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Abstract

The neutral fermion sectors of Fg-inspired low energy models, in particular the Alternative Left-
Right and Inert models, are considered in detail within the non-supersymmetric scenario. We show
that in their simplest form, these models always predict, for each generation, the lightest neutrino
to be an SU(2)r, singlet, as well as two extra neutrinos with masses of the order of the up-quark
mass. In order to recover Standard Model phenomenology, additional assumptions in the form
of discrete symmetries and/or new interactions are needed. These are classified as the Discrete
Symmetry (DS), Higher Dimensional Operators (HDO), and Additional Neutral Fermion (ANF)
methods. The DS method can solve the problem, but requires additional Higgs doublets that do
not get vacuum expectation values. The HDO method predicts no sterile neutrino, and that the
active neutrinos mix with a heavy isodoublet neutrino, thus slightly suppressing the couplings of
active neutrinos, with interesting phenomenological implications. The ANF method also predicts
this suppression, and also naturally includes one or more “sterile” neutrinos. This scenario allows
the existence of sterile neutrino(s) in either a 3 + 1 or 2 + 2 structure at low energies, which are

favored by the LSND result.
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I. INTRODUCTION

The discovery of solar [I] and atmospheric [2] neutrino oscillations has provided the
first confirmed scenario of physics beyond the Standard Model. The combined results from
solar, atmospheric and long baseline neutrino experiments are well described by oscillations
of three active neutrinos v., v, and v;, with mass squared splittings estimated to be
54x107° < Am?2,; < 9.5x107° eV? and 1.2x 1073 < Am2,,, < 4.8x 1072 eV? [3]. However,
the Los Alamos Liquid Scintillation Detector (LSND) requires 10 > Am? > 0.2 eV? 4], a
serious disagreement with the other results. The MiniBooNE experiment at Fermilab [3] is
in the process of checking the validity of the LSND experiment. Taking at face value the
LSND results, a minimum of four neutrinos seems to be required to explain all available
neutrino data. LEP-SLC measurements of the Z decay width restrict the number of active
neutrinos to three; thus one or more of the neutrinos must be “sterile” [f]. Such scenarios
have been studied extensively [1, 8,9, [10, 11, [12, [13, 114, [15, [16]. Mixing of sterile and active
neutrinos affects directly the present neutrino experiments and limits have been set on such
mixings. A valid question remains: how natural is it, in a beyond the Standard Model
scenario, to obtain physically acceptable mixings between sterile and active neutrinos, while
maintaining the constraints from weak scale phenomenology.

Several extensions of the Standard Model predict the existence of exotic fermions. Of
these, superstring theories represent the most promising scenario for a unified theory of all
fundamental interactions. One set of superstring theories are anomaly-free ten dimensional
theories based on Fg x Fg heterotic strings coupled to N=1 gravity [L7], with matter be-
longing to the 27 representation of Eg. Previous interest in the Fg GUTs dates as far as
1970’s [18] when it was noted that Eg was the next anomaly-free choice group after SO(10),
and that each generation of fermions can be placed in the 27-plet representation.

The Eg spectrum contains several neutral exotic fermions, some which could be inter-
preted as sterile neutrinos. The precise details of mass generation and mixing with the active
neutrinos would depend on which subgroup of Fy is considered. There are many phenomeno-
logically acceptable low energy models which arise from Ejg. In this work we concentrate on
rank-5 subgroups, which can always break to SU(3)c x SU(2), x U(1)y x U(1), [19, 24].

We analyze neutrino masses and mixings, as well as active-sterile neutrino assignments

and mixing in group decompositions of Eg under the maximal subgroup SU(3)c x SU(3) 1 X



SU(3)g to the Standard Model. These intermediate subgroups can include extra SU(2)
groups, which give rise to the usual Left-Right symmetric model (LR) [21], the Alternative
Left-Right symmetric model (ALR) [22] and the Inert model [19, 23]. Though there are
small differences among these groups with regards to neutrino masses and mixing, we shall
be able to present a study applicable to all. We keep this discussion valid for the non-
supersymmetric case, leaving the details for the supersymmetric scenario to another work
[24].

Our paper is organized as follows. We discuss these models in Section 2. In sections
3 and 4 we analyze neutrino masses and mixings in the Alternative Left-Right and Inert
models, respectively. Both of these models suffer from predicting too large a Dirac mass
for the active neutrinos. We suggests mechanisms to rectify this problem in Section 5. We

discuss the implications of our results and conclude in Section 6.

II. THE MODELS

The fundamental representation of Fg, the 27-plet, branches into

27 = (3%,3,1)+ (3%,1,3) + (1%,3,3)

= q + q + 1 (2.1)

under the maximal subgroup, SU(3)c ® SU(3), ® SU(3)g. The particle content of the

27-plet for one family under this decomposition can be written as

U E¢ N v
g=|d | , q=@Wdh),, =[N E e | . (2.2)
et v°¢ S°
L L

Here we have used the notation that SU(3).(SU(3)y) operates vertically (horizontally)

and the minus signs in front of the fields are suppressed.! There are three ways to

! We write fields as left-chiral Dirac spinors and throughout the rest of the paper we use f¢ for a fermion

field f as a shorthand notation for (f€);, as we know that the chiral projection and conjugation do not

—€ 0
commute. Thus, f§ = (fgr)¢ = C~°f5 where C = Oe ) Here we adopt the chiral representation
€

and € = i0s.



embed an SU(2)y into the SU(3)y, just as I-spin, U-spin and V-spin can be embed-
ded in the SU(3) flavor group. The best-known breaking is when the first and the
second columns form a SU(2)y doublet; this corresponds to the LR symmetric model
(H = R). An alternative version is when the first and the third columns form an
SU(2)y doublet; this corresponds to the ALR symmetric model (H = R’). Finally,

the second and the third columns can form an SU(2)y doublet; this corresponds to the

E¢ N
Inert model (H = I). In LR, (u®d®), ((e°v°),), , and h§ (and the third
N¢ E
L
column of [) become SU(2)r doublets, a bi-doublet, and singlets, respectively. For

¢ v
the ALR case, (h®u®); ((e®5°),), , and d§ (and the particles in the second
N¢ e
L
column of [) are the corresponding ones under SU(2)r. Finally in the Inert model,

N
(he d®), (v°5°),), Y , and u§ (and the particles in the first column of /) are the

E e
L
corresponding multiplets under SU(2);.

