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Abstract. We study the mixing among different generations of massive neutrino fields
ina SU(2)r x SU(2)r x U(1)y gauge theory which includes Majorana and Dirac mass
terms in the Yukawa sector. Parity can be spontaneously broken at a scale vg =~
10% —10* GeV. We discuss about possible candidates for the Yukawa coupling matrices
and we found that the model can accommodate a consistent pattern for neutral fermion
masses as well as neutrino oscillations. The left and right sectors can be connected by
a new neutral current.

PACS: 12.60.-i, 14.60.St, 14.60.Pq

1 Introduction

The increasing experimental evidence on neutrino oscillations and non-zero
masses [1] brings new light in some deep physical questions. The present value
for the neutrino masses is consistent with a see-saw mass generation description
involving a large mass scale. This suggests that grand unified theories have an
important role in the neutrino mass spectrum. If this is the case, we still have
many other points to clarify since the standard model has a relatively large
number of input parameters and properties. In a recent work [2] B], an extended
model was proposed in other to clarify two of these points; the origin of parity
breaking and the small value of the charged lepton mass spectrum relative to
GUTs scales.

One possible way to understand the left-right asymmetry in weak interac-
tions is to enlarge the standard model into a left-right symmetric structure and
then, by some spontaneously broken mechanism, to recover the low energy asym-
metric world. Many models were developed, based on grand unified groups [4],
superstring inspired models [5], a connection between parity and the strong CP
problem [6], left-right extended standard models [7]. All these approaches im-
ply the existence of some new intermediate physical mass scale, well bellow the
unification or the Planck mass scale. Left-right models starting from the gauge
group SU(2), @ SU(2)r @ U(1) p—r, were developed by many authors [8] and are
well known to be consistent with the standard SU(2), @ U(1)y. However, for the
fermion mass spectrum there is no unique choice of the Higgs sector that can
reproduce the observed values for both charged and neutral fermions, neither
the fundamental fermionic representation is uniquely defined.
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In [2], a left-right model with mirror fermions and a particular choice for the
Higgs sector was proposed, leading to a new see-saw mass relation for both neu-
tral and charged leptons. In the present paper we extend the model to three fam-
ilies and study the consequences for neutrino masses and oscillations. In Sect. 2
we briefly review the model for completeness. In Sects. 3 and 4 we present the
charged and neutral lepton mass spectrum respectively, obtained from possible
candidates for the Yukawa coupling matrices. In Sect. 5 we discuss, from the
neutrino mixing matrix, the consequences for neutrino oscillations; in Sect. 6 we
present the main phenomenological consequences and, finally, our conclusions
are given in the last section.

2 The model

In this section we will briefly revise the most important features of the model.
Details can be found in [2] and [3].

We will analyze the neutral fermion masses within the framework of a theory
based on the gauge structure SU(2)1, x SU(2)r x U(1)y with coupling constants

gr.gr and g.
An explicit realization of the model is provided by specifying its Higgs particle

and fermion content. The first family assignment of standard and exotic fermions
to the SU(2);, x SU(2)r x U(1)y representations is as follows:

I = ( : )L (1/2,0,—1), Lp= ( g )R (0,1/2,-1),

VR (07070)7 NL (07070)5 (1)
€R (ana _2)7 EL (0707 _2)

The electric charge operator is defined in terms of the generators T7,, T and Y
of SU(2)r, SU(2)gr and U(1) respectively.

Q= (T3 +T3r+Y) (2)

A general choice of the Higgs sector includes a Higgs field @ in the mixed repre-
sentation (1/2,1/2,0) and two Higgs doublets

+ +
= Xt = Xk 3
XL ( X% > ) XR ( X% ) ’ ( )

with transformation properties

(1/2,0,)xps (0,1/2, 1)y (4)

The breakdown of SU(2)p x SU(2)g x U(1)y down to Ugp (1) is realized
through a non-trivial pattern of vacuum expectations values for the Higgs fields,
namely,

0 0 k0
<><L>—<UL>, <XR>—<,UR>7 <<15>—<O /4)' (5)
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Higgs doublets are responsible for the gauge boson and fermion masses. To
the Higgs sector we add two new Higgs singlets, one coupled to Dirac mass terms
— Sp — and the other coupled to Majorana mass terms — Sy;.

