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Recently it was proposed that the standard m¢8#) degrees of freedom reside on a{3)-dimensional
wall or “3-brane” embedded in a higher-dimensional spacetime. Furthermore, in this picture it is possible for
the fundamental Planck mabs, to be as small as the weak sciMe. =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 thé400 * eV range, despite the lack of any
fundamental scale higher than, . 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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[. INTRODUCTION other fields, can freely propagate, but where the SM particles
are localized on a 3-brane in the higher-dimensional space
It has recently become clear that the fundamental scale ¢fL—4].
gravity need not be the Planck sciig,=1.2X 10'°GeV, but The most attractive possibility for localizing the SM fields
rather that the true scaM, where gravity becomes strong to the brane is to employ the D-branes that naturally occur in
can be much lower. The observed small value of Newton'sype | or type Il string theory5,3]. Gauge and other degrees
constant at long distances is ascribed to the spreading of thg freedom are naturally confined to such D-brafsand,
gravitational force inn “large” extra dimensions. The vol-  fyrthermore, this approach has the advantage of being formu-
umeR" of the new dimensions is fixed by Gauss's law to bejated within a consistent theory of gravity. However, from a
practical point of view, the most important question is
R'=M2/M}"2. (1) whether this framework is experimentally excluded. This
was the subject of4] where laboratory, astrophysical, and
The most radical, and in many ways the most attractivecosmological constraints were studied and found not to ex-
suggestion foM,, is that it should be close to the weak scale clude these ideas, even fit, as low as 1 TeV. There are
M,~1 TeV. In this case we hav@=10"1""3" cm. For a number of model independent predictions of such a sce-
n=1R~10" cm, so this case is excluded since it would nario, ranging from the production of Regge excitations and
modify Newtonian gravitation at solar-system distances. Al-bulk gravitons at the next generation of collid¢ss3,6], to
ready forn=2, however,R~1 mm, which happens to be the modification of the properties of black holgd.
the distance where our present experimental knowledge of There are also a number of other papers discussing related
gravitational strength forces ends. suggestions. Referen¢8] examine the idea of lowering the
While the gravitational force has not been measured begrand unified theoryGUT) scale by utilizing higher dimen-
neath a millimeter, the success of the Srandard M@8M®)  sions. Further papers concern themselves with the construc-
up to~100 GeV implies that the SM fields cannot feel the tion of string models with extra dimensions larger than the
extra large dimensions; that is, they must be stuck on atring scald9-11], and gauge coupling unification in higher
3-dimensional wall, or “3-brane,” in the higher-dimensional dimensions without lowering the unification scalé2].
space. Thus, in this framework the universe is-(#) dimen-  There are also important papers by Sundrum on the effective
sional with the fundamental Planck scile, residing some- theory of the low energy degrees of freedom in realizations
where between the weak scale aMy,, with new sub- of our world as a brane, and on radius stabilizafib8,14.
millimeter-sized dimensions where gravity, and perhapdg-or earlier works on the world as a three-dimensional wall,
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see[15]. The issue of radius stabilization was also consid-gates in the full five dimensions. ThE matrices can be

ered in[16]. written as
However, it may seem that we have given up any hope of
explaining the size of the neutrino masses deduced to be Y 0 o* s (10
necessary to explain the atmosph¢iié] and solaf18] neu- “\or o) = 0 —i 2)

trino anomalies. In the traditional approach the small neu-

trino masses are the result of the seesaw mechanism, {ghere we have chosen the Weyl basis for fie matrices.
which a large right-handedRH) Majorana massVigz sup-  The Dirac spinor¥ is also conveniently decomposed as
presses one of the eigenvalues of the neutrino mass matrigsual in the Weyl basis

leading tom,~m2,..,/Mg. The neutrino mixing explana-

tions of the atmospheric and solar neutrino anomalies require ( VR )

