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d Flavor mixing

The Flavor mixing was controlled by the configuration of
the extra dimension with restricted form.
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d Flavor mixing

The Flavor mixing was controlled by the configuration of
the extra dimension with restricted form.

3 CP phase

The origin of the CP phase for the leptons and the quarks
is the same: Higgs VEV.

—> CP phase of the leptons can be a prediction after
fitting the CP phase of the quarks !!
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3 SU(2)xU(1) gauge theory on a circle

One generation fermions
Higgs doublet & gauge singlet scalar
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3 Point interactions (Extra boundary points)

* Gauge fields do not feel point interactions.
* Fermions feel several point interactions.
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One generation fermions
Higgs doublet & gauge singlet scalar
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3 Point interactions (Extra boundary points)

* Gauge fields do not feel point interactions.
* Fermions feel several point interactions.

* Higgs & singlet scalar feel one point interaction.
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3 SU(2)xU(1) gauge theory on a circle

One generation fermions
Higgs doublet & gauge singlet scalar

with

3 Point interactions (Extra boundary points)

* Gauge fields do not feel point interactions.
* Fermions feel several point interactions.

* Higgs & singlet scalar feel one point interaction.

3 Impose boundary conditions

compatible with * Sd saugt 1mvariance
% action principle etc.
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7 Gauge fields
* Periodic BC

G(0) =

Oy G(O) 6 G(L)
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3 Gauge fields

* Periodic BC

.

G(0) = G(L)
d, G(O) - G(L)

3 Higgs doublet

* Twisted BC

%

4

H(L) = e“‘)H(O)
dy H(L) = elﬁ’a H(O)

.
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* Dirichlet BC
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3 Triply-degenerated chiral zero modes via
point interactions
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Yr(x,0) =0 Yr(x,L) =0
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3 Triply-degenerated chiral zero modes via
point interactions
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“(Generation

3 Triply-degenerated chiral zero modes via
point interactions

Yr(x,0) =0 Yi(x,L;) =0 Wg(x,Ly) =0 WYr(x,L) =0

'y =1L

y = L

‘-y..=L-' y=0

* Gauge fields do not feel point 1nteract10ns to avoid generatlons
| "> The SItuatlon is consistent Wlth 5d gauge invariance. |
N\ ' g 3 . Y
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3 Triply-degenerated chiral zero modes via
point interactions

[ O O o
Yr(x,0) =0 Ye(x,L;) =0 Ygr(x,Ly)=0 Yr(x,L) =0
3
¥x,y) = ) ) (g ) + (KK — modes)
Jj=1
4-dim. mass ‘ L Mode functions
eigenstates
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3 Triply-degenerated chiral zero modes via
point interactions

Yr(x,0) =0 Yi(x,L;) =0 Wg(x,Ly) =0 WYr(x,L) =0

3
¥(x,y) = ) ¥ (g, () + (KK — modes)
J=1 .
DgVy)=0 (D' = -8, + My)
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“(Generation

3 Triply-degenerated chiral zero modes via
point interactions

Yr(x,0) =0 Yi(x,L;) =0 Wg(x,Ly) =0 WYr(x,L) =0

3

¥x,y) = ) ) (g ) + (KK — modes)
J=1 .
DgVy)=0 (D' = -8, + My)
0 L, 1.32 L3 0 1.31 1.32 Jéa
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3 Triply-degenerated chiral zero modes via
point interactions

Yr(x,0) =0 Yi(x,L;) =0 Wg(x,Ly) =0 WYr(x,L) =0

3

¥x,y) = ) ) (g ) + (KK — modes)
/= ) f
Mg — large Z)‘Lgo y)=0 (D' = -0y + Mr)
g(()l)' g(()z)
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3 Triply-degenerated chiral zero modes via
point interactions

Yr(x,0) =0 Yi(x,L;) =0 Wg(x,Ly) =0 WYr(x,L) =0

3

¥x,y) = ) ) (g ) + (KK — modes)
7= ) i
My <0 D'g’(y) =0 (D' = -0y + M)
: . { .
0 1:/1 1.'/2 I./3 0 L1 L2 1.'13 0 .l.'zl ‘.Lz -£3
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3 Three localized SU(2) doublet zero modes
& Three localized SU(2) singlet zero modes

