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ABSTRACT: We investigate a model on an extra dimension S' where plenty of effective
boundary points described by point interactions (zero-thickness branes) are arranged. After
suitably selecting the conditions on these points for each type of five-dimensional fields,
we realize the tiny active neutrino masses, the charged lepton mass hierarchy, and lepton
mixings with a CP-violating phase, simultaneously. Not only the quark’s but also the
lepton’s configurations are generated in a unified way with acceptable accuracy, with neither
the see-saw mechanism nor symmetries in Yukawa couplings, by suitably setting the model
parameters, even though their flavor structures are dissimilar each other. One remarkable
point is that a complex vacuum expectation value of the five-dimensional Higgs doublet in
this model becomes the common origin of the CP violation in both quark and lepton sectors.
The model can be consistent with the results of the precision electroweak measurements

and Large Hadron Collider experiments.
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1 Introduction

While the gauge sector of the Standard Model (SM) had been completed by the discovery
of the Higgs boson [1, 2], the actual structure of the Yukawa sector generating fermion mass
terms is still concealed. The SM Yukawa terms describe the nature very well, but we should
introduce three similar copies for realization of the three generations and a large number
of parameters describing the masses and the mixing-related issues of both the quarks and
the leptons. The values of the parameters are simply input parameters and are never
determined by dynamics. To make matters worse, even after we accept the above points,
the naturalness issue frightens us. Only within the quarks, 10°-order hierarchy in the input
Yukawa couplings should be generated by hand. When we try to include the lepton sector,
situations get to be deteriorated as the magnitude of fine-tuning should be enlarged to at
least 10! orders since the observed active neutrinos has sub-eV tiny masses.! Apart from
the naturalness issue, another mystery is there with respect to the mixing structure of the
fermions. The Cabbibo-Kobayashi-Maskawa (CKM) matrix [4] showing the quark mixing
phenomena consists of three small mixing angles with a CP-violating phase. On the other
hand, two of the lepton mixing angles, 612 and 633, in the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [5, 6] are large, while the remaining one 63 is small but has a

Note that a recent upper bound on the sum of neutrino masses by Planck experiment is 0.23 eV 3],
and the possibility that the lightest active neutrino is a massless particle is not discarded yet.



non-zero value, declared by recent experiments [7-11] and following global analyses [12—
15]. Note that the existence of CP-violating phases in the lepton sector is unknown to date.

One expects that these characteristics would be naturally explained by candidates
describing the physics beyond the SM, e.g., through the see-saw mechanism for a fas-
cinating explanation for the minuscule neutrino masses [16-21]. Here, related to the
Yukawa structure, we mention two important issues. Omne is that the number of mat-
ter generation is a kind of “topological number”. Within four-dimensional (4d) space-
time, we mainly rely on the gauge anomaly cancellation for discussing this point, e.g.,
in the following extended electroweak (EW) gauge theories, SU(3)w x U(1)y [22, 23] or
SU2)w xU(1)y x U(1)p—r, [24, 25]. The other point is the Higgs mechanism. Electroweak
symmetry breaking (EWSB) via the Higgs mechanism leads to the generation of the current
mass of fermions through Yukawa couplings. But the realization of EWSB within the SM
would be somewhat ad hoc since it is just assumed and has no relation to other dynamics
directly.

When we pursue a suitable answer for problems in flavor, one of the engaging ways
is considering a hidden structure of extra dimensions [26-45]. A large variety of solitonic
objects spreading around the extra directions explains the number of generations through
their topological numbers without violating 4d Poincaré symmetry and the localization of
matter profiles lead us to a natural explanation of mass hierarchies. In this paper, we
focus on the direction proposed in refs. [46, 47], where we think of generalized boundary
conditions (BC’s) described by point interactions (zero-thickness branes) in the bulk space
S! [48-51]. By selecting the BC’s for five-dimensional (5d) fields suitably, we naturally
realize three-degenerated localized fermion profiles;, EWSB and the SM gauge boson con-
figuration in the zero-mode sector simultaneously without suffering from any EW precision
data and the recent Higgs results at the Large Hadron Collider. As discussed in ref. [47],
by choosing parameters in the model appropriately, the whole configurations of the quark
sector including the number of the quarks, the quark masses and the mixing angles with
one CP phase are explained with good precision. Here, we note that one additional EW
singlet scalar is introduced with an extra-dimension coordinate-dependent exponential vac-
uum expectation value (VEV) [52-61] in the Yukawa sector to enhance the hierarchy in the
elements of the Yukawa matrices. Interestingly in the model, a complex degrees of freedom
for the CP-violating phase in the CKM matrix is supplied via a twisted boundary condition
on the Higgs doublet, whose VEV is also determined as a minimization of the corresponding
effective potential, as the realization of a complex VEV. After calculating overlap integrals
between the position-dependent VEV’s and localized quark profiles, desirable forms in the
Yukawa matrices are produced effectively.

Our main purpose of this paper is to answer a natural question whether or not the
above idea is applicable to the lepton sector. As we mentioned before, we should explain
the sub-eV neutrino masses with the two large mixing angles, as well as the quark masses
and mixing angles, in a unified manner. Situations are apparently different from those of
the quark sector and we need to find a suitable configuration of the system. We have found
that all the lepton properties can be described with acceptable precision after carefully
fitting effective parameters. One of the captivating points of the model is predicting the



CP violation effect in the lepton sector, whose origin is identified as the complex VEV of
the doublet Higgs and then we can predict the magnitude by use of the information on the
quark sector.

This paper is organized as follows. In section 2, first we summarize the way of our
model construction with point interaction briefly and subsequently, we apply the idea to
the lepton sector and discuss the validity from quantitative and qualitative points of views.
Section 3 is devoted to summary and further discussions. In appendix A, we review the
quark sector analysis. In appendix B, we discuss how the form of the mass matrix is
restricted by the geometry of the extra dimension.

2 Lepton flavor structure from point interactions

In this section, we briefly overview our concept and idea for generating the three-generation
structure, the hierarchy and mixing in the lepton mass matrices, switching on EWSB and
CP violation effect. Then, we show our numerical results showing how much our mechanism
works correctly in a focus point of parameters. The model is a 5d gauge theory on a circle S!
with point interactions and contains one-generation fermion for each SU(2)y eigenstate
at the level of 5d action. By imposing the suitable BC’s for the fields at the positions
of the point interactions, we obtain a three-generation structure in chiral massless zero
modes. The rather mass hierarchy in the charged leptons comes from the intercorrection
between the localization of the chiral massless zero modes toward the boundary points and
the extra-dimension coordinate-dependent VEV of the gauge singlet scalar. On the other
hand, minuscule masses of the neutrinos are realizable by extremely localized profiles of the
neutrinos. A significant feature appears in the lepton flavor mixing since it is determined
by the configuration of the point interactions in our model. The origin of the physical
CP phase cannot be the Yukawa couplings themselves since our model consists of one-
generation fermions and hence field redefinitions can make them real in general. It comes
from the oscillatory VEV of the Higgs doublet, which includes a complex degree of freedom.

2.1 Action and configuration of point interactions

Let us introduce the action and the geometry of the extra dimension. We mainly focus
on the lepton sector. The analysis of the quark sector will briefly be summarized in ap-
pendix A. We consider a 5d SU(3)¢c x SU(2)w x U(1)y gauge theory on S! with point
interactions. The action consists of one-generation 5d lepton fields with the Higgs doublet,
the gauge singlet scalar and the Yukawa sector.

1 n
S = Slepton + SHiggs + Ssinglet + S( epton) (21)

Yukawa ?
Slepton / d4 / dy L(.%‘, y) (ZFNDE\%) + ML) L(xa y)

YN (z,y) (eraN + MN)N(x, y) + E(z,y) (z'rND%” + ME>E(33, y)} . (2.2)

Stiiggs = /d490/0 dy :HT(w,y) (DNDN +M2)H(w,y) - ;(HT(fc,y)H(fv,y)ﬂ :

(2.3)




Sanga = [ [ dy[ xy(aNaN M) 2(a.p) - 3 (e paen) | 2a)
gljepton) _ / die / dy YN Loy HN — Y(E LHE) )}, (2.5)

where we denote L(x,y) as an SU(2)y doublet lepton, N'(z,y) as an SU(2)y singlet neu-
trino, E(z,y) as an SU(2)y singlet charged lepton, H(x,y) as the Higgs doublet and ®(z, y)
as an gauge singlet scalar field, respectively. D( ) (U = L, E) shows the corresponding 5d
covariant derivatives and note that N does not couple to the gauge fields since it corre-
sponds to the right-handed neutrino in 4d point of view. The variable z# (u = 0,1,2,3)
indicates the coordinate of the 4d Minkowski spacetime and y is the coordinate of the extra
dimension with the circumference of S', L. N (and M) runs among p,y as a 5d Lorentz
index. The 5d metric is chosen as nyy = diag(—1,+1,+1,+1,+1) and the Clifford alge-
bra as {I'y;, 'y} = —2npn with adopting the representation of the gamma matrices as
Fy=~v,and I'y = —iy5 = v 04142~3. We note that our theory is defined in the segment
[0,L]. My (¥ = L,N,E) in eq. (2.2) denotes the bulk mass for the fermion and we put
the sign as

My <0, (2.6)
My >0, (2.7)
Mg <0,

for our purpose. We explain the reason of this adoption later in this section. Here, we omit
the action for the SU(3)c x SU(2)w x U(1)y gauge fields since their situations become a
simple Universal-Extra-Dimension-like profile still in our strategy.

Note that the discrete symmetry, H - —H, ® — —&, is introduced to forbid the
terms L(iocoH*)N, LHE, ®LL, ®NN, ®EE for simplicity. We also simply ignore the
term (H'H)(®T®) in this model.? We also mention that although the Yukawa couplings
YN and YE) can be complex, they cannot be an origin of the CP phase of the PMNS
matrix since the model consists of only one-generation leptons in 5d point of view. The
number of the 5d Yukawa couplings is not enough to produce a CP phase in the PMNS
matrix. A source of the CP phase is the VEV of the Higgs in the model and will be
discussed in subsection 2.5.

In the case of an extra dimension scenario, not only the action but also the geometry
of the extra dimension is important. In the model, the geometry consists of S with point
interactions. Every fermion field (L, N/, E) feels three point interactions at the positions
Yy = L( ) (v =L,N,E; i =0,1,2,3), respectively. On the other hand, the Higgs doublet
H and the gauge singlet scalar ® feel one point interaction at y = 0. Gauge fields do
not feel any point interaction, where the usual periodic boundary condition is chosen. A
schematic figure is depicted in figure 1.

