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We consider the scenario where all the couplings in the theory are strong at the cutoff scale, in the context
of higher dimensional grand unified field theories where the unified gauge symmetry is broken by an orbifold
compactification. In this scenario, the non-calculable correction to gauge unification from unknown ultraviolet
physics is naturally suppressed by the large volume of the extra dimension, and the threshold correction is
dominated by a calculable contribution from Kaluza-Klein towers that gives the values féy, sind « in
good agreement with low-energy data. The threshold correction is reliably estimated despite the fact that the
theory is strongly coupled at the cutoff scale. A realistic 5D supersymnt@t{&) model is presented as an
example, where rapid=6 proton decay is avoided by putting the first generation matter in the 5D bulk.
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[. INTRODUCTION the higher dimensional picture it has gauge transformation
parameters whose dependence on the extra dimensional co-
The unification of the three gauge couplings aroluhg  ordinates is constrained by orbifold boundary conditions; in
~2%10% GeV[1]in the minimal supersymmetric standard the 4D picture it is a symmetry that has different Kaluza-
model strongly suggests new physics at this energy scal&lein (KK) decompositions for the “unbroken” and “bro-
Conventionally, this new physics has been viewed as fourken” gauge transformations. Using these ideas, various
dimensional grand unified theori¢§UTs) [2], in which all  higher dimensional GUT models have been constructed
the standard model gauge interactions are unified into £8,7,10-15.
single non-Abelian gauge group and quarks and leptons are In the specific case of 53U(5) models in Refs[8,7],
unified into smaller numbers of representations under thé¢he 5D SU(3)cXSU(2), XU(1)y (3-2-1) gauge transfor-
gauge group. Grand unification in four dimensio@D), mation has a KK decomposition in terms of @ig/R],
however, raises several new questions, including how thavhile the 5D SU(5)/(SU(3)cXSU(2), XU(1)y) (X=Y)
GUT gauge symmetry is broken, why the doublet and triplethas a decomposition in terms of ¢+ 1)y/R]. Since there
components of Higgs multiplets split, and why we have notis no zero mode for th&—Y gauge transformation, the re-
already observed proton decay caused by color triplestricted gauge symmetry does not require that the doublet
Higgsino exchangel3]. and triplet Higgs fields must have the same mass. However,
On the other hand, these questions have also been adue to higher KK tower gauge transformations, local opera-
dressed in the context of higher dimensional theories irtors written in the 5D bulk must still preserve the complete
string theory. In this case, the grand unified group is brokersU(5) symmetry, and all th&U(5)-breaking local opera-
by boundary conditions imposed on the gauge field, and theors must be located on the fixed point where only 3-2-1
triplet Higgs fields are projected out from the zero-mode secgauge symmetry is preserved7]. In particular,
tor, leaving only the doublet Higgs fields as massless field§ U(5)-violating effects from unknown ultraviolet physics
[4,5]. This is possible because there is no zero-mode gaugaust appear as boundary operators on this fixed point. This
symmetry which transforms massless doublet Higgs fieldss crucial for guaranteeing the successful gauge coupling uni-
into massless triplet Higgs fields. In this framework, how-fication in this framework. Since th@&U(5)-violating contri-
ever, there is no field theoretic unified symmetry remainingoutions to the gauge couplings which come from the fixed
at low energy, so that we have to resort to string thresholghoint are suppressed by the volume of the extra dimension
calculations to tell whether the three gauge coupling coneompared with thesU(5)-preserving contribution from the
stants are really unified at the string scgfé bulk, we can argue that the gauge coupling(@pproxi-
Recently, we have introduced a new framework in whichmately unified, without invoking any string theory calcula-
the gauge coupling unification is realized in higher dimen-tion, if the volume of the extra dimension is sufficiently large
sional unified field theories compactified to 4D on orbifolds[7]. Then, small deviations from the case of exact unification
[7]. Kawamura first suggested @U(5) GUT in 5D [8],  at a single threshold scale become calculable and improve
using anS*/(Z,x Z5) orbifold earlier introduced in the su- the agreement between the experimental value and theoreti-
persymmetry breaking contex®]. A completely realistic cal prediction of sifg,, [7,16]. The gauge coupling unifica-
theory was obtained in Ref7], where it was shown that a tion in higher dimensional GUTs has been further studied
special field theoretic symmetry called restricted gauge symdsing dimensional deconstructiqd7,18 and dimensional
metry plays a crucial role in this type of theories. This re-regularization19].
stricted gauge symmetry arises from the fact that there is a In view of the important role played by the large volume
moderately large energy interval where the physics is defor the successful prediction of ify,, in this paper we study
scribed by higher dimensional grand unifiigeld theories. In  the possibility that the theory has the maximally large vol-
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ume allowed by strong coupling analysis. We consider the TABLE I. The (Z,,Z;) transformation properties for the bulk
scenario where all the couplings in the theory are strong agauge and Higgs multiplets.

