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Recently it was proposed that the standard model~SM! degrees of freedom reside on a (311)-dimensional
wall or ‘‘3-brane’’ embedded in a higher-dimensional spacetime. Furthermore, in this picture it is possible for
the fundamental Planck massM* to be as small as the weak scaleM* .O(TeV) and the observed weakness
of gravity at long distances is due the existence of new submillimeter spatial dimensions. We show that in this
picture it is natural to expect neutrino masses to occur in the 1021–1024 eV range, despite the lack of any
fundamental scale higher thanM* . Such suppressed neutrino masses are not the result of a seesaw, but have
intrinsically higher-dimensional explanations. We explore two possibilities. The first mechanism identifies any
massless bulk fermions as right-handed neutrinos. These give naturally small Dirac masses for the same reason
that gravity is weak at long distances in this framework. The second mechanism takes advantage of the large
infrared desert: the space in the extra dimensions. Here, small Majorana neutrino masses are generated by a
breaking lepton number on distant branes.
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I. INTRODUCTION

It has recently become clear that the fundamental scal
gravity need not be the Planck scaleMpl.1.231019GeV, but
rather that the true scaleM* where gravity becomes stron
can be much lower. The observed small value of Newto
constant at long distances is ascribed to the spreading o
gravitational force inn ‘‘large’’ extra dimensions. The vol-
umeRn of the new dimensions is fixed by Gauss’s law to

Rn.Mpl
2 /M

*
n12 . ~1!

The most radical, and in many ways the most attract
suggestion forM* is that it should be close to the weak sca
M* ;1 TeV. In this case we haveR.10217130/n cm. For
n51,R;1013 cm, so this case is excluded since it wou
modify Newtonian gravitation at solar-system distances.
ready forn52, however,R;1 mm, which happens to b
the distance where our present experimental knowledg
gravitational strength forces ends.

While the gravitational force has not been measured
neath a millimeter, the success of the Srandard Model~SM!
up to ;100 GeV implies that the SM fields cannot feel t
extra large dimensions; that is, they must be stuck o
3-dimensional wall, or ‘‘3-brane,’’ in the higher-dimension
space. Thus, in this framework the universe is (41n) dimen-
sional with the fundamental Planck scaleM* residing some-
where between the weak scale andMpl , with new sub-
millimeter-sized dimensions where gravity, and perha
0556-2821/2001/65~2!/024032~8!/$20.00 65 0240
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other fields, can freely propagate, but where the SM partic
are localized on a 3-brane in the higher-dimensional sp
@1–4#.

The most attractive possibility for localizing the SM field
to the brane is to employ the D-branes that naturally occu
type I or type II string theory@5,3#. Gauge and other degree
of freedom are naturally confined to such D-branes@5# and,
furthermore, this approach has the advantage of being for
lated within a consistent theory of gravity. However, from
practical point of view, the most important question
whether this framework is experimentally excluded. Th
was the subject of@4# where laboratory, astrophysical, an
cosmological constraints were studied and found not to
clude these ideas, even forM* as low as 1 TeV. There are
a number of model independent predictions of such a s
nario, ranging from the production of Regge excitations a
bulk gravitons at the next generation of colliders@2,3,6#, to
the modification of the properties of black holes@7#.

There are also a number of other papers discussing rel
suggestions. Reference@8# examine the idea of lowering th
grand unified theory~GUT! scale by utilizing higher dimen-
sions. Further papers concern themselves with the cons
tion of string models with extra dimensions larger than t
string scale@9–11#, and gauge coupling unification in highe
dimensions without lowering the unification scale@12#.
There are also important papers by Sundrum on the effec
theory of the low energy degrees of freedom in realizatio
of our world as a brane, and on radius stabilization@13,14#.
For earlier works on the world as a three-dimensional w
©2001 The American Physical Society32-1
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see@15#. The issue of radius stabilization was also cons
ered in@16#.

