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Degenerate Dirac neutrinos

Utpal Sarkar*
Theory Group, DESY, Notkestrasse 85, D-22607 Hamburg, Germany

and Theory Group, Physical Research Laboratory, Ahmedabad, 380 009, India†

~Received 11 August 1998; published 11 January 1999!

A simple extension of the standard model is proposed in which all the three generations of neutrinos are
Dirac particles and are naturally light. We then assume that the neutrino mass matrix is diagonal and degen-
erate, with a few eV mass to solve the dark matter problem. The self-energy radiative corrections, however,
remove this degeneracy and allow mixing of these neutrinos. The electroweak radiative corrections then predict
a lower bound on thenm2ne mass difference which solves the solar neutrino problem through the MSW
mechanism and also predict a lower bound on thent2nm mass difference which is just enough to explain the
atmospheric neutrino problem as reported by Super-Kamiokande.@S0556-2821~99!04603-2#

PACS number~s!: 14.60.Pq, 12.60.2i
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The
The neutrinoless doubleb decay @1# puts severe con
straints on the Majorana mass of thene . With this constraint
it is not possible to explain simultaneously the dark ma
problem @2#, solar neutrino problem@3#, atmospheric neu-
trino problem@4#, and the laboratory bounds on the mixin
angles@5#. Since the preliminary results from KARMEN@6#
contradict the Liquid Scintillation Neutrino Detector~LSND!
result @7#, we shall not include that in our analysis. If th
neutrinos are Dirac particle there will be no lepton numb
violation and hence there will be no constraint from the n
trinoless doubleb decay. In that case one can postulate
almost degenerate neutrino scenario@8# to explain the other
problems.

In this Brief Report, we consider exactly degenerate Di
particles with a few eV mass to explain the dark matter pr
lem. However, this will not allow any flavor mixing. So w
introduce explicit lepton flavor violation, which will brea
the mass degeneracy radiatively, which in turn will allo
flavor mixing. The electroweak self-energy corrections w
then predict a lower bound on the mass squared differen
betweennm andne which can solve the solar neutrino pro
lem through matter enhanced neutrino oscillation@9# and si-
multaneously predict a lower bound on the mass squa
difference betweennt andnm which is just enough to solve
the atmospheric neutrino problem. There is also a sim
contribution to mass splitting from flavor violating radiativ
corrections, which also gives the maximal neutrino flav
mixing.

Consider a two generation Majorana neutrino scena
The neutrino mass matrix is given by

M n5S mee mem

mme mmm
D . ~1!

The neutrinoless doubleb decay @1# will imply mee
,0.46 eV. If we consider an almost degenerate neutr
scenario@8#, to solve the dark matter problem@2# we require
mmm.mee. Then the small mixing@5# of ne with nm will
imply that sin2uem;mem /mmm,0.6 and the masses of thene
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andnm are less than 1 eV. This will not solve the dark mat
problem. This problem is solved if one assumes that the n
trinos are Dirac particles. However, the main problem
making the neutrinos a Dirac particle is that, in a simp
extension of the standard model the Dirac mass of the n
trinos are related to the charged lepton masses and h
cannot be small~of the order of a few eV! naturally.

We now propose a scenario where the neutrinos are D
particles and are naturally light. The left handed neutrin
combine with the right handed neutrinos through their int
actions with a different Higgs doublet, which does n
couple to the quarks and charged leptons because of the
ence of an additional U~1! symmetry. This new Higgs dou
blet acquires a small vacuum expectation value~VEV!, when
the extra U~1! symmetry and the electroweak symmetry a
broken@10#, and hence its coupling gives a small Dirac ma
to the neutrinos naturally. There is no lepton number vio
tion in this scenario and hence there is no Majorana mas
the neutrinos.

We extend the standard model gauge group to includ
new U~1! symmetry:

Gext[SU~3!c3SU~2!L3U~1!Y3U~1!X .

We also extend the model to include the three right han
neutrinosn iR ( i 51,2,3); four additional singlet fermion
Yi ( i 51,2,3) andZ, which are required for purpose o
anomaly cancellation, one new Higgs doubleth, a scalar
singlet x, and a charged scalar singletz. Transformation
properties of the new particles are presented in Table I.

TABLE I. Transformations of the new particles.

Fermions

n iR ~1,1,0,2!
Yi (1,1,0,21)
Z (1,1,0,23)

Scalars
h (1,2,21/2,22)
x ~1,1,0,2!
z (1,1,1,22)
©1999 The American Physical Society02-1
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BRIEF REPORTS PHYSICAL REVIEW D 59 037302
scalarx acquires a VEV at a very high scaleM, breaks the
U(1)X symmetry and give masses to the extra singlet fie
The mass of the doubleth is also of the order ofM, but it
does not acquire any VEV to start with. However, after t
electroweak symmetry breaking it acquires a small VEV a
gives small Dirac masses to the neutrinos naturally.

