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Left-Right Model of Quark and Lepton Masses without a Scalar Bidoublet
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We propose a left-right model of quarks and leptons based on the gauge group SU(3)- X SU(2); X
SU(2)g X U(1)g_y,, where the scalar sector consists of only two doublets: (1,2, 1,1) and (1,1,2, 1). Asa
result, any fermion mass, whether it be Majorana or Dirac, must come from dimension-five operators.
This allows us to have a common view of quark and lepton masses, including the smallness of Majorana
neutrino masses as the consequence of a double seesaw mechanism.
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In the standard model of electroweak interactions,
neutrinos are massless. On the other hand, recent experi-
mental data on atmospheric [1] and solar [2] neutrinos
indicate strongly that they are massive and mix with one
another [3]. To allow neutrinos to be massive theoreti-
cally, the starting point is the observation of Weinberg [4]
over 20 years ago that a unique dimension-five operator
exists in the standard model, i.e.,

Ly= %(Viﬁbo —eip")(v;d’ —e;p™) +He, (D)

which generates a Majorana neutrino mass matrix given
by

2
ijV
(Mv)ij = fj\ ,

where v is the vacuum expectation value of ¢°. This also
shows that whatever the underlying mechanism for the
Majorana neutrino mass, it has to be ‘““seesaw’ in char-
acter, i.e., v2 divided by a large mass [5].

If the particle content of the standard model is ex-
tended to include left-right symmetry [6], then the gauge
group becomes G;r = SU3)c X SUQ2); X SUQR)g X
U(1)z_;, whose diagonal generators satisfy the charge
relationship

2

0=y +1u+ T P or s T
Quarks and leptons transform as

qr = (u, d)p ~(3,2,1,1/3), “)

gr = (u, d)p ~(3,1,2,1/3), &)

I, =we;~(1,21—1), (6)

lg=WN,e)g ~(1,1,2, 1), @)

where a new fermion, i.e., Np, has been added in order
that the left-right symmetry be maintained.
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In all previous left-right models, a scalar bidoublet
transforming as (1,2, 2,0) is then included for the ob-
vious reason that we want masses for the quarks and
leptons. Suppose, however, that we are interested in
only the spontaneous breaking of SU(2); X SU((2)g X
U(1)z_; to U(1),,, with vg > v;; then the simplest way
is to introduce two Higgs doublets transforming as

O, = (¢, ) ~(1,2,1,1), (8)
cI)R = (d);’ (1)?) ~ (1, 1) 2) ]) (9)

Suppose we now do not admit any other scalar multiplet.
This is analogous to the situation in the standard model,
where SU(2); X U(1)y is spontaneously broken down to
U(1),,, by a Higgs doublet and we do not admit any other
scalar multiplet. In that case, we find that quark and
charged-lepton masses are automatically generated by
the existing Higgs doublet, but neutrinos obtain
Majorana masses only through the dimension-five opera-
tor of Eq. (1). In our case, in the absence of the bidoublet,
all fermion masses, be they Majorana or Dirac, must now
have their origin in dimension-five operators, as shown
below.
Using Egs. (4)—(9), it is clear that

(I, ®r) = v @) —er ] (10)

and

(IgDg) = Nrd% — erdp (11)

are invariants under G, ;. Hence we have the dimension-
five operators given by
L

— Ji
Ly 2A,,

(L )i Pr)

R

Y (Lir®Pg)(1jgDg) + Hee,

+
2A,,

(12)

which will generate Majorana neutrino masses propor-
tional to v? /Ay, for v, and v%/ A, for Ng. (The different
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possible origins of this operator are explained fully in
Ref. [5].) In addition, we have

D
£ = U (llL¢L)(l]Rq)R) + H C. (13)

and the corresponding dimension-five operators which
will generate Dirac masses for all the quarks and charged
leptons.

