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1-1 The Standard Model
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Grand Gauge Higgs Unification (GGHU)

[G.	Burdman,	Y.	Nomura	’03;	C.S.	Lim,	N.	Maru	’07]
5D SU(6) GGHU?GHU ＋ GUT → GGHU
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Grand Unified Theory (GUT)

𝑆𝑈 3 ! × 𝑆𝑈 2 " × 𝑈 1 # ⊂ ? ?
Who unify the SM?

Gauge-Higgs Unification (GHU)

4D spacetime

Extra dimension 𝑦 Higgs?
𝐴$ = (𝐴% , 𝐴&)

𝑨𝒚

𝑨𝝁

[Y.	Hosotani ’83;	H.	Hatanaka,	T.	Inami,	C.S.	Lim	’98]

Haruki Takahashi

1-2 Beyond the Standard Model

Grand
unification

Hierarchy
problem
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[K.R.	Dienes,	E.	Dudas,	T.	Gherghetta ’98]
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[N.	Maru,	Y.	Yatagai ’20]
The SM fermion mass hierarchy including top quark mass was realized

by introducing localized gauge kinetic terms without unnatural fine-tuning.

We have reduced the number of them and reproduced fermion mass hierarchy & mixing
so that perturbative gauge coupling unification is indeed realized in our model.

logarithmic runningpower-law running

Gauge coupling unification
Many bulk fermions → perturbative gauge coupling unification

Fermion mass hierarchy

[N.	Maru,	HT,	Y.	Yatagai ’22]Perturbative gauge coupling unification
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1-3 5D SU(6) Grand Gauge-Higgs Unification
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Bulk Boundary at 𝒚 = 𝝅𝑹Boundary at 𝒚 = 𝟎

𝑦 ~ 𝑦 + 2𝜋𝑅

𝑦 ~ − 𝑦
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𝑴𝟒× 𝑺𝟏/𝒁𝟐

𝑆𝑈(6)𝑆𝑈 5 × 𝑈 1 a 𝑆𝑈 2 × 𝑆𝑈 4 × 𝑈 1 b

[G.	Burdman,	Y.	Nomura	’03;	C.S.	Lim,	N.	Maru	’07;	N.	Maru,	Y.	Yatagai ’20;	N.	Maru,	HT,	Y.	Yatagai ’22]

2-1 Orbifold breaking

𝑃 = diag +,+,+,+,+,−
𝐴c −𝑦 = 𝑃𝐴c 𝑦 𝑃d

𝐴e −𝑦 = −𝑃𝐴e 𝑦 𝑃d

𝑃b = diag +,+,−,−,−,−
𝐴c −𝑦 = 𝑃′𝐴c 𝑦 𝑃′d

𝐴e −𝑦 = −𝑃′𝐴e 𝑦 𝑃d
Orbifold breaking
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Bulk Boundary at 𝒚 = 𝝅𝑹Boundary at 𝒚 = 𝟎
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−
1
4
ℱ& '(ℱ'(&

𝑐-: dimensionless free parameters
𝑎, 𝑏, 𝑐: gauge indices
𝑀,𝑁 = 0, 1, 2, 3, 5/𝜇, 𝜈 = 0, 1, 2, 3

Localized gauge kinetic terms help us reproduce
fermion mass hierarchy including top quark.

0 𝜋𝑅
Bulk (5D space time)

Boundary
Boundary

−2𝜋𝑅𝑐)𝛿 𝑦
1
4
ℱ* +,ℱ+,* −2𝜋𝑅𝑐-𝛿 𝑦 − 𝜋𝑅

1
4
ℱ. +,ℱ+,.

