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Light sterile neutrino from extra dimensions and four-neutrino solutions to neutrino anomalies
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We propose a four-neutrino model that can reconcile the existing data coming from underground experi-
ments in terms of neutrino oscillations, together with the hint from the Liquid Scintillation Neutrino Detector
~LSND! experiment and a possible neutrino contribution to the hot dark matter of the Universe. It applies the
idea that extra compact dimensions, probed only by gravity and possibly gauge-singlet fields, can lower the
fundamental scales such as the Planck, string, or unification scales. Our fourth light neutrinons (s for sterile!
is identified with the zero mode of the Kaluza-Klein states. To a first approximationns combines with thenm

in order to form a Dirac neutrino with mass in the eV range leaving the other two neutrinos massless. The
smallness of this mass scale~suitable for LSND and hot dark matter! arises without appealing either to a
seesaw mechanism or to a radiative mechanism, but from the volume factor associated with the canonical
normalization of the wave function of the bulk field in the compactified dimensions. On the other hand the
splitting betweennm and ns ~atmospheric scale! as well as the mass of the two other neutrinos~solar mass
scale! arise from the violation of the fermion number on distant branes. We also discuss alternative scenarios
involving flavor-changing interactions. In one of themne can be in the electron-volt range and therefore, be
probed in beta decay studies.

DOI: 10.1103/PhysRevD.63.073002 PACS number~s!: 14.60.Pq, 12.10.2g, 13.15.1g, 26.65.1t
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I. INTRODUCTION

It was recently suggested@1–4# that the hierarchy prob
lem ~the smallness of the weak scale to the Planck sc!
may be avoided by simply removing the large scale. T
observed small value of the gravitational constant at lo
distance is ascribed to the spreading of the gravitational fo
in n extra spatial dimensions. The relation between
scales, where gravity becomes strong in t
(41n)-dimensional theory can be derived from the Gau
law

M Pl
2 .~R MF!nMF

2 , ~1!

whereR is the compactification radius of the additional d
mensions andMF is the fundamental Planck scale, whic
can be low. In what follows, we takeMF.10 TeV andn
56 for which the corresponding value ofR is R
.10212 cm. It follows that the standard model~SM! fields
~quarks, leptons, gauge fields, and possible Higgs multipl!
are confined to a brane configuration@5#, while the large
compactified dimensions are probed only by gravity andbulk
fields @2#, singlet under theSU(3)^ SU(2)^ U(1) gauge
group. It has been recently shown@5# that this framework
can be embedded into string models, where the fundame
Planck scale can be identified with the string that could be
low as the weak scale. The extra dimensions have the po
tial to lower the unification scale as well@6#.

In Refs. @7,8# it was shown how neutrinos can natural
get very smallDirac masses via mixing with a bulk fermion
The main idea is that the coupling of the bulk fermions to

*On leave from Yerevan Physics Institute, Alikhanyan Br.2, Y
evan 375036, Armenia.
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ordinary neutrinon is automatically suppressed by a volum
factor corresponding to the extra compactified dimensi
Such a volume factor arises from the canonical normali
tion of the wave function of the bulk field in the compactifie
dimensions. This volume factor provides a natural mec
nism for suppressing the Yukawa coupling and correspo
ingly yields a light neutrino mass. In these theories, the le
handed neutrinos as well as other SM particles, are local
on a brane embedded in the bulk of the large extra space
Refs. @8,9# it was shown how to generate smallMajorana
masses for neutrinos via strong fermion number breaking
distant branes.

In this paper we study the implications of theories w
extra dimensions with a few TeV scale of quantum grav
for neutrino physics. In contrast with other attempts to stu
neutrino masses and oscillations in models with large e
dimensions@10#, we consider the possibility of using thes
ideas in order to find possible realistic ways to account for
the present neutrino observations from undergrou
experiments,1 including both solar and atmospheric data,
terms of neutrino oscillations, in addition to the accelera
data, namely the possible hint from the Liquid Scintillatio
Neutrino Detector~LSND! experiment. The latter requires a
least one light sterile neutrino, in addition to the three~ac-
tive! neutrinos. We propose four-neutrino models that e
plain the smallness of neutrino masses by exploiting
above mechanisms. In our model the sterile neutrino surv
from the neutral fermions of the bulk sector, being identifi

