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We examine the predictions of the conventional SU(2)z ® SU(2)r ® U(1) -1 left-right-symmetric
model in the case where the minimal Higgs sector (containing one bidoublet, one L-triplet, and one
R-triplet Higgs field) and the standard lepton representations (incorporating right-handed partners
for the observed neutrinos) are adopted. We show that a complete analysis of spontaneous symmetry
breaking for the Higgs sector leads to a highly restrictive range of possibilities for global minima
that are simultaneously consistent with all experimental observations (such as lepton masses, K-
Ks mixing, etc.). As a result, the possible phenomenologies for the gauge and Higgs bosons of the
model are very limited. For instance, we demonstrate that in the absence of explicit C P violation
in the Higgs potential, spontaneous C' P violation does not arise and the fermion couplings exhibit
“manifest” left-right symmetry. Further, we find no entirely natural solutions other than ones in
which all of the extra (non-standard-model) gauge and Higgs bosons associated with the left-right-
symmetric extension are extremely heavy (typically, more massive than 107 GeV). Only by “fine-
tuning” certain parameters of the Higgs potential is it possible to bring these extra particles down to
an observable mass scale. Alternatively, symmetries can be introduced to eliminate the terms in the
Higgs potential associated with these parameters, but only at the sacrifice of introducing undesirable
consequences for fermion masses. Many of the pitfalls and problems are illustrated using a simplified
model. Overall, we emphasize the necessity of performing a complete minimization of the Higgs
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sector before extracting phenomenology.

I. OVERVIEW

Left-right symmetry for physics at very high energy is
an extremely attractive possibility. In the conventional
SU(2)r ® SU(2)r ® U(1)p—r, left-right- (L R-)symmetric
model [1], implementation of LR symmetry requires the
introduction of right-handed partners for the observed
gauge bosons and neutrinos and a Higgs sector containing
at least one bidoublet, one right-handed triplet and one
left-handed triplet Higgs field. Triplet representations for
the latter Higgs fields are chosen so that they can cou-
ple to lepton-lepton channels, thereby allowing for the
generation of neutrino masses via the “seesaw” mecha-
nism. This minimal left-right-symmetric model has been
analyzed extensively [2-5], and many constraints have
been derived which restrict the character of the model
(cf. Ref. [6-11]). In these papers, increasing attention
has been focused on the Higgs sector and the role that
spontaneous symmetry breaking plays in determining the
possible phenomenological features of the model, in par-
ticular the observability of the extra gauge and Higgs
bosons. Our paper is devoted to systematizing and ex-
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tending these considerations.

We show that the simultaneous requirements of (1) a
completely self-consistent global minimum for the Higgs
sector and (2) consistency with current experimental ob-
servations for Z decays, Kr-Ks mixing, lepton masses,
etc., are even more restrictive than previously realized.
Let us state clearly at the outset that many of the in-
dividual constraints we impose have been previously in-
vestigated in the literature; the primary contribution of
this work is to synthesize these separate pieces into a
coherent framework to determine the manifestations of
a realistic LR model. Once all such constraints are im-
posed, the phenomenological structure that emerges for
the minimal L R model is remarkably inflexible.

The chain of choices and phenomenological branches
for the minimal LR model are summarized succinctly in
Fig. 1; our notation will become apparent as we proceed.
The reader should find it helpful to refer to this figure as
we develop the more detailed discussions.

Let us now outline in more detail the content of the
model and the organization of the paper. We review
the minimal left-right-symmetric model, including Higgs
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content, quark-Higgs-boson and lepton-Higgs-boson cou- plicitly displayed. The most general L R-symmetric Higgs
plings, and generation of quark and lepton masses. We potential is also presented, while the minimization is car-
write the Higgs-boson couplings in a manner such that ried out in the Appendix. We analyze the phase degrees
the flavor-diagonal and flavor-changing couplings are ex-  of freedom, and confirm that, for a Higgs potential with-
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FIG. 1. Flow chart for the minimal LR model involving triplet Higgs fields. This diagram summarizes the chain of
choices possible, and the phenomenological constraints relevant for each choice. Note that the only phenomenologically viable
manifestations of this class of models are represented by the three cells with the heavy borders, all but one of which requires
either fine-tuning or the introduction of additional symmetries. The classifications (1)-(4) and (a)—(c) correspond to those of
Sec. IV A.
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out explicit C'P violation, spontaneous C'P violation does
not occur — that is, all the vacuum expectation values
(VEV’s) of the Higgs fields can be chosen to be real. As
a consequence, in the absence of explicit C'P violation,
the gauge and Higgs-boson sectors of the full model will
be CP conserving. In such a case, one can demonstrate
that the L R model must be manifestly or quasimanifestly
(as defined later) left-right symmetric, which in turn has
important consequences for the constraints on the model.

We then consider the VEV seesaw relationship which
takes the generic form pvpvg = Bk, where kp =

|k1]%2 + |&2|%, vL, vRr, K1, and Ky are VEV’s, and p
and S are combinations of Higgs potential parameters
whose ratio should be of order 1 in the absence of fine-
tuning or additional symmetries. For the model to be
consistent with the observed phenomena, the symmetry-
breaking pattern that should arise 1s vp > k4 > vr.
Clearly, such a solution is consistent with the VEV see-
saw. (Without placing the LR-symmetric model in the
context of a grand-unification scheme, we cannot, how-
ever, explain why vg > vr.) We also derive the severe
restrictions obtained as a result of the VEV seesaw when
the lepton masses are required to agree with experiment.
The necessity of fine-tuning and/or extra symmetries in
order to satisfy such restrictions is reviewed.

The restrictions related to lepton and neutrino masses
are severe. We will see that, given the observed magni-
tude of the charged-lepton masses, small neutrino masses
are very difficult to obtain unless (a) the mass scale
of new physics is very large, (b) certain parameters of
the Higgs potential are fine-tuned, or (c) the terms in
the Higgs potential associated with these parameters are
eliminated by an additional symmetry or via embedding
the LR theory in a grand-unification scheme. Indeed,
barring possibilities (b) and (c), if we demand that the
electron-neutrino satisfy the current experimental bound
(my, £ 10 eV), we are forced to require vg = 107 GeV,
thus raising the scale of the Wg and Z’ to 103 — 10* TeV.
The only observable consequences of a L R-symmetric
model with such a large value of vg would be the ex-
istence of a Majorana neutrino mass.

A far more interesting mass range for the extra Wg
and Z’ bosons is 1 — 10 TeV; this region is accessible
to exploration by future colliders (3, 5]. (Note that this
region is also above the lower bounds arising from flavor-
changing neutral-current (FCNC) considerations in LR
models with manifest left-right symmetry [9].) In light
of the VEV seesaw relation, we find that it is necessary
to “fine-tune” the v = B/p ratio of Higgs potential pa-
rameter combinations to high precision (y < 1077) in
order to obtain boson masses which are observable at a
Superconducting Super Collider (SSC) type of facility.
We examine the question of whether imposing a discrete
symmetry on the Lagrangian can force ¥ = 0 in a natural
manner. If we require realistic quark and lepton masses,
and Majorana masses for the neutrinos, then the sym-
metries we explore fail to achieve this goal. But, if we

give up having Majorana masses and the neutrino-mass.

seesaw mechanism, a symmetry that requires ¥ = 0 can
be found.

To have complete freedom in adjusting quark masses,

we shall see (in Sec. II) that the Higgs bidoublet (® and
<i>) must couple to fermions with unconstrained couplings.
If only one of these fields couples to fermions, then at the
tree level the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trices are diagonal and the up-type-quark masses are pro-
portional to the down-type-quark masses. However, we
note that avoiding a zero quark coupling for the ® or @,
while desirable, may not be absolutely essential so long
as radiative corrections generate off-diagonal elements in
the CKM matrix and the predicted m,/m; ratio is within
the range obtained for top-quark masses between the cur-
rent experimental lower limit of about 80 GeV and the
upper limit (based on keeping deviations in pgw small)
of about 200 GeV.

Section IV is devoted to presenting the two types of
models in which the g-type Higgs potential terms are
absent. These models are obtained either by construct-
ing a simple symmetry which requires their absence (so
long as we are willing to give up the Majorana lepton
couplings) or by assuming that they are required to be
zero within the context of embedding the LR theory in
a grand-unified-theory (GUT) scheme (in which Majo-
rana couplings could in general still be allowed to be
present). The latter case will be given the most em-
phasis, since it is the only version of the minimal left-
right-symmetric model which will yield observable extra
bosons, acceptable quark masses, and Majorana neutrino
masses without resorting to fine-tuning. Removing the
B-type terms yields a model with two interesting possi-
bilities: (a) vy = 0, and (b) vz # 0. In the latter case,
there are (tree-level) massless bosons in the theory which
affect neutrino counting [12].

To illustrate the very limited freedom remaining after
the phenomenological constraints have been imposed, we
consider a “toy” model. This model is closely related to
the general vy = 0 case above (in a sense, it is a subset of
the general case), but it has the important virtue that it
is analytically solvable. One quickly discovers that, even
though we have (by hand) evaded the problems associ-
ated with the VEV seesaw and lepton masses, there are
still more experimental constraints that must be satisfied.
Unlike the standard model, the Higgs fields can mediate
flavor-changing reactions in the LR theories, and we must
require that these interactions are sufficiently suppressed.
At the same time, the Higgs boson that plays the role of
the standard-model Higgs boson must be light enough
to satisfy unitarity constraints. These constraints, as re-
viewed in Sec. II, are applied to the case of this toy model.
We find that to suppress the FCNC we must require that
either k1 or k3 must be very small or equal to zero. (This
requirement is actually more general than the specific toy
model discussed.) While this could result from standard
evolution in a GUT scheme, in the minimal LR context
it must be input by hand. The consequences of having
one of the k’s small or equal to zero include the predic-
tion of small or zero Wr-Wgk mixing. We also find that,
in this model, the quark, lepton and neutrino masses are
acceptable. Further detailed consequences are explored.

Finally, we turn our discussion toward general proper-
ties of the Higgs sector which are common to all of these
different branches independent of any additional symme-
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tries or special choices of the parameters; this analysis
applies to the most general case. (Additionally, much of
this discussion is qualitatively applicable to many of the
extensions of the LR models, of which this minimal LR
model is a subset.)

Certainly there are many exciting features and poten-
tial signatures for LR models with triplet Higgs fields.
We hope that our presentation of the various scenarios
will prove sufficiently transparent to allow the consumer
of extended electroweak models to judge for himself the
degree of skepticism that is appropriate when considering
the phenomenology of these theories with extended and
very complicated Higgs sectors.

II. REVIEW OF LR-SYMMETRIC MODEL

As a preface to our analysis, we begin by reviewing the
salient features and constraints of the minimal left-right
model. Many of these points have been addressed previ-
ously in the literature in an isolated context. The purpose
of this work is to synthesize these individual pieces into a
coherent and interdependent set of constraints, and then
impose this set of constraints upon the minimal left-right
model to determine the most realistic phenomenology we
can expect which is consistent with current experimental
observations.

A. The Higgs content of the model

We consider the general class of left-right models which
are invariant under the SU(2),®SU(2)r®U(1)p_r sym-
metry, with the following Higgs content [1,2,5,11,13]:

#(1/2,1/2%,0), AL(1,0,2), Ag(0,1,2), (2.1)

where the SU(2)r, SU(2)g, and U(1)p_1 quantum num-
bers are indicated in parentheses [1, 3]. A convenient
representation of the fields is given by the 2 X 2 matrices:

_(4) ¢f
s=( %) (22)
_ 6+/\/_2_ 5++ :
2= (7 ) .
_ 5+/\/§ s+
an= (M ) @4

In our convention, a neutral field ¢° is written in terms

of correctly normalized real and imaginary components
as ¢° = (1/v/2)(¢°" + i4°%). These fields transform ac-
cording to the relation

¢ —UroUL , é— ULdU} ,
Ap —UrALUL , AL —upatul (2.5)

AR — URARU;z ; A}z i URA;{U}T{ y
where U g are the general SU(2), and SU(2)g unitarity

transformations, and ¢ = Tp¢* 1.