the cutoff scale and show that it is consistent with observa

tions. In this paper we restrict our analysis to an order-of{P.P’) 4D N=1 superfield Mass

magnitude level, leaving detailed numerical studies for fu- —

ture work. We present a realistic 5D supersymme®ig5) (1) VA, He, He 2n/R

model as an explicit example. The model preserves the sué+,—) V2 Hc, He (2n+1)/R

cessfulb/7 Yukawa unification and does not have the un-(—,+) Sa HS. HS (2n+1)/R
. . . ’ [oX} C

wantedSU(5) mass relations for the first two generations. It _ _ sa He He (2n+2)/R

also partially explains fermion mass hierarchies due to the R F

configuration of the matter fields in the extra dimension. We

find that the observed values of the low-energy gauge cou- o

plings are well reproduced if we take the volume of the extra 1 (2n) 2ny

bir(Xy)= 2 —=——=0¢V(x*)cos ==, (3

dimension to be large as suggested by the strong coupling
analysis. Experimental signatures frats=6 proton decay

are also discussed, and it is shown that the final state generi-
cally contains the second or third generation particles. Fi-

1
_ (2n+1)
be-Oy)= 2 = I co

R

=0 \[2%n07R &

o

(2n+1)y

nally, the values of the cutoff and compactification scales R

obtained by analyzing gauge couplings give a 4D Planck (4)

scale close to the observation, giving a clue of how to solve

the conventional problem in string theory of separating the 1 2n+1

string and the apparent unification scales. b (xty)= 2, \/:ﬁﬁ(le)(X“)Sin(T)y,
The paper is organized as follows. In Sec. Il we give a 5D n=0 VR ®)

supersymmetricSU(5) model that can accommodate the

large volume of the extra dimension without conflicting with -

the constraint frond=6 proton decay. In Sec. lll, we con- b (xty)=D iqﬁ(z“”)(x“)si (2n+2)y

sider the gauge coupling unification in this model and argue T n=o JmR R 7

that the model is consistent with low-energy data. The (6)

=6 proton decay and the 4D Planck scale are discussed
Sec. IV. Finally, our conclusions are drawn in Sec. V.
II. MINIMAL MODEL

In this paper we consider a minimal realization of the
scenario where the theory is strongly coupled at the cuto

in

where the 4D fieldsp®?, $@P"*1) | 421+1 and ¢2"+2)
acquire masses iZR, (2n+1)/R, (2n+1)/R, and (2
+2)/R upon compactification. Zero modes are contained
only in ¢ , fields, so that the matter content of the massless

f?ector is smaller than that of the full 5D multiplet.

In the 5D bulk, we hav&U(5) gauge supermultiplets and

scale. Thus, we consider a single extra dimension and thﬁv0 Higgs hypermultiplets that transform &sand5*. The

smallest grand unified grougU(5). It should, however, be

noted that we present this case as a representative example_0
a more general scenario. We begin with briefly reviewing tth

bulk structure of 5D supersymmetri8U(5) theories[8,7].
The 5D spacetime is a direct product of 4D Minkowski
spacetimeM? and an extra dimension compactified on the
SY(Z,% Z5) orbifold, with coordinates* (x=0,1,2,3) and
y(=x%), respectively. TheS'/(Z,xZ,) orbifold can be
viewed as a circle of radiuR divided by twoZ, transforma-
tions; Z,: y——y andZ;: y'——y' wherey'=y— wR/2.
Here, R is around the GUT scaleR~M*. The physical
space is an interval:[ 0,mR/2] which has two branes at the
two orbifold fixed points ay=0 and7R/2.

Under theZ,xZ; symmetry, a generic 5D bulk field
¢(x*,y) has a definite transformation property

P(X*,y)— p(x*, —y)=Pp(x*,y), ()
P(XH Y )= d(xH,—y" ) =P p(x",y"), 2
where the eigenvalues & and P’ must be+ 1. Denoting

the field with (P,P')=(*=1,+1) by ¢. ., we obtain the
following mode expansion@]:

5D gauge supermultiplet contains a vector bosag, (M
[),1,2,3,5), two gauginosy and\’, and a real scalaiy,
hich is decomposed into a vector supermultipl&tA , ,\),
and a chiral multiplet in the adjoint representatidiy,(o
+iAg)/\2,\'], underN=1 supersymmetry in 4D. The hy-
permultiplet, which consists of two complex scala¢sand
¢°, and two Weyl fermionsys and ¢°, forms two 4DN=1
chiral multiplets,®(¢,) and ®°(4°, %), transforming as
representations conjugate to each other under the gauge
group. Hered runs over the two Higgs hypermultiplets,
andH. ({H,H®} and{H,H®} transform a% and5* under the
SU(5), respectively.