-

1For a recent updated global analysis of solar and atmosph
neutrino data including the solar neutrino recoil electron day a
night spectra~for possible seasonal effects, see@11#!, as well as the
atmospheric upgoing muon data, see Ref.@12#. For previous refer-
ences, see Refs.@13,14#.
©2001 The American Physical Society02-1
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with the zero mode of the Kaluza-Klein states. Thus we
pass the need for a protecting symmetry to justify its lig
ness. To a first approximation the sterile neutrinos and on
the active ones combine to form a Dirac state, while the ot
two remain massless. Next, as a result of fermion num
breaking on distant branes, the heavier states split int
quasi-Dirac state@15# at the eV scale, while the others get
small mass. Our simplest scheme obtained this way re
duces the model proposed in Ref.@16#, with the atmospheric
neutrino data accounted for due to maximal mixingnm to ns
oscillations, while the solar neutrino data is explain
through ne to nt Mikheyev-Smirnov-Wolfensteen~MSW!
conversions.

Since, although allowed@14#, the nm to ns oscillation
channel is not the preferred explanation of the atmosph
neutrino anomaly, we also briefly discuss the role of flav
changing~FC! transitions. In this context we also mentio
for example, a new variant of the model given in Ref.@17#
which is, however, physically inequivalent. In this ne
model the quasi-Dirac neutrino with mass at the LSND sc
combinesne with the sterile neutrinons , leavingnm andnt
massless to a first approximation. As a result the model le
to possible effects in tritium beta decay and the atmosph
neutrino data are well explained due tonm to nt conversions.
In contrast with the first, this second scenario may succ
fully explain the solar neutrino data, but not via the MS
mechanism: it requires the presence of other physical
cesses such as FC transitions. These have been consi
both in the context of solar neutrinos, as well as atmosph
neutrinos@18#.

II. THE SIMPLEST MODEL

Here we concentrate on the minimum brane-inspi
scheme in which all elements required to explain the n
trino anomalies@the LSND and hot dark matter~HDM! as
well as the solar and atmospheric mass scales# are generated
by the physics of extra dimensions. For definiteness, we
be considering a model that minimally extends the stand
field content by one bulk neutrinoN(x,y), singlet under the
SU(3)^ SU(2)^ U(1)gauge group. This propagates on
@11(31d)#-dimensional Minkowski space withd<n.
Eachy coordinate of the large dimensions is compactified
a circle of radiusR, by applying the periodic identification
y[y12pR. Furthermore, we consider that only one fou
dimensionalSU(3)^ SU(2)^ U(1)singletj(x,y) from the
higher-dimensional spinorN(x,y) has nonvanishing Yukawa
couplingsh̄l to the three ordinary isodoublet leptonsLl(x),
with l 5e,m,t. The relevant Lagrangian has the form

Leff5E dydF N̄~ igm]m 1 igyW]yW !N1d~y!

3S (
l 5e,m,t

h̄lLlF̃j1H.c.D 1d~y!LSMG , ~2!

where F̃5 is2F* and LSM describes the SM Lagrangian
The dimensional Yukawa couplingsh̄l may be related to the
dimensionless oneshl

(d) through
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h̄l5
hl

(d)

~MF!d/2
. ~3!

We can now express the (41d)-dimensional two-
component spinorj in terms of a Fourier series expansion
follows:

j~x,y!5
1

~2pR!d/2 (
nW

jnW~x!expS inW •yW

R
D . ~4!

Substituting Eq.~4! into the effective Lagrangian~2!, then
performing the y integrations and integrating out heav
Kaluza-Klein states yield

Leff5LSM1S (
l 5e,m,t

hlLlF̃j01H.c.D , ~5!

wherej0 is the zero mode of the Kaluza-Klein states and

hl5S MF

MP
D d/n

hl
(d) . ~6!

As was first noticed in @7,8#, the four-dimensional
Yukawa couplingshl are naturally suppressed by the volum
factor (MF /MP)

d/n of the extra dimensions. With this w
can estimate the effective four-dimensional Yukawa co
pling and the corresponding neutrino mass in our model
order to account for the LSND or hot dark matter mass sc
mn;1 eV or so, we choosed54 and n56, giving hl

;10210hl
(d) .