SM fermions
Localized gauge kinetic terms

Bulk fermions
Bulk gauge fields

SM fermions
Localized gauge kinetic terms

𝑎 : 𝑆𝑈(6)𝑏 ∶ 𝑆𝑈 5 × 𝑈 1 a → 𝑆𝑈(5) 𝑐 ∶ 𝑆𝑈 2 × 𝑆𝑈 4 × 𝑈 1 b

→ 𝑆𝑈 3 n × 𝑆𝑈 2 o × 𝑈 1 p

2-2 Gauge sector with localized gauge kinetic terms
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with opposite 𝑍q parities each other
Mass term to avoid

exotic massless fermions

ℒ!"#$%&'(()( = #Ψ𝑖Γ*𝐷*Ψ+ #)Ψ𝑖Γ*𝐷* )Ψ + 𝑀#Ψ)Ψ + h. c.
Bulk fermion Ψ Mirror fermion ?ΨΓ$ = Γ% , Γ& = 𝛾% , 𝑖𝛾.

𝑀: bulk mass

0 𝜋𝑅
Bulk (5D space time)

Boundary
Boundary

SM fermions
Localized gauge kinetic terms

Bulk fermions
Bulk gauge fields

SM fermions
Localized gauge kinetic terms

Bulk
2-3 Lagrangian for the bulk and mirror fermions

Bulk fermions couple to the SM fermions on the boundary
so that the fermion mass hierarchy can be reproduced.
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𝜒̅)/
0 𝑖Γ+𝐷+𝜒)/

0

𝜒̅1∗
0 𝑖Γ+𝐷+𝜒1∗

0

𝜒̅)
0𝑖Γ+𝐷+𝜒)

0

𝑞23𝑖Γ+𝐷+𝑞23 + 𝑢43 𝑖Γ+𝐷+𝑢43

𝑑43 𝑖Γ+𝐷+𝑑43 + 4𝑙23𝑖Γ+𝐷+𝑙23

𝑒43𝑖Γ+𝐷+𝑒43 + 𝜈43𝑖Γ+𝐷+𝜈43

Boundary at 𝒚 = 𝟎 (𝒋 = 𝟏, 𝟐) Boundary at 𝒚 = 𝝅𝑹 (𝒋 = 𝟑)Bulk

0 𝜋𝑅
Bulk (5D space time)

Boundary
Boundary

SM fermions
Localized gauge kinetic terms

Bulk fermions
Bulk gauge fields

SM fermions
Localized gauge kinetic terms

𝑗 : “Generation” of the SM fermions

2-4 Lagrangian for the SM fermions in this model
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??????
??????
??????
??????
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??????
??????
??????

Boundary at 𝒚 = 𝟎 (𝒋 = 𝟏, 𝟐) Boundary at 𝒚 = 𝝅𝑹 (𝒋 = 𝟑)

0 𝜋𝑅
Bulk (5D space time)

Boundary
Boundary

SM fermions
Localized gauge kinetic terms

Bulk fermions
Bulk gauge fields

SM fermions
Localized gauge kinetic terms

Mixing mass terms Mixing mass terms

2-5 Mixing mass terms in this model

The number of the bulk fermions has been
reduced from nine to five in this model.
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2 Review of our model

2.1 Gauge and Higgs sector

In this subsection, we briefly explain gauge and Higgs sectors of SU(6) GHU model [15]. We

consider a five dimensional (5D) SU(6) gauge theory with an extra space compactified on

an orbifold S
1
/Z2 with the radius R. The orbifold has two fixed points at y = 0, ⇡R where

y denotes the fifth coordinate and their Z2 parities are given as follows.

P = diag(+,+,+,+,+,�) at y = 0,

P
0 = diag(+,+,�,�,�,�) at y = ⇡R. (1)

The Z2 parity for the gauge field and the scalar field originated from an extra component

of five dimensional gauge field are assigned as Aµ(�y) = PAµ(y)P †, Ay(�y) = �PAy(y)P †,

which implies that SU(6) gauge symmetry is broken to SU(3)C ⇥ SU(2)L ⇥U(1)Y ⇥U(1)X

by the combination of the symmetry breaking pattern at each boundary,

SU(6) ! SU(5)⇥ U(1)X at y = 0, (2)

SU(6) ! SU(2)⇥ SU(4)⇥ U(1)0 at y = ⇡R. (3)

The decomposition of the gauge field into the SM gauge group and their � function are

shown in Table 1 which we will use for an analysis of the gauge coupling running in section

2. The hypercharge U(1)Y is embedded in Georgi-Glashow SU(5) GUT, where the weak

mixing angle is sin2
✓W = 3/8 (✓W : weak mixing angle) at the unification scale.

