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We consider a 5D SUSBU(3)X SU(2), X U(1)yXU(1) model compactified on ag&*)/Z, orbifold. To
cancel anomalies arising from the presencé/(f), we enploy a Chern-Simons term and also chiral fields
which could reside on the brane or in the bulk depending on the model. The preseéf(de asfymmetry 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-lliopddlerms naturally break/(1), leaving
N=1 SUSY unbroken in 4 dimensions.
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[. INTRODUCTION within the framework of a five dimension&D) SU(5) or-
The so far unsuccessful search for proton decay by thbifOId- GUT, cc_artfaind=5 operators were eIim_irjated _using
. i ) gpemal prescriptions of orbifold symmetry parities. It is also
SuperKamlokfnde experimef] has yielded a lower bound - ) <qihje in such models to obtain GUT symmetry breaking
of around 16 yr on the lifetime, which proves especially 5nq doublet-triplet splitting. However, Planck scdle’5 op-
challenging for supersymmetric models that allow the decayyators can still be problematic and additional care must be
to proceed via the dimension five operators taken to suppress thef3].
In this paper, we present a new scenario in which baryon
MQQQ' number arises as an accidental symmetry at the 4D level,
which originates from 5D SUSY SU(3).,XSU(2).
and XU(1)y, supplemented with &(1) symmetry. After im-
N posing aZ, projection, (1) becomes anomalous on the
MUCUCdCeC, (1)  fixed points. The 400/(1)® anomaly is canceled by a bulk
Chern-SimongCS) term[14—19. The known quark, lepton
K and Higgs superfields carry nontrivid(1) charges, whereas
their N=2 mirrors carry opposite charges. The mixed
anomalies are canceled through suitable assignmei§lof
. . . Qﬁarges for the quark-lepton superfields and by some addi-
pression of _such;l=5 operators can be reall_zed_ by elthertional chiral states. In the 5D bulk, we have a manifestly
imposing  discrete gaugé2], flavor [3], string-induced ociqrjike theory. After imposing &1/Z, orbifold compac-
anomalousU(1) [4] or R symmetries[5]. One must also tification, we obtain 4DN=1 SUSY SU(3).X SU(2),
suppressi=5 operators emerging through the exchange ofy U(1)y supplemented with &(1) gauge factor. The latter
additiona! states, s_uch as the cplored triplet_s appearing iz crucial not only for suppressing violating operators to
grand unified theorie§GUTs). Various mechanisms can be the desired level, but also for obtaining appropriately sup-
applied[4-7] to this end, making the nucleon sufficiently pressed neutrino masses and automatic matter parity. All this
long lived[8]. can be achieved for various values of the fundamental mass
The problem oB conservation becomes much more acutescale, withM; as low as~100 TeV. Thel/(1) symmetry
in extra dimensional theories with a low fundamental scalecan also be successfully employed as a flavor symmetry to
The main phenomenological motivation for these kinds ofexplain the hierarchies among the charged fermion masses
models is the possibility of resolving the gauge hierarchyand their mixings.
problem[9]. However, lowering the fundamental mass scale
M; down to a few TeV increases thk=5 operator induced Il. 5D SUSY SU(3()1§XSU(Z)LXU(l)YX”(l)
nucleon decay amplitude by a factorMf, /M~ 10'® unless ON AN S*%/Z, ORBIFOLD
some additional mechanism fBrconservation is applied. In It is a well known fact that after aZ, projection,
Ref.[10], scenarios with gauged baryon number were conbulk fermion fields can introduce an anomaly localized
sidered and the matter sector was extended in order to cana@h both fixed points[14-20. This anomaly can be
the anomalies. Referen¢#1] suggested scenarios in which written in the form DAJ*A(y)=Q?¥y)f(y), where
quarks and leptons are localized on different 3-branes sep®?2=(g?/3272) e“ﬁy‘sF';BFCygTr[Ta{Tb,Tc}]. Provided
rated in the extra dimensi¢). As a result, baryon number [3™Rdyf(y)=0, a bulk CS term can be added to cancel the
violating operators can be strongly suppressed. In R, anomalies from the fermions. As shown in Ref$5-19,

whereM ~ M p=2.4X 10'8 GeV denotes the reduced Planc
mass. The dimensionless parameters’ must be<10 8 or
so, which demands some reasonable explanation. The su
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f(y)=3[8(y) + 8(y— mR)], and the integral of is nonzero,
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TABLE I. The U4(1) charges and, parities of gauge, matter

which means we cannot cancel the anomaly simply with £n9 scalar superfields.

