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We study a gauge coupling unification scenario based on a non-supersymmetric 5-
dimensional model. Through an orbifold compactification, we obtain the Standard Model
with split multiplets on a 4-dimensional wall, which is compatible with a grand unification.

The Standard Model (SM) has been established as an effective theory below
the weak scale. One of intriguing investigations beyond the SM is to unify gauge
interactions under a simple group, such as SU(5). ") This scenario is very attractive, 2)
but it suffers from several problems in the simplest version. The first problem is that
gauge coupling constants do not meet at a high-energy scale, based on the desert
hypothesis. ? The second problem is that a dangerous proton decay is induced by
an exchange of X and Y gauge bosons. ¥ The last problem is that the weak scale is
not stabilized by quantum corrections (the gauge hierarchy problem). )

The introduction of supersymmetry (SUSY) solves the first 6) and the third
problems. 7**) A supersymmetric grand unified theory (SUSY GUT) is an attractive
possibility as a high-energy theory,® but proton stability is threatened due to a
contribution from the dimension 5 operator in the minimal SUSY SU(5) GUT. )10
Recently, stronger constraints have been obtained from analysis including a Higgsino
dressing diagram with right-handed matter fields. V)

A new possibility 12) has been proposed to solve the above problems. Starting
from a 5-dimensional (5D) SUSY SU(5) model, we have obtained a low-energy theory
with particles of the minimal supersymmetric standard model (MSSM) on a 4D
wall through compactification upon S'/(Zy x Z5). In this theory, proton stability
is guaranteed due to the presence of a suppression factor in the coupling to the
Kaluza-Klein modes if our 4D wall fluctuates flexibly.

In this paper, we propose another possibility to solve the first and second
problems based on a 5D model without SUSY. Here the gauge coupling unifica-
tion is realized by the introduction of extra multiplets that split after an orbifold
compactification.***) The splitting originates from a non-universal parity assign-
ment on a compact space among components in each multiplet. The proton decay is
sufficiently suppressed by a suppression factor in the coupling to the Kaluza-Klein

*) E-mail: haru@azusa.shinshu-u.ac.jp
**) The gauge hierarchy problem is solved partially in the sense that the hierarchy is stabi-
lized against radiative corrections perturbatively, as described by a non-renormalization theorem,
although the origin at the tree level is not understood.
***) There are several works treating SU(5) grand unification under the assumption that there
are split multiplets >~ %) and SU(N) (N > 6) one with a radiative splitting mechanism.

¥102 ‘TT Jequierdss uo A1sieAlun nusuiys e /61o'sfeuno pioxo-did//:dny wouy pspeojumod


http://ptp.oxfordjournals.org/

692 Letters Vol. 105, No. 4

excitations if our 4D wall fluctuates pliantly. In the following, we derive a model
discussed in Ref. 15) as an example of a low-energy theory from a 5D SU(5) model
through compactification upon S*/(Zy x Z}).

The space-time is considered to be factorized into a product of 4D Minkowski
space-time M* and the orbifold S /(Zy x Z}),*) whose coordinates are denoted by z#
(p=0,1,2,3) and y (= 2°), respectively. The 5D notation ™ (M =0,1,2,3,5) is
also used. The orbifold is regarded as an interval with a distance of mR/2. There are
two 4D walls placed at fixed points y = —7R/2 and y = 0 (or ¥ = 0 and ¢y = 7R/2)
on S'/(Zy x Z}), where v =y + TR/2.

We assume that the 5D gauge boson Ajps(z*,y) and four kinds of scalar fields
dr(z",y) (R =5,5, 10, 10) exist in the bulk M* x S'/(Zy x Z}). The fields Aj; and
&g form an adjoint representation 24 and a representation R of SU(5), respectively.
We assume that our visible world is a 4D wall fixed at y = 0 (We call it “wall I”.)
and that three families of quarks and leptons, 3{15 + 110}, are located on wall I.
(Here and hereafter we suppress the family index.) The representations of ¢ and
110 are 5 and 10 of SU(5), respectively. Note that matter fields contain no excited
states along the S1/(Zs x Z4) direction.

The gauge invariant action is given by

1
S = /d5x (—itrF]@N +>  |DuPr|* - V(¢R)>
R

+5 /d%é (iEuﬁMDM?/)lo + i@gVMDM¢g

3famlhes

+fu)PsP10¥10 + fo(5)Ps¥10vs + fo(5)Provsys + hec.)

