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Gauge origin of baryon number conservation and suppressed neutrino masses
from five dimensions
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We consider a 5D SUSYSU(3)c3SU(2)L3U(1)Y3U(1) model compactified on anS(1)/Z2 orbifold. To
cancel anomalies arising from the presence ofU(1), we employ a Chern-Simons term and also chiral fields
which could reside on the brane or in the bulk depending on the model. The presence ofU(1) symmetry leads
to baryon number conservation, gives rise to matter parity, and permits satisfactory neutrino masses and
mixings even for a low fundamental scale. The brane Fayet-IliopoulosD terms naturally breakU(1), leaving
N51 SUSY unbroken in 4 dimensions.
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I. INTRODUCTION

The so far unsuccessful search for proton decay by
SuperKamiokande experiment@1# has yielded a lower bound
of around 1033 yr on the lifetime, which proves especiall
challenging for supersymmetric models that allow the de
to proceed via the dimension five operators

l

M
qqql

and
l8

M
ucucdcec, ~1!

whereM;MPl52.431018 GeV denotes the reduced Plan
mass. The dimensionless parametersl,l8 must be,1028 or
so, which demands some reasonable explanation. The
pression of suchd55 operators can be realized by eith
imposing discrete gauge@2#, flavor @3#, string-induced
anomalousU(1) @4# or R symmetries@5#. One must also
suppressd55 operators emerging through the exchange
additional states, such as the colored triplets appearin
grand unified theories~GUTs!. Various mechanisms can b
applied @4–7# to this end, making the nucleon sufficient
long lived @8#.

The problem ofB conservation becomes much more ac
in extra dimensional theories with a low fundamental sca
The main phenomenological motivation for these kinds
models is the possibility of resolving the gauge hierarc
problem@9#. However, lowering the fundamental mass sc
M f down to a few TeV increases thed55 operator induced
nucleon decay amplitude by a factor ofMPl /M f;1016 unless
some additional mechanism forB conservation is applied. In
Ref. @10#, scenarios with gauged baryon number were c
sidered and the matter sector was extended in order to ca
the anomalies. Reference@11# suggested scenarios in whic
quarks and leptons are localized on different 3-branes s
rated in the extra dimension~s!. As a result, baryon numbe
violating operators can be strongly suppressed. In Ref.@12#,
0556-2821/2002/66~5!/055010~8!/$20.00 66 0550
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within the framework of a five dimensional~5D! SU(5) or-
bifold GUT, certaind55 operators were eliminated usin
special prescriptions of orbifold symmetry parities. It is al
possible in such models to obtain GUT symmetry break
and doublet-triplet splitting. However, Planck scaled55 op-
erators can still be problematic and additional care must
taken to suppress them@13#.

In this paper, we present a new scenario in which bary
number arises as an accidental symmetry at the 4D le
which originates from 5D SUSY SU(3)c3SU(2)L
3U(1)Y , supplemented with aU(1) symmetry. After im-
posing aZ2 projection, U(1) becomes anomalous on th
fixed points. The 4DU(1)3 anomaly is canceled by a bul
Chern-Simons~CS! term @14–19#. The known quark, lepton
and Higgs superfields carry nontrivialU(1) charges, wherea
their N52 mirrors carry opposite charges. The mixe
anomalies are canceled through suitable assignments ofU(1)
charges for the quark-lepton superfields and by some a
tional chiral states. In the 5D bulk, we have a manifes
vectorlike theory. After imposing aS(1)/Z2 orbifold compac-
tification, we obtain 4DN51 SUSY SU(3)c3SU(2)L
3U(1)Y supplemented with aU(1) gauge factor. The latte
is crucial not only for suppressingB violating operators to
the desired level, but also for obtaining appropriately su
pressed neutrino masses and automatic matter parity. All
can be achieved for various values of the fundamental m
scale, withM f as low as;100 TeV. TheU(1) symmetry
can also be successfully employed as a flavor symmetr
explain the hierarchies among the charged fermion ma
and their mixings.