CS term. However, this can be remedied by adding addi

tional fermion fields in such a way that the integralfas

zero. After this cancellation, the quantized theory will be freeal v,_,=(v,®)

of local gauge anomalig®1,22. Anomaly cancellation by
adding a bulk CS term was considered in Refs4—20.
Here, we will exploit it for obtaining baryon number conser-
vation in four dimension§23,24]. In 5D, we will introduce a

U(1) gauge symmetry which, prior to the addition of a CSDf_,=(d°,d°)
term, is anomalous and suppresses dangerous baryon number ,=(1,1)

violating operators to the desired level.

Consider then a 5D supersymmeti®J(3). X SU(2).
X U(1)y supplemented with &(1) gauge symmetry. In 4D
notation, theN=2 gauge superfiel’/y-,=(V,P) contains
anN=1 gauge superfiel and a chiral superfield®, both

of which are in the adjoint representation of the gauge group.

The chiral supermultiplelHszz(H,ﬁ) contains twoN
=1 chiral superfield$l andH transforming ap andp-plets
respectively under the gauge grotdtpbdenotes all the “mat-
ter” and/or “scalar” superfields of the minimal supersym-
metric standard modéMSSM), while H denotes their mir-
rors. INN=1 notation, the 5D action includ¢45,25:

5= [ @+ L) @

where

(5) =

Ly

1 1
—f d2oWW,, + H.c.+—f d*6((\295V
4g° g

+ D" )e V(— 295V +D)eV+dse VaeY), (3)
z:,(j")zf d*6(H*e VH+He"H™)

H+H.c.,

+ f d?6H]| (4)

My+d 1(1)
HT o575

V2

N=2 supermultiplet U(1) charge Z, parity
A (ov 0) (+7_)
Xn=2=(X,X) (1,-1) (+.-)
Qn-2=(9.9) (a,—a) (+.-)
U&:ZZ(UC,E’) (—ata,a—a) (+,-)
(—a—n+y,atn—vy) (+,-)
(b+y,—b-7) (+.7)
ES_,=(e% e (=b—n,b+n) (+,-)
Hii—2=(hy.h) (- (+,-)
HRi=2=(ha.ho) (=7 (+.-)
V2 'S ny
= (n) (n) 2
Hy \/ﬁngoH X)7 CO{R),
— 2 T ny
- (n) in ==
H_ NE ngl H (x)sm( R)’ 7

where7°=1/\/2 and5™=1 for n#0. As can be seen from

Eq. (7), H_ does not have a zero mode. The fixed pgint
=0 is identified as the 3-brane corresponding to our 4D
world.

In 5D, we also introduce a SM singlet superfielg,—»
= (X,X) which carries @4(1) charge and is crucial féf(1)
symmetry breaking in 4D. The field content of the 5D model
is given by

Qn=2=(a,q), U§_,=(uSu’), D§_,=(dd°),
Layoo=(1,1), ES_,=(e%e"), ®)
HY_,=(hy,hy),  HY_,=(hg,hy), xN2=<x,Y>.()

9

andW,, are the supersymmetric field strengths. The action inf he/(1) charges and, parities of the various components

Eq. (2) is invariant under the gauge transformations

eV—eleVel, d—el(d—205)e A,
H—e'H, H-He M (5
In Egs.(3)—(5)
q>=i(z+iA5)+ﬁezp+eeF, (6)
V2

whereA; is the fifth component of a 5D gauge field abds

the real adjoint coming from 5DI=1 gauge supermultiplet.
We consider compactification on &t)/Z, orbifold, with

all fields having a definit&, parity. States with positive and

negative paritie$d , , H_ can be expressed as

of the gauge Yn-») and “matter”-“scalar” (Hy-,) super-
fields are displayed in Table I. Note thatb,a and y are
numbers to be specified later ands a positive integer.

