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Bottom-up model for maximal nµ-nt mixing
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We construct a model which provides maximal mixing between a pseudo-Diracnm /nt pair, based on a local
U(1)Lm-Lt

symmetry. Its strengths, weaknesses and phenomenological consequences are examined. The mass
gap necessitated by the pseudo-Dirac structure is most naturally associated with the LSND anomaly. The solar
neutrino problem then requires a light mirror or sterile neutrino. By paying a fine-tuning price to nullify the
mass gap, one can also invokene→nm,t for the solar problem. The model predicts a new intermediate range
force mediated by the light gauge boson ofU(1)Lm-Lt

. Through the mixing ofm, t ande, this force couples
to electrons and thus may be searched for in precision ‘‘gravity’’ experiments.
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I. INTRODUCTION

Mounting evidence from the SuperKamiokande@1,2# ex-
periment suggests that muon neutrinos are mixed with n
trinos of another flavor, with a mixing angle of close top/4,
that is, maximal mixing. In this paper, we adopt the point
view that the anglep/4 is a special, unique value that oug
to be explained. In other words, we will attempt to und
stand the origin of this maximally large mixing, as oppos
to the view that it is just one possible point in parame
space which should be assigned no particular significa
The contrast between this large leptonic mixing angle a
the small Cabibbo-Kobayashi-Maskawa mixing angles in
quark sector is stark, and justifies our point of view.

It is interesting that two-fold maximal mixing can b
fairly easily explained if each active neutrino mixes with
sterile partner. There are two known ways to do this: e
brace the exact parity or mirror matter model@3#, or suppose
a pseudo-Dirac structure@4#. The former seems especial
compelling, because the exact parity model is not much m
complicated than the standard model~SM! itself. The
pseudo-Dirac structure, while having a degree of eleganc
and of itself, suffers when one requires it to emerge from
complete extension of the SM. Both possibilities, thoug
provide a strong theoretical motivation for light sterile ne
trino flavors. Also, the combined solar@5#, atmospheric and
LSND @6# data provide interesting indirect experimental su
port for the existence of at least one light sterile neutrino

One of the most important problems in experimental
mospheric neutrino physics at present is to discriminate
tween thenm→ns andnm→nt possibilities. The cleanest a
mospheric neutrino data~the fully and partially contained
events! can be explained equally well by both oscillatio
modes. The modes can in principle be distinguished by p
cesses sensitive to the matter-effect~ME! and/or the neutra
current ~NC!. SuperKamiokande has four data sets of t
type: neutrino inducedp0 production~NC!, upward through-
going muons~ME!, higher energy partially contained even
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~ME!, and multiring events~NC!. Thep0 event sample is no
very useful at present because the production cross-secti
poorly known. A forthcoming measurement of this quant
by the K2K long baseline experiment is eagerly awaite
SuperKamiokande have recently argued that the last th
data sets disfavour thenm→ns scenario@2#, though this has
been disputed in Ref.@7#. We await with interest a complet
account of the SuperKamiokande analysis, so that indep
dent researchers can judge the robustness of their conclu
In any case, the future MINOS and CERN to Gran Sa
long baseline terrestrial experiments will be able to che
whatever conclusions are drawn on the basis of atmosph
neutrino data.

This paper will be devoted to building a theoretic
bottom-up style model for maximalnm-nt mixing. We do so
partly to provide a foil for the mirror and pseudo-Dirac a
proaches to understanding two-fold maximal mixing. C
one understand active-active maximal mixing in as comp
ling a way as one can active-mirror or active-sterile mixin
In addition, most other proposals for understanding la
angle nm-nt mixing @8# have invoked grand unification
and/or string motivated physics@such as anomalous U~1!
symmetries#. By contrast, we will use a bottom-up approac
whereby we try to keep the new physics at as low an ene
scale as possible. Also, we will not attempt to connect
nm-nt mixing angle problem with the rest of the flavor~mass
and mixing angle hierarchy! problem. We ask the question
what new physics principles are implied by the discrete
pothesis of maximalnm-nt mixing? Then, given these gen
eral principles, how may they be instantiated within a co
plete extension of the SM?