The Lagrangian contains the quadratic and the qua
terms and the trilinear mixing terms which are given by

Lscalar5Mh
2h†h1Mx

2x†x1mf
2 f†f1

1

2
l1~f†f!2

1
1

2
l2~h†h!21

1

2
l3~x†x!21

1

2
l4~f†f!~h†h!

1
1

2
l5~x†x!~h†h!1

1

2
l6~f†f!~x†x!1mf†hx.

~2!

The scalarx acquires a VEV at some large scaleM, which is
the only other mass scale in the model other than the e
troweak symmetry breaking scale. We consider

Mx;Mh;^x&;M;1011 GeV.

Then to prevent the usual Higgs doublet from acquiring
large mass we require

m;mf;m,

wherem is the electroweak symmetry breaking scale.
We may now minimize the potential to determine t

VEV’s of the different scalar fields. They are given by

^x&2;2
Mx

2

l3
, ^f&2;

2l1mf
2 1l4Mh

2

l1l22l4
2 ,

and

^h&;
m^f&^x&

Mh
2 ;100 eV. ~3!

The scalar fieldh acquires a very small VEV naturally in
this scenario. As a result, if it gives a Dirac mass to
neutrinos, then we have a natural explanation of the sm
ness of the Dirac mass of the neutrinos. To obtain the m
of the neutrinos we now write down the Yukawa couplin
of the leptons and the singlet fermions:

L5 f n ial iLnaRh1gabYa
cYbx1ga8YaZx1 f eial iLeaRf

1hab~naR!cebRz. ~4!

The extra singletsYa andZ get very large masses from th
VEV of the scalarx and they do not couple with the ligh
neutrinos. Since they are decoupled from the low-energy
tor, we shall not discuss them from now on. Although w
have to introduce these singlet fields for purpose of anom
cancellation, if one can implement this mechanism in
larger theory such as grand unified theory or string theo
03730
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one may not require to introduce these fields. The scalaz
gives radiative mass splitting to neutrinos of different ge
erations, which in turn gives neutrino flavor mixing.

The first term in this equation gives a small Dirac mass
the neutrinos:

M n5 f n ia^h&. ~5!

We now assume that the Dirac mass matrix is diagonal
degenerate and to explain the hot component of the d
matter the diagonal elements are given byf n iad ia5m. The
neutrino Dirac mass matrix then becomes

M n5S m 0 0

0 m 0

0 0 m
D .

We further assume that in this basis the Yukawa interacti
of the field z is also diagonal, but the charge lepton ma
matrix is not diagonal. In general, it may be possible to
agonalize the charge lepton mass matrix and the neut
mass matrix simultaneously, since the neutrino mass ma
is degenerate. However, the coupling of the charged scalz
will give radiative correction, which will break the mass d
generacy and will not allow us to make the charged curr
interaction diagonal. As a result all the observed mixing m
come from the charge lepton mass matrix and we can o
determine them from experiments. The mixing angle w
depend on the amount of radiative mass splitting.

In general, the charged lepton mass matrix can be dia
nalized by a biunitary transformation

Vik
† MeiaUab5Mekb

diagdkb .

Then the matrix Vik , which diagonalizes the matrix
MeiaMe ja

† , will enter in the charged current interactions.
the basis@eiL , eaR#, in which the charged lepton mass m
trix is diagonal, the charge current interaction of the neu
nos and the charged leptons will be given by

Lcc5n iLgmVki
† ekLWm. ~6!

The charged lepton mixing matrixVi j will introduce neutrino
flavor mixing after the radiative mass splitting.

We now define the basis for the neutrinos@n iL
e , naR

e #,
which has diagonal charged current interaction and are g
by

n iL
e 5ViknkL and naR

e 5Uab
n nbR .

In this basis, the mass matrix is not diagonal. But when
mass matrix is diagonal and degenerate, we can always m
transformations to the right handed fields and make th
diagonal. In the basis@n iL

e , naR
e #, the neutrino mass matrix

is given by

M n i j
e 5Vi j M n .

But Vi j commutes withM n and hence we can make a tran
formation naR

e 5Vba
† nbR ; Vba5Vi j , and diagonalize the
2-2
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mass matrix. However, in the presence of the radiative c
rections due toz, this is not possible.

