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4D models of Scherk-Schwarz GUT breaking via deconstruction
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We examine new classes of GUT models where the GUT gauge group is broken by a 4D analogue of the
Scherk-Schwarz mechanism. These models are inspired by ‘‘deconstructed’’ 5D Scherk-Schwarz orbifold
models. However, no fine-tuning of parameters or assumption of higher dimensional Lorentz invariance is
necessary, and the number of lattice sites can be as low as just two. These models provide simple ways to solve
the doublet-triplet splitting problem, change proton decay predictions, and may provide insight into the struc-
ture of the CKM matrix. Since the number of fields in these models is finite, the corrections to the unification
of gauge couplings can be reliably calculated, and as expected result only in threshold corrections to the
differential running of the couplings. Our analysis also suggests new 4D models which can enjoy the benefits
of orbifold models but cannot be obtained by deconstruction of a 5D model.
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I. INTRODUCTION

Unification of the gauge couplings in the supersymme
extension of the standard model~SM! is one of the stronges
experimental hints both for the existence of supersymm
~SUSY!, and for grand unified theories~GUTs!. However,
most SUSY GUT theories have several problematic aspe
most notably the doublet-triplet splitting problem~that is,
why the color triplet Higgs fields necessary for GUTs are
much heavier than the corresponding doublets!, and the non-
observation of proton decay. Even though several poss
resolutions to the doublet-triplet splitting problem exist
4D @1,2#, the actual implementation of these ideas usua
leads to complicated models@3#. Recently, new solutions to
these problems have been suggested by reviving@4# the old
Scherk-Schwarz~SS! @5# idea of breaking symmetries b
boundary conditions in extra dimensional models. Many
the basic ideas used in these models have been discu
within the context of string theory in the 1980s@6#. One of
the main achievements of the models proposed recently
separate the essential features of the Scherk-Schwarz m
nism from the additional constraints imposed by stri
theory, and to try to build minimal realistic models in a
effective field theory context. In particular, Kawamura@7#,
Altarelli and Feruglio@8#, and Hall and Nomura@9# proposed
specific models with one extra dimension and anSU(5) bulk
gauge symmetry.~See also@10#. For earlier work on symme
try breaking by the SS mechanism see@11#.! In the super-
symmetric version of this model, the extra dimension is
S1/Z23Z28 orbifold, where one of theZ2 projections reduces
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the zero mode spectrum to that of 4DN51 supersymmetric
theories, while the secondZ2 explicitly breaks the GUT sym-
metry toSU(3)3SU(2)3U(1) at the orbifold fixed-point.
One of the immediate consequences of this setup is that t
is no need for a field that breaks the GUT symmetry—
orbifold does that. Depending on the details of the rest of
setup, most of the other problems of SUSY GUTs can also
resolved. In one of the simplest implementations propo
by Hebecker and March-Russell@12#, all SM fields live at
the fixed point whereSU(5) is broken so there is no need
introduce a Higgs triplet, and proton decay is absent. Anot
possibility is to introduce the Higgs fields in the bulk wit
the SM matter fields at one or the other orbifold fixed poin
In this case the doublet-triplet splitting problem is resolv
by the triplets not having a zero mode, and proton deca
suppressed arranging that dangerous dimension five op
tors are absent due to the structure of the triplet masses
forced by global symmetries@9#. For more recent work on
SS breaking of symmetries see@13–19#.

Recently it has been realized, that many seemingly e
dimensional ideas can be implemented within a purely
theory by considering a ‘‘deconstructed’’~or latticized! ver-
sion of the extra dimension@20,21#. This construction can be
used to obtain a variety of interesting 4D models@22#. The
aim of this paper is to give simple 4D models that mimic t
above outlined SS-type breaking of the GUT symmetry. F
this we will use the supersymmetric versions of deco
structed extra dimensions obtained in@23# based on the ear
lier work of @24#. We will present several different GUT
models. In all of them there will beN21 copies~whereN
can be as low as just two! of the SU(5) gauge group, and a
single SU(3)3SU(2)3U(1) group, which will be broken
to the diagonal SM gauge group. The explicit breaking of
SU(5) symmetry at the last link is the deconstructed vers
of the orbifold point breaking the GUT symmetry. Using th
©2001 The American Physical Society04-1
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basic setup we will obtain different models depending
how the Higgs and SM matter fields are introduced. First
will include both the Higgs and the matter fields only into t
last SM gauge group, while later we will present vario
modifications of the simplest model. Since there are a fin
number of states in this theory, the correction to the unifi
tion of gauge couplings can be reliably estimated. This c
rection to the difference of the gauge couplings is of
same form as the threshold correction found in the c
tinuum case. Note that after this work was completed,
learned that similar ideas have been pursued by Ch
Matchev, and Wang@33#.