After projecting out states with negativ, parity, we
effectively have 4DN=1 MSSM supplemented withd(1)
gauge symmetry and a superfieXd In the next section we
shall see that thé/(1)® anomaly from the fermions can be
cancelled by a compensating contribution from a CS action
involving thel/(1) gauge field.

I1l. ANOMALY CANCELLATION

The 5D anomaly from bulk fermion fields o®%/Z, is
given by[14-2Q

Q%(y)

Dad*A(y)= —5—[a(y)+a(y=7R)] (10)

055010-2



GAUGE ORIGIN OF BARYON NUMBER CONSERVATION . .. PHYSICAL REVIEW 6, 055010 (2002

whereD is the covariant derivativel denotes the five spatial S
dimensions,a labels theT? generator of the gauge group, 9(Scst SresD=Tr(5—A(Scs+ Sresr)'5A)
and

1) 1)
92 + 5¢w+5¢5_¢+"' (SCS+Srest)
Q= - S €“PYORD RS T THTP, T, (12) L
4 =f d*xdyTr J“-(i[w,AM]—FgaMw))
By contrast, the anomalies due to brane fermion fields local- 1
ized on they=0 or they= 7R brane are given by :f d4xdyTr(iJ/‘~[w,Alu]— awVMJ#),
DAJ*A(y)=Q3(y)3(y), DaJ*A(y)=Qy)d(y—=R) (18

(12) where ¢ represents the charged scalar fields and repre-
sents the variation due to all the other charged fields. In the
previous equation, we have split the action into three parts,

respectively. Note that the contributions to the anomaly froms= S+ Sgaugekinetid Srest @and  used  the  definition J

the bulk and brane fermion fields differ by a factor of 2. So,=(5/5A)(Scst+ Ses) for the current.S.. includes all the
unless the(rationa) ¢(1) charges of all the fermion fields terms of the action except the CS and the gauge kinetic term
satisfy Torand Ta{Th:TeH =~ 2 Troud Ta{To. Tc}] on both  and is a functional oA because the covariant derivative is

branes, we cannot cancel the anomalies induced by the bulksed in the matter part of the action. But sir&g,is gauge
fermions simply by adding brane fermions. In general, if wejnvariant by assumption,

insist on rational/(1) charges, such an assignment will not
be possible. However, using a combination of additional fer-
mion fields and a CS term in the action, we can cancel the
local gauge anomalies everywhere.
The (nonsupersymmetrjcCS action is given by Since we only want anomaly cancellation on the fixed points,
x ought to have the following profile:

d
DAJa'A:d_/§6aﬁ75FgﬁF§5Tr[Ta{Tb’TC}]. (29

1 1 1
Scs= f )((y)Tr{AF2 —ZAZF—ZFA2+EA4 (13 _[X0. O<y<aR, 0
. X —Xo, TR<y<2wR.

where A=A%Tadx#, F=1F2 Tadx#/\dx’, and M is the Wit_h t_his form for y, thg 4D anomalogs terms induced from

L “ variation of the CS action has opposite signs on both branes.
Now, with the addition of brane fermions on thie=0 brane
with the appropriate quantum numbers to contribute an
'{;momaly of—Q, the anomaly on thg=0 brane is—Q/2
and the anomaly on thg= 7R brane isQ/2. But since the

spacetime manifold. This is a slightly modified form of the
CS action because of the addition of a neutral fjgldvhich

could either be a dynamical field whose VEV satisfies Eq
(20) or a nondynamical function. Since the Lagrangian mus