To determine the U(1) quantum numbers, we need to look at the electromagnetic charge
operator. If we consider the case where only SU(3)., is broken down to SU(2), ® U(1)y,,
the electromagnetic charge Q.,, = I3 + Y/2 for all § becomes zero. Therefore, SU(3)y —
SU(2)g ®U(1)y, is needed such that SU(2)g and/or U(1)y,, can contribute to Q.. When
both SU(2)g and U(1)y,, contribute to Qe,, we end up with the LR ? and ALR symmetric
models. The “Inert” model, is obtained when the SU(2)y does not contribute to Qep,.
We will use the notation H = R, R',I;Yy = Ygr  for the LR, ALR and Inert groups,
respectively. The gauge groups are at this level SU(3)c ® SU(2), ® SU(2)p @ U(1), ®
U1)g, SUB)c @ SU2) @ SUQ2)r @ U(1)L ® U(1)g, and SU(3)c ® SU(2), ® SU(2); ®
U(l)y ® U(1) for LR, ALR and Inert cases, respectively [19, 25]. It is further possible to
break them into some effective rank-5 forms by reducing U(1), @ U(1)rry = U(1)v=r+r(r)
for the LR (ALR) case and SU(2); ® U(1)" — SU(2); for the Inert case. The quantum
numbers of the particles in ALR and Inert models are given in Table [l

The Higgs sector of the model is sometimes found by assuming, in the spirit of SUSY
models, that the allowed representations also come from a 27-plet. However, since we are

not considering SUSY models, we do not assume that all of the states in the 27-plet are

2 This is the rank-6 version of the familiar LR symmetric model.



TABLE I: The quantum numbers of fermions in 27 of Eg at SU(3)c ® SU(2)r ® SU(2)p ®
U(l)V:YL+YR/ and SU(3)c @ SU(2)r, @ SU(2); @ U(1)y levels.

state 1EYS I3 I3r V/2 Y/2 Qem
ur, 1/2 0 0 1/6 1/6 2/3
us 0 “1/2 0 “1/6 2/3 2/3
dr, -1/2 0 0 1/6 1/6 -1/3
ds 0 0 1/2 1/3 1/3 1/3
hi 0 0 0 “1/3 “1/3 1/3
he 0 1/2 1/2 -1/6 1/3 1/3
eL 1/2 1/2 1/2 0 1/2 1
et 0 1/2 0 1/2 1 1
By 1/2 0 1/2 1/2 1/2 1
B¢ 1/2 1/2 0 0 1/2 1
VL 1/2 1/2 1/2 0 1/2 0
vy 0 0 1/2 0 0 0
Ny 1/2 0 1/2 1/2 1/2 0
N¢ 1/2 1/2 0 0 1/2 0
S¢ 0 -1/2 1/2 1/2 0 0

present (so colored scalars will not be introduced, for example). For the ALR model, we
can have Hg, singlet under both SU(2) groups, H; doublet under SU(2)r and singlet under
SU(2)r, Hy doublet under SU(2), and singlet under SU(2)g, and a bi-doublet Hs. The
neutral components of Hg, Hi, Hy, and Hj3 are scalars with the same quantum numbers
as v¢,5¢, N, and (N¢,vr) and they are from (16,1),(1,1),(10,5), and ((10,5),(16,5))
representations under (SU(10), SU(5)), respectively. In the case of the Inert model, however,
the representations are slightly different [23]. There is no singlet scalar field (Hg) under
SU(2); but an additional neutral SU(2); doublet Hp is needed. This doublet corresponds

to the components v§ and S§ of the fermion doublet. We parametrize these Higgs doublets



vev’s as

o 0 vy
(Hy) = (0 Ny), (Hy)= , (H3) = , (Hs) = No, (2.3)
0 (%] 0
in the ALR model and
0 V1 V2
(Hp) = (N2 Nv), (Ha) = , (H3) = , (2.4)
V3 00

in the Inert model. The quantum numbers and vev’s of the color-singlet, neutral Higgs fields

in 27 of Eg are given in Table[[ll We assume that the SU(2), doublets acquire vev’s v; ~ 102

TABLE II: The quantum numbers of fermions in 27 of Fg at SU(3)c ® SU(2), ® SU(2)r ®
U(l)V:YL-i-YR/ and SU(3)c @ SU(2)r, @ SU(2); @ U(1)y levels.

vev Iy, Isp Iss V/2 Y/2
v 1/2 0 1/2 1/2 1/2
va 1/2 a2 -1)2 0 1/2
v3 1/2 1/2 0 0 1/2
Ny 0 1/2 1/2 1/2 0
N 0 0 1/2 0 0

GeV, the symmetry breaking scale of the electroweak gauge group, while the SU(2);, Higgs
singlets get vev’s N; much larger than the scale of the electroweak symmetry breaking (that
is, N; > v;). This hierarchy is needed from the fact that no experimental signal for the
exotic quarks and leptons has been observed. The mass terms for the fermions can be
obtained from the dimension-4 Yukawa interactions of the form Ly = \)(27)¢(27)H (27).
Here 1(27) is the 27-plet of Eg involving leptons and quarks, and H(27) is the one involving
Higgs scalars. The coefficient A represents the corresponding generation dependent Yukawa
coupling, where generation indices are suppressed. The explicit mass terms in the above
Lagrangian Ly can be written using the fact that each term has total hypercharge Y zero
and is invariant under the gauge group of the model under consideration (that is, terms
invariant under the SU(3)c ® SU(2), ® SU(2)r @ U(1)y gauge group for the ALR model
and under the SU(3)c ® SU(2)r ® SU(2); ® U(1)y gauge group for the Inert model).
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Therefore, all the allowed Yukawa terms can be written with the use of the Tables [l and [l
We consider the neutral sector of the 27-plet of Eg in the rest of the paper for the ALR and

Inert models. Similar results can be obtained for LR models.