Earlier left-right symmetric models [8] were built on a different basis. The
fermionic content of the standard model is enlarged with new right handed dou-
blets such as (IV, E)r. No new charged leptons are present as in our model. In
the Higgs sector a fundamental role is given to the left-right mixed Higgs field .
In our model this field is not spontaneously broken as we will switch < @ >=0
(i.e. k =k =0). As a consequence we have no charged vector boson (Wp; Wg)
mixing.

At present there are several indications in favor of non-zero neutrino mass
and mixing between families coming from solar and atmospheric neutrino data
[9]. Neutrinos are predicted to be Majorana particles in many extensions of the
standard model containing neutrinos with non-zero masses. Here we will do so
and allow Majorana mass terms within the Yukawa sector of the lagrangian. For
the first family we have

Ly = fllexeer + LexrErL +1Xovr + LrXrNL] + (6)
+ f'[ILXeNi + Lexrve] + f" [leoLr] +
+ 9Su [N°LNL +Vrvg| + ¢'SpVrNL + g"SperEL.

The generalization to n = 3 families is straightforward. Notice that the inclu-
sion of Majorana terms spoils the invariance with respect to any global gauge
transformation so that there is no conserved leptonic charge (see for example
[10]).

Fermions masses arise after spontaneous symmetry breaking of the gauge
structure SU(2)r, x SU(2)g x U(1)y down to SU(2) x U(1). For the charged
and neutral sectors the mass lagrangians are, respectively

L = f [vLerer +vrEREL| + g"sperEL + f'keLEr + H.C., (7)
and,
Lyn = flvePevr +veNgNL] + f' [veNrvi + oLV NE]| + f" kUL NKS8)
+ gsm WLNL""FRVR] —|—glstRNL+H.C..

One of the main points of the mirror left-right model is the presence of the
term ¢”’sperFEy in the charged lepton mass matrix. This term will imply a see-
saw mass relation for the charged sector. We have then a natural mechanism to
explain small charged lepton masses in a large unified mass scale.

In this model CP violation is not considered and therefore the couplings f,

' 9,9, g’ and I/ are 3 x 3 real matrices.
In matrix form, taking k = k' = 0, the charged sector reads

Lare = UM, (9)
0 0 0 for fL
5 B = 7 0 0 for 0 Fr
- (fLaFRaFLafR) 0 f/UR 0 g//SD Fy
fur 0 g"sp 0 Ir
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On the other hand, for the neutral sector it is convienient to introduce the
self-conjugated fields defined, for each family, as

Xv = vitvp (10)
wy = Ng+ Ng

xy = Np+Np

w, = Vp+UVE

In terms of the new fields, equations (8) may be rewritten as

R (11)
0 0 flor  for/2 Xy
v BT D 0 0 fur/2  [lor N
= (waN,XNawu) flur, fq)R/2 9SSy QISD/2 XN
for/2 flor d'sp/2  gsm W

The mass matrices show the following block structure with different mass scales

_ 0 Mg
M= ( MZR Ms ) (12)

where M r and Mg are 2n X 2n matrices verifying det(Mpr) < det(Mg).

In view of the see saw structure (det(Mrr) < det(Mg)), mass matrices can
be driven to a block diagonal form by expanding in power series of My rMg !
[I1]. This results in a 2n x 2n light fermion mass matrix and 2n x 2n heavy one
given by

MUShY) ~ £t N Mg, M heavy) — pro (13)

respectively.

3 Charged fermion masses

In order to obtain the fermion masses we need explicit textures for the coupling
matrices in Eqs. (@) and ([I)). Mixing between families in the charged sector is
phenomenologically disfavored and thus the coupling matrices f and g” can be
chosen diagonal. Taking f = diag(1,1,1) and ¢’ = diag(A1, A2, A\3) we obtain
for each family a light charged fermion, with mass eigenvalue m; = vpvr/\isp,
and a heavy one with eigenvalue M; = \;sp.

Flavor left handed and right handed fields i are connected to the physical
fields n by means of an orthogonal transformation, that is

4n
b= Vienk (14)
k=1

where 7 is the column matrix formed by the mass fields and n the number of
families into consideration.
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Explicitly, the mixing matrix V' in the one family case is

(15)

OO ==
= =0 O
= -0 O

From this matrix we can recover the Dirac structure of charged leptons by suit-
able rotations. The generalization to the three family case is easily done.