II. 5D SUSY SU„3…CÃSU„2…LÃU„1…YÃU„1…
ON AN S„1…ÕZ2 ORBIFOLD

It is a well known fact that after aZ2 projection,
bulk fermion fields can introduce an anomaly localiz
on both fixed points @14–20#. This anomaly can be
written in the form DAJa,A(y)5Qa(y) f (y), where
Qa[(g2/32p2)eabgdFab

b Fgd
c Tr@Ta$Tb,Tc%#. Provided

*0
2pRdy f(y)50, a bulk CS term can be added to cancel t

anomalies from the fermions. As shown in Refs.@15–19#,
©2002 The American Physical Society10-1
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f (y)5 1
2 @d(y)1d(y2pR)#, and the integral off is nonzero,

which means we cannot cancel the anomaly simply wit
CS term. However, this can be remedied by adding ad
tional fermion fields in such a way that the integral off is
zero. After this cancellation, the quantized theory will be fr
of local gauge anomalies@21,22#. Anomaly cancellation by
adding a bulk CS term was considered in Refs.@14–20#.
Here, we will exploit it for obtaining baryon number conse
vation in four dimensions@23,24#. In 5D, we will introduce a
U(1) gauge symmetry which, prior to the addition of a C
term, is anomalous and suppresses dangerous baryon nu
violating operators to the desired level.

Consider then a 5D supersymmetricSU(3)c3SU(2)L
3U(1)Y supplemented with aU(1) gauge symmetry. In 4D
notation, theN52 gauge superfieldVN525(V,F) contains
an N51 gauge superfieldV and a chiral superfieldF, both
of which are in the adjoint representation of the gauge gro
The chiral supermultipletHN525(H,H̄) contains twoN

51 chiral superfieldsH andH̄ transforming asp andp̄-plets
respectively under the gauge group.H denotes all the ‘‘mat-
ter’’ and/or ‘‘scalar’’ superfields of the minimal supersym
metric standard model~MSSM!, while H̄ denotes their mir-
rors. InN51 notation, the 5D action includes@15,25#:

S(5)5E d5x~L V
(5)1L H

(5)!, ~2!

where

L V
(5)5

1

4g2E d2uWaWa1H.c.1
1

g2E d4u„~A2]5V

1F1!e2V~2A2]5V1F!eV1]5e2V]5eV
…, ~3!

L H
(5)5E d4u~H1e2VH1H̄eVH̄1!

1E d2uH̄S MH1]52
1

A2
F D H1H.c., ~4!

andWa are the supersymmetric field strengths. The action
Eq. ~2! is invariant under the gauge transformations

eV→eLeVeL1
, F→eL~F2A2]5!e2L,

H→eLH, H̄→H̄e2L. ~5!

In Eqs.~3!–~5!

F5
1

A2
~S1 iA5!1A2uc1uuF, ~6!

whereA5 is the fifth component of a 5D gauge field andS is
the real adjoint coming from 5DN51 gauge supermultiplet

We consider compactification on anS(1)/Z2 orbifold, with
all fields having a definiteZ2 parity. States with positive and
negative paritiesH1 , H̄2 can be expressed as
05501
a
i-

ber

p.

n

H15
A2

ApR
(
n50

n5`

H (n)~x!h (n)cosS ny

R D ,

H̄25
A2

ApR
(
n51

n5`

H̄ (n)~x!sinS ny

R D , ~7!

whereh051/A2 andh (n)51 for nÞ0. As can be seen from
Eq. ~7!, H̄2 does not have a zero mode. The fixed pointy
50 is identified as the 3-brane corresponding to our
world.

In 5D, we also introduce a SM singlet superfieldXN52

5(X,X̄) which carries aU(1) charge and is crucial forU(1)
symmetry breaking in 4D. The field content of the 5D mod
is given by

QN525~q,q̄!, UN52
c 5~uc,ūc!, DN52

c 5~dc,d̄c!,

LN525~ l , l̄ !, EN52
c 5~ec,ēc!, ~8!