be even,y has to have a negativ, parity. So, unlesy is : L
trivially zero everywhere, it has to haveyadependence. anomalies are now'of opposite signs, they can be cancelled
Under an infinitesimal gauge transformation which trans-by th_e_(_:S _actlon with an approprla_te value jgy. Another
forms the fermion fieldsy, POSSIbIlIty is to add the brane fermions to the 7R brane
instead. Now, the anomalies would @2 and— Q/2 on the
) y=0 and they= 7R branes respectively. This can also be
g— P+ioy, (14 cancelled by the CS action. A third possibility, of course, is
to have the additional fermions in the bulk, obeying the same
we can show that Z, projection as the other fields. The additional fermion
fields would then have chiral zero modes and massive vector
Kaluza-Klein modes from a 4D point of view. In this case,
SA=iwA—iAw+ Edw (15) the anomalies cancel locally and no CS counterterm is
needed. But in fact, however, it can be shown that in the limit
as the absolute value of the 5D masd,, of the additional
fermion fields goes to infinity26], the low energy effective
theory would be that of a chiral brane field plus an effective
CS action 18] with the appropriate value foy to cancel the
1 anomalies, reducing to the other two possibilities mentioned
0Scs= — gf dxTr[wF?]. (17 earlier.
M As far as the mixed anomalies are concerned, for their
cancellation we introduce some additional superfields.
From these equations, we have Namely, anSU(3), triplet, F;, and anSU(3), antitriplet,

SF=iwF—iFw (16)
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F,, which are neutral unde8 U(2), andU(1)y [other pos-  (Q,,,—Q,) andZ, parity (+,—). Then, onlyN will have a
sibilities seem to give rise td/(1) charge assignments in zero mode. The relevant 4D superpotential couplings respon-
such a way that either suppression of proton decay does negtble for neutrino masses are
hold, or the additional states obtain masses of order the elec-
troweak scalg These additional fields couple to each other @_ [ X I/\/h
on the brane through the interaction tedhF,F,, where W= |\/|_F,I utMp
—k is the sum of thé{(1) charges of both fields. Referring
to Table I, we can see that the mixeSIU(3)§—u(1), wherem andp are non-negative integers. The light neutrino
SU(2)2—U(1), U(1)2—2(1) and U(1)y—2/(1)? anoma- acquires mass of order df:/(Mpe ™) =(10 *~1) eV
lies vanish if the f0||owing relations hold: for e=0.2 andp—2m=5—8. This mass scale for the third
generation neutrino suggest either hierarchi2@l 28 or de-
generatd 29] masses for the neutrinos, if one wants to ac-
y=n+k—a, b=a—3a- §n— §k, count for both the atmospheric and solar neutrino anomalies
(see[30] and[31] respectively.
The couplings in Eqs24) and(21) and the prescriptions

X ) N?, (24)

1 .
n=3k, a=15(60a+3%). (21  Of Table I give
203k ) q 283k 5 5
This leaves us with the/(1)® and thel/(1)— graV’ anoma- a=zgk-z(Pp=2m and a=-7k=5(p=2m).
lies. For cancellation of(1)® anomaly we invoke the bulk (25

CS term. Foi/(1)—grav’ anomaly cancellation we add ad-
ditional SU(3)xXSU(2)xU(1)y singlet fields which are . ‘. N . X
charged unde#(1), such that T9,1,=0. The latter condi- tion is quite different in the neutrino sector. Here, we do not

tion also avoids divergences in the renormalization of th(—:need to introduce right handed states. The suppression of
Fayet-lliopoulos tern{Fl) [19] (Majorana neutrino masses can be guaranteedfl) sym-

metry. The relevant 4D coupling is

(Il For a fundamental scale &fi ;=100 TeV, the situa-

(26)

14

IV. NEUTRINO MASSES W(4)_( ) (Ih,)?
The 4D superpotential couplings which generate the Mt Mf

charged fermion masses are given by (wherer is a positive integdr which givesm,=h2e'/M;

n =(0.1-1) eV fore=0.2 andr=11-13. The couplings in
lethy, (22 Egs.(26) and(21) together with the prescriptions of Table |
give

n

X
W= quch, +( qdhg+

M

whereM; denotes some fundamental mass scale. A nonzero 1 1

VEV for the scalar component of is guaranteed by a brane a= 252(24r 5%) and a= 168(60{+277k)
Fayet-lliopoulos term folVy1y, which is permitted by all (27)