Mg to be a superheavy mass scale, varying between an in- V=
termediate scale-10'° GeV the GUT scale. However, in

the world-as-a-brane picture witl, ~1 TeV the existence | ot 5 now shut off all interactions between bulk and wall

of such a superheavy scale is unpalatable. _ fields and understand the spectrum of the theory from the
In this paper we show that there drgrinsically higher-  4_qimensional point of view. If we Fourier expand
dimensionalexplanations for either Dirac or Majorana neu-

trino masses. For Dirac masses, the basic idea isahwat 1
fermionic state that propagates in the bulk must, by defini- O(x,y)=2,

tion, be a SM singlet and, furthermore, that it couples to the n y27R

wall-localized SM states precisely as a right-handed neutrino

with a naturally small coupling The small coupling is a then the free action foW becomes

result of the large relative volume of the internal “bulk” 0

manifold compared to the thin wall where SM states propa- «free_ 4 o u TC T m,C o4 c

gate. The int(graction probability of the Kaluza-KleiKK) Sy= | d in: VRO VR VR0 VRt R VRVRA T HLC.
zero mode of the bulk RH neutrino statg with the brane- (5)
localized Higgs and lepton doublet fields is thus small, re-

sulting in a greatly suppresseek(x,y=0)L(x)H(x) cou- Of course this is the usual Kaluza-Kle{iKK) expansion,
pling. Small Majorana masses can be obtained using thwith the expected result. We have a tower of fermions
generic mechanism ¢1.9] for generating small couplings by ¥rn:¥kn With Dirac massesi/R quantized in units of R.
breaking symmetries on distant branes in the bulk. In ourThe free action for the Lepton doubleibcalized on the wall
context, we break the lepton number on far-away branes, an just

have this breaking communicated to us by bulk messenger

fields, giving a naturally distance-suppressed Majorana neu- Sfree:j d*x o™l 6)
trino mass on our wall. '

—1- ©)]
V'R

v (x)enyR 4)

Let us now imagine writing down the most general interac-
Il RIGHT-HANDED NEUTRINOS IN THE BULK tions between wall and bulk fields. S_ince something _analo-
gous to the lepton number must be imposed to forbid too-
In this section, we will show that neutrinos can acquirelarge Majorana neutrino masses for the SM fields anyway,
naturally small Dirac masses if the left-handed neutrinos orwe will for simplicity assume that the lepton number is con-
our wall couple to any massless bulk fermion. Since the SMserved and assig¥ the opposite lepton number &f The
gauge fields are localized on our 3-brane, a bulk fermiorieading local interaction betweel and wall fields is then
must be a SM singlet, and will henceforth be referred to as
the bulk right-handed neutrino in this section. The reason for
the suppressed mass is that bulk modes have couplings sup-
pressed by the volume of the extra dimensions; this is the
reason for the weakness of gravity at long distances in owwvherex is a dimensionless coefficient and we work in units
scenario, as well as small gauge couplings for bulk gaugevhere the fundamental scaM, =1. Notice that this cou-
fields[4,19,20. pling manifestly breaks the full 5-dimensional Poincare
For simplicity, we begin by considering a toy variance of the theory by picking out the componegtfrom
5-dimensional theory to concretely illustrate the idea; thethe full Dirac spinor®. This is perfectly reasonable, since
generalization to the physically realistic case of higher di-the presence of the wall itself breaks the 5-dimensional Poin-
mensions will then be clear. Consider a 5-dimensional theorgareinvariance to the 4-dimensional one, and therefore the
with coordinates X“,y), with ©=0, ...,3 and the/ direc-  couplings need only be invariant under the 4-d Poincare
tion compactified on a circle of circumferencerR by mak-  transformations. As we show in the Appendix, this can be
ing the periodic identificationy~y+27R. Our 3-brane, seen very explicitly in a specific setup for localizihgd on
where the lepton doublet and the Higgs fields are localizeda (3+ 1)-dimensional domain wall in 41 dimensions.
is located aty=0, while a massless Dirac fermiok propa-  Upon setting the Higgs field to its vacuum expectation value

S"“zj d*xxl (x)h* (X) vg(X,y=0) ™
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VEV v, and expanding/(x,y=0) in KK modes, the above «2cn-2

interaction generates the following mass terms: 1ot ,Ih*h. (13

2
*

KU , (X)E Var(X) ®) After setting the Higgs field to its VEV, this generates a
J27R LA < PR correction to they, wave function renormalization. After
going back to canonical normalization fey , the neutrino

K Mass becomes

Sint: f d4X

Suppose thakv/\R<1/R. In this case, all the massive K
excitations are unaffected by this term. However, this inter-

action generates a Dirac mass term betweeand the zero -~ K vM,
o : . N m,= . (14
modevgg, Which is suppressed by the size of the dimensions: V1+ k222 M2 My,
v The significance of this equation is that for a fixed value of
m,=k—. 9 M, itis not possible to increase the neutrino mass arbitrarily
VR by increasingk, rather there is an upper bound
It is clear that this generalizes to the case where the right- m&*= ¢~ (=222 1y ol (15)

handed neutrino lives in any numberof extra dimensions.