The VEV wvg breaks the SU(2)gr symmetry and sets
the mass scale for the extra gauge bosons (Wg and Z’)
and for the right-handed neutrino field (vg). The VEV’s
k1 and ko serve the twin purpose of breaking the re-
maining SU(2)r ® U(1)p—r symmetry down to the usual
U(1)em, thereby setting the mass scale for the observed
Wi and Z bosons, and of providing quark and lepton
Dirac masses. Clearly, vg must be significantly larger
than the larger of k; and 2 in order than the Wgx and
Z' be significantly heavier than the Wy and Z. Ap is
the L R-symmetric counterpart of the Ag; vy plays an
important role in the VEV seesaw relation which is char-
acteristic of LR models. The triplet VEV vy must be
substantially smaller than the larger of k; and x5 in order
that ppw = m%VL /(mzz cos? Oy ) be within 1% of unity,
as observed experimentally.

B. The Higgs potential

We now consider the most general Higgs potential
[2,11, 3,5]. For our theory to be left-right symmetric,
it is necessary that the Lagrangian be invariant under
the (discrete) left-right symmetry defined by

U, — Vg, Ap< AL, ¢ ¢l (2.6)

where Wy p are column vectors containing the left-
handed and right-handed fermion fields of the theory.
The global phases of the field matrices or vectors ap-
pearing in Eq. (2.6) can be chosen in such a way that
phases do not appear in Eq. (2.6) (cf. the Appendix). In
this way, the most general form of the Higgs potential V
obeying Eq. (2.6) contains mostly real parameters, and
this potential is displayed in the Appendix.

The discrete LR symmetry of Eq. (2.6) ensures that
all the Higgs-boson couplings are real, except for as. If
we assume that the potential is CP conserving, we would
then require ay to be real. A priori, the real potential
coefficients can be either positive or negative; stability
conditions at the minimum will require certain combina-
tions of them to be positive. Note that the potential is
not invariant under ¢9 « ¢3 (Ref. [14]). (One can restore
the ¢§ « ¢3 symmetry by setting 82 = B3 and as = 0.)

The neutral Higgs fields 6%, 67, ¢9, and ¢9 can po-
tentially acquire VEV’s, vg, vr, k1, and ko, respectively.
Explicitly, we have

K1 0 0
(9) = Z; %2‘ , (ALR) = (v—\—lko_f— 0) . (2.7)
2

In general, the VEV’s can be complex. Global phase ro-
tations have already been employed to make the discrete
LR symmetry of Eq. (2.6) phase free. However, we do
still have the freedom to use an SU(2)z and an SU(2)g ro-
tation to remove two phases. A symmetric choice is to set
vt and vg real. Or, if v = 0, then we can choose vg and
k1 to be real. [Note that, in general, the relative phase
of k1 and k3 is physical and cannot be eliminated. How-
ever, m¥, = 3g%(|k1]? + |K2|?) does not depend on this
relative phase.] Since we shall consider cases in which vy,
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and ko are zero, we shall use these phase transformations
to set vg, k1 € RT. A further U(1)p_r transformation
cannot be used to remove the phase of vy without intro-
ducing a phase for vy [which transforms in the same way
as vr, under U(1)p_r].

For the potential to be at a minimum when all the
neutral fields are evaluated at their respective VEV’s, we
must require that

o _ov_ ov __av
dvg  Ok; OReks OIJRevr
ov ov

- OImky - OImvr

(2.8)

Typically, the first three conditions above can be used
to eliminate the p2, p?, and p2 parameters of the poten-
tial, respectively. As one adjusts the other parameters of
the potential, and the VEV’s of the Higgs fields, these
u?’s must be altered accordingly. A basic presumption
of all attacks on this (and, indeed, any) Higgs sector is
that evolution from some very-high-energy scale bound-
ary conditions of the larger (GUT) theory, from which the
L R-symmetric model emerges, actually determines these
parameters to have definite values such that the result-
ing phenomenology of the model is acceptable. However,
delicate adjustments of the remaining parameters of the
potential are regarded as generally unlikely to be the re-
sult of a GUT scenario, and fall into the category of fine-
tuning that one hopes to avoid. In addition, at a true
local minimum all the physical Higgs bosons must have
positive squared masses for a solution of Eq. (2.8). This
implies that various combinations of the potential para-
meters must be positive. (Detailed expressions are given
in the Appendix.) Of the twenty real degrees of freedom
contained in this Higgs sector, six are absorbed in giving
mass to the left- and right-handed gauge bosons, Wz:,
W2, Z, and Z'.

The minimization conditions of Eq. (2.8), coupled with
the reality of all the coefficients except v in V' and our
ability to choose k; and vg to be real, imply additional
phase information for k2 and vg. In particular, if we re-
move explicit C'P violation from the potential by taking
a9 to be real, then, barring certain types of extreme fine-
tuning, k2 and vy must be real (but can be either positive
or negative, so long as stability conditions for the poten-
tial minimum are satisfied). If the 8 parameters of the
Higgs potential are zero (a case we shall consider) then
K2 must again be real and, in the absence of another fine-
tuning, vy must be zero so that its phase is irrelevant.
The proof of these statements appears in the Appendix.
Some of these same results were suggested by Masiero,
Mohapatra, and Pecci [7], and obtained by Basecq et al.
[8]. Of course, if explicit CP invariance is demanded of
the entire Lagrangian, including the Yukawa couplings,
then this absence of spontaneous C'P violation will imply
that the theory will be C'P conserving in its entirety. Fur-
ther, we will demonstrate that one implication of having
both k; and x5 real is that the model exhibits manifest
or, at least, quasimanifest left-right symmetry (MLRS or
QMLRS). That the absence of spontaneous C'P violation

only implies QMLRS, but need not imply MLRS, seems
to have been overlooked previously, and will be demon-
strated shortly. If we now allow for a small amount of
CP violation through a small phase for a3, the mini-
mization conditions allow small phases for k2 and vp,
and there will be a small violation of QMLRS and small
phases in the CKM matrix emerging from the Yukawa
couplings. However, for much of our discussion we will
take the VEV’s to be real. Corrections due to small C'P
violation phases should be relatively minor.

C. The quark-Higgs-boson couplings

The most general Yukawa interaction invariant sepa-
rately under SU(2), and SU(2)g transformations (under
which ¥p, — Ur¥y and ¥ — Ur¥R) is [11,4, 5)

Ly = Ezld(fljtﬁ + g”(;)‘l";{ +He. | (2.9)
where
) Ut
= X, 2.10
() -

and the caret over the quark fields indicates that these are
the gauge eigenstates. F and G are the Yukawa coupling
matrices, and the ¢, j indices are family indices summed
over the quark flavors. Imposing the discrete left-right-
symmetry requirement of Eq. (2.6) on Ly, we find: F =

TT, and G = 91. We can rotate the gauge eigenstates
into the mass eigenstates with unitary matrices V:

gauge Urr=VPr ULgr
eigenstates D, r=VPyDrr

mass
eigenstates ’

(2.11)

where U and D are vectors representing the up- and
down-type quarks. In terms of these matrices, the usual
Cabibbo-Kobayashi-Maskawa (CKM) matrix in the left
sector, and the corresponding matrix in the right sector,
are given by

t
VE,IEQM = V};J,R V]I?,R ) (2-12)

Note that, a priori, there is no reason for VEXM to equal
VOKM,

For the up-type quarks, we have (henceforth, we will
assume the Hermitian conjugate terms)

TL(F# +G83")0r = TLVY (Fo§ + G )VEUR .
(2.13)

Taking the VEV of the ¢ fields, we can determine the
up-type-quark mass matrix:

1 — —_
7‘5 ULVET(]‘-ICI + GKQ)VEUR = ULMUUR y

(2.14)

where MV represents the diagonal matrix of physical
quark masses. For the down-type quarks, we have, simi-
larly,
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D(FéS+G¢?*)Dp =D VP 1(F6 + G *)VEDp, .
(2.15)

Again, taking the VEV of the ¢ fields, we find

1 — —_
— DL V2 (Fra+GrI)VEDRr =D, MPDpg

V2

(2.16)

where MP represents the diagonal down-quark mass ma-
trix. We note that in our convention, MV and MP have
positive-definite entries.

1. Manifest and quasimanifest left-right symmetry

Note that, in general, VP # VJ} since the matrix
(F k14 Gr3) need not be Hermitian, and similarly, VP #
VB. However, we have argued that x; can always be de-
fined to be real, while if there is no explicit C'P violation
in the Higgs potential (i.e., oy real) then the minimiza-
tion conditions imply that x5 is also real. In this case, or
should one of the k’s vanish, it is immediately clear that
Fk1+Gks and Fry + Gk], appearing in Eqgs. (2.14) and
(2.16), are Hermitian (given the hermiticity of F and G)
and can each be diagonalized by a unitary transforma-
tion. If after such diagonalization in the up aend down
sectors, all the entries on the diagonals are positive, then
we may take VY = Vg and VP = VB In this case,

one has VEEM = VEEM " which has been referred to as
manifest left-right symmetry [1]. More generally, how-
ever, some entries on the diagonals in each sector will be
negative. In this case, we must write VR = VYWV and
VE = VPWDP| where WY and WP are diagonal matri-
ces with entries of +1 or —1 on the diagonal as required
to yield all entries in MY and MP positive. In this
case, we have VEEM = WUVEEMWD 1y other words,

VEM = £VFEM. To our knowledge, the fact that cor-

ij
responding elements of VEXM and VEEM can differ in

sign even when the up- and down-quark mass matrices
are Hermitian has not been previously noticed; we shall
refer to the relation V}C{lzng = inIi(jM as quasimanifest
left-right symmetry. Note that relative phases between
the VEEM and VgKM matrix entries are potentially ob-
servable. For instance, suppose unitary diagonalization
leads to all positive entries except for the top quark. We
must then introduce WY = diag{+1,+1,—1}. In the
standard model this has no observable consequence; but
in the LRS theory we have VIC{I;M = —VEI&M, so that,
for instance, Wg exchange interferes destructively with
Wy exchange in t — bet v, decay. However, for our pur-
poses, QMLRS is just as good as MLRS; in either case,
the bound on the Wg mass of my, 2 1.7 TeV coming
from K-K mixing will hold so long as the magnitude of
the CKM entries are the same in the R sector as in the L
sector and the main contribution from the mixed Wr-Wg
box diagrams comes from just one choice of internal (up-)
quark lines. In fact, one finds that the box diagram with
two internal charm-quark lines always dominates [15]. To
summarize, we find that a consistent treatment of phases
and minimization conditions in a model with no explicit

CP violation implies that there will be no spontaneous
CP violation, and that the minimal LR model is either
MLRS or QMLRS, thereby ensuring the applicability of
the strong bound, mw, 2 1.7 TeV.