The SM SU(2)L Higgs doublet field is identified with a part of an extra component of

gauge field SU(6) ! SU(3)C ⇥ SU(2)L ⇥ U(1)Y
35(+,+) = (8, 1)(+,+)

0 � (1, 3)(+,+)
0 � (1, 1)(+,+)

0 � (1, 1)(+,+)
0

�(3, 2)(+,�)
5/6 � (3⇤, 2)(+,�)

�5/6 � (3, 1)(�,+)
�1/3 � (3⇤, 1)(�,+)

1/3 � (1, 2)(�,�)
�1/2 � (1, 2)(�,�)

�1/2

� function (b3, b2, b1)
(3, 0, 0) + (0, 2, 0) + (0, 0, 0) + (0, 0, 0)

+(1, 32 ,
5
2) + (1, 32 ,

5
2) + (12 ,

3
2 ,

1
5) + (12 ,

3
2 ,

1
5) + (0, 12 ,

3
10) + (0, 12 ,

3
10)

Table 1: Gauge field and its � function. r1,2 in (r1, r2)a are SU(3), SU(2) representations
in the SM, respectively. a is U(1)Y charges.

3

Gauge field and its 𝜷 function

𝛼!"# Λ = 𝛼!"# 𝜇 −
𝑏! − F𝒃𝒊

%

4𝜋
ln
Λ
𝜇
−
F𝒃𝒊

%
+ F𝒃𝒊

"

𝜋
𝑅 Λ − 𝜇

Higher-dimensional RGE

± in F𝑏!
± means its contribution comes from the periodic fields F𝒃𝒊

% or anti-periodic fields F𝒃𝒊
" .

+,+ , −,− : periodic fields
+,− , −,+ : anti-periodic fields

3-2a Bulk fields and their 𝜷 function

𝑃, 𝑃+: 𝑍/ Parity
𝑎: charges for 𝑈 1 #

𝑟+, 𝑟, -
(/, /!)

𝑆𝑈 3 , 𝑆𝑈(2) representation in the SM
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bulk fermion SU(5) ! SU(3)C ⇥ SU(2)L ⇥ U(1)Y � function (b̃3, b̃2, b̃1)

10 = Q20(3, 2)
(+,+)
1/6 � U

⇤
20(3

⇤
, 1)(+,�)

�2/3 � E
⇤
20(1, 1)

(+,�)
1 (1, 3

2 ,
1
10), (

1
2 , 0,

4
5), (0, 0,

3
5)

10⇤ = Q
⇤
20(3

⇤
, 2)(�,�)

�1/6 � U20(3, 1)
(�,+)
2/3 � E20(1, 1)

(�,+)
�1 (1, 3

2 ,
1
10), (

1
2 , 0,

4
5), (0, 0,

3
5)

Table 3: 20 bulk fermion and their � function. r1,2 in (r1, r2)a are SU(3), SU(2) represen-
tations in the SM, respectively. a is U(1)Y charges.

bulk fermion SU(5) ! SU(3)C ⇥ SU(2)L ⇥ U(1)Y � function (b̃3, b̃2, b̃1)

10 = Q15(3, 2)
(+,�)
1/6 � U

⇤
15(3

⇤
, 1)(+,+)

�2/3 � E
⇤
15(1, 1)

(+,+)
1 (1, 3

2 ,
1
10), (

1
2 , 0,

4
5), (0, 0,

3
5)

5 = D15(3, 1)
(�,+)
�1/3 � L

⇤
15(1, 2)

(�,�)
1/2 (12 , 0,

1
5), (0,

1
2 ,

3
10)

bulk fermion SU(5) ! SU(3)C ⇥ SU(2)L ⇥ U(1)Y � function (b̃3, b̃2, b̃1)

