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Inktroduction

One of the problems in the Standard Model:
Hierarchy Problem

Quantum corrections to the Higgs mass
is sensitive to the cutoff scale of the theory

Too largell
(Natural cutoff scale is
Planck scale or GUT scale)




To get Higgs mass 125 GeV,
unnatural fine tuning of parameters is required

mé = rffzg + 5?%2 = O((lOOGeV)z)
classical Quantum
corrections



To get Higgs mass 125 GeV,
unnatural fine tuning of parameters is required

mi, = i?z(? + 5?%2 = O((lOOGeV)z)
classical Quantum
corrections

2
Naively, we have m§,5m2 = O((lOlSGeV) )

32 digits of fine tuning

1.00000000000000000000000000000001
- 1.00000000000000000000000000000000 !



Problem: We have NO symmetry forbidding the scalar mass

susy @ & Y
1

Mass term is forbidden
by chiral symmetry



Problem: We have NO symmetry forbidding the scalar mass

susy @ < W
1

Identified with Mass term is forbidden
Higgs in the SM by chiral symmetry
N
GHU @ A
fu
Higher- dimensional MGSS Term IS for'bidden
Lorentz invariance by the gauge symmetry

Higher dimensional gauge symmetry



Indeed, the (local) mass term A52 can be forbidden
by the gauge symmetry for 5™ component of the gauge field

A = A, +858(x,y)+i[£(x,y),A5}

In other words, no local counter term is allowed
= No quadratic divergence, finite



Indeed, the (local) mass term A52 can be forbidden
by the gauge symmetry for 5™ component of the gauge field

A = A, +858(x,y)+i[8(x,y),A5}

In other words, no local counter term is allowed
= No quadratic divergence, finite

This symmeftry is very useful in the orbifold model

since it is operative even on the branes G — H
Gersdorff, Irges & Quiros (2002)

+i[8G/H(x,y

Z2 odd Z2 odd=0

No quadratic divergence
from brane localized Higgs mass



Explicit calculations of Higgs mass

.D-dim QED on SI@I-IOOP Hatanaka, Inami & Lim (1998)
®5D Non-Abelian gauge theory on S/Z,@1-loop

Gersdorff, Irges & Quiros (2002)

®6D Non-Abelian gauge theory on T2@1-loop

Antoniadis, Benakli & Quiros (2001)

6D Scalar QED on SZ@I-IOOP Lim, NM & Hasegawa (2006)
®5D QED on S'@2-loop

NM & Yamashita (2006); Hosotani, NM, Takenaga & Yamashita (2007)

®5D Gravity on S!@1-loop (GGH) Hasegawa, Lim & NM (2004)



Higgs mass calculation



Consider (D+1)-dim QED on St Hatanaka, Inami & Lim (1998)

s s s AvEH)
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m j( )nzooTi{ m }{—m} L=27R
e o b d’"'k 1 a1
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Consider (D+1)-dim QED on St Hatanaka, Inami & Lim (1998)

Ay === —-=- Ay(zH) Boundary condition
z//(xﬂ,y+L) - ei“l//(xﬂ,y)

=i 2P S S 2p’
(2775) n=—co ((277:n+06)/L) _|_p2 |:((27tn+05)/L)2+p2:|2
ol Ak (1 i)( L j sinh(pL) LeamR
e, J o1t P 2 cosh(pL)—cosoc p =—k"+m

sinh(pL)

;(sz+pz :(z,DjLosh(pL)_cosa}




Consider (D+1)-dim QED on St Hatanaka, Inami & Lim (1998)

Ayt ——- Ay(=H) Boundary condition
l//(xﬂ,y+L) 1//( Wy)
mi[ _ ieZZ[(DH)/zJJ‘ deD i B 1 2 N 2,02 |
(277:) n=—co ((271'11+O£)/L) -|—p2 [((271'n+05)/L)2+p2i|
o o[onye]p 40k o\ L sinh(pL) 2 l;:_212ﬂ2 2
= leDZ J.(ZE)D (1+p8p)[2pjcosh(pL)—cosa o, k“+m
_ ef)y jdk e l—cosh(WL)cosa .

