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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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|. INTRODUCTION the zero mode spectrum to that of 4D=1 supersymmetric
theories, while the secord}, explicitly breaks the GUT sym-
Unification of the gauge couplings in the supersymmetricmetry to SU(3)x SU(2)x U(1) at the orbifold fixed-point.
extension of the standard mod&M) is one of the strongest One of the immediate consequences of this setup is that there
experimental hints both for the existence of supersymmetrys no need for a field that breaks the GUT symmetry—the
(SUSY), and for grand unified theorie&UTs). However,  orbifold does that. Depending on the details of the rest of the
most SUSY GUT theories have several problematic aspectsetup, most of the other problems of SUSY GUTs can also be
most notably the doublet-triplet splitting problefthat is, resolved. In one of the simplest implementations proposed
why the color triplet Higgs fields necessary for GUTs are scby Hebecker and March-Russ¢ll2], all SM fields live at
much heavier than the corresponding doubletad the non-  the fixed point wher&sU(5) is broken so there is no need to
observation of proton decay. Even though several possiblitroduce a Higgs triplet, and proton decay is absent. Another
resolutions to the doublet-triplet splitting problem exist in possibility is to introduce the Higgs fields in the bulk with
4D [1,2], the actual implementation of these ideas usuallythe SM matter fields at one or the other orbifold fixed points.
leads to complicated modef8]. Recently, new solutions to In this case the doublet-triplet splitting problem is resolved
these problems have been suggested by revidighe old by the triplets not having a zero mode, and proton decay is
Scherk-SchwardS9 [5] idea of breaking symmetries by suppressed arranging that dangerous dimension five opera-
boundary conditions in extra dimensional models. Many oftors are absent due to the structure of the triplet masses en-
the basic ideas used in these models have been discusseiced by global symmetrie]. For more recent work on
within the context of string theory in the 19808]. One of  SS breaking of symmetries sgE3—-19.
the main achievements of the models proposed recently is to Recently it has been realized, that many seemingly extra
separate the essential features of the Scherk-Schwarz mechtimensional ideas can be implemented within a purely 4D
nism from the additional constraints imposed by stringtheory by considering a “deconstructedr latticized ver-
theory, and to try to build minimal realistic models in an sion of the extra dimensidi20,21]. This construction can be
effective field theory context. In particular, Kawamurg, used to obtain a variety of interesting 4D modg2&]. The
Altarelli and Feruglid 8], and Hall and Nomurg9] proposed  aim of this paper is to give simple 4D models that mimic the
specific models with one extra dimension andsa¥(5) bulk  above outlined SS-type breaking of the GUT symmetry. For
gauge symmetrySee alsd10]. For earlier work on symme- this we will use the supersymmetric versions of decon-
try breaking by the SS mechanism ddd].) In the super- structed extra dimensions obtained #8] based on the ear-
symmetric version of this model, the extra dimension is arlier work of [24]. We will present several different GUT
S/Z,% Z), orbifold, where one of th&, projections reduces models. In all of them there will b&l—1 copies(whereN
can be as low as just twof the SU(5) gauge group, and a
single SU(3) X SU(2) X U(1) group, which will be broken
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O Qs On_2 On1 A simple construction for thé&'/Z, orbifold with 4 su-
percharges in 4D has been presente@®]. The construc-
tion is summarized below:

Qi,ui,di,Lise;
Hy,Hy SUM); SUM), --- SUM)n-1 SUM)y
FIG. 1. The supersymmetric orbifold moose. Q1 U ] 1 e 1
Q, 1 O 1 1
basic setup we will obtain different models depending onQy-1 1 1 0O
how the Higgs and SM matter fields are introduced. First w il 1 1 1
will include both the Higgs and the matter fields only into the %+~ M 1 1 1 -

last SM gauge group, while later we will present various"™1.... M
modifications of the simplest model. Since there are a finite 2.1
number of states in this theory, the correction to the unifica- '

tion of gauge couplings can be reliably estimated. This cor-

rection to the difference of the gauge couplings is of the

same form as the threshold correction found in the conThe bifundamental®;’s obtain a vacuum expectation value
tinuum case. Note that after this work was completed, wdVEV) either due to some strong interactions or due to a
learned that similar ideas have been pursued by Chenguperpotential that breaks the gauge group to the diagonal

