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Light sterile neutrino in the top-flavor model
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A scenario based on the top-flavor model is presented to explain the origin of a light sterile neutrino as
indicated by all combined neutrino oscillation experiments. The model is phenomenologically well motivated
and compatible with all available low-energy data. The derived neutrino mass matrix can qualitatively explain
the observed hierarchy in the neutrino mass splittings as indicated by the neutrino oscillation data. Quantitative
results are obtained for special cases.

PACS number~s!: 14.60.Pq, 12.60.Cn, 14.60.St
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I. INTRODUCTION

Recently, hints for new physics beyond the stand
model ~SM! have been advocated through the neutrino s
tor. The recent observation by the Super-Kamiokande C
laboration of the atmospheric zenith angle dependent de
@1# has strengthened this conclusion. Also the long te
puzzle of the solar neutrino deficit@2# has been a strong
demonstration of the existence of new physics. Recent
sults on neutrino oscillation have also been reported by
Liquid Scintillator Neutrino Detector~LSND! experiment
@3#. All of the observed anomalies in the neutrino data can
explained in terms of massive neutrino oscillations.

The theoretical picture for neutrino oscillation poses a r
challenge in understanding the form of the lepton mass
trix as derived from the neutrino oscillation data. A defin
picture is obscure due to the large number of free parame
in the neutrino and charged lepton mass matrices. The
nomenological solution is not unique and clearly the need
more data and theoretical breakthrough is essential.

Neutrino oscillation can explain both the solar and atm
spheric data in terms of three-generation neutrinos@4# ~ig-
noring the LSND results@3#.! In the simplest explanation
picture, the solar neutrino data can be understood in term
ne↔nm oscillation with a small mass splitting not influen
ing atmospheric data. On the other hand, atmospheric
can be explained in terms ofnm↔nt large mixing with a
large mass splitting compared to the solar case@4#. However,
if we combine the LSND result with the solar and atm
spheric data then we have to include at least an extra l
neutrino. The full oscillation data require the existence
three different scales of neutrino mass-squared differen
The different scales can be accommodated only if at lea
light fourth neutrino exists. Such a light neutrino has to
sterile, i.e., to decouple from the low-energy observables
indicated by the measurement of theZ gauge boson width
@5#. Either the atmospheric-neutrino or the solar-neutr
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mixing must involve the sterile neutrino. The solar lar
mixing angle solution is only valid for mixing with active
neutrinos@6#. The zenith-angle dependence, for the atm
spheric data, significantly favors thenm↔nt channel over
the nm↔ns channel when matter effects are taken into a
count @7#. Some recent phenomenological studies indic
that in a minimal scheme the dominant transition of so
neutrinos is due tone↔ns mixing, while the dominant tran-
sition of atmospheric neutrinos in long-baseline experime
is due tonm↔nt mixing @8#.

The inclusion of a sterile neutrino still poses another th
oretical challenge: namely, to understand both the origin
the sterile fermion and the very low mass it has. The sm
mass is probably the most difficult issue in introducing su
a particle. Any successful scenario has to explain the t
mass of the sterile neutrino in a natural way. A possi
scenario would be to generate the light mass through ra
tive corrections@9#. Another interesting scenario would be
postulate that the extra neutrino is active at a relatively hi
energy scale. At that scale the extra neutrino is massless
to an assumed gauge symmetry which forbids its mass g
eration. Once the high-energy symmetry is broken~probably
in the TeV region!, a Dirac mass can be generated while t
neutrino becomes sterile. Finally, by invoking the sees
mechanism we can understand the highly suppressed M
rana mass of the sterile neutrino.