III. NEUTRINOS IN THE ALR SYMMETRIC MODEL

We now look at the allowed Yukawa couplings in the ALR model. For convenience, we

use the following notation:

U _ N
Q = (3,2,1,1/6), X = (h° uC)L(3,1,2,—1/6), L = (1,2,1,0),
d FE
L L
¢ v
F = (1,2,2,0), L= (€° SC)L(l, 1,2,1/2). (3.1)
N¢ e

Then, all possible Yukawa terms which are SU(3)c ® SU(2)L ® SU(2)r ® U(1) invariant
can be written using of the Higgs fields in Eq. (23)). The Yukawa Lagrangian is

Ly = =\ [L°FHy+ L°H3L' + H\FL'| + % [FFHs + FH3vf] + A\QH3X¢
+MdS QHy + Nsh, X Hy + A\ghpdS Hy (3.2)

where we suppress all generation indices and use a shorthand notation for each term. So, for
example, L°F Hy should be read as (L¢)T ¢ F' e Hy with € = ioy. The part of the Lagrangian

relevant to our discussion here is (when the Higgs fields get vev’s)

Eg, = A\ [vi(epef — NiS7) — vaeS B, — vs NS + Ny (ELE] — N N7)]
—l—)\g [’UQVENE + Ugl/Ll/E + Ng(—eLEz + I/LNIC/)] + )\3’[13’&[/’&% 5 (33)
where we have suppressed family indices and include charged lepton terms and part of the A3

term for later convenience.®> Here it should be understood that the ere$ term, for example,

stands for ()T Ce;, = egrey.

3 Since this paper is concentrating on neutrinos, we will not discuss mixing between light and heavy fields in
the charged lepton or quark sectors. Such mixing can have a wide range of interesting phenomenological

effects, see Ref. [26] for a detailed discussion and a list of references.



From the above Yukawa interactions, the Majorana mass matrix for the neutral fields in

the (v, Np, N§,v5,55) basis becomes (for one generation)

0 0 ANy Avg 0O

0 0 —MN 0 =M\
Mosseat = | XeNo =MN7 0 dove —Noy | (3.4)

A2Us 0 Aovs 0 0

0 —)\11)3 —>\1U1 0 0

Further we define \jv; = meee, A1 N1 = mppe, and Agv3 = my,. since it is clear from Eq. (B3)
that meee, mgge, and m,,c are the Dirac mass terms for the electron ey, the exotic charged
lepton £, and the ordinary (active) neutrino vy. Note that the SM (active) neutrino gets
Dirac mass from the same source as the up quark. Thus, at the first stage, there appears
to be a large Dirac mass problem for the neutrinos unless there is an (unnatural) hierarchy
Ay < A3. Unlike the “conventional” see-saw model, we do not have a large Majorana mass
term for the right-handed neutrino, so other techniques must be used to deal with this large
mass. This problem is also severe in both the Inert and the ordinary LR symmetric models
where the active neutrinos and up quark (the electron for LR case) get their Dirac masses
from the same source. We will discuss the Inert model case in the next section. For the
ordinary LR symmetric model, see [21, 28] for further details.

The secular equation for the eigenvalues cannot be solved exactly, and so we expand in
powers of v;/N;. In this approximation (neglecting O(v;/N;) terms), there are two roots of
the secular equation which correspond to states with mass eigenvalue +m,,.. The other
three mass eigenvalues can also be determined, again under the assumption that Agve ~
Myye ~ Meee K ANy ~ Mppe

2m,j,,c (meecmEEc -+ >\%’U2N2)
Mipe + A3N3

Ros ~ 44/m2 . + A2N2, (3.5)

where we neglect the terms of the order v;/N;. The associated eigenvectors with Ry and

R;3 form a Dirac spinor with mass \/m%gz. + A3N3. R; is the lightest mass eigenvalue

Ry

12
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(< mye) which represents the lightest mass eigenstate. The corresponding eigenvectors

can be found in a straightforward manner under the same assumption that we have used to



get the eigenvalues and the transformation from the mass eigenstates to the flavor eigenstates

becomes
i) R e s e AN A
[NE) U e e e Y
IND =] 0 5 3 0 0 ws) | (3.6)
v5) Al 0  Dmgee _mppe |va)
57) -5 0 U e = [v5)

where R = /2(m% . + \3N2).

At this stage there appears another potential problem in that the lightest mass eigenstate
1

vV m2EEC+)‘% N3

the weak interaction gauge group SU(2).. This presumed physical neutrino state does not

is |1y) = Ao No|v§) — mpege|SS)]. Both v§ and S¢ transform as singlets under

couple with the left handed SM particles at the low energy scale where the neutrinos are
2

vve

relevant.? The mass is of the order of magnitude of m? ./mpgg., which is the expected order
of magnitude for neutrinos. We thus have two problems: the active neutrinos have a mass of
the same order of magnitude as the up quark mass, and the lightest neutrino is composed of
SU(2), singlets. After considering neutrinos in the Inert model, we will address the above

issues and discuss the possible solutions.