2. An important special case: F =0 or G =0

A special case which will turn out to be of particular
importance in our considerations is that where either F
or G is zero (for example, due to some type of symme-
try). Then the transformations required to diagonalize
the down-quark mass matrix can be taken to be the same
(up to a possible overall phase depending upon the phase
of Ky relative to k1) as those required to diagonalize the
up-quark mass matrix: i.e., V2 = VP and VR = VJ.
In this case, VEEM and VEEM are unit matrices, again
aside from a possible overall phase. In the case where no
explicit C'P violation is introduced, since we have defined
our phases so that k1 is real and positive, k3 must also
be real. If ko > 0 then the CKM matrices are unit ma-
trices. If k3 < 0 then assuming that Vg and VE have
been defined to produce positive up-quark masses, posi-
tive down-quark matrices can be obtained, for example,
by writing VP = VY and VR = —VY, in which case
VEEM — T and VI(%K]E;I = -1

In addition to trivial CKM matrices, setting G = 0
forces the up- and down-type-quark masses to be pro-
portional: the ratio is fixed by «;/|ko|. This result arises
because both the up- and down-type-quark masses now
are derived from the same Yukawa coupling matrix F.
Furthermore, it is interesting to note that this relation
among the quark masses will not be altered by soft-
breaking terms of dimension 2. Such a relation among
up- and down-type-quark masses, while not in agreement
with experiment in the case of the u and d quarks, could
be regarded as acceptable if there are small corrections to
quark masses from additional new physics and/or radia-
tive effects [16]. However, the ratio of the two bidoublet
VEV’s is no longer an adjustable parameter; it is fixed
by the third family: &;/|k2] = m:/m,. Radiative cor-
rection effects would also have to be responsible for the
off-diagonal elements of the CKM matrix observed in the
L sector. Overall, having G = 0 (or F = 0) leads to very
awkward phenomenology.

3. Flavor-changing couplings

For |k1]? # |k2|?, we can invert Eqgs. (2.14) and (2.16)
to solve for F and G in terms of the physical masses of
the up and down quarks:

V2

* U *
F= :Q:(KIVEMUVR - szll?MDVgT) ,
(2.17)
V2
=5 (- VEMIVET 4+ 5 VPMPVRT) |
where we define
r% = |kl £ ol (2.18)
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We can now write the general interaction term for the
quark mass eigenstate with the neutral ¢-type Higgs
fields:

\/i"_ * *
~5 UL MY(k1¢] — K292")
t x *
+VEMMPVEM (—k3 60 + k163 ")] Uk,

(2.19)

D[ MP(r147* — £349)

P
)

T * *
+VEMIMUVEM(—k26* + #169)]Dx -

V2—L K2
= U [4)(1 -K—MU + 9% (
+

—QICI K2

Ky

_‘/gj‘jL K
K- K+ +

Note that these couplings are not diagonal since the
CKM matrices are not diagonal. This non-diagonality
always yields powerful constraints, especially in this min-
imal model for which we have MLRS or QMLRS in the
limit where explicit CP violation is absent. Indeed, it is
obvious from Eq. (2.23) that only the two components,
i.e., the real and imaginary parts, of the complex ¢°
field can have flavor-diagonal couplings. Thus, the real
component of the $2 must correspond to the “standard
model” Higgs boson, and the imaginary component must
be the massless Goldstone field absorbed by the light Z.
In order that the flavor-changing couplings of the d)i in
Egs. (2.22) and (2.23) not conflict with experiment, the
mass eigenstates containing significant mixtures of ¢3_
must have a large mass. The exact requirement will be
presented shortly.

D. The lepton-Higgs-boson couplings

We now turn to the lepton-Higgs-boson couplings.
These are more complicated than the quark-Higgs-boson
couplings because the leptons have both Dirac- and
Majorana-type Yukawa couplings. The most general
Lagrangian invariant under SU(2)r ® SU(2)g transfor-
mations, and the discrete L R-symmetry operation of
Eq. (2.6) is [17]

»Cmass = fij VL ¢ ‘Il.}i + 9gij TI?L é ‘I’JR + H.c.
+i (har )ij (BT Cry AL W, + WITCry AR U%)
+H.c. , (2.24)

where, as in the quark Yukawa case, f and g must be

MUY 4+ K+VEKMMDV}%KMT)] Uk

oK D ox ( —2K1K3 . p CKM T\ y Ux,CKM R
¢ —MP + ¢ | ——=2MP + £, VM MU VE Df .
K

To identify the flavor-changing and flavor-conserving
combinations, we define the orthogonal neutral fields:

1 * *
¢% = E(—Kﬁ? +K163%) ,

1 * *
¢2 = —(k1¢] + K203 ") . (2:20)
Ky
The inverse transformation is
1
¢ = — (k29 + k142) ,
Ky
1
g = E(Klltﬁg.* + Kg(f)o_*) . (221)
In terms of ¢3, the couplings to the quarks are
(2.22)
(2.23)
[
Hermitian matrices, and in component form
v
L,R

We shall focus on a single generation, and we shall ignore
generation mixing; therefore we shall drop the {,5} in-
dices on f, g and hps. In this one-generation approxi-
mation, LR symmetry [Eq. (2.6)] requires that f and ¢
be real. hps, the Majorana coupling, can be taken to be
real and positive as a result of our ability to rotate ¥p,
and ¥ g by a common phase without changing the phase
of the fi;’s and g;;’s.

To identify the mass contributions, we insert the
VEV’s for the Higgs fields. (As discussed, vg and k3
can be taken to be real and positive, while k5 will have
only a small phase if only a small explicit C'P violation is
introduced into the Higgs potential. Thus we work in the
approximation where all VEV’s are real.) The charged-
lepton mass comes only from the f and g terms:

m(£+) = i? (Frs + gr1) . (2.26)
Neutrino mass derives both from the f and g terms,
which lead to Dirac mass, and from the hjs term, which
leads to Majorana mass. Defining, as usual, ¥¢ = C(¥)7T,
it is convenient to employ the self-conjugate spinors

vy + v’ VR + VRS
v——+—, N= ——— 2.27
75 75 (2.27)
We also define
hp = L fr1Ltgre (2.28)

V2 Ky
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This quantity governs the size of the Dirac-type neutrino
mass term. Note its close relation to the combination
appearing in the charged-lepton mass of Eq. (2.26). In
terms of hp and hjps, the neutrino mass matrix can be

written in the form
T

v \/ihM VL hpki 12

N hp K4 \/i ha vR N :
Normally, we expect hp and hp to be similar in size,
hp ~ hy ~ mg/k4. In such a case, since we require
vr > K4,vr (for mw, > mw,), v and N will be ap-
proximate mass eigenstates with masses:

(2.29)

my = \/Q—hM VR ,
(2.30)

h% k2
m, 2\/5(’11\41)[4—5—1;1—”7-:{) .

One can ask if these systematics must always apply.
One possibility might be to have hpr = 0 and hp
nonzero. However, then if f and g are comparable, we
would have a Dirac neutrino with mass of order my, a
clearly unacceptable scenario. The very small ratio

_ (fr1+gk2) (10 eV)
My, /e = (gk1 + fK2) S (0.5 MeV)

requires, for example, f < g and k2 < k; (assuming the
absence of a finely tuned cancellation between fxk; and
gkz). In the other extreme, hp could be zero. This is
certainly acceptable so long as my is sufficiently large.
From Eq. (2.30) we see that in this case my = m,vg/vr.
For the electron case, where m,, < 10 eV this clearly
requires a very large value for vg/vy in order that the

~107%, (2.31)

N, have a large mass. Constraints on the N, mass arise
from neutrinoless double- decay. The bound obtained
in Ref. [5] takes the form

(2.32)

1.6 Tev\*
my, > 63 GeV (M) .

Mmwg

This yields an important constraint. For instance, sup-
pose that mw, ~ 1.4 TeV, so that Eq. (2.32) requires
mpy, > 100 GeV. Then vg/vy = mpy,/m,, must ex-
ceed 101° for m,, < 10 eV. For my, ~ 1.4 TeV, vg ~
3 TeV (mw, = gvr/V2), and we see that vy < 1 keV
would be required. This is an even stronger constraint
than that which emerges from ppw. In particular, for
pEW = (K% + 2v})/(k% + 4v}) to be within 1% of unity
only requires v, < 0.07k4 ~ 15 GeV. Further, it is ob-
vious that if the Ap term (rather than the hps term)
dominates m,, then my < m,vgr/vy and the constraint
becomes even stronger. This type of strong constraint
on vy can only be avoided if there is a very finely tuned
cancellation between the hps and hp terms contributing
to m, in Eq. (2.30).

E. Review of FCNC bounds

Here, we briefly review the FCNC constraints relevant
for our analysis. From Eqgs. (2.22) and (2.23) we see that

it is the ¢4 Higgs boson which has the flavor-violating
couplings. Actually, there are two real components, ¢3_’
and ¢%, which will give rise to FCNC transitions; we de-
note these genericallyﬁ #%cne- These have the poten-

tial to generate large K9-K° transitions in contradiction
to experiment. The relation between the K9-K° transi-
tion amplitude and the experimentally measured K mass
splitting is determined by

— —\1/2
AMy = 2Re ((Komeff |KOY (K| Hegr |K0)) .
(2.33)

The problem is that the standard-model box diagram
already yields the bulk of the transition amplitude nec-
essary to generate the proper mass splitting; thus, the
contribution from the FCNC Higgs boson must be lim-
ited. A reasonable condition is [6, 10, 9]

_ N 1/2
(AMg)exps > 2Re ((Komeﬁ |KOY (K| Hoge |K0))

(2.34)

From Eq. (2.23), we find the effective Hamiltonian for
the Higgs-boson-exchange diagram to be

2

0 _ \/§I€+ 1
Hea(drenc) —( 2 ) M(Hone)?
x (VEME VE) (Vi M vE)
x (U;R¥,;)® (¥;L¥,) . (2.35)

[VEXM has been abbreviated as VI and VGEM a5 V1,
R = (1+4+;5)/2 and L = (1 —v5)/2.] From the above
Hamiltonian, a bound on the ¢ nc mass can be ob-
tained [10, 6, 18]. This is found to be

M(¢%cnc) 2 10 TeV

(2.36)

Escape from this bound is completely impossible in our
minimal model with MLRS or QMLRS, whether approx-
imate or exact.

F. Review of unitarity bounds

We now examine the constraints coming from the con-
dition that the W-W scattering amplitude satisfy unitar-
ity. Recall the bound derived by Lee, Quigg, and Thacker
[19], for the standard-model Higgs boson (¢sm) is

1/2
M(psm) < (87“/5) ~ 1 TeV

2.
3G (2.37)

What is the corresponding limit in the L R-symmetric
model?

The term in the Lagrangian which contributes to the
Wr-Wr scattering is

2
L= WEWE (#9607 +6963") (2.38)

Transforming to the (¢, ¢2 ) basis and shifting the fields
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by their VEV’s, yields a trilinear coupling of the form

2

L= 5’2— WHW; (k40%7) , (2.39)
where ¢°7 is defined by ¢° = (6% + i¢%)//2. Recall
that ¢ has flavor-diagonal couplings, and note that the
FCNC Higgs boson ¢ does not couple to the WF Wy
vertex. Since my, = gk4 /2, we see that the W} W, ¢%
coupling is igmw,, just as in the standard model. It is
now apparent that Wr~Wp, unitarity requires that

M(¢7) <~ 1 TeV (2.40)

[Note, some analyses argue that the value is lower, i.e.,
~ 630 GeV (Ref. [20]).] Most importantly, the Higgs
bosons with flavor-changing couplings, i.e., the real and
imaginary components of the ¢9‘_, are not constrained by
unitarity in W-W scattering. Thus, they are a prior:
allowed to be as heavy as required for phenomenological
consistency with the FCNC bounds discussed earlier.

I1I. THE SPONTANEOUS BREAKING
OF THE HIGGS SECTOR

A. The vacuum expectation value
seesaw mechanism

The requirement that the potential have a minimum
implies, in part, that

ov ov

dvy ~ dvm

(3.1)

We can solve the above two equations, eliminate u3, and
thus find

(3.2)

This is the infamous VEV seesaw constraint which im-
plies a relation among the widely varying VEV scales.
(As noted in the Appendix, this is simply the zero-phase
limit of the real part of a more general VEV seesaw rela-
tion. This relation, in combination with other minimiza-
tion conditions, implies that the allowed phases of the k2
and vy, VEV’s must be zero in the absence of explicit CP
violation in the Higgs potential introduced via an imag-
inary part to ay.) Let us examine this relation to see
if it will generate the proper mass scale for the physical
particles.