HN52
u 5~hu ,h̄u!, HN52

d 5~hd ,h̄d!, XN525~X,X̄!.
~9!

TheU(1) charges andZ2 parities of the various componen
of the gauge (VN52) and ‘‘matter’’-‘‘scalar’’ (HN52) super-
fields are displayed in Table I. Note thata,b,a and g are
numbers to be specified later andn is a positive integer.

After projecting out states with negativeZ2 parity, we
effectively have 4DN51 MSSM supplemented with aU(1)
gauge symmetry and a superfieldX. In the next section we
shall see that theU(1)3 anomaly from the fermions can b
cancelled by a compensating contribution from a CS act
involving theU(1) gauge field.

III. ANOMALY CANCELLATION

The 5D anomaly from bulk fermion fields onS(1)/Z2 is
given by @14–20#

DAJa,A~y!5
Qa~y!

2
@d~y!1d~y2pR!# ~10!

TABLE I. The U(1) charges andZ2 parities of gauge, matte
and scalar superfields.

N52 supermultiplet U(1) charge Z2 parity

All VN525(V,F) (0, 0) (1,2)

XN525(X,X̄) (1,21) (1,2)

QN525(q,q̄) (a,2a) (1,2)

UN52
c 5(uc,ūc) (2a1a,a2a) (1,2)

DN52
c 5(dc,d̄c) (2a2n1g,a1n2g) (1,2)

LN525( l , l̄ ) (b1g,2b2g) (1,2)

EN52
c 5(ec,ēc) (2b2n,b1n) (1,2)

HN52
u 5(hu ,h̄u) (2a,a) (1,2)

HN52
d 5(hd ,h̄d) (2g,g) (1,2)
0-2
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whereD is the covariant derivative,A denotes the five spatia
dimensions,a labels theTa generator of the gauge group
and

Qa[
g2

32p2
eabgdFab

b Fgd
c Tr@Ta$Tb,Tc%#. ~11!

By contrast, the anomalies due to brane fermion fields lo
ized on they50 or they5pR brane are given by

DAJa,A~y!5Qa~y!d~y!, DAJa,A~y!5Qa~y!d~y2pR!

~12!

respectively. Note that the contributions to the anomaly fr
the bulk and brane fermion fields differ by a factor of 2. S
unless the~rational! U(1) charges of all the fermion field
satisfy Trbrane@Ta$Tb ,Tc%#52 1

2 Trbulk@Ta$Tb ,Tc%# on both
branes, we cannot cancel the anomalies induced by the
fermions simply by adding brane fermions. In general, if
insist on rationalU(1) charges, such an assignment will n
be possible. However, using a combination of additional f
mion fields and a CS term in the action, we can cancel
local gauge anomalies everywhere.

The ~nonsupersymmetric! CS action is given by

SCS5E
M

x~y!TrFAF2 2
1

4
A2F2

1

4
FA21

1

10
A4G ~13!

where A5Am
a Tadxm, F5 1

2 Fmn
a Tadxm`dxn, and M is the

spacetime manifold. This is a slightly modified form of th
CS action because of the addition of a neutral fieldx, which
could either be a dynamical field whose VEV satisfies E
~20! or a nondynamical function. Since the Lagrangian m
be even,x has to have a negativeZ2 parity. So, unlessx is
trivially zero everywhere, it has to have ay dependence.

Under an infinitesimal gauge transformation which tra
forms the fermion fields,c,

c→c1 ivc, ~14!

we can show that

dA5 ivA2 iAv1
1

g
dv ~15!

dF5 ivF2 iFv ~16!

dSCS52
1

gEM
dxTr @vF2#. ~17!

From these equations, we have
05501
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d~SCS1Srest!5TrS d

dA
~SCS1Srest!•dAD

1S dc
d

dc
1df

d

df
1••• D ~SCS1Srest!