However, it may seem that we have given up any hope
explaining the size of the neutrino masses deduced to
necessary to explain the atmospheric@17# and solar@18# neu-
trino anomalies. In the traditional approach the small n
trino masses are the result of the seesaw mechanism
which a large right-handed~RH! Majorana massMR sup-
presses one of the eigenvalues of the neutrino mass ma
leading tomn;mfermion

2 /MR . The neutrino mixing explana
tions of the atmospheric and solar neutrino anomalies req
MR to be a superheavy mass scale, varying between an
termediate scale;1010 GeV the GUT scale. However, in
the world-as-a-brane picture withM* ;1 TeV the existence
of such a superheavy scale is unpalatable.

In this paper we show that there areintrinsically higher-
dimensionalexplanations for either Dirac or Majorana ne
trino masses. For Dirac masses, the basic idea is thatany
fermionic state that propagates in the bulk must, by defi
tion, be a SM singlet and, furthermore, that it couples to
wall-localized SM states precisely as a right-handed neut
with a naturally small coupling. The small coupling is a
result of the large relative volume of the internal ‘‘bulk
manifold compared to the thin wall where SM states pro
gate. The interaction probability of the Kaluza-Klein~KK !
zero mode of the bulk RH neutrino statenR with the brane-
localized Higgs and lepton doublet fields is thus small,
sulting in a greatly suppressednR(x,y50)L(x)H(x) cou-
pling. Small Majorana masses can be obtained using
generic mechanism of@19# for generating small couplings b
breaking symmetries on distant branes in the bulk. In
context, we break the lepton number on far-away branes,
have this breaking communicated to us by bulk messen
fields, giving a naturally distance-suppressed Majorana n
trino mass on our wall.

II. RIGHT-HANDED NEUTRINOS IN THE BULK

In this section, we will show that neutrinos can acqu
naturally small Dirac masses if the left-handed neutrinos
our wall couple to any massless bulk fermion. Since the
gauge fields are localized on our 3-brane, a bulk ferm
must be a SM singlet, and will henceforth be referred to
the bulk right-handed neutrino in this section. The reason
the suppressed mass is that bulk modes have couplings
pressed by the volume of the extra dimensions; this is
reason for the weakness of gravity at long distances in
scenario, as well as small gauge couplings for bulk ga
fields @4,19,20#.

For simplicity, we begin by considering a to
5-dimensional theory to concretely illustrate the idea;
generalization to the physically realistic case of higher
mensions will then be clear. Consider a 5-dimensional the
with coordinates (xm,y), with m50, . . . ,3 and they direc-
tion compactified on a circle of circumference 2pR by mak-
ing the periodic identificationy;y12pR. Our 3-brane,
where the lepton doublet and the Higgs fields are localiz
is located aty50, while a massless Dirac fermionC propa-
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gates in the full five dimensions. TheG matrices can be
written as

Gm5S 0 sm

s̄m 0 D , G55S i 0

0 2 i D ~2!

where we have chosen the Weyl basis for theGm matrices.
The Dirac spinorC is also conveniently decomposed
usual in the Weyl basis

C5S nR

n c̄
R
D . ~3!

Let us now shut off all interactions between bulk and w
fields and understand the spectrum of the theory from
4-dimensional point of view. If we Fourier expand

nR
(c)~x,y!5(

n

1

A2pR
nRn

(c)~x!einy/R ~4!

then the free action forC becomes

SC
free5E d4x(

n
n̄Rns̄

mnRn1n c̄
Rns̄

mnRn
c 1

n

R
nRnnRn

c 1H.c.

~5!

Of course this is the usual Kaluza-Klein~KK ! expansion,
with the expected result. We have a tower of fermio
nRn ,nRn

c with Dirac massesn/R quantized in units of 1/R.
The free action for the Lepton doubletl localized on the wall
is just

Sl
free5E d4x l̄ s̄ml . ~6!