Now we turn to the Majorana masses for neutrinos. Th
are crucial in order to generate the mass splittings require
neutrino oscillation interpretations of the solar and atm
spheric neutrino anomalies found in underground exp
ments. As shown in Refs.@8,9# the neutrinos may get sma
Majorana masses via interactions with distant branes, wh
fermion number is maximally broken. In case it is assum
that these interactions proceed via a very light field@lighter
than;1/R but heavier than;(mm)21 to have escaped de
tection# that propagates in 41d dimensions and that the
brane, where lepton number is broken is as far away as
sible i.e., at a distance;R, the Majorana part of the neutrin
masses is then expected to be

mll 8; f l l 8

v2

MF
S MF

Mpl
D 2d/n24/n

. ~7!

The neutrino mass matrix takes in the ba
(ne ,nm ,nt ,ns)(ns5j0) the form

Mn5S mll 8 Ml

Ml 8
T 0 D . ~8!

Here Ml5hlv, where v5174 GeV is the standard elec
troweak vacuum expectation value. Note that thems entry in
2-2
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LIGHT STERILE NEUTRINO FROM EXTRA . . . PHYSICAL REVIEW D63 073002
Eq. ~8! has been omitted2 since the bulk sector, where th
sterile neutrinonslives is eight dimensional~see Sec. II!.
There is, however, a general theorem that states that in e
dimensions there can be no massive Majorana spinor@19#.

In the limit that Dirac mass terms (Ml) are much bigger
than Majorana mass terms (mll 8), two of the neutrinos are
massless and the other two form Dirac state with a mas

m[mLSND/HDM5AMe
21Mm

2 1M t
2. ~9!

This state is identified by two anglesu andw defined as

sinu5
Me

m
, tanw5

Mm

M t
. ~10!

The entriesmll 8 only arise due to the breaking lepto
number on distant branes. In the cased54 andn56 they
are suppressed compared to the Dirac mass terms by
factor (v/MF)( f l l 8 /hl). These terms give masses to t
lowest-lying neutrinos and are also responsible for splitt
Dirac state to two Majorana states. For suitable values of
parameters, these are in the right range to have a solutio
solar and atmospheric neutrino deficit. More specifica
from the latest fits one needs@14#

Dmatm
2 .3.531023 eV2 ~11!

in order to account for the full set of atmospheric neutri
data.

On the other hand the latest global analysis of solar n
trino data slightly prefers the large mixing~LMA ! angle
MSW solution characterized by the best-fit point@13#

DmLMA
2 .3.631025 eV2. ~12!
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Now assuming naturalness, namely, that masses and s
tings are of the same orderDmatm.mll 8.ADm(

2 and since
Dmatm

2 .2mDmatm , one finds

m.0.8 eV ~13!

characterizing the order of magnitude of the LSND/HD
scale in the LMA case.

On the other hand, for the small mixing angle~SMA!
solution we have

DmSMA
2 .531026 eV2 ~14!

so that if DmSMA
2 .(Dm)2 and using again Dmatm

2

.2mDmatm one finds

m.0.3 eV ~15!

characterizing the order of magnitude of the LSND-HD
scale in the SMA case.

Of course since clearly the solar mass splitting need
coincide exactly with the lightest state masses, the ab
estimates are meant to be crude order-of-magnitude
mates only. As a result the LSND/HDM scales both in t
LMA and in the SMA case can be larger than that estima
above.

In the above approximation the form of the charged c
rent weak interaction may be given as

2
g

A2
(
i 51

3

(
a51

4

ēiLgmKianaL1H.c., ~16!

where
K 5 1
cucm cusm

su

A2

su

A2

2smcw2suswcm cwcm2suswsm
cusw

A2

cusw

A2

smsw2sucwcm 2swcm2sucwsm
cucw

A2

cucw

A2

0 0 2
1

A2

1

A2

2 . ~17!