In the decomposition of a higher-dimensional spinor under All of this can be seen more explicitly by simply writing
the 4D Lorentz group, there will be a number of left-handeddown the mass matrix for the various neutrino fields; for
Weyl spinors which can have an interaction of the type in Eqsimplicity let us consider the case=1. The relevant fields
(7), which gives a mass term suppressed by (volum@) with L=1 are N, = (v ,»&;,vS,, . ..), while those with
betweenv, and all the KK excitations of the bulk right- | =—1 areN_=(vgg,Vr1,Vr2, ... ). Note that Vo does
handed neutrino. As long as this mass is smaller th&) 1/ not acquire a mass term with any other field and remains
this is negligible for the KK modes but gives a Dirac mass exactly massless. The mass matrix is of the form

v Linase=NTMN, (16)
m,= K - (10
VoM, with
where we have restored tive, dependence. Upon using the m O 0
: 2 _ppgnt2 H H
relationMp,=M,"“V,, we obtain for the neutrino mass m 1R 0 ... .
Mmoo 2r .. a7
M, = k—® 1074 eVt (11)
YT My, 1 TeV

. ) wheremis as in Eq(9). If we treat all the off-diagonal terms
Note that for alln>2, this mass is much smaller thamR120 45 perturbations, then at zeroth order the lightest eigenvalue
our analysis was justified, while far=2 they are roughly = f this matrix ism. To first order in perturbation theory, the
comparable; this will pose phenomenological difficulties foreigenvalues are unchanged, but we find that the lightest

n=2 as discussed in Sec. V, and henceforth we shall only-7 1555 eigenstate is dominantly, with an admixture of

consider cases with>2. It is remarkable that for the case of

a low string scalexM,~1—-100 TeV, this prediction for

the neutrino masses is very roughly in the right range to On

explain the atmospheric and solar neutrino anomalies.

¢ Let us more carefully compute the neutrino mass, by Mot the KK modevg,,. The first shift in the eigenvalues occurs

egrating out the KK modes. Integrating out the massive . . ; )
) 1e(n) o at second order in perturbg'uon theory. It is more convenient

¢, ¢7 pair at tree level generates the operator to use the Hermitian matridt M T, whose eigenvalues are

the absolute value squared of the eigenvaluelof

m

~ TR (19

I
WI a*d,lh*h. (12) MM T=diagm?,(1/R)?,(2IR)?, . ..)
0 1 1
The sum over all KK modes is power divergent in the UV for 1 1 1 )
n>2. This UV divergence must be cutoff near the funda- + m?2. (19
mental scaleM, , i.e. at a |k|max Such that|knad/R 111

=cM, , wherec is a dimensionless factor reflecting our ig-
norance of where exactly this power divergence is cutoff.
The generated operator is The lowest eigenvalue gets corrected to be
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m2R2 right-handed neutrino propagates nim<n dimensions, we
m,2,—> mi 1—2 VZ (20) have(for all the large dimensions of roughly equal Sizke
n.n neutrino mass expression
Taking the square root, this is nothing but the first term in the mn
perturbative expansion of E¢l4). m = KU M, (25
"Y1+ Mz I My,

Right-handed neutrinos from sub-spaces . . .

The bulk fermion fields that give rise to the right-handed?rhus a Iar_ge Epectrum Of_ heutrino masses is possible. For
. U “instance, ifn=6 and m=5, even for k~1 and M,

neutrinos on our brane do not necessarily live in the ent|re~1 TeV we geimn ~ 102V naturally the correct order of

transverse-dimensional bulk. It is consistent to suppose that o gem, Lo y ) .

S . . magnitude for explanations of the atmospheric neutrino
they propagate in just am-dimensional subspacen<n) of nomal
the entire bulk where gravity propagates. Such a situatiof Y-

. L . X , . In general we should note that there is no reason for the
can easily arise if our three-dimensional world is at the in-.