We take the Higgs potential parameters §; and p; to
be of order unity. If these parameters were too large,
they would violate unitarity [19, 20, 11] and lead to a
nonperturbative theory. These parameters can be very
small, but that would require fine-tuning. We must also
keep in mind that B; and p;, as well as k2 and vp, can
have any sign, so long as conditions of vacuum stability
are satisfied (i.e., all Higgs bosons have positive mass
squared); however, we can define vg and &; to be positive
definite. We would like vg to be ~ 3 TeV so that the Wg
mass is in a range observable at the SSC (Wg < 10 TeV).
The «’s are of order ~ 250 GeV, as determined from the
Wi, mass. Therefore, we expect that the natural scale

Ba2k7 + Pikik2 + B3k = (2p1 — p3)vLVR

for vy, arising from the seesaw mechanism is ~ 10 GeV.
Values of this size or lower are acceptable from the point
of view of keeping corrections to pgw below the 1% level.
However, it turns out that the more critical question is
whether this scenario yields sufficiently small values for
the neutrino masses.

By introducing -, where

_ Baki + Bikika + Bakd

(201 — p3) K% ’ (33)
we abbreviate the seesaw relation
<
vp = y— (3.4)
VR

and we can express the neutrino mass from Eq. (2.30) as

2 2
m”gﬁ(hM,y_l LD_> 5t ,

5 Tar ) om (3.5)

where hjps are Majorana-type Yukawa couplings, and
hp, defined in Eq. (2.28), relates to Dirac-type Yukawa
couplings. From its definition, we expect v to be a pa-
rameter of order ~ 1; however, a priori, it can be either
positive or negative. [For instance, the 2p; — p3 com-
bination in the denominator of Eq. (3.3) must generally
be negative for vacuum stability, while 85 can easily be
positive and &1 can be significantly larger than x3.] We
will now examine whether the above relations can yield
consistent mass values for both the charged lepton and
its neutrino. For simplicity, our discussion will neglect
mixing between lepton families, and v will be assumed
to be positive.

Let us begin by noting that it is by no means trivial
to obtain acceptable values for both my and m,. In
particular, one must be careful that mpy does not become
too small [21]. From Eq. (3.5) we find

2
m v
my = ';lzD ;% (3.6)
T Y ha 2

From Eq. (2.32) we learn that vg ~ 3 TeV (mw, ~
1.4 TeV) requires mpy, 2 100 GeV. For m,, ~ 10 eV,
Eq. (3.6) then implies that y—h% /(2 hpr 2) < 1078, Bar-
ring a highly tuned cancellation, this requires both v <
10~8 and h%/(2h%,) < 1078 (equivalent to hp 2 1072
using hp ~ m./k;). In short, whether or not the 7
term dominates m,_, the only way of avoiding too small
a value for mpy, is to have v < 1078, This same type of
restriction on 4 can be obtained by examining just m,, it-
self, without reference to mpy. We describe the procedure
in the following.

We begin by noting that a comparison of Egs. (2.28)
and (2.26) makes it apparent that unless f and g are very
different in size, h$, will be of order m./ky ~ 2 x 1076.
(While such a small value for the Yukawa couplings asso-
ciated with the lepton sector has no fundamental expla-
nation, either in the L R model or in the standard model,
this small scale could result from some higher theory. In
contrast, fine-tuning of the Higgs potential parameters is
generally regarded as a much more serious problem.) Let
us now suppose that v is order ~ 1. Neglecting (for the
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moment) the possibility of cancellations between the two
terms in Eq. (3.5), we have the smallest m,_ values when
hss =~ h%. If m,_ is required to be less than ~ 10 eV,
we find that vg must be 2 107 GeV. Consequently myy,,
and my: also will be in the range 106 ~ 107 GeV. In this
limit, the model reduces to the standard model with no
observable consequences other than the Majorana neu-
trinos. We shall now examine the constraints placed on
~ if the scale of vg is to be much lower.

First, it can be easily checked that for ¥ near 1, ex-
treme fine-tuning is required in order to obtain sufficient
cancellation between the two terms of Eq. (3.5) so that vg
values in the 3 to 10 TeV range would be obtained. We
exclude this possibility as being highly unnatural. Hav-
ing eliminated such cancellation, we now ask what v val-
ues could give us vg ~ 3 TeV (for example). In Eq. (3.5)
we have two choices; either the first term (hary) or
the second term (h% /2 hpr) can dominate. We examine
these possibilities in turn. In the first case, we assume
Yhpy > h%/2hy and vg ~ 3 TeV, which implies (in the
case of the electron generation)

my vr _ ~ 10 eV x 3 TeV 9
hé, = 2 ~1077 . (3.7
TIM =Tkt = T /2(250 GeV)? 37
But, from our assumption, we have
e 2 l e 2 ~ _1. ﬂe. ’ ~ —-12
har“y > 2hD =5 ) = 10 , (3.8)

where we have used the assumption that m. ~ hx;.
Together, these require

ki 2107%, vy <107°; (3.9)
that is, we must require the fine-tuning of ¥ to 6 or 7
orders of magnitude.

For the second case, we assume v < h% /2 has 2, which
implies (note that a negative fermion mass can always
be rotated to positive mass through redefinition of the
fermion field)

2
ht "2
D ™+
m,, = —=——1—

\/ihfwvﬁ

Again, we use my ~ hpky to find (in the electron gener-
ation)

(3.10)

2
e me

M= ﬁmuevR
2
> (05 MeV) ~5x 1073 .
V2(10 eV)(~ 3 TeV)

This relation, together with our initial assumption for 7y
implies

(3.11)

2
e

l’z‘zD2 __m
2r, %> 2k3h,°

7 <

(0.5 MeV)?

= ~10-7
T 2(250 GeV)2(5 x 10-3)2 107

(3.12)

We conclude that if we require the my,, to be in the few
TeV range, it is necessary to fine-tune v to 6 or 7 orders
of magnitude to obtain a small enough m,_ value.

If we carry this analysis one step further and consider
the limits arising from cosmological constraints, we can
demand [22, 23]:

> my,, $100 eV . (3.13)
£

If we accept this constraint (which can be evaded should
the v; have a very short lifetime), we can then repeat the
above analysis for the 7 neutrino. The restriction that
m,. < 100 eV allows us to enhance the limits by a large
factor. Briefly, when A}, dominates m,, we find A%, 2
104, v < 107!2) while if the k], term is dominant we
find A%, 25 x 103, v £ 10~12. This certainly represents
extreme fine-tuning for v; in addition, the values required
for k3, are much too large for perturbation theory to be
valid for the lepton Majorana couplings.

One situation that we have not explored in the above
analysis i1s that which arises as a result of the fact that
k1 and Kk enter differently into m,, Eq. (2.26), and hp,
Eq. (2.28). Were there some reason to have k; < k1 and
f < g, then h‘b would be much smaller than m,/k,.
Writing h$, = € (m/k4), we find that the fine-tuning
requirements on 7 obtained above are reduced by a factor
of 1/¢%. Thus, if € ~ 10~2 the fine-tuning requirement
for v would be largely eliminated (uniess we employ the
cosmologically based fine-tuning requirement). However,
such a small value for € requires fine-tuning for the f, g,
and ko values. In later sections, we shall see that simple
symmetries can be invoked to set f = 0, but that a small
value for k3 in this situation is likely to lead to too large
a my/my ratio. Further, we would still not have escaped
the problem of predicting too small a value for the N
mass unless we fine-tune ~.

This dilemma allows for two definite branches: (1) we
can fine-tune so as to obtain Higgs potential parame-
ters (1, B2, and 3 that are 6 or 7 orders of magnitude
smaller than is natural; or (2) we can look for new sym-
metries that dispose of the problem altogether by elimi-
nating the terms in the Higgs potential associated with
the @’s, thereby eliminating the VEV seesaw relation.

B. Eliminating the VEV seesaw
via additional symmetries

We can avoid the severe restrictions of the seesaw rela-
tion of Eq. (3.2) if we can find a symmetry which requires
the 8 Higgs potential parameters involved to vanish.

1. Symmetries which retain the Majorana coupling.

We look for a symmetry which eliminates the f§;-type
terms in the Higgs potential while leaving invariant the
Majorana Yukawa couplings of the leptons to the Higgs
triplet. We begin by considering a general set of trans-
formations of the Higgs fields:
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AR — e¥RAR, ¢ —e0¢,
(3.14)

AL - eZIebAL )

and investigate whether these will achieve our purpose.

The invariance of the lepton Majorana mass term of the

Lagrangian

Ly = i(hM),'j(\I’?LCTzAL\I’jL + ‘I’,{RCTZAR\I’J'R) + H.c.
(3.15)

requires that the lepton fields transform as

U —e LUy WUp— e RYR . (3.16)
However, the invariance of both the ¢ and q; parts of the
Dirac lepton mass term,

Lp = fYr¢¥r+g¥d¥r+He.,

requires ¢ to transform as ¢ — +¢. (Note, ¢ — —¢
would yield a discrete symmetry, not a continuous one.)
If we suppose for the moment that ¢ transforms in this
fashion, we find

(3.17)

Lp ~Tp¢¥p — (£1)e e U oW (3.18)
which implies
e%iER = gZicL (3.19)

Thus, there is no symmetry which will allow us to elim-
inate the B-type terms in the Higgs potential while re-
taining the Majorana and Dirac Yukawa couplings.

Thus, we temporarily abandon the idea of keeping both
the ¢ and ¢ terms in Lp, and we allow ¢ to transform
nontrivally such that f = 0, and g # 0. [This choice is
such that, even if k; = 0, m(¢) will still be nonzero; cf.
Eq. (2.26).] We now see that

Lp ~ _\iL&\IlR — eisLe_ied’e"ieRﬁL&‘I’R , (3.20)
which implies
efLeTi TR = ] | (3.21)

If we now examine the transformation properties of the
Bi terms of the Higgs potential,

Bi[Tr(¢ArtAL) + Tr(¢TALSAL)]

+B2[Tr($ARSTAL) + Tr(dtALSAL))

+63[Tr(¢ARSTAL) + Tr(st ALSAL)]
we find that 83 will be left invariant by the symmetry
Ba[Tr(¢Ar AL) + Tr(s'ALSAL)]

(3.22)

SN ,83[ e—2isLe2isne2is¢rI\l.(¢AR¢;fAL)
+eZisLe—2isne-—2is¢rl\r(¢1AL$A12)]

= Bs[Tr(¢Ard'AL) + Tr(¢TALSAL)] , (3.23)

where we have used the identity of Eq. (3.21). Note that
if we had chosen to retain the f term of the lepton Dirac
Yukawa Lagrangian, we would have required [instead of
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Eq. (3.21)] et ei#e~% R = 1, and it would have been the
B2 term that was left invariant. Thus, any symmetry of
this simple U(1) class will fail to eliminate all of the 3
terms.

Nonetheless, in the case, for example, where the g term
is retained and the (3 term survives the symmetry, we
could still eliminate the role of 83 in the VEV seesaw
relation by taking k2 to be very small or zero. This
presents no problems for the lepton sector; however, we
must still examine the quark Yukawa couplings. Since
the latter involve no Majorana-type term of the form
Eq. (3.15), it is clear that the quark ¥’s can transform
in any manner that we wish. Thus, we can choose to
retain either the F or G term of Eq. (2.9), but not both.
(F # 0 is preferable for a small ks limit. This would
require the quark ¥’s to transform oppositely to the lep-
ton W’s.) This leads to two awkward phenomenological
predictions: (a) we predict proportionality between up-
and down-type-quark masses, with the ratio being deter-
mined by &;/|k2|; and (b) the CKM matrix is predicted
to be a unit matrix. Both predictions could be altered
by one-loop corrections. While proportionality between
up- and down-quark masses is not in perfect agreement
with observation, the mismatch with experiment could
easily be overcome by small corrections from additional
new physics or radiative effects. The appropriate value
for k1 /|k2| is of order 30 for a top-quark mass of 145 GeV.
For such a ratio, the contribution of the 83 term in the
VEV seesaw would be suppressed by a factor of 10~3
compared to naive expectations, and 83 would only have
to be fine-tuned at the level of 10~2 to 10~3. Though this
is a considerable improvement, such a level of fine-tuning
would still be unnatural. Of course, if the cosmological
constraint of Eq. (3.13) is accepted, then the fine-tuning
constraint becomes a factor of 10~% worse, and the very
small size required for B3 could not possibly be explained
in any natural way. Thus, this possibility seems quite
contrived and we will not examine its phenomenology
further.