Matchev, and Wan¢33]. SU(M). The fieldsP; andﬁ are necessary only for anomaly
cancellation in the endpoint gauge groups, obtaining a mass
Il. GUTS WITHOUT HIGGS TRIPLETS from the superpotential term
A. The simplest model 1 M N-1
The first model that we will consider is the simplest pos- MN-2 Zl Pinl QjPi- (2.2
Pl 1= =

sible construction based on the higher dimensional example

presented if12]. In this 5D model the bulk has eight super- |n order to obtain the Scherk-Schwarz-type GUT breaking in
charges (/=2 supersymmetry in 4D Half of these super-  this model, we take asU(M)'’s to be given bySU(5) (this
symmetries are broken by the fer'gl orbifold projection, can be eas”y genera“zed to |arger GUT gr@umcept the
while the second projection breaEdJ(S) to the SM gauge |ast gauge group is rep|aced by the SM gauge group
group. All minimal supersymmetric standard mo@diSSM)  sy(3)x SU(2)x U(1). We illustrate this model in Fig. 1.
matter and Higgs fields are included on the second orbifoldrhis replacement is supposed to mimic the effect of the sec-
fixed-point where the gauge groups is reduced to the SMnd orbifold projection that explicitly breaks the GUT sym-
group. metry. As explained above, in this simplest version the SM
matter fields are included at the orbifold fixed point, thus in
our case they will only transform under the last gauge group.
Therefore the matter content of the theory is thus given by

SU(5)1 SU(5), o SU(5)n-1 SU(3) SU(2) U(1)y
P, s O 1 1 1 1 0
Q O O 1 1 1 0
Q, 1 O 1 1 1 0
QiN-1 1 1 U O 1 3
QuaN-1 1 1 0 1 0 -3
Pi .5 1 1 1 O 1 -3
Pl .5 1 1 1 1 O 3
H, 1 1 1 1 O z
Hy 1 1 1 1 O -1
L, 1 1 1 1 O -1
E; 1 1 1 1 1 1
Qi 1 1 1 O O i
U, 1 1 1 0 1 -2
D, 1 1 1 0 1 1
(2.3
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Carefully inspecting this model one immediately recog-mass matrices. Our construction dagst require a “hop-
nizes, that forN=2 this theory is identical to the model ping” symmetry nor any other remnant of higher dimen-
proposed recently by Weing25], who purely from 4D con- sional Lorentz invariance. In the MSSM, unification occurs
siderations wrote down this model as an example of a theoryoughly at the mass scale of the physi¥al¥ gauge bosons.
that allows the unification of gauge couplings without actu-Here, unification occurs at the scale where the diagonal sub-
ally unifying the representations. Thus Weiner’s model is thegroup is no longer a physical description of the model. This
simplest 4D realization of the Scherk-Schwarz breaking ofbccurs once the lattice is resolved, meaning the scale of
the GUT symmetries. Therefore, all the features that Weinheaviest KK excitation, which is & . Once above this
er's model possesses apply in the gendfatase here as scale, the KK modes become the dynamical fields associated
well. The doublet-triplet splitting is resolved by not embed-with the full product gauge theory. Thus, it is at this scale
ding the SM fields(in particular, the Higgs doubletsnto  that one can perform a matching of the gauge couplings be-
into unified multiplets. Proton decay is absent, since the SMween the diagonal subgroup and fKdattice sites,
fields do not interact with th&,Y gauge bosons that trans-

form as (3,2) undeBU(3)xX SU(2). 1 _Nil 1 1
One could include arsU(5) on the last site instead of 9§U(3) dia =] 9_i2+9§U(3)'

SU(3)XSU(2)xXU(1) if an SU(5) adjoint field > was aag

added such that it obtains a large i s,1) vacuum expec-

tation value (VEV) that breaks theSU(5) to SU(3) N—1

X SU(2)xU(1). This would then be the deconstructed ver- ;: i L

sion of the model presented [13]. The advantage of this géu(z),diag =1 g7 géu(z)’

approach is that charge quantization is explained, but then

the doublet-triplet splitting has to be explained with one of

the conventional methods. Proton decay will be still very 1 N-1 4 1

much suppressed due to the large value ofXhéEV. Uni- - Z -+t (2.9

fication of couplings will still not be exact, due to the fact Ju).diag "= 9 Guq)

that operators involving the field will give order one

SU(5) non-symmetric corrections to the gauge couplings at ) ) } ] ]

the high scale. We will not consider this possibility any fur- These matching relations together with the idea of using a

ther in this paper. product group broken to its diagonal subgroup is not new. In
The fields P,E needed to cancel the endpoint gaugefact the idea itself dates back to the 1,9]-_[Q§]2 From Eq

anomalies must obtain a mass. In the simplest version of thé-4 We can see that the same quaniity ;"(1/g) arises in

model, nonrenormalizable operators of the formall three dlagon_a! SUbngUp gauge couplings. It is only

(1/M§|‘2)5Q1 ...Qy_1P, result in mass terms of the order through the explicit breaking of the gauge symmetry at the