. . . internal n-dimensional manifold to be symmetric. For in-
tersection point of two or more branes with at least one hav-

ing p=m+3>3 spatial dimensions. Independent of how stance in the case=6 we could imagine compactifying on

2u T2 T2 e
such a scenario is realized, the properties of the right-handef%i'C?ro.dlmdc.)f twg—;or% xT ><'IF ' eachdv_v!th IthMOWI’l (iharac—
neutrino interactions with our wall localized states are sim-c' ouc 'adius. The Gauss's law 50” n'i"z’” pl ONIy Te-
ply described as a simple extension of the discussion in th@ui'es that the total volume,=Mg/M, o If we now de-
previous section, which we do in a slightly different way "N€ an average rr?duR by the relationR"=V,, and write
below. Denote by, the m-dimensional transverse volume Ym=Vn/Va-m=R"/V,_r, we get the general form of the
in which the right-handed neutrino field propagates. ThersuPPression for the couplingsLH;

once again the KK mode expansion of this field is "

M m/n \VA
Prob=| —= nm (26)
1 . U M R(—m)
VR(XY)= == > vr ()exp —2mi/ -yl (Vi) M.
m 7
(21) IIl. BREAKING THE LEPTON NUMBER ON DISTANT
WALLS

The interaction of the KK zero modé=0 with an operator
O constructed out of wall-localized standard model states is In the preceding sections, we have considered ways of
still given by the overlap integral obtaining naturally smalDirac masses for the neutrinos, in
theories with a conserved lepton number. It is also possible
to generate smalMajorana neutrino masses, by using the
Prob= f d*xd"y Ogu(X) vRo(X,Y). (220 generic idea of19] for generating small couplings by break-
ing symmetries on distant branes. In our case, we wish to
Each standard model field i® has in its wave function a imagine that the lepton number is primordially good on our
factor of 14V, arising from the small wall extent in the  brane, but is maximally badly broken at the scslg by the
transverse dimensions. Furthermore, there is a factor ofev of a fielde_ with the lepton numbek =2 on a different
1/\V,, from the normalization of the right-handed neutrino brane located ay=y, in the extra dimensions. The infor-
state, and a factor 0¥/, ~1/M™ coming from thefd"y  mation of this breaking is transmitted to us by a bulk fig|d
integral which is only nonzero in therdimensional sub- @lso carryingl =2. Working in units withM, =1, the rel-
space where both the wall extends and the right-handed fiefgvant interactions are
propagates. Putting this together in the case of interest, the
interaction termwgrLH is suppressed by the probability

Vwall V2
Vi '

LD f d*xk(1h*)2(x) x (X,y=0)

Prob= ( (23

+Ltherd‘lX'(GDO)(L(ny:y*)- 27

In the case of a symmetric internal manifold where each of

the n dimensions is of sizeR, the volume of the The VEV of ¢, on the other brane acts as a sourcexpy
m-dimensional subspace ¥,~R™. Thus upon usingv ,2), and “shines” y, everywhere. In particular, the shined value
= R”Mj‘fz the factor in Eq.(23) reduces to of x_ on our brane is just given by the Yukawa potential in
the transversa dimensiongd 19]:

M* m/n
Prob= M_> - @ Oy=0)=An(lyx D, An(n)=(=VE,+m2)"X(r),

pl
(28)

Including the power divergence of the normalization of the
v, kinetic term, Eq.(13), adapted for the case where the Forn>2,
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e—mr Let us now suppose that, is massive enough so that its
An(r)~ — for mr>1 Compton wavelength is smaller than the distance to the near-
r est wall. Then,
1 ) U2 emeLr
T for mr<1. (29 m\ai — nilf drrn_lnbranev
M, r
The resulting Majorana neutrino mass is suppressed by the )
factor A,(]y,|); restoring the dependence dh, we have __ U™ Nbrane (34)
MnflmZ )
2 oo
mMai- M (30)
v Mz‘l It is perhaps most natural in this context to talln;;L

) ) ) o . ~M, , in which case the smallness of the neutrino mass is
This can give us an exponential suppressiop ifs massive,  wholly controlled by the brane density. In the brane-lattice

while even ify is very light, a power suppression is possible. crystallization scenario for radius stabilization, this density
The case of massivg, can easily generate small enough was determined to bL6]