Thus, we have failed to find any additional symme-
try that will allow us to eliminate all the S-type Higgs
potential terms, thereby completely escaping the restric-
tions of the VEV seesaw relation, while maintaining the
phenomenologically attractive lepton Majorana coupling.
Nonetheless, one can certainly imagine embedding the
LR model in a larger GUT scheme. Then, it can easily
be imagined that there is a hidden group under which the
various fields transform in such a way that the § terms
are eliminated, while leaving invariant all the Yukawa
couplings and all the other Higgs potential terms. Cer-
tainly, these (-type terms in the potential are distinct
from all the others in that the Az and Ay fields each
enter linearly (cf. the Appendix). We shall pursue the
phenomenology for this type of model shortly.

2. Symmetries that zero the Majorana couplings

It is straightforward to construct a symmetry opera-
tion that forces all the B terms to be zero, provided we
allow the Majorana coupling to be noninvariant under
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the symmetry (and thereby zeroed when the symmetry
is imposed). However, it is essentially mandatory that
any symmetry which zeroes the Majorana coupling must
allow for simultaneous invariance of both the ¢ and ¢
Dirac couplings, thereby allowing retention of both the
F and G couplings in the quark sector. (The f and g
lepton sector couplings are also both allowed in such a
case.)

The reason for needing to retain both the F and G
Dirac quark couplings is as follows. In the lepton sector,
Eq. (2.31) must be satisfied in the absence of a Majorana
coupling. Satisfying this equation requires a very small
ratio for, say, f/g, and even then a sufficiently small ratio
for m,,_/m, is achieved only for |k2|/k; S 107°. How-
ever, this yields completely unacceptable results for the
quark sector unless both F and G are nonzero. For in-
stance, if G is required to be zero in the quark sector, then
the ratio of up-type to down-type quark masses would be
k1/|k2| Z 10%, which is much too large. (The CKM ma-
trix would also be trivial, but higher order corrections in
some extended model might fix this up.) This problem
does not arise if F and G can both be nonzero. Even
though obtaining the correct m,_/m. ratio will continue
to require that f/g and |ks|/k; be very small, so long as
G and F are not too different in size, acceptable quark
masses can be obtained. Indeed, values for these quark
Yukawas that yield the experimentally determined quark
masses are easily found, and require no more fine-tuning
than is typical of the Yukawa couplings to the Higgs bo-
son in the standard model.

The conditions for retaining all the Dirac Yukawa cou-
plings have already been given in the previous subsection:
in the simplest case one need only define the symmetry
so that the fermion ¥’s (both lepton and quark) and
the bidoublet field ¢ remain invariant. It is then easy
to specify transformation properties for the Ar and A
that force the B’s to be zero, while retaining all other
Higgs potential terms. For example, we can define the
symmetry operation as

AL —Ar, Arp— —Ag. (3.24)

Since the 8 terms have one Ar and one Apg field, they
will not be invariant under this symmetry, whereas all
the other Higgs potential terms have an even number of
Ap fields and an even number of Apg fields. As expected,
this symmetry does, however, imply that the Majorana
Yukawa coupling of Eq. (3.15) must be absent.

IV. LEFT-RIGHT PHENOMENOLOGY

A. A detailed look at “realistic” models

In light of the discussion of the previous section, it is
apparent that the VEV seesaw relation forces us into a
rather narrow set of possibilities. These may be summa-
rized as follows: (1) the §; terms are of order 1, and the
extra gauge and Higgs bosons have mass scales on the

order of ~ 107 GeV; (2) the B; terms are “fine-tuned”
by hand (order by order) to satisfy the see-saw relation
with ¥ ~ 10~7 [or ¥ ~ 107!2 assuming Eq. (3.13)}; (3)
the B; terms are forced to vanish by the symmetry of
Eq. (3.24), leading to a Dirac neutrino, and thereby to
the requirement of a very small value for k2/%1; or (4)
the B; terms are constrained to vanish in a context be-
yond our model [25]; Regarding the second possibility, we
acknowledge that if one is allowed to fine-tune the set of
B parameters, the seesaw constraint can be obviated and
light-boson masses can arise. This is reminiscent of the
Yukawa couplings in the standard model which are ad-
justed to 1 part in ~ 10%. Although this fine-tuning can
be done to the set of § parameters in the LR model, we
note that the tuning necessary to effectively remove the
seesaw constraint is 1 part in ~ 107 or ~ 10'? depend-
ing on the cosmological limits incorporated. For these
reasons, we set aside the “fine-tuned” model; once one
resorts to fine-tuning the parameters, there is little pre-
dictive power left in the model. Although the first case is
the most natural, it contains no new particles of observ-
able mass scale. We shall return to this case in the next
section. Here, we briefly investigate the characteristics of
the third and fourth cases.

Assuming that the 81, B2, and B3 terms can be elim-
inated, the remnant of the seesaw relation of Eq. (3.2)
which arises from the first derivative conditions is

0 = (2p1 — p3)vLVR (4.1)

We have three obvious choices to satisfy Eq. (4.1): (a)
set vg = 0, (b) set (2p1 — p3) = 0, or (c) set vp = 0.
We immediately dismiss choice (a), as this would yield
a mass for Wg in the range of mw,, in contradiction
to observation. In the case where both vy and vg are
nonzero, and 2p; — p3 = 0, diagonalization of the mass
matrices (see the Appendix) reveals the fact that the
neutral bosons of the left-handed triplet, 62" and 6%,
are massless at the tree level. If they are truly massless,
then they will be invisible simply because they will not
decay. However, it is quite likely that small masses for
the 677 and 69¢ are generated at one loop, in particular
through the Yukawa Majorana term of the Lagrangian.
Nonetheless, even if they develop a small mass from such
one-loop corrections, their only couplings and decays are
to vv-type channels which are also invisible. Since the
known Z would decay into a pair of §7 particles with
a width equivalent to that of two neutrino generations
[22, 5], this possibility appears to be eliminated by the
recent neutrino counting limits reported by the Mark II
group at the SLAC Linear Collider (SLC) and by the
various CERN LEP experiments [12]. Thus, choice (c)
(vr = 0) is the only phenomenologically viable scenario
among those that arise when all the § parameters of the
Higgs potential are zero. Hence, we will examine the two
cases, (3) and (4) defined above, for choice (c).

For case (4c), where Majorana neutrino mass terms are
allowed, vy = 0 leads to an attractive scenario for lepton
and neutrino masses. In particular, we retain a mech-
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anism for generating neutrino masses — a primary mo-
tivation for selecting the triplet Higgs representation —
without predicting too small a N, mass given the small v,
mass. This can be seen from Eq. (2.30) by setting vy, =0
and noting that h% and hj; are nonzero (and relatively
unconstrained) in this case. Indeed, we had already seen
in the arguments following Eq. (2.30) that consistency
of N, and v, masses with experiment tended to require
very small values of vy. Case (3¢) is possibly less at-
tractive because of the small value required for |ry|/k1,
and the absence of a seesaw mechanism in neutrino mass
generation. However, there is no fundamental difficulty
for such a model so long as both of the Dirac couplings
F and G are nonzero in the quark sector. Thus, we have
arrived at two models which potentially yield reasonable
phenomenology, but only for a highly constrained set of
Higgs-boson couplings and VEV’s. We find this result
to be particularly interesting, given the apparently large
number of free parameters in this model.

In fact, it is worth reemphasizing what has occurred
in our analysis up to this point. We have required that a
phenomenologically acceptable minimum of the Higgs po-
tential (1) allow for generation of proper fermion masses,
(2) allow for generation of proper boson masses, and (3)
respect charge conservation and vacuum stability. The
task of finding such a minimum is greatly complicated by
relations such as the VEV seesaw which arises from the
first-derivative conditions. These relations must be satis-
fied in order to generate a minimum of the Higgs poten-
tial, but they have the (unnatural) property of relating
parameters across widely differing scales, and can lead
to (intuitively) unexpected results, as will again become
apparent in the following section. We have seen that it is
far from trivial to satisfy these relations without encoun-
tering severe phenomenological difficulties. Indeed, even
in some subclasses of the (4c) and (3c) models that have
survived to this point, additional phenomenological con-
straints will arise from flavor-changing neutral-current
limitations. Satisfying these constraints will require ad-
ditional restrictions upon these two models. We study
an example of such a subclass in the following section.

Certainly, to demonstrate that our two class (¢) LR-
symmetric models, with vy and all #’s equal to zero,
are not necessarily free of phenomenological disaster re-
quires further analysis. The phenomenology of this class
of models has been examined [5]; however, a complete
analytical analysis of these models is far too complex to
reasonably consider. We shall illustrate the precarious
position of this class of models by examining the follow-
ing “toy” model which is very similar to the general “re-
alistic” case.

B. An illustrative look at a “toy” model
of the 8; = 0, vy = 0 class

In this section, we briefly look at the class (4c) and
(3¢c) models of the above section (8; = 0,vr = 0) with
one slight variation: we eliminate the p2, X4, and as
terms from the Higgs potential. We make this selection
because (1) this choice allows us to solve this model ana-

lytically, (2) it is similar to the “realistic” case discussed
above (only differing by three terms in the Higgs poten-
tial) and, therefore, we might expect some features of our
“toy” model to teach us about the more general class of
L R-symmetric models, and (3) this “toy” model has some
interesting properties which merit investigation. Specifi-
cally, we shall show that this model has significant diffi-
culties in matching experimental phenomenology, requir-
ing further restrictions on the model parameters. Such
difficulties may be indicative of problems that one must
be careful to avoid in the more general type (4c) and (3c)
“realistic” L R-symmetric models.

The above-mentioned parameters can be eliminated in
the Higgs potential by applying the symmetry ¢ — i¢.
However, this symmetry cannot be extended consistently
to the entire Lagrangian without eliminating one of the
two Dirac Yukawa coupling terms, yielding a trivial tree-
level CKM matrix. More importantly, the predicted
quark masses would be totally unsatisfactory. Indeed,
since we shall also discover that the resulting model re-
quires ko to be zero, it is clear from previous discussions
that we would obtain vanishing down-type-quark masses.
In particular, for G = 0 Fqgs. (2.14) and (2.16) predict
that my = my|kz|/k1 = 0 for k3 = 0; radiative correc-
tions to this result are unlikely to be sufficiently large that
a reasonable b-quark mass could be obtained. Thus, this
¢ symmetry has to be restricted to the Higgs potential if
we are to have reasonable phenomenology. Consequently,
we label this special parameter case a “toy” model.

We shall focus our discussion on the imaginary Higgs-
boson mass matrix to illustrate one potential phenomeno-
logical difficulty of this restricted subclass of the (4¢) and
(3¢) type models. This difficulty arises in the general case
where both k1,k2 # 0. In this case, we can simplify the
mass matrix using the full set of first derivative condi-
tions; the matrix.in the {qﬁ(l",(ﬁgf,é%i‘égi} basis is (for
the case where the §; are zero, we use the first-derivative
conditions to eliminate the u? parameters and «z ia the
mass matrix elements given in Appendix section 3)

0 0 0 0
0 —8xk%ixy O 0 oy en
M%i = 0 0+ 2 0 0 (42)

0 0 0 v4(ps—2p1)/2

We focus on the first two entries on the diagonal. We
see that the imaginary component of ¢% (¢%) is the
massless Goldstone mode, while the flavor-changing ¢%
Higgs boson mass squared is given by M?(¢%) = 8(x} +
£3)(—X2) =~ 32m}, [X2|/g®. We immediately see that
the ¢$ Higgs boson will violate the FCNC bound of
Eq. (2.36) unless Aj is very large (~ 200); but, a large Ao
will lead to a violation of unitarity, and a breakdown of
perturbation theory [11].