3 The Robin BC can produce a y-dependent VEV
(@(y)) ~ eM?
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3 Three localized SU(2) doublet zero modes
& Three localized SU(2) singlet zero modes

3 The Robin BC can produce a y-dependent VEV
(D(y)) ~ ™

-

IS0 _- B O )
e ks /0 dy (@O)XH N ()e;)

~N
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3 Three localized SU(2) doublet zero modes
& Three localized SU(2) singlet zero modes

3 The Robin BC can produce a y-dependent VEV

(®(y)) ~ M
m® < m? < m. ( (e) Ly~ A p: (»].)\
: | M@ = / dy (@())H )1 ()
- 0 e . ‘

3 J

|

o | Mass hierarchy !!
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3 Three localized SU(2) doublet and singlet
with y-dependent VEV
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T'ny neutrinomasses 13,

3 Three localized SU(2) doublet and singlet
with y-dependent VEV

7 Large bulk mass produce tiny neutrino masses
M L| ~ IMEL| ~ O(100)

(D))
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T'ny neutrinomasses 13,

3 Three localized SU(2) doublet and singlet
with y-dependent VEV

7 Large bulk mass produce tiny neutrino masses
IMyL| ~ [MgL| ~ O(100)

( i

L ot e N
@My = [ ay @oEe 1 0

P\ y,
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T'ny neutrinomasses 13,

3 Three localized SU(2) doublet and singlet
with y-dependent VEV

7 Large bulk mass produce tiny neutrino masses
IMyL| ~ [MgL| ~ O(100)

m) sm)) sm)) - SRR T TP
oM =/1/0 dy (PW)XH ) vy

P\ y,

|
NH O(0.1)eV masses !!
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3 Twisted BC for the Higgs produce y-dependent
phase to the Higgs VEV.

YF, K.Nishiwaki, M.Sakamoto, PRD 88,115007(2013)
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(14)

_CP phase

7 Twisted BC for the Higgs produce y-dependent
phase to the Higgs VEV.

YF, K.Nishiwaki, M.Sakamoto, PRD 88,115007(2013)

Twisted parameter

0 .
HO)) =( > )e w { H(L) = ¢H(0)

V2
Oy H(L) = elﬂa H(O)
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3 Twisted BC for the Higgs produce y-dependent
phase to the Higgs VEV.

YF, K.Nishiwaki, M.Sakamoto, PRD 88,115007(2013)

7 Each element of mass matrices acquires own
phases through the overlap integrals.

- 7 T S W R
Im(H : o e :
PR = [ ay @GN Y
;) ;) 1 0 e
L L L )
| CP phase !!
0 L, 1:,2 L
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3 The configuration of the point interactions
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

A

0 7@ 1':§L) L L~0
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

A
1(3)
L
0 (L) ; (L) ' (L) E > Y
L L; L; L~0
A
: : !
i - 14 (x9 Y )
: (1)—*
) - A Y !
V(RS) E"’.. VR :“.. VR E o..... R .
.: ------------------ : ....................... . ------------------------- :I-- > y
Of L A L L~0
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

A
1(3)
L
of ;o (L) (L) 5 > Y
L Ly L, L~0
A
: : !
] : . 14 (x,y)
: a @ % (3) |
V(S) E", VR E“. VR : x.. VR E
R '=peun ttisssssmsmsmnmnEnan . ."l-----.---------------: """""""""""""""" P
: - : . > Y
0 L L{® P L~0

Yukihiro F uji;no?o,‘ 2014.06.20 FLASY2014-@ Sussex Univ.



Lepton masses and mixing angles from point interactions : _ i | g@
® e - — ‘ e
Klavor mixing- - | s

3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

ffl'."'.'.'.'.'l'l'.'l'.'."ll
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

| i
V| &
@ | i
L v, !
T FETEERE J Py
0| (= 1 D 1.0 0
L(()R)L(()L) JAANASD L{® L, L~0
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

| i
V| &
@ | i
L v, !
T FETEERE J Py
0| (= 1 D 1.0 0
L(()R)L(()L) JAANASD L{® L, L~0

The overlap of

(1) (2)
[ N and Ve
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

frrrrrrrrrrrrrrrrr

The overlap of

(1) (2)
lL and Ve

)
m12
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

ffr.‘".‘.‘.'l'l‘l‘l'l'.'"ll

O I A : A L -
LBy @) LgR) LgL) LgR) L; ) L~0

The overlap of The overlap of

(1) ©) (2) (3)
lL and Ve lL and v
(v) (v)
m m
12 23
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

.............