The three parameters ); in ¢g” allow us to recover the standard charged
fermion spectrum in a simple way.

For the light fermions we have

ULVR
AiSD

Fixing the vacuum parameter vy, equal to the Fermi scale vpermi, we obtain the
following constraints

vr/Aisp ~107°, vr/Aasp =~ 1073, vr/A3sp =~ 1072, (17)

Consequently, for vg ~ 10% — 10* GeV we have the following spectrum for the
heavy sector

M1 = )\18D = 109 — 1010 G’@Vv7 M2 = )\QSD = 106 — 107 GeV7
M3 = )\38D = 105 - 106G6V (18)

Taking the vacuum expectation value of the Higgs scalar sp at the mass scale
101 GeV, then the coupling parameters \; are fixed to

A =1, Ao = 1073, Az = 107" (19)

4 Neutral fermion masses

The mass lagrangian corresponding to the neutral sector contains Dirac and
Majorana mass terms built up from the inclusion of right handed neutrino fields
and their mirror partners. In this framework, the description on the phenomeno-
logical neutrino mass matrix will differ from the most familiar schemes on three
neutrino mixing found in the literature [12]. In equation (III), the Dirac mass
terms arise from the off-diagonal submatrices of the blocks M r and Mg, while
the Majorana terms arise from the diagonal ones. As we mention before, the
difference between My r and Mg mass scales ensures the see-saw mechanism for
the neutral sector. We still have to choose suitable candidates for the textures
of the coupling matrices. There are many possibilities that can be compatible
with the present experimental status on neutrino masses and oscillations.

For the Dirac mass terms we chose diagonal couplings. The simplest choice
is to take f and ¢’ equal to the unity.

An important point in the left-right symmetric model comes from the Majo-
rana mass terms. Since Majorana fields are completely neutral and therefore, are
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all physically equivalent, it is a natural requirement that all Yukawa couplings
are to be taken equal. This corresponds to taking democratic texture for the
coupling f’, that is

11
f=p 11|, (20)
11

— =

where p may be set equal to 1 for simplicity. The analytic expression for M (#9ht)
is now

1 2 2 2 1,12 1 ;1,2 1 , 1,2
51 +3w 3w 3w s+ 5w 1+iw 1ily
2 1 2 2 1 ,1,2 1 ,1,2 1 , 1,2
2 1 2 1 ,1,2 1 ,1,2 1,1, 2
M(light)_ VR 3w 3w Z+3w §+§w §+§w §+§w
Tosar | L4 iw? Lale? D4le’ 341w 3 3
M 2 T2 2 T2 2 T2 1
1,1,,2 1,12 1,1, 2 1 2
3 Faw” pHswt 5 H5w 3 3+ Lw 3
e 5 apig
(21)

where w is defined as w = vy, /vg.
In terms of the block matrices given in (), M 9"") reads

v2 /
tiony _ L PR+ 2 B 4 oR) (22)
su \ Ll (of +ok) 2O+ R0

In the last expression, the diagonal block matrices are decomposed into demo-
cratic matrices, with caracteristic mass scales v% /sy and v% /sy, respectively,
and additional diagonal matrices coming from the Dirac mass terms of the La-
grangian. It is important to notice that, the underlying democratic symmetry
constrains strongly the structure of the mixing matrix U and is, indeed, respon-
sible for large mixing angle at both solar and atmospheric mass scales because it
constraints the matrix elements |Uegs|?, |Uy6|* and |Uyg|? to the values 0,1/2 and
1/2 respectively. This result had been used, previously, in models dealing with a
3 family neutrino mass matrix [I3]. The extended SU(2); x SU(2)g symmetry
of the present model incorporates naturally two mass scales that will prove to
be appropiate to accomodate both atmospheric and solar neutrino oscillations.