In this work we consider the possibility of understandi
the origin of a light sterile neutrino through the second s
nario. A similar model has been discussed by Brahmac
@10#; however, his model suffers from theoretical anomali
Furthermore, an explicit formulation of the model is high
complicated. The model we discuss in this work does
suffer from such theoretical drawbacks. It is based on
gauge nonuniversal symmetrySU(3)c3SU(2)l3SU(2)h
3U(1)Y discussed extensively in Refs.@11,12#. We refer to
this model as the top-flavor model. The model is anom
free and phenomenologically well motivated as discussed
several recent phenomenological studies@12#. To account for
the existence of the sterile neutrino, we modify the stand
fermion content by the inclusion of a few extra fermion
©2000 The American Physical Society05-1
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The extra fermion spectrum does not appreciably affect
low-energy regime because of the heavy mass of the e
active fermions, to be discussed later. Only one neutral
mion emerges with a small mass while decoupling from
low-energy observables which we then call the sterile n
trino. The inclusion of exotic fermions which span gene
tions has been previously discussed in Ref.@13#.

The rest of this paper is organized as follows. In Sec.
we briefly review the model. In Sec. III, we enlarge the fe
mion spectrum by introducing extra fermions and discuss
mechanism for generating the mass of the sterile and ac
fermions. Finally, in Sec. IV we provide some quantitati
discussion and conclusions.

II. STRUCTURE OF THE MODEL

The top-flavor model@11,12# is based on the gauge sym
metry G5SU(3)c3SU(2)l3SU(2)h3U(1)Y . In this
model, the third generation of fermions~top quarkt, bottom
quarkb, tau leptont, and its neutrinont) is subjected to a
new gauge interaction at the high-energy scale, instead o
usual weak interaction advocated by the SM of the el
troweak interaction. On the contrary, the first and seco
generations only feel the weak interaction suppose
equivalent to the SM case. The new gauge dynamics is
tributed to theSU(2)h symmetry under which the left
handed fermions of the third generation transform in the f
damental representation~doublets!, while they remain
singlets under theSU(2)l symmetry. On the other hand, th
left-handed fermions of the first and second generation tra
form as doublets under theSU(2)l group and singlets unde
theSU(2)h group. TheU(1)Y group is the SM hypercharg
group. The right-handed fermions only transform under
U(1)Y group as assigned by the SM. Finally, the QCD
teractions and the color symmetrySU(3)c are the same a
that in the SM.

The spontaneous symmetry breaking of the groupG
5SU(3)c3SU(2)l3SU(2)h3U(1)Y is accomplished by
introducing the complex scalar fieldsS, F1, andF2, where
S;(1,2,2,0), F1;(1,2,1,1), andF2;(1,1,2,1). For theS
field we explicitly write

S5S p1
0 p1

1

p2
2 p2

0 D , ~1!

where all scalar fields are taken to be complex. The grouG
is then broken at three different stages. The first stage
symmetry breaking is accomplished once theS field ac-
quires a vacuum expectation value~VEV! u, i.e., ^S&
5( 0

u
u
0), whereu is taken to be real. The form of^S& guar-

antees the breakdown ofSU(2)l3SU(2)h→SU(2). There-
fore, the unbroken symmetry is essentially the SM gau
symmetrySU(3)c3SU(2)w3U(1)Y , whereSU(2)w is the
usual SM weak group. At this stage, three of the gau
bosons acquire a mass of the orderu, while the other gauge
bosons remain massless. The phenomenology of the m
imposes the constraintu*1 TeV @12#. The second and third
stage of symmetry breaking~the electroweak symmetr
breaking! is accomplished through the scalar fieldsF1 and
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F2 by acquiring their vacuum expectation values^F1&
5( v1

0 ) and ^F2&5( v2

0 ), respectively. The electrowea

symmetry-breaking scalev is defined as v[Av1
21v2

2

5246 GeV. Since the third generation of fermions
heavier than the first two generations, it is suggestive to c
clude thatv2@v1. The surviving symmetry at low energy i
SU(3)c3U(1)em gauge symmetry. Because of this patte
of symmetry breaking, the gauge couplingsgl , gh , andgY
of SU(2)l , SU(2)h , and U(1)Y , respectively, are related
to the U(1)em gauge couplinge by the relation 1/e251/gl

2

11/gh
211/gY

2 @12#. We define

gl5
e

sinu cosf
, gh5

e

sinu sinf
, gY5

e

cosu
, ~2!

where u is the usual weak mixing angle andf is a new
parameter of the model.