100 = Q150(3, 2)
(+,+)
1/6 � U

⇤
150(3

⇤
, 1)(+,�)

�2/3 � E
⇤
150(1, 1)

(+,�)
1 (1, 3

2 ,
1
10), (

1
2 , 0,

4
5), (0, 0,

3
5)

50 = D150(3, 1)
(�,�)
�1/3 � L

⇤
150(1, 2)

(�,+)
1/2 (12 , 0,

1
5), (0,

1
2 ,

3
10)

Table 4: Upper (Lower) table shows 15 (150) bulk fermion and their � function. r1,2 in
(r1, r2)a are SU(3), SU(2) representations in the SM, respectively. a is U(1)Y charges.

bulk fermion SU(5) ! SU(3)C ⇥ SU(2)L ⇥ U(1)Y � function (b̃3, b̃2, b̃1)

5 = D6(3, 1)
(�,+)
�1/3 � L

⇤
6(1, 2)

(�,�)
1/2 (12 , 0,

1
5), (0,

1
2 ,

3
10)

1 = N
⇤
6 (1, 1)

(+,+)
0 (0, 0, 0)

bulk fermion SU(5) ! SU(3)C ⇥ SU(2)L ⇥ U(1)Y � function (b̃3, b̃2, b̃1)

50 = D60(3, 1)
(�,�)
�1/3 � L

⇤
60(1, 2)

(�,+)
1/2 (12 , 0,

1
5), (0,

1
2 ,

3
10)

10 = N
⇤
60(1, 1)

(+,�)
0 (0, 0, 0)

Table 5: Upper (Lower) table shows 6 (60) bulk fermion and their � function. r1,2 in (r1, r2)a
are SU(3), SU(2) representations in the SM, respectively. a is U(1)Y charges.

task because of the complicated bulk and boundary system. We assume in this paper that

the physical mass induced for the boundary fields is much smaller than the masses of the

bulk fields [6]. This is reasonable since the compactfication scale and the bulk mass mainly

determining the KK mass spectrum of the bulk fields is larger than the mass for the boundary

fields whose typical scale is given by the Higgs VEV. In this case, the e↵ects of the mixing on

the spectrum for the bulk fields can be negligible and the spectrum m
2
n = ( �

⇡R)
2 +mn(q↵)2

is a good approximation [6].

7

3-2b Bulk fields and their 𝜷 function

Bulk fermion (20 rep.) and its 𝜷 function

𝛼!"# Λ = 𝛼!"# 𝜇 −
𝑏! − F𝒃𝒊
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4𝜋
ln
Λ
𝜇
−
F𝒃𝒊

%
+ F𝒃𝒊

"

𝜋
𝑅 Λ − 𝜇

Higher-dimensional RGE

± in F𝑏!
± means its contribution comes from the periodic fields F𝒃𝒊

% or anti-periodic fields F𝒃𝒊
" .

+,+ , −,− : periodic fields
+,− , −,+ : anti-periodic fields

𝑃, 𝑃+: 𝑍/ Parity
𝑎: charges for 𝑈 1 #

𝑟+, 𝑟, -
(/, /!)

𝑆𝑈 3 , 𝑆𝑈(2) representation in the SM
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𝛼!"# Λ = 𝛼!"# 𝜇 −
𝑏! − F𝒃𝒊

%

4𝜋
ln
Λ
𝜇
−
F𝒃𝒊

%
+ F𝒃𝒊

"

𝜋
𝑅 Λ − 𝜇

Higher-dimensional RGE

± in F𝑏!
± means its contribution comes from the periodic fields F𝒃𝒊

% or anti-periodic fields F𝒃𝒊
" .

Asymptotic freedom of gauge couplings can be confirmed
by the fact that the beta function ?𝒃𝒊

y
+ ?𝒃𝒊

z is negative.

Using the tables shown in the previous slides
?𝒃𝒊

y
+ ?𝒃𝒊

z
= −

2
3
< 𝟎.