We assume that the couplings ofz to the right handed
leptonshab to be diagonal. Although the phenomenology
such a dilepton has not been studied, one can extend
analysis of Ref.@11# to constrain the parameters. If, in add
tion, we assume thath11,1025, then there is only one con
straint from the (g22)m , which is h22.0.3 for mz

;100 GeV. Forh33 there is no bound in this scenario an
we can consider this to be of the order of 1. With this cho
we get a self-energy radiative correction~with the internal
loop containing charged leptons andz) to the neutrino mass
matrix in the basis@n iL , naR#, in which the charged curren
interaction is not diagonal but thez couplings are diagonal
given by

M n ia5S m1m1
z 0 0

0 m1m2
z 0

0 0 m1m3
z
D , ~7!

where mi
z5m(hii

2 /4p)(ei
2/mz

2), ei5e,m,t. In this case, it
will not be possible to diagonalize the neutrino mass ma
in the basis in which the charged current interaction is di
onal. Including the standard model self-energy radiative c
rections @12#, we can now write down the neutrino ma
matrix in the basis@n iL

e , naR
e # as follows:

M n ia
e 5Vi j M n ia1diag@m1

ew m2
ew m3

ew#Vi j M n j a , ~8!

wheremi
ew5aw(mei

2 /mw
2 ), ei[e,m,t. This mass matrix can

now be diagonalized to get the flavor mixing matrix and t
mass squared difference between the different flavors of n
trinos. For any arbitrary choice of the mixing matrix it
difficult to solve this analytically. So, for purpose of illustra
tion we demonstrate with a two generation example, a
then present some realistic numbers for a three genera
scenario which we check numerically.

We consider them and t family in the two generation
example. For

Vi j 5S cosu 2sinu

sinu cosu D ,

the mass matrix is given by

M n ia
e

5S ~m1m2
z !~11m2

ew!cosu2~m1m3
z !~11m2

ew!sinu

~m1m2
z !~11m3

ew!sinu~m1m3
z !~11m3

ew!cosu
D ,

~9!

which can be diagonalized with a biunitary transformatio
The unitary matrix, which diagonalizesM n ia

e (M n j a
e )†, gives

the neutrino flavor mixing and is given by

Vi j
e 5S cosf sinf

sinf cosf D ,
03730
r-

f
he

e

x
-

r-

u-

d
on

.

where

f;
1

2
tan21F2 cosu sinu

~m3
z2m2

z !

~m3
z2m2

z !1~m3
ew2m2

ew!
G

and the mass squared difference is given by

~m3
22m2

2!25@2m cosu sinu~m3
z2m2

z !#2

1@m~m3
z2m2

z !1m~m3
ew2m2

ew!#2. ~10!

It is clear from the expressions that both the electrowe
radiative correction as well as the radiative corrections du
z will contribute to the mass squared difference. Ifz does not
contribute to the mass difference, the mixing angle vanis
as pointed out earlier. For the mixing angle to be maxim
we require the contribution ofz to be of the same order o
more than the contribution from the electroweak radiat
corrections.

The mass difference generated by the standard model
energy radiative corrections~considering the Dirac mass o
the neutrinos to be around 7 eV! are given by

Dmsol5~m2
ew!22~m1

ew!25awm2
mm

2 2me
2

mw
2 50.631025,

Dmatm5~m3
ew!22~m2

ew!25awm2
mt

22mm
2

mw
2 51.431023.

~11!

Thene2nm mass differenceDmsol
ew is just enough to solve the

solar neutrino problem, while thenm2nt mass difference
Dmatm

ew falls within the solution suggested by the rece
super-Kamiokande result. If the contribution due toz are of
the same order of magnitude~which is the case formz

;100 GeV andh1150, h22;0.1, andh33;1), then we get
the maximal mixing angle for thenm andnt oscillations and
the relevant mass squared difference as required by
super-Kamiokande experiment. For the solar neutrino pr
lem, the mass squared difference betweenne andnm is just
right for the MSW solution@9#, but we only get the smal
mixing solution. In this scenario it will be difficult to explain
the vacuum oscillation solution of the solar neutrino pro
lem, since although one can adjust the parameters of
couplings ofz to get a small radiative correction, one cann
change the electroweak radiative correction. As a result,
mass squared difference betweenne and any other neutrinos
will be larger than required, unless there are new sterile n
trinos, to which thene oscillates. Since the neutrino mass
arise from a different Higgs doublet, the neutrino mass m
ing is not related to the Cabibbo-Kobayashi-Maska
~CKM! quark mixing matrix.

In summary, we pointed out that if neutrinos are Dir
particles, then we may start with a degenerate diagonal m
matrix with the diagonal elements to be around a few eV,
that neutrinos could be the hot dark matter of the univer
We also presented a model in which neutrinos could be li
Dirac particles naturally. The mass degeneracy is broken
self-energy radiative corrections, which can then allo
2-3
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BRIEF REPORTS PHYSICAL REVIEW D 59 037302
enough mixing of these neutrinos to solve the atmosph
neutrino and solar neutrino problems. The standard mo
radiative corrections give a lower bound on the mass squ
difference which is just enough to solve both the atmosph
neutrino and solar neutrino problems.
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