4D symmetries. One can also show that within the 5D orbi-

fold framework, the brane Fl term does not induce SUSY The couplings in Eqs(24) and (26) generate neutrino
breaking. In Appendix A, we present a detailed analysis ofmasses consistent with current atmospheric neutrino data
these issues. We assume thxh [24(1) breaking scaleis [m,~(0.1-1) eM. An appropriate scale for solar neutrinos

not too far belowM;, i.e. can be obtained either by introducing heavy right handed
neutrino states or using specific neutrino mass matrices. The
(X) latter can be generatediif(1) is applied as a flavor symme-
M—fEGZO-Z- (23)  try[27]. Indeed, this can ensure large, even maximal mixings

between neutrinof27], explaining both the solar and atmo-

. . . . spheric neutrino data.
This value ofe is an important expansion parameter for un-

derstanding the charged fermion mass hierarchies and mix-
ings[27]. Since ta= (mt/mb)f n has to take values be- V. BARYON NUMBER CONSERVATION AND AUTOMATIC

tween 0 and 3 to reproduce the observed masses. Here we MATTER PARITY

consider two scenariodl) M=Mp=2.4x10" GeV and It turns out that with suitablg/(1) charge assignments, it
(1) M;~100 TeV. is very easy to forbid all dangerous baryon number violating
For case(l), the Planck scalel=5 operatorsh,)*/Mp;  operators and obtain automatic matter parity. Table Il lists
(if permitted induce neutrino masses that are much too lowsome matter parity and baryon number violating operators
to explain the atmospheric neutrino anomaly via oscillationsand theirZ/(1) charges for scenarigs) and(ll). To compute
To generate neutrino mass3x 10~ % eV, we have to intro-  thez4(1) charges of the couplings in the context of scenario
duce a rlght handed neutrino state. Introduce an MSSM Slrﬁ) we use re|at|0n$21) and (25) and the prescnp“ons of
glet N=2 supermultiplet\y_,= (N, A) with (1) charge Table I, while in the context of scenariti), we use relations
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TABLE II. /(1) charges of a few matter parity and baryon hold even ift/(1) is regarded as a flavor symmetry. This
number violating operators for scenarigs and (Il). provides us with the possibility of explaining the hierarchies
between the charged fermion masses and the Cabibbo-

Operator Corresponding(1) charge Kobayashi-Maskawa(CKM) matrix elements naturally.
Scenario (1) Scenario (Il) ~ Also, one can construct various neutrino oscillation models
(i) hy| _ 24 9hom) 53, 9. in the spirit of Ref.[27], accommodating both the recent
- ¢ 175, , o ‘g, 2 atmospheric and solar neutrino data.
(i) qdl —37k+2(p—2m) ssk—2%r . . -
(i) el _229 9 om) 221 9 In our considerations the breaking@f1) symmetry was
() Uod°qe —76—7k+92 p_2 lsgak_g ensured by the Fayet-lliopoulos term fdy ;) vector super-
" | 2 ‘%l(<p m) 56 “k14r field. An analogous term fovyy), must be avoided in order
‘ Cq?qc . ; ; to avoid breaking either SUSY or the SM gauge group in an
(vi) u‘ud®e sk sk g gauge group
7 s 3 unacceptable way. Note that it will not be induced at the
(vii) hy Z2k—3(p—2m) —BIk+ :
a9q9 2K 2(p 56 KT 14 quantum level because for the MSSM field content we have