Let us now imagine writing down the most general intera
tions between wall and bulk fields. Since something ana
gous to the lepton number must be imposed to forbid t
large Majorana neutrino masses for the SM fields anyw
we will for simplicity assume that the lepton number is co
served and assignC the opposite lepton number ofL. The
leading local interaction betweenC and wall fields is then

Sint5E d4xk l ~x!h* ~x!nR~x,y50! ~7!

wherek is a dimensionless coefficient and we work in un
where the fundamental scaleM* 51. Notice that this cou-
pling manifestly breaks the full 5-dimensional Poincare´ in-
variance of the theory by picking out the componentnR from
the full Dirac spinorC. This is perfectly reasonable, sinc
the presence of the wall itself breaks the 5-dimensional P
caré invariance to the 4-dimensional one, and therefore
couplings need only be invariant under the 4-d Poinc´
transformations. As we show in the Appendix, this can
seen very explicitly in a specific setup for localizingl ,H on
a (311)-dimensional domain wall in 411 dimensions.
Upon setting the Higgs field to its vacuum expectation va
2-2
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VEV v, and expandingc(x,y50) in KK modes, the above
interaction generates the following mass terms:

Sint5E d4x
kv

A2pR
nL~x!(

n
nRn~x!. ~8!

Suppose thatkv/AR!1/R. In this case, all the massive KK
excitations are unaffected by this term. However, this int
action generates a Dirac mass term betweennL and the zero
modenR0, which is suppressed by the size of the dimensio

mn5k
v

AR
. ~9!

It is clear that this generalizes to the case where the ri
handed neutrino lives in any numbern of extra dimensions.
In the decomposition of a higher-dimensional spinor un
the 4D Lorentz group, there will be a number of left-hand
Weyl spinors which can have an interaction of the type in E
~7!, which gives a mass term suppressed by (volume)21/2

betweennL and all the KK excitations of the bulk right
handed neutrino. As long as this mass is smaller than 1R,
this is negligible for the KK modes but gives a Dirac mas

mn5k
v

AVnM
*
n

~10!

where we have restored theM* dependence. Upon using th
relationM pl

2 5M
*
n12Vn , we obtain for the neutrino mass

mn5k
vM*
M pl

;1024 eV
kM*

1 TeV
. ~11!

Note that for alln.2, this mass is much smaller than 1/R so
our analysis was justified, while forn52 they are roughly
comparable; this will pose phenomenological difficulties
n52 as discussed in Sec. V, and henceforth we shall o
consider cases withn.2. It is remarkable that for the case o
a low string scalekM* ;12100 TeV, this prediction for
the neutrino masses is very roughly in the right range
explain the atmospheric and solar neutrino anomalies.

Let us more carefully compute the neutrino mass, by
tegrating out the KK modes. Integrating out the mass
c (nW ),cc(nW ) pair at tree level generates the operator

1

unW u2/R2
l̄ s̄m]mlh* h. ~12!

The sum over all KK modes is power divergent in the UV f
n.2. This UV divergence must be cutoff near the fund
mental scaleM* , i.e. at a ukumax such that ukmaxu/R
5cM* , wherec is a dimensionless factor reflecting our i
norance of where exactly this power divergence is cut
The generated operator is
02403
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k2cn22

M
*
2

l̄ s̄m]mlh* h. ~13!

After setting the Higgs field to its VEV, this generates
correction to thenL wave function renormalization. Afte
going back to canonical normalization fornL , the neutrino
mass becomes

mn5
k

A11k2cn22v2/M
*
2

vM*
M pl

. ~14!

The significance of this equation is that for a fixed value
M* it is not possible to increase the neutrino mass arbitra
by increasingk, rather there is an upper bound

mn
max5c2(n22)/2M

*
2 /M pl. ~15!