The 5DSU(5) gauge symmetry is “broken” by the orbi-
fold compactification to a 4DSU(3)cXSU(2) X U(1)y
gauge symmetry by choosing=(+,+,+,+,+) and P’
=(-,—,—,+,+) acting on the5 [8]. EachZ, reflection is
taken to preserve the same MD=1 supersymmetry. The
(Z,,Z3) charges for all components of the vector and Higgs
multiplets are shown in Table I. Here, the indicesind a
denote the unbroken and brok&i(5) generatorsT? and
T2, respectively. TheC andF represent the color triplet and
weak doublet components of the Higgs multiplets, respec-
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tively: HD{Hc,Hel, HO{Hc,Hel, HED{HS,HEY, and  ~1672/g7i=0(10°~10°).> We find that the threshold cor-
ﬁc:){gc :ﬁﬁ}- Since only ¢,+) fields have zero modes, rection from unknown ultraviolet physics aboi, is sup-
_ 2 Sk e

the massless sector consists N1 SU(3)cxSU(2),  Pressed by 1M1, R)~1/(1677) and thus negligible in the
X U(1)y vector multipletsva© with two Higgs doublet chi- Present scenario. Therefore, the threshold correction to
ral superfieldsH (FO) andg(FO)_ The higher modes for the vec- Sir6,, is domingted by the calculable contribution coming
tor multiplets V32" (n>0) eat322" becoming massive from an energy |.nterval betwgenﬂ@ndM* . ' .

tor multiplets. and similarly for theva@*1 and We next consider the configuration of m_atter flglds. Since
VQCZ o Piets, y °  M,R=100 corresponds to R< 10 GeV, it requires that
323@n+1) (n=0). Since the non-zero modes fé)r the2 HIggS the first generation matter must live in the bulk; otherwise
fields have mass terms of the formHEVHE?Y ., 4_g proton decay occurs at a much faster rate than experi-
HEMHED @+ Dyeentd) andHE T DHY2*D) there  mental constraints allof7].® On the other hand, to preserve
is no dimension five proton decay from color triplet Higgsino successfub/ 7 unification in supersymmetric GUT21], we
exchangd7]. have to put the third generation matter on the

Now, we consider the gauge couplings in our scenarioSU(5)-preserving brane located gt=0, since if we put
Here we roughly estimate various quantities at the tree leveljuarks and leptons in the bulk there are $10(5) Yukawa
more detailed discussions including radiative corrections areelations[7].* These considerations almost fix the location of
given in Sec. lll. Since we require that the theory is stronglythe matter fields. The remaining choices are only concerning
coupled at the cutoff scalel, , the gauge kinetic terms are where we putlO and5* of the second generation. Since we
given by do not want theSU(5) relation,mg=m,,, for the second

generation, at least one ©0 and5* must be put in the bulk.

M Thus, we are left with three possibilitie§) both 10 and 5*
S:f d4xdyf o2 ey ayy in the bulk,(ii) 10in the bulk ands* on they=0 braneiii)
1673 100n they=0 brane and* in the bulk. As we will see later,
) the second possibility may be preferred in view of quark and
7 o 7 7 o lepton mass matrices, especially in view of the large mixing
+a(y) 16772W Watdly ER) 16772Wi Wial angle between the second and third generation neutrinos ob-

served in the Super-Kamiokande experimf]. We there-
+H.c., (7)  fore take this possibility as an illustrative purpose for the
moment. We consider all three possibilities when we discuss

where we have used naive dimensional analysiBA) in ~ d=6 proton decay late.

higher dimension$.Here, 5, 7', and »{ are order one co- We now explicitly gresent gubr medel' Thhe gauge ?nf(jj
- . DA Higgs sectors are as discussed before. For the matter fields,

efficients andi runs overSU(3)c, SU2)., andU(L)y. e introduce the third generation matter chiral superfields
3(10), F5(5*) and the second generation oRg(5*) on

the y=0 brane. In the 5D bulk, we have to introduce six

The restricted gauge symmetry requires that the first tw
terms must preserve th8U(5) symmetry. The last term,
however, can have different coefficients fori