+(terms from a wall fixed at y = —7wR), (1)
where Dy = Oy — ig(5)AM(:):“,y), 9g(s) is a 5D gauge coupling constant, and fi(s)
Ip(s) and fg(s) are 5D Yukawa coupling matrices. In the 4D action, the bulk fields
Apr and @g are replaced by fields including the Nambu-Goldstone boson ¢(z#)

at wall T such that they acquire the functional dependences Aps(zH,d(z#)) and
Or(x#, ¢(z#)). The Lagrangian is invariant under the Zs x Z) transformation

Au(at,y) — Au(at,—y) = PA,(z",y)P",
As(zt,y) — As(a*,—y) = —PAs(a¥,y)P,
Pgr(at,y) — Pr(z", —y) = PPr(z!,y), (R=5,5)
( )
)
)

QSR(HC“, ) — ¢R o' —y) = POg(a",y)P !, (R=10,10) (2a)
Ayt y) — Au(a*, —y') = PAu(a",y )P,
As(2t)y') — As(a",—y') = —P'As(a*,y )P,

@R(ajﬂa Yy ) - QSR(‘/E“7 _y/) = P/@R(x‘uu y/)7 (R = 555)

*) Recently, Barbieri, Hall and Nomura have constructed a constrained standard model upon a
compactification of a 5D SUSY model on the orbifold S*/(Za x Z4). 1™ They used a Z x Z5 parity to
reduce SUSY. There are also several works on model building through a reduction of SUSY 1821
or a gauge symmetry 22) by the use of a Z3 parity. Attempts to construct GUT have been made
through dimensional reduction over coset space. 23)
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Dp(ay) — Pr(z",—y') = P'Or(a"y)P'™", (R=10,10) (2b)

where P and P’ are 5 x 5 matrices that satisfy P2 = P2 = I where I is the unit
matrix. Here Ap; and @10(ﬁ) are expressed by 5 x 5 symmetric and anti-symmetric
matrices, respectively. The intrinsic Zy x Zj parity of each component is given by
an eigenvalue of P and P’.

When we use P = diag(1,1,1,1,1) and P’ = diag(—1, —1,—1,1,1),") the SU(5)
gauge symmetry is reduced to that of the SM, Gsm = SU(3) x SU(2) x U(1), in
the 4D theory.* This is because the boundary conditions on S'/(Z x Z4) given
in (2b) do not respect SU(5) symmetry, as we see from the relations for the gauge
generators T4 (A =1,2, ..., 24),

P'TP~t =71 PTPT = T (3)

The T are gauge generators of Ggy, and the T% are the other gauge generators.
The parity assignment and mass spectrum after compactification are given in Table
I. The scalar fields @ are broken up into several pieces as

b5 = oo + ow, sﬁg:% + ow,
P10=Q+U+E, dI55=Q+U+E. (4)

In the second column, we give SU(3) x SU(2) quantum numbers of 4D fields. In
the third column, (£,+) and (£, F) denote the eigenvalues (£1,+1) and (£1,F1)
of Zy x Zj parity. The fields ¢44(2*,y) and ¢4 (x*,y), whose values of intrinsic
parity are (£1,£1) and (£1,F1), are Fourier expanded as

bt (it y) = \/» > o2y o) cos 27 (5a)
dr-(aty) = \/7 ZW”“ Jeos ZEDY, (5D)
¢_+((L'“,y) _ \/72¢2n+1 (L'“ (QTl;l)y? (5C)

o—(a"y) = /7 ZM"” x)s @ (5d)

where n is zero or a positive integer, and the fields ¢ 2n)( ", qﬁ (2n+1) ( #) and
¢(,2f+2) (z#) acquire masses %”, 2”}% L and % upon compactlﬁcamon. Note that
4D massless fields appear only from components with even parity (4+1,+1). The

contribution from the potential V(@gr) is not considered in the fourth column. In

the low-energy spectrum, there are a pair of lepto-quark bosons, QO and Q(O), which

*) The exchange of P for P’ is equivalent to the exchange of two walls.

**) Our symmetry reduction mechanism is different from the Hosotani mechanism.?* In fact,
the Hosotani mechanism does not work in our case, because A§(z",y) has odd parity, as given in
(2a), and its VEV should vanish.
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Table I. Parity and mass spectrum.