All of this can be seen more explicitly by simply writin
down the mass matrix for the various neutrino fields;
simplicity let us consider the casen51. The relevant fields
with L51 are N15(nL ,nR1

c ,nR2
c , . . . ), while those with

L521 are N25(nR0 ,nR1 ,nR2 , . . . ). Note thatnR0
c does

not acquire a mass term with any other field and rema
exactly massless. The mass matrix is of the form

Lmass5N2
T MN1 , ~16!

with

M5S m 0 0 •••

m 1/R 0 •••

m 0 2/R •••

A A A �

D ~17!

wherem is as in Eq.~9!. If we treat all the off-diagonal terms
as perturbations, then at zeroth order the lightest eigenv
of this matrix ism. To first order in perturbation theory, th
eigenvalues are unchanged, but we find that the lightesL
51 mass eigenstate is dominantlynL , with an admixture of

un;
m

unu/R
~18!

of the KK modenRn
c . The first shift in the eigenvalues occu

at second order in perturbation theory. It is more conveni
to use the Hermitian matrixM M †, whose eigenvalues ar
the absolute value squared of the eigenvalues ofM:

MM †5diag„m2,~1/R!2,~2/R!2, . . . …

1S 0 1 1 •••

1 1 1 •••

1 1 1 •••

A A A �

D m2. ~19!

The lowest eigenvalue gets corrected to be
2-3
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mn
2→mn

2S 12(
n

mn
2R2

n2 D . ~20!

Taking the square root, this is nothing but the first term in
perturbative expansion of Eq.~14!.

Right-handed neutrinos from sub-spaces

The bulk fermion fields that give rise to the right-hand
neutrinos on our brane do not necessarily live in the en
transversen-dimensional bulk. It is consistent to suppose th
they propagate in just anm-dimensional subspace (m,n) of
the entire bulk where gravity propagates. Such a situa
can easily arise if our three-dimensional world is at the
tersection point of two or more branes with at least one h
ing p5m13.3 spatial dimensions. Independent of ho
such a scenario is realized, the properties of the right-han
neutrino interactions with our wall localized states are s
ply described as a simple extension of the discussion in
previous section, which we do in a slightly different wa
below. Denote byVm the m-dimensional transverse volum
in which the right-handed neutrino field propagates. Th
once again the KK mode expansion of this field is

nR~x,y!5
1

AVm
(

lW
nR,lW ~x!exp@22p i lW •yW /~Vm!1/m#.

~21!

The interaction of the KK zero modelW 50 with an operator
O constructed out of wall-localized standard model state
still given by the overlap integral

Prob5E d3xdnyOSM~x!nR,0~x,y!. ~22!

Each standard model field inO has in its wave function a
factor of 1/AVwall arising from the small wall extent in them
transverse dimensions. Furthermore, there is a facto
1/AVm from the normalization of the right-handed neutrin
state, and a factor ofVwall;1/M

*
m coming from the*dny

integral which is only nonzero in them-dimensional sub-
space where both the wall extends and the right-handed
propagates. Putting this together in the case of interest,
interaction termnRLH is suppressed by the probability

Prob5S Vwall

Vm
D 1/2

. ~23!

In the case of a symmetric internal manifold where each
the n dimensions is of sizeR, the volume of the
m-dimensional subspace isVm;Rm. Thus upon usingMpl

2

5RnM
*
n12 the factor in Eq.~23! reduces to

Prob5S M*
Mpl

D m/n

. ~24!

Including the power divergence of the normalization of t
nL kinetic term, Eq.~13!, adapted for the case where th
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right-handed neutrino propagates inm,n dimensions, we
have~for all the large dimensions of roughly equal size! the
neutrino mass expression

mn5
kv

A11cm22v2/M
*
2 S M*

Mpl
D m/n

. ~25!

Thus a large spectrum of neutrino masses is possible.
instance, if n56 and m55, even for k;1 and M*
;1 TeV, we getmn;1022eV, naturally the correct order o
magnitude for explanations of the atmospheric neutr
anomaly.