Because of the point interactions, every field feels boundary conditions at its own
positions. We impose the characteristic BC’s for the fermions and the singlet scalar at

2The term (HTH)(®T®) can be a source of gauge universality violation in this model and its effect was
investigated in ref. [46]. See, its appendices A and B.
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Figure 1. A schematic figure of the configuration of the point interactions. The fermions feel three

point interactions, the gauge singlet scalar and the Higgs doublet feel one, the gauge fields do not
feel the point interactions in the model.

which the flow of the probability current is not allowed through the point interactions. It
was pointed out in ref. [46] that the general BC’s in the situation is given by Up = 0 or
Urp=0aty= Lg\p) for the fermion where the indices R and L denote the 4d chirality as

U= (H%) v, U, = (%) ¥. Then we impose the following BC’s.

Lrp=0 at y=r ¥ P L (2.9)
Ne=0 at y=r8 W £ 1 (2.10)
EL,=0 at y=r0 " 1P L (2.11)

The BC’s for the partners of the different 4d chirality just come from the 5d Dirac equation.
In this model, we choose the following order of the point interactions of the fermions:

0< L(()N) < L(()L) < L%N) < LgL) < LéN) < LgL) < LéN) < LgL), (2.12)
0< L(()L) < L(()E) < LgE) < LgL) < LgE) < LéL) < LgL) < LgE). (2.13)

We also explain the reason of this adoption later in this section. We should mention that
the following positions should be identified since the geometry of the extra dimension is S!
with the period L.

L~0, (2.14)
N N
L) ~ L), (2.15)
L L
L ~ L"), (2.16)
E E
P ~ L, (2.17)
the situation of which is depicted in figure 2.
For the singlet scalar, the general BC is given by the Robin BC [62]:
®(z,0) + Ly 0,P(z,0) =0,
(,0)+ L+6,2(z,0) (—00 < Ly < +00), (2.18)
O(x,L) — L_0,®(x,L) =0,
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Figure 2. A schematic figure of the configuration of the point interactions.

where L1 are parameters which describe the BC. Note that by suitably choosing the pa-
rameters L4 and other parameters in eq. (2.4), the form of the VEV gets to be hierarchical
along the y direction. Such a situation is preferable for generating the large hierarchy in
the lepton mass matrices.

For the Higgs doublet and the gauge fields, the flow of the probability current is allowed
on the circle S'. We impose the BC’s as

H(xz,L) = ei9H(a:, 0), (Cr<f<m) o)
8yH(aj7 L) = ewayH(x, ())’ =D .
Gn(z, L) = Gn(2,0), B
{%QN(%L) = 0,Gn(2,0), (Gn =Gn, Wi, By), (2.20)

where 6 is a phase parameter which specifies the twisted BC, whose complex degree of
freedom is just the origin of CP violation in our model. G, Wy and By indicate a SU(3)
gauge field, a SU(2) gauge field and a U(1) gauge field, respectively.

We should emphasize that all the BC’s are consistent with the 5d gauge invariance.
In particular, the BC’s (2.9)—(2.11) do not break the 5d gauge symmetry since the BC’s
for the fermion are given by the Dirichlet BC, which is manifestly invariant under the 5d

gauge transformation.?

2.2 Three generations

In this subsection, we explain the mechanism to produce three generations in chiral massless
zero modes. To see this, let us execute the Kaluza-Klein (KK) expansion for the fermions,

U(z,y) = > (65 @10 W) + v @)l (2.21)

3The higher-dimensional gauge invariance of the system is important when we discuss the unitarity in
the scattering processes of KK particles [63—70].



where {fg;)} ({gw )}) is the eigenfunction of the hermitian operator 272 (22") and
forms the complete set,

15 = 15
(2 =0, + My, 2" = -0, + My). (2.22)
9914 =m0l

The degeneracy of the eigenvalues mfb(”) for f and 9y, (n) 5

supersymmetry (QMSUSY) [71-74] as

is ensured by quantum mechanical

gf(’;) = mq/;(”)Qf[?? (2.23)

QTQ( "= mw(mfl(ﬁ%)-

Zero mode solutions of the above should satisfy the following equations since My = 0.

71y =0
(2.24)
@ng(pL) 0.

From eq. (2.24), we obtain the forms of the non-trivial zero mode solutions (trivial solutions
(n) (n)

are =0= ng) as

f(o) . e—M\py’

(2.25)

91(1;02 o eTMwy
Furthermore, we have to consider the BC’s in egs. (2.9)—(2.11). Since the Dirichlet bound-
ary condition does not allow any flow of the probability currents through the point inter-
actions, the profiles can split at them. It turns out that we can obtain three generations
of chiral zero modes in our configuration as follows.

Z 19 + (KK modes), (2.26)
Z VZR i?; + (KK modes), (2.27)
Z elR fem + (KK modes). (2.28)

The degenerated zero mode solutions are depicted in figure 3. The mode functions are
localized toward the boundary points because of the bulk mass My (¥ = L, N, E), the sign
of whom determines the direction of the localization. We should note that the bulk mass
controls all the related zero modes so that we cannot change the form of the degenerated
zero modes, independently.
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Figure 3. A schematic figure of the zero modes.

2.3 The charged lepton mass hierarchy and tiny neutrino masses

In this subsection, we search for the configuration of point interactions where the charged
lepton mass hierarchy and tiny neutrino masses are derived. We should mention that only
the Dirac mass terms are introduced to the both charged leptons and neutrinos in our
model, which means that tiny neutrino masses appear from the geometry of the extra
dimension not from the seesaw mechanism. Under the Robin BC in eq. (2.18), the gauge
singlet scalar can obtain a non-vanishing VEV (®(y)) nevertheless M2 > 0 [62]. Moreover,
the VEV (®(y)) inevitably possesses the y-dependence [62].

(@(y)) = o(y)- (2.29)
After solving the minimization condition of the potential Viq = fOL dy {@T(—BE + M2)P+

%"((I)JNI))Q} with the Robin BC (2.18), it was found that the following form of the VEV is
the vacuum configuration:

j%( 1+X—1) (
Cn(Mq)(l—i—X)zli(y—yO), %(14_ 11+X)>7

where cn(y, a) is the Jacobi’s elliptic function, yp and @ are constants which are determined

_ 4Xe|Q)

o(y) = 7 ) (2.30)

by the parameters Ly of the BC’s.* We can make it the exponential form by choosing the
suitable value of L,

$y) ~ Moy, (2.31)

where we omit to show a proportional factor with mass dimension 3/2.

“We note that this form is in the case of Q < 0 [46].



The y-dependent VEV of the gauge singlet scalar (®(y)) can be a source of the charged
lepton mass hierarchy since the mass matrices, which appear from the Yukawa sector in
eq. (2.5), contain the following overlap integrals,

g{jepton) _ / diz / dy MT (iagH*)N—y(E)ZHE) +(h.c.)}
3
V)% e)x (0
/d4 Z|: 1j VL 3R+ gz) ViR zL:| /d41"Z|: ij zL 3R+ gz) 51% EL)
5,j=1 i,j=1
(2.32)
with
W _y [*
m) = Yy /0 dy (h(y))* () 9. ) £ ). (2.33)
L
ml) = y<E/O dy (h(y)) (®(y)) g1 (4) £ (1). (2.34)
Note that the localized lepton profiles are described by real functions gl(iOL)* = gl(iOL) and we

have rotated the form of the VEV as (H(y)) = (0, (h(y)))" like the SM, irrespective of
y-dependence [47]. The exact shape of the VEV is found in eq. (2.38). Here, we try to
consider the configuration where the lepton doublet and the neutrino singlet profiles are
extremely tightly localized around the boundaries, while the profiles of the charged lepton
singlets moderately increase toward the y-positive direction.

Firstly, we mainly focus on the diagonal components of both the mass matrices. Of
particular importance of the non-diagonal terms is in discussing the structure of flavor
mixing, but we postpone its detail to the next subsection. As shown in figure 4, the
component mﬁ) of the mass matrix for the charged lepton contains the overlap integral of

the first generations gl(o) and fé?l)%, which live in the left side region of the extra dimension,

and another one, e.g., m§3) contains the overlap of the third generations g( )

and fég,)%,
which live in the right side region. Obviously, the form of the VEV in eq. (2.31) makes a
big differences in the overlap integrals (2.34) and the exponential mass hierarchy appears

for the charged leptons.
mﬁ) < mgz) < mg? (2.35)

In the case of the neutrinos, however, it is not the case. For the neutrinos, we need to
make the value of the bulk masses My, My as large to realize an immoderate localization
of the zero modes with ML, My L= O(100). In that situation, the overlap integrals in
eq. (2.33) become extremely small so that tiny neutrino masses appear without tuning
the Yukawa couplings. Moreover, because of the immoderate localization, the effect of
the y-dependent VEV of the gauge singlet scalar (®(y)) becomes weak, which means that
non-hierarchical masses appear to the neutrinos.

my Smly) S miy. (2.36)

~ ~

The situation is depicted in figure 5. Thus, we can obtain both the charged lepton mass
hierarchy and degenerated tiny neutrino masses at the same time in this model.
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Figure 4. A schematic figure of the configuration of the charged leptons. The overlap integrals
of the blue, green and pink colored region indicate the diagonal components m\<, m{% and m{3)
of the charged lepton mass matrix, respectively. The exponential VEV of the gauge singlet (®(y))

produces the charged lepton mass hierarchy.
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Figure 5. A schematic figure of the configuration of the neutrinos. The overlap integrals of the
blue, green and pink colored region indicate the diagonal components mgq) m(u) and mg3 of the

b

neutrino mass matrix, respectively. Because of the immoderate localization, the overlap integrals
suppressed so that degenerated tiny neutrino masses appear.

2.4 Flavor mixing angles

In this subsection, we discuss the flavor mixing in our model. Since each 5d fermion feels the
point interactions at the different positions as figure 2, the mass matrices possess the off-
diagonal components. Significantly, the form of the mass matrices, which are determined
by the overlap integrals (2.33)—(2.34), is restricted by the geometry of the extra dimension,
where up to three nonzero non-diagonal terms are possible.

Generally, off-diagonal terms of a mass matrix play a very significant role in determin-
ing the corresponding mixing angles. Also, when the magnitude of off-diagonal terms is

~10 -



sizable compared with diagonal ones, they make a primary contribution to the mass eigen-
values. Thereby, we should carefully choose the order of the positions of the 5d fermion’s
point interactions.