O g . A : A L -
L(()R)L(()L) LgR) LgL) LgR) L; ) L~0

The overlap of The overlap of The overlap of

lf’) and vg) lI(j) and vg) lf) and vg’)
(V) (V) (V)
m m m
31 12 23
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

v) _ %V) (v)
s ?v) 22 m%%
m31 O m33
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

Source of
flavor mixing !!

" Yukihiro Fujimoto, 2014.06.20 FLASY2014-@ Sussex Univ.
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

(1)
VR
(3)
L
e — . — _ sy
0 LGOL® AR A A r{® Ly" L~0
>
%
(v) 0 0
%1
M(V) — m V) m(V) m(V)
1 22 3
%V) 0 m%v)
31 33
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3 The configuration of the point interactions

* In general, the positions of the point interactions can
change with respect to the fermions.

(1)
VR
(3)
lL
- — S = _ Y
0 LSR)L(L) RN AR A L{P RS L~0
0 1 1
'
) We can’t fill up
) %4
m % : 0 | all the elements !!
) % ) %4 ) 4
1 22 %3
%V) 0 m V)
31 33
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I More parameters than the physical quantities
does not imply that we can always reproduce
the experimental values.

—> Geometry restricts mass matrix forms !!
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# of Parameters

I More parameters than the physical quantities
does not imply that we can always reproduce
the experimental values.

—> Geometry restricts mass matrix forms !!

7 parameters: 14

My M, M, ——Bulkmassx3
;O O o o ,
0 1 9 — Point interaction for doublet
(v) (V) v)
L, L L, —— Point interaction for v-singlet
Lf)e) Lie) L;e) —— Point interaction for e-singlet

1™ Qe —— Yukawa coupling x 2
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# of Parameters PA. s g

I More parameters than the physical quantities
does not imply that we can always reproduce
the experimental values.

—> Geometry restricts mass matrix forms !!

7 parameters: 14 3 Physical quantities: 10
Mj, M, M, m)(/l) m)(/Z) m)(,?))

L(l) L(l) L(l)
0 1 2
L(V) L(V) L(V)
0 1 2

me m” mT

SiIlle Siﬂezg Sin013
L L LY
0 Ocp
A1) qte)
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P T (1]
Leptonsector -~ =~ .

- — L3 _. . , . —
4 Y/ dy <<I><y>><H<y>>\If 7
& i | y
* neutrino - sector
(I Lo L ((I)(Y));

1\

T (H (§))

* electron - sector
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Lepton sector BT s

4 7 &5 - N )
. & , b e /
maa~ Yoa [ dy (@) (H(y) 'S
.\ 4 0 - : | )
. neEtrmo - sector
' * Three generations
via point interactions.
: : . : >y
0 EL(()Z) ELgl) ELg) L E
* electron - sector
.
0 Lffl) ig” L0 3 Y
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_Lepton sector BT s

p - FE — — —
: i : - ¥ ./
msa~ Yaa | dy (@) (H@) T
& v _ e P
. neEtrmo - sector
Vi * Three generations
Yir via point interactions.
0l L& &) g

* electron - sector
A

>Y

0 L L LY L
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s (1]
Lepton sector BT s

- . . . )
L3 .

‘Mg ~ Yaa / dy @(ymﬂ(yw v

\3 /

* Three generations
via point interactions.

* Lepton mass hierarchy
from y-dep.VEV of the
singlet scalar.

* electron - sector
A

€R

>Y

olzd 1 1 L0 1O L i
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Lepton sector BT . {1

g i | i . )

Ls . - T
Mg~ Y5d/ dy (®(y))(H(y)) ¥’ @
* neutrino - sector\ | g

Vo + 1 - E * Three generations
: via point interactions.