What this model illustrates is that, despite the large
number of (apparently) free parameters in the Higgs po-
tential, one is in great danger of losing the freedom to de-
couple the mass scales of the FCNC Higgs bosons (which
must be 2 10 TeV), from the mass scale of the standard-
model Higgs boson (which must be $ 1 TeV). A detailed
analysis of the “realistic” model of the previous section
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shows that it is possible to decouple these mass scales,
without further restrictions on the model, but only by
careful choices of the Higgs potential parameters.

In the case of our “toy model,” there is also a way
to avoid the FCNC problem, but it requires a special
scenario for the VEV’s. (See Fig. 2.) This scenario
leads to restrictive but, not necessarily unacceptable,
phenomenology. In particular, we take (for example)
ks = 0. When p%, a9, Ay, and the B; terms are set
to zero, the first-derivative conditions become homoge-
neous; l.e.,

ov
6%1'

where fi,(...) is a general quadratic function of the
VEV’s, and «; represents any of the VEV’s. Therefore,
we can satisfy the first-derivative conditions by setting
either fo;(...) = 0 or k; = 0. We can escape from the
FCNC difficulties by taking k5 = 0, so that the associated
constraint fx,(...) = 0 is removed. This, it turns out,
restores our freedom to decouple the mass scale of the
standard-model Higgs boson from the mass scale of the

=& f,(..), (4.3)

FCNC Higgs boson. (This can be checked using the equa-
tions for the imaginary components of the neutral mass
matrix of the Appendix obtained prior to first-derivative
substitutions.)

What are the phenomenological implications of this?
First, we remind the reader that even if there is some
(small) amount of explicit C' P violation in the Higgs po-
tential, thereby in general allowing for a small amount
of violation of manifest or quasimanifest left-right sym-
metry in the model, the restriction of ko = 0 will re-
store MLRS or QMLRS. See the discussion following

Choose W3, A4, and o =0,
and solve Higgs sector analytically.

!

Compute masses of FCNC Higgs.
Find that these masses are

Mg2 =82p (k42 +1p2) =« M2(W))

We cannot satisfy FCNC constraints
and
unitarity constraints simultaneously
unless

Ky or xkp=0.

Y

Setting k4 or xp =0 leads to:

¢ Quasi-Manifest LR Symmetry
e No W -WgR Mixing
e CP-Violation restricted to
quark Mixing Matrices

FIG. 2. Flow chart for the “toy” model of Sec. IV. This di-
agram summarizes the phenomenological constraints relevant
to this specific class of models.

Eq. (2.16). If MLRS or QMLRS holds, we have already
noted that the lower bound [9] on mw,, of 1.6 TeV is iron
clad. [Without the manifest left-right-symmetry con-
straint, the lower bound on mw, is reduced [10], depend-
ing (in the minimal LR models we are exploring) upon
the amount of explicit C'P violation allowed.] Addition-
ally, since the Wr-Wg mixing angle (§) is approximately
given by [26,27]

2K1Ky _ 4Amiy K1K2
tan(2€) > —— = ——= > ,
v} W K3

(4.4)

setting k2 (or k1) equal to zero implies that there is no
Wr-Wg mixing. This implies that there can be no phases
in Wr-Wg mixing, thus eliminating this source of CP
violation. Consequently, even if C'P violation is intro-
duced into the Higgs potential explicitly, if k; = 0 the
only sources of C'P violation in the interactions of the
Wi, will be those of the standard model. In particular,
the W contributions to the electric dipole moment of
the neutron and the parameter ¢’ arise from the com-
plex phase in the CKM matrix, and are identical to the
standard-model results [27,26]. Of course, Higgs-boson-
and Wg-, etc., exchange diagrams could give additional
contributions.

So far, all that we have said is the same whether we
consider the “toy” model as falling into class (4c¢) or
class (3c). Since k2 = 0 is required to remove FCNC
Higgs-boson problems in any case, the fact that the class
(8¢) model (with no Majorana Yukawa coupling) requires
small or zero K, in order to achieve an acceptably small
value for m,_/m. presents no additional restriction. In
fact, the main distinction between the two models is the
fact that in class (3¢) the N and v combine to form a
(light) Dirac neutrino, while in class (4c) we have (by
fiat) retained the Majorana couplings and the neutrino-
mass seesaw mechanism.

Although these two “toy” models that we examined
formed a very small subset of the (4c) and (3c¢) general
L R-symmetric models, they clearly emphasize the point
that the parameters of the general model are severely
constrained by experimental phenomenology in a com-
plex way that can only be accurately described by an-
alytically solving the fully general case — a formidable
task that we do not attempt here. The analytic solution
of this “toy” model highlights potential phenomenologi-
cal difficulties that may arise for the general case when
multiple constraints are applied simultaneously. How-
ever, we have examined the general case to ensure that
it has sufficient freedom to decouple the masses of the
“standard-model” and the FCNC Higgs bosons for some
choices of the parameters. But, it is not feasible to com-
pletely map out the region of parameter space [within the
general class (4c) and (3¢) models] in which the FCNC
and other potential phenomenological problems do not
arise.

V. THE GENERAL HIGGS SECTOR

Having examined the possible branches of the minimal
L R model outlined in Fig. 1, we now turn our discussion
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toward general properties of the Higgs sector which are
common to all of these different branches. It is important
to note that the material discussed in this section does
not depend upon any additional symmetries or special
choices of the parameters; this analysis applies to the
most general case. In particular, it applies even to the
case where all the parameters (in particular the 3’s) of
the most general Higgs potential are nonzero, and have
not been fine-tuned to be small. Recall that in this latter
case, vgp must be very large, and we shall verify that
all extra Higgs and gauge bosons (beyond the SM) will
be very heavy. Additionally, much of this discussion is
qualitatively applicable to many of the extensions of the
L R models.

We have performed the complete minimization of the
general Higgs potential, and outlined the results in the
Appendix. Using these results, it is possible to charac-
terize the probable ranges of masses and mixings. In this
analysis, we will assume that none of the VEV’s are ex-
actly zero. However, we will assume that explicit CP
violation is small, implying that the complex phases of
the VEV’s are likely to be small, i.e., of order v; /vg.
Thus, we have performed the analysis in the approxima-
tion where we take the VEV’s to be real. (This simpli-
fication is assumed so that the results are comprehen-
sible. The previously mentioned analysis of the FCNC
constraints was performed in the most general context
with complex ay and complex VEV’s.) This has the ef-
fect of decoupling the real and imaginary components of
the Higgs fields, and thus the general 8 x 8 neutral mass
matrix reduces to two separate 4 x 4 pieces.

When estimating the scale of the boson masses, it is
very important to first impose the minimization condi-
tions because these conditions give rise to subtle rela-
tions between the extreme mass scales involved. For
example, one cannot ignore all terms of order vy rel-
ative to wg; in particular, the VEV seesaw relation
B2k2 + Bi1k1ks + Bak: = (2p1 — p3)vpvr connects these
scales. Therefore, we must substitute all conditions aris-
ing from the minimization before we analyze the physical
mass scales of the Higgs bosons and their mixings.

In the Appendix, we first present the general form of
the mass matrices, and then substitute the minimization
conditions. In addition to substituting the relations aris-
ing from the first-derivative conditions, one must also
ensure that the second derivatives are positive so that
the physical mass values squared are positive; this step
involves a large set of complicated inequalities. Once
again, we have not attempted to map out the entire re-
gion of parameter space such that these inequalities are
satisfied. We have, however, verified that choices for the
parameters do exist such that there are no obvious con-
flicts with phenomenology. For instance, it is clear that
taking vgr to be very large avoids many potential difficul-
ties.

Having utilized the minimization conditions, we can
safely neglect terms of order (vp/vgr). For the neutral
sector, it is useful to perform a rotation of the fields
from the gauge-eigenstate basis to what we shall call
the flavor-eigenstate basis. This rotation is the same
as the rotation discussed in Sec. II, and it identifies the

flavor-conserving and flavor-changing components of the
¢ fields. A schematic form of the mass matrix for the real
components of the neutral field in the {¢%", ¢%", 6%, 697}
basis is

Ak? Ak? avgk 0
A2 avd  augpk BURK (5.1)
QURK QURK 2p1v12{ 0 ’

0 BvRk 0 %(pg —2p1)vd

Here, we have introduced a shorthand notation where
the parameters {a, 8, ), p,k} without subscripts stand
for generic parameters of their class, and have indicated
for each entry only the largest contributing type of term.
The exact entries are presented in the Appendix. (This
same generic notation will be used for the other mass
matrices that follow.) Note that after we have dropped
the (vy/vgr) terms, the 6% and 69" fields do not mix di-
rectly. Also, it is interesting to note that although the
3% and ¢% ficlds are not mass eigenstates, their mixing
is doubly suppressed; i.e., the mixing angle is ~ (x/vg)?,
not ~ (k/vg)? as naively expected. We see that in the
limit that the 8 couplings (and vy) vanish, the 69" field
decouples from the other Higgs bosons. Furthermore, the
mass squared of this boson is proportional to (pz — 2p;),
a combination we have seen and shall continue to see fre-
quently. Additionally, the mass squared of the 6% field
is proportional to (p1). Therefore, we find that p; > 0
while (ps — 2py) > 0. This implies that significant can-
cellation in p3 — 2p; is not altogether improbable, which
in turn implies that the masses of the {6;} bosons could
easily be lighter than the naive estimate of v ~ mw,.

For the neutral imaginary mass matrix in the
{8%, 6%, 6%, 6%} basis, we find
0 0 0 0
0 QU% 0 ,BUR'C
0 0 o0 0 (5:2)

0 Bvrk 0 Z(ps—2p1)vg

Note that in this form the Goldstone bosons {¢%, %}
are readily apparent. As before, we see that the 60 field
decouples as the B couplings (and vy ) vanish. The mass
scales of the various Higgs bosons are as expected. The
neutral real mass matrix is such that the ¢° can be light,
while the other Higgs bosons are likely to have masses
set by the scale vg. The neutral imaginary mass matrix
has the two required zero eigenvalues, but the other two
masses will again be set by vg. Thus, if vg is very large,
as required if the 3’s are not fine-tuned or required to
be zero, all the non-standard-model Higgs bosons in the
neutral sector will be very heavy.

For the singly charged Higgs sector, we will ex-
hibit the results in the {(k1¢7 + k2¢3)/k+, (k10T —
k20T)/k4,6%,6F} basis. We find

avy 0 oavrk Bvrk
0 0 0 0
avpk 0  ax? Br? (5-3)

Bvrk 0 Bk?

In this form, the Goldstone corresponding to Wy, is ob-
vious. The Goldstone corresponding to Wg is a compli-

3(ps — 2p1)v}



852 DESHPANDE, GUNION, KAYSER, AND OLNESS 44

cated mix of the remaining fields; it is predominantly 6};
with mixings of order (k/vgr). As was the case for the
neutral §p fields, we see that the 6{ field has a mass-
squared matrix entry of order v% (that could be sup-
pressed for small p3 — 2p;) and that it decouples as the
B couplings (and vr) vanish.

For the doubly charged sector, in the {64, 6} *} basis,
we find a mass-squared matrix of the form

2pov} BK? )

Br? L(ps — 2p1)0,
The eigenstates will generally have mass of order vg, and,
in the pattern of previous §; fields, we see that the 6'L*+
field decouples as the B couplings (and vr) vanish.