For gh.gl ~equivalently tanf,1), we requiregh
2<4p

@which implies sin2 f>g2/(4p);0.04# so that the perturba
tion theory is valid. Similarly, for gh,gl , we require
sin2 f<0.96. For simplicity, we focus on the region whe
x[u2/v2@1, and ignore the corrections which are su
pressed by higher powers of 1/x. The light gauge boson
masses are found to beMW6

2
5MZ

2 cos2 u5M0
2@11O(1/x)#,

whereM0[ev/2 sinu. For the heavy gauge bosonsW86 and
Z8, one finds@12#

MW86
2

5MZ8
2

5M0
2S x

sin2 f cos2 f
1O~1!D . ~3!

Up to this order, the heavy gauge bosons are degenera
mass because they do not mix with the hypercharge ga
boson field. The SM fermions acquire their masses thro
their Yukawa interaction via theF1 andF2 scalar fields. For
instance, the leptonic Yukawa sector is given by

L Y
l 5CL

1F1@g11
e eR1g12

e mR1g13
e tR#

1CL
2F1@g21

e eR1g22
e mR1g23

e tR#

1CL
3F2@g31

e eR1g32
e mR1g33

e tR#1H.c., ~4!

where

CL
15S neL

eL
D , CL

25S nmL

mL
D , and CL

35S ntL

tL
D . ~5!

The phenomenology of the model has been studied ex
sively in Refs.@11,12#.1 Comparisons with the CERN Larg
Electron Positron~LEP! and other low-energy data hav
been investigated and constraints on the heavy gauge b
mass are reported asMW8*1 TeV. The parameterx
[u2/v2 is constrained by LEP data to be larger than 2
Other low-energy data such as thet lifetime imposes a

1Although some differences in the scalar sector exist among th
references.
5-2



.
n

ffe

n

u
n
le
e
he
at
on

m

to

a

e
io

re

we
d

r

n
-
h

av
a
m

b
o

o
-
m

er-

t

al

h

in
hat

r

r
-

the
is-
cy
ny

s
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higher constraint onx for specific scenarios of lepton mixing
Flavor changing neutral current effects in the lepton a
quark sectors have been explored and contributions to di
ent processes have been calculated@12#. Therefore, in this
work we only concentrate on the leptonic mass matrix a
refer the reader to Refs.@11,12# for a detailed study of the
phenomenology of the model.

III. EXTRA FERMIONS

To explain the existence of the light sterile neutrino in o
scenario we enlarge the particle spectrum by the inclusio
extra fermions. We consider the minimal number of partic
needed to account for the existence of the light sterile n
trino without introducing anomalies in the structure of t
model. Furthermore, consistency with low-energy d
should be maintained and therefore all extra active fermi
should decouple from the low-energy regime.

At the high-energy scale the gauge symmetry is assu
to be G5SU(3)c3SU(2)l3SU(2)h3U(1)Y . At a lower
scale,^S&; a few TeV, the gauge symmetry is broken in
the SM symmetry groupH15SU(3)c3SU(2)w3U(1)Y .
At the electroweak scale the final stage of symmetry bre
ing occurs and the surviving symmetry group isH2
5SU(3)c3U(1)em. The fermion spectrum includes th
standard three fermion generations with the transformat
underG, as explained in Sec. II.

We enlarge the fermion spectrum by the inclusion of th
sets of extra fermions as follows:

~a! To explain the extremely light neutrino masses
invoke the seesaw mechanism. Therefore, four right-han
neutrinos are introduced,neR, nmR , ntR , and nsR. The
four right-handed neutrinos are singlets underG and are as-
sumed to be Majorana fermions with masses of the orde
the grand unified theory~GUT! scale,MX;1015 GeV.