_ . — last site that one obtains a contribution which is generically
v(v/Mp)N"2, with v of order the GUT scale. The,P

fields will appear as massive doublets and triplets in th not universal, and so the unification of gauge couplings in

theory below the unification scale. Since they form completgEhese models is not exact. These nonuniversal terms are the

SU(5) multiplets, they do not affect the unification of cou- exact analogs of the possible brane localized kinetic terms

plings, as long as their masses are reasonably large. Requw-at can be added in the continuum theory which can alter

ing that these masses are above the TeV scale will restrict tHification. However, if the number of gauge groups is sig-
number of lattice sites tthN<9. However. this constraint is nificantandthe last site couplings are not too different from

not very robust. If theQ fields themselves are composites, the otherSU(5) couplings, then one expects the diagonal
then one gets a stronger suppression of the masses and@group couplings are approximately unified. Thus for a
stronger bound of. However, since thé, P fields are not &g number oSU(S) gauge groups one does not need to
an essential part of the construction, they are added only fdghsure that thesU(3)xSU(2)xU(1) on the last site is
anomaly cancellation, one could modify the model such thaftuch more strongly coupled than tB&)(5)’s, as is thecase

there are ndP,P fields at all, at the price of, for example, _Of N=2. Thi_s Is the anqlog oBU(5) breaking brane local-
doubling the number of link fields in the theory. ized terms in the continuum theory that are volume sup-

pressed compared to ti8J(5) symmetric terms.
Below the scale 8 1, the gauge group resulting from the
Gauge coupling unification is a success in the MSSM, saliagonal breaking of SU(5)IN"1X SM group is just the
it is natural to ask whether gauge coupling unification isSM. Between 2! anda™ /N, the theory appears five di-
maintained in this model, and at what scale the couplings armensional with a Kaluza-Klein(kKK)-like tower of nearly
unified. Here we take the VEVs of all the bifundamental SU(5) symmetric states(Hereafter, we simply use “KK
fields Q; to be equal ta, and all the gauge couplings of the tower” to refer to the gauge and gaugino excitations result-
SU(5) groups to be equal tg. This implies the “spacing” ing from the diagonal breaking of the gauge symmetries
between lattice sitea™'=2gv is the same across the en- forming the lattice. The NxX N gauge boson mass matrix for
tire lattice. We do this to simplify the calculations of the the SM is

B. Gauge coupling unification
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1 -1 SM KK excitation, and one X,Y KK excitation. The split
1 5 1 SU(5) multiplets are of course a direct consequence of
breakingSU(5) on one lattice site.
4a=? (2.5 We can convert the sums over the KK excitation masses
-1 2 _1 into products of sines as
-1 1 N-1 1 N-1
a n
In———=—=In Sire —, 2.1
with eigenvalues n§=:l . nm 2 nl;[l 2N (212
a “sin.—
. 2N
2 g 2.6
m312Y1=—SIn—, . B B
a 2N N 2| al L “i_f @nt D
n————————=—=In sinf ———
where j=0,1,2... N—1. The gaugino and scalar adjoint ~ d=o __, (2n+1l)m 2 7= 4AN—-2
masses are identical to the gauge bosong fed [23]. The a 'sin AN—2
(N—1)X(N—1) mass matrix of th&,Y gauge boson&nd (2.13

associated fermions and scalaiss[27]
The products of sines take the simple forms

1 -1
-1 2 -1 “ﬁl o AN 214
Sinf -—= —, .

4872 2.7 =1 2N 2N

o2 N2 n+l)r 4

-1 2 A
nl;Io sir? IN-2 o (2.15

with eigenvalues
which we can use to rewrite the evolution equat{@ril) as
2 (2k+1)mw 0 g
TSN 2 29 at

B 1
ai {(Mz)=a; H(2a™ 1)+ o—

biInM—+(ci+di)
where k=0,1,... N—2. These masses are the latticized z

analogues of the KK mass spectrum found in R&f. This ci
can be seen by writing the approximate masses of the low X(N=1)In2=ZInN|. (2.16
lying modes, assumindyl is large, as
) The sumc;+d;=(—10,—-10,—10) is independent of, and
Mg 21~ R (2.9 thus the second term represents &d(5) symmetricpower

law running[28] betweena /N and 2a~!. The last term
Nt propor.tional to InN is_ diﬁgrent for ee_lch gauge coupling, rep-
My y~ , (2.10  resenting the logarithmic differential runnid3] between
’ R a /N and 22~ 1. Thus one can see from E@.16) that each
, ) e gauge coupling receives a different logarithmic dependence
with the identificationR=2aN/. on the number of lattice sites. Sindesets the ratio of the

We can estimate the evolution of the diagonal subgrouppjfication scale to the scale where the first KK excitations
gauge couplings below the strong coupling scale via onezpneqars it is clear that this effect is entirely analogous to an

loop renormalization group equations_ in a manner ana|090U§rdinary 4D GUT scale threshold correction resulting from
to Refs.[9,12]. The low energy couplings are GUT fields with masses below the unification scale.