Tr[QU(l)Y]=0. Let us also note that, since for both sce-

(21) and (27). In scenaria(l), as can be seen from Table 11, narios(l), (1) the scale ot/(1) symmetry breaking lies well
the matter parity violating couplingé)—(iii) are forbidden @above the Z° boson mass, the mixed coupling
for k=1 (which gives tag~ unity) andp—2m=5-8 (to  Jd*6W,1)Wy(1), between the field strengths of(1) and
get the correct magnitude for the neutrino massesefor U(1)y is not dangerouflO].
=0.2) because their effectivi#(1) charges are fractional. In conclusion, we considered a 5D orbifold construction
For p—2m=5,7, operatofiv) is allowed with suppressions of SU(3).XxSU(2), XU(1)y supplemented with an addi-
e'®ande’ respectively which is not relevant phenomenologi-tional (1) gauge factor. Thig/(1) symmetry allows us to
cally. Baryon number violatingl=5 operatorgv) and (vi) solve various phenomenological puzzles of MSSM, such as
have positivé/(1) charges for any positive integkand are  baryon number conservation and the generation of the de-
therefore forbidden. The same applies to the5 operator sired neutrino masses for the case where the fundamental
(vii) which violates baryon number. scale is eitherMp=2.4x10' GeV or relatively low

As far as scenaridll) is concerned, fork=1 andr (~100 TeV). It turns out that to cancel the mixed and pure
=11-13[which give the correct values for the neutrino massanomalies arising from the presence gfl), some addi-
(26) for €=0.2], all (i)—(vii) couplings carry noninteger tional (heavy states and 5D Chern-Simons terms must be
U(1) charges and are therefore forbidden as a result. Thu#cluded. The/(1) symmetry can also play a role of flavor
thanks to thel/(1) symmetry, matter parity is present and symmetry for understanding fermion masses and mixings.
baryon number conservation holds, even after taking account
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the low scale ofM ;=100 TeV. Operators witAB=2 can APPENDIX A: THE BRANE Fl TERM AND THE VACUUM

induce observable processg@sich asn—n oscillations and STRUCTURE OF THE FIELDS
deuteron two body decay8—K*K). AB=2 operators of
the form In this appendix we will study the effects of a brane FI

term. The latter gives rise not only to a nonzero VEV for the

1 e e zero mode o¥, but also nonzero VEVs for its KK states and
ViR d°d®u®d“d®, (28) oM, Here,V andd denote the states of the F{1) gauge
f field.
have a/(1) charge of- 2r + 53k [see Egs(21) and(27) and The relevant terms for the gauge kinetic type couplings

Table 1], which is fractional fork=1 andr=11—-13 and (3 are
therefore forbidden. Higher order operators wkB=3 are 1 1 1
phenomenologically not relevant. ﬁDz_zDzJr Z| = —sD(®* + D)+ FEF, |,

g 9?\ 2

VI. CONCLUSIONS (A1)

Throughout our discussion so far, we have assumed flavgihere in the right-hand side of E¢AL), the subscriptD
independent/(1) charges for chiral matter. However, auto- denotes the component of the superfield constructed fom
matic matter parity and baryon number conservation wouldthe same applies foX and X).
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The kinetic couplings(4) for X and X [with the Uu(1) Qx -
chargexQy and — Qy respectively, L= D(O)E XM X
40w+ aQxV Q- 2 <X 1
f d* (Xt eAVX + Xe~ NVX )+f d <(a5+ o +En+§p:#0 DM+ P ()% X (P) (M) 1 (P)
A2
- i Z D(\”*Dl)x(n)*x(p)n(n) 7l(p) (A10)
are invariant under the gauge transformation f AZp
X—>efQXAX, YﬁeQXAY, 0 -
£ = _ =X 15O Xmxxin
VoVAA+AT, O—d+205A. % 2 nzl
(A3) )
The relevant couplings coming from EGA2) are T z D(n=pX M x(P)
Qx
Lyx=F%Fx+Fx FX+FX(95X+X(95FX+7D)(*X % S D P KP) (ALD)
n,p
—%Dx*x+3_(F@x+XF¢x+xq>Fx) .
Lg):& > (XOFD @M 4 xOXMEM
(A4) V2[ i1 X
We also consider a 4D Fl term on a fixed point of the form +F(°)X(”)(I>(”))+ =3 2 (F(p)(l)(n)X(|” o)
1
(4)— dogy=_ _ _
Le §f d*ev 2§D (AS) +x(p)Fg)x(lnfpl)jLx(p)q>(n)|:§<|nfpl))
(LY is invariant under the 5D gauge transformatida-V 1 - _
+A+A" since [d*0A=d*0A"=0). With the orbifold T i, (FX POXCTAXORPXTD
parities of Table |, we can expand X, V and® as Eq.(7).
Th _
= +XPIPMEQR) | (A12)
= n - n
V=42 V(”)n(“)cosﬁy, d=2> <b(”)sinﬁy.
n=0 n=1 (A6) The FI (A5) term is allowed on a brane
Substituting in Eq(Al) and integrating over the fifth coor- o &
dinatey, we obtain f dys(y) LY )——D(°)+\/_ 2 DM,  (A13)
1 1 <« [n
Lo=—— E DODM+= > ﬁD(n)E(n)+ FS?)*FEI?)): Using Egs.(A7)—(A13), the D and F terms for the zero
295 1 g =1 modes are
(A7)
where 2 ” co_
DO=— 22| ¢4 Q, Eo XM () _Q, El X% X |
n= n=
g
=—. (A8)
9= 7R (A14)
The other terms in EqA4) can be expanded to yield o
. . . FO = — T; 3 X0, (A15)
L@ nzo (= ,:g(n)+nzl FO* () nzl ﬁ(,:g(,mx(n)
e The D andF terms of the corresponding Kaluza-KlgikK)
+XMER), (A9)  gstates are
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DK = _ 94([§+ g(k)+3f