Majorana masses, but is not particularly predictive without a

theory specifying the inter-brane potential. On the other Ny M. | 4hn
hand, if we consider very light, [i.e. lighter than 1R but %iN(M_*) (35)
heavier than~(mm)~?! to have escaped detectipand as- M ol

sume that the brane wheteis broken is as far away as ) ] )
possible, i.e. thaty, |~R, then the neutrino mass is pre- Using this value for the density leads to a neutrino mass

dicted to be
. 1)2
Maj. _

2 2-4hn my &~ ——
Vo~ U—( M*) (31) M
M, | M

M* 4n

M (36)

m
pl . .
Again the casen=4 leads to a neutrino mass of roughly the

where we have usehl 2+2R”~M§,. Note that forn=4, we  correct order of magnitude for solar and atmospheric neutri-
recover the same rough prediction for neutrino masses as thms, withny, ;e and m,, varying over reasonable ranges.

old seesaw mechanism and the bulk right-handed neutrino.
In this case there is a little more flexibility since the walls do

not have to be quite so far away, and this can enhance the V- PHENOMENOLOGICAL CONSTRAINTS

neutrino mass in the correct direction. The main constraints on any theory with SM fields local-
ized on a 3-brane have to do with production of light bulk

IV. NEUTRINO MASSES FROM THE BRANE-LATTICE modes. The graviton is the one model-independent example
CRYSTAL of such a field, and graviton overproduction in astrophysical

o . o ) ] systems and in the early universe place unavoidable con-
A qualitatively different possibility is raised if we are gtraints on our framework, but do not excludé4t. As dis-
willing to contemplate a bulk populated with large numberscssed if19], if there are other light states in the bulk, such
of branes. This possibility was raised[it6] in the context of 55 yectors and scalars, even stronger bounds can result. The
stabilizi.ng thg extra dimensions; where the largeness of thgagson can be understood by simple dimensional analysis.
extra dimensions was linked to the large brane number. Fofhe pylk graviton couples to dimension-4 operators on the
our purposes here we simply assume that the bulk is popysane. As such, working in terms of the canonically normal-

lated with a number densityl,ane Of branes. In order to ;g4 pulk graviton fielch,s, which has mass dimension (
have a consistent picture of the brane lattice ignoring quans. 2)/2, the coupling is schematically of the form
tum gravitational effects, we must require that the lattice is

dilute on the fundamental Planck scale: i.e.

h
d*XO4(X) ——— (37
Nbrane<MJ. (32 f M2

Let us assume that the lepton number is broken on about hadind therefore the cross sections for graviton emission scale
of the branes, while it is unbroken on the other half; ourwith the energy as

brane happens to be one whérés unbroken. The informa-

tion of L breaking is transmitted to us by bulk messenggrs EP
as in the previous section, leading to a neutrino mass o(grav. prod)~ s (39
*
. UZ
mMal-~ n_lf d"yNpranedn(ly])- (33 By contrast, a vector field in the bulk couples to a
M dimension-3 operator on the wall,

024032-5



ARKANI-HAMED, DIMOPOULQOS, DVALI, AND MARCH-RUSSELL PHYSICAL REVIEW D 65 024032

A the universe. First, we need to determine the rate at which
f d*xO5(x) — (39 any given KK mode of massngx decays back into SM
n/2 . . .
My states. The width is given by

and the rate for bulk vector production is correspondingly m. \2
enhanced F~G,2:mﬁ,<< y)
Mgk
n—-2
o(vect. prod)~ ——-. (40) o [107® ev?|[1 Gev|?
M, r—~10" s > . (43
m Mgk

By this reasoning, the right-handed neutrino, coupling as it

does to the lowest dimension SM invariant operator on ouNote that the KK modes produced at temperatures beneath
wall, should be most strongly coupled and potentially dan—~1 GeV are still around during nucleosynthesis. The rate

gerous. However, it is important to remember that being avhich energy is evaporated into bulk neutrinos at tempera-

SM singlet, the bulk neutrino only interacts with SM fields ture T is

via its mixing tov, .