1 141 As we have discussed, unificati¢or at least approximate
@ (Mz)=a; "(2277) unification is expected to occur ata2 1. We can calculate
1 2gq~1 Nt 2a-1 this scale for a given numbeé\ of lattice sites by equating
+ | bn——+¢; >, In——— ai(2a”t)=aj(2a"?) for fixedi,j and solving for the unifi-
2 Mz n=1 2a‘1sinn—w cation scale. Using the one-loop evolution equations from
2N above, we find
N2 2a 1 1 2a”! ¢—c;
+din20 In —an D7’ (211 ai_l(MZ)—aj_l(Mz)=E (bi—by)In— —%mN .
2a lsin———— z
AN—2 2.17)

where b;=(33/5,1-3), ¢;=(0,—4,—6), d;=(—10,—6, Of course any two gauge couplings intersect, leading to the
—4) are the beta-function coefficients for the MSSM, oneone-loop MSSM result
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. . 1 M C. An example of dynamical breaking to the diagonal group
@i (M2)=a; "(Mz)= E(bi_bi)lnM_z’ (218 Let us now give a concrete realization of the strong dy-
namics that can enforce the expectation values for the bifun-
whereM;; is the intersection scale. We can therefore rewritedamental€Q; . We discuss only th&l=2 case in detail; the
Eqg.(2.17 as cases with largeN can be trivially generalized from this. We
consider arBU(5) SUSY gauge theory with five flavors, and
Ci—C; assume that the abov8U(5)XSU(3)XSU(2)xXU(1) is
0=5_| (bi=bpln—m————InN}, (219  the weakly gauged subgroup of the global symmetries. Thus

' the full matter content is given by

-1

leading to a relationship betweem 2! andM;;,

SU(5) SU(5) SU3) SU2) U(1)
Za*l: N(Cifcj)/[Z(bifbj)]Mij q 0 E 1 1 0
with a o 1 = 1 -3
q’ O 1 1 O :
5/14 {ij}={12} Py,...Ps 1 O 1 1 0
Ci—C; . _
Y lus (ijy={23 Pi,....Ps 1 1 1 O -3
Hy, 1 1 1 O :
If the MSSM gauge coupling unification were exact, mean-H, 1 1 1 O -1
ing Mjj=Mgyr, the gauge couplings here would never| . 1 1 1 0 —1
unify exactly forN>1. Of course the MSSM gauge coupling E. 1 1 1 1 1
unification is only accurate to a few percent. In fact, unifica—Q'l 1 1 0 0 1
tion can be more precise in this model than in the MSSM*! — e,
since, as we will see, the correction &g is negative. One E 1 1 E 1 3
reasonable approach is to requirg= «, at the unification D, 1 1 O 1 3
scale, since they are the most accurately measured coupling
at the weak scale. Defininigl 1,= My, this implies (2.24
2a '=N""Mgyr, (2.21) We assume that the fir§U(5) gauge group becomes
strongly interacting around the GUT scale. This theory then
a1 1 confines with a quantum modified constraint given by
~N = SooaMeur- (2.22 _
N 2N detM —BB=A, (2.25

Thus the scale where the KK-like states begin to appeaihere the mesons are given by andqq’, both of which
roughly a~ /N, is lower than the usual MSSM unification acquire a VEV, while the baryons agg and?az In order

/ . 1 .
scale by a factor 1/(8°"), while the Sgﬁlf of gauge cou- t ensure the necessary breaking of the global symmetries to
pling unification ishigher by a factorN>*". We can then 5 gjngleSU(3)x SU(2)x U(1) subgroup which is then to

calculate the deviation af; from a;=a,= agyr, be identified with the MSSM, one has to make sure that it is
the mesons in Eq2.25 which get the expectation values
aGuT— @3 N 3 and not the baryons. Note that out of only the mesons one
_— =——agyrinN. (2.23

can make just a single gauge invariant after Ehéerms of
the SU(5)X SU(3)XSU(2) X U(1) are taken into account.
This is a rather small correction. For exampig, is unified ~ Thus, one expects that once the baryon direction is lifted, the
with the other gauge couplings ter1% accuracy forN ~ vacuum described above is unique. The baryon directions
<40. However, amusingly the sign of this correction is suchtan be lifted by adding a Planck-suppressed superpotential
that a3(M5) is closer to the experimentally measured valuet®'m
and so unification in this model may be more precise than in 1
the MSSM for reasonably small values M§f - 1 3572