In general we should note that there is no reason for
internal n-dimensional manifold to be symmetric. For in
stance in the casen56 we could imagine compactifying on
a product of two-toriT23T23T2, each with its own charac
teristic radius. The Gauss’s law condition forMpl only re-
quires that the total volumeVm5Mpl

2 /M
*
n12 . If we now de-

fine an average radiusR by the relationRn5Vn , and write
Vm5Vn /Vn2m5Rn/Vn2m , we get the general form of the
suppression for the couplingnRLH;

Prob5S M*
Mpl

D m/nS Vn2m

R(n2m)D 1/2

. ~26!

III. BREAKING THE LEPTON NUMBER ON DISTANT
WALLS

In the preceding sections, we have considered ways
obtaining naturally smallDirac masses for the neutrinos, i
theories with a conserved lepton number. It is also poss
to generate smallMajorana neutrino masses, by using th
generic idea of@19# for generating small couplings by break
ing symmetries on distant branes. In our case, we wish
imagine that the lepton number is primordially good on o
brane, but is maximally badly broken at the scaleM* by the
vev of a fieldwL with the lepton numberL52 on a different
brane located aty5y* in the extra dimensions. The infor
mation of this breaking is transmitted to us by a bulk fieldxL
also carryingL52. Working in units withM* 51, the rel-
evant interactions are

L.E
us

d4xk~ lh* !2~x!xL~x,y50!

1E
other

d4x8^wL&xL~x,y5y* !. ~27!

The VEV of wL on the other brane acts as a source forxL ,
and ‘‘shines’’xL everywhere. In particular, the shined valu
of xL on our brane is just given by the Yukawa potential
the transversen dimensions@19#:

^x&~x,y50!5Dn~ uy* u!, Dn~r !5~2¹ (n)
2 1mxL

2 !21~r !.

~28!

For n.2,
2-4
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Dn~r !;
e2mr

r n22
for mr@1

;
1

r n22
for mr!1. ~29!

The resulting Majorana neutrino mass is suppressed by
factor Dn(uy* u); restoring the dependence onM* we have

mn
Maj.;

v2Dn~r !

M
*
n21

. ~30!

This can give us an exponential suppression ifxL is massive,
while even ifx is very light, a power suppression is possib

The case of massivexL can easily generate small enoug
Majorana masses, but is not particularly predictive withou
theory specifying the inter-brane potential. On the oth
hand, if we consider very lightxL @i.e. lighter than 1/R but
heavier than;(mm)21 to have escaped detection#, and as-
sume that the brane whereL is broken is as far away a
possible, i.e. thatuy* u;R, then the neutrino mass is pre
dicted to be

mn
Maj.;

v2

M*
S M*

Mpl
D 224/n

~31!

where we have usedM
*
n12Rn;Mpl

2 . Note that forn54, we
recover the same rough prediction for neutrino masses a
old seesaw mechanism and the bulk right-handed neutr
In this case there is a little more flexibility since the walls
not have to be quite so far away, and this can enhance
neutrino mass in the correct direction.

IV. NEUTRINO MASSES FROM THE BRANE-LATTICE
CRYSTAL

A qualitatively different possibility is raised if we ar
willing to contemplate a bulk populated with large numbe
of branes. This possibility was raised in@16# in the context of
stabilizing the extra dimensions; where the largeness of
extra dimensions was linked to the large brane number.
our purposes here we simply assume that the bulk is po
lated with a number densitynbrane of branes. In order to
have a consistent picture of the brane lattice ignoring qu
tum gravitational effects, we must require that the lattice
dilute on the fundamental Planck scale: i.e.

nbrane!M
*
n . ~32!

Let us assume that the lepton number is broken on about
of the branes, while it is unbroken on the other half; o
brane happens to be one whereL is unbroken. The informa-
tion of L breaking is transmitted to us by bulk messengersxL
as in the previous section, leading to a neutrino mass

mn
Ma j .;

v2

M
*
n21E dnynbraneDn~ uyu!. ~33!
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Let us now suppose thatxL is massive enough so that it
Compton wavelength is smaller than the distance to the n
est wall. Then,

mn
Maj.;

v2

M
*
n21E drr n21nbrane

e2mxL
r

r n22

;
v2nbrane

M
*
n21mxL

2
. ~34!