The perturbative gauge coupling unification is indeed realized.

+,+ , −,− : periodic fields
+,− , −,+ : anti-periodic fields

3-3a Perturbative gauge coupling unification
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𝛼!"# Λ = 𝛼!"# 𝜇 −
𝑏! − F𝑏!
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4𝜋 ln
Λ
𝜇 −

F𝑏!
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"
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Higher-dimensional RGE
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Figure 2: The perturbative gauge coupling unification in the case of c = 80, r = 0 and
R

�1 = 10 TeV. The upper figures show the energy dependence of gauge coupling ↵
�1 (left)

and g (right). The lower figures show the energy dependence of di↵erences between each
pair of the gauge couplings ↵�1

i � ↵
�1
j (left) and gi � gj (right).

Note that the results are di↵erent depending on whether the fields are periodic or anti-

periodic as can be seen from Table 6. This means that we should be careful for the periodicity

of the fields listed in Table 1, 3, 4, 5, 6 in our analysis. The elliptic theta functions ✓i (i = 2, 3)

can be approximated to

✓i(0, exp[�t/R
2]) ⇠ R

r
⇡

t
(16)

in the case of t/R2 ⌧ 1 which corresponds to the assumption that both µ and ⇤ are much

larger than R
�1. After substituting this approximation (16) into (12) and evaluating the

integral over t, RGE (12) becomes the following expression

↵
�1
i (⇤) = ↵

�1
i (µ)� bi � b̃

(+)
i

4⇡
ln

⇤

µ
� b̃

(+)
i + b̃

(�)
i

⇡
R(⇤� µ). (17)

The third term on the right-hand side shows the power-law dependence of the gauge coupling

on the energy scale. Here + (�) in b̃
(+(�))
i shows that its contribution comes from the (anti-

)periodic fields. Note that the bulk fermion and the corresponding mirror fermion have

the same � function because they have the same periodicity. Asymptotic freedom of gauge

9

In the previous model
[N. Maru, Y. Yatagai (2020)]

In this model
[N. Maru, HT, Y. Yatagai (2022)]
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3-3b Perturbative gauge coupling unification
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Figure 2: The perturbative gauge coupling unification in the case of c = 80, r = 0 and
R

�1 = 10 TeV. The upper figures show the energy dependence of gauge coupling ↵
�1 (left)

and g (right). The lower figures show the energy dependence of di↵erences between each
pair of the gauge couplings ↵�1

i � ↵
�1
j (left) and gi � gj (right).

Note that the results are di↵erent depending on whether the fields are periodic or anti-

periodic as can be seen from Table 6. This means that we should be careful for the periodicity

of the fields listed in Table 1, 3, 4, 5, 6 in our analysis. The elliptic theta functions ✓i (i = 2, 3)

can be approximated to

✓i(0, exp[�t/R
2]) ⇠ R

r
⇡

t
(16)

in the case of t/R2 ⌧ 1 which corresponds to the assumption that both µ and ⇤ are much

larger than R
�1. After substituting this approximation (16) into (12) and evaluating the

integral over t, RGE (12) becomes the following expression

↵
�1
i (⇤) = ↵

�1
i (µ)� bi � b̃

(+)
i

4⇡
ln

⇤

µ
� b̃

(+)
i + b̃

(�)
i

⇡
R(⇤� µ). (17)

The third term on the right-hand side shows the power-law dependence of the gauge coupling

on the energy scale. Here + (�) in b̃
(+(�))
i shows that its contribution comes from the (anti-

)periodic fields. Note that the bulk fermion and the corresponding mirror fermion have

the same � function because they have the same periodicity. Asymptotic freedom of gauge

9
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Figure 2: The perturbative gauge coupling unification in the case of c = 80, r = 0 and
R

�1 = 10 TeV. The upper figures show the energy dependence of gauge coupling ↵
�1 (left)

and g (right). The lower figures show the energy dependence of di↵erences between each
pair of the gauge couplings ↵�1

i � ↵
�1
j (left) and gi � gj (right).