Note that the value of the unified coupliag, T is smaller 3 (SP+S'a°a") (2.29
than the usual GUT couplingrgyr~1/25 as is expected
from adding vector supermultiplets to the diagonal subgroupto the action, wheres and S’ are additional singlets. As a
Of course the 't Hooft couplingrN is increasing for larger consequence, the baryons will get a mass together with the
N. Very roughly the diagonal subgroup becomes stronglysinglets, and their mass is estimated to be
coupled onceaN~1, which suggestdN cannot be much Mgyr(Mgur/Mp)3~10° GeV. Thus we have seen that the
larger than about 25 to maintain a perturbative analysis. N=2 case can be easily made into a complete model where

AGUT  |pa-1 14

PI
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TABLE |. A model of missing partners.

SU(5), SU(5), o SU(5)n-1 SU(3) SU(2) U(1)y

Pi .5 O 1 1 1 1 0
Q, O 0 1 1 1 0

Q, 1 O 1 1 1 0
Qin-1 1 1 o ] 1 3

Qan-1 1 1 O 1 O -3
Py .., 5 1 1 1 O 1 7%
Pl .. 1 1 1 1 O 1

Hu1 O 1 1 1 1 0
Has 0 1 1 1 1 0
HS O 1 1 1 1 0
HS . O 1 1 1 1 0
Hun 1 1 1 O 1 1 0
Hono1 1 1 o 1 1 0
HS N1 1 1 o 1 1 0
HS N1 1 1 O 1 1 0
hy 1 1 1 1 O 1

hq 1 1 1 1 O -1
t, 1 1 1 O 1 -3
ty 1 1 1 0 1 z

te 1 1 1 0 1 z

t§ 1 1 1 O 1 -1

the GUT scale emerges dynamically. Of courseNer2 one  same GUT breaking orbifold fixed point as the Higgs fields
is left with the question of why the gauge couplings should(in order to get masses from the Higgs VEthere is no
unify. For this, one has to assume that the couplings oprinciple which restricts theit) (1)y charges to be the ob-
SU(3)XSU(2)xU(1) are much stronger than those of the served charges. For example different generations could have
weakly gaugedsU(5). different hypercharge&@nd hence different electric charges
Finally, we remark that this model, just as the continuumin this class of models. If, however, the Higgs fields are
versions of these models, is ideally set up for gaugino medistributed among all the nodes of the mddilen the SM
diation. Gaugino mediated models in 4D have been conmatter fields can reside at any node. This opens up many
structed in[23,29. Here we can simply assume that the possibilities; most importantly if the SM fields reside at a
SUSY breaking sector only couples to the endp@ti(5) node with an unbroke8U(5) gauge group, then the predic-
site, and is transmitted through the lattice of 8E(5)s to  tion of charge quantization is restored. However a different
the SM fields at the other end. Since in our case the scale @ésolution of the doublet-triplet splitting problem is then re-
breaking to the diagonal gauge group is giveriy 1, the  quired. There are several ways for this to happen, but they all
gauge mediated contributions to the scalar masses are ondjare the key feature that the triplets do not have a zero
suppressed when the number of lattice sites is I&ige5.  modé and thus implement a version of the missing partner
For this case one obtains a gaugino mediated spectrumechanisnil].
while for small number of sites one obtains a spectrum that To be more specific, consider the model shown in Table |

interpolates between gaugino and gauge mediation. (we will discuss the location of the SM generations subse-
quently. There are twoN=2 hypermultiplets of “bulk”
IIl. A MODEL OF MISSING PARTNERS Higgs fields represented ki, andHy, transforming ats

and5 underSU(5), aswell as an independent set of fields

with conjugate quantum numbelg, andHg, whereH}, is in
While models which restrict the Higgs boson to reside athe same hypermultiplet ad,,. A latticized version of the

the GUT breaking orbifold fixed-point give a simple resolu-

tion of the doublet-triplet splitting probleitthere are no trip-

lets) such models must sacrifice one of the most compelling This is the analog of being a bulk field in a lartyecontinuum

theoretical motivations for GUTSs: charge quantization. Sinceimit (extra dimensionalmodel.

in such models the SM fields must necessarily live at the 2For an early example of this idea in a string setting see [&f.

A. Setup and doublet-triplet splitting
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“bulk” Higgs fields have a hopping term and a mass term in -m; Ao
the superpotential: . .