It is perhaps most natural in this context to takemxL

;M* , in which case the smallness of the neutrino mas
wholly controlled by the brane density. In the brane-latti
crystallization scenario for radius stabilization, this dens
was determined to be@16#

nbrane

M
*
n

;S M*
Mpl

D 4/n

. ~35!

Using this value for the density leads to a neutrino mass

mn
Maj.;

v2

M*
S M*

Mpl
D 4/n

. ~36!

Again the casen54 leads to a neutrino mass of roughly th
correct order of magnitude for solar and atmospheric neu
nos, withnbrane andmxL

varying over reasonable ranges.

V. PHENOMENOLOGICAL CONSTRAINTS

The main constraints on any theory with SM fields loc
ized on a 3-brane have to do with production of light bu
modes. The graviton is the one model-independent exam
of such a field, and graviton overproduction in astrophysi
systems and in the early universe place unavoidable c
straints on our framework, but do not exclude it@4#. As dis-
cussed in@19#, if there are other light states in the bulk, su
as vectors and scalars, even stronger bounds can result
reason can be understood by simple dimensional analy
The bulk graviton couples to dimension-4 operators on
brane. As such, working in terms of the canonically norm
ized bulk graviton fieldhAB , which has mass dimension (n
12)/2, the coupling is schematically of the form

E d4xO4~x!
h

M
*
(n12)/2

~37!

and therefore the cross sections for graviton emission s
with the energy as

s~grav. prod.!;
En

M
*
n12

. ~38!

By contrast, a vector field in the bulk couples to
dimension-3 operator on the wall,
2-5
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E d4xO3~x!
A

M
*
n/2

~39!

and the rate for bulk vector production is correspondin
enhanced

s~vect. prod.!;
En22

M
*
n

. ~40!

By this reasoning, the right-handed neutrino, coupling a
does to the lowest dimension SM invariant operator on
wall, should be most strongly coupled and potentially da
gerous. However, it is important to remember that bein
SM singlet, the bulk neutrino only interacts with SM field
via its mixing tonL .

First consider putting the Higgs field to its VEV~we will
return to processes involving physical Higgs fields at the
of this section!. Then, the coupling of the right-handed ne
trino to the wall neutrino generates a small Dirac mass as
have seen, with the lightest state being predominantlynL but
having an admixture of the higher KK excitations ofnRn

c .
For n52, this mixing can beO(1) and disastrous, while fo
highern, even though the mixing to each state is small,
large multiplicity of states can still potentially give problem
It is most convenient to first go to the mass eigenstate ba
Then, the tower ofnRnW

c KK states only interact through gaug
interactions, with the vertices suppressed byunW

;mn /(unW u/R). Let us consider the implications of this fo
early universe~but post ‘‘normalcy temperature’’T* @4#!
cosmology.

First, we have to determine whether any of these K
modes are ever thermalized. The worst case~biggest mixing
angle! is for the first KK mode. The thermalization procee
through throughW,Z exchange with ordinary SM particles
with a cross section

s;GF
2T2u2. ~41!

We determine the decoupling temperature as usual by eq
ing nsv5H;T2/Mpl , which yields

Tdec.;1 MeVu22/3. ~42!

For n52, the situation is problematic, and likely too man
of the heavy modes will be thermal during nucleosynthe
However, already forn53, the largestu;1025 even taking
mv;331022 eV for the atmospheric neutrino problem, an
the decoupling temperature is forced above;1 GeV. Since
in all cases, the normalcy temperatureT* &1 GeV, we can
conclude that forn.2, the KK neutrinos are never therma
ized once the universe becomes ‘‘normal.’’ Of course,
have to ensure that they and, more importantly, bulk gra
tons, are not created in thermal abundancesbefore T* , but
that is a separate issue of the very early universe cosmo
in this scenario which we will not address here.