First consider putting the Higgs field to its VEWe will _ T 'm2G2M?,
return to processes involving physical Higgs fields at the end [ #’0 (44
of this sectiof. Then, the coupling of the right-handed neu- M

trino to the wall neutrino generates a small Dirac mass as we

have seen, with the lightest state being predominantlput ~ t0 be compared with the normal cooling rate by adiabatic
having an admixture of the higher KK excitations gf,. ~ €xpansion

Forn=2, this mixing can b&(1) and disastrous, while for 5

highern, even though the mixing to each state is small, the - _ T_ (45)
large multiplicity of states can still potentially give problems. Prormal™ = \y ol

It is most convenient to first go to the mass eigenstate basis.

Then, the tower of, - KK states only interact through gauge Requiring the normal rate to dominate over the neutrino rate
interactions, W|th the vertices suppressed by  at least forT~MeV when nucleosynthesis happens puts a

~m,/(|n|/R). Let us consider the implications of this for rather mild bound oM, ,
early universe(but post “normalcy temperatureT, [4])
cosmology.

First, we have to determine whether any of these KK
modes are ever thermalized. The worst cdsggest mixing

M, >1014-80/(1+2) Tay, (46)

The reason for the weak bound is that production of bulk
angle is for the first KK mode. The thermalization proceeds M0des must proc2<aed throughMdZ and is therefore further
through throughw,Z exchange with ordinary SM patrticles, suppressed by & factor. Of course we, in principle, have
with a cross section to worry about the decays of these bulk modes. The bulk
gravitons which are produced have a long lifetime of order
o~GET?62. (41  of the age of the universe and can unacceptably alter the
background gamma ray spectrum when they decay. Bulk
We determine the decoupling temperature as usual by equateutrinos are not as long lived and can be made to decay

ing ngU:HwTZ/Mpl, which yields more harmlessly on a “fat brand4] just as in the case of
bulk gravitons. Furthermore, if their decay to relativistic
Tgec~1 Meve 23, (42)  matter on the other brane, there is no worry that there decay

products will ever overclose the universe. Other phenomeno-
Forn=2, the situation is problematic, and likely too many |ogical constraints on right-handed neutrinos are similarly
of the heavy modes will be thermal during nucleosynthe5|ssafe for the same reasons.
However, aIready fon=3, the largesp~10"° even taking One place for interesting signals could be in physical
m,~3x10 2 eV for the atmospheric neutrino problem, and Higgs decays ta, + bulk neutrino. The width for the decay
the decoupling temperature is forced abevé GeV. Since into any KK mode is suppressed by the neutrino Yukawa
in all cases, the normalcy temperatirg<1 GeV, we can coupllng)\z 2/v but there is an enhancemen{myR)"

conclude that f0n>2 the KK neutrinos are never thermal- Com|ng from the sum over all KK modes. The total decay
ized once the universe becomes “normal.” Of course, weyidth is

have to ensure that they and, more importantly, bulk gravi-

tons, are not created in thermal abundanoefore T, , but m?2 m n

that is a separate issue of the very early universe cosmologyFHoHV Y ~ 163‘”x( z x( H \)

in this scenario which we will not address here. 16m 107° eV? 100 Ge
Next, just like the non-thermalized bulk gravitons, there is 1 Tev|n+2

the worry of evaporating too much energy into these bulk ( . (47)

neutrino modes, unacceptably altering the expansion rate of M,
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This invisible decay for the Higgs field has a significant ratein a fairly standard way through flavor symmetries, although

for n=3. A detailed analysis of novel Higgs physics, both inintrinsically higher-dimensional scenarios would be more in-

this scenario for generating neutrino masses as well as iteresting. We expect that in this and other areas, model build-

extra-dimensional flavor theories will be reported elsewhereing in extra dimensions will continue to be rich with fresh
Finally, the constraints on light bullk, messengers are possibilities for phenomenology.
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Suppose that there is &U(2) symmetry acting on the left-
handed doublets of the SM. Then, t8&)(2) invariant Ma- APPENDIX

jorana mass termr, v, €2 vanishes by antisymmetry. On the In thi di ish 1o sh licitly that
other hand, a magnetic moment operator of the form n this appendix we wish 1o snow more explicitly that an

