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Introduction

Standard Model (SM) is established as an effective theory below
the electroweak scale

® Baryon asymmetry in the universe
Beyond the SM ® Existence of the dark matter
phenomena ® Inflation
® Neutrino oscillation

The Higgs sector still has many mysteries

-+ Guiding principle, Number of the Higgs bosons, Hierarchy problem, etc.

Higgs physics = Stepping stone to the new physics

Top-down approach: SUSY, gauge-Higgs, composite, ...

Bottom-up approach: Two-Higgs-Doublet Model, Effective Field Theory, ...
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Two-Higgs-doublet model (2HDM)

® 2HDM : SM + additional Higgs doublet

1= wi G2 = wi
% (v1 + h1 +i21) ’ % (ve + ho + iz2)

The EW VEV is shared by ¢, ¢, : v? + v2 = v? ~ 246 GeV -2

tanfg = —
U1

Y

® Conventional assumptions

 softly broken Z, symmetry — Flavor changing processes are avoided
e CP invariant Higgs potential = EDM can be avoided, ...

« Custodial symmetry — p parameter is consistent with experimental data

Earlier work : Realized by extending the electroweak symmetry
[T. Abe, Y Omura, JHEP 08 (2016) 021 arXiv:1606.06537]

Our work : Realized by extra dimensions without Z, symmetry
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Z, symmetry

[Glashow, Sheldon L. and Weinberg, Steven, PRD15 (1977)]

Fermions couple to ¢4, ¢, cause the flavor changing processes

Yiis @5 ¢ dp + yiis. @b ¢2 d + hoc.

Solutions :

Our idea:
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— dym'id}, + i, (hg}) + Hoj + Agi) di

Ve, % Viy, — aligned 2HDM

yclljd)1 or ycll](l)2 =0 - Z, symmetry

WO W@ WO WO
1 @u @ x (v

J’quk G yi{qbl is realized by the small overlaps of the

4 types of the 2HDM

wavefunctions in extra dimensions
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Higgs potential

Higgs potential in the 2HDM ¢4, ¢, have opposite Z, parity

V(91,92) = mio|6, +mighs, — (miols, +hec.)

+A(B181)? + 5 2a(6502)” + Xa(8161)(6402) + Ma(6102)(8L6)

(3200812 + Aa(0len(al8,) + Arlolén(@15) + he.

Masses of the additional Higgs bosons H, H*, A

2
v
m2. = M? — ) A+ Xs)  m3 =M2—v2)\; , my, : complex
2

M2= 3 -+ Softly breaking scale of the Z, symmetry
sin 3 cos 3 ?

Softly broken Z, symmetry — Extra dimensional physics
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Field Localization by a kink

[N. Arkani-Hamed, M. Schmaltz, Phys.Rev.D, 61:033005, 2000]
Background kink 5D spacetime : (x,,y )

(% (Om8)* — /\72 (8% - ’02)2) . 8(y) = vtanh[\o(y — )] ~ 2p*(y — 1)

1

LS=M
zs5

Fermions coupled to the kink are localized on the extra dimension

Lo=T[if, +i7°0, — ST | ¥=> ¢hxy)xt(zs)+ > V7(zp) Xn (5)
n=0 n=0

{ (=8, — S)) X (¥) = M X (v) { VPO = M}
(+0y — S(¥)) xn (¥) = mnXx;t (v) iy NTE = mpY

2
B (—02+4u*(y — 1) F 21%) xE (v) = mE"XE (v) W
2/1,2 1/4 2 2
Massless chiral mode : xg (¥) = (7) e # =l s / y
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Higgs couplings in the 5D case

Zero-mode wavefunctions

¢? $2, ug
@2, d3,up :localized on the y coordinate
1/u
L ¢? and ¢ are separated l
qL ) \ / > .
g : Flat wavefunction in the extra dimension J 7

Effect on the Yukawa couplings
212 % I 1 I
®  Yug) = Yugs (%) / das e (o~ 1T =y o lexp (_5“212) i

A e
2[.L2 2 2.2 2.2
®  Yugy = Yugy (T) /d$5e W T =yl 40

Yugg _ Yusg! (1
yufﬁg yungl

1/u : width of the wavefunction

___________ [ : distance of the wavefunctions
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Higgs couplings in the 5D case

Effect on the Higgs potential

V(60,69) = mio]' 6} + m3gg 63 — (m3ef' 43 + hc.)
(8807 + x5 62 + xs(63 62 (631 69) + M6 62 (437 42)

- (%A5(¢?*¢3)2 + 26(6 99)(69'69) + Ar(49'89) (41 63) + h-c-)

Couplings in the Higgs potential are exponentially suppressed

______ 0 .

/22 2 2 2.2 : 12,2 q§1 ¢21uR
m§=M§ L/dx5 e_# (y—=1) e—uy =M§:e—§ul :
Tr ——————

1/u
212 o2 (V2 0202 22 qL [
)\3:,\éi dm5e2“(y ) e—21"y =/\;’3:e“l : N
~J T TTT / \_ 7 N wé

Configuration on the extra space

Additional Higgs bosons are too light =» Go to 6 dimensions !!
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Field Localization (6D)

6D Fermions are also localized by same method

Ly =T (iT"0u —y1Si1(y) — M) ¥ « 8-component spinor

Boundary conditions :  (i¥/T°T*¥ + h..) L, =0, (19'T°r%w + h.c.) L, =0
Yy==TLy A=l