From Eq. (13), it is clear that

fiD‘ULUR
(mp);; = jAD ; (14)
hence v; gets a double seesaw [7] mass of order
m_%) ~4U%U%M_ vily (15)
my Ay vg AR

which is much larger than v? /Ay, if Ap << Ay,. Take, for
example, A, to be the Planck scale of 10! GeV and A,
to be the grand-unification scale of 10'® GeV; then the
neutrino mass scale is 1 eV (for v; of order 100 GeV). The
difference between A, and A, may be due to the fact that
if we assign a global fermion number F to /; and I, then
Ly has F = *2but L, has F = 0.

Since the Dirac masses of quarks and charged leptons
are also given by Eq. (14), vg cannot be much below Aj,.
This means that SU(2)r X U(1)z_; is broken at a very
high scale to U(1)y, and our model at low energy is just
the standard model. We do, however, have the extra singlet
neutrinos N, with masses of order v%/ Ay, ie., below
10! GeV, which are useful for leptogenesis, as is well
known [8].

For m, = 174.3 = 5.1 GeV, we need vg/Ap to be of
order unity in Eq. (14). One may wonder in that case
whether we can still write Eq. (13) as an effective opera-
tor. The answer is yes, as can be seen with the following
specific example [9]. Consider the singlets

UL’ UR -~ (3,' 1) 1) 4/3)) (]6)

with invariant mass My of order Ap; then the 2 X 2 mass
matrix linking (7;, U;) to (tg, Ug) is given by

0 ffou
My = ( f L). 17
v ffug My 1n
For v; < vg, My, we then have
m, = szferLUR[ (vazR) } ’ (18)
My My,

which is in the form of Eq. (14) even if vg/My ~ 1.
Since we already have dimension-five operators, we
should also consider dimension-six operators. In that
case, we can invoke the Bardeen-Hill-Lindner (BHL)
dynamical mechanism [10] with a cutoff scale equal to
Ap. We may assume that the effective dynamical BHL
Higgs doublet [call it ®; = (¢], ¢?)] couples only to the
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top quark, whereas our fundamental ®; [call it ®,]
couples to all quarks and leptons. We thus have a specific
two-Higgs-doublet model [11] with experimentally veri-
fiable phenomenology, as described below.

Since the BHL model predicts m, = 226 GeV for
Ap = 10'° GeV, the effective Yukawa coupling of 7, 5
to @Y is

) = (226 GeV)(2v2G )2 = 226/174 = 1.3, (19)
and for tanB = v,/v;, we have
m, = (1.3cosB + f?sinB)(174 GeV).  (20)

This shows that, with a second Higgs doublet, the correct
value of m, may be obtained. Furthermore, fE may be
assumed to be small, say, of order 1072. This allows
vg/Ap ~ 1072 in Eq. (14) and thus vy ~ 10" GeV, so
that my ~ v%/Ay, is of order 10° GeV, which may be
more effective for leptogenesis, even with the reheating of
the Universe after inflation. At the same time, using
Eq. (20), this fixes

tanf =~ (0.83 21

for the phenomenology of the two-doublet Higgs sector.
Since the d, s, b quarks receive masses only from v,
there is no tree-level flavor-changing neutral currents in
this sector. This explains the suppression of K;-Kg mix-
ing and B-B mixing. On the other hand, both v; and v,
contribute to the u, ¢, t quarks, so our model does predict
tree-level flavor-changing neutral currents in this sector.
Suppose the Yukawa interaction f, ¢0tLtR is replaced
by f; 1)(v1/v2)¢2tLtR, then the resulting mass matrix
would be exactly proportional to the Yukawa matrix.
This means that there would not be any flavor-nondiago-
nal interactions. Hence the term which contains all the
flavor-changing interactions is given by [12]

of
G

where t’L, g are the original entries in the u, ¢, t mass
matrix before diagonalization to obtain the mass eigen-
states. We thus expect contributions to, say, D-D mixing,
beyond that of the standard model. Let

kel qSQ)f’Lrg +He, (22)
U2

LR
tr=tLrt ek cprt €y ULR, (23)

where the € parameters are at most of order fﬁz) / f;l) ~
1072; then [12]

_BofAAP?

mpo  3migsin?B

AmDu

|€F €rc Etu etc Ezu l (24)

where m2; is the effective normalized contribution from
¢ — (v1/v,)9Y. Using fp = 150 MeV, By = 0.8, and
the present experimental upper bound [13] of 2.5 X
10~4 on this fraction, we then obtain
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L L R _R 2
M<M) <1, (25)

1078

This shows that D — D mixing may be observable in this
model, in contrast to the negligible expectation of the
standard model.