2Note that one would have to add a term

S 0 M8

M8 MFD
in the basis (ns , x), wherex denotes a fermion on a distant brane that couples with our bulk fieldns . HereMF; TeV is the effective
Planck mass andM 8; eV is suppressed by the same volume factor asMl . Thus this would lead to an effectivems entry in Eq.~8! of order
10212 eV. Clearly this is totally irrelevant for our problem.
2-3
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A. IOANNISIAN AND J. W. F. VALLE PHYSICAL REVIEW D 63 073002
Here the first, second, and third rows denotene , nm , andnt ,
respectively, while the fourth is the sterile neutrinons . The
anglesu and w identify the dark matter neutrino whileum
diagonalizes the light sector. The matrixK determines also
the structure of the neutral current weak interactions@20#

2
g8

2 sinuW
Zm(

ab
n̄LagmPabnLb ~18!

through the relation

P5K †K. ~19!

III. PHENOMENOLOGY

If we assume that muonic neutrino coupling to the hig
dimensional spinor is dominant (he ,ht!hm.0.1), the light
sterile neutrinons combines withnm and forms a quasi-Dirac
state, crucial to account for the hint coming from the LSN
experiment, and may also contribute to the hot dark matte
the universe. Apart from the mass of the quasi-Dirac s
@15#, one has the splittings between its components, as
as the masses of two light active states. The splittings
tween the heavy states and that characterizing the lig
neutrinos will be associated with the explanations of the
mospheric and solar neutrino anomalies, respectively.
atmospheric neutrino deficit is ascribed to thenm to ns oscil-
lations. The solar neutrino problem could be solved
MSW small or large anglene to nt solutions. This repro-
duces exactly the phenomenological features of the mo
proposed in Ref.@16#, providing a complete scenario for th
present neutrino anomalies.

From Eq.~17! we can determine the pattern of neutrin
oscillations predicted in the model.In vacuo the neutrino
oscillation probabilities are simply given as due to the cum
lative non-decoupling effects of the Kaluza-Klein neutrin
in electroweak processes:

P~ne→nm!5sin2 2u sin2 w sin2
m2L

4E
, ~20!

P~ne→nt!5sin2 2u cos2 w sin2
m2L

4E
,

P~nm→nt!5sin2 2w cos4 u sin2
m2L

4E
.

One sees that the first consequence of our model is to h
potentially detectable rates for neutrino oscillations in
laboratory. The LSND experiment gives the following co
straints sin2 2u sin2 w.0.003~0.03! for m.1.0(0.5) eV. On
the other hand the CHOOZ experiment requires sin22u
<0.18 form;0.5–1 eV.

Note that the eV range sterile neutrino range with ma
mal mixing with the active state predicted in our scena
would enter into equilibrium with the active neutrinos v
neutrino oscillations in the early Universe@21#, leading to an
effective equivalent number of four light neutrinos in th
early UniverseNn

e f f54. For recent discussions, see Re
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@22,23# and for a discussion of the possible role of lept
asymmetries, see Ref.@24#. This contrasts with the situation
found in the model of Ref.@17#, since there the lightness o
the sterile neutrino suppresses these conversions leadin
an effective light neutrino number of three (Nn

e f f53). The
difference lies in that in the present case the quasi-Dirac s
~of massm;eV, for MF.10 TeV) inescapably include
the sterile neutrino, while in@17# the quasi-Dirac state com
bines the two activenm and nt @25# leaving thens in the
lighter sector.

Finally, note that the low value for the scaleMF. few
TeV might lead to flavor-violation and universality-breakin
phenomena potentially accessible to experiment due to
cumulative nondecoupling effects of the Kaluza-Klein ne
trinos in electroweak processes, even though the orig
Yukawa couplings are small@26#. The rates of the flavor-
violating decaysm→eg and m→eeeas well asm→e co-
herent conversion in nuclei are proportional to the Yuka
couplings

he
2hm

2 5
m4

4v4
sin2 2u sin2 w. ~21!

On the other hand thenm→ne oscillation probability Eq.
~20! depends on the same parameters. Fitting for the LS
experiment and using the upper limits from nonobservat
of lepton flavor-violating and universality-breaking phenom
ena involving theW andZ bosons one obtains@26# the fol-
lowing restriction on the compactification scaleMF in our
model

MF*2 TeV S m

eVD 3/5S sin2 2u sin2 w

0.003 D 3/20

. ~22!

