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Naturally light sterile neutrinos
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A simple model to accommodate light sterile neutrinos naturally with large mixing with the usual neutrinos
has been proposed. The standard model gauge group is extended to include anSU(2)S gauge symmetry. Heavy
triplet Higgs scalars give small masses to the left-handed neutrinos, while a heavy doublet Higgs scalar mixes
with the sterile neutrinos of the same order of magnitude. We then present a simple form of the neutrino mass
matrix, which may originate from this scenario and can explain the solar neutrino deficit, the atmospheric
neutrino deficit, the LSND data, and the hot dark matter. The lepton number is violated through decays of the
heavy triplet Higgs scalars, which generate the lepton asymmetry of the universe, which in turn generates a
baryon asymmetry of the universe.@S0556-2821~99!50203-8#

PACS number~s!: 14.60.Pq, 12.60.Cn, 98.80.Cq
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Recently the Super Kamiokande@1# announced positive
evidence of neutrino oscillations. They attribute thenm defi-
cit in the atmospheric neutrino to anm oscillating into a
natm , where natm could be ant or a sterile neutrinosnS

~which is a singlet under the standard model! with Dmatmos
2

5mn2

2 2mn3

2 ;(0.5– 6)31023 eV2, where n2 and n3 are

physical mass eigenstates andnm andnatm are admixtures of
these states with almost maximal mixing. There are also
dications of neutrino oscillations in the neutrinos comi
from the Sun. The solar neutrino deficit can be explaine
one considersne→nsol oscillations~wherensol could benm

or nt or nS) with the mass squared difference@2# Dmsolar
2

5mnx

2 2mn1

2 ;(0.3– 1.2)31025 eV2, where x52, 3, or 4,

and it is assumed thatne andnsol are admixtures of the mas
eigenstatesn1 and nx . This mass squared difference is f
resonant oscillation@3#. If one assumes a vacuum oscillatio
solution of the solar neutrino deficit, then this number will
several orders of magnitude smaller. If we assume a th
generation scenario,natm is then identified withnt , so that
nm and nt are mostlyn2 and n3 , and nsol could be anm
or a nt . Considernsol[nt ; i.e., nt contains alln1 , n2 ,
and n3 , although ne is dominantly n1 , which implies,
mn2

2 2mn1

2 5(mn2

2 2mn3

2 )1(mn3

2 2mn1

2 ) 5 Dmatmos
2 1 Dmsolar

2

;1022 eV2. Then we cannot explain the Liquid Scintillatio
Neutrino Detector~LSND! result @4#, which announced a
positive evidence ofnm→ne oscillations with the mass
squared difference~alternate explanation is also not possib
@5#! DmLSND

2 5mn2

2 2mn1

2 ;(0.2– 2) eV2. This conclusion is

true even if we considernsol[nm . Although recent prelimi-
nary results from KARMEN@6# disfavor the LSND allowed
region, it is too premature to say conclusively that KA
MEN rules out LSND@7#. Particularly, since the sensitivit
of KARMEN is too low. Only miniBOONE can cover the
entire region of LSND and tell us conclusively if there
ne→nm oscillation in this mass range. In this article, we sh
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point out that theoretically LSND result is not disfavore
which is important for motivating future experiments.

As a solution to this problem, one can say that eith
LSND result is wrong or there has to be some other exp
nation for the solar neutrino deficit. But a more popular s
lution is to extend the standard model to incorporate a ste
neutrino and explain all these experiments@8#. Since data
from the CERNe1e2 collider LEP @9# ruled out any possi-
bility of a fourth SU(2)L doublet left-handed neutrino, thi
fourth neutrino has to be a sterile neutrino, which does
interact through any of the standard model gauge bos
Incorporating such light sterile neutrino with large mixin
with the other light neutrinos in extensions of the stand
model is nontrivial @8#. Recently, there is one attempt t
extend the radiative neutrino mass generation model by
@10# to incorporate a sterile neutrino@11#. However, that
model cannot explain the baryon asymmetry of the unive

In this article, we propose a new scenario with anSU(2)
symmetry, which can provide a naturally light sterile ne
trino with large mixing with the other left-handed neutrino
We then present a simple neutrino mass matrix with the s
ile neutrinos which can have its origin from this scenario a
can now explain the LSND data@4#, the solar neutrino prob-
lem @2#, the atmospheric neutrino anomaly@1#, and the dark
matter problem@12#. The lepton number violation at a ver
high scale generates a lepton asymmetry of the unive
which then gets converted to the baryon asymmetry of
universe during the electroweak phase transition.