IV. NEUTRINOS IN THE INERT MODEL

The neutral fermion mass matrix has similarities with that of the ALR model. The
Yukawa interactions are invariant under the SU(2); group which transforms (N, Ep) <
(v er), dS < hS,and v < S¢. By following the same procedure as for the ALR symmetric
model, one can obtain the Yukawa Lagrangian for the Inert group and the relevant part of

it reads

ES? = )\/1 [UINESE -+ UQVENE + (R} (I/LVE + NLSE) + N1 (NLNE + ELEE)

+N2 (VLNIC/ + €LEE)] + )\/2 [vleLei + UgeiEL] + )\gvguLucL 3 (41)

4 Even though S¢ is a part of SU(2) g doublet and it is possible to consider its interaction with left handed
SM leptons through Higgs bi-doublet at the scales where ALR gauge group is not broken.



where the A\;-term is especially included to show that, as in the ALR case, the v, neutrinos
get Dirac masses from the same Higgs scalar as the up quark. Without fine tuning between
A1 and A%, the Inert model has the same Dirac mass problem for active neutrinos as ALR.
The mass matrix for one generation in the basis (vp, Np, N¢,v§, S¢)

0 0 llN 2 ,1’03 0
0 0 )\/1N 1 0 )\/11)3

Nvs 0 XNwe 0 0

0 /1’113 /1’111 0 0

Here we recall Njvy = mL ., \{ N1 = m/gpe, and Njvs = m/, .. The secular equation becomes

(R —mi,.) (R +m,,.) (R® — R (mZg + AF(NF +vf +03) + mi.)

1 2% | 2%

+2m),,c (ANFv2Na + NMoimlgge) ) =0, (4.3)

where there are two eigenvalues +m,,,. which are exact (unlike the ALR model). Diagonal-

ization of the mass matrix gives the following eigenvalues, under the assumption v; < N;

R o~ 2my,e (Noimigge + Mg No)
te mEpe + NENG

Y

/
23 = :l:\/mZEEC + AZN3,
R, . = +m/

vre

(4.4)

It is clear from the ALR symmetric model results that there will be two very heavy neutrinos,
one very light neutrino, and two neutrinos with masses of the scale of up quark mass. The
lightest neutrino is |v]) = \/W (N Na|v§) — migpe|S5)) and suffers from the same
problem that the ALR symmetric model neutrino does. We will discuss possible remedies

these problems for both models in the next section.

V. SOLUTIONS TO THE NEUTRINO MASS PROBLEM

As shown in the last two sections, both ALR and Inert models (as well as the conven-
tional LR symmetric model) have a Dirac neutrino mass problem at the first stage. This

seems to be a general feature of string-inspired low-energy Fg models. Both models under
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consideration predict that the lightest neutrino state, while having a reasonable mass, is
composed of SU(2), singlets. Furthermore, in their neutral fermion spectrum, there are
neutrino eigenstates having masses of the order of the up quark mass (or the electron mass
for the conventional LR model). There are three methods discussed in the literature to
rectify this latter neutrino mass problem. The smallness of the neutrino masses can be
achieved by introducing a discrete symmetry (the DS method) [29, 30, 31, 32, 33, 34|, or
by including a non-renormalizable higher-order dimensional operators (the HDO method)
[28, 135, 136, B7|, or using light Eg singlet fields ( the additional neutral fermion (ANF)
method ) [38, 139, 40]. We discuss the features of the models under consideration for each
of these three methods. As we will see, the predictions are quite different. The DS method
is the most attractive method among them as it doesn’t require any further particles or the
existence of some intermediate scale. However, it does not help in non-SUSY framework
(at least for the simplest discrete symmetry) without introducing many additional parti-
cles. The HDO method will offer a partial solution but does not predict any light sterile
neutrino(s) and requires new Higgs fields from 27 representation of Ej, and the existence
of some intermediate scale, which further breaks the gauge groups of the model. The ANF
method works well for predicting the lightest state with sterile neutrino(s) mixing and can
explain the LSND result. However, the method requires a discrete symmetry as well as new
neutral Eg fermion fields, and a pair of 27 + 27 split Higgs multiplets whose vev’s do not

require hierarchical separation.

A. The Discrete Symmetry Method

Following the above discussion, the Discrete Symmetry (DS) method is the most eco-
nomical. The symmetry transformation which is introduced should restrict the existence
of the Dirac mass term vsv 1§ at tree level in the Lagrangian (Egs. (B3) and (1)) while
allowing couplings so that one-loop radiative corrections can be used to generate naturally
small Dirac masses for neutrinos (although it may be necessary to put some upper limits for
products of some Yukawa couplings). The symmetry should also avoid rapid proton decay.

In the supersymmetric versions of both the ALR symmetric and the Inert model, there
exist leptoquark couplings mediated by h; and h{ particles and these couplings are needed

to induce nonzero one-loop neutrino mass. Since we do not consider the existence of the

11



Higgs fields carrying SU(3) color, there is no direct analogy in non-SUSY scenarios coming
from the supersymmetrized versions of the models. It should be noted that the rapid proton
decay is not an issue.

An example of such a symmetry, which was considered within the SUSY framework of
the general Eg model [29, 30] is Z; ® Z3. The Z; in that case was related to SUSY, and
in this non-SUSY framework a simple Z3 will suffice. It is not difficult to see that such
symmetries must be able to differentiate between generations as long as a non-zero one-loop
Dirac neutrino mass is generated while at the same time eliminating the tree level mass term
(see [33, 134] for details).