v, 0""F v, is not constrained to vanish. Note that this Interaction of the form of Eq(A9), WhiCh is manifestly non-
SaU(Z) Msvymmetry must be broken in order to generalteinvariant under 5-dimensional Poincdrrariance, can nev-
charged lepton mass splittings. However, it is easy to arrang%rthe.Iess b_e genetrated ml abthekory ;Vh?f:e ':jhe 5'.3 P0|Ir|10are
this while still forbidding neutrino masses. For instance, sup—'m’falr""lm:e IS spontaneéously broken by the domain wall on
pose that the flavor symmetry $(2), X U(2) [19,20. If whichI,H are localized. Letb,, be a real scalar field whose
this symmetry is broken by a bi-fundamental, then charge EV b_re?ks slortw_"ne dtl)sc;reféz sxlrvnmetry, the *kink” configu-
lepton masses can arise, while Majorana neutrino masses df&'0" Interpolating between two vacua

still forbidden. Since the UV cutoff in our framework is only _ B _

~ TeV, we can have the magnetic moment operator sup- (Pwly—°))=+P, (Py(y——2))=-P., D

pressed by~ TeV, generating a large neutrino magnetic

—19 i i . . . " :
moment~10"""e cm in the absence of a neutrino Mass.  gjyes rise to a domain wall. The positigy,, of the wall in
the fifth direction is arbitrary, so translations in this direction
VII. CONCLUSIONS are spontaneously broken. The associated Nambu-Goldstone

] . g(x) just corresponds to the sound waves on the wall, which
Theories that lower the fundamental scale of gravity closgs tg the deformations

to TeV energies do not allow for the large desert in energy

space between-10°—10 GeV which have previously Dy (X,y)=(Puly+g(x)]). (A2)
proven useful in model building. In particular, we seem to

lose the seesaw mechanism for explaining small neutrin@ollowing the same sorts of arguments as[2), we can
masses, since the requisite large energy scale for the rightasily trap chiral fermionsl (in this casg and scalargh) on
handed neutrino mass is no longer at our disposal. In thithe domain wall.

paper we have shown that there are instead imvinsically Let us recall how!| can be trapped. Introduce a
higher-dimensionalmechanisms for generating small neu- 5-dimensional Dirac spinor
trino masses. We explored two options. The first mechanism

identifies right-handed neutrinos with any massless bulk fer- I
mions. These have volume suppressed couplings to the left- Lz( )
handed neutrino localized on our three-brane, and can gen-

erate naturally small Dirac neutrino masses. The second, . . ,
mechanism takes advantage of the langeared desert in which has a Yukawa coupling to the wall field

our scenario: the large space in the extra dimensions. As an

application of the general mechanism [GB], small Majo- f d“xdy(IDWfL. (A4)
rana neutrino masses can result if the lepton number is bro-

ken on distant branes, with the breaking being communicated . . .
to our wall by bulk messengers. In this paper we have beeH is then well known that zero modes of the Dirac equation
content to show that the neutrino mass scales required fdf the wall background exist of the form

explaining the atmospheric and solar neutrino problems can

naturally arise in our framework, while we have left the fla- L= ( f(y)l) (A5)

vor structure unspecified. Of course these could come about 0

(A3)

¢
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)[/i\/ggeoff(t)r/])ei;so:lrarmalizable, i.efdy|f|?=1, whereas solu- H(x,y) = Va(y)h(x). (A8)
0 Once again note that the mass dimensions match. Now, sup-
L= - (A6) pose that the theory also had the Dirac fermion (not
gyl coupled to the wall field which coupled tcH andL via
are not normalizablg dy|g|?>— . Therefore| but notl® is - . . —
trapped to the wall. At distances large compared to the width S :j d™xdyxH* (x,y) ¥ (x,y)L(X,y). (A9)
of the wall, we can well approximatgy)=/4(y), and the
localized zero mode is given by This gives some coupling between the trapped modes on the
wall and ¥, which can be read off by inserting Eq#\7),
Lix y)z( vﬁ(y)l) (A7) and(A8) into Eq.(A9)
1 0 .
Notice that the dimensionalities matdh:is a 5D spinor of S:f d*xdyx[v8(y)h* () 1LV (V) (x) TvR(X,Y)

mass dimension 2, whileis a 4D spinor of mass dimension
3/2, the difference being made up k¥(y) which has mass
dimension 1/2. Similarly, it is easy to trap scalar fiélen
the wall from a bulk scalar fieléH coupled to the wall field
(for more details sef2]). Again, at long distances the local- which is precisely the form of the interaction used in the
ized mode is given as main text.

=J' d*xxh* (x)1(X) vr(X,y=0) (A10)
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