The interaction fields ¢ = (x,,wy)! are related to the physical ones n =
(v, N)! by means of the orthogonal transformation £ = Un,

Xvi o v; .
(3 )-u(2) ioras o

The 2n x 2n orthogonal matrix U is determined, in the limit where det(Mr) <<
det(Mg), by requiring

UtM(light)U = diag(ml, ma,... ,mg) (24)
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where my, are the eigenvalues of M (9" and correspond to the spectrum of the
light sector. Explicitly, we found

2iow?) 0 0 \Jh+owd) -2 0

£+ 0(w?) 0 0 m oW = 5

U— % +O(w?) 0 0 1%1 +O0(w?) % *\%
L +0w?) —/2 0 210w? 0 0
T FOW?) & o5 24+ 0(w?) 0 0
o) L& -k JBrow?) o o0

(25)

The neutrino fields are labeled v or N according to their characteristic mass
scales v2 /sy or v%/ s, respectively. The spectrum of light Majorana neutrino
masses is

1 vL 1 vL 1225 vL
~ 26
myl 45]»1 V2 48]\47 mu3 148 51\/[ ( )
1 v? 1 v? 37 v?
(I Pl P

It is interesting to notice that the model leads naturally to a hierarchical
mass spectrum, with different square mass scales. As we will see in the next
section, this feature is essential to account for the mass pattern coming from
neutrino oscillation data. From Eq. (26) we can also redefine the six Majorana
fields in terms of two Dirac and two Majorana neutrino fields.

The main theoretical constraints on neutrino masses come from cosmologi-
cal considerations related to typical bounds on the universe mass density and
its lifetime. Specifically, the cosmological bound follows from avoiding the over-
abundance of relic neutrinos. For neutrinos below ~ 1 MeV the limit on masses
for Majorana type neutrinos is [14]

> my, <10002,h% eV ~ 30 eV (27)

where {2, is the neutrino contribution to the cosmological density parameter, {2,
defined as the ratio of the total matter density to the critical energy density of
the universe and the factor h? measures the uncertainty in the determination of
the present value Hubble parameter h. The factor 2h? is known to be smaller
than 1.

In Eq. (Z7) the matter component represented by the factor 2,h? was chosen
smaller than 0.3, according to reference [I5] , in order to obtain an age of the
Universe t > 12 Gyears.

From (26)), the sum of neutrino masses satisfy

stm (28)
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so that the cosmological criterium (27) is verified if

2
YR <100,h2 eV. (29)
SM
This constrains the breaking scale sy to be spr > 10'5 GeV when vp is fixed at
v ~ 103 GeV.

5 Oscillations of neutrinos

The oscillations in neutrino beams are one of the most fundamental consequences
of neutrino mixing. Experimental results concerning a two-generation transition
are quoted in terms of Am? = m3 — m?, and the mixing angle. We will see in
this section that the model presented previously yields satisfactory results for
the democratic texture of the Majorana terms coupling matrices when we fix
vh /sy~ 107%eV.

Taking into account the orthogonality of the mixing matrix, the probability
of transition v, — v3 between two generations a and [ is

2n
Py, —vg) = |Z UaiUgi exp(—iAm?Z, L/2E)|? (30)

2n

= |0ap+ Y _ UaiUp; [exp(—iAm} L/2E) — 1] |2

where L ~ t is the distance between neutrino source and neutrino detector and
F is the neutrino energy.
Notice that as a general feature of the transition probability, neutrino oscil-
lations can be observed whenever the condition Am;1L/E ~ 1 is satisfied.
Specifically, considering the model in question supplemented by the demo-
cratic texture input, we obtain for the v, — v, transition

Pe —v,) = |UeaUpua [exp(—iAm3,L/2E) — 1] +
+ UesUys [exp(—iAm3, L/2E) — 1] |2, (31)
where the explicit values of the matrix elements U.; are given in Eq. (25).

In first approximation we neglect |UesUpa| = 1/111 in front of |UesUps| =
1/3, yielding to the simpler expression

P(e = v,) =~ |UesUps [exp(—iAm3, L/2E) — 1] |? (32)

1 L
~ §4|Ue5|2\UM5|2 (1 - COSAm§12E)

and therefore the amplitude of the probability mixing, P(v. — v,) and the
relevant scale of mass are
4

4|Ue5|2|U,u5|2 = §, Am2 = Am2 — (33)
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An analogous calculation yields the same result for the v, — v, transition.
The reader should notice that the expression for the transition probability is
similar to that obtained for the 2-neutrino mixing case, however the present
model predicts two domintant v, transitions.