II. SYMMETRY PRINCIPLES FOR MAXIMAL
nµ-nt MIXING

Our experience with the SM strongly suggests that int
nal symmetry principles play a very fundamental role in n
ture. In this section, we will deduce some very simple sy
metry principles suggested by maximalnm-nt mixing.
Strictly speaking, the atmospheric neutrino results do not
orously establish exact maximal mixing. It is a logical po
sibility that the mixing is very large but not maximal. It i
reasonable to expect that exact maximal mixing would
©2000 The American Physical Society06-1
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NICOLE F. BELL AND RAYMOND R. VOLKAS PHYSICAL REVIEW D 63 013006
correlated with a symmetry principle, because maxima
arises from a special point in parameter space. For aest
reasons, and because of the historical precedent regardin
importance of symmetries, our fundamental supposition h
is that maximal mixing is our target.

We first make a short and apparently digressive comm
It is interesting to note that the observation of neutri
oscillations,1 and hence the necessary introduction of n
trino masses into the SM, implies degrees of freedom bey
those in theminimalSM. This is true irrespective of whethe
the neutrino masses are of Dirac or Majorana type. In
sense, therefore, the discovery of neutrino mass is akin to
previous discoveries of new particles such as the top qu
In another sense, though, it is dissimilar: the new degree
freedom implied by neutrino mass within the gauge theor
rules of the SM are not uniquely specified, and notdirectly
observed~as yet!. It is certainly true, however, that renorma
izable models of nonzero neutrino mass necessitate eithe
expansion of the fermion sector~right-handed neutrino
states, for instance! or an expansion of the scalar sect
~Higgs triplets, for instance!, or both. We will begin with the
second possibility, by including only the minimal lef
handed neutrino degrees of freedom. In the end, however
will find that there is a natural role within our framework fo
at least one light mirror or sterile neutrino state.

Consider a general mass matrix involvingnmL andntL :

@ ~nmL!c ~ntL!c# S dm m

m dt
D S nmL

ntL
D , ~1!

wheredm,t are Majorana masses fornm,t , while m is a tran-
sition mass. The mass eigenvalues are

m65UA4m21~dm2dt!
26~dm1dt!

2
U. ~2!

The mixing angle is given by

tan 2u5
2m

dt2dm
. ~3!

Very close to maximal mixing arises in the parameter ran

Case 1: dm,t!m. ~4!

The mass eigenvalues are then

m6.m6
dm1dt

2
, ~5!

with

u.
p

4
1

dm2dt

4m
. ~6!

1To be precise, neutrinooscillationshave yet to be seen—onlynm

disappearance has been rigorously established. See, for exa
Ref. @9#.
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This defines a pseudo-Dirac structure@10# for the nm-nt
system.2 Alternatively, exact maximal mixing arises if

Case 2: dm5dt . ~7!

Case 1, with its pseudo-Dirac structure, leads to a ne
degenerate pair of almost maximally mixed eigenstates w
a mass gapm above zero mass. Case 2 has exact maxi
mixing without the necessity of a mass gap. We will see la
that this mass gap is most naturally related to the Liq
Scintillation Neutrino Detector~LSND! anomaly.

The symmetry structures underlying the two cases
very simple. Consider case 1 first. The relatively large tr
sition mass term is invariant under any U~1! symmetry for
which nm andnt have opposite charges. The obvious cho
for this symmetry is simplyU(1)Lm2Lt

@11#, whereLa is the

lepton number for familya5e,m,t. The Majorana mass
terms break this symmetry. The hierarchydm,t!m guaran-
tees, however, thatU(1)Lm2Lt

is an approximate symmetr

correlated with the pseudo-Dirac structure. Asdm,t→0, the
symmetry becomes more exact and the mixing angle
proaches complete maximality~and the masses become mo
degenerate!. The limiting case of vanishing Majorana mass
supplies a four-component massive neutrino which prese
Lm-Lt but breaksLm1Lt by two units.~The m andd terms
both breakLm1Lt .) The connection between maximal mix
ing and increased symmetry guarantees that the close
maximal mixing angle deduced at tree-level will not b
spoiled by radiative corrections~unless some other sector o
the theory breaks theLm-Lt symmetry strongly!. This is a
well-known property of pseudo-Dirac states.