2

XD XW* X)) (P)
n+p=k

2 X (0% X (P) (1) (P)

f 2n
_ s S - S X0
J§n+p:k 2 In—p|=k
(A16)
k Qx _
Fl* — Syl =X (P p ()
X R 2 In—p|=k
L > XPepm, (A17)
2 n+p=k
k Q Q
()% _ 2y (k) _ Xy (0) gy (k) _ =X (My(In—K|)
Fy* = Xk ZZxO)¢p dMx
X R \/E 2 rg&:k
QX (N)y(n+k)
> pxtk) (A18)
2 n+k#0
97 - —
Fox = 24Qx< J2XOXW 13 X(px(p-K)
p#k
_ E Y(p)x(p+k))‘ (A19)
p+k#0

It is easy to see that there is a solution with z&rand F
terms and nonzero vacuum expectation val(égVs) for

the X and®® states. AssumingX®¥)y=0 for all k, from
Egs.(A15), (A17) and(Al19), we see that

FO=FR=F®=0 (A20)

If we require all the otheD andF terms to vanish, from Egs.
(Al14), (A16) and(A18), we obtain

PHYSICAL REVIEW 6, 055010 (2002

£+ anzo X(MW* XM=, (A21)

\/‘§+_2(k)+QX > XM*XP) () 4(P)

94 Jz.n+p k
+% X% X(P) (M (M= k0,
\/E\nfp=k
(A22)
K Qx Qx
Zx0— ZX @ XS gy (In—k)
R \/E rgk
Qx (n)y(n+k)
+== > oMX=0  k£0. (A23)
n+k#0

If one assumes that the VEVs of all tde®) states vanish,
then, from Eq.(A23), we deducgX®)y=0 (for k#0) and
s0, we cannot satisfy EGA22). Thus, we can conclude that,
in order to satisfy Eqs(A21)—(A23) simultaneously, the
statesd® must have nonzero VEVs. In order to satisfy Eq.
(A21), we need opposite signs f@rand Qx. Without any
loss of generality, one can assufi€0 andQx>0. If we
restrict Eqs(A21)—(A23) to the firstk KK modes of®, the
firstk’ modes ofX and the zero mod&(®), we are left with
k+k’+1 nontrivial equations. Therefore, the number of
equations and variables coincides and there will always be a
solution where all th® andF terms vanish. In particular, the
X(©) state has a nonzero VEV.

We have shown that within the framework of F")/Z,
orbifold models, the brane FI term for th§1) gauge super-
field ensures a nonzero VEV for théfield and SUSY re-
mains unbroken. It turns out that the VEV of the scalar com-
ponent of X is crucial for the generation of sufficiently
suppressed neutrino masses and to explain hierarchies be-
tween fermion masses and mixingslifl) is applied as a
flavor symmetry.
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