2
[COSh(\/kéﬂL—mzL)—cosa}

Superconvergentll




Ex. take D=4 (5 dimension case) & m=0,a=m

1— cosh(\/ké + mzL)cosoc

2 72
5 e L

_ D-1
My = 2D—[(D+1)/2] D/ZF(D/z J.dk k

2
[cosh(\/ké + mzL) — cosa}

2
1 —coshscoso

= 1 dss’

An? (27ZR)2 0 [c:oshs—c:csoc:|2

=TT

9ej B 4
:167r4R2(:( ) 1671 7(’2_2 mw =Tt/R

Higgs mass is too smal
— generic prediction of GHU




Way out to get 125 GeV Higgs mass

1: Realizing small Higgs VEV a <« 1
by choosing appropriate matter content

mH ~ mw/(4ma) (mw = a/R)
Haba, Hosotani, Kawamura & Yamashita (2004)
Adachi, NM (2018)

2: D > b dimensions

Fij® contains the Higgs quartic coupling g=[A;, A;]
Higgs mass is generated at leading order
my = 2myy is predicted in 6D on T2/Z; model

Scrucca, Serone, Silvestrini & Wulzer (2003)

3: Warped dimension (ex. Randall-Sundrum model)

Higgs mass is enhanced by curvature scale knR~ 30
Contino, Nomura & Pomarol (2003)



Is this finite mass consistent with gauge symmetry??



Is this finite mass consistent with gauge symmetry??

* Gauge field mass term forbidden
by gauge symmetry is a local mass term
= No reason to exclude non-local mass term



Is this finite mass consistent with gauge symmetry??

* Gauge field mass term forbidden

by gauge symmetry is a local mass term
= No reason to exclude non-local mass term

* BD gauge symmetry is broken to
4D gauge symmetry via compactification
= No reason to forbid mass of As



Is this finite mass consistent with gauge symmetry??

* Gauge field mass term forbidden

by gauge symmetry is a local mass term
= No reason to exclude non-local mass term

* BD gauge symmetry is broken to
4D gauge symmetry via compactification
= No reason to forbid mass of As

In a theory compactified on non-simply connected
space, non-local Wilson-loop for a zero mode of As

is physical W = exp[ig CJS dx5A5]



Wilson-loop W = exp[ig(ﬁdsts} is

gauge invariant under gauge transformation
As — Ag + 050(xp)



Wilson-loop W = exp[iggﬁdsts} IS

gauge invariant under gauge transformation
As — Ag + 050(xp)

In GHU, zero mode of A5 as SM Higgs is
Wilson-line (WL) or AB phase

Higgs potential (Higgs mass) is understood
as a function of non-local WL phase

V(A(O)) 3 oo cos(ZnRgAS(O)n) 3 iWn_l_WTn

> ) 16n°RY 4 n’  3275R? n’

n=1



I't was believed for the Higgs mass & potential
to be finite at any order of perturbation,
but it was shown that this is not true,
i,e, Higgs potential becomes divergent
at 4-loop through 4-Fermi interactions

Hisano, Shoji and Yamada, JHEPO2 193 (2020)
Yamada, PTEP vol.9 (2021) 093B01

om0

(log) Divergence from 4-Fermi interactions
cannot be controlled by gauge symmetry

All order finiteness might be true only for YM theory



Grauge-Hiqqs sector



Model building of gauge-Higgs unification

As is an SU(2) adjoint originally, not SU(2) doublet
= heed to enlarge the gauge group

G — SU(2), x U(1)y - Simplest G
adj— doublet + other reps SU(3)




Model building of gauge-Higgs unification

As is an SU(2) adjoint originally, not SU(2) doublet
= heed to enlarge the gauge group

G — SU(2), x U(1)y - Simplest G
adj— doublet + other reps SU(3)

Consider 5D SU(3) model on S'/Z, with Parity:

P = diag (-,-,
Boundary conditions iag (--*)

Au (x,y + 272:R) = Aﬂ (x,y), A, (x,y + 271'R) = A, (x,y)
PA,(x=y) P = 4, (x:y), PA(x.~y) P' =~ 4, (x.+y)
PAM (x,nR - y)P? = Au (x,nR + y), PA, (x,nR = y)PT =—A, (x,ﬂR + y)