5E d4xdyTrXJm
•S i @v,Am#1

1

g
]mv D C

5E d4xdyTrS iJm
•@v,Am#2

1

g
v¹m•JmD ,

~18!

wheref represents the charged scalar fields and••• repre-
sents the variation due to all the other charged fields. In
previous equation, we have split the action into three pa
S5SCS1Sgaugekinetic1Srest and used the definition J
[(d/dA)(SCS1Srest) for the current.Srest includes all the
terms of the action except the CS and the gauge kinetic t
and is a functional ofA because the covariant derivative
used in the matter part of the action. But sinceSrest is gauge
invariant by assumption,

DAJa,A5
dx

dy
eabgdFab

b Fgd
c Tr @Ta$Tb,Tc%#. ~19!

Since we only want anomaly cancellation on the fixed poin
x ought to have the following profile:

x5H x0 , 0,y,pR,

2x0 , pR,y,2pR.
~20!

With this form forx, the 4D anomalous terms induced fro
variation of the CS action has opposite signs on both bra
Now, with the addition of brane fermions on they50 brane
with the appropriate quantum numbers to contribute
anomaly of2Q, the anomaly on they50 brane is2Q/2
and the anomaly on they5pR brane isQ/2. But since the
anomalies are now of opposite signs, they can be cance
by the CS action with an appropriate value forx0. Another
possibility is to add the brane fermions to they5pR brane
instead. Now, the anomalies would beQ/2 and2Q/2 on the
y50 and they5pR branes respectively. This can also b
cancelled by the CS action. A third possibility, of course,
to have the additional fermions in the bulk, obeying the sa
Z2 projection as the other fields. The additional fermi
fields would then have chiral zero modes and massive ve
Kaluza-Klein modes from a 4D point of view. In this cas
the anomalies cancel locally and no CS counterterm
needed. But in fact, however, it can be shown that in the li
as the absolute value of the 5D mass,uM u, of the additional
fermion fields goes to infinity@26#, the low energy effective
theory would be that of a chiral brane field plus an effect
CS action@18# with the appropriate value forx to cancel the
anomalies, reducing to the other two possibilities mention
earlier.

As far as the mixed anomalies are concerned, for th
cancellation we introduce some additional superfiel
Namely, anSU(3)c triplet, F1, and anSU(3)c antitriplet,
0-3
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F2, which are neutral underSU(2)L andU(1)Y @other pos-
sibilities seem to give rise toU(1) charge assignments i
such a way that either suppression of proton decay does
hold, or the additional states obtain masses of order the e
troweak scale#. These additional fields couple to each oth
on the brane through the interaction termXkF1F2, where
2k is the sum of theU(1) charges of both fields. Referrin
to Table I, we can see that the mixedSU(3)c

22U(1),
SU(2)L

22U(1), U(1)Y
22U(1) and U(1)Y2U(1)2 anoma-

lies vanish if the following relations hold:

g5n1k2a, b5a23a2
2

3
n2

2

3
k,

n53k, a5
1

16
~60a139k!. ~21!

This leaves us with theU(1)3 and theU(1)2grav2 anoma-
lies. For cancellation ofU(1)3 anomaly we invoke the bulk
CS term. ForU(1)2grav2 anomaly cancellation we add ad
ditional SU(3)3SU(2)3U(1)Y singlet fields which are
charged underU(1), such that TrQU(1)50. The latter condi-
tion also avoids divergences in the renormalization of
Fayet-Iliopoulos term~FI! @19#.

IV. NEUTRINO MASSES

The 4D superpotential couplings which generate
charged fermion masses are given by

WY
(4)5quchu1S X

M f
D n

qdchd1S X

M f
D n

lechd , ~22!

whereM f denotes some fundamental mass scale. A nonz
VEV for the scalar component ofX is guaranteed by a bran
Fayet-Iliopoulos term forVU(1) , which is permitted by all
4D symmetries. One can also show that within the 5D or
fold framework, the brane FI term does not induce SU
breaking. In Appendix A, we present a detailed analysis
these issues. We assume that^X& @U(1) breaking scale# is
not too far belowM f , i.e.