When we adopt the choice in egs. (2.12) and (2.13), the following three-zero textures

appear:
i) m) o ) )
MO=| o m@m® [, MO=| o nmly|. (2.37)
mgi) 0 mgg) 0 0 mg?

The correspondence between the restricted mass matrix components and the configura-
tions of the point interactions are depicted in figure 6. Note that if we change the con-
figurations (2.12)—(2.13), the forms of the mass matrices are modified. In general in our
configuration, we cannot fill up all the off-diagonal components, but only up to three we
can. Therefore, the flavor mixing pattern is highly restricted. The other main possible
patterns of the restricted mass matrices are represented in appendix B.

Now, we give some comments on the choice of the signs and magnitudes of the bulk
masses (2.6)—(2.8) and the configurations of the point interactions (2.12)—(2.13). To pro-
duce the large mixing structure for the leptons with tiny neutrino masses, we need to realize
the situation in which the off-diagonal components of the neutrino mass matrix are compa-
rable with the diagonal components of that by the immoderate localization via significant
magnitudes of the bulk masses for ensuring the tininess of the elements. The choice of
the sign of the bulk masses (2.6)—(2.7) is really suitable for us to make the neutrino mass
matrix as that situation with the configuration of the point interactions, where all the
matrix elements for the neutrinos are automatically suppressed. The overlap ways of the
off-diagonal components and the diagonal ones are comparable so that the large mixing of
f12 and o3 can appear. For 03, if one considers a neutrino mass matrix with m%) #0

(and mg{ = 0), the magnitude of m(llé) is too small to reproduce 6;3 due to the smallness

of the overlap. This is the reason why we take the non-vanishing mé”l) for the neutrino
mass matrix. As a result, the choice of the configurations (2.12)—(2.13) is favored for the
realization of the leptonic mixing angles.

Moreover, for the charged leptons, the choice of eq. (2.7) leads us to the charged lepton
mass hierarchy. In the configuration (2.6) and (2.8), the off-diagonal part of the charged
lepton mass matrix is irrelevant to the lepton flavor mixing since the value of which is small
due to the small overlap. In addition, the hierarchical structure of the diagonal components
of the charged leptons lessens the effect to the flavor mixing, too. Thus, the choices (2.6)—
(2.8) and (2.12)—(2.13) are really convenient for us to produce the flavor structure.

Finally, we point out two issues on other possibilities. When we only look into the
charged lepton mass hierarchy, some other configurations are possible since what is re-
quired is only the primary diagonal terms and secondary off-diagonal terms in magnitude,
respectively. On the other hand, our configuration for the neutrino sector is the most suit-
able one for reproducing leptonic mixing angles but there might exist an allowed region in
other configurations. It would be intriguing to perform full numerical scans in all possible
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and the overlap integrals. The orange colored regions indicate the off-diagonal components of the
mass matrices. m(]) corresponds to the overlap of gl(o) 5?,1 and mgj corresponds to that of gl(o)

and f%).

configurations. For the neutrino mass spectrum, our configuration predicts only the normal

mass hierarchy because of the structure of mgli) S mg;) S mgg)

2.5 CP phase

This subsection is devoted to the CP phase. Since, our model consists of one-generation
fermions, the Yukawa couplings ywN ), YE) cannot be a source of the physical CP phase
nevertheless they would be complex. It was found in ref. [47] that the Higgs VEV possesses
the y-dependent phase under the twisted BC (2.19),

_ 0 0 %y
(H) - <<h(y»> ( s f> 239

H(y) > iz, (2.39)

(v/f 2+ 1/(VZL)h <0>)
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where vV/L is set as 246 GeV and 6 is a twist parameter. h(?) represents the physical Higgs
particle in the unitary gauge. Interestingly, the above y-dependent phase of the Higgs VEV
can be a source of the CP phase in this case.”

The y-dependent phase of the Higgs VEV provides the different phases to the compo-
nents of the mass matrix through the overlap integrals (2.33)—(2.34) and the physical CP
phase appears effectively. A schematic figure of the situation is depicted in figure 7. The
value of the physical CP phase is a function of the twisted parameter # and the config-
uration of the extra dimension, just like the mass hierarchy. Significantly, this structure
indicates that the lepton CP phase is a predictable value when we consider the quarks and
leptons at the same time in this scenario through the Yukawa couplings with the common
Higgs doublet H. After fixing the value of 6 to reproduce the CP phase of the CKM matrix,
we have no free parameters to tune the CP phase of the PMNS matrix. Then, a full scan
of the parameter space provides us a prediction for the value of the lepton CP phase. It
should be investigated in the near future.

2.6 Numerical analysis

As a typical example, we choose the parameters as®

L” =o02565, LY =05776, LYY =0.9432,

I =oo0s240, LYV =0.3909, L5 =07317,

Ly =o02r7, [P =049, LY =079,

My, = —136.9, My =112.1, Mg = —2.00,

i - 1 1
Mgy =867, Ap=0001, — =-6.07, — =869, 6=3,
L, I

YN = —0.0000309 — 9.15 x 10794, Y} = —0.00309 — 0.000915 i (2.40)
where the variables with ~ are dimensionless parameters, which are scaled by using the

circumference L of the extra dimension. By calculating the mass eigenvalues, the PMNS
matrix and the Jarlskog parameter in the leptonic sector Jiepton [86, 87] through the overlap

SHere, we briefly comment on the couplings associated with “the” Higgs. At the tree level, the coupling
to a SM gauge boson is completely same with that in the SM since the position dependence of H is
eliminated since H is introduced in the form (D H)"(D™ H). The couplings to SM fermions are also
the same because the VEV and the physical mode profiles take the identical form as shown in egs. (2.38)
and (2.39). When we focus on loop-induced vertices, deviations are expected at the leading order, e.g.,
Higgs to diphoton coupling. But our model generates tree-level flavor-changing neutral current (FCNC)
exchanging KK gauge bosons and then typically Mxk > 10 TeV is required. Consequently, our Higgs boson
cannot be distinguished from the SM one, unlike Universal Extra Dimension models [75-84] inspired by the
early work in the string theory context [85], and is consistent with the latest LHC results. A challenge in
phenomenology is to find an improved setup where the effect of FCNC is diminished.

The absolute value of the Yukawa couplings \/|Y)|, v/|V®)|, which are dimension —1, are 1/|YN)| =
0.00568L and /|Y(E)| = 0.0568L. Obviously, there is no sizable hierarchical structure for the Yukawa
couplings.
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Figure 7. A schematic figure of the lepton profiles and the y-dependent VEV of the Higgs doublet.

integrals (2.33)—(2.34), the following values are obtained.

my, = 0.0092 eV,
Melectron = 0.519 MeV,
sin? 615 = 0.333,
Jiepton = 0.0214  (sind = 0.607).

my, = 0.013 eV,
Mmuon = 106 MeV,

sin? B3 = 0.435,

sin? 613 = 0.0239,

my, = 0.018 eV,
Miaq = 1.778 GeV,

(2.41)

Obviously, we obtained the neutrino mass scale m, ~ 0(0.01)eV — O(0.1)eV and the
charged lepton mass hierarchy at the same time. The ratio of the above results and the

experimental results are shown in the follows:

Sm2 Am?
frzeny = 10 R ey = 0285
Melectron _ 4 (9. Mmuon. _ ) 995,
(exp) (exp.)
electron fauon
) in2
S0y g s — 102,
sin H(GXP) sin G(exp)

— 14 —

ey = 100,
Mian
2
S11 (913 ; _ 1‘02,
sin? (P

(2.42)



where we defined dm? and Am? as

om? = m?,2 - m?,l, (2.43)
m2 - m2
Am?® =m, — <”12”2> : (2.44)

according to ref. [15]. The mixing angles of the PMNS matrix are within the 3o range [15].”

Interestingly, we can interpret the above results instinctively from the geometry. Since
we chose the sign of the bulk mass as eqs. (2.6)—(2.8), the magnitude of the off-diagonal
components can be comparable with that of the diagonal components for the neutrino mass
matrix, which is an indication of the large mixing. In addition, we put the large values on
the bulk masses My, Mys, so that the immoderate localization of the zero modes makes
the overlap integrals small. Because of this, tiny neutrino masses are realized. Moreover,
large bulk masses reduce the effect of the y-dependent VEV of the gauge singlet scalar,
which is a source of the mass hierarchy, via the immoderate localization. Due to this, we
obtained the degenerated neutrino masses. In this way, we have chosen the geometry, i.e.,
the positions of the point interactions, and we have then obtained the suitable lepton flavor
structure.

Finally, we comment on the number of the parameters. We have fourteen parameters
for the lepton flavor structure in our model, where we ignore the parameter for the expo-
nential VEV of the gauge singlet. The number of physical quantities is ten, where ratios
to experimental values are represented in eq. (2.42), so that we have much more the input
parameters than the outputs. Though, it does not mean that we can always reproduce
the experimental results in our model. Since the restriction of the geometry is so tight as
in eq. (2.37), we cannot produce an arbitrary mixing angle nor the degenerated neutrino
masses. The full scan of the parameter space is needed for finding out the full structure of
our model. This is one of the future works.

2.7 Constraints on KK scale and cutoff scale

In this part, we would discuss the constraints on the KK scale Mxkyk, which is defined as
Mgk ~ 1/L, and the cutoff scale of the theory A. At first, we focus on the relation between
Mxkyxk and A in a theory with a compact extra dimension. In general above Mk, couplings
in the theory run power-like, not logarithmically in a four-dimensional theory [88, 89].
Then, a coupling rapidly blows up or blows down at an energy near Mgk, where the
theory breaks down and the cutoff scale A should be set here. Typically in the 5d minimal
Universal Extra Dimension when Mgk is O(1) TeV, the Higgs vacuum stability put a

"The value of \/#’Zim in our example is slightly smaller than experimental range, i.e. about factor-

four. For a sizable splitting in vAm?, all the components of the neutrino mass matrix should not be the
same magnitude, where slight differences are required. The y-dependent singlet VEV is expected to make
the difference explicitly, but the amount is not enough among the second and third generations due to the
extremely left-side localization of the neutrino profiles, where the effect is minimized. Besides, when we
simply try to move the positions of the point interactions to right side, the above problem can be solved,
but simultaneously and inevitably, the magnitude of the (3,1) component is reduced and 6:3 gets to be too
small. An exhaustive parameter scanning would help us to find a rather reasonable point.
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stringent bound on A as A ~ 5Mkk [81, 90]. In this analysis, we simply adapt the following
relation,®

The constraints can be classified into two categories. The first one is the restriction
from a process which KK particles contribute to, e.g., FCNC processes, Lepton Flavor
Violation (LFV) and the modification to the Newton’s law of gravity. In this case, the
value of Mk is restricted by these phenomena. The other possibility is the constraint
originating from a gauge-invarinant higher-dimensional operator suitably suppressed by
the scale A. When we consider that the accidental global symmetries of the SM, e.g.,
baryon and lepton numbers, are not preserved above A, we can write down the operators
causing proton decay and neutron-antineutron oscillation, and they put bounds on the
possible value of A. In the following part, we examine both cases.