Only one massless chiral spinor appears

¥ is decomposed into 4x2-component chiral spinors : Y1r, Y1z, Y2r, Yar

x, : Free-field equation

y : Equation with a kink} Y% only has a chiral zero-mode by

z : Free-field equation the suitable boundary conditions

1 /22\YY L M
¢3R:\/2T(::) e~ 1 (¥—1w)* \where l\yzﬁ

6D scalars are also localized as a band on extra dimensions
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Higgs couplings in the 6D case

Zero-mode wavefunctions (—Ly L) ¢ up (Ly, L)

@3, up : couple to S;(y) — Localized on y coordinate = Un =
B 2

@3, d? : couple to S,(z) - Localized on z coordinate |
Ly,

g.: Flat wavefunction in the extra dimensions

] dr
1/u : width of the wavefunction

. . . (_L a_Lz) (L 7_Lz)
Ly, L, : sizes of the extra dimensions ! ’

Yukawa couplings Small overlaps of the wavefunctions — exponential suppression

9 +1/2ep 2l2 :
yu¢0 = y;d)o (6#)2 ( M ) /dy e—p2(y—lu)2e—u2y2 / dz = u¢0 (6,U)| exp | ———— :
! —1/2ep 2 :

T

=

l
2 —
yuqbo yuqbo (6“)2 ( :: ) /dy e_l"z(y_l”)z /dz e_ﬂzzz = y;fﬁg 27!'/1,262
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Higgs couplings in the 6D case

Z, parity assignment Kink coupling assignment
$1 ¢2 |qr lp |ur dr er ¢ #3 |qr 1) |up dp ep
TypeI | + — | + + | — - Type-I | §1 S S ST 5
Type-II + — + + — —+ + Type-II S1  Se S So  Ss
Type-X | + — |+ + | - — + Type-X | §1 S S1 S S
Type-Y | + — | + + | — + - Type-Y | §1 S, S S 5

Wavefunctions of ¢! and ¢9 are overlapped

— Couplings in the Higgs potential are not exponentially suppressed

2 No Z, symmetr
m3 = Mg(fli)\/ 2% /dy e MY’ /dz e H = V2meM? 2 Y /

— general Higgs potential

2¢2 with 15 and 4, terms

_ 9,242 _ou?,? 2 .
Aj =N /dye ”‘y/dze e = Ni(ew)® (j=3,4,5)

_______________________________________________________________________________
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Summary

® \Ve discuss how to reproduce the viable Higgs couplings in the

2HDM without imposing the Z, symmetry.

® By localizing the right-handed fermions and Higgs doublets on the
extra dimensions using the kink, we can avoid the dangerous

flavor changing processes.

® In the 6D case, 4 types of the 2HDM is classified by the kink
coupling assignment. In contrast to the 2ZHDM with Z, symmetry,

the A4, 1, terms are also allowed in the Higgs potential.
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6D gamma matrix, spinor decomposition

6D gamma matrix

M=7"0c!  I'=~4'Qc¢! (i=1,2,3) , T"=ir’Qc! , I*=il;®0*
1+I7
6D chiral operators Py = —— ; I'" = rorir2r3pdrsre
_ 1+T' /R 5
4D chiral operators P /g = —y F'pr=7"®1I

Chiral decomposition of the 8-component spinor

The above operators are commutable since r, Ir/L] =0

) (o) (o) (0

Pr/PrV =P, Pg/,[ ¥V = , :

o) Vo) Uo) \ewy
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6D Dirac equation with kink

6D Dirac equation with a kink is decomposed as follow
Lo =T (T"0u —y1Si(y) — M) ¥

» — [y#8u#0, — 0,0y — 8.0, + (M + y151(y))?*] ¥4 — 117°(8,81(y))¥— =0
— [0, "8y — 0y8y — 8.0, + (M +y151(y))?] ¥ — 417°(8,81(y)) ¥4 = 0

Basis transformation enables the separation of variables

Wip= (U 0 )/V2
x, , z direction : (8”0, +m+m?2)y =0, (82+m2)g=0

 dir (02 — (2u3 (y — 1w)? + 203 +m2) firar(y) =0 -.m2 =4ug(n, +1)
| @2 - @ul (- 1w)? - 2u] +md) fiLor(y) =0 .m]
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Higgs couplings in the 6D case

Zero-mode wavefunctions (—L,.L.) & wp (Ly, L)
2 2\ 1/4
P9 : VEr (L) exp [—,u2y2] with m? = M} + 2u?
" ] || G2
2’“2 /4
$5 : ep (—) exp [—u2z2] with m3 = M3 + 2> ly
T
2 2 1/4 . = dr
ul i \Jep (%) exp [—uz(y - lu)2] with miR =0 I
—L,,—L, Ly, —L.
qg : €u with mgL =0 Ly ) ( )
. . —6 _
Yukawa couplings with ¢} and ¢? About 107 for ul = 5
! N |
2/12 2 2 2 2, 2 +1/2ep 2l2 1
= 2 = —1 (y=lu)” =1y — _
Yugp? = Yug? (en) ( - ) / dy e € /_ e dz = yu¢0(€.u)'exp 9 i

B o e e o o o -]

1
2/.1,2 2 2007 \2 252
yud)‘l’ =y;¢(1) (6“)2 (T) /dye p=(y—Lly) /dz e M =y;¢?, /2,”#262
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