, before the grand unification
with the colour group SU(3) will take place at some still higher mass scale (what is in con-
trast to the usual scheme [3]). Let us note that the exister.ce of Higgs bosors of higher
generations would imply the exister.ce of electroweaki ntermediate bosons of higher gener-
ations [4] which, however, should be very heavy in order to avoid their interference with
the action of the familiar W*, Z and y belor:ging to the first generation. If the “horizontal
group’’ works in the standard model, these familiar W, Z and v, in view of Egs. (2)~(6),
must corstitute its scalar representatiors.

A diagonal subgroup of the “horizontal group’ corresponds to the group U’(1)
generated by the overall particle-ger.eration number N [4] which takes the eigenvalues
N=0,1,2,...(or N =0, —1, =2, ...) for one-fermion (or one-antifermion) states belorg-
ing to the successive generations!. If there are three fermion generatiors, the minimal
“horizontal group” is provided by the group SO’(3) [5] with I3 = Tr N/Tr 1—N and the
next-to-minimal one by the group SU’(3) with I54+3 Y’ = Tr N/Tr 1 — N (in the former
case, the group SU’(2) with I5 = Tr N/Tr 1 — N ir.stead of SO’(3) might be corsidered for
preons which are possible subelemer tary corstituents of leptors ard quarks). In the
present paper we will not specify further the hypothetic “horizontal group”, restricting

)

L 1f the *“horizontal group’” is unimodular, its subgroup corresponding to U’(1) is the group SU'(1)
generated by N—Tr N/Tr 1. The relation between U’(1) and SU’(1) resembles the correspondence between
the familiar groups generated by strangeness and hypercharge (as ¥ = S—Tr S/Tr ).
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ourselves to the more modest group U’(1). Let us stress that this group may be applicable
even if the “horizontal group” does not work.

In order to illustrate the action of the possible Higgs bosons of higher generations
let us consider quarks of the first and second generations, u, d and ¢, s, and assume, besides
the familiar Higgs of the first generation

®q
)

with N = 0, the simplest Higgs of the second generation
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corresponding to N = 1 and N = —1, respectively. Then there appear the SU(2) x U(1)
x U’'(1)-invariant couplings
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If their symmetry is spontaneously broken, they lead to the off-diagonal mass terms
Mm@ the,  sOmQPd® the., (19)
where
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and (®%,), are chosen real. It is very natural to expect that the ‘‘physical” Higgs of
the second generation described by @9, —(P% D, are very heavy so that the flavour-
-changing corrections to the neutral current (5), mediated by these Higgs, are negligible [6].

The larger “horizontal group” containing a subgroup corresponding to U’'(1) may
provide

g1 =8-1, hi=h_ (21)
and also
<(p(1)>0 = <‘p(l1>o, (22)

the latter if the subgroup generated by the non-diagor.al charge responsible for the transfor-
mation @9 - #°, is not spontaneously broken (though the U’(1) generated by N is).
If Egs. (21) and (22) hold, the off-diagonal masses (20) do not contain ps-parts:
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m® = g,{Pyo and mQ = h,(®?,. In order to give an example, let us consider in
the case of three fermion gererations the next-to-minimal “horizontal group” SU’(3)
with I3+3Y’ = Tr N/Tr 1 - N. Then, denoting by &; and ¢ some Higgs with
N=02 we may consider ®%,, &5, &/ and @°,, @), @9 as two triplets
with Y = 0 of an SU'(2) C SU’(3), allowing easily the expressions (17) and (18) to
be parts of two SU'(2)-invariant couplings (if Eq. (21) holds)®. In this case, the non-
-diagonal charge, possibly responsible for Eq. (22), is I} = F, while the charges I, = F,

2
and I} = Fyas well as Y’ = -\7§F g gererate spontaneously broken subgroups of SU'(3)
(in consistency with the spontaneous breakdown of the U’(1) generated by N).
So, if neglecting for simplicity the influerice of quarks of the third and possible higher

generations, we get in the case of Higgs (15) and (16) the quark-mass matrices

(0) mf,o), mfg) -1 0)
BM;’ =8 m® 5 ©) = UM U;", BMy’ =(@u—->d,c—s), (23}

where Bm(Y = m(QB and m{Y = mDB, whilst M, m® and m{?, m{” do not contain
ys-parts. Here, M, and M, are diagonal, and their diagonal elements are

m, mP+m®  mO_m® 4mPm@ 12 m®» _ mOm® (24)
= o~ + —_—
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and
M= (uode ), (25)
my
containing no ys-parts. Hence, if Egs. (21) and (22) hold,
- cos 0 sin 8
U(C) - lU - ) C» fo) 26
d U Vs —~sinfe, cosfc/’ (26)
where
sin 0c = cos 0, sin 64—sin 0, cos 6,4 27
with*
sin? 6, = i{1— [1+ e ]1/2} o (28)
=1 o~
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2 Very probably, ®;" and ®2 are different from the familiar @} and ®2 which, like W*, W°and B,
are presumably singlets of SU’(3). .

3 If the “horizontal group” SU’(3) works, there may exist the following extra Higgs multiplets of
SU'(2) (forming together with the two former triplets two octets of SU’(3)): two singlets @ and ®3” with
Y’ =0, two doublets ®%,, ®* and 9°,, @ with Y’ = 1, and two doublets O}, @} and ©F, ©J with
Y’ = —1, thelower index denoting N (here Tr N = 0). There may also exist the higher-generation analogues
of W, W® and B, belonging to four octets of SU(3).

4 Assuming my ~ 0, mt> < m® and my =~ 0, m{?’ < m!® wet get from Egs (24) and (25)
m@ mtQ ~ m® m?®, and mQ M ~ mf M, and then from Egs (28) and (29) sin? 0, ~ m® m®

and sin? 03 ~ mi (M. In this case Eq. (27) gives sin 0 ~ V@ m® — Vm®1m® (7).
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and
sin? 03 = (u—d,c—s). (29)

Thus we obtain in this case Cabibbo mixing
d© = cos Ocd +sin Os,

s'© = —sin 0.d 4 cos Os. (30)

Finally, let us note that the conservation of the overall particle-generation number N,
described by the unbroken U’(l), implies the separate conservations of the particular
fermionic numbers

Ry the-, My Fhy-y By H R,y 31
and
ny+ng, n.tng, ntng, ... (32)

if there are no electroweak intermediate bosons of higher generations or if their action
can be neglected due to their very large masses [4]. When U’(1) is spontaneously broken,
Cabibbo-like mixing appears, perturbing the strict corservations of quark numbers (32)
but not those of leptonic numbers (31) if M, = 0 (if M, # 0 with nondegenerate eigen-
values, the latter conservations are also perturbed). If electroweak intermediate bosons
of higher generations exist, they also cause the strict corservations of leptonic and quark
numbers (31) and (32) to be perturbed, but presumably to a very small extent.

The author is indebted to Stefan Pokorski for numerous discussions.
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