As we mentioned, a typical bound on Mgy from the KK mixing is Mgy > O(10%) TeV,
which would be obtained by an operator analysis. We also simply estimate the bounds
from the LFV processes of ;1 — ey and p — 3e based on the formulas in ref. [91] and both
bounds are Mgk = O(10) TeV. The constraint from the modification to the Newton’s
law of gravity is R < O(107%) m (in the most stringent case) [92], which is equivalent to
Mxk 2 O(0.1) eV. We completely neglect it in our model.

In our 5d theory, operators generating proton decay are
QQQL, DUQL, UDEU, QQUE, (2.46)

where they are dimension-eight operators since fermions hold mass dimension of two in
5d. As mentioned before, 5d fermion fields do not have generation index, which is “spon-
taneously” generated from the KK expansion. In our analysis, we focus on the operators
including only the first-generation fermions, which give us a stringent bound. Interestingly
in our parameter configuration describing the quarks (A.12) and the leptons (2.40), there
is no overlap of the first-generation singlets within the four operators in eq. (2.46). Then,
it is enough to evaluate the limitation from QQQL.

After the integration along y, this operator looks like a dimension-six operator as
follows:

/OL dy CQJ(;??L QQQL = /OL dy%@jk%b%d (@mQjc> (@kchO

= S99 toagn eeacea (4, (47) ) (o), (12),).

(2.47)

8This relation is evaluated when Mgk is O(1) TeV, where we can see some dependence on the value of
Mxkxk [81, 90]. When Mk gets to be away from O(1) TeV, the values of Mxk and A would become close.
In addition in our theory, a large difference in the masses of the KK particles with a same KK index would
be found because of the field localization, which could alter the relation. In this analysis, we simply ignore
this issue.
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with the overlap integral with mass dimension of one

L 3
IoaqL = / dy <9q<o>) gy =2.7/L. (2.48)
0 1L 1L

Here, we pick up the part including only the first-generation fermions in the last line of
eq. (2.47). cggqr is an undermined dimensionless constant, the charge conjugation QY is
defined as Q¢ := (iT’I'%) (@)T, 1,7,k and a,b, c,d are the indices of the fundamental rep-
resentation of the SU(3)c and SU(2)y, gauge groups, respectively. As a crude estimation,
the overall coefficient part should obey the following inequality [93],

2.7cQaL , 2:7¢QQQL Y-
B = A2 S 107 TeV ™2, (2.49)
When we consider cgggr should be natural as O(1), not only the cutoff scale A, but also
the KK scale Mgk takes the constraint through the relation in eq. (2.45) as

A, Mgk 2 O (10') GeV ~ Mcur, (2.50)

where Mgyt represents the typical scale of the Grand Unified Theory (GUT) since no sup-
pression factor comes from the overlap integral in our case. Note that we can find operators
contributing to neutron-antineutron oscillation. But the bound from this estimated based
on the formula in [94] is A, Mkxk = O(102) TeV, which are much less significant compared
with the previous one.

In conclusion, only within the effective theory below the cutoff scale, the most stringent
constraint on Mgk is from the K—K mixing as Mk > O(10%) TeV. On the other hand, in-
cluding the estimation of the effects from the physics above the cutoff with the assumption
that the coefficient of higher-dimensional operator is O(1), the result is A, Mgk > Mgur.”
Finally we comment on particle cosmology issues. Due to the existence of the point interac-
tions in the bulk space, the translational invariance along the extra direction is drastically
violated, which means that no discrete symmetry ensures the stability of a KK particle.
Also, no extremal suppression of the gauge couplings could be expected in our configura-
tion. Thereby in our theory, no candidates of absolutely stable or long-lived particles exists
and there would be no serious constraint from cosmogonical issues in an early stage of the

universe.1?

3 Summary and discussions

In the part so far, we have discussed the possibility of explaining all the lepton properties
in the context of the extra dimension with point interactions in the bulk space of S*. We
have found a suitable parameter configuration where all the observed values are generated
with acceptable precision.

The geometry of our model tells us the following tendency. Due to the extra-dimension
coordinate-dependent VEV in the gauge singlet scalar, all the three values of the neutrino
masses can get to be minuscule but not zero, and the normal mass hierarchy is preferable.

9When we assume the conservation of baryon number above the cutoff scale, proton decay never occurs
and the condition, A and Mxk > O(10%) TeV, is enough for circumventing the experimental bounds.

10Within a field theory with extra dimensions, no limiting temperature exists like the Hagedorn temper-
ature in the string theory.
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The most appealing point is that, in the present configuration, the magnitude of the CP-
violating effect in the lepton sector parameterized by the Jarlskog parameter is much greater
than that in the quark sector. It might be checked at T2K and NOvA experiments in the
future. They have the common origin as the complex VEV in the Higgs doublet and thereby
its value is “predictive” after assigning the all the parameters among the quark part. We
expect that the telltale signature could be detected in future neutrino experiments as an
indirect “proof” of our scenario.

Now, we recognize that our idea of point interactions is successful in describing the
flavor phenomenology of the quark and lepton sectors in the context of the SU(2)y x U(1)y
EW gauge theory. One fascinating further direction is to consider a GUT model with the
existence of point interactions. In usual GUT context, the gauge structure is explained by
an extremely sophisticated matter, but the matter configurations, especially in the number
of fermions, are not so well-integrated. Another motivation which we consider a higher-
dimensional GUT models is that we can solve the doublet-triplet splitting problem in the
Higgs sector in a natural way by twisted orbifold boundary conditions [95-97].

Another orientation is to estimating quantum effects with the existence of point interac-
tions. To understand the system more concretely, we should evaluate possible corrections
on the “moduli” of positions of point interactions via the Casimir force [98-100] or the
mass term generation for the extra-direction scalar of a 5d gauge field via the Hosotani
mechanism [101-103].1! We will publish the work in this direction in the near future [106].
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A Quark flavor structure from point interactions

In this appendix, we shortly review the analysis in the quark sector in ref. [47]. The basic
strategy for the quark sector is the same with that for the leptons which has been explained
in section 2. The model is given by a 5d gauge theory on a circle with point interactions.
With this model, we can produce three generations of chiral massless zero modes and the

1 Another nontrivial topics is the structure of the boundary-localized anomaly terms [104, 105] in a theory
with multiple boundaries like our model.
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quark mass hierarchy with realistic flavor mixing without breaking the higher-dimensional
gauge invariance.

In the following part, we briefly describe the quark part and show the results in ref. [47].
In the quark sector, the point interactions provide extra boundary points to the 5d quarks
and the following BC’s are imposed at the points.

Qr=0 at y=L L\¥ L 1L (A1)
U, =0 at y=r W W (A.2)
D=0 at y=r 0P P 1P (A.3)

Under the BC’s, three generations of chiral massless zero modes are produced from one-
generation bd quarks:

Z qZ gé?g + (KK modes), (A.4)
Z ul (@) £ (y) + (KK modes), (A.5)
Z 49 (z + (KK modes), (A.6)

and the masses of the fermions are represented by the following overlap integrals.
(u) w [* 0 0
myy) = YO | dy ()" (2 () 9§} () £ W), (A7)

L
iy = YO [ dy () (@) 9f2) () 115, 0), (A.8)

where the VEV profiles of the Higgs doublet H and the additional singlet scalar ® are
totally the same with those for the leptons as discussed in section 2.

In the quark part, we adopt the following ordering in the position of the point inter-
actions for 5d quarks,

0(=L) <1 < LW <« L@ < LY < 1Y < L < 1L¥,
0(=L9) <P <« LP <« L@ « LIP) « L « L < 1P, (A.9)
and the signs of the quark bulk masses,
Mg >0, My <0, Mp >0, (A.10)

for realizing the large/moderate mass hierarchy in up-/down-quark sector and the small
mixing angle with an CP phase, simultaneously. In this setup, the restricted mass matrices
are given by the following forms,

(w) (uw) (u) (d () (d)

My My My3 My Myg My3

MO = 0 m@n® |, MOP=| o0 D |. (A.11)
“ d
0 0 m¥ 0 0 m
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Because of this constraint, it is highly non-trivial whether we can produce the realistic
quark flavor structure in this model even though we have more input parameters than
outputs.

It has been found that, at least, there is a parameter set in which the following physical
quantities are reproduced.

L@ =0, L@ =030, L =0.660,
L§9=0024, L0 =002, LY =052,

P =007, LP =018, L =0.646
Mg = 6, My, = —6, Mp =5, (A.12)
- - 1 1
Mg = 8.67, Ao = 0.001, — = —6.07, — = 8.69, =3, (A.13)
Ly L_
Myp = 2.5 MeV, Meharm = 1.339 GeV, Miop = 173.3 GeV,
Mdown = 4.8 MeV,  Mgprange = 104 MeV, Mbottom = 4.183 GeV, (A.14)
0.971 0.238 0.00377
[Vexkm| = | 0.237  0.971 0.0403 |, (A.15)
0.00887 0.0395 0.999
Jquark = 3.23 x 1077, (A.16)

where the parameters listed in eq. (A.13) are common values in both of the quarks and
the leptons. The ratio of the above values to the experimental values shows a good accu-

racy [107],
72;‘;) —1.07, m(hjp‘? —1.05, "(thé’) —1.00,
Mup charm Miop
Tdown _ () gg3, ~ Dstrange _ 3 Mhottom _ 4 g (A.17)
(exp.) (exp.) (exp.)
down strange bottom
v 0.997 1.06 1.07
| ffff) = | 1.06 0.998 0.978 |, (A.18)
ek 1.02 0.978 1.00
J
auark _ 1 09, (A.19)
J(exp.)
quark
B The form of the mass matrix
In this section, we represent the main possible mass matrix forms. LED) (i =0,1,2)

indicates the position of the point interactions for a SU(2) doublet field and LZ(S) (1=0,1,2)
indicates the position of the point interactions for a SU(2) singlet in this section. Here, we
show the criteria for classifying possible types of the mass matrix:

LgD) < Lgs) : nonzero (2,1),

e for 1-2 mixing: b g
Lg ) > Lg ). nonzero (1,2),
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LgD) < Lgs) : nonzero (3,2),
e for 2-3 mixing: b
Lé ) > Lgs) : nonzero (2,3),

o LéD) (~ L(()D)) < Lgs) (~ L(()S)) : nonzero (1,3),
e for 3-1 mixing: L) D) ) )
5 (~Ly"7)> Ly’ (~Ly’): mnonzero (3,1),

where eventually configurations are divided into eight categories. Note that we cannot
judge whether or not the diagonal components have nonzero values only from the above
discussion. For example, in the configuration: L(()D) < L(()S) < Lgs) < Lgs) < LgD), the
(2,2) component becomes zero. In the following list, such a possibility is not written down.
(D) (S) (9) (D) (%) (D) i
1. 0<Ly "' <Ly <Ly’ <Ly’ <Ly’ <Ly <L:

mi1 mi2 Mi3
Mgy =1 0 ma ma3 |. (B.1)

0 0 mss

. 0<L5D) <Lés) <L§D) <L§S) <L§S) <L§D) < L:

N

mi 0 m3
My = | ma1 maz mas | . (B.2)

0 0 mas3s3

3. O<L((3D) <L(()S) <L§S) <L§D) <L§D) <L§S) < L:

mi1 Mi2 M13
M(]]I) = 0 mao 0 . (B3)

0 m32 m33

. 0<L(()S) <L(()D) <L§S) <L§D) <L§S) <L§D) < L:

-~

mi1 mi2 O
M(IV) = 0 moo ™a3 . (B.4)

m31 0 mg33

. 0<L8D) <Lés) <L§D) <L§S) <L§D) <L§S) < L:

[

mi1 0 mas
Myy= | ma1 ma2 0 |. (B.5)

0 m32 m33
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6. 0<L((J

7. 0< L < L

8.0 <L

S) (D) (D)

<P <P <L < 1 <« L) < L:

mi1 0 0
M(VI) = ma1 mM22 M23 . (B'G)

m31 0 mg33

D9 <« 1P <« P < L8 < I

mi1 mi2 0

m31 m32 M33

S) (D) (D) (D)

<P <P <« LV < 1P < L < I:

mi1 0 0
Mym = | ma1 ma2 0 . (B.8)

mg31 M3z M33

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] InSPIRE].

PLANCK collaboration, P.A.R. Ade et al., Planck 2013 results. XVI. Cosmological
parameters, accepted in Astron. Astrophys. (2014) [arXiv:1303.5076] [INSPIRE].

M. Kobayashi and T. Maskawa, CP Violation in the Renormalizable Theory of Weak
Interaction, Prog. Theor. Phys. 49 (1973) 652 [InSPIRE].

Z. Maki, M. Nakagawa and S. Sakata, Remarks on the unified model of elementary particles,
Prog. Theor. Phys. 28 (1962) 870 INSPIRE].

B. Pontecorvo, Neutrino Fxperiments and the Problem of Conservation of Leptonic Charge,
Sov. Phys. JETP 26 (1968) 984 [Zh. Eksp. Teor. Fiz. 53 (1967) 1717] [InSPIRE].

T2K collaboration, K. Abe et al., Indication of Electron Neutrino Appearance from an
Accelerator-produced Off-axis Muon Neutrino Beam, Phys. Rev. Lett. 107 (2011) 041801
[arXiv:1106.2822] [INSPIRE].

- 292 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
http://dx.doi.org/10.1051/0004-6361/201321591
http://arxiv.org/abs/1303.5076
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5076
http://dx.doi.org/10.1143/PTP.49.652
http://inspirehep.net/search?p=find+J+Prog.Theor.Phys.,49,652
http://dx.doi.org/10.1143/PTP.28.870
http://inspirehep.net/search?p=find+J+Prog.Theor.Phys.,28,870
http://inspirehep.net/search?p=find+J+Sov.Phys.JETP,26,984
http://dx.doi.org/10.1103/PhysRevLett.107.041801
http://arxiv.org/abs/1106.2822
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.2822

8]

[12]

[13]

MINOS collaboration, P. Adamson et al., Improved search for muon-neutrino to
electron-neutrino oscillations in MINOS, Phys. Rev. Lett. 107 (2011) 181802
[arXiv:1108.0015] [INSPIRE].

DOUBLE-CHOOZ collaboration, Y. Abe et al., Indication for the disappearance of reactor
electron antineutrinos in the Double CHOOZ experiment, Phys. Rev. Lett. 108 (2012) 131801
[arXiv:1112.6353] [INSPIRE].

DAYA-BAY collaboration, F.P. An et al., Observation of electron-antineutrino
disappearance at Daya Bay, Phys. Rev. Lett. 108 (2012) 171803 [arXiv:1203.1669]
[INSPIRE].

RENO collaboration, J.K. Ahn et al., Observation of Reactor Electron Antineutrino
Disappearance in the RENO Experiment, Phys. Rev. Lett. 108 (2012) 191802
[arXiv:1204.0626] [INSPIRE].

D.V. Forero, M. Tortola and J.W.F. Valle, Global status of neutrino oscillation parameters
after Neutrino-2012, Phys. Rev. D 86 (2012) 073012 [arXiv:1205.4018] [INSPIRE].

G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo and A.M. Rotunno, Global
analysis of meutrino masses, mizings and phases: entering the era of leptonic CP-violation
searches, Phys. Rev. D 86 (2012) 013012 [arXiv:1205.5254] [INSPIRE].

M.C. Gonzalez-Garcia, M. Maltoni, J. Salvado and T. Schwetz, Global fit to three neutrino
mizing: critical look at present precision, JHEP 12 (2012) 123 [arXiv:1209.3023] [INSPIRE].

F. Capozzi, G.L. Fogli, E. Lisi, A. Marrone, D. Montanino and A. Palazzo, Status of
three-neutrino oscillation parameters, circa 2013, Phys. Rev. D 89 (2014) 093018
[arXiv:1312.2878] [INSPIRE].

P. Minkowski, u — ey at a rate of one out of 10° muon decays?, Phys. Lett. B 67 (1977) 421
[INSPIRE].

T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, in Proceedings of the
Workshop on Unified Theories and Baryon Number in the Universe, O. Sawada and

A. Sugamoto eds., National Laboratory for High Energy Physics, Ibaraki, Japan (1979),
KEK report 79-18, p. 95 [Prog. Theor. Phys. 64 (1980) 1103] [INnSPIRE].

M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, in
Supergravity, P. van Nieuwenhuizen and D.Z. Freedman eds., North Holland, Amsterdam
(1979).

R.N. Mohapatra and G. Senjanovi¢, Neutrino Mass and Spontaneous Parity Violation, Phys.
Rev. Lett. 44 (1980) 912 [INSPIRE].

J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2) x U(1) Theories, Phys. Rev. D 22
(1980) 2227 [NSPIRE].

J. Schechter and J.W.F. Valle, Neutrino Decay and Spontaneous Violation of Lepton
Number, Phys. Rev. D 25 (1982) 774 [INSPIRE].

F. Pisano and V. Pleitez, An SU(3) x U(1) model for electroweak interactions, Phys. Rev. D
46 (1992) 410 [hep-ph/9206242] [INSPIRE].

P.H. Frampton, Chiral dilepton model and the flavor question, Phys. Rev. Lett. 69 (1992)
2889 [INSPIRE].

~93 -


http://dx.doi.org/10.1103/PhysRevLett.107.181802
http://arxiv.org/abs/1108.0015
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.0015
http://dx.doi.org/10.1103/PhysRevLett.108.131801
http://arxiv.org/abs/1112.6353
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.6353
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://arxiv.org/abs/1203.1669
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.1669
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://arxiv.org/abs/1204.0626
http://inspirehep.net/search?p=find+EPRINT+arXiv:1204.0626
http://dx.doi.org/10.1103/PhysRevD.86.073012
http://arxiv.org/abs/1205.4018
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.4018
http://dx.doi.org/10.1103/PhysRevD.86.013012
http://arxiv.org/abs/1205.5254
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.5254
http://dx.doi.org/10.1007/JHEP12(2012)123
http://arxiv.org/abs/1209.3023
http://inspirehep.net/search?p=find+EPRINT+arXiv:1209.3023
http://dx.doi.org/10.1103/PhysRevD.89.093018
http://arxiv.org/abs/1312.2878
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.2878
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B67,421
http://dx.doi.org/10.1143/PTP.64.1103
http://inspirehep.net/search?p=find+IRN+673439
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,44,912
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://inspirehep.net/search?p=find+J+Phys.Rev.,D22,2227
http://dx.doi.org/10.1103/PhysRevD.25.774
http://inspirehep.net/search?p=find+J+Phys.Rev.,D25,774
http://dx.doi.org/10.1103/PhysRevD.46.410
http://dx.doi.org/10.1103/PhysRevD.46.410
http://arxiv.org/abs/hep-ph/9206242
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9206242
http://dx.doi.org/10.1103/PhysRevLett.69.2889
http://dx.doi.org/10.1103/PhysRevLett.69.2889
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,69,2889

[24] K.S. Babu and R.N. Mohapatra, Is There a Connection Between Quantization of Electric
Charge and a Majorana Neutrino?, Phys. Rev. Lett. 63 (1989) 938 [INSPIRE].

[25] K.S. Babu and R.N. Mohapatra, Quantization of Electric Charge From Anomaly Constraints
and a Majorana Neutrino, Phys. Rev. D 41 (1990) 271 [INSPIRE].

[26] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali and J. March-Russell, Neutrino masses from
large extra dimensions, Phys. Rev. D 65 (2001) 024032 [hep-ph/9811448] [INSPIRE].

[27] N. Arkani-Hamed and M. Schmaltz, Hierarchies without symmetries from extra dimensions,
Phys. Rev. D 61 (2000) 033005 [hep-ph/9903417] [INSPIRE].

[28] G.R. Dvali and A.Y. Smirnov, Probing large extra dimensions with neutrinos, Nucl. Phys. B
563 (1999) 63 [hep-ph/9904211] [INSPIRE].

[29] K. Yoshioka, On fermion mass hierarchy with extra dimensions, Mod. Phys. Lett. A 15
(2000) 29 [hep-ph/9904433] [INSPIRE].

[30] R.N. Mohapatra, S. Nandi and A. Perez-Lorenzana, Neutrino masses and oscillations in
models with large extra dimensions, Phys. Lett. B 466 (1999) 115 [hep-ph/9907520]
[INSPIRE].