H — C
=SU(3)c,SU(2), ,U(1)y, which encodeSU(5)-violating ~ "yPermultiplets 7= {T2(10),T5(10°)}, 7
effects from unknown physics above the cutoff scale. After™ {Tg(lo)’Tgc(lok)}’ 71:{T1(101'T1(C10*)}a T}
integrating over the extra dimension, we obtain the zero={T1(10),T;7(10°)}, F1={F1(5"),Fi(9)}, F1
mode gauge couplings at the cutoff scale as ={F1(5*),F1°(5)}, to obtain the correct low-energy matter
content. The transformations for these bulk matter fields un-
1_7MR 7 ®
giz 1672  167% 167° ’The actual value oM, R could be somewhat smaller than the

naive estimate given here, due to a group theoretical factap-
. pearing in loop expansionsl, R~ 167%/Cg?.
Since we know that g/izw_l from the observed Yalues of the 3The5* of the first generation may be Ioéated in the bulk without
Iow—ener_g_y gauge coupling constants, the ratio between th@onﬂicting with the bound from proton decay.
compactification and the cutoff scales must b, R “Models without theb/r unification are obtained if we put the
third generatiort* in the bulk.
5In these modes, supersymmetry breaking may occur through the
Yn Ref.[20] a different coefficient oM, /2472 was used for the mechanism of Ref[12] that uses small parameters appearing in
bulk kinetic term, which was derived by considering loop expan-boundary conditions. In this case, the first possibility of btitand
sions in the non-compactified 5D space. Here we Mgg167° 5* in the bulk is preferred to suppress flavor violating contributions
instead, since it correctly reproduces the strong-coupling value foto the first-two generation sfermion masses. The flavor violation
the 4D gauge couplingg=4=/(M, R)Y?, after integrating out the would then occur in the processes involving the third generation
extra dimension and is more appropriate in the case of the compagarticles. One way of avoiding all these concerns is to consider 6D
tified space. The coefficients of brane-localized terms are detemodels in which gaugino mediatid23] works while suppressing
mined by requiring that all loop expansion parameters are order oné=6 proton decay14]. We leave detailed phenomenologies of
in the 4D picture. these models including supersymmetry breaking for future work.
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derZz,xZ; are given byP=(+,+,+,+,+) andP'=(—, Since 167?/M,R~g;, the present model predictg
-,—,+,+) acting on the5 for unprimed fields, but for ~g; at the compactification scale, which is in reasonably
primed fields thez;, quantum numbers are assigned to be thegood agreement with low-energy data. The over-all mass dif-
opposite of the corresponding unprimed fie[d§ (for de-  ference between up- and down-type quarks should be given
tails, see Refs[11,12). Then, the quark and lepton zero by tang=(Hg)/(Hg)~50° This large value of tag may
modes come from various brane and bulk fields as also be compatible with thé/7 Yukawa unification[24].

The above mass matrices roughly explain the observed pat-

T32Qs3,Us,E3, F3DDs L, ©  tem of quark and lepton masses and mixings, for example,
, the presence of the mass hierarchy between the first two
ToOUz, By T50Qa, F2DDaly, (10 generations and the third generation fermions. To reproduce

, , the detailed structure of fermion masses in the first two gen-
T1OUy By, T10Qp, Fidby, FiDDi. (1) grations, however, there must be some cancellations among
. ' . . different elements and/or small numbers in coefficients of
Since the first generation quarks and leptons which would bSrder 101-10°2. It will be interesting to look for the

;erriegiflfmrori SS'Sgsle rr;\u:::p:e: n trhf lrJ]Sgal 4DerrlTJ]T§rCl? n:}e model where more complicated structure gives completely
0 ere (5) multiplets, proton decay fro OKEN realistic fermion mass matricg&5].

gauge boson exchange is absent at the leading ditjer How about neutrino masses? Small neutrino masses are

(.Th's.’ result_ls al_so obt_amed from KK momentum CONSENVa-htained by introducing right-handed neutrino fieldks
tion in the fifth dimension.