We work in an extension of the standard model whi
includes a couple of heavy triplet Higgs scalars@14,13#,
whose couplings violate lepton number explicitly at a ve
high scale, which in turn gives small neutrino masses na
rally. Decays of these triplet Higgs scalars generates a lep
asymmetry of the universe@13#. We extend this minimal
scenario to include aSU(2)S gauge group so as to extend th
standard model gauge group to

Gext[SU~3!c3SU~2!L3U~1!Y3SU~2!S .

The SU(2)S symmetry breaks down along with the lepto
number at very high energy (M ), and the out-of-equilibrium
©1999 The American Physical Society01-1
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condition for generating baryon asymmetry of the unive
determines this scaleM @16#. Since all representations of th
SU(2) groups are pseudoreal and anomaly free, there is
additional constraints coming from cancellation of anoma
This makes this mechanism easy to implement in differ
scenarios.

The fermion and the scalar content of the standard mo
which transform underSU(3)c3SU(2)L3U(1)Y as

qiL[~3,2,1/6!, uiR[~3,1,2/3!, diR[~3,1,21/3!,

l iL[~1,2,21/2!, eiR[~1,1,21!, f[~1,2,1/2!

are all singlets under the groupSU(2)S . i 51,2,3 is the gen-
eration index. The two heavy triplet Higgs scalarsja
[(1,3,1),a51,2, required to give masses to the left-hand
neutrinos are also singlets underSU(2)S . In this mecha-
nism, we add aSU(2)S doublet neutral left-handed fermio
SL and two scalarsh andx, which transform underGext as

SL[~1,1,0,2!, h[~1,2,1/2,2!, x[~1,1,0,2!.

There are two scales in the theory, theSU(2)S and the
lepton number violating scaleM and the electroweak sym
metry breaking scalemW . At a high energyM , x acquires a
vacuum expectation value~VEV! and breaksSU(2)S . Lep-
ton number is broken explicitly at this scale through the c
plings of the scalar triplets. All the new scalars are cons
ered to be very heavy,

Mh;Mx;M ja
;M .

The fieldsh andja do not acquire any VEV. However, onc
the standard model Higgs doubletf acquires a VEV, these
fieldsja andh acquires a very tiny VEV, which in turn give
very small masses and large mixing to the neutrinos.

Consider the most general potential of all the scalars
the model (ja ,h,x,f). There will be quadratic and quarti
couplings of the form

MH
2 ~H†H !,lH~H†H !~H†H ! and l128 ~H1

†H1!~H2
†H2!,

whereH, H1 , andH2 correspond to any of the scalar field
In addition, there will be two coupled terms:

V5ma~ja
0f0f01&ja

2f1f01ja
22f1f1!

1m@f0~h1
0 x22h2

0 x1!2f1~h1
2x22h2

2x1!#

1m@f0~h1
0 x2* 2h2

0 x1* !2f1~h1
2x2* 2h2

2x1* !#1H.c.,
~1!

whereh1
2 represents the component ofh with electric charge

21 and T3511/2 of SU(2)S ; x1 represents the compo
nent ofx with T3511/2 of SU(2)S ; andx1* is the compo-
nent ofx† with T3511/2 of SU(2)S .

For consistency@13#, we requirema to be less than but o
the order of masses ofja , and we choose

m;0.1 M .
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When the fieldx acquires a VEV, a mixing of the fieldsf
andh of amountm^x& will be induced. SinceMh;M and
mf;mW , to protect the electroweak scale, we then requ

m;mW .

This choice ofm has a more natural origin in supersymme
ric version of the present model. The scalar trilinear te
may originate from a scalar superpotential

W5mff†f1lfhx

which gives usm5lmf;mW , which is the natural scale o
m.