Orbifold S/Z,
St SYZ,
Fixed
: point :
y=TiR o y=TiR y=0
Identify
L'y — =Y

*To obtain chiral fermions
- Symmetry Breaking



Boundary conditions

A4, (x,y+ 27rR) =4, (x,y),AS(X,y+27TR) = As(x,y)

PA,(x.3) P' = 4, (x:4), PA(-3) P' =4, (14

PA (x,mtR—y)P"= A (x,mR+y), PA(x,nR-y)P' =— A (x,mR+y)

Relative parity between A, and A5 should be opposite
Fu5 = BHAS — 85/1“ — zg[Au,As]

Parities of the 15" term and the 2" term
are necessarily opposite



Boundary conditions

A4, (x,y+ 27rR) =4, (x,y),AS(X,y+27TR) = As(x,y)

Pa, (1) P' = 4, (x:43). PA(x,-9) P' == x.43)

PA (x,mtR—y)P"= A (x,mR+y), PA(x,nR-y)P' =— A (x,mR+y)

Mode
expansions




Only (+,+) mode has massless mode ("0 mode”™)

Jaw;

;
W:+BZ/\/§ \/EW;
—W:+BZ/\/§

0

SU(2) x U(1)

gauge fields

SU(3)—
SU(2)xU(1)

Higgs
doublets




®W, Z, vy are identified with zero modes:
My = a/R, Mz =2a/R, M, =0
SU(2)xU(1) — U(1) realized if a is nonzero

OM, = 2M,y, — cosBy, = 3 (By:weak mixing angle)
(sin?Bw = 7 >> 0.23 (exp))

In SM, sin®B, = gy°/(gy® +g,°) is NOT be
predictable since gy & g, are independent
In GHU, predictable since gy & g, are related



®W, Z, vy are identified with zero modes:
My = a/R, Mz =2a/R, M, =0
SU(2)xU(1) — U(1) realized if a is nonzero
OM, = 2M,y, — cosBy, = 3 (By:weak mixing angle)
(sin?Bw = 7 >> 0.23 (exp))

®Non-zero KK modes of A5 are eaten
by non-zero KK modes of A,
("Higgs mechanism")



Wrong prediction of 6,
Check the hypercharge of Higgs doublet

i

(0) _ (0 |__&
By A" =g[ %, A |= = [




Wrong prediction of 6,
Check the hypercharge of Higgs doublet

0 O 0 0 H
1 0 |,
O _ *

0) _ (0)]_-_&
S ‘g[Tg’AS ]_ﬁ [




Wrong prediction of 6,
Check the hypercharge of Higgs doublet

1 0 0 al
S, A =g T AV ==~ 0 1 0 |
A=l

Well-known by Fairlie, Manton (6D on S w/ monopole bkgd)

G 80(B) i 5LH3)
sin29,,  1/4 1/2 3/4



Way out to get a correct 6,

1: Additional U(1) sU(3) xU(1) —»SU(2). x U(1)y x U(1)x
Scrucca, Serone & Silvestrini (2003)

- g'A +\/ggA' 4 = \/ggAg —g'A’ o \/ggg'
Yy 2 o 2TX 2 ,2 > 8y T 2 ,2
\/3g +g \/3g +g \/3g +g

A




Gell-Mann matrices
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Way out to get a correct 6,

1: Additional U(1) sU(3) xU(1) —»SU(2). x U(1)y x U(1)x
Scrucca, Serone & Silvestrini (2003)

g'A, + J3gd’ @gAg —g'A’ V3gg’
AY - 2 2 ’AX - 2 2 = 8y = 2 2
\/3g +g’ \/3g +g’ \/3g +g’

adjustable of By, by tuning g



Way out to get a correct Oy,

2: Localized gauge kinetic terms

SU(3) invariant SU(2) x U(1) invariant
4D effective 1 R S| 1
Gauge coupling ~— > — _J dy( u) (y)) =t
geﬁ gS g4 g4

By tuning g4, g4, sin@y, is adjustable



Matter Content

¥

Yukoawa Coupling



Quark & Lepton embedding
Consider a fundamental rep of SU(3)

3=(q,q-1,1-29)" (g: electric charge)



Quark & Lepton embedding
Consider a fundamental rep of SU(3)
3=(q,q-1,1-29)" (g: electric charge)
Putting g=2/3, we get
3=216+113=(2/3,-1/3,-1/3)7 = (uL, di, dr)T