The Yukawa couplings are written on the-0 brane. On through the seesaw mechanig®®|. They can be introduced

. either on they=0 brane or in the 5D bulk, and have Yukawa
this brane, all .the o;.)erators. of the f(_)rﬁTT'__']?z and. couplings of the fornf FNH],2 and Majorana masses of the
[TFH] g2 are written with the size of their coefficients dic- form [NN],2 at they=0 brane. After integrating ouN

tated by naive dimensional analy$lDA) in higher dimen-  fie|ds, we obtain the mass matrix for the light neutrinos of
sions. Here,T and F runs over{T3,T,,T5,T,,T;} and  the form

{F3,F,,F{,F1}, respectively. Similar Yukawa couplings can

also be written ay= 7wR/2 brane for matter in the bulk. After 1 (1672, , . .
integrating overy, we obtain the Yukawa matrices for low- Ly= Mg\ M, R (51 5 53)
energy quarks and leptons. At the compactification scale, *
they take the form € € €\ /5
1672 x| € 1 1]|| 5 |HH, (13
L4= 16, 16, 16 11 *
N M, R : € >
€ € €\ /10 regardless of the configuration of the right-handed neutrino

fields. The over-all mass scaMy is given by right-handed
neutrino Majorana masses, which we here assume to be pro-

e € 1 10, vided by some other physics such Bf1)s_, breaking
5 scale. An interesting point is that the present matter configu-
16w 1 1 1 ration naturally explains the observed large mixing angle be-
+ M R( 0 10, 10y tween the second and third generation neutrinos, by putting
* both the second and third generatiitis on they=0 brane.
€ € € I
x| € € € ’2< ﬁ, (12 I1l. GAUGE COUPLING UNIFICATION
e 1 1 A In this section we show that the observed values of the

3
low-energy gauge couplings are well reproduced if the vol-

where e=(M, R) ¥2~0.1 and we have omitted order-one ume of the extra dimension is large as is suggested by the
coefficients. Low-energy quark and lepton fields are definedtrong coupling analysis. We also argue that the situation in
as 10={Q;,U; ,E;} and 5"={D;,L;} (i=1,2,3), so that the present scenario is better than in usual 4D GUTs, since
they generically contain fields coming from different hyper-the masses for the GUT-scale particles are completely deter-
multiplets [see EQs.(9)—(11)]. Here, we have normalized mined by KK mode expansions.

these fields canonically in 4D. In the above equation, the Let us first estimate the radiative corrections to the gauge
matrix elements denoted asor €2 do not respecSU(5) couplings coming from loops of KK towers whose masses lie
relations, while the ones denoted as 1 must respés) between 1R and M, . In the 4D picture, the zero-mode
relations since they entirely come from the Yukawa cou-gauge couplingg; at the compactification scaM (= 1/R)
plings among the matter fields Ilocalized on theare given by

SU(5)-preserving Y=0) brane. Therefore, the model does

not have unwantecsU(5) fermion mass relations for the

first two generations, while preserving thér unification. ®In the case o6} in the bulk, we obtain tag~ (m,/m,)e~5.
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1 1 b’ cutoff scales could be smaller than the purely classical esti-
> =— - —2( +R=1)+ —'zln(M*R), mate. This power-law contribution also has a sensitivity to
gi(M¢)  go(My) 8w 8 the ultraviolet physics. However, it is expected that this does

(14 not change the order of magnitude of the tree-level estimate

whereb andb are constants o®(1). Thesecond and third of M, R, since th_e theory is strongly coupled_only around the
terms on the right-hand side represent the pieces which rufitoff scale and is weakly coupled over a wide energy range
by power-law and logarithmically. A crucial observation fom 1R to M, . Therefore, we here takil,R=100 as a
made in Refs[7,16] is that the coefficienb is necessarily representative value Note that we have ambiguities coming
SU(5) symmetric, since the power-law contributions comeffom #'s in Eq. (8) in any case, so that the precise value is
from renormalizations of 5D kinetic terms which must be not very important at this stage.

SU(5) symmetric due to the restricted gauge symmetry. The To calculate the effect of the KK towers on the gauge
logarithmic contributions come from renormalizations of 4D coupling unification, we consider the one-loop renormaliza-
kinetic terms localized on the branes, and can be different fotion group equations for the three gauge couplifigd6].
SU(3)c,SU(2),, andU(1)y. Thus, gauge coupling unifica- Since theSU(5)-violating contribution to the gauge cou-
tion is logarithmic even above the compactification scaleplings from unknown ultraviolet physics aboWw, is sup-
This situation is quite different from the power-law unifica- pressed by the large volume, we set the three gauge cou-

tion scenario of Ref[26]. plings equal to a unified valug, at M, . Then, the
Since the power-law piece is asymptotically non-free inequations take the following form:
the present setup, the ratio between the compactification and