In conclusion, we see that, as vg — oo, the masses
of all the extra gauge bosons and the Higgs bosons will
also approach infinity ezcept for the (LR analogue of the)
standard-model Higgs boson whose mass scale is of or-
der ~ & ~ my,, independent of the magnitude of vg.
As such, it could well happen that the only signature
of an underlying L R-symmetric theory that will be ac-
cessible at present and foreseeable machines, will be a
Majorana-type neutrino in addition to the neutral Higgs
boson that plays the role of the SM Higgs boson in the
LR model. Conversely, if the extra gauge bosons and
Higgs bosons are within reach of the future colliders, this
L R model will exhibit some very interesting phenomenol-
ogy, as has been discussed, for example, in Refs. [1, 3, 5,
23,28,24]. In particular, Ref. [5] discusses signatures and
production mechanisms for the various Higgs bosons at
ete™ and hadron colliders, focusing especially on the ex-
perimentally accessible signals for the left-handed triplet
A members as a function of the parameter combination
p3 — 2p1 which we have seen controls the magnitude of
the v% entry in the mass squared of the 61’s.

(5.4)

VI. CONCLUSIONS

In this paper, we have presented a detailed analysis of
the spontaneous symmetry breaking and the Higgs sector
of the conventional minimal SU(2), ® SU(2)r®U(1)p_1
left-right-symmetric theory. Specifically, we performed a
critical assessment of the phenomenological viability of
such models, and indicated the degree of “fine-tuning”
necessary to satisfy experimental observations.

We have demonstrated that it is nontrivial to obtain
a minimum of the Higgs potential which yields phe-
nomenologically acceptable boson and fermion mass val-
ues; this task is further complicated by relations such
as the VEV seesaw conditions which have the (unnat-
ural) property of relating parameters across widely dif-
fering scales. There are many attractive aspects to a
left-right-symmetric gauge theory, including (i) a mech-
anism for neutrino mass generation, (ii) a VEV seesaw
relation which naturally requires vg > & if v, < &, and
(iii) the identification of the U(1) quantum number with
(B — L); and (iv) a collection of (potentially) observ-
able Higgs and gauge bosons including doubly charged
Higgs boson as well as many Majorana-type Higgs boson
with only leptonic couplings and thus interesting purely
leptonic decay signatures. However, substantial “fine-

tuning” or extra physics is necessary to allow vy and
mw, to be small enough that the phenomenology of the
extra Higgs and gauge bosons can be in an experimen-
tally accessible energy range. Whether this makes the
L R-symmetric models unattractive is a judgment that
we leave to the individual reader.

In the absence of such fine-tuning we have seen that
vg must be very large (2 107 GeV). In this case, all
of the new particles associated with the underlying left-
right-symmetric theory will have masses set by the scale
vR, and thus be experimentally inaccessible. In light of
our illustration with this minimal LR model, it is essen-
tial that the consumer of extended electroweak models
should retain a degree of skepticism when considering
the phenomenology of theories with extended and very
complicated Higgs sectors that have not been analyzed
using a complete and internally consistent Higgs poten-
tial minimization.
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APPENDIX

1. The most general Higgs potential
and vacuum expectation value choices

For our theory to be left-right symmetric, it is nec-
essary that our Lagrangian be invariant under the (dis-
crete) left-right symmetry defined by

¢ — ¢

A priori, it is possible that one could allow for the pos-
sibility of phases in the above left-right transformations
eg., ¢ — el or AR — et%2 A, etc. However, one
may always absorb such phases by appropriate global
phase rotations of the fields. We shall assume that this
has been done. As a result, we are not free to use global
phase rotations to remove other phases that may appear
in the theory. However, the phase-free form of left-right
symmetry as stated in Eq. (A1) does imply that many
parameters in the Higgs potential that might otherwise
be complex will be required to be real. Alternatively, one
could imagine allowing phases in Eq. (A1) in which case
many of the Higgs potential parameters could be com-
plex, but then global phase rotations of the fields could
be employed to make them real. Following the strict form
of Eq. (A1), the most general form of the Higgs potential
is

Vp - Wpr, Ar—Ap, (A1)
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V= —p3[Tr(¢'¢)] — u3[Tr(¢¢!) + Tr(¢1¢)] — p3[Tr(ALAL) + Tr(ARAR)] + M {[Tr(¢¢1)]*}
+X2{[Tr(¢81)]? + [Tr(31¢)]°} + Aa[Tx(do")Tx(414)]
A {Tr (o) [Tx(68") + Tr($19)]} + pr {[Tr(AL AL + [Tr(ARAR)}
+p2[Te(ALAL)Tr(ALAL) + Tr(ARAR)TH(ARAR)] + pa[Tr(ALAL)Tr(ARAY))
+pa[Tr(ALAL)Tr(ARAL) + Tr(ALAD)TY(ARAR)] + a1 {Tr(¢¢")[Tr(ALAL) + Tr(ARAL)]}
+as[Tr(¢61) Tr(ARAL) + Tr(¢T6) Tr(ALA])] + a3 [Tr(¢1§) Tr(ARAR) + Tr($'¢)Tr(ALAL)]
+as[Tr(¢pT ALAL) + Tr(6'dARAR)] + Bi[Tr(¢ARGTAL) + Tr(sT ALgAL)]

+B2[Tr(dARST ALY + Tr(¢t ALSAL)] + Ba[Tr(¢ ARG AL) + Tr(¢TALSAL)] .

We have explicitly written out each term completely to
display the full parity symmetry of Eq. (Al). Note that
because we eliminated, as discussed above, any phases
in Eq. (A1), all terms in the potential are self-conjugate
ezxcept for the as term; as such, a3 is the only parameter
which may be complex. At first glance, it would appear
that there are many types of terms missing from this most
general potential such as Tr(ALAEALAL). A straight-
forward (and lengthy) calculation has shown that the set
we use in our Higgs potential is the minimal independent
set from which all other terms can be constructed. (The
results contained in this appendix were generated using
the symbolic manipulation programs REDUCE and MATH-
EMATICA, and the typescript was generated directly from
this output so as to minimize the possibility of introduc-
ing errors.)

Let us now discuss the phases of the VEV’s that may
be assumed by the neutral components of Ag, Ar, and ¢.
Since we have employed our global phase degrees of free-
dom in eliminating phases from the left-right transforma-
tion symmetry of Eq. (A1), our only remaining freedom
in choosing VEV’s is that allowed by the underlying U,
and Ugr transformations. Of these, only the Tg and T3
components are useful for the VEV’s of the neutral Higgs
fields. Using

= (% ) (43
and the corresponding form for Ug, one finds
Ky — Kllei(en—ﬁ?), Ko — Kze—i(h—@ﬂ)
(A4)
v — vLe_%oL, vgp — vge 2R,

Clearly, we have two degrees of freedom. We use these
to choose vgr, k1 € RT. It is these two VEV’s that are
always nonzero in the various different scenarios that we
examine in this paper.

We are now in a position to consider the minimization
of the potential. As outlined in the text, there are six
minimization conditions when two of the VEV’s (;cz and
vy) are, a priori, complex. Writing ky = |k2]e??? and
vr = |vr]e?®s, we may think of these six minimization
conditions as resulting from the first derivatives with re-
spect to vg, k1, |kz2], |vr|, f2, and Or. As given in more
detail later (for the case of real VEV’s), the first three

(A2)

first-derivative equations can be used to determine pu3,
u?, and pZ, respectively. The required values for these
parameters will be assumed to be an output of some GUT
scenario. The remaining three first-derivative equations
impose strong constraints on quadratic couplings appear-
ing in the Higgs potential, and on the relative phases of
the VEV’s. We shall analyze the case in which the Higgs
potential does not have any ezplicit CP violation; i.e.,
the single possibly complex coupling of the potential a2
will be taken to be real. The results for the second trio of
first derivatives can then be given in compact form. (A
substitution for i3 from the vy derivative will be made in
the |vg| derivative equation, and the 6, derivative equa-
tion will be simplified using results from the 6 derivative
equation.) We find:

(2p1 — p3)vrvr = Pikikgcos(Or — 62) + ,82[6% cosfr

+Bsk3 cos(0r — 202) , (A5)
0 = B1k1Kkosin(0f — 03) + Porisinby
+B3kZsin(0; — 205) , (A6)

0 = vrvr{2k1K2sin(0r — 02)(B2 + B3)
+ [k2sin 0 + kZsin(0r — 2602)]51}
+sin 02&1}62 [(13(’0122 + ’U%) + (4/\3 - SAQ)(K% _ K%)] ;
(AT)

where these equations come from the vy, 0p, and 6,
derivatives, respectively. In these equations and the ensu-
ing discussion, vy, refers to the magnitude |vr| and sim-
ilarly for xp. Clearly, Egs. (A5) and (A6) are simply
the real and imaginary components of a single complex
equation. A solution of this complex equation requires
that the three complex plane vectors obtained from the
[ terms add together to give a real number. This obser-
vation is crucial to the phase arguments to appear below.
The relation contained in Eq. (A5) is that which we re-
fer to as the VEV seesaw relation in the limit where the
angles are zero. The above equations are similar to those
obtained in Ref. 8] in a different notation, but their an-
gle factors appear to enter differently (and in such a way
that the vy, and 8y derivative equations are not obviously
the real and imaginary components of a single complex
equation); further, we have included an important sub-
stitution in order to simplify the 65 derivative equation.
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Let us now consider the solution of the above equa-
tions. The key observation follows from Eq. (A7). Re-
call first that vg > K1, k2 > vy, is required for correct
phenomenology. Suppose all the couplings are compara-
ble; in particular let us first assume that the 3’s are not
anomalously small (contrary to our eventual conclusion
that they must be fine-tuned to be small in order that
the neutrino mass be small) and that neither of the k’s
is very small or zero. Then, assuming that the Higgs po-
tential parameters appearing in the coefficient of sin 83 in
Eq. (A7) are not fine-tuned so that this coefficient is tiny,
Eq. (A7) implies that sin 5 is at most of order v /vg, a
very small number. Thus, #; must be very near zero or
. Substituting this result into the complex vector equa-
tion, whose real and imaginary components are Eqgs. (A5)
and (A6), implies that the complex plane 3 vectors can
only add to give a real number if sin 0 is also of order
vr/vr. (We assume the absence of fine-tuning such that
the 3’s have closely correlated magnitudes and opposite
signs.) But, when substituted into Eq. (A7), this in turn
implies that sin @, ~ v%/v%, and so forth. Thus, it is
clear that the only solutions to these two equations are
those where 8, = 0 or 7 and 65 = 0 or w. Of course, if
vy = 0 identically this result follows trivially from these
equations. Next, suppose that kK, = 0. Then Eq. (A6)
implies immediately that sinfr = 0; the angle 65 is ir-
relevant in this case. Next, let us imagine that the 8’s
are all simply very small (as required for good lepton
masses, see text). Then Eq. (A7) gives an even smaller
result for sin @y, and Eqs. (A5) and (A6) continue to re-
quire that 6,0, = 0,7. Finally, suppose that the §’s
are exactly zero as the result of some higher symmetry.
Clearly, Eq. (A7) implies that sinf; = 0 (unless k2 = 0,
in which case the phase of k5 is irrelevant). The angle
0t cannot be determined, but from Eq. (A5) we see that
either 2p; — p3 = 0 or vy = 0 is required. The former
possibility is discarded on phenomenological grounds, as
discussed in the text, and would, in any case, be regarded
as extreme fine-tuning in the absence of a symmetry lead-
ing to the relation. Hence, for this case, we must have
vy = 0 and 07 becomes irrelevant.