This fixes all the mass parameters in this scenario. We
now proceed to minimize the potential. In Ref.@13# it was
shown that the triplet Higgs scalars get a very small VE
consistent with the minimization of the potential. In th
present scenario, both the Higgs tripletja and the new dou-
blet Higgs scalarh get a tiny VEV on minimization, without
any fine tuning of parameters. We assume thatT3511/2
component ofx acquires a VEV. But that can induce VEV
to both the neutralSU(2)S componentsh1

0 and h2
0 . They

are given by

^ja&.2
m^f&2

M ja

2 ,

^h2
0 &.2

m^f&^x1&
Mh

2 and ^h1
0 &.2

m^f&^x2* &

Mh
2 . ~2!

Since, m;M ja
;Mh;^x1&;M and m;mf;^f&;mw ,

we get,

^ja&;^h2
0 &;^h1

0 &;OS mW
2

M D . ~3!

The VEVs of ja now give small masses to the left-hand
neutrinos and the VEV ofh6

0 allows mixing of theSU(2)L

singlet neutrinosSL with the usual left-handed neutrinos
both of which are now of the same order of magnitude na
rally.

The Yukawa couplings of the leptons are given by,

L5 f a i
e l iLeaRf1 f ai j l iL l jLja1hixexyl iLSLxhy1H.c.,

~4!

wherex,y51,2 are theSU(2)S indices. The first term con-
tributes to the charged lepton masses, while the second
third terms contribute to the neutrino mass and mixing m
trices. In the basis,@n iLSLx#, we can now write down the
mass matrix as

Mn5S (af ai j^ja& hixexy^hy
0&

hix
T exy^hy

0& 0
D . ~5!

There are no Majorana mass terms for the sterile neutrin
We shall now discuss how to generate baryon asymmetr
1-2
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the universe@15,16# in this scenario and what constraint
gives on the new mass scaleM and then come back to th
neutrino mass matrix.

Lepton number is violated when the scalarsja decay:

ja→H l i
cl j

c ~L522!,

ff ~L50!.
~6!

All other couplings conserve lepton number. By assignin
lepton number21 to SLx , we can ensure conservation
lepton number in the decays of the doublet scalar fieldh
without loss of generality.

We choose the mass matrix ofja to be real and diagona

(
0

M j1
M j2

0 ); but once the one loop self-energy type contrib

tions are included, imaginary phases fromma and f ai j makes
it complex. The absorptive part of the one loop self-ene
type diagram will introduce observableCP violation in the
mass matrix@17#, which would produce unequal amounts
leptons and anti-leptons in the decays of theja

11 andja
22 ,

respectively. This will create a charge asymmetry, wh
will be compensated by equal and opposite amount of cha
asymmetry in the production off1 andf2 in the decays of
ja

11 andja
22 , so that the universe remains charge neutr

The interference of the tree level and the one loop d
gram of Fig. 1 will generate a lepton asymmetry in the d
cays ofja , given by,

da.
Im~m1m2* (k,l f 1kl f 2kl* !

8p2~M j1

2 2M j2

2 ! S M ja

Gja

D , ~7!

where, the decay width of these scalarsja is given by

Gja
5

1

8p S um1u21um2u2

M ja

1(
i , j

u f ai j u2MaD . ~8!

These decays should be slower@16# than the expansion rat
of the universe (H), otherwise the lepton asymmetryda in
decays ofja will be suppressed by an amountK (ln K)0.6,
whereK5Gja

/H; H5A1.7g* (T2/M Pl) at T5M ja
; M Pl is

the Planck scale; andg* is the total number of relativistic
degrees of freedom.

We considerM j2
,M j1

, so that whenj2 decays,j1 has

already decayed away and only the asymmetryd2 generated
in decays ofj2 will contribute to the final lepton asymmetr
of the universe. The lepton asymmetry thus generated wil
the same as the (B2L) asymmetry of the universe, whic

FIG. 1. The decay ofja→ l cl c at tree level~a! and in one-loop
order ~b!. CP-violation comes from an interference of these d
grams.
03130
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will then get converted to a baryon asymmetry during t
electroweak phase transition@18#. The final baryon asymme
try of the universe is given by

nB

s
;

d2

3g* K~ ln K !0.6. ~9!