Quark & Lepton embedding
Consider a fundamental rep of SU(3)
3=(q,q-1,1-29)" (g: electric charge)
Putting g=2/3, we get
3=216+113=(2/3,-1/3,-1/3)7 = (uL, di, dr)T

This can be obtained by Z, parity as
w(-y)=Pysy(y), P=diag(-~+)

Relative parity between LH and RH should be opposite

Lfermion — l/7R aSIle = V5 Insertion



Quark & Lepton embedding
Consider a fundamental rep of SU(3)
3=(q,q-1,1-29)" (g: electric charge)
Putting g=2/3, we get
3=216+113=(2/3,-1/3,-1/3)7 = (uL, di, dr)T

This can be obtained by Z, parity as

v(-y)=Pysy(y), P=diag(——.+)

Only fundamental reps cannot incorporate
right-handed up-type quarks as well as leptons



Quark & Lepton embedding

Only fundamental reps cannot incorporate
right-handed up-type quarks as well as leptons

As one of the embeddings, tensor product is useful
v (=y)=(POP)Yw(y), y(-y)=(POPOP)yy(y)



Quark & Lepton embedding

Only fundamental reps cannot incorporate
right-handed up-type quarks as well as leptons

As one of the embeddings, tensor product is useful
v (=y)=(P®P)yw(y). ¥(-y)=(POP®P)yy(y)

2-rank sym: 6* ={ 3L1/3 + 21176 (Q) + 112/3
3r-1/3 + 2R1/6 + 1r2/3 (UR)

v 3¥%3* = (2-v6 + 11/3)x(2-1/6 + 11/3)

Many massless exotics = brane localized mass term



Quark & Lepton embedding

Only fundamental reps cannot incorporate
right-handed up-type quarks as well as leptons

As one of the embeddings, tensor product is useful
v (-y)=(POP)ysy(y), w(-y)=(PO®POP)yy(y)

2-rank sym: 6™ :{ 3L-1/3 QD+ 123

v 3¥%3* = (2-v6 + 11/3)x(2-1/6 + 11/3)
P x P = diag(-,-,+) x diag(-,-+)

Many massless exotics = brane localized mass term



Quark & Lepton embedding

Only fundamental reps cannot incorporate
right-handed up-type quarks as well as leptons

As one of the embeddings, tensor product is useful
v (-y)=(POP)ysy(y), w(-y)=(PO®POP)yy(y)

2-rank sym: 6™ :{ 3L-1/3 QD+ 123

3-rank sym: 10 -3 .@!!+1
B {4&1/2‘ 2R- 1/2

Many massless exotics = brane localized mass term



Quark & Lepton embedding

Only fundamental reps cannot incorporate
right-handed up-type quarks as well as leptons

As one of the embeddings, tensor product is useful
v (-y)=(POP)ysy(y), w(-y)=(PO®POP)yy(y)

2-rank sym: 6™ :{ 3L-1/3 QD+ 123

3-rank sym: 10 -3 .@!!+1
B {4&1/2‘ 2R- 1/2

RH neutrino can be embedded into SU(3) singlet



Fermion mass

In SM, quarks & leptons obtain masses
through Yukawa coupling

=<H>

yl/7 RH (17 = mq,llpRl//L

In SM, fermion mass (Yukawa) hierarchy
cannot be explained



Big In gauge-Higgs unification,
Hurdle Yukawa coupling = gauge coupling

How can we get fermion mass hierarchy???

As will be shown below,
fermion masses except for top quark are relatively easy



Big In gauge-Higgs unification,
Hurdle Yukawa coupling = gauge coupling

How can we get fermion mass hierarchy???