—My—1 An-1V

i

N-1 N-1
W= 21 NHGQHy i1~ izl mHg Hyi+ued.
- - (3.  andtheNxN triplet matrix

As we will discuss later it is useful to have a model with an —my A
R symmetry that forbids mass terms of the fokigH,, in :
order to suppress proton ded®). (This has the added ben-
efit that it forces theu term to be related to SUSY breaking.
For example Hall and Nomur®] use anR symmetry with —My
charge 0 foH4, H, and charge 2 foH§, HS which accom- _
plishes this. With generic mass terms and a VEV @the Unless themi and\; are tuned to special values there are no
Higgs fields mix and produce four towers of states starting afassless triplet fermiongnd by supersymmetry no mass-
some nonzero masses. If we latticize a massless bulk hypdfSs triplet scalajs For example, the mass squared matrix of
multiplet then the values ofn;, are required to be propor- the triplet fermions is5{ =, which can be easily diagonal-
tional to the VEV ofQ such that in the larg&\l limit we  ized for my=\v with A;=---=\y_;=A=12g. Then the
recover just the correct kinetic terms. For a purely 4D modelmass§ spectrum is given by
we however do not want to rely on the Lorentz invariance of
the higher dimensional theory, and thus the bulk mass terms
cannot be assumed to be equal. In the 5D models of SS GUT
breaking it is exactly the 5D Lorentz invariance which en-
forces the structure of the mass matrices to be such that tHer k=0 ...N—1. In the models we are considering here
doublets have a zero mode, while the color triplets do notthere is no reason for such a special fine tuning so we expect
Since we do not want to rely on this symmetry, we have tono triplet zero modes. However the mass squared matrix for
slightly deviate from the strictly deconstructed version of thethe doublet fermionﬁIEh is an NXN matrix of rankN
model in order to avoid fine tuning from the 4D point of —1 so there must be a zero-mode fermiand scalar. Their
view. The way we will ensure the existence of the doublet(mass§ spectrum is given by
zero modes is by making sure that the mass matrix for the
doublets is not of maximal rank, by leaving out one of the
doublet fields from each hypermultiplet in the la8M)
gauge group, while still keeping all the triplet fields. This
way for generic values of mass terms and couplings the tripwwherem=1 .. .N—1.
lets will all be massive, however since some of the corre- The additional Higgs doublets and triplets modify the
sponding doublets are missing on the fixed point, the correevolution of the gauge couplings up ta2'. The low energy
sponding mass matrix will not have maximal rank. This is ancouplings are now
implementation of the missing partner mechanighi30],
since some doublets are missing and cannot pair up to geta_; PP 1
mass term. This way we are resolving the doublet-triplet@ (Mz)=a; “(2a )+ >—
splitting problem without fine-tuning, however we should
emphasize that this is achieved by a modification of the de- Ci+
constructed model. In particular, we are considering the case X(N=1)In2+fin2- 2
where the doubletsj, h{ are missing on the fixed point and
we have the superpotential wheree; = (6/5,2,0) andf;=(4/5,0,2) correspond to the beta
function coefficients of two sets of up-type and down-type
Wip= —mytit,+ ued. (3.2 Higgs doublets and triplets, respectively. The same analysis
. ) . shown in Sec. Il B can be repeated with the above evolution
Let us consider the mass terms for the Higgs fermions gqyation. Here, we simply state the results. The inverse lat-
tice spacing is related thl g1 via

I
Il

(3.9

)\N_lv

(2k+21)m

2 po—2ai
mig=4a" 2sir? ANT 2

: (3.6)

2 _ 2 . o mr
mhu’hd—o, mhu’hd'hﬁ'hg—4a Slnzm, (37)

-1

bjin——+(c;+d;+¢e+f,)
M2z

€
InN

: (3.8

1 . =8 Unja’
LD — E(lph,ia'wh,ia) 5aa’ Eh | wﬁ'ja, 2a_l=2_1/7N2/7MGUT (39)
1 =N e again usinga;(2a 1)=a,(2a"1). We note that theN?’
— E(lﬂt,ia| S 10) Buar (H ) ¢« |+H.c behavior isdenticalto the continuum result found ii®], for

=t ij Pjar largeN. The deviation ofa; from agyr is
(3.3
m:_ia In8N (3.10
with the (N—1)x N doublet matrix agut 77 CUT ' :
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SU(5)3 @

Unlike in Sec. Il B, here we find the correction is always
negative, albeit at level of just a few percent. Model A: SU(5) SU(5)2

)
)