Note that the results are di↵erent depending on whether the fields are periodic or anti-

periodic as can be seen from Table 6. This means that we should be careful for the periodicity

of the fields listed in Table 1, 3, 4, 5, 6 in our analysis. The elliptic theta functions ✓i (i = 2, 3)

can be approximated to

✓i(0, exp[�t/R
2]) ⇠ R

r
⇡

t
(16)

in the case of t/R2 ⌧ 1 which corresponds to the assumption that both µ and ⇤ are much

larger than R
�1. After substituting this approximation (16) into (12) and evaluating the

integral over t, RGE (12) becomes the following expression

↵
�1
i (⇤) = ↵

�1
i (µ)� bi � b̃

(+)
i

4⇡
ln

⇤

µ
� b̃

(+)
i + b̃

(�)
i

⇡
R(⇤� µ). (17)

The third term on the right-hand side shows the power-law dependence of the gauge coupling

on the energy scale. Here + (�) in b̃
(+(�))
i shows that its contribution comes from the (anti-

)periodic fields. Note that the bulk fermion and the corresponding mirror fermion have

the same � function because they have the same periodicity. Asymptotic freedom of gauge
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3
𝑖 = 1, 2, 3 are common. The running of

𝛼23+ − 𝛼43+ are dominated by the logarithmic terms.
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c r R
�1

MG ↵
�1
G

��(↵�1
G � ↵

�1
3 )/↵�1

G

�� ↵
�1
3 (MZ)

80 0 10 TeV 2.1⇥ 1014 GeV 4.4⇥ 109 5.26⇥ 10�10 10.7
80 0 15 TeV 2.2⇥ 1014 GeV 3.2⇥ 1010 6.12⇥ 10�10 10.4
90 0 10 TeV 2.1⇥ 1014 GeV 4.3⇥ 109 5.25⇥ 10�10 10.7
90 0 15 TeV 2.3⇥ 1014 GeV 3.2⇥ 109 6.1⇥ 10�10 10.4

Table 7: The results of gauge coupling unification analysis at r = 0. The unification scale
MG and the unification coupling ↵

�1
G are identified with the scale where U(1) and SU(2)L

couplings are unified.
��(↵�1

G � ↵
�1
3 )/↵�1

G

�� is the di↵erence between ↵
�1
G and SU(3)C coupling

at MG. ↵
�1
3 (MZ) is the SU(3) coupling at weak scale, assuming that three gauge couplings

are unified to ↵
�1
G at MG.

c r R
�1

MG ↵
�1
G ↵

�1
3 (MZ)

80 0 200 TeV 3.8⇥ 1014 GeV 4.1⇥ 108 8.55
80 0 220 TeV 4.0⇥ 1014 GeV 3.8⇥ 108 8.49

Table 8: The results of gauge coupling unification analysis in the case of large compactified
scale at r = 0. The unification scale MG and the unification coupling ↵

�1
G are identified with

the scale where U(1) and SU(2)L couplings are unified. ↵
�1
3 (MZ) is the SU(3) coupling at

the weak scale, assuming that three gauge couplings are unified to ↵
�1
G at MG.

range of R�1 = 200 TeV � 220 TeV, SU(3) coupling at the weak scale can be within the

error range of experimental value.

4 Conclusions

In this paper, we have discussed SU(6) GGHU with localized gauge kinetic terms. The SM

fermions are introduced on the boundaries. We also introduced massive bulk fermions in

three types of SU(6) representations coupling to the SM fermions on the boundaries. The

number of them has been reduced in order to achieve perturbative gauge coupling unification

which could not be realized in [8,10]. It was shown in this paper that the perturbative gauge

coupling unification can be indeed realized in our model [15]. Remarkably, the unification

scale in our model was found to be 1014 GeV, which is a few order smaller than the 4D

GUT scale 1015�16 GeV. This is because the beta functions for introduced bulk fermions

are common to each gauge coupling running and the di↵erences between each pair of gauge

couplings are dominated by the logarithmic contributions in RGE. Our model turned out to

be indeed a good starting point for constructing a realistic model of GGHU.