* Lepton mass hierarchy
from y-dep.VEV of the
singlet scalar.

>y % Large bulk masses to
produce tiny neutrino
masses
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Lepton sector BT s

- 3 B ‘ ' )
L3 .

g ~ Y/ dy @(y»m(yw v’

* neutrino - sector

* Three generations
via point interactions.

* Lepton mass hierarchy
from y-dep.VEV of the
singlet scalar.

>y % Large bulk masses to
produce tiny neutrino
masses

* Diagonal components
might be compatible
with off-diagonal one.

—> Large mixing
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s (17
Lepton sector BT s

g : T . 0
L3 .

m@ ~ Yaq / dy @(ymﬂ(yw 2
* neutrino - sector\ | g

* Three generations
via point interactions.

Im(H (g)) * Lepton mass hierarchy
: from y-dep.VEV of the
singlet scalar.

] ] , ¢y * Large bulk masses to
0l 1) 70 ©) 10 @) 1O - Y
Ly’ L L") L Ly’ Ly L : produce tiny neutrino
: masses

* electron - sector

1 * Diagonal components

might be compatible
- with off-diagonal one.
Im(H (y)) —> Large mixing
TR ;
* CP phase from
. (H(y)) via the twisted BC
: > Y
0 L
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P w1y
Lepton sector BT . U

¢ : L3 . : | . i
g Y5d/ dy <<I><y>><H<y>>\If \P
& 3 y
* neutrino - sector
(I Lo L (P(y)),

* Three generations
via point interactions.

V.U'R

1\

Im(H(g)) * Lepton mass hierarchy
: from y-dep.VEV of the
singlet scalar.

- : >y % Large bulk masses to
Ol ) 7@ 0 @ 7@ :
Lyt Ly L} 1Ly Ly’ L, L : produce tiny neutrino
: ' ' masses

* electron - sector

* Diagonal components
might be compatible
with off-diagonal one.

—> Large mixing

* CP phase from
(H(y)) via the twisted BC

>Y

——— - m— — m— - — — —
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Lepton sector PR . (1)

3 Typical example

mi") = 0.0092 eV m; = 0.013 eV m3 = 0.018 eV

me = 0.519 MeV , m, =106 MeV , m, = 1778 MeV

sin 0,5 = 0.333 , sin® 6,3 = 0.435 , sin’6@;3 = 0.0239
Jiepton = 0.0214 (siné = 0.607).

Yukihiro F uji;no?o, 2014.06.20 FLASY2014-@ Sussex Univ.
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‘Conclusion and Discussion 12

Sd gauge theories on a mrcle

with pomt interactions

The low energy effective

theory
— . 4d gauge theorles . T
Generatlon b CP phase

‘Mass Hlerarchy Flavor mlxmg
T|ny neutrmo masses

& g . y . g . )
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'Conclusion and Discussion 20,

Challenges for the future

* Point interactions from dynamics...?
* Application to Gauge-Higgs Unification...?

* Application to GUT...?

* Radion stability with point interactions <— comming soon 12
ofe POint interaCtiOHS on Wﬁl’p@d mEtriC <— currently underway.

* FCNC phenomenology

Yukihiro Fujimoto, 2014.06.20 FLASY2014-@ Sussex Univ.
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Back up
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Results

m,, = 0.0092 eV, m,, = 0.013 eV, m,, = 0.018 eV,
Melectron = 0.519 MQV, Mmuon = 106 MGV, Mtau = 1.778 GGV,

Sin2 012 — 0333, Sin2 023 — 0435, sin2 013 — 00239,
Jiepton = 0.0214 (sin & = 0.607).