C
(

B. Inclusion of SM matter

?)3, 103 52, 102 Ql,ul,dl,Ll,el

Having dispensed with the doublet-triplet splitting prob-
lem we can now consider the viability of different options for
locating the SM quarks and leptons. As i®], the m m
R-symmetry has to be extended to the matter fields such thamodet B: SU(BNh 3-2-1 SU(5), SU(5)s
each SM matter field haR-charge 1. This is necessary to Q U \/
forbid proton decay from dimension 5 operators. As in the 5, 105 5,, 10, 5., 10
previous section we can place all the quarks and leptons on
the GUT breaking orbifold fixed-point at the expense of los- FIG. 2. Diagrammatic illustration of the two models.

ing the prediction of charge quantization. It is interesting to

tnhc;:g tr:aege\r(:tli(c?xz% rC?:nplg;gQ-l: n;;f:t';) Ta\rlvgkivrt\)iiit sfar _the of maximal rank, and a zero mode for the SM fields is nec-
9 . SN d 99, 9 essarily present. We will not consider this possibility any

gests the third generation is further from the GUT breaklngrurther in this paper

orbifold fixed-point than the other generations. It is also in- '

teresting to note that intergenerational Yukawa couplings can

b_e suppresse_d fo_r gener_ations _residing at differenF nodes, C. Suppression of proton decay

since gauge invariance will require a factor of the bifunda- ) i

mentalQ for each link that separates the two generations. If 1N€ amount of suppression of proton decay crucially de-

such operators are generated by physics at a ddalg,, pends on which generations are charged usdé({5). When

within an order of magnitude of the GUT scale, then thisall three generations reside at the GUT breaking orbifold
leads to realistic predictions for the Cabibbo-Kobayashifixed point(Fig. 1) and there are no dangerous Higgs triplets,
Maskawa (CKM) matrix. (Compare split-fermion models S in the Weiner modef25], proton decay is completely
where a localized Higgs wave functi¢B1,37 generates a absent. This is because the heaSyJ(5) gauge bosons
hierarchy of Yukawa couplings. For our case we have takefX,Y) do not couple to quarks and leptons. In models where
the Higgs wave function to be uniform. The explanation Ofqnly the_ﬁrst generation resides at the GUT _breaklng orbifold
the hierarchy of the diagonal Yukawa couplings would re-fixed point(Fig. 2, model A, proton decay will proceed due
quire a varying Higgs wave function along the lattice that ist_o the mixing of the first generation with the other genera-
also possible to implement here with appropriate choices offons that do couple to hea§U(5) gauge bosons. In these
the coupling and mass parameters of the modscall from models there will be an additional suppression of these pro-

the Wolfenstein parametrization of the CKM matrix: ton decay amplitudes by CKM factors relative to standard
heavy gauge boson processes. However the leading contribu-
Vius~Veg=O(N), tion to proton decay in the minim&8U(5) SUSY GUT came
from the Higgs triplet fermions, even assuming that they
Ve~ Vis= O(\?). could be somewhat heavier than the heavy gauge bosons.

But in these models there is nothing that requires the Higgs
This structure is simply reproduced if one link separates thériplet to have a direct coupling to the first generation quarks,
first and second generation, two links separate the seconsh these models are not challenged by the current bounds on
and third generations, and~({Q)/M . Provided that the the proton lifetime. Alternatively if the second and third gen-
second and third generation both reside on the same side efations reside on the GUT breaking orbifold fixed point
the node with the first generation then this further implieswhile the first generation resides elsewhere, then proton de-
that the first and third generations are separated by thregay can still be suppressed since the dangerous operator in-
links and we naturally predict the correct order of magnitudevolves at least two different generations. If the triplet cou-

for the remaining CKM elements: plings to the second and third generations vanishes, there is
3 no contribution to proton decay.
Vup=0(\"), As in the Hall and Nomura model, if the Higgs triplet
3 fermion mass is betweer, andH$, but onlyH, couples to
Vig=O(\7). quarks and leptons due to the glolBakymmetry, then there

is no dimension 5 operator generated. Since the mass of the

. o lightest X,Y gauge bosons is lower than the usual MSSM
models is to evenly distribute them among 8€(5) gauge GUT scale, we must check, model by model, that proton

groups, corresponding to having the SM matter in the bulk indecay mediated by dimension-6 operators does not violate
the higher dimensional language. In this case, the matter con;

tent has to be doubled, just like we saw for the Higgs fields. urrent experimental bounds.
This is necessary in order to ensure the presence of a mass-
less zero mode without fine-tuning. One can obtain this using
the method of missing partners, where one set of SM fields is In this section we will discuss two simple realistic mod-
omitted at the last site, and thus the mass matrix will not beels. The field content of bifundamentalR), spectators®),

Another alternative for introducing the SM matter in these

D. Two realistic models

015004-8
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and Higgs bosongH) is along the lines discussed in the proton decay viar,_,¢+,0>1.6X 10* yr is the most strin-
previous sections. The distributions of quarks and leptass gent. In particular, the decay through a hedvgauge boson
well as squarks and sleptons depicted schematically in gives
Fig. 2.