There is an issue to be explored in a context of GUT scenario, namely, a proton decay.

In large extra dimension models such as GHU discussed in this paper, X, Y gauge boson
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G at MG.

range of R�1 = 200 TeV � 220 TeV, SU(3) coupling at the weak scale can be within the

error range of experimental value.
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In this paper, we have discussed SU(6) GGHU with localized gauge kinetic terms. The SM

fermions are introduced on the boundaries. We also introduced massive bulk fermions in

three types of SU(6) representations coupling to the SM fermions on the boundaries. The

number of them has been reduced in order to achieve perturbative gauge coupling unification

which could not be realized in [8,10]. It was shown in this paper that the perturbative gauge

coupling unification can be indeed realized in our model [15]. Remarkably, the unification

scale in our model was found to be 1014 GeV, which is a few order smaller than the 4D

GUT scale 1015�16 GeV. This is because the beta functions for introduced bulk fermions

are common to each gauge coupling running and the di↵erences between each pair of gauge

couplings are dominated by the logarithmic contributions in RGE. Our model turned out to

be indeed a good starting point for constructing a realistic model of GGHU.

There is an issue to be explored in a context of GUT scenario, namely, a proton decay.

In large extra dimension models such as GHU discussed in this paper, X, Y gauge boson
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・Perturbative gauge coupling unification is indeed realized in our model.

→This can be a good starting point for constructing a realistic model of GGHU.

・The number of the bulk fermions is reduced in order to achieve perturbative 
gauge coupling unification which could not be realized in the previous model.

・Fermion mass hierarchy and its mixing are reproduced.

5D SU(6) grand gauge-Higgs unification has been discussed.

Future work
Proton decay

Investigate the main mode of the proton decay in our model
and give predictions of its life time for experiments.

Ψ-

q~

q~

Ψ-

q

q q

l

l

q

Figure 5: Typical diagrams that can mediate proton decay. Here the external lines cor-
respond to the MSSM (s)quarks and leptons, while the internal Ψ fields correspond to
X-bosons (as in the diagram on the left) and Higgsino fields (as in the diagram on the
right). We choose the wavefunctions of the Ψ fields to be odd (−) functions of the extra
spacetime coordinates. With this choice, all vertices between the Ψ fields and the chi-
ral MSSM fermions vanish identically in the “minimal” η = 0 scenario, and all possible
proton-decay diagrams vanish to all orders in perturbation theory.

Indeed, this property holds for all of the Kaluza-Klein modes of the Ψ− fields. Thus,
to all orders in perturbation theory, there is simply no coupling of the Ψ− fields to the
low-energy quarks and leptons of the MSSM. In other words, all such perturbative
proton-decay diagrams, such as the diagram in Fig. 5, vanish identically. Note that
this result holds not only to all orders of perturbation theory, but also independently
of the number of extra dimensions or the energy scale at which they appear.

Implicit in this proposal is also a solution to the famous doublet-triplet splitting
problem. Rather than make the Higgs triplets much heavier than the Higgs doublets,
which is the situation required in the usual GUT scenarios, we instead can allow
the Higgs triplets to remain relatively light because they simply do not couple to
the chiral MSSM fermions. As with the X-bosons, the Higgs triplets do not couple
because their wavefunctions vanish at those locations in the fifth dimension at which
the chiral MSSM fermions are located. Thus, no large mass “splitting” is required at
all.

It is tempting to think of this suppression mechanism as simply Kaluza-Klein
momentum conservation. After all, such an argument would state that Ψ− fields have
no zero-modes, whereas the MSSM fermions are essentially zero-mode states. Thus,
conservation of the Kaluza-Klein momentum at the vertex would seem to imply that
any such tree-level vertex must vanish. However, such an argument is ultimately
incorrect because we cannot impose Kaluza-Klein momentum conservation in our
theory because we have explicitly broken translational invariance with respect to the
compactified coordinates yi when we introduced our orbifold relations yi → −yi.
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