Is there any independent reason for considering
U(1)Lm2Lt

symmetry to be in any way fundamental? Inte

estingly, it has been observed@12,13# that U(1)Lm2Lt
is ac-

tually an anomaly free symmetry of the minimal~zero neu-
trino mass! standard model and may therefore be gauged
fact the gauge group of the minimal SM may be enlarged

SU~3!c^ SU~2!L ^ U~1!Y^ U~1!X ~8!

whereX is eitherLm-Lt or Lt-Le or Le-Lm . It is important to
recognize that it is possible to gauge only one of these th
alternatives, because anomalies involving two differentX’s
do not cancel given the minimal SM fermion spectrum.

Because the pseudo-Dirac structure we want is correla
with the anomaly-free symmetryX5Lm-Lt , we shall choose
to gauge it, consistent with the common view that local sy
metries are likely to be more fundamental than global sy
metries @14#. Of course we cannot explain why anLm-Lt
symmetry should be given this status, rather than eithe
the two alternatives. We are simply suggesting that the m
mal mixing betweennm and nt could be associated with
gaugedLm-Lt which singles outnm andnt as special.

ple,

2This type of active-active pseudo-Dirac neutrino is of course d
tinct from the active-sterile pseudo-Dirac neutrino states discus
in the Introduction.
6-2



A
al
d
ue
le

e
n

e

e
m
e

r

d
o

he
av
s

e

y
gs
b

V
w

w

d

fo
e

e

gs

ing

BOTTOM-UP MODEL FOR MAXIMAL nm-nt MIXING PHYSICAL REVIEW D 63 013006
Having identifiedLm-Lt as playing a crucial role, it is
tempting to speculate about further lines of development.
obvious path is to identify this quantity with the diagon
generator of a flavor SU~2! symmetry with the second an
third lepton families placed in a doublet. We will not purs
this thought here, because we want to follow the simp
clues first.

Let us now turn to case 2. This obviously requires brok
U(1)Lm

and U(1)Lt
, but the central feature is an unbroke

interchange symmetrynmL↔ntL to enforcedm5dt . Note
that, by contrast to the pseudo-Dirac case, there need b
hierarchy in the breaking scales forLm1Lt andLm-Lt . The
interchange symmetry can arise as a remnant of a fundam
tal U~2! flavor symmetry acting on the second and third fa
ily of leptons. Observe that SU~2! is not enough, because th
transformation matrix within

S nmL

ntL
D→S 0 1

1 0D S nmL

ntL
D ~9!

is an element of U~2! but not SU~2!.
These symmetry principles are simple suggestions fo

new physics framework that could lie behind maximalnm-nt
mixing. We will now take the pseudo-Dirac possibility an
build a complete extension of the SM around it. We will n
develop case 2 further in this paper.

III. MODEL FOR A PSEUDO-DIRAC nµ-nt SYSTEM

A. Basic framework

We shall now construct a model which realizes t
pseudo-Dirac structure of case 1. Our mass matrix will h
the general form of Eq.~1!, with each of the mass term
arising from the vacuum expectation values~VEVs! of
SU(2)L triplet Higgs fields. Note that thedm and dt terms
require Higgs field having opposite charges und
U(1)Lm2Lt

. For simplicity we shall assume thatdm is absent
in order to limit the number of Higgs fields.

We wish for the neutrino masses to be naturally tin
which implies a hierarchy between the VEVs of the Hig
triplets and the standard Higgs doublet, which may
achieved by invoking the VEV seesaw mechanism. This
an appealing scenario whereby the triplets acquire tiny VE
because they have masses much greater than the electro
scale.

The Higgs sector we shall consider consists of the follo
ing fields:

f0;~1,2,1,0!, x0;~1,3,2,0!,

f1;~1,2,1,1!, x1;~1,3,2,1!,

x2;~1,3,2,2!, ~10!

where the numbers label theSU(3)c^ SU(2)L ^ U(1)Y
^ U(1)Lm2Lt

properties. Heref0 denotes the standar

model Higgs field. The additional doublet,f1, is necessary
for the implementation of the VEV seesaw mechanism
x1 andx2, and will also give rise to off-diagonal terms in th
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mass matrix of the charged fermions. The tripletx0, which
has noU(1)Lm-Lt

charge, is responsible for them terms in

Eq. ~1!, while the triplet x2, which carries anU(1)Lm-Lt

charge of 2, produces thedt mass term. We round out th
model with a third tripletx1.