Note that in the region indicated by the LSND experime
the product of the two terms in parenthesis in the right-ha
side are essentially constant and close to unity. With t
one can obtain a lower bound on the scaleMF , MF
*2 TeV. Note that this is an order-of-magnitude estima
only, since we do not know where to cut the Kaluza-Kle
tower of the sterile neutrinos.

There are other conceivable brane-inspired four-neutr
scenarios capable of explaining the solar and atmosph
neutrino problems. For example, if we assume that the e
tronic neutrino coupling to the high-dimensional spinor is t
dominant one (hm ,ht!he.0.1), then the quasi-Dirac stat
combinesne with ns . This leads to the possibility of observ
ing neutrino mass effects in tritium beta decay experime
and also thene would form part of the hot dark matter. Th
explanation of atmospheric neutrino deficit comes due to
nm to nt oscillations, which gives an excellent fit of the da
@14#, better than that for thenm to ns case. In contrast, the
solar neutrino problem cannot be accounted for in the fram
work of the MSW effect, since in this case we have lar
mixing anglene to ns oscillations, which is ruled out by the
solar data fit@13#. A possible way out is to assume the pre
ence of other physical processes, such as FC transition
this case, one may have fermion number violation on dist
branes in such a way that only thenm andnt masses are split
2-4
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but not the heavier neutrinosne andns . This can provide an
explanation of the solar neutrino data in the presence
flavor-changing neutral currents@18#.

IV. DISCUSSION

We have proposed a four-neutrino model that can exp
the smallness of neutrino masses without appealing eithe
a seesaw mechanism or to a radiative mechanism. It ap
the idea that extra compact dimensions, probed only by g
ity and gauge-singlet fields, can lower the fundamental sc
such as the Planck, string, or unification scales. The li
sterile neutrinons is identified with the zero mode of th
Kaluza-Klein states and combines withnm in order to form a
quasi-Dirac neutrino with mass in the eV range, contribut
to the hot dark matter of the universe. Apart from the p
sible effect of lepton asymmetries the sterile neutrinos
brought into equilibrium in the early universe, leading
four effective light neutrinosNn

e f f54. Fermion number
breaking effects on distant branes lead to the splitting of
quasi-Dirac state as well as two massless active states. T
splittings generate oscillations that may reconcile the ex
ing data coming from underground experiments with the h
from LSND. The simplest scheme is the same as the
proposed in Ref.@16#, accounting for the atmospheric data
terms ofnmto ns oscillations and the solar neutrino data
terms ofne to nt MSW conversions.

The scheme can be tested through lepton flavor-viola
processes such asm→e1g, m→3e and muon conversion in
nuclei. In particular we showed that fitting for the LSN
signal enables us to estimate the muon-number viola
rates as a function of the fundamental Planck scaleMF ,
which must exceed few TeV or so. Finally, note that in o
scheme there is no expected modification of the Newton
law accessible at the proposed submillimeter scale.

We have also discussed a second possible model tha
counts for the atmospheric data in terms ofnm to nt oscilla-
tions. However, in contrast with the original model of Re
@17#, such model is incompatible with an explanation of t
solar data in the framework of the simplest MSW effect sin
B

li,

D

o

h-
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the large mixing predicted betweenne andns is ruled out by
the solar neutrino data3 @13#. This can be remedied in th
presence of FC interactions.

Finally we comment on another recent attempt@27# to
obtain a four-neutrino model based on extra dimensions.
model in Ref.@27# is totally different. Ours is minimal in the
sense that we have simply the standardSU(3)^ SU(2)
^ U(1)gauge group and no right-handed neutrinos, wh
they explain the lightness of the active neutrinos via the st
dard left-right symmetric seesaw mechanism. Moreover
have a much lower value for the fundamental Planck scal
our model,MF;104 GeV. This leads to a plethora of lepto
flavor-violating processes that are expected to be neglig
in the model of Ref.@27# and which could potentially be
used to distinguish them. Finally, in our caseall light neu-
trino masses arise from the extra dimensions mechanis
the eV scale follows from the volume factor associated w
the canonical normalization of the wave function of the bu
field in the compactified dimensions, while solar and atm
spheric mass scales arise from the violation of the ferm
number on distant branes.

Note added in proof :More recent atmospheric data hav
disfavored a purenm to ns atmospheric conversion@28#. For
a detailed discussion of this issue see the last paper in
@17#.
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