Next, just like the non-thermalized bulk gravitons, there
the worry of evaporating too much energy into these b
neutrino modes, unacceptably altering the expansion rat
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the universe. First, we need to determine the rate at wh
any given KK mode of massmKK decays back into SM
states. The width is given by

G;GF
2mKK

5 S mn

mKK
D 2

G21;107 sS 1023 eV2

mn
2 D S 1 GeV

mKK
D 3

. ~43!

Note that the KK modes produced at temperatures ben
;1 GeV are still around during nucleosynthesis. The r
which energy is evaporated into bulk neutrinos at tempe
ture T is

ṙn
R
c ;2

Tn17mn
2GF

2Mpl
2

M
*
n12

~44!

to be compared with the normal cooling rate by adiaba
expansion

ṙnormal;2
T6

Mpl
. ~45!

Requiring the normal rate to dominate over the neutrino r
at least forT;MeV when nucleosynthesis happens puts
rather mild bound onM* ,

M* .10(1426n)/(n12) TeV. ~46!

The reason for the weak bound is that production of bulkn
modes must proceed through aW/Z and is therefore further
suppressed by aGF

2 factor. Of course we, in principle, hav
to worry about the decays of these bulk modes. The b
gravitons which are produced have a long lifetime of ord
of the age of the universe and can unacceptably alter
background gamma ray spectrum when they decay. B
neutrinos are not as long lived and can be made to de
more harmlessly on a ‘‘fat brane’’@4# just as in the case o
bulk gravitons. Furthermore, if their decay to relativist
matter on the other brane, there is no worry that there de
products will ever overclose the universe. Other phenome
logical constraints on right-handed neutrinos are simila
safe, for the same reasons.

One place for interesting signals could be in physi
Higgs decays tonL1 bulk neutrino. The width for the deca
into any KK mode is suppressed by the neutrino Yuka
couplingln

25mn
2/v2, but there is an enhancement;(mHR)n

coming from the sum over all KK modes. The total dec
width is

GH0→nLnR
;

mH

16p
31032n3S mn

2

1025 eV2D 3S mH

100 GeVD
n

3S 1 TeV

M*
D n12

. ~47!
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This invisible decay for the Higgs field has a significant ra
for n53. A detailed analysis of novel Higgs physics, both
this scenario for generating neutrino masses as well a
extra-dimensional flavor theories will be reported elsewhe

Finally, the constraints on light bulkxL messengers ar
essentially the same as those studied in@19#, and just as the
cases studied there, the exchange of the lightx field can give
rise to attractive, isotope-dependent sub-millimeter for
;106 times stronger than gravity, a signal that cannot
missed by the upcoming generation of sub-millimeter gra
tational force experiments.

VI. LARGE NEUTRINO MAGNETIC MOMENTS

As an example of other interesting neutrino physics in
scenario, we comment that it may be possible to gene
large neutrino magnetic moments without neutrino mas
Suppose that there is anSU(2) symmetry acting on the left
handed doublets of the SM. Then, theSU(2) invariant Ma-
jorana mass termnanbeab vanishes by antisymmetry. On th
other hand, a magnetic moment operator of the fo
nasmnFmnnbeab is not constrained to vanish. Note that th
SU(2) symmetry must be broken in order to gener
charged lepton mass splittings. However, it is easy to arra
this while still forbidding neutrino masses. For instance, s
pose that the flavor symmetry isU(2)L3U(2)R @19,20#. If
this symmetry is broken by a bi-fundamental, then charg
lepton masses can arise, while Majorana neutrino masse
still forbidden. Since the UV cutoff in our framework is onl
; TeV, we can have the magnetic moment operator s
pressed by; TeV, generating a large neutrino magne
moment;10219e cm in the absence of a neutrino mass.