~b! We introduce a bi-doublet fermion fieldSL with the
transformation SL;(1,2,2,0). Explicitly, SL5nsL1SL

ata

transforms, underG, as

SL→g1SLg2
† , ~6!

where g1PSU(2)l and g2PSU(2)h . Once the symmetry
group G is broken down into the symmetry groupH1, the
field SL decomposes into two parts, with transformation u
der H1 as (1,1,0)1(1,3,0). The neutral field with the trans
formation (1,1,0) corresponds to the sterile neutrino. T
triplet field remains active and thus must acquire a he
Dirac mass in order to be consistent with the low-energy d
@5#. To prevent the uncontrolled Majorana mass we assu
that SL carries a conserved quantum numberzL at the high-
energy scale. The new quantum number is due to a glo
U(1) symmetry which causes no harmful anomaly to sp
the foundation of the model@14#.

~c! We introduce another triplet fermion fieldSR5SR
ata

with the transformation, underG, as (1,1,3,0) just for the
purpose of giving a Dirac mass to the active triplet field
SL . Similar to SL , the fieldSR is assumed to carry a quan
tum numberzR to prevent its unwanted Majorana mass ter
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Hence, a Dirac mass for the extra active fermions is gen
ated through the Yukawa interaction term

La5
ga

2
Tr@SLSSR#, ~7!

wherega;1 is a Yukawa coupling. Once the scalar fieldS
acquires its VEVu*1 TeV, a Dirac mass for the triple
fermions is generated,ma5gau*1 TeV. In order for the
Yukawa term in Eq.~7! to conserve the assumed glob
U(1) symmetry, we requireS to carry a quantum numberz0
such thatzL5zR1z0.

The sterile neutrinonsL acquires its Dirac mass throug
the Yukawa term

Ls5
gs

2
Tr@SL̄t2S* t2#nsR, ~8!

wheregs;1 is a Yukawa coupling. The Yukawa terms
Eqs.~7!,~8! conserve the new quantum number provided t
we demandzL52z05zR/2. It is important to notice that we
use the general form ofS as given in Eq.~1!. A simpler
choice would be

S5p01 ipata5S p01 ip3 iA2p1

iA2p2 p02 ip3D , ~9!

wherep0 and pa are taken to be real fields. However, fo
this particular choice,t2S* t25S and therefore, the Yukawa
terms in Eqs.~7!,~8! are not simultaneously invariant unde
the assumed globalU(1) symmetry. It is important to em
phasize that the extra active fermionsSL andSR do not mix
with the standard fermions due to the assumed globalU(1)
symmetry. To conclude, the extra fields we introduce are
minimal number of fields required to account for the ex
tence of a light sterile neutrino without spoiling the accura
of the low-energy data, and also without introducing a
theoretical anomalies into the model.

The full neutrino Yukawa interaction terms are given a

L Y
n 5CL

1F̃1@g11
n neR1g12

n nmR1g13
n ntR1g14

n nsR#

1CL
2F̃1@g21

n neR1g22
n nmR1g23

n ntR1g24
n nsR#

1CL
3F̃2@g31

n neR1g32
n nmR1g33

n ntR1g34
n nsR#

1
1

2
Tr@SLt2S* t2#@g41

n neR1g42
n nmR1g43

n ntR1g44
n nsR#

1H.c., ~10!

whereF̃1,2[ i t2F1,2* . The Dirac mass matrix, derived from
Eq. ~10!, is written as

MD5S g11
n v1 g12

n v1 g13
n v1 g14

n v1

g21
n v1 g22

n v1 g23
n v1 g24

n v1

g31
n v2 g32

n v2 g33
n v2 g34

n v2

g41
n u g42

n u g43
n u g44

n u

D . ~11!
5-3
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The right-handed neutrino Majorana mass matrixMR is as-
sumed to have a common mass scale of the order of the G
scale,MX;1015 GeV. Therefore, the full neutrino mass m
trix forms an 838 matrix which can be written as

M n5S 0 MD

MD
T MR

D . ~12!