II. GUTS WITHOUT HIGGS TRIPLETS

A. The simplest model

The first model that we will consider is the simplest po
sible construction based on the higher dimensional exam
presented in@12#. In this 5D model the bulk has eight supe
charges (N52 supersymmetry in 4D!. Half of these super-
symmetries are broken by the firstZ2 orbifold projection,
while the second projection breaksSU(5) to the SM gauge
group. All minimal supersymmetric standard model~MSSM!
matter and Higgs fields are included on the second orbi
fixed-point where the gauge groups is reduced to the
group.

FIG. 1. The supersymmetric orbifold moose.
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A simple construction for theS1/Z2 orbifold with 4 su-
percharges in 4D has been presented in@23#. The construc-
tion is summarized below:

SU(M )1 SU(M )2 ••• SU(M )N21 SU(M )N

Q1 h h̄ 1 ••• 1

Q2 1 h ••• 1 1
A A A � A A
QN21 1 1 ••• h h̄

P̄1, . . . ,M h̄ 1 ••• 1 1

P1, . . . ,M 1 1 ••• 1 h

~2.1!

The bifundamentalsQi ’s obtain a vacuum expectation valu
~VEV! either due to some strong interactions or due to
superpotential that breaks the gauge group to the diag
SU(M ). The fieldsPi andP̄i are necessary only for anoma
cancellation in the endpoint gauge groups, obtaining a m
from the superpotential term

1

MPl
N22 (

i 51

M

P̄i )
j 51

N21

Qj Pi . ~2.2!

In order to obtain the Scherk-Schwarz-type GUT breaking
this model, we take allSU(M )’s to be given bySU(5) ~this
can be easily generalized to larger GUT groups!, except the
last gauge group is replaced by the SM gauge gro
SU(3)3SU(2)3U(1). We illustrate this model in Fig. 1.
This replacement is supposed to mimic the effect of the s
ond orbifold projection that explicitly breaks the GUT sym
metry. As explained above, in this simplest version the S
matter fields are included at the orbifold fixed point, thus
our case they will only transform under the last gauge gro
Therefore the matter content of the theory is thus given
SU(5)1 SU(5)2 ••• SU(5)N21 SU(3) SU(2) U(1)Y

P̄1, . . . ,5 h̄ 1 ••• 1 1 1 0

Q1 h h̄ 1 ••• 1 1 0

Q2 1 h ••• 1 1 1 0
A A A � A A A A
Qt,N21 1 1 ••• h h̄ 1 1

3

Qd,N21 1 1 ••• h 1 h 2 1
2

P1, . . . ,5 1 1 ••• 1 h 1 2 1
3

P1, . . . ,58 1 1 ••• 1 1 h 1
2

Hu 1 1 ••• 1 1 h 1
2

Hd 1 1 ••• 1 1 h 2 1
2

Li 1 1 ••• 1 1 h 2 1
2

Ei 1 1 ••• 1 1 1 1
Qi 1 1 ••• 1 h h 1

6

Ū i
1 1 ••• 1 h̄ 1 2 2

3

D̄ i
1 1 ••• 1 h̄ 1 1

3

~2.3!
4-2



g
l

o
tu
th
o
in

d

SM
-

f

r-

he
o
ry

ct

a
r-

ge
t

rm
r

th
et
u-
q
t t

s
n

f
ha
,

s
is
a

ta
e

n-
e

n-
rs

.
ub-

his
of

ated
le
be-

g a
. In

nly
the
lly
in
the

rms
lter
ig-
m
al

r a
to

up-

e

-

ult-
ies
r
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Carefully inspecting this model one immediately reco
nizes, that forN52 this theory is identical to the mode
proposed recently by Weiner@25#, who purely from 4D con-
siderations wrote down this model as an example of a the
that allows the unification of gauge couplings without ac
ally unifying the representations. Thus Weiner’s model is
simplest 4D realization of the Scherk-Schwarz breaking
the GUT symmetries. Therefore, all the features that We
er’s model possesses apply in the generalN case here as
well. The doublet-triplet splitting is resolved by not embe
ding the SM fields~in particular, the Higgs doublets! into
into unified multiplets. Proton decay is absent, since the
fields do not interact with theX,Y gauge bosons that trans
form as (3,2) underSU(3)3SU(2).

One could include anSU(5) on the last site instead o
SU(3)3SU(2)3U(1) if an SU(5) adjoint field S was
added such that it obtains a large (@MGUT) vacuum expec-
tation value ~VEV! that breaks theSU(5) to SU(3)
3SU(2)3U(1). This would then be the deconstructed ve
sion of the model presented in@13#. The advantage of this
approach is that charge quantization is explained, but t
the doublet-triplet splitting has to be explained with one
the conventional methods. Proton decay will be still ve
much suppressed due to the large value of theS VEV. Uni-
fication of couplings will still not be exact, due to the fa
that operators involving theS field will give order one
SU(5) non-symmetric corrections to the gauge couplings
the high scale. We will not consider this possibility any fu
ther in this paper.