Thus the Higgs-fermion couplings are given by

L n
Yuk5lnmt

l̄ mL
C l tLx01lnt

l̄ tL
C l tLx21lne

l̄ eL
C l eLx0

1lnet
l̄ eL

C l tLx11H.c. ~11!

and

L e
Yuk5ltel̄ eLf1tR1lmel̄ mLf1eR1lel̄ eLf0eR

1lm l̄ mLf0mR1lt l̄ tLf0tR1H.c., ~12!

where thel ’s are left-handed leptonic doublets. The Hig
potential is of the form

V5(
i

Fmi
2f i

†f i1
1

2
l i

2~f i
†f i !

2G
1(

j
FM j

2x j
†x j1

1

2
L j

2~x j
†x j !

2G1a~f0
†f0!~f1

†f1!

1 (
j Þ j 8

a j j 8~x j
†x j !~x j 8

† x j 8!

1(
i j

b i j ~f i
†f i !~x j

†x j !1@m0x0
†f0

21m1x1
†f0f1

1m2x2
†f1

21H.c.#, ~13!

with i 50,1 and j , j 850,1,2. Denoting the VEVs of the
Higgs fields by

^f0&5v0 , ^x0&5u0 ,

^f1&5v1 , ^x1&5u1,

^x2&5u2 , ~14!

it may be observed that for largeM0 , M1, andM2, the VEV
seesaw relations are given by

u0.
m0v0

2

M0
2

,

u1.
m1v0v1

M1
2

and

u2.
m2v1

2

M2
2

, ~15!

and thus we may obtain tiny neutrino masses by mak
M0 , M1 andM2 suitably large.
6-3
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NICOLE F. BELL AND RAYMOND R. VOLKAS PHYSICAL REVIEW D 63 013006
The proliferation of Higgs fields may not be asad hocas
it appears at first sight. Observe that the quantum numbe
the fields are such that

x0;f0
2 ,

x1;f0f1 ,

x2;f1
2 , ~16!

hinting, speculatively, that perhaps thex ’s can be reinter-
preted as composite objects. This would then suggest
expressing the model in terms of effective operator langua
making the replacements,

x0→
1

M
f0

2 ,

x1→
1

M
f0f1 ,

x2→
1

M
f1

2 , ~17!

whereM is a large mass scale, which of course is connec
to the VEV seesaw mechanism.

While the Higgs potential~13! is undeniably ugly, it is
also true that as long as the electroweak Higgs particle
mains undiscovered, we cannot claim to really underst
gauge symmetry breaking. One may wistfully speculate t
symmetry breaking is actually achieved by a more econo
cal mechanism that we shall eventually uncover, and all
Higgs messiness will be re-expressed in more elegant
guage. In the meantime though, we are forced to work w
Higgs fields.

In order to realize the pseudo-Dirac form for thenm-nt
sector, we require the hierarchy

u2!u0 , ~18!

which may be achieved by appropriately adjusting the val
of the Mi . According to our symmetry argument, we wou
also tend to expectv1,v0, that is, the VEVs which break
Lm-Lt ought to be smaller than theirLm-Lt conserving coun-
terparts. This would also help to achieve the hierarchy~18!,
though it is not essential. Note that we also expectu1,u0.

We may now write down the neutrino mass matrix,

~ ~ne8L!C ~nm8L!C ~nt8L!C!

3S lne
u0 0 lnet

u1

0 0 lnmt
u0

lnet
u1 lnmt

u0 lnt
u2

D S ne8L

nm8L

nt8L

D ,

~19!

where the primes signify that we are not in the basis wh
the charged lepton mass matrix is diagonal. To first orde
u1 andu2 the neutrino masses are
01300
of

e-
e,

d

e-
d

at
i-
e
n-
h

s

e
in

m15ulne
u0u,

m25U2lnmt
u01

1

2
lnt

u2U
and

m35Ulnmt
u01

1

2
lnt

u2U. ~20!

Typical values for the combination of Yukawa coupling co
stants and the triplet VEV’s might be

ulnmt
u0u;ulne

u0u;1 eV,

and

ulnt
u2u;102321022 eV. ~21!