^X&
M f

[e.0.2. ~23!

This value ofe is an important expansion parameter for u
derstanding the charged fermion mass hierarchies and
ings @27#. Since tanb.(mt /mb)en, n has to take values be
tween 0 and 3 to reproduce the observed masses. Her
consider two scenarios:~I! M f.MPl52.431018 GeV and
~II ! M f;100 TeV.

For case~I!, the Planck scaled55 operators (lhu)2/MPl
~if permitted! induce neutrino masses that are much too l
to explain the atmospheric neutrino anomaly via oscillatio
To generate neutrino mass;331022 eV, we have to intro-
duce a right handed neutrino state. Introduce an MSSM
glet N52 supermultipletNN525(N, N̄) with U(1) charge
05501
ot
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n-

(QN ,2QN) andZ2 parity (1,2). Then, onlyN will have a
zero mode. The relevant 4D superpotential couplings resp
sible for neutrino masses are

Wn
(4)5S X

MPl
D m

lNhu1MPlS X

MPl
D p

N 2, ~24!

wherem andp are non-negative integers. The light neutrin
acquires mass of order ofhu

2/(MPle
p22m)5(102221) eV

for e.0.2 andp22m55 –8. This mass scale for the thir
generation neutrino suggest either hierarchical@27,28# or de-
generate@29# masses for the neutrinos, if one wants to a
count for both the atmospheric and solar neutrino anoma
~see@30# and @31# respectively!.

The couplings in Eqs.~24! and~21! and the prescriptions
of Table I give

a5
203

36
k2

2

3
~p22m! and a5

283

12
k2

5

2
~p22m!.

~25!

~II ! For a fundamental scale ofM f.100 TeV, the situa-
tion is quite different in the neutrino sector. Here, we do n
need to introduce right handed states. The suppressio
~Majorana! neutrino masses can be guaranteed byU(1) sym-
metry. The relevant 4D coupling is

Wn
(4)5S X

M f
D r ~ lhu!2

M f
~26!

~where r is a positive integer!, which givesmn.hu
2e r /M f

.(0.1–1) eV fore.0.2 andr 511–13. The couplings in
Eqs.~26! and ~21! together with the prescriptions of Table
give

a5
1

252
~24r 253k! and a5

1

168
~60r 1277k!.

~27!

The couplings in Eqs.~24! and ~26! generate neutrino
masses consistent with current atmospheric neutrino
@mn;(0.1–1) eV#. An appropriate scale for solar neutrino
can be obtained either by introducing heavy right hand
neutrino states or using specific neutrino mass matrices.
latter can be generated ifU(1) is applied as a flavor symme
try @27#. Indeed, this can ensure large, even maximal mixin
between neutrinos@27#, explaining both the solar and atmo
spheric neutrino data.

V. BARYON NUMBER CONSERVATION AND AUTOMATIC
MATTER PARITY

It turns out that with suitableU(1) charge assignments,
is very easy to forbid all dangerous baryon number violat
operators and obtain automatic matter parity. Table II li
some matter parity and baryon number violating operat
and theirU(1) charges for scenarios~I! and~II !. To compute
the U(1) charges of the couplings in the context of scena
~I!, we use relations~21! and ~25! and the prescriptions o
Table I, while in the context of scenario~II !, we use relations
0-4
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~21! and ~27!. In scenario~I!, as can be seen from Table I
the matter parity violating couplings~i!–~iii ! are forbidden
for k51 ~which gives tanb; unity! and p22m55 –8 ~to
get the correct magnitude for the neutrino masses foe
.0.2) because their effectiveU(1) charges are fractiona
For p22m55,7, operator~iv! is allowed with suppression
e16 ande7 respectively which is not relevant phenomenolo
cally. Baryon number violatingd55 operators~v! and ~vi!
have positiveU(1) charges for any positive integerk and are
therefore forbidden. The same applies to thed55 operator
~vii ! which violates baryon number.