The fields P,P̄ needed to cancel the endpoint gau
anomalies must obtain a mass. In the simplest version of
model, nonrenormalizable operators of the fo
(1/M Pl

N22) P̄Q1 . . . QN21P, result in mass terms of the orde

v(v/M Pl)
N22, with v of order the GUT scale. TheP,P̄

fields will appear as massive doublets and triplets in
theory below the unification scale. Since they form compl
SU(5) multiplets, they do not affect the unification of co
plings, as long as their masses are reasonably large. Re
ing that these masses are above the TeV scale will restric
number of lattice sites toN&9. However, this constraint is
not very robust. If theQ fields themselves are composite
then one gets a stronger suppression of the masses a
stronger bound onN. However, since theP,P̄ fields are not
an essential part of the construction, they are added only
anomaly cancellation, one could modify the model such t
there are noP,P̄ fields at all, at the price of, for example
doubling the number of link fields in the theory.

B. Gauge coupling unification

Gauge coupling unification is a success in the MSSM,
it is natural to ask whether gauge coupling unification
maintained in this model, and at what scale the couplings
unified. Here we take the VEVs of all the bifundamen
fieldsQi to be equal tov, and all the gauge couplings of th
SU(5) groups to be equal tog. This implies the ‘‘spacing’’
between lattice sitesa215A2gv is the same across the e
tire lattice. We do this to simplify the calculations of th
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mass matrices. Our construction doesnot require a ‘‘hop-
ping’’ symmetry nor any other remnant of higher dime
sional Lorentz invariance. In the MSSM, unification occu
roughly at the mass scale of the physicalX,Y gauge bosons
Here, unification occurs at the scale where the diagonal s
group is no longer a physical description of the model. T
occurs once the lattice is resolved, meaning the scale
heaviest KK excitation, which is 2a21. Once above this
scale, the KK modes become the dynamical fields associ
with the full product gauge theory. Thus, it is at this sca
that one can perform a matching of the gauge couplings
tween the diagonal subgroup and theN lattice sites,

1

gSU(3),diag
2

5 (
i 51

N21
1

gi
2

1
1

gSU(3)
2

,

1

gSU(2),diag
2

5 (
i 51

N21
1

gi
2

1
1

gSU(2)
2

,

1

gU(1),diag
2

5 (
i 51

N21
1

gi
2

1
1

gU(1)
2

. ~2.4!

These matching relations together with the idea of usin
product group broken to its diagonal subgroup is not new
fact the idea itself dates back to the 1970s@26#. From Eq.
~2.4! we can see that the same quantity( i 51

N21(1/gi
2) arises in

all three diagonal subgroup gauge couplings. It is o
through the explicit breaking of the gauge symmetry at
last site that one obtains a contribution which is generica
not universal, and so the unification of gauge couplings
these models is not exact. These nonuniversal terms are
exact analogs of the possible brane localized kinetic te
that can be added in the continuum theory which can a
unification. However, if the number of gauge groups is s
nificantand the last site couplings are not too different fro
the otherSU(5) couplings, then one expects the diagon
subgroup couplings are approximately unified. Thus fo
large number ofSU(5) gauge groups one does not need
ensure that theSU(3)3SU(2)3U(1) on the last site is
much more strongly coupled than theSU(5)’s, as is thecase
of N52. This is the analog ofSU(5) breaking brane local-
ized terms in the continuum theory that are volume s
pressed compared to theSU(5) symmetric terms.

Below the scale 2a21, the gauge group resulting from th
diagonal breaking of@SU(5)#N213SM group is just the
SM. Between 2a21 and a21/N, the theory appears five di
mensional with a Kaluza-Klein-~KK !-like tower of nearly
SU(5) symmetric states.~Hereafter, we simply use ‘‘KK
tower’’ to refer to the gauge and gaugino excitations res
ing from the diagonal breaking of the gauge symmetr
forming the lattice.! TheN3N gauge boson mass matrix fo
the SM is
4-3



t

ed

lo

u
ne
o

ne

t
of

ses

-

nce

ns
an
m

om

the
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4a22S 1 21

21 2 21

�

21 2 21

21 1

D ~2.5!

with eigenvalues

m3,2,15
2

a
sin

j p

2N
, ~2.6!

where j 50,1,2. . . ,N21. The gaugino and scalar adjoin
masses are identical to the gauge bosons forj .0 @23#. The
(N21)3(N21) mass matrix of theX,Y gauge bosons~and
associated fermions and scalars! is @27#

4a22S 1 21

21 2 21

�

21 2 21

21 2

D ~2.7!

with eigenvalues

mX,Y5
2

a
sin

~2k11!p

4N22
, ~2.8!

where k50,1, . . . ,N22. These masses are the latticiz
analogues of the KK mass spectrum found in Ref.@9#. This
can be seen by writing the approximate masses of the
lying modes, assumingN is large, as

m3,2,1;
2n12

R
, ~2.9!

mX,Y;
2n11

R
, ~2.10!

with the identificationR52aN/p.
We can estimate the evolution of the diagonal subgro

gauge couplings below the strong coupling scale via o
loop renormalization group equations in a manner analog
to Refs.@9,12#. The low energy couplings are

a i
21~MZ!5a i

21~2a21!