In both models considered here, tree level masses of both the neutrinos and the up quark
are obtained from the Higgs field with vev v3. As we shall show shortly, eliminating the v3-
term will cause difficulty. Let us consider the ALR model. The Inert model has very similar
features. For a one-loop Dirac neutrino mass, as depicted in Fig. [l for a specific choice, the
H? SU(2), Higgs singlet, Hy and Hs SU(2);, Higgs doublets must all participate. Restating
their particle content from Eq. (23))

HY Hf
Hy=(Hf HY), Hy=| |, Hya={ > ], (5.1)
Hy Hs
where (HY) = vy, (HY) = v3, and (H{) = N;. Here Hjs; represents the first column of the
Hj bi-doublet. Then the relevant terms in the Yukawa Lagrangian Eq. (B3)), including the
charged Higgs fields interactions are

ALarg = M [HYere — Hyvie§ — H Evy, + H)ELEY |
+Xo [Hivpv§ — Hivie, — Hy ESV7) . (5.2)

We also need the trilinear Higgs interactions to compute the diagram given in Fig. [l

The allowed interactions are
ALy = —AgHI e H3HY
= A\gHy Hf HY — A\gHYHJH?, (5.3)
where Ag is a dimensionful constant.

Without specifying the charges of the fields under the discrete symmetry, let us consider

the one-loop mass diagram. One can assign suitable charges to both Higgs and fermion fields

12
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FIG. 1: The one-loop Dirac masses for Véa)uz(j ) where a runs over only the second and the third

generations.

such that the H)vpv§ term, a tree level Dirac mass term for vy, is transformed to itself with
a nonzero phase factor and one is then required to set Ay zero for all 3 generations. If the SM
charged leptons and H, and H; fields are circulating in the loop, the H; v¢ey, interaction is
also proportional to Ay, thus this diagram vanishes. For the case when £, Ef are circulating
in the loop instead of the SM charged leptons, it is still necessary to have a nonzero Ay (clear
from Eq. (B2)) to get a one loop Dirac mass for vz. Therefore, eliminating H{v;v$ by the
Z3 symmetry also prevents one-loop mass generation. This fact remains true for higher order
loops. The same conclusion applies for the Inert model as well.

One could consider the possibility that vs could be zero. Then Ay doesn’t need to be zero
and one-loop Dirac neutrino mass generation is possible. In that case, however, all the up
quarks (u, ¢, t) become massless at tree level and generating the top quark mass from a loop
diagram is very unlikely, within the context of perturbation theory.

It still is possible to generate a one-loop Dirac neutrino mass if many additional fields
are introduced. For example, if one allows for “generations” of Higgs fields, then the A
parameters above are all third rank tensors. In such a case, one can arrange the potential
so that some of the Hs vev’s vanish. Then the discrete symmetry can couple vy v§ to fields
that do not get vev’s, thus allowing a one-loop Dirac mass to be generated. To do that, let’s

assign the following charges for the matter fields under Z;

Z3 : [deinh[n iaLa Vz](l) —n [deinh[n 27L7 VE](Z) )
U I )

HY & ptg®  gO 5 yg®  gO  g®

13



Sz(l) N n—lsz(l) : 52(2) N 7752(2) : 52(3) s 52(3) : (5.4)
where F} is the first column of the bidoublet F', and similarly the Higgs fields as

1 — 2 2 3 3
Zy: H§) =0 'HY, HY) — HY), HY) - nH)
N L L)
Hf(l) N n—lH?(l) 7 H?@) N ,OH?@) ’ Hg(?)) N H?(3) :
H) —nHY), HY —nHY (5.5)

where the rest of the fields are assumed to be invariant under Zz and 7® = 1. In this

®3)

particular choice we take the vev of Hs;,vs”’, as zero. Then, the Lagrangian for the ALR

symmetric model, given in Eq. (B2) reduces to

Ly = N [HO 1O + HOHG e + HO L@ i 4 1) 5
RS  HOHOE (B O
+F1(3)L(i)H(J] AL [H(l D0 4 gl )hc(z)Q ] )\2ng(2 QWY
NTHPRD D - NFRD a3 HY (5.6)

where o and [ run only over the second and third generations. Now, the only tree level Dirac

mass term for v, \3” H?Egl) L z/z(j ) vanishes if all the particles are neutral due to zero vev

vég). Note that writing the Lagrangian for the Inert model can be done easily by applying
the following substitutions to Eq. (B8); F; < L', uf < df, e < v° Hyy < Hy, Hy —
Hp, H¢ — 0. The grouping of the terms in Inert case will be slightly different. We will
stick the ALR case in the rest of the subsection.

Due to the radiative corrections based on the remaining interactions given in Eq. (&0,
l/g)l/L( 7 Dirac masses are induced through one-loop diagram shown in Fig. [l If we assume
that the product Ay V; is of the same order as the charged Higgs masses, which are further
assumed degenerate and much heavier than any fermion in the loop, the magnitudes of the

Dirac masses are roughly estimated as

o Mrre | 14
M2, = o SN (5.7)

In order for such radiative masses to be of the order of 10~! eV, the product of the relevant

Yukawa couplings A**A3% should be less than O(107%). Tt is further possible to generate
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very light Majorana masses for both S¢ and v¢ through one-loop.”> Majorana masses for S¢
are obtained by replacing the tau lepton in Fig. [[l with the F lepton, but are very supressed
(~ Aim?,_ /mpge) and similarly for v§. If we include these Majorana masses, this opens
up the possibility of having so-called pseudo-Dirac neutrinos when Mgege, M, c,c < M,,c is
satisfied [41].

Such models have far too many parameters to be predictive and are very contrived. We

thus turn to the HDO and ANF schemes, which are much more predictive.

B. The HDO Method in the ALR and the Inert Models

This method has been discussed in the framework of rank-6 version of the LR symmetric
model [28] where it has been shown that the higher dimensional operators (HDO), specifically
dimension-5 operators, give sizable contributions to the neutral sector of the fermion mass
matrix. The method requires the existence of an intermediate scale at which the group is
broken to the SM gauge group. Two of the Higgs fields (for our discussion, H; and Hg in
the ALR case, and Hp in the Inert case) will acquire vev’s of the order of the intermediate
scale (~ 10! GeV).