Nj N
msusv

+bjln

* *
2 "G, T 92 o 139

ai_l(mz):a;l(M*)‘*‘%[ aln

where @1,a2,a3)=(—5/2,—25/6,—4), (bl,bz,bg):(33/5,1,_3), (Cl,Cz,Cg):(6/5+ n5*+3n10,—2+n5*+3n10,—6
+nsx +3n4g), and d;,d,,d3) =(—46/5+ ngx + 3Ny, — 6+ Ngx +3n49, — 2+ Ns« +3n4g). Here, we have assumed a common
massmgygy for the superparticles for simplicity, and the summincludes all KK modes below, , so that (N,;+2)M.
<M, ; ns andn,q represent the numbers of generations which are put in the bylks(1 andn;q=2 in the present cage
Taking a linear combination of the three equations, we obtain

) ) 1 (2N +2)M, (2n+2)
(5a; = 3a;1—2a3Y)(my) = {BI rSnUZSY+36|n'm—Z 2 oD (16)

where we have seM, =(2N,;+2)M.. Note thatngx and the agreement between the experimental value and theoreti-
Ny drop out from this equation, since a combination of bulkcal prediction of sifg, anda [7,16]. This is becausb;’s in
hypermultiplets whose massless modes give a completgq. (14) are given byb/ =b;—c;/2, and are not equal to the
SU(5) representation haSU(5) symmetric matter content |ow-energyB-function coefficientsp;, plus some universal

at each KK mass level. Since the corresponding linear compieces. At the leading order, the contributions from KK tow-
bination in the usual 4D minimal supersymmet&dJ(5) ers to siRg, and a are given by Agpy =
w

GUT takes the form ~(U5m)aIn(M,R) and A, =— (3/7)aZIn(M,R), respec-

5a =30 =242 (m tively, which well reproduce_ experimer_ﬂall valugs with

(Say %2 @3 )(M;) M, R=10?—10°. A more detailed analysis, including the
1 Msysy My next to leading order effect, has been given in Rég8],
=5-18In——— = +36|n—mZ , (17 where it was shown that i1, R=100 the KK contribution

would indeed give the right values for i), and ag in a

where My =(M2My)*2 [27], we find the following corre- f€asonable range ofisysy. _
spondence between the two theories: U;mg the experimental values of the gauge cquplmgs, we
obtain 1x10* GeV=M_,;=<3x 10 GeV, and this trans-
M, M (2n+2) lates into the range oM, for a givenN,. Taking M, R
In—S = |n_U E In —In(2N,+2), (18 =100, we find that the compactification scale must be in the
my (2n+1) range

as far as the running of the gauge couplings is concerned. An
important point here is that this KK contribution improves 5X 10 GeV=M_,<2x10"° GeV, (19
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which is considerably lower than the usual 4D unificationcalculations of theéhreshold correctionf sir?d, andas. A
scale M;=2x10'® GeV. Since the mass for the broken similar size of uncertainties is also expected from tree-level
gauge bosons is given byR/ it induces thed=6 proton  SU(5)-breaking boundary operators. We emphasize that the
decay at a rate contradicting the bound from Superuncertainties are for the threshold corrections and are not
Kamiokandg 28], if quarks and leptons are localized on the O(10%) uncertainties for the values of &y and a them-
SU(5)-preserving brane. In fact, this constraint was used irselves.
Ref.[19] to conclude that strict NDA assumption does not We then find that the observed values for the gauge cou-
work, and the contribution from unknown ultraviolet physics pling constants are well reproduced by taking, R
is needed to obtain the right values for@p and as. In =0O(10°—1C°). That is, we can explain the difference of
other words, the contribution from KK towers alone is insuf- sir?4,, (and «s) between the experimental value and the the-
ficient to explain the small difference of 3if), between the oretical prediction obtained by assuming the exact gauge
experiment and naive 4D GUT prediction, sinldg, R must  unification at a single threshold. We note that the situation is
be smaller than~10 from the proton decay constrafitn  petter in the present scenario than in usual 4D Gt us
:Ee Fl;r(alient CtiS?tEOWGVGVtY thetf'ertd?egerat"t)” mdatter lives gbnsider, for example, predicting from the observed val-

e bulk so that the constraint froh=6 proton decay is i : ;
evaded even if the compactification scale is low. This allowaljv(iatiotﬂct Slfgﬁd?gg inl; Ifhrlér;?]vgﬂj tgg:rgct\?:;,cazu'gﬁifn a
us to consider larger values fof, R, that is, the scenario somewhat larger value,|;,=0.130[29] than the experimen-

where the theory is strongly coupled at the cutoff scale
) tally measured valuerg|e,~0.118+0.002 [30]. Thus, we
Then, the calculable contribution from KK towers could have to explain the difference|e,— g~ 0.012+ 0.002