[31] Y. Grossman and M. Neubert, Neutrino masses and mizings in nonfactorizable geometry,
Phys. Lett. B 474 (2000) 361 [hep-ph/9912408] [INSPIRE].

[32] G.R. Dvali and M.A. Shifman, Families as neighbors in extra dimension, Phys. Lett. B 475
(2000) 295 [hep-ph/0001072] INSPIRE].

[33] T. Gherghetta and A. Pomarol, Bulk fields and supersymmetry in a slice of AdS, Nucl. Phys.
B 586 (2000) 141 [hep-ph/0003129] [iNSPIRE].

[34] S.J. Huber and Q. Shafi, Fermion masses, mizings and proton decay in a Randall-Sundrum
model, Phys. Lett. B 498 (2001) 256 [hep-ph/0010195] [INSPIRE].

[35] M.V. Libanov and S.V. Troitsky, Three fermionic generations on a topological defect in extra
dimensions, Nucl. Phys. B 599 (2001) 319 [hep-ph/0011095] [INSPIRE].

[36] J.M. Frere, M.V. Libanov and S.V. Troitsky, Three generations on a local vortez in extra
dimensions, Phys. Lett. B 512 (2001) 169 [hep-ph/0012306] [INSPIRE].

[37] A. Neronov, Fermion masses and quantum numbers from extra dimensions, Phys. Rev. D 65
(2002) 044004 [gr-qc/0106092] [INSPIRE].

[38] J.M. Frere, M.V. Libanov and S.V. Troitsky, Neutrino masses with a single generation in the
bulk, JHEP 11 (2001) 025 [hep-ph/0110045] [INSPIRE].

[39] D.E. Kaplan and T.M.P. Tait, New tools for fermion masses from extra dimensions, JHEP
11 (2001) 051 [hep-ph/0110126] [INSPIRE].

[40] D. Cremades, L.E. Ibdnez and F. Marchesano, Computing Yukawa couplings from magnetized
extra dimensions, JHEP 05 (2004) 079 [hep-th/0404229] [INSPIRE].

[41] S.L. Parameswaran, S. Randjbar-Daemi and A. Salvio, Gauge Fields, Fermions and Mass
Gaps in 6D Brane Worlds, Nucl. Phys. B 767 (2007) 54 [hep-th/0608074] [INSPIRE].

[42] M. Gogberashvili, P. Midodashvili and D. Singleton, Fermion Generations from
‘Apple-Shaped’ Extra Dimensions, JHEP 08 (2007) 033 [arXiv:0706.0676] [INSPIRE].

[43] D.B. Kaplan and S. Sun, Spacetime as a topological insulator: Mechanism for the origin of
the fermion generations, Phys. Rev. Lett. 108 (2012) 181807 [arXiv:1112.0302| [INSPIRE].

— 94 —


http://dx.doi.org/10.1103/PhysRevLett.63.938
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,63,938
http://dx.doi.org/10.1103/PhysRevD.41.271
http://inspirehep.net/search?p=find+J+Phys.Rev.,D41,271
http://dx.doi.org/10.1103/PhysRevD.65.024032
http://arxiv.org/abs/hep-ph/9811448
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9811448
http://dx.doi.org/10.1103/PhysRevD.61.033005
http://arxiv.org/abs/hep-ph/9903417
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9903417
http://dx.doi.org/10.1016/S0550-3213(99)00574-X
http://dx.doi.org/10.1016/S0550-3213(99)00574-X
http://arxiv.org/abs/hep-ph/9904211
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9904211
http://dx.doi.org/10.1016/S0217-7323(00)00006-2
http://dx.doi.org/10.1016/S0217-7323(00)00006-2
http://arxiv.org/abs/hep-ph/9904433
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9904433
http://dx.doi.org/10.1016/S0370-2693(99)01119-3
http://arxiv.org/abs/hep-ph/9907520
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9907520
http://dx.doi.org/10.1016/S0370-2693(00)00054-X
http://arxiv.org/abs/hep-ph/9912408
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9912408
http://dx.doi.org/10.1016/S0370-2693(00)00083-6
http://dx.doi.org/10.1016/S0370-2693(00)00083-6
http://arxiv.org/abs/hep-ph/0001072
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0001072
http://dx.doi.org/10.1016/S0550-3213(00)00392-8
http://dx.doi.org/10.1016/S0550-3213(00)00392-8
http://arxiv.org/abs/hep-ph/0003129
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0003129
http://dx.doi.org/10.1016/S0370-2693(00)01399-X
http://arxiv.org/abs/hep-ph/0010195
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0010195
http://dx.doi.org/10.1016/S0550-3213(01)00036-0
http://arxiv.org/abs/hep-ph/0011095
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0011095
http://dx.doi.org/10.1016/S0370-2693(01)00696-7
http://arxiv.org/abs/hep-ph/0012306
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0012306
http://dx.doi.org/10.1103/PhysRevD.65.044004
http://dx.doi.org/10.1103/PhysRevD.65.044004
http://arxiv.org/abs/gr-qc/0106092
http://inspirehep.net/search?p=find+EPRINT+gr-qc/0106092
http://dx.doi.org/10.1088/1126-6708/2001/11/025
http://arxiv.org/abs/hep-ph/0110045
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0110045
http://dx.doi.org/10.1088/1126-6708/2001/11/051
http://dx.doi.org/10.1088/1126-6708/2001/11/051
http://arxiv.org/abs/hep-ph/0110126
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0110126
http://dx.doi.org/10.1088/1126-6708/2004/05/079
http://arxiv.org/abs/hep-th/0404229
http://inspirehep.net/search?p=find+EPRINT+hep-th/0404229
http://dx.doi.org/10.1016/j.nuclphysb.2006.12.020
http://arxiv.org/abs/hep-th/0608074
http://inspirehep.net/search?p=find+EPRINT+hep-th/0608074
http://dx.doi.org/10.1088/1126-6708/2007/08/033
http://arxiv.org/abs/0706.0676
http://inspirehep.net/search?p=find+EPRINT+arXiv:0706.0676
http://dx.doi.org/10.1103/PhysRevLett.108.181807
http://arxiv.org/abs/1112.0302
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.0302

[44]

[45]

[46]

[47]

Y. Fujimoto, T. Kobayashi, T. Miura, K. Nishiwaki and M. Sakamoto, Shifted orbifold
models with magnetic flur, Phys. Rev. D 87 (2013) 086001 [arXiv:1302.5768] [INSPIRE].

T.-H. Abe, Y. Fujimoto, T. Kobayashi, T. Miura, K. Nishiwaki and M. Sakamoto, Zy twisted
orbifold models with magnetic flur, JHEP 01 (2014) 065 [arXiv:1309.4925] InSPIRE].

Y. Fujimoto, T. Nagasawa, K. Nishiwaki and M. Sakamoto, Quark mass hierarchy and
mixing via geometry of extra dimension with point interactions, Prog. Theor. Exp. Phys.
2013 (2013) 023B07 [arXiv:1209.5150] [INSPIRE].

Y. Fujimoto, K. Nishiwaki and M. Sakamoto, CP phase from twisted Higgs vacuum
expectation value in extra dimension, Phys. Rev. D 88 (2013) 115007 [arXiv:1301.7253]
[INSPIRE].

H. Hatanaka, M. Sakamoto, M. Tachibana and K. Takenaga, Many brane extension of the
Randall-Sundrum solution, Prog. Theor. Phys. 102 (1999) 1213 [hep-th/9909076] [INSPIRE].

T. Nagasawa, M. Sakamoto and K. Takenaga, Supersymmetry in quantum mechanics with
point interactions, Phys. Lett. B 562 (2003) 358 [hep-th/0212192] [InSPIRE].

T. Nagasawa, M. Sakamoto and K. Takenaga, Supersymmetry and discrete transformations
on S with point singularities, Phys. Lett. B 583 (2004) 357 [hep-th/0311043] [INSPIRE].

T. Nagasawa, M. Sakamoto and K. Takenaga, Extended supersymmetry and its reduction on
a circle with point singularities, J. Phys. A 38 (2005) 8053 [hep-th/0505132] INSPIRE].

M. Sakamoto, M. Tachibana and K. Takenaga, Spontaneously broken translational invariance
of compactified space, Phys. Lett. B 457 (1999) 33 [hep-th/9902069] [INSPIRE].

K. Ohnishi and M. Sakamoto, Novel phase structure of twisted O(N)¢* model on
MP=1@ Sl Phys. Lett. B 486 (2000) 179 [hep-th/0005017] [INSPIRE].

H. Hatanaka, S. Matsumoto, K. Ohnishi and M. Sakamoto, Vacuum structure of twisted
scalar field theories on MP~1 @ S| Phys. Rev. D 63 (2001) 105003 [hep-th/0010283]
[INSPIRE].

M. Sakamoto, M. Tachibana and K. Takenaga, Spontaneous supersymmetry breaking from
extra dimensions, Phys. Lett. B 458 (1999) 231 [hep-th/9902070] [INSPIRE].

M. Sakamoto, M. Tachibana and K. Takenaga, A New mechanism of spontaneous SUSY
breaking, Prog. Theor. Phys. 104 (2000) 633 [hep-th/9912229] [INSPIRE].

S. Matsumoto, M. Sakamoto and S. Tanimura, Spontaneous breaking of the rotational
symmetry induced by monopoles in extra dimensions, Phys. Lett. B 518 (2001) 163
[hep-th/0105196] [INSPIRE].

M. Sakamoto and S. Tanimura, Spontaneous breaking of the C, P and rotational symmetries
by topological defects in extra two dimensions, Phys. Rev. D 65 (2002) 065004
[hep-th/0108208] [iNSPIRE].

F. Coradeschi, S. De Curtis, D. Dominici and J.R. Pelaez, Modified spontaneous symmetry
breaking pattern by brane-bulk interaction terms, JHEP 04 (2008) 048 [arXiv:0712.0537]
[INSPIRE].

C.P. Burgess, C. de Rham and L. van Nierop, The Hierarchy Problem and the Self-Localized
Higgs, JHEP 08 (2008) 061 [arXiv:0802.4221] [iNSPIRE].

N. Haba, K.-y. Oda and R. Takahashi, Top Yukawa Deviation in Ezxtra Dimension, Nucl.
Phys. B 821 (2009) 74 [Erratum ibid. 824 (2010) 331] [arXiv:0904.3813] INSPIRE].