The leading HDO Yukawa interactions are the dimension-5 operators. If we neglect the
contributions coming from operators with dim > 5, the non-renormalizable dimension-5

operator is

L¢T(27) e H(2T)C H"(2T) e(27), (5.8)

r® _
Y M.,

where the Higgs fields H are from the 27 representation of Eg and their quantum numbers
are taken as the opposite of the ones listed in Table [ Here, M, is the compactification
scale, or 10'® GeV. The inclusion of the above dimension-5 interactions will modify all entries
in the fermion sector (both the charged and the neutral fields). However, from Table [l it
is possible to show that except the v§ — S7 submatrix in the neutral sector all entries get

contributions which are negligible compared to with their dimension-4 entries.”

® Neither Nz, nor N¢ can get such one-loop Majorana masses in this framework.
6 Tt is safe to neglect them since they are suppressed by some quadratic, cubic or higher powers of the

compactification scale, M.(~ 10'® GeV).

7 Negligible contributions are either 0, or f;\)j[vj , OT % form to the appropriate entries, but not NX/[—NJ
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The v§ — S¢ submatrix, a null 2 x 2 matrix at the dimension-4 level, becomes, in the

ALR model

Kl K12
MVC—SC - 9 (59>
K12 K2

where K9 = QfN]Q—]jz and K; = fj‘]\/[[—i. Obviously, K; ~ K5 ~ 10* GeV for an intermediate
scale 101 GeV and the coupling constant f is of order of unity. The nonzero 2 x 2 submatrix
with large entries gives a new “see-saw-like” structure to the 5 x 5 matrix. The submatrix
in the (v§,S¢) basis will induce small but non-zero entries in the upper-left 2 x 2 submatrix
spanned by (vg, Np). The mass eigenvalues for the matrix in Eq. (BZl) with the above

modification become

()\1)\21)3\/ K1N2 -+ m,,,,cMEEc\/ K2)2 + )\1)\2U3N2ml,ycmEEcK12
(mEge + NN3) (K7, — K1 Ky) 7

Ros ~ +4/m%p. + N3NZ,

1
R45 ~ 5 |:K1 +K2:t \/(Kl —K2)2—|—4K122 s (510)

Rlﬁ

where we use the assumptions v; < K; ~ Ky < mpgge ~ Ay No and neglect all the m? terms.
The first apparent modification from the mass eigenvalues is that the states with masses
Ry 5, which previously had masses of the order of the up quark mass, now get modified
at the scale K512 ~ 10* GeV. After the diagonalization, the transformation matrix (the

analogous to the dimension-4 case (Eq. (Bf)) in the dimension-5 level) is

VL) aymppe 0 0 L en )
|NL) —a; Ao Ny 0 0 ampze ampee |1s)
IN§) | = 0 0 0 5 lvs) |, (5.11)
Vi) 0 az K1z a3 Ko 0 0 |va)
57) 0 az(Ry — K1) as(Rs — K1) 0 0 |vs)
where a1 = ! = L = L The above matrix ele-

—L = ——L gy = —
VM petA2NG’ VEZL+(Ri—K1)?) K2, +(Rs—K1)?

ments are derived in the same limit as we used before to get the mass eigenvalues. Now, the
spectrum consists of one light state, vy, and four heavy states, v2345. Moreover, the light

state is formed by the flavor states vy, and Ny, of the form
1

\Y m%EC + A5N3

V=

(mppelvr) — AaNo|Np)| | (5.12)
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which is an acceptable physical state as both v, and N are members of two different
SU(2)r, doublets. Therefore our physical neutrino state can now couple with the electron
and the other SM particles in a desired way. The mass of the state is still as light as
m?2,./Ki212 (or (A\v3)?/K1212) ~ 0.02 eV when we take the m,,. around the mass of the
up quark.

One can repeat the same calculation for the Inert model. The features are very similar.
Except the v§ — S§ submatrix, all other entries get negligible contributions from Eq. (B8)
and in the submatrix, the corresponding SU(2); Higgs doublet Hp from the 27-plet of Eg
is involved and the submatrix will be the same as the one in Eq. (B:9). The eigenvalues are
slightly different from the ones given in Eq. (B10)

mfyc()\’ngKl + m%ECKQ + 2)\’1N2m/EEcK12)
(mBge + A N3 ) (K7 — K1 K>) 7

/ [ or 12 12 NT2
2.3 ~ j: mEEc +)\2 N2 5

1
R45 ~ — |:K1 —|—K2:|: \/(Kl —K2)2+4K122 y (513)

R} ~

’ 2
under the same assumptions as previously stated. Then the transformation matrix can be
formed by finding the corresponding mass eigenstates and it has the same form as the one
in the ALR model given in Eq. (B1T]). Note that the results differ from each other when we,
for example, keep terms in the O(v;/N;, v;/ K1 212) order. The lightest state v} is composed
of v; and Ny, of the form

1
a \/ngC + AEN3

/
51

[Mppelve) — XiNa|NL)] (5.14)

where the flavor states vy and Ny, mix, like in the ALR model. From these results we see
that the HDO method solves the problems in both models, under the assumption that there
exists an intermediate scale at the order of 10'* GeV and both N; and N, get vev’s at that
scale.