As far as scenario~II ! is concerned, fork51 and r
511–13@which give the correct values for the neutrino ma
~26! for e.0.2], all ~i!–~vii ! couplings carry nonintege
U(1) charges and are therefore forbidden as a result. T
thanks to theU(1) symmetry, matter parity is present an
baryon number conservation holds, even after taking acco
of dimension five operators.

In scenario~I!, higher order baryon and lepton numb
violating operators are irrelevant from the phenomenolog
viewpoint since even if they are present, they are stron
suppressed by appropriate powers ofMPl . Therefore, we can
conclude that in scenario~I!, with the help ofU(1) symmetry
and suitable choices fora and b, baryon number is essen
tially conserved.

In scenario~II !, the situation can be different because
the low scale ofM f.100 TeV. Operators withDB52 can
induce observable processes~such asn2n̄ oscillations and
deuteron two body decaysD→K* K). DB52 operators of
the form

1

M f
3

ucdcdcucdcdc, ~28!

have aU(1) charge of2 9
7 r 1 55

28 k @see Eqs.~21! and~27! and
Table I#, which is fractional fork51 and r 511213 and
therefore forbidden. Higher order operators withDB>3 are
phenomenologically not relevant.

VI. CONCLUSIONS

Throughout our discussion so far, we have assumed fla
independentU(1) charges for chiral matter. However, aut
matic matter parity and baryon number conservation wo

TABLE II. U(1) charges of a few matter parity and baryo
number violating operators for scenarios~I! and ~II !.

Operator CorrespondingU(1) charge

Scenario (I) Scenario (II)
(i) hul 2

235
6 k1

9
2 (p22m) 53

168k2
9

14r
(ii) qdcl 2

175
12 k12(p22m) 83

28k2
2
7 r

(iii) ecll 2
229

6 k1
9
2 (p22m) 221

168k2
9

14r
(iv) ucdcdc 2

77
2 k1

9
2 (p22m) 55

56k2
9

14r
(v) qqql 4

3 k 4
3 k

(vi) ucucdcec 2
3 k 2

3 k
(vii) qqqhd

73
2 k2

9
2 (p22m) 2

167
56 k1

9
14r
05501
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hold even if U(1) is regarded as a flavor symmetry. Th
provides us with the possibility of explaining the hierarchi
between the charged fermion masses and the Cabi
Kobayashi-Maskawa~CKM! matrix elements naturally
Also, one can construct various neutrino oscillation mod
in the spirit of Ref. @27#, accommodating both the recen
atmospheric and solar neutrino data.

In our considerations the breaking ofU(1) symmetry was
ensured by the Fayet-Iliopoulos term forVU(1) vector super-
field. An analogous term forVU(1)Y

must be avoided in orde
to avoid breaking either SUSY or the SM gauge group in
unacceptable way. Note that it will not be induced at t
quantum level because for the MSSM field content we h
Tr @QU(1)Y

#50. Let us also note that, since for both sc

narios~I!, ~II ! the scale ofU(1) symmetry breaking lies wel
above the Z0 boson mass, the mixed couplin
*d2uWU(1)WU(1)Y

between the field strengths ofU(1) and

U(1)Y is not dangerous@10#.
In conclusion, we considered a 5D orbifold constructi

of SU(3)c3SU(2)L3U(1)Y supplemented with an addi
tional U(1) gauge factor. ThisU(1) symmetry allows us to
solve various phenomenological puzzles of MSSM, such
baryon number conservation and the generation of the
sired neutrino masses for the case where the fundame
scale is either M Pl52.431018 GeV or relatively low
(;100 TeV). It turns out that to cancel the mixed and pu
anomalies arising from the presence ofU(1), some addi-
tional ~heavy! states and 5D Chern-Simons terms must
included. TheU(1) symmetry can also play a role of flavo
symmetry for understanding fermion masses and mixing
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APPENDIX A: THE BRANE FI TERM AND THE VACUUM
STRUCTURE OF THE FIELDS

In this appendix we will study the effects of a brane
term. The latter gives rise not only to a nonzero VEV for t
zero mode ofX, but also nonzero VEVs for its KK states an
F (k). Here,V andF denote the states of the 5DU(1) gauge
field.