— 95—


http://dx.doi.org/10.1103/PhysRevD.87.086001
http://arxiv.org/abs/1302.5768
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.5768
http://dx.doi.org/10.1007/JHEP01(2014)065
http://arxiv.org/abs/1309.4925
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.4925
http://dx.doi.org/10.1093/ptep/pts097
http://dx.doi.org/10.1093/ptep/pts097
http://arxiv.org/abs/1209.5150
http://inspirehep.net/search?p=find+EPRINT+arXiv:1209.5150
http://dx.doi.org/10.1103/PhysRevD.88.115007
http://arxiv.org/abs/1301.7253
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.7253
http://dx.doi.org/10.1143/PTP.102.1213
http://arxiv.org/abs/hep-th/9909076
http://inspirehep.net/search?p=find+EPRINT+hep-th/9909076
http://dx.doi.org/10.1016/S0370-2693(03)00575-6
http://arxiv.org/abs/hep-th/0212192
http://inspirehep.net/search?p=find+EPRINT+hep-th/0212192
http://dx.doi.org/10.1016/j.physletb.2003.12.065
http://arxiv.org/abs/hep-th/0311043
http://inspirehep.net/search?p=find+EPRINT+hep-th/0311043
http://dx.doi.org/10.1088/0305-4470/38/37/009
http://arxiv.org/abs/hep-th/0505132
http://inspirehep.net/search?p=find+EPRINT+hep-th/0505132
http://dx.doi.org/10.1016/S0370-2693(99)00555-9
http://arxiv.org/abs/hep-th/9902069
http://inspirehep.net/search?p=find+EPRINT+hep-th/9902069
http://dx.doi.org/10.1016/S0370-2693(00)00724-3
http://arxiv.org/abs/hep-th/0005017
http://inspirehep.net/search?p=find+EPRINT+hep-th/0005017
http://dx.doi.org/10.1103/PhysRevD.63.105003
http://arxiv.org/abs/hep-th/0010283
http://inspirehep.net/search?p=find+EPRINT+hep-th/0010283
http://dx.doi.org/10.1016/S0370-2693(99)00604-8
http://arxiv.org/abs/hep-th/9902070
http://inspirehep.net/search?p=find+EPRINT+hep-th/9902070
http://dx.doi.org/10.1143/PTP.104.633
http://arxiv.org/abs/hep-th/9912229
http://inspirehep.net/search?p=find+EPRINT+hep-th/9912229
http://dx.doi.org/10.1016/S0370-2693(01)01053-X
http://arxiv.org/abs/hep-th/0105196
http://inspirehep.net/search?p=find+EPRINT+hep-th/0105196
http://dx.doi.org/10.1103/PhysRevD.65.065004
http://arxiv.org/abs/hep-th/0108208
http://inspirehep.net/search?p=find+EPRINT+hep-th/0108208
http://dx.doi.org/10.1088/1126-6708/2008/04/048
http://arxiv.org/abs/0712.0537
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.0537
http://dx.doi.org/10.1088/1126-6708/2008/08/061
http://arxiv.org/abs/0802.4221
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.4221
http://dx.doi.org/10.1016/j.nuclphysb.2009.06.024
http://dx.doi.org/10.1016/j.nuclphysb.2009.06.024
http://arxiv.org/abs/0904.3813
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.3813

[62]

[63]

[64]

[74]

[75]

[76]

[77]

[78]

[79]

Y. Fujimoto, T. Nagasawa, S. Ohya and M. Sakamoto, Phase Structure of Gauge Theories
on an Interval, Prog. Theor. Phys. 126 (2011) 841 [arXiv:1108.1976] [InSPIRE].

R.S. Chivukula, D.A. Dicus and H.-J. He, Unitarity of compactified five-dimensional
Yang-Mills theory, Phys. Lett. B 525 (2002) 175 [hep-ph/0111016] [INSPIRE].

Y. Abe, N. Haba, Y. Higashide, K. Kobayashi and M. Matsunaga, Unitarity in gauge
symmetry breaking on orbifold, Prog. Theor. Phys. 109 (2003) 831 [hep-th/0302115]
[INSPIRE].

R.S. Chivukula, D.A. Dicus, H.-J. He and S. Nandi, Unitarity of the higher dimensional
standard model, Phys. Lett. B 562 (2003) 109 [hep-ph/0302263] [INSPIRE].

C. Cséki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Gauge theories on an interval:
Unitarity without a Higgs, Phys. Rev. D 69 (2004) 055006 [hep-ph/0305237] [INSPIRE].

T. Ohl and C. Schwinn, Unitarity, BRST symmetry and ward identities in orbifold gauge
theories, Phys. Rev. D 70 (2004) 045019 [hep-ph/0312263] [INSPIRE].

Y. Abe, N. Haba, K. Hayakawa, Y. Matsumoto, M. Matsunaga and K. Miyachi, 4D
equivalence theorem and gauge symmetry on orbifold, Prog. Theor. Phys. 113 (2005) 199
[hep-th/0402146] [INSPIRE].

N. Sakai and N. Uekusa, Selecting gauge theories on an interval by 5D gauge
transformations, Prog. Theor. Phys. 118 (2007) 315 [hep-th/0604121] [INSPIRE].

K. Nishiwaki and K.-y. Oda, Unitarity in Dirichlet Higgs Model, Eur. Phys. J. C 71 (2011)
1786 [arXiv:1011.0405] [INSPIRE].

C.S. Lim, T. Nagasawa, M. Sakamoto and H. Sonoda, Supersymmetry in gauge theories with
extra dimensions, Phys. Rev. D 72 (2005) 064006 [hep-th/0502022] INSPIRE].

C.S. Lim, T. Nagasawa, S. Ohya, K. Sakamoto and M. Sakamoto, Supersymmetry in 5d
gravity, Phys. Rev. D 77 (2008) 045020 [arXiv:0710.0170] [INSPIRE].

C.S. Lim, T. Nagasawa, S. Ohya, K. Sakamoto and M. Sakamoto, Gauge-Fizing and Residual
Symmetries in Gauge/Gravity Theories with Extra Dimensions, Phys. Rev. D 77 (2008)
065009 [arXiv:0801.0845] [INSPIRE].

T. Nagasawa, S. Ohya, K. Sakamoto, M. Sakamoto and K. Sekiya, Hierarchy of QM SUSYs
on a Bounded Domain, J. Phys. A 42 (2009) 265203 [arXiv:0812.4659] [INSPIRE].

F.J. Petriello, Kaluza-Klein effects on Higgs physics in universal extra dimensions, JHEP
05 (2002) 003 [hep-ph/0204067] [INSPIRE].

S.K. Rai, UED effects on Higgs signals at LHC, Int. J. Mod. Phys. A 23 (2008) 823
[hep-ph/0510339] [iNSPIRE].

N. Maru, T. Nomura, J. Sato and M. Yamanaka, Higgs Production via Gluon Fusion in a Siz
Dimensional Universal Extra Dimension Model on S*/Zy, Eur. Phys. J. C 66 (2010) 283
[arXiv:0905.4554] [INSPIRE].

K. Nishiwaki, Higgs production and decay processes via loop diagrams in various 6D
Universal Extra Dimension Models at LHC, JHEP 05 (2012) 111 [arXiv:1101.0649]
[INSPIRE].

K. Nishiwaki, K.-y. Oda, N. Okuda and R. Watanabe, A Bound on Universal Extra
Dimension Models from up to 2 fb=1 of LHC Data at 7 TeV, Phys. Lett. B 707 (2012) 506
[arXiv:1108.1764] [INSPIRE].

~ 96 —


http://dx.doi.org/10.1143/PTP.126.841
http://arxiv.org/abs/1108.1976
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.1976
http://dx.doi.org/10.1016/S0370-2693(01)01435-6
http://arxiv.org/abs/hep-ph/0111016
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0111016
http://dx.doi.org/10.1143/PTP.109.831
http://arxiv.org/abs/hep-th/0302115
http://inspirehep.net/search?p=find+EPRINT+hep-th/0302115
http://dx.doi.org/10.1016/S0370-2693(03)00553-7
http://arxiv.org/abs/hep-ph/0302263
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0302263
http://dx.doi.org/10.1103/PhysRevD.69.055006
http://arxiv.org/abs/hep-ph/0305237
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0305237
http://dx.doi.org/10.1103/PhysRevD.70.045019
http://arxiv.org/abs/hep-ph/0312263
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0312263
http://dx.doi.org/10.1143/PTP.113.199
http://arxiv.org/abs/hep-th/0402146
http://inspirehep.net/search?p=find+EPRINT+hep-th/0402146
http://dx.doi.org/10.1143/PTP.118.315
http://arxiv.org/abs/hep-th/0604121
http://inspirehep.net/search?p=find+EPRINT+hep-th/0604121
http://dx.doi.org/10.1140/epjc/s10052-011-1786-z
http://dx.doi.org/10.1140/epjc/s10052-011-1786-z
http://arxiv.org/abs/1011.0405
http://inspirehep.net/search?p=find+EPRINT+arXiv:1011.0405
http://dx.doi.org/10.1103/PhysRevD.72.064006
http://arxiv.org/abs/hep-th/0502022
http://inspirehep.net/search?p=find+EPRINT+hep-th/0502022
http://dx.doi.org/10.1103/PhysRevD.77.045020
http://arxiv.org/abs/0710.0170
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.0170
http://dx.doi.org/10.1103/PhysRevD.77.065009
http://dx.doi.org/10.1103/PhysRevD.77.065009
http://arxiv.org/abs/0801.0845
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.0845
http://dx.doi.org/10.1088/1751-8113/42/26/265203
http://arxiv.org/abs/0812.4659
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.4659
http://dx.doi.org/10.1088/1126-6708/2002/05/003
http://dx.doi.org/10.1088/1126-6708/2002/05/003
http://arxiv.org/abs/hep-ph/0204067
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0204067
http://dx.doi.org/10.1142/S0217751X08038548
http://arxiv.org/abs/hep-ph/0510339
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0510339
http://dx.doi.org/10.1140/epjc/s10052-010-1236-3
http://arxiv.org/abs/0905.4554
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.4554
http://dx.doi.org/10.1007/JHEP05(2012)111
http://arxiv.org/abs/1101.0649
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0649
http://dx.doi.org/10.1016/j.physletb.2011.12.061
http://arxiv.org/abs/1108.1764
http://inspirehep.net/search?p=find+EPRINT+arXiv:1108.1764

[80] G. Bélanger, A. Belyaev, M. Brown, M. Kakizaki and A. Pukhov, Testing Minimal Universal
Extra Dimensions Using Higgs Boson Searches at the LHC, Phys. Rev. D 87 (2013) 016008
[arXiv:1207.0798] [INSPIRE].