Since there is only one light state (per generation, of course), there is no sterile neutrino
in the model. The Nj only couples to the E, and which is very heavy, the net effect of
the mixing (in either the ALR or Inert model) will be to lower the coupling of the electron

neutrino to the electron and Wp-boson. For the ALR case (the Inert case is basically the

same), the coupling is reduced by a factor of —=2M___ Since the mixing must be small
’ VAINZ+A3NZ ’
2872
Ao Ny < A1 N7, and this factor then becomes 1 — %
1°'1
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This reduction would give a very clear signature for the model. The electron neutrino
would not oscillate into a sterile neutrino (ignoring inter-generational mixing), and yet its
coupling is reduced relative to the standard model. Similar reductions would occur for the
muon and tau neutrino interactions. The phenomenological implications of this reduction

will be discussed in the next Section.

C. The Additional Neutral Fermion Method

In some Fjg-based superstring-based models, such as those with Calabi-Yau compactifi-
cation, in addition to the 27 and 27 representations of Fy for the matter multiplets, there
typically exist split multiplets, parts of the 27 + 27 representations, as well as some Fjg
singlets 1 |44, 45, 46]. We have already considered the existence of such Higgs multiplets by
considering 27 components of the above 27 + 27 representation inducing dimension-5 terms
(of the form discussed in the previous subsection). In addition to the (27)% and the higher-
dimensional (27 - 27)2 types of interactions, we may have 27 - 27 - 1 type of interactions as
well. The Additional Neutral Fermion (ANF) method follows this approach. The existence
of Fg singlets (and thus the 27-27 -1 interactions) has been discussed in different context of
the superstring models |38, 139, 4(] to tackle the rapid proton decay problem, large neutrino
mass problem and others. In order to give light neutrino masses consistent with present
experimental observations, the additional Higgs fields are required to have vev’s chose in
a strong hierarchical way, which seems unnatural. Such an odd pattern, however, is not
necessary in the non-SUSY versions of the models discussed here. We discuss the method
in the ALR symmetric model and later point out the difference with the Inert model.

In the ALR model, we consider one additional Eg neutral fermion singlet® ¢, and one pair
of 27 + 27 Higgs multiplets H + H (the Betti-Hodge number b, ; = 1). We do not include
a corresponding 27 + 27 chiral fermion multiplet relevant for supersymmetrized versions of
the models considered in future studies.® Let us assume that both H and H have v°like

and S¢like components H,c ge, H . ge. Since we don’t want to alter the interactions in the

8 For simplicity, we assume one additional field ¢ even when we extend our discussion to the three generation

case later in this section.
9 In principle, one can add such new fields and the corresponding interactions. We would like to be as

conservative as possible as far as the number of new parameters are concerned.
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(27)3 sector discussed earlier, we assume that only H ,c sc get nonzero vev’s and further, that
there is a Z; discrete symmetry under which all fields except ¢, H, g and F,,g se have even
charges. Therefore, two additional gauge invariant interactions for one generation survive

of the form
ALY = AsS§Hsep + MviHyep. (5.15)

Then, the mass matrix in the neutral fermion sector in the (v, N, N§,v¢, S5, ¢) basis can
be obtained directly by adding a column and a row for ¢ field to the one given in Eq. (B4)

0 0 >\2N2 >\2U3 0 0

0 0 AN, 0 —XM\wvs O
>\2N2 —)\1N1 0 >\2U2 —>\1U1 0
Mneutral = s (516)
U3 0 AgUs 0 0 AV

0 —)\11)3 —)\11]1 0 0 )\s,u

0 0 0 MV Asu 0O

where we define (Hg:) = p and (H,.) = V.
The eigenvalues can be found by following the same methodology as before and under

the assumption v;, Meee, Mye <K Ny, No, i1, V' (we assume N; ~ p, V') giving

muucmeec()‘QN?)()‘S:u)()‘VV)
(NSNS +mipe) (Nau? +A2V2) 7

R34y ~ £/ A3p2 + A2V2,
Rse >~ +£4/NNZ +m3 . . (5.17)

Now, we have two light eigenvalues R; 5. The masses of these states can be approximated as

RLQ ~ +

(MypeMeec) /mEge and could possibly be in the experimentally favored region while obeying
the the experimental bounds on vy, — Ny mixing. It is straightforward to get the mass

eigenstates corresponding to the above eigenvalues. The transformation matrix equation
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from mass to flavor eigenstates is given by

|I/L> mppgc cos  mppgc sinf 0 0 1 XA2N2 1 XaN> |V1>
Rs Rs V2 Rs V2 Rs
|NL> —)\21225 cos 6 —)\211\;25 sin @ 0 0 %mﬁfc %mﬁfc |V2>
Ng) 0 o0 o L= |
- v V2 (5.18)

—Aspsing  Aspcosf 1 ANV 1 AV

|Vi> SRa : R3 V2 R3 /2 R3 0 0 |V4>
A,V sin 6 A Vcosf 1 Asp 1 Asp

|Si> R3 R3 2 Sg V2 }?3 0 0 |y5>

1 —1
) 0 0 w w0 0 V%)

where Rz and Rs are given in Eq. (IT). The parameter 6 is arbitrary in the model, but it
would be fixed both by the requirement that the coupling of Wy to neutrinos and leptons
must be in agreement with the experimental data and by the required mixing angle between
active and sterile neutrinos. The mass eigenstates |v3), |v4), |v5), and |vg) corresponding to
eigenvalues Rj 45 respectively are heavy and irrelevant to our discussion at low energies.

There are two light mass eigenstates of the form

1) — cosd (mEEC|uL> - A2NQ|NL>) T sin (A”Z|Sz> - Mw) ,

R5 R5 R R3
. Ao V. Ay A
lvp) = sinf (m]gf lv) — ;52‘]\@)) — cosf ( RZ/‘SE> — ;—;ﬂ%)) ) (5.19)

The above results apply to the Inert group, with an additional constraint coming from
SU(2); symmetry. Since vy and S§ form an SU(2); doublet, the couplings A, and g are
required to be equal.