Om? Am?
\/5m2(cxp.) — 103’ \/AmQ(cxp.) - 0285’

melcctron . 1 02 mmuon . 0 995 mtau
- . ) . ’

(exp.) (exp.) (exp.)
electron muon tau

— 1.00,

sin? 61 sin? O3 sin? 0,5

22— 1.08 - 1.02, B 1.02,
sin® 05" sin® By, " sin® 6, "

Yukihiro Fujimoto, 2014.06.20 FLASY2014-@ Sussex Uniy.
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Parameters - 5 ol Q

LS = 0.2565, ' =o05776, LYY =0.9432,
L) =o0.08240, LW =0.3909, L) =0.7317,

~ ~

L\ = 0.277, L) = 0.49, L) = 0.79,

M, =-136.9, My =112.1, Mg = —2.00,

1

My = 8.67, Ao = 0.001, = —6.07, — = 8.69, 6 =3,

1
L. L_

~

YN = —0.0000309 — 9.15 x 10754, VYE) — _0.00309 — 0.000915 4

VIV = 0.00568L and /|Y®)| = 0.0568L.
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uark sector -

(- T T _ T : =)

* up - sector
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Quark sector - T .

( 7 L L " 2 e \
3 .
‘Mg ~ Yaa / dy (@(y)) <H(y)>q, v
* up - sector
 tr
* Three generations
via point interactions
0 li(()u) ng:,,) Lg,l) L:(iil,) >

* down - sector

> Y

LY
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Quark sector - T o =3

( e v " " \
L3 .

Mg ~ Yia /0 dy <q>(y)><H(y)>q, ’

* up - sector

* Three generations
via point interactions

0

* down - sector
A

1'-1 gq)
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Quark sector - T )

- = - . ' )
L3 .

Mg ~ Y/ dy @(y»m(y»qf ’

* up - sector

* Three generations
via point interactions

* Mass hierarchy from
(®(y)) via the Robin BC

> Y

a :
ol r{® L@ @ L@ L@ L@
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Quark sector - T )

(- : . . ; . 5
L3 .

W e Y/ dy @(y»m(y»qf ’

* up - sector

* Three generations
via point interactions

* Mass hierarchy from
(®(y)) via the Robin BC
o N . Y 5 CP phase from
0 () (w) ' (@) (u) ) (@)} 7 (u) p
Lo Ly Ly L;” Ly L' : Ly (H(y)) via the twisted BC
* down - sector :
A
Im(H (y)
0 igq) >
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Quark sector R =)

% : — . D
L3 o - x

iy S Y5d/ dy (®(y)(H(y))¥'¥

up - sector = y,

* Three generations
via point interactions

* Mass hierarchy from
(®(y)) via the Robin BC

0 * CP phase from

(H(y)) via the twisted BC

* Mt>Mpyp
from the configuration

* down - sector
A

> Y

ol i L@ L L@ L@ @
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Quark sector -

T Numerical results

(ours) (ours)
m m
(oo = 0.897 oo = 0.978
mup . mcharm
(ours) (ours)
m
ey =102 eI = o7
M Gown mstrange
v/ (ours) - 0.997 1.06 0.906 |
(Zflf) — | 1.06 0.997 0.902
Vexm | 0.957 0.900 1.00

(ours)

mbottom — 1.00

(exp.)
mbottom

J(ours)
= 0.865

J (exp.)
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3 Delta function potential
A0(y)
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Point interactions

3 Delta function potential
A0(y)

3 Infinite square well

Infinite well can be recognize
as point interactions.

Yy
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3 Orbifold fixed point

— — Fixed [?OilltS can .be
recognized as point
¢ | Intearctions.
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Point interactions | o)

3 Orbifold fixed point

. — Fixed l?oints can .be
recognized as point
¢ | Intearctions.

7 Zero-thick brane

Zero-thick brane can be recognized
=P .5 point interactions in field theories.
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Point interactions = L

3 Orbifold fixed point

. — Fixed l?oints can .be
recognized as point
¢ | Intearctions.

3 Zero-thick brane
y

Zero-thick brane can be recognized
== s point interactions in field theories.

V €

+—>

€ < LPhys

7 Effective theory —

>y
Lpnys
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7 Point interaction is described by BC'’s.
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7 Point interaction is described by BC'’s.
* Conservation of the probability current

- (0+) = 5(0-)

y
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Point interactions | o)

7 Point interaction is described by BC'’s.
* Conservation of the probability current

[ j-(0+) = j(O—).} —
l
* General boundary condition for 1d QM
(U -1 ( $§g+g > +iLo (U +1)os (gjggfg ) =0

dvy) )

dy

[1] M. Reed and B. Simon, Methods of modern mathematical physics Il
: Fourier analysis, self-adjointness. 1975.