To obtain the desired amount of baryon asymmetry of
universe, one possibility could be as follows@13#: We con-
sider,M251013 GeV, andm25231012 GeV, which gives
mnt

51.2f 233 eV, assuming that theM1 contribution is neg-

ligible. If M15331013 GeV, m151013 GeV, and f 1kl
;0.1, the decay ofc2 generates a lepton asymmetryd2 of
about 831024 if the CP phase is maximal. UsingM Pl
;1019 GeV and g* ;102, we find K;2.43103, so that
nB /s;10210.

Thus, with the heavy mass scale to be of the order ofM
;1013– 14 GeV, it is possible to get the desired amount
baryon asymmetry of the universe and VEVs ofj andh to
be of the order of a few eV. Then with proper value of t
Yukawa couplingsf ai j andhix , we can get a neutrino mas
matrix @Eq. ~5!# which can explain all the neutrino exper
ments. All the elements of the mass matrix could be nonz
and are about a few eV or less, except for the Majorana m
term of the sterile neutrinos. One can then have several
sible scenarios@8# which can explain all the neutrino exper
ments. Consider for example@19#, one sterile neutrino with
mass of about (2 – 3)31023 eV, which mixes with thene ,
while the other sterile neutrino is several orders of magnitu
lighter. This will satisfy the constraints on the sterile neut
nos from nucleosynthesis. A better proposition to satisfy
nucleosynthesis bound would be to consider the vacuum
cillation solution of the solar neutrino problem, in whic
casehixexy^hy

+ &;1024 eV. We may then choose the scal
potential to get̂ x2* &/^x1&;1023, so that the second steril
neutrino gets mass;1027 eV. The nucleosynthesis boun
may also be evaded, if a large lepton asymmetry@;O(1)# is
generated after the electroweak phase transition.

For purpose of completeness, we now present an exp
model of neutrino mass, which can explain all the expe
ments and can originate in the present scenario. We ass
that the Yukawa couplingsf ai j are such that the mass matr
of theSU(2)L doublet neutrinos have some texture zeros a
only one of the sterile neutrinos mixes withne given by the
VEV of h and the couplinghix . The other sterile neutrino is
much lighter, which is ensured by the choice of the poten
and ^x2* &/^x1&;1023. The mixing angle may also be
smaller and may not play any role in the present exp
ments, so we do not include it in the mass matrix. The m
matrix in the basis@ne nm nt ns# may take one of the
simple forms considered in Ref.@20#, given by only four
nonzero parameters,

M n5S 0 0 m1 m4

0 m3 m2 0

m1 m2 0 0

m4 0 0 0

D , ~10!
1-3
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where we assume,m4,m1,3!m2 . Consider a representativ
set of values for these parameters@20#,

m1;.05 eV; m2;1.5 eV; m3;0.001 eV;

m4;0.0001 eV.

The different masses and mixing has been calculated in
case and the relevant mass squared differences and the
responding mixing angles are given as follows@20#.

The four mass eigenvalues are,mn1,4
;0.0001 eV and

mn2,3
;1.5 eV. mn2,3

can contribute to the hot dark matter
the universe. The different mass squared differences and
relevant mixing angles~a! mn1

2 2mn2

2 ;2 eV2 with sin2 2uem

50.001 explains the LSND result;~b! mn2

2 2mn3

2

;0.003 eV2 with sin2 2umt51 explains the atmospheric neu
trino problem and ~c! mn1

2 2mn4

2 ;2310210 eV2 with

sin2 2umt51 gives the vacuum oscillation solution to the s
lar neutrino problem. It is to be noted that in models witho
a sterile neutrino, it is not possible to get such simple text
of the mass matrix with few parameters which can only
e

03130
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plain the solar and the atmospheric neutrino problems.
To summarize, we propose a simple scenario to acc

modate naturally light sterile neutrinos in extensions of
standard model with anSU(2)S symmetry. There are two
mass scales in the model, the electroweak scale and the
of lepton number andSU(2)S violation, which is fixed by
the conditions for lepton asymmetry of the universe. T
heavy triplet and a doublet acquires very tiny VEV, whic
gives masses and mixing of the left-handed neutrinos and
sterile neutrinos. We then present a representative mass
trix, which can originate in this scenario, which explains t
solar neutrino deficit, the atmospheric neutrino anomaly,
LSND result and the dark matter problem. The decays of
triplets generates a lepton asymmetry of the universe, wh
gets converted to a baryon asymmetry of the universe be
the electroweak phase transition.