Thus, we have two interesting features of the model. The slight suppression of the coupling
of the active neutrino discusssed in the last subsection is present. However, now we also
have a sterile neutrino with an arbitrary mixing angle with the active neutrino. This model
could then easily accommodate the LSND result (if confirmed by MiniBooNE).

With the addition of only one singlet, for simplicity, there are three active neutrinos.
In this case, A\g and A, have generation indices. Each active neutrino has a light mass,
and will mix with an arbitrary mixing angle with the sterile neutrino. Note that in the
single-generation case, the two light mass eigenstates are, to leading order, identical. Thus,
if the mixing angle is small for two of the three generations, we will have a 2 + 2 structure,
whereas if it is sizeable for all three generations, there will be a 3 + 1 structure. Of course,

one could introduce several singlet fields, giving more complicated structures.

20



VI. DISCUSSION OF THE RESULTS

If the LSND result is confirmed by MiniBooNE, the existence of sterile neutrino(s) at low
energies might be unavoidable. Thus is it important to analyze extensions of the Standard
Model which predict the existence of extra neutral fermions, and verify that they have the
desired experimental features. Though we have explicitly considered here the Eg subgroups,
SUB)e®@SU(2),®@SU((2)p@U(1)y (ALR) and SU(3)c®SU(2),®SU(2);@U(1)y (Inert),
and concentrated on the neutrino spectrum in non-SUSY framework, our work is valid for
the SU(3)c ® SU(2), ® SU(2)r @ U(1)y (LR) group as well.

These models predict several exotic neutral fermions. We have shown that both the ALR
and Inert models generally predict neutrino sectors inconsistent with current observations.
The lightest state turns out to contain only SU(2), singlets (v and S¢) which do not interact
with SM particles. Additionally, in contradiction with present experimental observations,
two more light neutrino states with masses around the up quark mass exist. The main
reason for such a spectrum is the existence of tree level Dirac mass term in the Lagrangian.
We have discussed three possible remedies to this problem.

The most attractive one is the Discrete Symmetry (DS) method which only requires
imposing an extra symmetry. The aim is to eliminate the tree level Dirac mass term by
assigning suitable charges to the fields under some discrete symmetries, and generate Dirac
neutrino masses through radiative corrections. The discrete symmetry needs to distinguish
generations. As discussed earlier, there is no way to induce a non-zero one-loop Dirac mass
while eliminating the tree level term. The only way out is to have a SU(2), Higgs doublet
(a part of the bidoublet) with vanishing vev. For this, we considered the simplest symmetry,
Zs. It leads to Dirac masses from one-loop diagrams which are estimated around 107! eV,
by imposing an upper bound to the product of the Yukawa couplings of the order of 1072,
It is also possible to generate very light Majorana masses for S and vf. Since these masses
are much smaller than the Dirac mass term for vy, a spectrum with pseudo-Dirac neutrinos
is obtained.

The Higher Dimensional Operators (HDO), the second method, requires additional Higgs
fields from 27-plet of Eg and the existence of some intermediate scale. We introduce interac-
tions which are suppressed by one power of the compactification scale, through dimension-5

operators. The method solves the mass problems but does not predict any sterile neutrino
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component(s) in the lightest neutrino state, which is an admixture of v, and Ny. The effect
of the mixing will be to lower the electron neutrino coupling to the electron and the Wi,
boson by a factor of 1 — %Ag, where A, = A\yNy /A N;. The reduction for the muon and
tau neutrino interactions will be given by the same expression, with A, being replaced by
A, and A; (which depend on different \; and ;). The phenomenological implications are
interesting. If the A; are different, then e — p — 7 universality will be violated in neutrino
interactions. By comparing the muon decay rate and the rate for leptonic tau decays, one
finds [42, 43] that the reductions of 1 — 1A? cannot differ by more than 0.005. Even if the
A, are all the same, however, one would still find a discrepancy in, for example, 7 — 7, vs.
T — uv,v,, which would depend on A, with a similar dependence on the electronic decay.
Comparing all of these bounds, we find that none of the reductions can exceed 0.005, leading
to a bound, for each generation, of AgNo/A; Ny < 0.1, which is not particularly fine-tuned.
A more detailed study comparing many hadronic decays with the leptonic decays of the 7
could lead to a somewhat more precise bound (or, better yet, an indication of a discrepancy).

The last method we have discussed is the Additional Neutral Fermion (ANF), which
requires the existence of both new particles and discrete symmetries. If one considers an Fg
singlet field, the additional interactions will be of the type 27 - 27 - 1, which further require
additional Higgs doublets from the 27 + 27 representation. In order not to alter already
existing couplings, the vev’s of the new fields need to be chosen suitably, together with an
additional Z5 symmetry. Under these circumstances we obtain two light states given in
Eq. (ET9). The neutrino states have an active neutrino part of exactly the form predicted
by the HDO method, but this time they mix with a sterile flavor state (formed by v¢ and
S$). The mixing is completely arbitrary. If we extend the picture to three generations, the
model contains two structures, 2 + 2 and 3 + 1, which have been discussed extensively in
the literature [47]. When the above mixing is sizable only for one generation, only the 2 + 2
structure arises naturally, since the states in Eq. (E19) are degenerate in the leading order.
Otherwise, 3 + 1 is possible. More realistically, when we include three generations of v§ and

¢, we obtain a 3 + 3 structure.

Recent analyses show that neither 2 + 2 nor 3 + 1 provide a good description of the
combined atmospheric, solar, reactor, and accelerator data even though it appears that
3 + 1 works better. However, there is no consensus about whether the scenarios with four

neutrinos are ruled out or not 17, 47]. From our considerations, the ANF method allows
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both 3 4+ 2 or 3 + 3 structures, which enhance the effects in favor of LSND data [15].
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