[2] P. Seva, J. Phys. 36 (1986)667—673.
[3] T. Cheon, T. Fulop, and |. Tsutsui, Annals Phys. 294 (2001) 1-23,

(UeU(@2),y =

Yukihiro F uji;no?o, 2014.06.20 FLASY2014-@ Sussex Univ.



Lepton masses and mixing angles from point interactions ; _ Lo | | |
Point interactions | o)

¢ Point interaction
(i) o-type BC
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¢ Point interaction
(i) O-type BC : U = *(913)ei(0—3F)on
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¢ Point interaction

(i) o-type BC : U = e

@ - (

¥(0+)
¥(0—)

i(6+3) gi(6—F)o

) +1Lo(U + 1)o3 ( ﬁiggfg ) =0
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¢ Point interaction

(i) o-type BC : U = e

@ - (

{ ¥(0+)
¥’ (0+)

¥(0+)
¥(0—)

v

i(6+3) gi(6—F)o

) +1Lo(U + 1)o3 ( ﬁiggfg ) =0

= % (0—)
— ¢'(0—) = — - tan @ ¥(0+)
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¢ Point interaction
(i) o-type BC
(i) Dirichlet BC ( Infinite square well )
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¢ Point interaction
(i) o-type BC
(ii) Dirichlet BC ( Infinite squarewell) : U = -1
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¢ Point interaction
(i) o-type BC
(ii) Dirichlet BC ( Infinite square well) : U = —

(U—-1) ( iggi; ) +iLo(U + 1)o7 ( 3%83 ) =0
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¢ Point interaction
(i) o-type BC
(ii) Dirichlet BC ( Infinite square well) : U = —

-

¥(0+)
%(0-)

v

) +tLo(U + 1)o3 ( wgfg ) =

¢(0+) = 0 = ¥ (0—)

Yukihiro F uji;no?o,‘ 2014.06.20 FLASY2014-@ Sussex Univ.



Lepton masses and mixing angles from point interactions y _ oy | | |
Point interactions | )

¢ Point interaction
(i) o-type BC
(i) Dirichlet BC ( Infinite square well )
(iii) Periodic BC :
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¢ Point interaction
(i) o-type BC
(i) Dirichlet BC ( Infinite square well )
(iii) Periodic BC : U =0
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¢ Point interaction

(i) o-type BC

(i) Dirichlet BC ( Infinite square well )
(iii) Periodic BC : U =0

@ -

¥(0+)
¥(0—)

) +tLo(U + 1)o3 ( ijggfg ) =0
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¢ Point interaction
(i) o-type BC
(i) Dirichlet BC ( Infinite square well )
(iii) Periodic BC : U =0

@ -1 ( 368 ) +ite@+ves ( 501 ) =0

{ ¥ (0+) = ¥ (0-)
¥’ (0+) = 4’ (0-)
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¢ Point interaction
(i) o-type BC
(i) Dirichlet BC ( Infinite square well )
(ii1) Periodic BC
(vi) Anti-periodic BC
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3 Point interaction is described by BC'’s.

3 The low energy effective theory (zero mode) Is
sensitive to the BC'’s.

® 4 parameters (scalar)
_ ¢ »
O 1 parameters (scalar) the Robin BC

- D(y;) +rid, ®(y;) =0

0 No parameter (spinor, gauge)
Dfayi) = gn(yi) = 0
-or
'@ gn(yi) =fu(yi) =0 ]
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A M* x Interval

~N o

o
0
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A M* x Interval

~N o

o
0

7 M*x S' with point interaction
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A M* x Interval

(¢ 0
0 L
% Action

L _
S = /d4x/ dy ¥Y(x,y)(@y"d, + iy’ 0, + Mp)¥(x,y)
0
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_Chiral fermion . , T

A M* x Interval

(¢ 0
0 L
* Action

L _
S = /d4x/ dy ¥Y(x,y)(@y"d, + iy’ 0, + Mp)¥(x,y)
0

% Boundary conditions (BC’s) (¥ = Yg + Y1)
‘I’R(xay)=0 or lI,L(xa.Y):O @] y=OaL
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_Chiral fermion . , T

A M* x Interval

° o
0 L
% Action
L _
S = /d4x/ dy ¥Y(x,y)(@y"d, + iy’ 0, + Mp)¥(x,y)
0

% Boundary conditions (BC’s) (¥ = Y + Y1)
Yr(x,y) =0 or Yr(x,y) =0 @ y=0,L

BC’s are obtained from the action principle, etc. .