1
1

2p F bi ln
2a21

MZ
1ci (

n51

N21

ln
2a21

2a21sin
np

2N

1di (
n50

N22

ln
2a21

2a21sin
~2n11!p

4N22
G , ~2.11!

where bi5(33/5,1,23), ci5(0,24,26), di5(210,26,
24) are the beta-function coefficients for the MSSM, o
01500
w

p
-
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SM KK excitation, and one X,Y KK excitation. The spli
SU(5) multiplets are of course a direct consequence
breakingSU(5) on one lattice site.

We can convert the sums over the KK excitation mas
into products of sines as

(
n51

N21

ln
a21

a21sin
np

2N

52
1

2
ln)

n51

N21

sin2
np

2N
, ~2.12!

(
n50

N22

ln
a21

a21sin
~2n11!p

4N22

52
1

2
ln)

n50

N22

sin2
~2n11!p

4N22
.

~2.13!

The products of sines take the simple forms

)
n51

N21

sin2
np

2N
5

4N

22N
, ~2.14!

)
n50

N22

sin2
~2n11!p

4N22
5

4

22N
, ~2.15!

which we can use to rewrite the evolution equation~2.11! as

a i
21~MZ!5a i

21~2a21!1
1

2p Fbi ln
2a21

MZ
1~ci1di !

3~N21!ln 22
ci

2
ln NG . ~2.16!

The sumci1di5(210,210,210) is independent ofi, and
thus the second term represents theSU(5) symmetricpower
law running @28# betweena21/N and 2a21. The last term
proportional to lnN is different for each gauge coupling, rep
resenting the logarithmic differential running@13# between
a21/N and 2a21. Thus one can see from Eq.~2.16! that each
gauge coupling receives a different logarithmic depende
on the number of lattice sites. SinceN sets the ratio of the
unification scale to the scale where the first KK excitatio
appears, it is clear that this effect is entirely analogous to
ordinary 4D GUT scale threshold correction resulting fro
GUT fields with masses below the unification scale.

As we have discussed, unification~or at least approximate
unification! is expected to occur at 2a21. We can calculate
this scale for a given numberN of lattice sites by equating
a i(2a21)5a j (2a21) for fixed i , j and solving for the unifi-
cation scale. Using the one-loop evolution equations fr
above, we find

a i
21~MZ!2a j

21~MZ!5
1

2p F ~bi2bj !ln
2a21

MZ
2

ci2cj

2
ln NG .
~2.17!

Of course any two gauge couplings intersect, leading to
one-loop MSSM result
4-4
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a i
21~MZ!2a j

21~MZ!5
1

2p
~bi2bj !ln

Mi j

MZ
, ~2.18!

whereMi j is the intersection scale. We can therefore rew
Eq. ~2.17! as

05
1

2p F ~bi2bj !ln
2a21

Mi j
2

ci2cj

2
ln NG , ~2.19!

leading to a relationship between 2a21 andMi j ,

2a215N(ci2cj )/[2(bi2bj )]Mi j

with

ci2cj

2~bi2bj !
5H 5/14 $ i j %5$12%

5/16 $ i j %5$13%

1/4 $ i j %5$23%

. ~2.20!

If the MSSM gauge coupling unification were exact, mea
ing Mi j 5MGUT, the gauge couplings here would nev
unify exactly forN.1. Of course the MSSM gauge couplin
unification is only accurate to a few percent. In fact, unific
tion can be more precise in this model than in the MSS
since, as we will see, the correction toa3 is negative. One
reasonable approach is to requirea15a2 at the unification
scale, since they are the most accurately measured coup
at the weak scale. DefiningM125MGUT, this implies

2a215N5/14MGUT, ~2.21!

a21

N
5

1

2N9/14
MGUT. ~2.22!

Thus the scale where the KK-like states begin to app
roughly a21/N, is lower than the usual MSSM unification
scale by a factor 1/(2N9/14), while the scale of gauge cou
pling unification ishigher by a factorN5/14. We can then
calculate the deviation ofa3 from a15a25aGUT,

aGUT2a3

aGUT
U

2a21

.
3

14p
aGUTln N. ~2.23!

This is a rather small correction. For example,a3 is unified
with the other gauge couplings to,1% accuracy forN
,40. However, amusingly the sign of this correction is su
that a3(MZ) is closer to the experimentally measured va
and so unification in this model may be more precise tha
the MSSM for reasonably small values ofN.