Nearly maximal mixing betweennm andnt is guaranteed by
the hierarchyu2!u0 ~provided that the relavant Yukaw
coupling constants do not have a nullifying hierarchy!. Mix-
ing betweenne and thenm,t system is controlled bylnet

u1.
Its magnitude will be discussed shortly.

The mass matrix for the charged leptons has the form

~eL8 mL8 tL8!S A 0 E

D B 0

0 0 C
D S eR8

mR8

tR8
D ~22!

whereA, B, C}v0 andD, E}v1.
In order to obtain the necessary hierarchy in the ferm

masses, we must assume some hierarchy in the mass m
parametersA, B, C, D, andE. Although the choice is by no
means unique the possibility which is most natural and co
pelling is D,E!A!B!C. This is the case where the~off-
diagonal! Lm-Lt violating termsD andE, are much smaller
than the~diagonal! Lm-Lt conserving termsA, B, andC. In
this limit, the charged lepton masses are given by

me
25A21O~D2,E2!,

mm
2 5B21O~D2,E2!,

mt
25C21O~D2,E2!. ~23!

Recall from the Introduction that our ambitions in this pap
are rather limited: we want to address thenm,t maximal mix-
ing problem without simultaneously solving the entire flav
problem. So, we just have to live with imposed hierarch
like the above.

B. Without LSND

The model building process now presents us with
choice. In this subsection, we will suppose that the LSN
anomaly is not due to neutrino oscillations. Degree of fre
dom economy then suggests that the solar neutrino prob
6-4
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should be solved byne→nm,t oscillations. Let us see wha
parameter range will allow this.

We are immdediately faced with a difficulty. The electro
neutrino mass;lne

u0 is expected to be of the same order

magnitude as the averagenm,t mass;lnmt
u0. The com-

bined effect of the relatively small solar neutrinodm2 and
the mass gap arising from the pseudo-Dirac structure i
demand a near degeneracy betweenne andnm,t . This entails
some fine-tuning.

The mass squared difference corresponding to the at
spheric neutrino anomaly is

dmatmos
2 ;u0u2 , ~24!

whereas the mass squared difference between the ele
01300
to

o-

ron

neutrino and either of the other two mass eigenstates is n
rally

dmsolar
2 ;u0

2 . ~25!

Sinceu2!u0, we have to adjustulne
/lnmt

u.1 so that

dmsolar
2 ,dmatm

2 . ~26!

For example, for either the small or large angle Mikheye
Smirnov-Wolfenstein ~MSW! @15# solutions we need
dmsolar

2 ;1025 eV2 which requireslne
/lnmt

to be fine-tuned

to one part in 105 if m2,3;1 eV. This is regrettable, al
though perhaps not egregiously bad.

The leptonic mixing matrix is given by
Ua i[Ue
†Un.S 1 e e8

e 1 0

e 0 1
D S 1

AN1

g1

AN2

g2

AN3

g3

AN1

1

AN2
S 1

A2
1d D 1

AN3
S 1

A2
2d D

g4

AN1

2
1

AN2
S 1

A2
2d D 1

AN3
S 1

A2
1d D D 1O~u1

2 ,u2
2!, ~27!
all

n

e

uses
A

ass

all-
r,
tely
where

e5
AD

B2
,S me

mm
D 2

, e85
E

C
,

me

mt
, ~28!

d5
lnt

4A2lnmt

u2

u0
,

g15
lnet

A2~lnmt
1lne

!

u1

u0
.

lnet
~lnmt

2le!

A2lnmt
lnt

u1

u2
,

g25
lnet

A2~lnmt
2lne

!

u1

u0
.

lnet
~lnmt

1le!

A2lnmt
lnt

u1

u2
,

g35
2lnmt

lnet

~lnmt

2 2lne

2 !

u1

u0
.

2lnet

lnt

u1

u2
,

g45
2lne

lnet

~lnmt

2 2lne

2 !

u1

u0
.2S lne

lnmt

D lnet

lnt

u1

u2
,

~29!

and
N1.11g3
21g4

2

N2.11g1
21O~d2!

N3.11g2
21O~d2!. ~30!

The second set of near equalities in Eq.~29! is related to
the fine-tuningulne

/lnmt
u.1, or more specifically, (lnmt

2

2lne

2 )u0
2.lnt

lnmt
u0u2.