completely explain the small discrepancy of%ipbetween St _

the experimental and theoretical values that was present iP}y the GUT-scale threshold correc.tmfj’,s. (Here wg |gnore_
the case of the minimal 4D GUT with a single threshold.the weak-scale threshold corrections, which typically give
Note that the non-calculable contribution from unknown|A‘,’1VSea'150.004) In usual 4D GUTs, the size of the GUT-

physics aboveM, is expected to be small in this case scale threshold correction is given hy%“{=<0.02, but we
through NDA in higher dimensions. : gut ; e .
We here consider uncertainties for the present analysisc.annOt predict the value (ﬁas in general since it strongly
Since the theory is assumed to be strongly coupled at thdepends on the mass spectrum of the GUT scale particles.
cutoff scale, higher order effects could be important aroundn the other hand, in the present case, we completely know
that energy scale. However, the logarithmic contributionthe pattern of the GUT-scale particle masses, so that we can

. . H t H
from KK towers discussed above comes from an entire encalculate the threshold correcno@%‘: , for a given value of

ergy range from R to M, , and the theory is weakly M,R. It is given by A%"=—(3/7m)aZIn(M,R). Numeri-
couplgd in mpst of this energy region. Actually, various in- cally, we find A%%=_0009-0.002 @A%=—0.013
teractions quickly become weak beldw, , suppressed by ) s s

powers of /M, ) at energy scal&. This is because in the +0.003) ifM, R=100 (M,,R=1000), where the errors rep-
5D picture the couplings in the theory have negative mas&esent theO(10%) uncertalntl_es discussed before.. We find
dimensions, and in the 4D picture the number of KK stateghat the observed value afs is well reproduced with the
circulating in the loop decreases with decreasing energies stlues ofM, R suggested by the NDA analysis.

that loop expansion parameters in the the@rHooft cou- Of course, we cannot prove that these valuesVigfR
plings) become small by powers of(M, ). Therefore, we €xactly give atruly strongly coupled theory at the cutoff
expect that the the leading logarithmic calculation of theScale(all 7's equal to 3, since there are many uncertainties
threshold correction to si, is reliable at least at the order in estimating the overall value for the gauge couplibgt

of magnitude level, although the precise coefficients mayot the differences between the three couplirgsthe cutoff
receive corrections from this higher order effect. To be morescale. For example, the contribution frd&(5) symmetric
precise, the difference of the gauge couplings runs logarithPoOWer-law running(scheme dependence, in other words
mically in all energy regions betweenRLAndM, , and the could change the value. However, within the uncertainties in
one-loop estimates are reliable only when the renormaliza€Stimating various quantities, we can say that the scenario
tion scale is at least a factor of a few smaller thdn ; where the theory !Smodergtely strongly coupled at the cut--
higher loop effects would equally be important around theoff scale is consistent with low-energy observations. It is

cutoff scale. This would gived(10%) uncertainties in the Particularly interesting that thé, R value giving the de-
sired low-energy gauge coupling values is consistent with the

requirement that the theory is strongly coupled at the cutoff

"The constraint fromd=6 proton decay was also used in Ref. scale.
[18] to conclude thatN;(=M,R) must be smaller than-20 and
that the calculable contribution from KK towers cannot explain the
discrepancy of the gauge coupling values between the experiment'We thank Lawrence Hall for stressing this point.
and the theoretical prediction of 4D GUT. Refereft®] also ar- %In the minimal supersymmetri8U(5) GUT in 4D,A3‘: is posi-
gues thatN; must be smaller thar-25 usingaN;=<1 to estimate tive in most of the parameter space, due to the large mass for the
the strong coupling bound, while we here usl /4w=<1 to esti- triplet Higgs fields required to satisfy the bound fratw5 proton
mate it. decay.
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IV. OTHER ISSUES This provides a calculable framework for gauge coupling
unification in higher dimensions. The non-calculable effect
rom unknown ultraviolet physics is suppressed by assuming
hat all the operators in the theory scale according to naive

In the model discussed in the previous sectiahs6 pro-
ton decay occurs through mixings between the first an
heavier generations occurring at the coupling to the hea

18 ; imensional analysis in higher dimensiofig]. Then, the
brpken gauge bosorts.Thus, their rates are suppressed by hreshold correction to s, dominantly comes from the
mixing angles that are expected to have similar order OF W

: : ; .calculable contribution from KK towers, giving the values
magnitudes to the corresponding Cab|bbo-Kobayash|f0r sirf6,, and a, in good agreement with low-energy data.