VII. CONCLUSIONS

Theories that lower the fundamental scale of gravity clo
to TeV energies do not allow for the large desert in ene
space between;10321019 GeV which have previously
proven useful in model building. In particular, we seem
lose the seesaw mechanism for explaining small neut
masses, since the requisite large energy scale for the r
handed neutrino mass is no longer at our disposal. In
paper we have shown that there are instead new,intrinsically
higher-dimensionalmechanisms for generating small ne
trino masses. We explored two options. The first mechan
identifies right-handed neutrinos with any massless bulk
mions. These have volume suppressed couplings to the
handed neutrino localized on our three-brane, and can
erate naturally small Dirac neutrino masses. The sec
mechanism takes advantage of the largeinfrared desert in
our scenario: the large space in the extra dimensions. A
application of the general mechanism of@19#, small Majo-
rana neutrino masses can result if the lepton number is
ken on distant branes, with the breaking being communica
to our wall by bulk messengers. In this paper we have b
content to show that the neutrino mass scales required
explaining the atmospheric and solar neutrino problems
naturally arise in our framework, while we have left the fl
vor structure unspecified. Of course these could come a
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in a fairly standard way through flavor symmetries, althou
intrinsically higher-dimensional scenarios would be more
teresting. We expect that in this and other areas, model bu
ing in extra dimensions will continue to be rich with fres
possibilities for phenomenology.
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APPENDIX

In this appendix we wish to show more explicitly that a
interaction of the form of Eq.~A9!, which is manifestly non-
invariant under 5-dimensional Poincare´ invariance, can nev-
ertheless be generated in a theory where the 5D Poin´
invariance is spontaneously broken by the domain wall
which l ,H are localized. LetFW be a real scalar field whos
VEV breaks some discreteZ2 symmetry, the ‘‘kink’’ configu-
ration interpolating between two vacua

^FW~y→`!&51F` , ^FW~y→2`!&52F` ,
~A1!

gives rise to a domain wall. The positionywall of the wall in
the fifth direction is arbitrary, so translations in this directio
are spontaneously broken. The associated Nambu-Golds
g(x) just corresponds to the sound waves on the wall, wh
is to the deformations

FW~x,y!5^FW@y1g~x!#&. ~A2!

Following the same sorts of arguments as in@2#, we can
easily trap chiral fermions (l in this case! and scalars~h! on
the domain wall.

Let us recall how l can be trapped. Introduce
5-dimensional Dirac spinor

L5S l

l̄ cD ~A3!

which has a Yukawa coupling to the wall field

E d4xdyFWL̄L. ~A4!

It is then well known that zero modes of the Dirac equati
in the wall background exist of the form

L5S f ~y!l

0 D ~A5!
2-7
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where f (y) is normalizable, i.e.*dyu f u251, whereas solu-
tions of the form

L5S 0

g~y! l̄ cD ~A6!

are not normalizable*dyugu2→`. Therefore,l but not l c is
trapped to the wall. At distances large compared to the w
of the wall, we can well approximatef (y)5Ad(y), and the
localized zero mode is given by

L~x,y!5S Ad~y!l

0
D . ~A7!

Notice that the dimensionalities match:L is a 5D spinor of
mass dimension 2, whilel is a 4D spinor of mass dimensio
3/2, the difference being made up byAd(y) which has mass
dimension 1/2. Similarly, it is easy to trap scalar fieldh on
the wall from a bulk scalar fieldH coupled to the wall field
~for more details see@2#!. Again, at long distances the loca
ized mode is given as
h-

B

li,

D

s,
s,

v.
s.

t.

02403
th

H~x,y!5Ad~y!h~x!. ~A8!

Once again note that the mass dimensions match. Now,
pose that the theory also had theC Dirac fermion ~not
coupled to the wall field!, which coupled toH andL via

Sint5E d4xdykH* ~x,y!C̄~x,y!L~x,y!. ~A9!

This gives some coupling between the trapped modes on
wall and C, which can be read off by inserting Eqs.~A7!,
and ~A8! into Eq. ~A9!

S5E d4xdyk@Ad~y!h* ~x!#@Ad~y!l ~x!#nR~x,y!

5E d4xkh* ~x!l ~x!nR~x,y50! ~A10!

which is precisely the form of the interaction used in t
main text.
ys.
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