; '55 = () =mp (E.O;M)°+(Surfage term ‘i’jg"I’L = 0.

. J
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L —
S = /d4x/ dy ¥Y(x,y)(@y"o, + iy’ 0y + Mr)¥(x,y)
0
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L —
S = /d4x/ dy ¥Y(x,y)(@y"o, + iy’ 0y + Mr)¥(x,y)
0

4d mass eigenstates

| |
Yx,y) = ) (W00 0) + v (0)ga ) )
| |

n

Mode functions (Complete sets)
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L —
S = /d4x/ dy ¥Y(x,y)(@y"o, + iy’ 0y + Mr)¥(x,y)
0

n

Y,y) = ) (W0 fa0) + 9 (020 0) )
| |

/
Z)Jf Df, — m2 n og0
{ Ju¥) = my, fu(y) ® boundary conditions

DD g, (y) = m? g, ()

Z)an + Mg
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L —
S = /d4x/ dy ¥Y(x,y)(@y"o, + iy’ 0y + Mr)¥(x,y)
0

Y,y) = ) (W0 fa0) + 9 (0)ga ) )
{ D Dfu(y) = m2 f,(y)
DDy (y) = m2 ga(y)

Z)an + Mg

® boundary conditions

{Z)Tgn()’) =mp fu(y)
Dfun(y) =my gn(y) «—

QM SUSY relation
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_Chiral fermion AR

L —
S = /d4x/ dy ¥Y(x,y)(@y"o, + iy’ 0y + Mr)¥(x,y)
0

Yx,y) = ) (W) fa ) + 9 (0)ga ) )
{ D Dfu(y) = m2 f,(y)
DDy (y) = m2 ga(y)

Z)an + Mg

® boundary conditions

{Z)Tgn(.)’) =mp fu(y)
Dfun(y) =my gn(y) «—

QM SUSY relation

n=1

= /d4x ( (massless zero mode) + Z W (x)(@iy" 0, + my) '™ (x)
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Chiral fermion

et Y.

L —
S = /d4x/ dy ¥Y(x,y)(@y"o, + iy’ 0y + Mr)¥(x,y)
0

[

(- % )
Yr YL
my |-l
my |- »
Zero mode...?
0 9;!.: o
\. J

(massless zero mode) + Z Y™ (x)(@y" o, + my) w'™ (x)

n=1
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Chiral fermion . et ®

3 Zero mode solution

{ Dfo(y) = mogo(y) =0

Do) = mofo(y) =0 <~

G

QM SUSY relation

(D=0, +Mp ,D" = -8, + My)
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3 Zero mode solution

{ Dfo(y) = mogo(y) =0
DTgo(y) = mofo(y) = 0 20(y) oc eTMFY
(D=8, + Mp , D" = -8, + My)

Jo(y) go(y)

with Mg > 0 with Mg > 0

Ly
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7 Spectrum
o y o
Yr(x,0) =0 Yr(x,L) =0
or or
‘I’L(xa O) =0 ‘I’L(xa L) =0
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Chiral fermion . et ®

7 Spectrum
Y
o - o
Ye(x,0) =0 - 1) . We(x,L) =0
or or
‘PL(xa O) =0 ‘I’L(x9 L) =0
type (1)
my
t+ Yr Yo
My fro @Y
m; Q@
0 @
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Chiral fermion

7 Spectrum
Y
o - o
Ye(x,0) =0 - 1) We(x,L) =0
or or
‘PL (xa O) = i ‘I’L(x9 L) =0
(ii)
type (i) type (ii)
m, my
Yr YL + YR YL
mo  — my ® @
mi | — mi ® @
0 o 0 O
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Chiral fermion . et 9