Recent solar neutrino oscillations results (SNO) strongly favor the large mix-
ing angle Mikheyev-Smirnov-Wolfenstein (MSW) solar solution at the scale

Am2,, ~10"%eV? (34)

sol —

Replacing this value in Eq. ([B3) and choosing vg ~ 103 GeV, we found
that in the left-right-mirror model the singlet breaking scale should be fixed
sy~ 107 GeV in order to recover the mass domain of the solar neutrino
experimental results.

According to Eq. (30)), the survival probability P(v, — v.) is given by

Pe. = ve) = |UaUe + UesUes exp(—iAm?, L/2E)? (35)

L
|Uel|4 + |Ue5|4 + 2|Uel|2|U65|2 Cos Amglﬁ

which can be rewritten, using the orthogonality property of the mixing matrix
and neglecting |Ugy|? ~ 0, as

L
Plve = v.)=1— 2|U€1|2\Ue5|2 (1 — cos Am%lZE) (36)

This result can be directly compared with the average survival probability,
P3 (v, — v,), obtained in the framework of three neutrino mixing supplemented
with the mass hierarchy condition

Am3, ~ Am? ;s Am3, ~ Am?2,, ; Am3, << Am3, (37)

sol» atm?
Due to the hierarchy, and considering that in the three neutrino mixing scenar-
ios the experimental data constrains the mixing angle 615 to be small (see for
example reports of the CHOOZ collaboration [16]), the survival probability P3¥
is completely determined by two parameters as in the 2 neutrino mixing case,
and is given by the following expression

1 L
P¥ (e —»ve) =1— 3 sin? 20, (1 — cos Am?OlZE) . (38)

The amplitude of the oscillating term in Eq. (36) predicted by the present

model, when compared to Eq. (B8) gives
© 200 2 2 _ 32 2
sin® 20 = 4|Uq1 |*|Ues|” = 37 or tan®  ~ 0.46, (39)

where we used the orthogonality of the mixing matrix U to reduce the parameter
dependence of the amplitude to a single angle, 6.

The above result lies inside the allowed experimental mixing angle region of
the solar solution, namely [16] [17],

tan? 0, = 0.35 497 . (40)
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It is important to notice that U, = 0 guarantees large mixing at the solar
mass scale and plays the same role as V.3 does in the framework of a 3 neutrino
mixing described by a 3 x 3 mixing matrix V. The null value of U.g comes from
the underlying democratic symmetry of the diagonal blocks in Eq. (22).

We now turn our attention to the v, — v, transition. In this case, Eq. (B0)
leads to

Py, —v:) = |UsUss [exp(—idAm3 L/2F) — 1] +
+ U,6Ure [exp(—iAmG, L/2E) — 1] | (41)

Now the oscillations are also characterized by a new scale of masses, namely
AmgZ, that didn’t appear in the transitions v, — v, ;. Using the estimate value
for sps, we found

37\* v
Am2, ~ (4) ;}TR ~ 1073 eV2 (42)
M

Defining de oscillations lenghts as

2F 2F
L¢y =2n———, , Lg; = 2m——5— 4
61 7TAm%l’ et 7TAm§17 (43)

notice that for the relevant values L/ E for neutrino oscillation in the atmospheric
range (i.e. Am2,L/E ~ 1), we have L/Ls; << L/Lg1, and we can neglect the
contribution of Am2, to the transition probability (4d]). Thus Eq. may be
approximated by

P, —v.) = |UuUre [exp(—iAmg L/2E) — 1] |? (44)

L
2|U,6]%|Ur6|* cos Am%lﬁ

which implies large mixing at the scale Am?.

The recent data on atmospheric neutrino by Super-Kamiokande [17] show
that the origin of the zenith angle dependence of the neutrino flux is due to
oscillations between v, and v.. The data is consistent with maximal v, and
v, mixing at a square mass difference scale Am?2,, ~ 1073 eV2. Indeed, the
preferable experimental values of mass and mixing parameters are

sin® 20,4, = 1.0,  Am?2,,, =3.5x 1072 eV? (45)
Those values are in agreement with the parameters, given in Eq. (@), pre-
dicted by the mirror model for the ¥ — 7 transition, that is,
37\? vl
sin?26’ =1, Amis ~ | = UTR (46)
4 S

where the mixing angle 6’ is defined, using the orthogonality property of U,
through the relation sin? 20" = 4|U,6|?|U,¢|?.