Both models implement the missing doublet scenario de-
scribed earlier. In model A the first generation resides at the
GUT breaking orbifold fixed point, while the second genera-
tion resides on the adjacent GUT symmetric site, and thend so these operators are safe so long Mg=5
third generation resides on the site two links away from thex 10'> GeV, which requiredN<8.
second generation. Note that the spacing of the generations
qualitatively reproduces the CKM matrix as discussed above. IV. CONCLUSIONS

Also the third generatlon is the furthest away frqm the source We have considered 4D supersymmetric models that pre-
of GUT breaking so this model can naturally incorporate a

more accurate Yukawa unification in the third generation,dICt the unification of couplings at a high scale. These mod-

) . o D els were inspired by the deconstruction of SIJ(5) gauge
while there is no reason to expect Yukawa unification in thetheories where the GUT aroup is broken by the Scherk-
first generation. As discussed aboveRasymmetry prevents h ’ hani e?ﬁllszz’ bif Idy The 4D
the coupling of SM fields to triplets necessary to generateSC warz mechanism on 27 £ orbriold. The

dimension 5 proton decay operators, so the leading contriblmOdels. consist of a chain &U(5) gauge groups, With one
tion to proton decay is througK, Y gauge boson exchange. site being replaced by the SM gauge group, and bifundamen-

Since the first generation does not directly coupl&td(5) tal fields that break the full gauge symmetry to the diagonal

gauge bosons, these couplings are only generated throu%ﬂf"thgrol”pi In_tthe ﬁ'mpl‘;ﬁt mode|, the Stha'_[ter 'Z mclgdedd
mixing with the other generations. Thus there is an additionah eh a(sj Slble W .elre el' gauge sb);mmg ry1sre 'UC(IEI » an
CKM suppressiorichanging flavor to the second generajion thus the doublet-triplet splitting problem Is automatically re-

of these decays relative to usual GUTs, so this model i§ol\éecli,dwhile protonld_eca%/ is exactly zero.b Howe}vek:, this
h loaically viable. Thi del also has the signamodel does not explain the quantum numbers of the SM
phenomenologically viable 1S MOGEl aIso has e Sighag, o A slightly modified version has the SM fields at

ture that proton decays with electrons in the final state ar U(5) sites, and the Higgs fields are distributed among all
highly suppressethey arise only through lepton flavor vio- . ' . R
'ghly SUpp dhey ari y ugh fep Vor v the sites. These models do explain charge quantization, and

lating effects. Experimentally the limit on proton decays to doublet-triplet splitti b ived b -

second generation particles is considerably weaker than thH?e Joublet-riplet Spliting can be resolved Dy a very Simple

for first generation decays. version of the missing partner mechanism. Proton decay is
now reintroduced, but only through the dimension 6 opera-

The main theoretical blemish of model A is that charge hich b Hicientl d | h
guantization is not guaranteed. However we can simply over0rs, which can be sufficiently suppressed as long as the

come this problem by carrying over the virtues of this modeln.urnber Of. sites is nqt tpo Igrge. By putting the SM f|§lds at
to a similar model which cannot be obtained by latticizing adlfferent sites, a re_allsnc hierarchy of the CKM matrix ele-
5D orbifold. Model B is just such a model: in this model all MeNts can be obtained.

three generations reside at GUT symmetric sites, while the
GUT breaking site sits in the middle. Thus charge quantiza-
tion is a prediction of model B. Furthermore, the missing We thank Nima Arkani-Hamed, Josh Erlich, Aaron Grant,

partner mechanism can be implemented in a straightforwar@hristophe Grojean, Yasunori Nomura, and Neal Weiner for
manner(following the discussion aboyend the spacing be- many useful discussions. C.C. and G.D.K. also thank the
tween generations is maintained so the CKM structure iAspen Center for Physics where part of this work was com-
maintained. Dimension 6 proton decay operators no longepleted. C.C. is supported by the U.S. Department of Energy
have an additional CKM suppression, but the model is not irunder contract W-7405-ENG-36. G.D.K. is supported in part
conflict with the experimental limit since the number of lat- by the U.S. Department of Energy under contract DE-FG02-
tice sitesN=4, is small. Since in model B proton decay can 95-ER40896. J.T. is supported in part by the NSF under
proceed directly to first generation particles, the bound orgrant PHY-98-02709.
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