The values ofg i could be such as to provide either a sm
or large angle solar~MSW! solution.3 For example, with
lnet

u1.0.04lnt
u2, we would have the small angle solutio

with sinusolar.0.05. Alternatively, consider for exampl
lne

.2lnmt
, andlnet

u1.0.3lnt
u2. We then obtain a large

angle solution with sinusolar.g1.0.4, andg2!1.

C. With LSND

As we have just seen, the pseudo-Dirac mass gap ca
some problems with solving the solar neutrino problem.
more elegant and natural alternative is to exploit the m
gap, rather than trying to fight it. Thene and nm,t mass

3We note that recent SuperKamiokande data disfavor the sm
angle MSW solution@16#. The statistical significance is, howeve
not yet severe enough to make this type of solution comple
uninteresting.
6-5
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NICOLE F. BELL AND RAYMOND R. VOLKAS PHYSICAL REVIEW D 63 013006
eigenvalues are naturally of the same order, with the scale
by u0. Thene-nm,t dm2 scale is thus of orderu0

2 if we do not
fine tune a near degeneracy.

Indeed, the guideline values of Eq.~21! put the ne-nm
dm2 scale in the LSND range. It is certainly noteworthy th
the LSND scale is a few orders of magnitude larger than
solar and atmospheric scales, and it is quite attractive to
sociate this higher scale with the mass gapwhich was con-
structed for another reason.

The LSND mixing angle must come out of the fir
equalities in Eq.~29! ~the near equalities do not hold in th
absence of the previous fine tuning!. Using Eq. ~21! as a
guide, we see thatlnet

u1 should be of order 0.1 eV to putg1

or g2 in the LSND mixing angle range. Since this is inte
mediate between theu0 and u2 scales, it fits in nicely with
our fundamentalu2,u1,u0 symmetry breaking pattern
dictated by approximateU(1)Lm-Lt

symmetry.
The solar neutrino problem then requires the introduct

of a light sterile neutrinons which mixes withne . The most
attractive possibility is to have this mixing also being ma
mal. This scenario fits all of the data, except for Homesta
extremely well @3,17#. The proper incorporation of a ligh
sterile neutrino into the model is really beyond the scope
this paper. However, it is pretty obvious that the mirror m
ter or exact parity idea@3# is quite relevant, not only for
providing a reason for the sterile state to be light, but also
explain thene /ns maximal mixing. One could imagine tha
the mirror matter solution to the neutrino anomalies summ
rized in Ref.@3# is half correct: that the solar oscillations a
into mirror partners, but the atmospheric oscillations
nm↔nt . Intriguingly, Ref.@18# has also recently canvasse
this possibility.

IV. OTHER PHENOMENOLOGY

Let us now consider constraints on the model. There w
be a new gauge bosonZ8, corresponding to theU(1)Lm-Lt

gauge symmetry. Due to the VEV off1, there will be a
mass mixing term involving theZ8 and the ordinaryZ gauge
boson. In order not to significantly modify the properties
the standard Z boson, theZ8 boson must have a mass that
much smaller.

The constraints on the model, however, are not terri
stringent, since the family lepton number violating proces
involve essentially only the neutrinos. We suppress the p
cesses involving the charged leptons simply by making
off-diagonal (Lm-Lt violating! terms D and E in the mass
matrix suitably small, which will also avoid flavor changin
neutral current type processes due to exchange off bosons.
Note that this is not an ad hoc requirement, but is in perf
accord with our symmetry argument.

There is also the issue of kinetic mixing of the neut
gauge bosons to consider, which arises whenever you ha
theory with two localU(1) symmetries. The kinetic part o
the Lagrangian may be written as

L kinetic52
1

4
FmnFmn2

1

4
F8mnFmn8 2

2

4
kFmnFmn8 ,

~31!
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where, in general, the kinetic mixing term,k, will arise di-
rectly in the Lagrangian@19#, though it may also be gener
ated radiatively@20#. The physical neutral gauge boson sta
are then found by diagonalizing theZ and Z8 kinetic and
mass terms@19#. This alters the coupling of theLm-Lt gauge
boson by adding a term proportional to the hypercharg
henceZ8 will couple not only to the leptons but also to th
quarks, though in a generation independent fashion. We h
to assume thatk is small.