By invoking the seesaw mechanism the left-handed neut
Majorana mass matrix is then given as

ML5MDMR
21MD

T . ~13!

Due to the seesaw mechanism all elements ofML are highly
suppressed by the GUT scaleMX of the right-handed Majo-
rana mass matrixMR . Thus, we introduce a light steril
neutrino with a natural mechanism for generating its t
mass as required by the neutrino oscillation data. In the n
section we give a further discussion of the derived neutr
mass matrix.

IV. DISCUSSION AND CONCLUSIONS

The mass matrix in Eq.~11! is written in its most genera
form. A quantitative analysis is attainable only if the stru
ture of the mass matrix is fully determined, which requir
further theoretical assumptions to be incorporated in
structure of the model. Nevertheless, the structure of
mass matrix already suggests an interesting behavior. T
are three hierarchical energy scales in the mass matrixMD ,
namely, u@v2@v1, which could be connected to the ob
served three hierarchical mass scales in the neutrino d
namely,DmLSND

2 @Dmatm.
2 @Dmsolar

2 . It is suggestive to con-
clude that

DmLSND
2 ;S u2

MX
D 2

'1 eV2,

Dmatm.
2 ;S v2

2

MX
D 2

'1023 eV2, ~14!

Dmsolar
2 ;S v1

2

MX
D 2

'1025 eV2,

as indicated by the neutrino oscillation data@1–4#. In fact,
from the LEP data, we already know thatu*vA20
'1.2 TeV @12#. The observed mass scales can be obtai
if we simply chooseu'1.2 TeV andv2'230 GeV, from
which we conclude that v1'75 GeV, MX'(1210)
31015 GeV, and
03300
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DmLSND
2

Dmsolar
2

;
u4

v2
4
'105,

DmLSND
2

Dmatm.
2

;
u4

v1
4
'103, ~15!

Dmatm.
2

Dmsolar
2

;
v2

4

v1
4
'102.

In the simplest scheme where oscillation data can be
plained in terms of two flavor mixing, it has been argued th
the dominant transition of solar neutrino is due tone↔ns
mixing @8#. Such a picture can hardly be satisfied by o
model with the above choice of parameters and without
need for fine-tuning. In the case ofne↔ns mixing one can
show that the effective 232 mass matrix is given as

ML5
1

MX
S g1v1

2 g2v1u

g2v1u g3u2 D , ~16!

where the couplingsg1,2,3;1. Therefore, one can show tha
the solar mass splitting is given asDmsolar

2 'u4/MX
2 , which is

many orders of magnitude larger than the experimenta
@2,4#. If we takeMX to be of order 1018 GeV, which is close
to the Planck scale, we get a result consistent with the
perimental fit as shown in Table I, where we consider
numerical valuesu51200 GeV, MX51018 GeV, andv1
575 GeV. In Table I, the numerical values of the Yukaw
couplings as well as their solar neutrino solution are giv
However, such a solution is not favored by the combin
data as we cannot explain the apparent hierarchy among
solar, atmospheric, and LSND data.

In conclusion we have provided a scenario based on
top-flavor model to explain the existence of a light ster
neutrino. The scenario is anomaly free and phenomenol
cally compatible with all existing low-energy data. The sc
nario can also qualitatively explain the hierarchy in the o
served mass scales of the neutrino oscillation da
Quantitative results are obtained for special cases.
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TABLE I. Some numerical values for the mass matrix eleme
and the predicted mass splitting and mixing for the case ofne↔ns

transition. We take u51200 GeV, MX51018 GeV, and v1

575 GeV.

g1 g2 g3 sin2 2u Dm2

0.8 0.8 1.3 731023 331026

1.8 1.0 1.5 731023 431026

1.1 1.0 1.6 531023 531026
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