As will be shown below,
fermion masses except for top quark are relatively easy

1: Localizing fermions@different point in 5™ direction

Yukawa ~ exponentially suppressed overlap integral
Arkani-Hamed & Schmaltz (1999)

2: Bulk fermions mixed with localized fermions
@the fixed points

Non-local Yukawa coupling Csaki, Grojean & Murayama (2002)



1: Yukawa coupling from localizing fermions @different points

1: To localize fermions at different points along
the 5™ direction, bulk masses are introduced

2. To be consistent with Z2 orbifold,
Z2 parity of bulk mass must be odd = kink mass



1: Yukawa coupling from localizing fermions @different points

1: To localize fermions at different points along
the 5™ direction, bulk masses are introduced

2. To be consistent with Z2 orbifold,
Z2 parity of bulk mass must be odd = kink mass

Consider a 5D fermion satisfying the following Dirac equation
0=|i"D, -Mz(y)|w(x.y)
1 (y > O)

D, =0, —igd,.T" =(y".iy"),(M —0,1,2,3,5),g(y)—{_1 (r<0)

Focusing zero modes

v (%3) ~ Wi (%) Fon (0)s 7 W00 = (D)W



Zero mode wave functions

_ _ [ R L
O:_ay—Me(Y)_ 23]‘%1 ¢

0=[0,+ Me(s)](5) = 11" (5] - Jl_ b v

0 Small overlap #R

4D effective Yukawa coupling

AM*

V (l_e—2nMR)(e27rMR _1)
~2TMRg,e ™ <g, &m,<m

f /4
\ TTMR > 1

Fermion masses except top is easy, but top is hard
No need of unnatural fine-tuning for 5D parameters M R

=g, ! ayf" (v) 1 (v) =g, ! dy



TOP mass gener‘aTiOH Cacciapaglia, Csaki-& Park (2005)

Consider large dimensional reps,
then an upper bound on fermion mass is modified as follows

mt < \/ZmW (n: # of indices of rep)

For m+ = 2mw = need a 4-index rep top is embedded
To saturate this bound, bulk mass should be zero

Simplest example: [TTT1

(15*)-2s— (1, 2/3)(1=) + (2, 1/6)(10)
+(3,-1/3) + (4, -5/6) + (5, -4/3)



JN enhancement

Consider a rank N symmetric tensor of SU(3)
[TTT --- T] Nboxes

Decompose it into SU(2) repsas 3 =2 + 1
and make a singlet & a doublet

singlet [1]1]1f --- 1] unique
doublet [1]1]12] ..- ]1]| etc N patterns

Canonical kinetic term = 1//N

Yukawa =1, 2, 2,=> N x 1//N = /N



Fermion matter content

3=2.16(Q)+ 113 Down quark
2r1/6 *+ 1 1/3(dR) sector
Up quark
6* = 313+ 2,1/6(Q) + 12/3 Sector

3r-1/3 + 2Ri/6 * 1R2/3(UR) (except for top)

10=4,1/2+ 310+ 2, 1/2(L) + 14 Charged lepton
4172 + 3ro + 2r1/2 * 1p1(er) sector

15% =5 43+ 4 576+ 31173 + 211/6(Q) + 123

:ﬁrk Or-4/3 + 4r5/6 + 3r-1/3 + 2rije *+ 1pa/3(Th)

Unwanted massless exotics (blue reps) & two extra
Qs must be massive by brane localized mass terms



2: Mixing between bulk and boundary localized fermions
Csaki, Grojean & Murayama (2002)

Consider the massive bulk fermion
coupling fo SM fermions on the branes

C,. :\TJuD\P+\f'i1D‘if—M(\TﬂP+@\P) ¥y, 4 ¥ opposite parity to ¥

g, _y .__ € —
\/;_Rl// QL—I—h.c}+5(y—yR) quG“Bqu+\/7;—RqR)( +h.c}

Lane = 5(3/_ yL)|:iQL6u auQL T

Mixing mass term between bulk & brane fermions

Schematically, Bulk gauge
<Ap> interaction
Y=YL i Y=YR
iy il s X et
€ —d S E
L 74 l// A g v
=70, sA N



2: Mixing between bulk and boundary localized fermions
Csaki, Grojean & Murayama (2002)

Consider the massive bulk fermion
coupling fo SM fermions on the branes

C,. :\TJiJD\P+\ffi1D‘P—M(\T'@+@T) ¥y, 4 ¥ opposite parity to ¥

Er

£, _ [ _
\/;_RWdQL+h.c}+5(y—yR)_quouaqu+\/n_RqR;( +h.c}

Eane = 5(3/_ yL)|:iQL6u auQL T

Mixing mass term between bulk & brane fermions

Integrating out massive fermion generates mass term as

_ TR
_tMR— '8 IO dyd,

£, E,TMRe """ g e O, =>m, g c,mMRe ™ M

f W

Exponentially suppressed coupling
= easy to generate fermion masses except for top

How do we obtain top mass???