An interesting point to consider, since theZ8 gauge boson
is light, is whether there will be any ‘‘5th force’’ effects. In
other words, an effective violation of the equivalence pr
ciple through a tinyZ8 boson mediated repulsion of matte
@21,22#. In fact, for suitable parameters, a signature of t
model would be a new intermediate range force of natu
The Z,Z8 mass matrix is

S g2

8 cos2uW

~v0
21v1

2!
gg8

8 cosuW
v1

2

gg8

8 cosuW
v1

2 g82

8
v1

2
D , ~32!

where g8 denotes the gauge coupling constant of t
U(1)Lm-Lt

symmetry, and for simplicity, kinetic mixing and
the tiny triplet VEVs have been neglected. The light eige
state, which will be predominately theZ8, will have a mass
given by

MZlight

2 .
g82

8

v1
2v0

2

v1
21v0

2
. ~33!

Of course, in order for theZ8 to be detectable through vio
lation of the equivalence principle its mass must be incr
ibly tiny. For example, if the mass of theZ8 was larger than
say 1025 eV, the corresponding range of the force would
less than of order 1 cm. The electron couples to the li
gauge boson, both through mixing between thee,m and t,
and mixing ofZ andZ8. The coupling is given by

1

2
g8 cosuZ~e22e82!ēLZ” lighteL

1
1

2
g8 cosuZ~z22z82!ēRZ” lighteR

1sinuZ

g

4 cosuW
ēZ” light~124 sinuW2g5!e

~34!

whereuZ is theZ,Z8 mixing angle such that

sinuZ.tanuZ5
g8 cosuW

g

v1
2

v0
21v1

2
, ~35!

and
6-6
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z5
D

B
, z85

AE

C2
. ~36!

Note that the strength of the force is diminished both byg8
and the small parameterse2, e82, z2, z82, and (v1 /v0)2. If
one demands consistency with standard big bang Nucleo
thesis, then the very rough boundg8&10210 is indicated to
prevent theZ8 boson being in thermal equilibrium during th
relevant epoch of the early universe.

Tests of the equivalence principle on short distance sc
are the subject of a proposed experiment@21# which aims to
explore the range from about 10mm to 1 cm, for forces of
strength relative to gravity of about 1022 upward. See Fig. 1
of Ref. @21#. The predictedZ8 gauge boson may be obser
able in this experiment, for a certain parameter region.

The Yukawa potential associated with theZ8 gauge boson
will be of the form

VYukawa5 f 2
e2r /l

r
, ~37!

wherel.1/MZlight
is the range of the force. For the couplin

to electrons given by Eq.~34! we have

f 2/\c;g82S v1

v0
D 4

, ~38!

and the strength of the force, relative to gravity, will be

a5
f 2

GNu2
, ~39!

whereu is the atomic mass, andGN is the Newtonian gravi-
tational constant. The range and strength of the force h
the approximate values

l;1028S v0

v1
D S 10210

g8
D m,
.

00
ro

01300
n-

es

ve

a;1018S v1

v0
D 4S g8

10210D 2

. ~40!

If we assume for exampleg8;10210 and v1 /v0;0.1, the
rangel will be too short for the force to be detected, whi
for smaller values ofv1 /v0 it should be observable in th
proposed experiment@21#. If we assume smaller values o
g8, the range of the force increases and would violate curr
experimental constraints.

V. CONCLUSION

We have taken a bottom-up approach to constructin
model with maximal mixing between two standard neutrin
The simple U(1)Lm2Lt

symmetry naturally provides a

pseudo-Dirac form fornm andnt with close to maximal mix-
ing, with a mass gap. The model can incorporate mixing w
the ne , consistent with either a small or large angle MS
solution of the solar neutrino anomaly. However, a mild fin
tuning price must be paid to achievedmsolar

2 ,dmatmos
2 . If this

price is taken to be too high, then one needs to introduc
light mirror or sterile neutrino to solve the solar deficit pro
lem by ne→ns . It is certainly suggestive that the natur
scale for thene-nm mass squared difference could be in t
LSND range, due to the mass gap required by the pseu
Dirac structure. The breaking of theU(1)Lm2Lt

symmetry
occurs at a low scale, and we predict a new intermed
range force which may be detectable as an apparent viola
of the equivalence principle.
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