Note that the value of the unified couplingaGUT is smaller
than the usual GUT couplingaGUT;1/25 as is expected
from adding vector supermultiplets to the diagonal subgro
Of course the ’t Hooft couplingaN is increasing for larger
N. Very roughly the diagonal subgroup becomes stron
coupled onceaN;1, which suggestsN cannot be much
larger than about 25 to maintain a perturbative analysis.
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C. An example of dynamical breaking to the diagonal group

Let us now give a concrete realization of the strong d
namics that can enforce the expectation values for the bi
damentalsQi . We discuss only theN52 case in detail; the
cases with largerN can be trivially generalized from this. W
consider anSU(5) SUSY gauge theory with five flavors, an
assume that the aboveSU(5)3SU(3)3SU(2)3U(1) is
the weakly gauged subgroup of the global symmetries. T
the full matter content is given by

SU(5) SU(5) SU(3) SU(2) U(1)

q h h̄ 1 1 0

q̄ h̄ 1 h 1 2 1
3

q̄8 h̄ 1 1 h 1
2

P̄1 , . . . ,P̄5
1 h 1 1 0

P1 , . . . ,P5 1 1 h̄ 1 1
3

P18 , . . . ,P58 1 1 1 h 2 1
2

Hu 1 1 1 h 1
2

Hd 1 1 1 h 2 1
2

Li 1 1 1 h 2 1
2

Ei 1 1 1 1 1
Qi 1 1 h h 1

6

Ū i
1 1 h̄ 1 2 2

3

D̄ i
1 1 h̄ 1 1

3

~2.24!

We assume that the firstSU(5) gauge group become
strongly interacting around the GUT scale. This theory th
confines with a quantum modified constraint given by

detM2BB̄5L10, ~2.25!

where the mesons are given byqq̄ and qq̄8, both of which
acquire a VEV, while the baryons areq5 and q̄3q̄82. In order
to ensure the necessary breaking of the global symmetrie
a singleSU(3)3SU(2)3U(1) subgroup which is then to
be identified with the MSSM, one has to make sure that i
the mesons in Eq.~2.25! which get the expectation value
and not the baryons. Note that out of only the mesons
can make just a single gauge invariant after theD terms of
the SU(5)3SU(3)3SU(2)3U(1) are taken into account
Thus, one expects that once the baryon direction is lifted,
vacuum described above is unique. The baryon directi
can be lifted by adding a Planck-suppressed superpote
term

1

MPl
3 ~Sq51S8q̄3q̄82! ~2.26!

to the action, whereS and S8 are additional singlets. As a
consequence, the baryons will get a mass together with
singlets, and their mass is estimated to
MGUT(MGUT/MPl)

3;1010 GeV. Thus we have seen that th
N52 case can be easily made into a complete model wh
4-5
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TABLE I. A model of missing partners.

SU(5)1 SU(5)2 ••• SU(5)N21 SU(3) SU(2) U(1)Y

P̄1, . . . ,5 h̄ 1 ••• 1 1 1 0

Q1 h h̄ 1 ••• 1 1 0

Q2 1 h ••• 1 1 1 0
A A A � A A A A
Qt,N21 1 1 ••• h h̄ 1 1

3

Qd,N21 1 1 ••• h 1 h 2
1
2

P1, . . . ,5 1 1 ••• 1 h 1 2
1
3

P1, . . . ,58 1 1 ••• 1 1 h 1
2

Hu,1 h 1 ••• 1 1 1 0
Hd,1 h̄ 1 ••• 1 1 1 0

Hu,1
c

h̄ 1 ••• 1 1 1 0

Hd,1
c h 1 ••• 1 1 1 0

A A A � A A A A
Hu,N21 1 1 ••• h 1 1 0
Hd,N21 1 1 ••• h̄ 1 1 0

Hu,N21
c 1 1 ••• h̄ 1 1 0

Hd,N21
c 1 1 ••• h 1 1 0

hu 1 1 ••• 1 1 h 1
2

hd 1 1 ••• 1 1 h 2
1
2

tu 1 1 ••• 1 h 1 2
1
3

td 1 1 ••• 1 h̄ 1 1
3

tu
c 1 1 ••• 1 h̄ 1 1

3

td
c 1 1 ••• 1 h 1 2

1
3
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the GUT scale emerges dynamically. Of course forN52 one
is left with the question of why the gauge couplings sho
unify. For this, one has to assume that the couplings
SU(3)3SU(2)3U(1) are much stronger than those of t
weakly gaugedSU(5).

Finally, we remark that this model, just as the continuu
versions of these models, is ideally set up for gaugino m
diation. Gaugino mediated models in 4D have been c
structed in @23,29#. Here we can simply assume that th
SUSY breaking sector only couples to the endpointSU(5)
site, and is transmitted through the lattice of theSU(5)s to
the SM fields at the other end. Since in our case the sca
breaking to the diagonal gauge group is given byMGUT , the
gauge mediated contributions to the scalar masses are
suppressed when the number of lattice sites is largeN*5.
For this case one obtains a gaugino mediated spect
while for small number of sites one obtains a spectrum t
interpolates between gaugino and gauge mediation.