Even an extremely specialized fine-tuning of the pa-
rameters of the Higgs potential, where there are very
strong cancellations in the coefficients of the angle fac-
tors appearing in Eqs. (A5)-(AT), fails to yield a phe-
nomenologically viable option. For example, taking az =
(82 —4A3)k2 /(vE +v2), it will be possible for phases to
develop for the VEV’s vy, and k5; however, since a3 deter-
mines the mass scale of the FCNC Higgs boson, we lose
the ability to decouple the FCNC Higgs-boson-mass scale
from the analogue of the standard model Higgs-boson-
mass scale. Therefore, such a fine-tuning constraint will
lead to large FCNC’s in contradiction with experimen-
tal observation (cf. Sec. V and Appendix sections 6 and
7). This example demonstrates the subtle interplay of
the various constraints on the L R model, and these are
precisely the type of constraints that we deal with in
a general framework in Sec. IV. To summarize, we find
that in all cases spontaneous C' P violation does not arise.
This conclusion is the same as that reached in Refs. [7]
and [8] on the basis of similar arguments.

With this background, we are now in a position to
compute the components of the various mass matrices.
We shall continue to take ay to be real, sc as to avoid
explicit CP violation; all the other couplings are real,
as already discussed in the text. Further, as a result
of the phase arguments above, when «y is real all the
VEV’s will be real as well. We will present the results
both before and after the first-derivative constraints have
been substituted; both expressions will be useful when
examining the different manifestations of the Higgs sector
displayed in Fig. 1.

2. The real components of the neutral mass matrices

We first compute the components of the real mass ma-
trix in the {#9", ¢5",6%,69"} basis. The mass matrices
are symmetric matrices which we require to have positive
eigenvalues. We recall the shorthand k3 = (k? & «3):

Mﬁe = A1(3.‘€% + K?%) + 2/{3%(2/\2 + /\3) -+ 6'{1&2)\4

—pu} + a1 (v} + vR)/2+ Bavrvr (A8)

MES = M = 2k1k2(A1 + 42 + 2X3) + 3dakd — 243

+as(v + vE) + (BrvLvr) /2, (A9)
MEe = ME® = vp(20B2k1 + Prk2)/2

+vg(ai1k1 + 2a0K2) , (A10)
M&e = Mﬁe = ’I)L(Q’l}cl + 20’2/{2)

+vr(28261 + Bi1K2)/2 , (A11)

ME? = A (k2 4 3k2) 4+ 262(202 + A3) + 6k1K20s — pF

+(a1 + ag)(v% + v%)/? + B3vpvg , (AIQ)
MES = MY = vi(Biky + 2B3K2)/2
+vg[2a281 + k2(ay + a3)], (A13)
MEE = MY = vp[200K1 + K20y + as)]
+vr(Brr1 + 2P3k2)/2 , (A14)

M = (1K +daskiko + a3k3) /2 — p3 + psvi /2

+3p1v}2? ) (A15)
M = MEF = (B267 + Bik1ka + Bak3)/2 + psvivr
(A16)
Mfff = (amﬁ_ +4agk1Kk9 + agmg)/.? — i+ 3p1vi
+p3v%/2 . (A17)

3. The imaginary components
of the neutral mass matrices

In a manner similar to the previous section, we com-
pute the components of the imaginary mass matrix in the
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{%, gi,é%, 6}'}} basis:

M{rln = /\lﬁﬁ_ - 2”%(2A2 — A3) + 261K2A4 — p%

+o1(vE +vR)/2 — Bavrvr (A18)
MD = MyP = —8k1k2ds — Aak] + 2p3 — an(vi + v3)
+B1vLvr/2 , (A19)
M5 = MI? = vp(2B2k1 + P1K2)/2 , (A20)
M = MiT = —vr(2B2k1 + B1K2)/2 , (A21)
M35 = Ak — 263(202 — A3) + 261 K0 — pi
+(e1 + a3) (v} + vi)/2 — Bavrvr (A22)
Mg = M35 = —vp(Biky + 2Bsk2)/2 (A23)
M3} = M5 = vr(Bik1 + 2B3K2)/2 (A24)

M35 = (a1k} + dagkika + ask3)/2 — p3 + pavi /2
+P1'U%{ ) (A25)

J

ui = [2vpvr(B2k] — Bak3) + (v + vR)(a1k” — azk3)]/(262) + (K2 A1 + 2k1K2)4)

Likewise, for the A Higgs fields, we have
ov

ov

M37 = MJS = (B2k] + Bikikz + B3k3)/2 (A26)
M = (a1k3 + dazk ks + a3k3) /2 — pi + prvl
+pavi/2 . (A27)

4. First-derivative conditions

We now compute first derivative constraints for the ¢
Higgs fields:

oV
W = K?/\1 + 3/‘6%}62/\4 + K,g/\4 + KlK,g()\l +4X; + 2)\3)
1
+k1[=p] + (@192)/2 + Pavivr + (a1vF) /2]
+r2[—2p5 + 020} + (B1vpvr)/2 + avg]
(A28)
6V 3 3 2 2
——6¢0r = K‘,2/\1 + KZlAz; —+ 3%1){2/\4 “+ Icllﬁg(/\l + 44Xy + 2)\3)
2

+r1[—203 + a20f + (Brvrvr)/2 + asvg]
+ra[—p? + (010})/2 + (@307)/2 + BsvLvr
+(@19%)/2 + (a3v})/2] - (A29)

Using the above relations, we can solve for u? and u3:

560 = (p3vivR)/2 + p1vRk + vL[(B2k3)/2 + (Bik1K2)/2 + (B3K3) /2]

550 = P1vi + (p3vrvi)/2 + vr[(B2r3)/2 + (Bik1k2) /2 + (B3k3) /2]

(A30)

pi = {vpvgr[B1k? — 2k1Kk2(B2 — B3)] + (vE + v%) (202K + aski1ke)}/(4k2) + K1k2(2X2 + A3) + (/\4ii2+)/2 . (A31)
+or[(@1k3)/2 + 2a2k1 Ky + (a1£3) /2 + (ask3)/2 — 4], (A32)
tvp[(163)/2 + 200K1 K9 + (a163) /2 + (a3kl) /2 — p2] . (A33)

With the above two equations, we can solve for p%, and
a parameter of our choice, which we pick to be 35:

p3 = [aakd +daski ks + askd + 2p1(v] +vR)1/2
(A34)

B2 = [—Bikik2 — Bars + (2p1 — ps)vLvr]l/x} . (A35)

5. Rotation to the flavor-diagonal basis

Referring back to Sec. II, we shall find it useful to ro-
tate the neutral fields into what we shall call the flavor
diagonal basis. That is, we go from the {¢1, ¢2,6r, 6L}
basis to the {¢_,d4+,6r, 6.} basis. Recall that it is the
¢_ which is flavor-diagonal, and therefore must domi-

nantly comprise the LR analogue of the light “standard-
model” Higgs boson.
To this end, we define rotation matrix

KI/K+ Kg/K?+ 0 O

_ —Ka/ky Kifky 0 O
rt= 0 0o 1 0] (A36)

0 0 0 1

which will accomplish our change of basis.

6. The rotated real matrix

We now examine the real components of the mass ma-
trix in the flavor-diagonal basis, {¢°", ¢%", 6%, 67"}, with
the first-derivative conditions substituted and the sim-
plifying condition: vg = 0. Note, the rotation necessary
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to change the basis is: MRe = RMRRT | where MRe is
in the mass matrix in the {¢97, #3", 6%, 697} basis, and
MEe is in the flavor-diagonal basis:
Mﬁe = 2\ k2 + 8k3K3(2X2 + A3) /K% + 8K1K2A4

(A37)

MEBE = ME® = 4r1506% (2X2 + As)/K2 + 20aK2
(A38)

IR 7R
M13e = Male = a1VRK4+ + fcng(4a2n1 -+ aalcz)/fC+ ,

(A39)
My =Myr=0, (A40)
MEE = (4X2 4 2X03)k% /K2 + azvdrl /(262) (A41)
ME = ME = vp(202k% + azkiks)/ky (A42)
Mgf = M?ze = vr(B1K1 + 283K2)k4+/(2K1) , (A43)
MEys = 2p10% (A44)
M =M =0, (A45)
Mis = —vj(201 — p3)/2 - (A46)

7. The rotated imaginary matrix

We now examine the imaginary components of
the mass matrix in the flavor-diagonal basis,
{8%, % ,6%,6%}, with the first-derivative condltxons
substituted and the simplifying condition: vy = 0. Note,
the rotation necessary to change the basis is M™ =
RTM™ R, where M™ is in the mass matrix in the
(0%, 6%, 6% 6%} basis, and M™™ s in the flavor-diagonal
basis. Also note that the rotation for the imaginary ma-
trix differs from that for the real case:

M11 = M12 = Mllgl = 14 =0, (A47)
MIP = —262 (205 — A3) + agvirl /(262),  (A48)
M=o, (A49)
M = MIP = vp(Bik1 + 2Bska)ky /(261) ,  (A50)
M33 = 34 =0, (A51)
Mip = —vh(201 - p3)/2 (A52)

b

8. The singly charged Higgs sector

We now present the singly charged mass ma-
trix with no minimization conditions imposed in the

{¢7,4%,6%, 6%} basis:
M = [ 20163 + 4K16204 — 2p3

+on (v} +vR) + aavil/2, (A53)

My = M3 = —2k1K2(2)2 + A3) — Aard + 243
—as(vi +v%), (A54)
My = (=2B2k1vL — Bikavr + askivr)/(2V2) , (AB5)

Mi':l = M41 (aanva + ﬁlnlvR + 2ﬂ3K2UR)/(2\/_)
(A56)
My, = )qh:i +2Kk1Kk90g — p2 + [y (vE + vi)]/?
+(azvi)/2, (A5T)
M3 = M, = (Bikivr + 2B3kavr + askavr)/(2V2)
(A58)
M} = = (ask1v — 2Bak19R — Prk2vr)/(2V2) ,
(A59)
Mgé = (auci)/? + (a3/c_2'_)/4 + 2a9K1K9 — pg
+(p3v} + 2019R)/2, (A60)
M3, = Mf = (B155 + 2B2k1K2 + 2B3k1K2) /4, (A61)
M} = (aln?,_)/2 + (aan?'_)/4 + 2a2K1 K2 — P2
+(2p1v2 + pavd)/2 . (A62)

9. The rotated singly charged Higgs sector

We now examine the imaginary components of the
mass matrix in the rotated basis, with the first-derivative
conditions substituted and the simplifying condition:
vy = 0. Note, the rotation necessary to change the ba-
sis is M+ = RM+RT, where M+ is in the mass matrix
in the {¢F,¢7,6%,67 ) basis, and M is in the rotated
basis, {(k1¢T + k203 )/k4, (k165 — ka6T) /x4, 68,61}

M}y = (aar} i) /(262) (A63)
M =M} =0, (A64)
M = M = (ask4vr)/(2V2) (A65)
My, = M}, = [vrks(B1k1 + 2B3k2)]/(2V261) ,  (A66)
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M} = M= My = M}, = M}, =0, (A67) Mt = MA* = (B3k? 4 Bikika + Pak + 4pavvr)/2
(A72)
33 = (0‘3'“2 )4, (A68)
MEY = [ a1k3 + ask? + dagki ks — 243

M = Mk = [k2 (815 + 283K 4K4) , A69 ;

34 1 = [KZ(Brk1 + 2B3k2)]/(4K1) (A69) +202 (1 + 2p2) + psvil/2 - (A73)
HZ& = [azk? — 20%(2p1 — p3)]/4 - (A70) Again, we substitute first-derivative conditions and set

10. The doubly charged Higgs sector

We now present the doubly charged mass matrix with
no minimization conditions imposed in the {6§4%,6} %}
basis:

Mt = alni + azk? + daski K2 — 23 + pavi

+2v3(p1 +2p2))/2 , (A1)

vy = 0:

M+ = (ask? +4p2v})/2 (AT4)

MY = M = [K2 (B33 + Bikika + Bak3))/(263)
(A75)
Mt = {asr? — [vh(201 — p3)]}/2 - (A76)
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