4D fields | Quantum numbers Zs x Zb parity | Mass
A2 (8,1)+(1,3) +(1,1) | (+,+) %"
ALCnED (3 9) 4 (3 2) (+,-) 271;1
ALCmER (8 1) +(1,3) + (1,1) | (—,—) znbthz
AFED 1 (3,2) + (3,2) (=+) %1; :
gEn D) (3,1) (+-) 2"1;;1
@) (1,2) (+:+) %n
o | B ) N
22 (1,2) (+,+) %n
Qe 3,2) (+,+) %n
7| (31 (+,-) it
FCn D) (1,1) (+,-) A
R
o (3,2) (++) %n
ety | (3,1) (+-) 2"1;:1
ECD | (1,1) (+-) 2”;'1
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have both color and weak charge. The SM gauge bosons and the weak Higgs doublet

are equivalent to AZ(O) and qﬁg/?,) (or Eg,?,)), respectively. The mass split of the bosons
is realized by the Zy x Z} projection.
After integrating out the fifth dimension, we obtain the 4D Lagrangian density

4 1 2(0)2 0 —(0
L = =7 2 Fi + Doy P + D,

+D,Q12 + 1D, - v, 5%, QO g
+ Y (107" Duthro + i5y Dty

3families
+fuol qu + fpolad + fpeie + foQUd+he) + -, (6)

where D, = 0, — iguA

(0)
m

and the dots represent terms including Kaluza-Klein

modes. In this equation, gy (= /2/7Rg()) is a 4D gauge coupling constant, fi
(= V2/mRfye)), fp (= w/_2/7TRfD(5)) and fo (= 2/7Rfqs) are 4D Yukawa

coupling matrices, ¢, w and d are quarks, and [ and € are leptons. With our parity

assignment, we have obtained an extension of the SM with two Higgs doublets, qﬁg/?,)
and E(V?/), and extra lepto-quark bosons Q(®) and @(0).
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The theory predicts that coupling constants are unified around the compactifi-
cation scale Mc(= 1/R) to zero-th order approximation, as in the ordinary SU(5)
GUT,Y

B3=9=9g=9v, fi=/f=Ip, (7)

where f; and f. are Yukawa coupling matrices on down-type quarks and electron-
type leptons, respectively. As shown in Ref. 15), this type of extension of the SM
can survive with the precision measurements at LEP.3)

It is known that there is a significant contribution to the proton decay, due to
the X and Y gauge bosons in the minimal SU(5) GUT.% In our model, we have
diagrams similar to those in the minimal SU(5) GUT, because a quark and lepton
couple to the Kaluza-Klein modes of extra vector bosons at the tree level. However,
we expect that proton stability is guaranteed if our 4D wall fluctuates flexibly. This
is due to the fact that there is an exponential suppression factor in the coupling to
the Kaluza-Klein excitations by the brane recoil effect. 25

We have obtained the simplest extension of the SM compatible with SU(5) grand
unification. It would be possible to construct more complex models by increasing
the number of extra multiplets. For reference, the pattern of split due to Z} parity is

given in Table II for several low dimen-
Table II.  Split due to Z5 parity. sional representations of SU(5). In the

Quantum numbers 7} parity second column, we give SU(3) x SU(2)
quantum numbers for split multiplets.
5] (3,1) Ps . : )

In the third column, Pg is an eigenvalue
(1,2) —Ps of Z} parity, i.e., PR = 1 or —1. The ta-
10| 3,2) P1o ble includes components that can induce
(3,1) +(1,1) —Pio a rapid nucleon decay when they couple

15 | (3,2) Pis to quarks and leptons.
(6,1) 4 (1,3) —Pi5 Our grand unification scenario is
24 | (8,1)+(1,3) +(1,1) Paa phenomenologically interesting because
(3.2) + (3,2) ~ Paa it Suggests the existence of extra split
45| 8.2 132+ (L2 Prs multlplets at the weak scalg ' However,
— — there is a problem of determining how to
6,1)+3,1)+61 ~Fas break the electro-weak symmetry natu-
+(3,3) rally and how to stabilize the weak scale;
75 | (6,2) +(6,2) +(3,2) Prs that is, our model suffers from a natu-
+(3,2) ralness problem. 26) There is an alterna-
(3,1)+(3,1)+(1,1) —Prs tive description in which the extra space
+(8,3) + (8,1) has a large radius. 27) In this case, the

low-energy gauge coupling unification is
expected to be realized by a power-law
correction. 2%

1) H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32 (1974), 438.
2) For a review, see P. Langacker, Phys. Rep. 72 (1981), 185.
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