The relevant terms for the gauge kinetic type couplin
~3! are

LD5
1

g2
D21

1

g2 S 2
1

A2
]5D~F* 1F!1FF* FFD ,

~A1!

where in the right-hand side of Eq.~A1!, the subscriptF
denotes the component of the superfield constructed fromF

~the same applies forX and X̄).
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The kinetic couplings~4! for X and X̄ @with the U(1)
chargesQX and2QX respectively#,

E d4u~X1eQXVX1X̄e2QXVX̄1!1E d2uX̄S ]51
QX

A2
F D X,

~A2!

are invariant under the gauge transformation

X→e2QXLX, X̄→eQXLX̄,

V→V1L1L1, F→F1A2]5L.
~A3!

The relevant couplings coming from Eq.~A2! are

LX5FX* FX1FX̄
* FX̄1FX̄]5X1X̄]5FX1

QX

2
DX* X

2
QX

2
DX̄* X̄1

QX

A2
~FX̄FX1X̄FFX1X̄FFX!.

~A4!

We also consider a 4D FI term on a fixed point of the for

LFI
(4)5jE d4uV5

1

2
jD ~A5!

(LFI
(4) is invariant under the 5D gauge transformationV→V

1L1L1 since *d4uL5*d4uL150). With the orbifold
parities of Table I, we can expandX, X̄, V andF as Eq.~7!.
Thus,

V5A2(
n50

`

V(n)h (n)cos
ny

R
, F5A2(

n51

`

F (n)sin
ny

R
.

~A6!

Substituting in Eq.~A1! and integrating over the fifth coor
dinatey, we obtain

LD5
1

2g4
2 (

n50

`

D (n)D (n)1
1

g4
2 (

n51

` S n

R
D (n)S (n)1FF

(n)* FF
(n)D ,

~A7!

where

g4[
g

ApR
. ~A8!

The other terms in Eq.~A4! can be expanded to yield

L X
(1)2(4)5 (

n50

`

FX
(n)* FX

(n)1 (
n51

`

FX̄
(n)* FX̄

(n)
2 (

n51

`
n

R
~FX̄

(n)
X(n)

1X̄(n)FX
(n)!, ~A9!
05501
L X
(5)5

QX

2 FD (0)(
n50

`

X(n)* X(n)

1
1

A2
(

n1pÞ0
D (n1p)X(n)* X(p)h (n)h (p)

1
1

A2
(
nÞp

D (un2pu)X(n)* X(p)h (n)h (p)G ~A10!

L X
(6)52

QX

2 FD (0)(
n51

`

X̄(n)* X̄(n)

1
1

A2
(
nÞp

D (un2pu)X̄(n)* X̄(p)

2
1

A2
(
n,p

D (n1p)X̄(n)* X̄(p)G ~A11!

L X
(7)5

QX

A2
F (

n51

`

~X(0)FX̄
(n)

F (n)1X(0)X̄(n)FF
(n)

1FX
(0)X̄(n)F (n)!1

1

A2
(
nÞp

~FX̄
(p)

F (n)X(un2pu)

1X̄(p)FF
(n)X(un2pu)1X̄(p)F (n)FX

(un2pu)!

2
1

A2
(

n1pÞ0
~FX̄

(p)
F (n)X(n1p)1X̄(p)FF

(n)X(n1p)

1X̄(p)F (n)FX
(n1p)!G . ~A12!