III. A MODEL OF MISSING PARTNERS

A. Setup and doublet-triplet splitting

While models which restrict the Higgs boson to reside
the GUT breaking orbifold fixed-point give a simple resol
tion of the doublet-triplet splitting problem~there are no trip-
lets! such models must sacrifice one of the most compel
theoretical motivations for GUTs: charge quantization. Sin
in such models the SM fields must necessarily live at
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same GUT breaking orbifold fixed point as the Higgs fiel
~in order to get masses from the Higgs VEV! there is no
principle which restricts theirU(1)Y charges to be the ob
served charges. For example different generations could h
different hypercharges~and hence different electric charge!
in this class of models. If, however, the Higgs fields a
distributed among all the nodes of the model1 then the SM
matter fields can reside at any node. This opens up m
possibilities; most importantly if the SM fields reside at
node with an unbrokenSU(5) gauge group, then the predic
tion of charge quantization is restored. However a differ
resolution of the doublet-triplet splitting problem is then r
quired. There are several ways for this to happen, but they
share the key feature that the triplets do not have a z
mode2 and thus implement a version of the missing partn
mechanism@1#.

To be more specific, consider the model shown in Tab
~we will discuss the location of the SM generations sub
quently!. There are twoN52 hypermultiplets of ‘‘bulk’’
Higgs fields represented byHu and Hd , transforming at5
and 5̄ underSU(5), aswell as an independent set of field
with conjugate quantum numbersHu

c andHd
c , whereHu

c is in
the same hypermultiplet asHu . A latticized version of the

1This is the analog of being a bulk field in a largeN continuum
limit ~extra dimensional! model.

2For an early example of this idea in a string setting see Ref.@6#.
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‘‘bulk’’ Higgs fields have a hopping term and a mass term
the superpotential:

Wbulk5 (
i 51

N21

l iHu,i
c QiHu,i 112 (

i 51

N21

miHu,i
c Hu,i1u↔d.

~3.1!

As we will discuss later it is useful to have a model with
R symmetry that forbids mass terms of the formHdHu in
order to suppress proton decay@9#. ~This has the added ben
efit that it forces them term to be related to SUSY breaking!
For example Hall and Nomura@9# use anR symmetry with
charge 0 forHd , Hu and charge 2 forHd

c , Hu
c which accom-

plishes this. With generic mass terms and a VEV forQ the
Higgs fields mix and produce four towers of states starting
some nonzero masses. If we latticize a massless bulk hy
multiplet then the values ofmi are required to be propor
tional to the VEV of Q such that in the largeN limit we
recover just the correct kinetic terms. For a purely 4D mo
we however do not want to rely on the Lorentz invariance
the higher dimensional theory, and thus the bulk mass te
cannot be assumed to be equal. In the 5D models of SS G
breaking it is exactly the 5D Lorentz invariance which e
forces the structure of the mass matrices to be such tha
doublets have a zero mode, while the color triplets do n
Since we do not want to rely on this symmetry, we have
slightly deviate from the strictly deconstructed version of t
model in order to avoid fine tuning from the 4D point
view. The way we will ensure the existence of the doub
zero modes is by making sure that the mass matrix for
doublets is not of maximal rank, by leaving out one of t
doublet fields from each hypermultiplet in the last~SM!
gauge group, while still keeping all the triplet fields. Th
way for generic values of mass terms and couplings the t
lets will all be massive, however since some of the cor
sponding doublets are missing on the fixed point, the co
sponding mass matrix will not have maximal rank. This is
implementation of the missing partner mechanism@1,30#,
since some doublets are missing and cannot pair up to g
mass term. This way we are resolving the doublet-trip
splitting problem without fine-tuning, however we shou
emphasize that this is achieved by a modification of the
constructed model. In particular, we are considering the c
where the doubletshd

c , hu
c are missing on the fixed point an

we have the superpotential

Wfp52mNtu
ctu1u↔d. ~3.2!

Let us consider the mass terms for the Higgs fermion

L.2
1

2
~ch,iauch,ia

c !daa8S Jh
T

Jh
D

i j

S ch, j a8

ch, j a8
c D

2
1

2
~c t,iau c t,ia

c !daa8 S J t
T

J t
D

i j

S c t, j a8

c t, j a8
c D 1H.c.

~3.3!

with the (N21)3N doublet matrix
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Jh5S 2m1 l1v

� �

2mN21 lN21v
D ~3.4!

and theN3N triplet matrix

J t5S 2m1 l1v

� �

� lN21v

2mN

D . ~3.5!