Summarizing, the extended right symmetry of the mirror model, broken at
the vg scale, provides the means to accomodate neutrino oscillations at the

http://link.springer.de/link/service/journals/10052/index.htm



Eur Phys J C 32, s01, $9TH4I05] (2003) Springer-Verlag 101

solar and atmospheric mass scales. Futhermore, when supplemented by an ex-
plicit democratic symmetry in the Majorana mass terms, the model leads to
a hierarchical neutrino spectrum and a mixing matrix structure that assures
the decoupling of atmospheric from solar neutrino oscillations, because it fixes
|Ues| = 0. The democratic coupling implies also large mixing angles for both
solar and atmospheric problems.

As a last comment, we observe from the mixing matrix that the model pre-
dicts a similar pattern of oscillation for the mirror fields wy; but in the range of
v} /S%, mass scales. The model also predicts transitions between stantard and
exotic neutrinos. These, however, are rather suppressed by the small amplitude
o 7 x 1073, as can be deduced from Eq. (25).

6 Phenomenology

In order to analyze some phenomenological consequences of the model we’ll work
out the interaction Lagrangian. We will see that the standard model results are
safely recovered at the Fermi scale and that the connection between the left and
right sectors appears at the breaking scale of the new gauge group SU(2) g where
non-negligible effects, involving a new neutral current, are predicted.

As done elsewhere [I§], grouping all fermions of a given electric charge and a
given helicity (h = L, R) in a vector column ¢y, = (Y0, ¥r)}, of n ordinary (O)
and m exotic (F) gauge eingenstates, the interaction Lagrangian for the neutral
current is simply written as

- 3 3 Y Wé
L™= Zd’h’yﬂ (QLTL,QRTR»!JQ) Y| Wr |, (47)
h B

or, in terms of the physical neutral vector bosons (Z, Z', A)

Z

— Y
LU= "R <9LT§’79RT§%,92> wR| 72 |. (48)
h A

R is a 3 x 3 matrix representation of the orthogonal transformation which con-
nects the weak (Wgu, WgM,Bu) and mass eigenstates basis (Z,, Z),, A,). In its
standard form,

€, Ca Co,Sa SOy
R=| —$aC3—CaS0wS3 C3Ca — SaSowS3  S3CH (49)
SaSp — CaSow Cp —S58Ca — SaSow C3  CBCHy

where 0y, @ and 3 are the mixing angles between the Z — A, Z —Z' and Z/ — A
bosons.
By direct calculation from the neutral bosons mass matrix one can obtain an
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analytic expression for R in powers of w = vy /vg

g (gh+g®)'/? O(w* grg> 2 9RrRg
P S & A A 7’11} —_—
R AL/2 + ( 1>2 (g§+g2)3/2 , AL/2
R = _ 9 9gr _ _grg®a/ w2 gr _ 9rRYg w2 grLg
AP T (PR P G (Gt Ay
_ g°gr + P> W —— g _ __9R9° .2 grgL
Al/2(g3+g2)1/2 (g 2+9 )5/2 (9%+9°)? (9%+92)%/2 Al/2
(50)

with A = g7 g% + 979° + 97,9

In the limit w = 0, which corresponds to no mixing between Z — Z’ (or
a = 0), one recovers the standard model case.

The following identities arise by comparying Eqgs. (29) and (B0),

2 2 e
2 9rY n2
sin” Oy = ) 8=—"—— (51)
9RIL + 989> + 919° 9% + g

Expressed in terms of the rotation angles, the neutral currents in (47) coupled

to the massive vector bosons Z and Z' are respectively,

Ju = ﬁiléwm [(1 —w?sin? B)T3, — w?sin® BT3p (52)
.4
— Qs Oy (1 - w0y - }
sin” Oy
) 2
J,l,l, = grtanfOy tan B {<1 erQW) T3 (53)
sin® Oy

—  Q(1 4 w?sin? 3 cos? ﬁ)] )