I\/_Iaska_wa(CKM) angle*s. In the present case whai re- Although the theory is strongly coupled at the cutoff scale
sides in the t.)ulli and; I|\+/es0 on the brane, _the dommant M, , it quickly becomes weakly coupled beldw, , allow-
decay mode i<" v, or u” . However, thzelr amplitudes i reliable estimates of threshold corrections to the gauge
receive suppression °5f Ord‘i{%bvcb\/% andVpVea, r€SpeC-  coupling unification. A crucial point is that we can have large
tively, Wh'%h are 10°—10"". Therefore, the lifetime is yajyes ofM, R without conflicting with the constraint from
roughly 10° years, and there would be little hope for detec-proton decay by putting the first generation matter in the
tion in the near future. In the case where bb@ andS; are  pulk. This enables us to consider the strong coupling sce-
in the bulk, the dominant decay modeKs v, whose am- nario, in contrast with the previous wof&9] where it was
plitude also receives suppression of ord®(,VepVes concluded thatM, R must be smaller than-10 due to the
~107°. On the other hand, {0, is on the brane an8 is in proton decay constraint and thus the calculable contribution
the bulk, thep—K™ v, and p— u"K° decays could occur from KK towers cannot fully explain the low-energy data.
with only V,Ves~V2.~10"2 suppression in their ampli- We have shown that the ansatz where all the coupling
tudes, that is, with the lifetime of $8-10°° years. Inciden- COnstants are dictated by naive dimensional analysis in
tally, if M, R is somewhat larger than 100, the proton life- Nigher dimensions is consistent with low-energy observa-
time becomes shorter. In the case Mf, R=500 (M,R Q%Smgfvtﬁcg%\g )p:ssggltess 1 r]c%r)rggllii?telgxgﬁtglsglcTii i‘d‘g’?r'
=1000), for example, the lifetime becomes factor (460 g . . e ;
shorter compared with the case ldf, R~100. Thus, in the gests that the higher dimensional grand unified theory is a

. L low-energy effective theory of some more fundamental
case wherelQ, is on the brane, it is probable that Strangetheory that is strongly coupled at the sca, . In the

d=6 proton decay, involving the second generation particles,esent scenario, the observed weakness of various couplings
in th.e final state,.could be discovered in future experimentss attriputed to the presence of a moderately large extra di-
~ Finally, we estimate 4D reduced Planck sckle assum-  mensiorts). The hierarchy among various couplings arise
ing that the strength of the gravitational interaction is alsofrom gifferent numbers of dimensions in which various fields
dictated by the NDA an_alysis. Since the theory is. Strong'Ypropagate. The presence of this large dimer(sjois re-
coupled atM, , the kinetic term for the graviton is given by qyired to solve the problems in conventional GUTs, such as
S=[d*xdy(M3/167°)R, whereR is the Ricci scalar. Thus, doublet-triplet splitting andi=5 proton decay problems, by
after integratingy, Mp is given byM3=M3R/(1672). Sub-  extra dimensional mechanisms while preserving successful
stituting the value obtained in E¢L9) with M, R=100, we  prediction of siké,, [7,8]. Therefore, in this framework, solv-
obtainMp=10"" GeV. This is substantially higher than the ing the many conventional problems in GUTs is transformed
4D unification scaléM ;=2x 10'® GeV, but still somewhat to finding a single mechanism of naturally getting such a
lower than the observed valiép=2x10'® GeV. To repro- large extra dimensidg) with the radius of order £6-1C° in
duce the observed value, we need eitherG{10) coeffi- units of the fundamental scale. It would be interesting to
cient, M, R=1000, orn extra dimensions with radiuR  consider a mechanism of generating this type of large extra
=0(10?M) in which (only) gravity propagates. However, it dimensioits) in the context of string theory.

is true thatM is an order of magnitude separated from the Note added While this work was being completed, we
apparent unification scal® by the presence of the large received Ref[31] where it is hoped thaSU(5)-breaking
extra dimension necessary to break the GUT symmetry. Thboundary operators may not exist when the gauge group is
precise estimate is also dependent on the number of exti@oken only by orbifold reflectiongnot translations Even
dimensions, gauge group and matter content, which here wiaen, however, there are fixed points which do not preserve
used those of the minimal 5BU(5) model as a representa- full SU(5) symmetry. ThusSU(5)-violating local operators
tive case. Thus, we expect that the existence of this type afan be written on these points, since they are not prohibited
dimension may provide a general way of separating the twdy the restricted gauge symmetry.

scales in string theory.
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