7 Spectrum
Y
o : o
Yr(x,0) =0 - M) . Wr(x,L) =0
or >@: or
‘PL (xa O) =0 - e ” ‘I’L(x9 L) =0
(ii)
type (1) type (ii) type (iii)
my my, m,

Yr YL v YR YL v YR YL
msy -G My |- @@ Py — —
mi Q@ mi ® @ mi | —

0 o 0 O 0
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Chiral fermion . et 9

7 Spectrum
Y
o : o
Yr(x,0) =0 - M) . Wr(x,L) =0
or >@: or
‘PL (xa O) =0 - i g ‘I’L(x9 L) =0
(ii)
type (1) type (ii) type (iii)
my my, m,

Yr YL v YR YL v YR YL
msy -G My |- @@ Py — —
mi Q@ mi ® @ mi | —

0 o 0 O 0
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7 Spectrum
Y
o - o
Ye(x,0) =0 - 1) . We(x,L) =0
or >@: or
¥, (x,0) =0 ° i . W, (x,L) =0
type (1) type (ii) type (iii)
my my, m,
Yr YL v+ YR YL v+ Yr YL
msy -G My |- @@ Py — —
~m @@ |Chiral theory!!mn e @
;.0‘ " 0 . : - | ‘0'.' | B,
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3 The Robin BC can produce a y-dependent VEV

y
o o)
0 L

L
A
S = /d4x/ dy ®°(8"3, + 8} - M*)® - — (@ @)’
0
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3 The Robin BC can produce a y-dependent VEV

y
o o)
0 L

L
A
S = /d4x/ dy ®°(8"3, + 8} - M*)® - — (@ @)’
0

+ Robin boundary condition

P0) + Li0y®(0) =0  _ 1 < oo
®(L) - L_d,®(L) = 0 -
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3 VEV of the scalar

L
A
Vid = / dy [qﬁ‘(—aj + M?*)® + E(qﬁ‘q))z]
0
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3 VEV of the scalar

L
A
V4d = / dy I:(I)i‘(—aj% —+ Mz)(I) —+ E((I).;‘(I))zjl
0

|

Find a solution to 6V, =0 :

(=0 + M*)®(y) + A Py)|*®(y) = 0
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3 VEV of the scalar

L
A
Vid = / dy [qﬁ‘(—aj + M) + —(cb?‘cp)z]
0

2
Find a solution to 6V, =0 :
(=0 + M*)®(y) + A Py)|*®(y) = 0
+ Robin boundary condition

P0) + Li0y®(0) =0 _ <1 < oo
®(L) — L_0,®(L) =0 -
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3 VEV of the scalar

(type-i)
O(Yy) = p—

A 2
(i3 —v0)s k) p=Cas i P9
CH(M+\/§(y—yo)ak) ]&—'ui_“z—
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3 VEV of the scalar
Parameters which are determined by BC’s

o
|
A 2
SH(IH-\/;(U — Y0), k) pe= Tz 1-29

M4

( type-i)
d(y) = p—

CH(M+\/§(y—yo)ak) k25'u?|‘_“2—

i
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3 VEV of the scalar
Parameters which are determined by BC’s

( type-i)

|
Ala M2 ANQ
SH(HJ+\/;(?J Yo), k) pr=—1k4/1-—2)
P(y) = p— = , ’ ¢ M
Cn(u+\/;(y — Yo), k) e
H
( type-ii )
4 _ M? 4xQ)|
o(y) = v , u:7(1+\/1+ o)
en(y/2 % — v0), k) ey e
I/:T( 1+ — — 1)
e M
u2_|_y2
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3 VEV of the Higgs
* Twisted BC

JT

0 \ iz
(H(Y))=(v/‘/§)eﬂ
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3 VEV of the Higgs

* Twisted BC
Hy = "o |t
v/ V2
Im(H(y)f)
gtL()’)
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_CP phase

3 VEV of the Higgs

* Twisted BC
Hyy=( ")
/[ V2
[mfl,l-) = A

. )
| a4 @onmne? 01al o)
0 K e .

J
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_CP phase

3 VEV of the Higgs
* Twisted BC

(H(y)) = ( V/Oﬁ )ei

JT

Y

(

’ L T e
mit = [ ay @HE 010 0)
| 0 e .

~

J

CP phase !!
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