The corrections to the standard model neutrino NC coming from the ex-
tended group symmetry are

v N v,N 1U,N 71
L = =Jprzr=Jnrzn (54)
— _2(35#%&/ [(1 — w?sin® B)vry v — w? sin? HNR'}/“NR] Z,
1
——grtanfy tan B (1 +w 2W 12 %24 Z,,
2 sin? Oy
(55)
or, in terms of the Majorana fields defined in (I0),
v, N gL )
L = “Seosty [( — w?sin? mem Xvi + (56)
(1
—  w?sin ﬁZU’Nﬁu —;%) wyg | Z"
1
— —gptanfy tang | (1 +w?>——"— sin 6605 B Xm’m )Xm +
2 sin® Oy
+ Z WNiY M + 75) z"

SIH
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In order to express the neutral currents in terms of mass eigenstates one has
to use the transformation relation (23)) into the interaction lagrangian (B4). This
yields

_ v,N v,N
L = —J] Z“—J/# A (57)
- __9r (1—w sin® ZZUlUlkHV (- >77 +
2 cos Oy = ’ 7
6 2n
. o+
— wgstﬁZZ(UijUik)nij%nk s
i=4 jk
1 sin ﬁcos I} (1—s)
— Zgptan Oy t 1+ w? (UijUir)
g IL P oW anf ( A sin? Oy );]Zk SO

ZZ (1+75) /
1, 1 ZH
sin 5 UjUk CACr e

=4 j.k

As a consequence of the neutral gauge bosons mixing, mirror neutrinos couple
to the Z boson and may contribute to Z decay I'y. Correspondence with the ex-
perimental results may be achieved by constraining the angle «, or equivalently,
the factor w?, which parametrize the Z — Z’ mixing. This is indeed the case
for vg > 30vr, [2]. It should be noticed that the non-standard Ey, — Z coupling
contains a term that is not suppressed by a w? factor, namely,

L0r = —gptanfy tan fELY,EL. (58)

However, this contribution is excluded at energies lying in the electroweak scale
due to the large charged fermion masses in the heavy sector (see Sect. 3). There-
fore, the standard model results are recovered in the limit w? << 1.

The neutral current coupled to the massive vector boson Z’ contains non-
suppressed couplings which involves either standard or exotic neutrinos and are
important to test the model at the SU(2)g breaking scale.

These contributions are

3 2n
1 (1—15)
Lz = —gthanﬁwtanﬂ 2;2}; Ui;Usr) 77]’}’#77% +  (59)

i=1 j

6 2n
1+
+ ZZ Uszzk m’mﬁnk ZI#

sin? Pyl

The new Z’ gauge boson can be produced at the Large Hadron Collider
with masses in the 1-4 TeV region [2]. The implications of a new Z’ to the high
precision electroweak data was studied by Erler and Langacker [19].
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7 Conclusion

The recent experimental reports on neutrino oscillations, suggesting non-zero
masses for neutrinos, are certainly the strongest indication for physics beyond the
standard model. Enlarging the fermion spectrum by introducing mirror matter
is a simple way to implement non-zero neutrino masses in extended theories.
In the present paper we saw that a consistent spectrum of neutrino masses and
oscillation pattern can arise in a such a scenario, which is motivated by an
underlying left-right symmetric structure in the gauge group. We show that the
well known SU(2);, x SU(2)g x U(1)y theory, spontaneously broken into the
standard SU(2) x U(1) at the mass scale vg ~ 10% GeV, and supplemented by
two Higgs singlets with vacuum parameters at the scales sp ~ 10 GeV and
sy~ 1017 GeV reproduce the observed charged and neutral fermion masses.
Explicit use of democratic textures for the coupling matrix of the Majorana mass
term leads to suitable mixing parameters for the solar and atmospheric neutrino
oscillation problems.

The new physics predicted by the model is consistent with the theoretical ar-
guments and experimental results available on neutrino physics. The connection
between the known leptons and their mirror states can be experimentally tested
by a new neutral gauge boson present at the TeV mass scale. New Majorana
neutrinos, such as those considered here, may be experimentally tested at the
large hadron collider at CERN [20].

The satisfactory results presented in this work motivates further extensions
of the model including both CP violation effects in neutrino oscillations and the
LSND experimental results, if confirmed. This points will imply modifications
in the Yukawa couplings and the choice of the Higgs sector.
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