Rare top decays such as t — ¢ (or u) + neutral Higgs
boson are now possible if kinematically allowed. Their
branching fractions are of order |e€|> ~107%. Once a
neutral Higgs boson is produced at a future collider, its
decay will also be a test of this model. Its dominant decay
is still bb, but its subdominant decays will not just be cé
and 7~ 77, but also cii and uc. There should be observable
D* 7™ final states, for example.

Since we want vy >> v; in our model, it is advanta-
geous to extend it to include supersymmetry to solve the
hierarchy problem. The quark and lepton multiplets of
Eqgs. (4)—(7) are now superfields, and the scalar multiplets
of Egs. (8) and (9) will have partners

(I)z -~ (ly 2) 1) _1)1 (I)% -~ (1) 1) 21 _1)’ (26)

Metf

and all four are superfields as well. All fermion masses
must again be given by dimension-five operators, coming
from the ({;;,®,)(l;;,®,) terms in the superpotential, etc.
However, we need to impose an exactly conserved dis-
crete symmetry: odd for all quark and lepton superfields,
but even for the Higgs superfields to forbid the bilinear
(l;;®;) terms, etc. [This is equivalent to the usual R
parity of the minimal supersymmetric standard model
(MSSM) even though we do not have trilinear terms at all
in the superpotential of this model.] With SU(2); break-
ing at the 10'® GeV scale, the particle content of this
model at low energy is identical to that of the MSSM with
the requisite two light Higgs doublets. This solves the
hierarchy problem and is a well-known case of gauge
coupling unification.

In conclusion, we have proposed a truly minimal
SUB)¢ X SUQ), X SUR)g X U(1)g_; gauge model,
with the simplest possible Higgs sector. All fermion
masses, be they Majorana or Dirac, have a common ori-
gin, i.e., dimension-five operators. Whereas Dirac fermi-
ons have masses at the electroweak scale, the observed
neutrinos have naturally small Majorana masses from a
double seesaw mechanism. The existence of singlet right-
handed neutrinos with masses in the range 10° to
103 GeV are required, and their decays establish a lepton
asymmetry which is converted at the electroweak phase
transition to the present observed baryon asymmetry of
the Universe.

In the standard model, Yukawa couplings of quarks and
leptons to Higgs doublets are renormalizable. This means
that the fermion mass matrices are arbitrary at any scale.
In our case, the effective dimension-five operators have
their origin at some high-energy scale. The new physics
there fixes the coefficients of those operators (perhaps
according to some symmetry valid above that scale) in
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analogy to the seesaw mechanism which fixes the
Majorana neutrino mass operator at that scale. Below it,
we have the standard model, so the evolution of the
Yukawa couplings determine the charged fermion mass
matrices at the electroweak scale. This is a natural frame-
work for a possible theoretical understanding of fermion
masses and mixing in the future.

Since our proposed model is identical to the standard
model below 10'® GeV (except for the Ng’s), or to the
MSSM in the supersymmetric version, the usual predic-
tions of the latter also apply, including the expected
occurrence of proton decay and neutron-antineutron os-
cillations from higher-dimensional operators due to new
physics at or above 106 GeV.

In the presence of dimension-six operators, we may
invoke the Bardeen-Hill-Lindner mechanism to generate
a dynamical Higgs doublet which renders the rop quark
massive. Since we also have a fundamental Higgs doublet,
this allows us to have a realistic m, (which is not possible
in the minimal BHL model) and an effective two-doublet
Higgs sector at the electroweak scale with distinctive and
experimentally verifiable flavor-changing phenomena.
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