[81] T. Kakuda, K. Nishiwaki, K.-y. Oda and R. Watanabe, Universal extra dimensions after
Higgs discovery, Phys. Rev. D 88 (2013) 035007 [arXiv:1305.1686] [INSPIRE].

[82] U.K. Dey and T.S. Ray, Constraining minimal and nonminimal universal extra dimension
models with Higgs couplings, Phys. Rev. D 88 (2013) 056016 [arXiv:1305.1016] [INSPIRE].

[83] T. Flacke, K. Kong and S.C. Park, 126 GeV Higgs in Next-to-Minimal Universal Extra
Dimensions, Phys. Lett. B 728 (2014) 262 [arXiv:1309.7077] [INSPIRE].

[84] A. Datta, A. Patra and S. Raychaudhuri, Higgs Boson Decay Constraints on a Model with a
Universal Extra Dimension, Phys. Rev. D 89 (2014) 093008 [arXiv:1311.0926] [INSPIRE].

[85] I. Antoniadis, A Possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377
[INSPIRE].

[86] C. Jarlskog, Commutator of the Quark Mass Matrices in the Standard Electroweak Model
and a Measure of Mazimal CP-violation, Phys. Rev. Lett. 55 (1985) 1039 [INSPIRE].

[87] C. Jarlskog, A Basis Independent Formulation of the Connection Between Quark Mass
Matrices, CP-violation and Ezperiment, Z. Phys. C 29 (1985) 491 [inSPIRE].

[88] K.R. Dienes, E. Dudas and T. Gherghetta, Extra space-time dimensions and unification,
Phys. Lett. B 436 (1998) 55 [hep-ph/9803466] [INSPIRE].

[89] K.R. Dienes, E. Dudas and T. Gherghetta, Grand unification at intermediate mass scales
through extra dimensions, Nucl. Phys. B 537 (1999) 47 [hep-ph/9806292] [INSPIRE].

[90] G. Bhattacharyya, A. Datta, S.K. Majee and A. Raychaudhuri, Power law blitzkrieg in
universal extra dimension scenarios, Nucl. Phys. B 760 (2007) 117 [hep-ph/0608208]
[INSPIRE].

[91] K. Agashe, A.E. Blechman and F. Petriello, Probing the Randall-Sundrum geometric origin
of flavor with lepton flavor violation, Phys. Rev. D 74 (2006) 053011 [hep-ph/0606021]
[INSPIRE].

[92] E.G. Adelberger, J.H. Gundlach, B.R. Heckel, S. Hoedl and S. Schlamminger, Torsion
balance experiments: A low-energy frontier of particle physics, Prog. Part. Nucl. Phys. 62
(2009) 102 [NSPIRE].

[93] T. Appelquist, B.A. Dobrescu, E. Ponton and H.-U. Yee, Proton stability in siz-dimensions,
Phys. Rev. Lett. 87 (2001) 181802 [hep-ph/0107056] [INSPIRE].

[94] R.N. Mohapatra, Neutron-Anti-Neutron Oscillation: Theory and Phenomenology, J. Phys. G
36 (2009) 104006 [arXiv:0902.0834] [INSPIRE].

[95] Y. Kawamura, Gauge symmetry breaking from extra space S'/Zy, Prog. Theor. Phys. 103
(2000) 613 [hep-ph/9902423] INSPIRE].

[96] Y. Kawamura, Triplet doublet splitting, proton stability and extra dimension, Prog. Theor.
Phys. 105 (2001) 999 [hep-ph/0012125] [iInSPIRE].

[97] A. Hebecker and J. March-Russell, The structure of GUT breaking by orbifolding, Nucl.
Phys. B 625 (2002) 128 [hep-ph/0107039] [INSPIRE].

— 97 -


http://dx.doi.org/10.1103/PhysRevD.87.016008
http://arxiv.org/abs/1207.0798
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.0798
http://dx.doi.org/10.1103/PhysRevD.88.035007
http://arxiv.org/abs/1305.1686
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.1686
http://dx.doi.org/10.1103/PhysRevD.88.056016
http://arxiv.org/abs/1305.1016
http://inspirehep.net/search?p=find+EPRINT+arXiv:1305.1016
http://dx.doi.org/10.1016/j.physletb.2013.11.046
http://arxiv.org/abs/1309.7077
http://inspirehep.net/search?p=find+EPRINT+arXiv:1309.7077
http://dx.doi.org/10.1103/PhysRevD.89.093008
http://arxiv.org/abs/1311.0926
http://inspirehep.net/search?p=find+EPRINT+arXiv:1311.0926
http://dx.doi.org/10.1016/0370-2693(90)90617-F
http://inspirehep.net/search?p=find+J+Phys.Lett.,B246,377
http://dx.doi.org/10.1103/PhysRevLett.55.1039
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,55,1039
http://dx.doi.org/10.1007/BF01565198
http://inspirehep.net/search?p=find+J+Z.Physik,C29,491
http://dx.doi.org/10.1016/S0370-2693(98)00977-0
http://arxiv.org/abs/hep-ph/9803466
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9803466
http://dx.doi.org/10.1016/S0550-3213(98)00669-5
http://arxiv.org/abs/hep-ph/9806292
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9806292
http://dx.doi.org/10.1016/j.nuclphysb.2006.10.018
http://arxiv.org/abs/hep-ph/0608208
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0608208
http://dx.doi.org/10.1103/PhysRevD.74.053011
http://arxiv.org/abs/hep-ph/0606021
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0606021
http://dx.doi.org/10.1016/j.ppnp.2008.08.002
http://dx.doi.org/10.1016/j.ppnp.2008.08.002
http://inspirehep.net/search?p=find+J+Prog.Part.Nucl.Phys.,62,102
http://dx.doi.org/10.1103/PhysRevLett.87.181802
http://arxiv.org/abs/hep-ph/0107056
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0107056
http://dx.doi.org/10.1088/0954-3899/36/10/104006
http://dx.doi.org/10.1088/0954-3899/36/10/104006
http://arxiv.org/abs/0902.0834
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.0834
http://dx.doi.org/10.1143/PTP.103.613
http://dx.doi.org/10.1143/PTP.103.613
http://arxiv.org/abs/hep-ph/9902423
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9902423
http://dx.doi.org/10.1143/PTP.105.999
http://dx.doi.org/10.1143/PTP.105.999
http://arxiv.org/abs/hep-ph/0012125
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0012125
http://dx.doi.org/10.1016/S0550-3213(02)00016-0
http://dx.doi.org/10.1016/S0550-3213(02)00016-0
http://arxiv.org/abs/hep-ph/0107039
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0107039

[98] L.C. de Albuquerque and R.M. Cavalcanti, Casimir effect for the scalar field under Robin
boundary conditions: A Functional integral approach, J. Phys. A 37 (2004) 7039
[hep-th/0311052] [INSPIRE].

[99] Z. Bajnok, L. Palla and G. Takécs, Casimir force between planes as a boundary finite size
effect, Phys. Rev. D 73 (2006) 065001 [hep-th/0506089] [INSPIRE].

[100] M. Pawellek, Quantum mass correction for the twisted kink, J. Math. Phys. 42 (2009)
045404 [arXiv:0802.0710] [NSPIRE].

[101] Y. Hosotani, Dynamical Mass Generation by Compact Extra Dimensions, Phys. Lett. B 126
(1983) 309 [INSPIRE].

[102] Y. Hosotani, Dynamics of Nonintegrable Phases and Gauge Symmetry Breaking, Annals
Phys. 190 (1989) 233 [INSPIRE].

[103] H. Hatanaka, T. Inami and C.S. Lim, The Gauge hierarchy problem and higher dimensional
gauge theories, Mod. Phys. Lett. A 13 (1998) 2601 [hep-th/9805067] [INSPIRE].

[104] C.G. Callan Jr. and J.A. Harvey, Anomalies and Fermion Zero Modes on Strings and
Domain Walls, Nucl. Phys. B 250 (1985) 427 [InSPIRE].

[105] N. Arkani-Hamed, A.G. Cohen and H. Georgi, Anomalies on orbifolds, Phys. Lett. B 516
(2001) 395 [hep-th/0103135] [INSPIRE].

[106] Y. Fujimoto, T. Miura and M. Sakamoto, Dynamical generation of mass hierarchy with
point interactions, in preparation.

[107] PARTICLE DATA GROUP collaboration, J. Beringer et al., Review of Particle Physics (RPP),
Phys. Rev. D 86 (2012) 010001 [nSPIRE].

_ 98 —


http://dx.doi.org/10.1088/0305-4470/37/27/012
http://arxiv.org/abs/hep-th/0311052
http://inspirehep.net/search?p=find+EPRINT+hep-th/0311052
http://dx.doi.org/10.1103/PhysRevD.73.065001
http://arxiv.org/abs/hep-th/0506089
http://inspirehep.net/search?p=find+EPRINT+hep-th/0506089
http://dx.doi.org/10.1088/1751-8113/42/4/045404
http://dx.doi.org/10.1088/1751-8113/42/4/045404
http://arxiv.org/abs/0802.0710
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.0710
http://dx.doi.org/10.1016/0370-2693(83)90170-3
http://dx.doi.org/10.1016/0370-2693(83)90170-3
http://inspirehep.net/search?p=find+J+Phys.Lett.,B126,309
http://dx.doi.org/10.1016/0003-4916(89)90015-8
http://dx.doi.org/10.1016/0003-4916(89)90015-8
http://inspirehep.net/search?p=find+J+AnnalsPhys.,190,233
http://dx.doi.org/10.1142/S021773239800276X
http://arxiv.org/abs/hep-th/9805067
http://inspirehep.net/search?p=find+EPRINT+hep-th/9805067
http://dx.doi.org/10.1016/0550-3213(85)90489-4
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B250,427
http://dx.doi.org/10.1016/S0370-2693(01)00946-7
http://dx.doi.org/10.1016/S0370-2693(01)00946-7
http://arxiv.org/abs/hep-th/0103135
http://inspirehep.net/search?p=find+EPRINT+hep-th/0103135
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://inspirehep.net/search?p=find+J+Phys.Rev.,D86,010001

	Introduction
	Lepton flavor structure from point interactions
	Action and configuration of point interactions
	Three generations
	The charged lepton mass hierarchy and tiny neutrino masses
	Flavor mixing angles
	CP phase
	Numerical analysis
	Constraints on KK scale and cutoff scale

	Summary and discussions
	Quark flavor structure from point interactions
	The form of the mass matrix