Unless themi andl i are tuned to special values there are
massless triplet fermions~and by supersymmetry no mas
less triplet scalars!. For example, the mass squared matrix
the triplet fermions isJ t

TJ t , which can be easily diagonal
ized for mi5lv with l15•••5lN215l5A2g. Then the
(mass)2 spectrum is given by

mk
254a22sin2S ~2k11!p

4N12 D , ~3.6!

for k50 . . .N21. In the models we are considering he
there is no reason for such a special fine tuning so we ex
no triplet zero modes. However the mass squared matrix
the doublet fermionsJh

TJh is an N3N matrix of rank N
21 so there must be a zero-mode fermion~and scalar!. Their
(mass)2 spectrum is given by

mhu ,hd

2 50, mhu ,hd ,h
u
c ,h

d
c

2
54a22sin2

mp

2N
, ~3.7!

wherem51 . . .N21.
The additional Higgs doublets and triplets modify th

evolution of the gauge couplings up to 2a21. The low energy
couplings are now

a i
21~MZ!5a i

21~2a21!1
1

2p Fbi ln
2a21

MZ
1~ci1di1ei1 f i !

3~N21!ln 21 f i ln 22
ci1ei

2
ln NG , ~3.8!

whereei5(6/5,2,0) andf i5(4/5,0,2) correspond to the bet
function coefficients of two sets of up-type and down-ty
Higgs doublets and triplets, respectively. The same anal
shown in Sec. II B can be repeated with the above evolut
equation. Here, we simply state the results. The inverse
tice spacing is related toMGUT via

2a215221/7N2/7MGUT ~3.9!

again usinga1(2a21)5a2(2a21). We note that theN2/7

behavior isidentical to the continuum result found in@9#, for
largeN. The deviation ofa3 from aGUT is

aGUT2a3

aGUT
52

3

7p
aGUTln 8N. ~3.10!
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Unlike in Sec. II B, here we find the correction is alwa
negative, albeit at level of just a few percent.

B. Inclusion of SM matter

Having dispensed with the doublet-triplet splitting pro
lem we can now consider the viability of different options f
locating the SM quarks and leptons. As in@9#, the
R-symmetry has to be extended to the matter fields such
each SM matter field hasR-charge 1. This is necessary
forbid proton decay from dimension 5 operators. As in t
previous section we can place all the quarks and lepton
the GUT breaking orbifold fixed-point at the expense of lo
ing the prediction of charge quantization. It is interesting
note that Yukawa coupling unification works best for t
third generation~for tanb[^Hu&/^Hd& large!, which sug-
gests the third generation is further from the GUT break
orbifold fixed-point than the other generations. It is also
teresting to note that intergenerational Yukawa couplings
be suppressed for generations residing at different no
since gauge invariance will require a factor of the bifund
mentalQ for each link that separates the two generations
such operators are generated by physics at a scaleM flavor
within an order of magnitude of the GUT scale, then th
leads to realistic predictions for the Cabibbo-Kobayas
Maskawa ~CKM! matrix. ~Compare split-fermion model
where a localized Higgs wave function@31,32# generates a
hierarchy of Yukawa couplings. For our case we have ta
the Higgs wave function to be uniform. The explanation
the hierarchy of the diagonal Yukawa couplings would
quire a varying Higgs wave function along the lattice that
also possible to implement here with appropriate choice
the coupling and mass parameters of the model.! Recall from
the Wolfenstein parametrization of the CKM matrix:

Vus;Vcd5O~l!,

Vcb;Vts5O~l2!.

This structure is simply reproduced if one link separates
first and second generation, two links separate the sec
and third generations, andl;^Q&/M flavor. Provided that the
second and third generation both reside on the same sid
the node with the first generation then this further impl
that the first and third generations are separated by t
links and we naturally predict the correct order of magnitu
for the remaining CKM elements:

Vub5O~l3!,

Vtd5O~l3!.

Another alternative for introducing the SM matter in the
models is to evenly distribute them among theSU(5) gauge
groups, corresponding to having the SM matter in the bulk
the higher dimensional language. In this case, the matter
tent has to be doubled, just like we saw for the Higgs fiel
This is necessary in order to ensure the presence of a m
less zero mode without fine-tuning. One can obtain this us
the method of missing partners, where one set of SM field
omitted at the last site, and thus the mass matrix will not
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of maximal rank, and a zero mode for the SM fields is ne
essarily present. We will not consider this possibility a
further in this paper.