The FI ~A5! term is allowed on a brane

E dyd~y!LFI
(4)5

j

2
D (0)1

j

A2
(
n51

`

D (n). ~A13!

Using Eqs.~A7!–~A13!, the D and F terms for the zero
modes are

D (0)52
g4

2

2 S j1QX(
n50

`

X(n)* X(n)2QX(
n51

`

X̄(n)* X̄(n)D ,

~A14!

FX
(0)* 52

QX

A2
(
n51

`

X̄(n)F (n). ~A15!

The D andF terms of the corresponding Kaluza-Klein~KK !
states are
0-6
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D (k)52
g4

2

2 S A2j1
2k

g4
2R

S (k)1
QX

A2

3 (
n1p5k

X(n)* X(p)h (n)h (p)

1
QX

A2
(

un2pu5k
X(n)* X(p)h (n)h (p)

2
QX

A2
(

n1p5k
X̄(n)* X̄(p)2

QX

A2
(

un2pu5k
X̄(n)* X̄(p)D ,

~A16!

FX
(k)* 5

k

R
X̄(k)2

QX

2 (
un2pu5k

X̄(p)F (n)

1
QX

2 (
n1p5k

X̄(p)F (n), ~A17!

FX̄
(k)* 5

k

R
X(k)2

QX

A2
X(0)F (k)2

QX

2 (
nÞk

F (n)X(un2ku)

1
QX

2 (
n1kÞ0

F (n)X(n1k), ~A18!

FF
(k)* 52

g4
2

2
QXSA2X(0)X̄(k)1 (

pÞk
X̄(p)X(up2ku)

2 (
p1kÞ0

X̄(p)X(p1k)D . ~A19!

It is easy to see that there is a solution with zeroD and F
terms and nonzero vacuum expectation values~VEVs! for
the X(k) andF (k) states. AssuminĝX̄(k)&50 for all k, from
Eqs.~A15!, ~A17! and ~A19!, we see that

FX
(0)5FX

(k)5FF
(k)50. ~A20!

If we require all the otherD andF terms to vanish, from Eqs
~A14!, ~A16! and ~A18!, we obtain
y,

05501
j1QX(
n50

`

X(n)* X(n)50, ~A21!

A2j1
2k

g4
2R

S (k)1
QX

A2
(

n1p5k
X(n)* X(p)h (n)h (p)

1
QX

A2
(

un2pu5k
X(n)* X(p)h (n)h (p)50, kÞ0,

~A22!

k

R
X(k)2

QX

A2
X(0)F (k)2

QX

2 (
nÞk

F (n)X(un2ku)

1
QX

2 (
n1kÞ0

F (n)X(n1k)50, kÞ0. ~A23!

If one assumes that the VEVs of all theF (k) states vanish,
then, from Eq.~A23!, we deducê X(k)&50 ~for kÞ0) and
so, we cannot satisfy Eq.~A22!. Thus, we can conclude tha
in order to satisfy Eqs.~A21!–~A23! simultaneously, the
statesF (k) must have nonzero VEVs. In order to satisfy E
~A21!, we need opposite signs forj and QX . Without any
loss of generality, one can assumej,0 andQX.0. If we
restrict Eqs.~A21!–~A23! to the firstk KK modes ofF, the
first k8 modes ofX and the zero modeX(0), we are left with
k1k811 nontrivial equations. Therefore, the number
equations and variables coincides and there will always b
solution where all theD andF terms vanish. In particular, the
X(0) state has a nonzero VEV.

We have shown that within the framework of 5DS(1)/Z2
orbifold models, the brane FI term for theU(1) gauge super-
field ensures a nonzero VEV for theX field and SUSY re-
mains unbroken. It turns out that the VEV of the scalar co
ponent of X is crucial for the generation of sufficientl
suppressed neutrino masses and to explain hierarchies
tween fermion masses and mixings ifU(1) is applied as a
flavor symmetry.
.
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