I would like to thank Professor W. Buchmuller for helpfu
comments and supporting my present visit and acknowle
the hospitality of the Theory Division, DESY, Hamburg an
financial support from the Alexander von Humboldt Found
tion.
-

o.
@1# T. Kajita, talk presented at Neutrino 1998 Conference; Sup
Kamiokande Collaboration, Y. Fukudaet al., Phys. Lett. B
335, 237 ~1994!, and references therein;436, 33 ~1998!; Phys.
Rev. Lett. 81, 1158 ~1998!; 81, 4279~E! ~1998!; 81, 1562
~1998!.

@2# R. Davis, Prog. Part. Nucl. Phys.32, 13 ~1994!; Y. Fukuda
et al., Phys. Rev. Lett.77, 1683 ~1996!; P. Anselmannet al.,
Phys. Lett. B357, 237 ~1995!; 361, 235 ~1996!.

@3# L. Wolfenstein, Phys. Rev. D17, 2369~1978!; S. P. Mikheyev
and A. Yu. Smirnov, Yad. Fiz.42, 1441~1995! @Sov. J. Nucl.
Phys.42, 913 ~1985!#.

@4# LSND Collaboration, A. Athanassopouloset al., Phys. Rev.
Lett. 77, 3082 ~1996!; Phys. Rev. C58, 2489 ~1998!; Phys.
Rev. Lett.81, 1774~1998!.

@5# R. B. Mann and U. Sarkar, Phys. Rev. Lett.76, 865 ~1996!.
@6# B. Ambrusteret al., Phys. Rev. C57, 3414~1998!.
@7# C. Giunti, Report No. hep-ph/9808405.
@8# A. Smirnov, Report No. hep-ph/9611465.
@9# P. B. Renton, Int. J. Mod. Phys. A12, 4109~1997!.

@10# A. Zee, Phys. Lett.93B, 389 ~1980!.
@11# N. Gaur, A. Ghosal, E. Ma, and P. Roy, Phys. Rev. D58,

071301~1998!.
@12# J. Engel, S. Pittel, and P. Vogel, Int. J. Mod. Phys. E1, 1
r- ~1992!; A. N. Taylor and M. Rowan-Robinson, Nature~Lon-
don! 359, 396~1992!; M. Davis, F. J. Summers, and D. Schle
gel, ibid. 359, 393 ~1992!.

@13# E. Ma and U. Sarkar, Phys. Rev. Lett.80, 5716~1998!.
@14# C. Wetterich, Nucl. Phys.B187, 343 ~1981!; G. Lazarides, Q.

Shafi, and C. Wetterich,ibid. B181, 287 ~1981!; R. N. Moha-
patra and G. Senjanovic, Phys. Rev. D23, 165 ~1981!; R.
Holman, G. Lazarides, and Q. Shafi,ibid. 27, 995 ~1983!; G.
Lazarides and Q. Shafi,ibid. 58, 071702~1998!.

@15# A. D. Sakharov, Pis’ma Zh. Eksp. Teor. Fiz.5, 32 ~1967!
@JETP Lett.5, 24 ~1967!#.

@16# E. W. Kolb and M. S. Turner,The Early Universe~Addison-
Wesley, Reading, MA, 1989!.

@17# M. Flanz, E. A. Paschos, and U. Sarkar, Phys. Lett. B345, 248
~1995!; M. Flanz, E. A. Paschos, U. Sarkar, and J. Weiss,ibid.
389, 693 ~1996!.

@18# M. Fukugita and T. Yanagida, Phys. Lett. B174, 45 ~1986!; J.
A. Harvey and M. S. Turner, Phys. Rev. D42, 3344~1990!.

@19# D. O. Caldwell and R. N. Mohapatra, Phys. Rev. D48, 3259
~1993!; J. Peltoniemi and J. W. F. Valle, Nucl. Phys.B406,
409 ~1993!.

@20# S. Mohanty, D. P. Roy, and U. Sarkar, Report N
hep-ph/9808451.
1-4