C. Suppression of proton decay

The amount of suppression of proton decay crucially
pends on which generations are charged underSU(5). When
all three generations reside at the GUT breaking orbif
fixed point~Fig. 1! and there are no dangerous Higgs triple
as in the Weiner model@25#, proton decay is completely
absent. This is because the heavySU(5) gauge bosons
(X,Y) do not couple to quarks and leptons. In models wh
only the first generation resides at the GUT breaking orbif
fixed point~Fig. 2, model A!, proton decay will proceed due
to the mixing of the first generation with the other gene
tions that do couple to heavySU(5) gauge bosons. In thes
models there will be an additional suppression of these p
ton decay amplitudes by CKM factors relative to standa
heavy gauge boson processes. However the leading cont
tion to proton decay in the minimalSU(5) SUSY GUT came
from the Higgs triplet fermions, even assuming that th
could be somewhat heavier than the heavy gauge bos
But in these models there is nothing that requires the Hi
triplet to have a direct coupling to the first generation quar
so these models are not challenged by the current bound
the proton lifetime. Alternatively if the second and third ge
erations reside on the GUT breaking orbifold fixed po
while the first generation resides elsewhere, then proton
cay can still be suppressed since the dangerous operato
volves at least two different generations. If the triplet co
plings to the second and third generations vanishes, the
no contribution to proton decay.

As in the Hall and Nomura model, if the Higgs triple
fermion mass is betweenHa andHa

c , but onlyHa couples to
quarks and leptons due to the globalR-symmetry, then there
is no dimension 5 operator generated. Since the mass o
lightest X,Y gauge bosons is lower than the usual MSS
GUT scale, we must check, model by model, that pro
decay mediated by dimension-6 operators does not vio
current experimental bounds.

D. Two realistic models

In this section we will discuss two simple realistic mo
els. The field content of bifundamentals (Q), spectators (P),

FIG. 2. Diagrammatic illustration of the two models.
4-8
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and Higgs bosons~H! is along the lines discussed in th
previous sections. The distributions of quarks and leptons~as
well as squarks and sleptons! is depicted schematically in
Fig. 2.

Both models implement the missing doublet scenario
scribed earlier. In model A the first generation resides at
GUT breaking orbifold fixed point, while the second gene
tion resides on the adjacent GUT symmetric site, and
third generation resides on the site two links away from
second generation. Note that the spacing of the genera
qualitatively reproduces the CKM matrix as discussed abo
Also the third generation is the furthest away from the sou
of GUT breaking so this model can naturally incorporate
more accurate Yukawa unification in the third generati
while there is no reason to expect Yukawa unification in
first generation. As discussed above anR symmetry prevents
the coupling of SM fields to triplets necessary to gener
dimension 5 proton decay operators, so the leading contr
tion to proton decay is throughX, Y gauge boson exchange
Since the first generation does not directly couple toSU(5)
gauge bosons, these couplings are only generated thr
mixing with the other generations. Thus there is an additio
CKM suppression~changing flavor to the second generatio!
of these decays relative to usual GUTs, so this mode
phenomenologically viable. This model also has the sig
ture that proton decays with electrons in the final state
highly suppressed~they arise only through lepton flavor vio
lating effects!. Experimentally the limit on proton decays t
second generation particles is considerably weaker than
for first generation decays.

The main theoretical blemish of model A is that char
quantization is not guaranteed. However we can simply o
come this problem by carrying over the virtues of this mo
to a similar model which cannot be obtained by latticizing
5D orbifold. Model B is just such a model: in this model a
three generations reside at GUT symmetric sites, while
GUT breaking site sits in the middle. Thus charge quanti
tion is a prediction of model B. Furthermore, the missi
partner mechanism can be implemented in a straightforw
manner~following the discussion above! and the spacing be
tween generations is maintained so the CKM structure
maintained. Dimension 6 proton decay operators no lon
have an additional CKM suppression, but the model is no
conflict with the experimental limit since the number of la
tice sites,N54, is small. Since in model B proton decay c
proceed directly to first generation particles, the bound
a

;
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proton decay viatp→e1p0.1.631033 yr is the most strin-
gent. In particular, the decay through a heavyX gauge boson
gives

tp→e1p0;1033 yrS MX

531015 GeV
D 4

~3.11!

and so these operators are safe so long asMX*5
31015 GeV, which requiresN&8.

IV. CONCLUSIONS

We have considered 4D supersymmetric models that
dict the unification of couplings at a high scale. These m
els were inspired by the deconstruction of 5DSU(5) gauge
theories, where the GUT group is broken by the Sche
Schwarz mechanism on anS1/Z23Z28 orbifold. The 4D
models consist of a chain ofSU(5) gauge groups, with one
site being replaced by the SM gauge group, and bifundam
tal fields that break the full gauge symmetry to the diago
SM group. In the simplest model, the SM matter is includ
at the last site where the gauge symmetry is reduced,
thus the doublet-triplet splitting problem is automatically r
solved, while proton decay is exactly zero. However, t
model does not explain the quantum numbers of the
fields. A slightly modified version has the SM fields
SU(5) sites, and the Higgs fields are distributed among
the sites. These models do explain charge quantization,
the doublet-triplet splitting can be resolved by a very sim
version of the missing partner mechanism. Proton deca
now reintroduced, but only through the dimension 6 ope
tors, which can be sufficiently suppressed as long as
number of sites is not too large. By putting the SM fields
different sites, a realistic hierarchy of the CKM matrix el
ments can be obtained.
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