2: Mixing between bulk and boundary localized fermions
Csaki, Grojean & Murayama (2002)

Consider the massive bulk fermion
coupling fo SM fermions on the branes

Ly = VDY +PiDP— M (P +TW) WOy’ y

— & - _._ _ E s
Eane:5(y_yL){iQLo-uauQL+\/n_L_Rl//dQL_'_h'C':|+5(y_yR) quGuaquﬂ_\/;_RQR%‘ +h.C.:|

Mixing mass term between bulk & brane fermions

Integrating out massive fermion generates mass term as

R
_ZMR— '8 JO ayd, MR
& ExmMRe " q e O, =>m, cg e xMRe "M,

How do we obtain top mass???

By mixing effects ¢



Flavor Mixing $ CPV



Flavor mixing in SM

Yukawa coupling can be diagonalized
by bi-unitary transformations

L s =~ V10, Hd = 'O, ) + hc.
— —-QUT Y HV*dk — y' QLU y" HV ™ul + h.c.
=—Q'3"Hd" — y'0! 7" Hu + h.c

In mass eigenstates, flavor mixings appear
in charged current

W

L Wy(U*U)derdWy(U*U)

_J/

4

Veku Vg KM



Flavor mixing in GHU

In GHU, yukawa coupling is gauge coupling,
which seems to be no flavor mixing

If the bulk mass are flavor non-diagonal,
flavor mixing seems to be generated
but it is NOT true

My'y’

can be diagonalized
by a suitable unitary transformation,
leaving the kinetic term invariant



We are led to introduce

brane localized mass terms,
which are necessary to make exotics heavy

& are the sources of flavor mixing
as will be seen below



L= —iFMNFm w318 - Me(v))wi+ (18 - Me(y))v,;

+5(y)\/27T7RQ; (x)|:ng'jQ3jL (x’y)+lijQ6jL (x,y)]+---
bl

Brane localized  Brane mass matrices
fields (off-diagonal elements
are generically allowed)

‘ “Flavor mixing”

— Q3 7 QH
‘CSM ~5(y)QR I:n /’L] 25()/) R|:mdiag O:|
_Q6_L _QSM I
_Q3_ __Ul U3__QH ) ON _ v
o] v, v o, ) T

“2Nx2N unitary matrix”



Yukawa coupling

L:Yukawa = g5A6JiQi + gSAjﬁiQi
> g, A°d'UIQ], + g, AWUIQ],

SM SM

N g5<A6>(d ( )Y”U (0) ( )Y”U (0))

Yukawa coupling with flavor mixing

7= [ a0 0 w 2R e
Diagonalization 5

Yd — VdJ;QYdU3VdL
Y =ViYUy,

. U

Ve = szLVdL (U;Us T UIU4 = leN)



Mss < 1 (Yudx 1) case (flavor symmetry restored) l

v _ 1t 72 _ptrrt
Yd — VdRU3VdL — Yd — VdLU3 U3VdL UiU,+UU, =1
) >V Vg

\fu — K/tLU4K/tL — YAuz — VJLUIU4VL¢L

= Vegrs =V Vo ViV, =1(No mixing)

Lesson[

To get flavor mixing,
we need hon-degenerate bulk masses

as well as the of f-diagonal brane masses |
(specific to gauge-Higgs unification)




FCNC in SM

Flavor Changing Neutral Current processes
are severely constrained
K'-K"'

Giig —5 Sdds = A 21007eV ,c = O(1)(exp)

*No tree level process by Z boson exchange

-1-loop process by charged current suppressed
= GIM mechanism

g g [ )

g \mm) gL S
% W 16n MEm? (b, 058 M;VNIO M?
S d




FCNC in GHU
FCNC@tree level even in QCD sector

Lopong 2 ﬁ%e GO 7y + iy )

+g G(n)l/?;go)y#llfi(o) (VT ](ono)V

\ dR™ RR dR)..
)

Ut

37 LL

47 LL

gy v (011090, + U100,

O mode sector (flat mode function): , P
NO miXing OK e 0-mode (22 112)

Nonzero KK gluon couplings

induce nontrivial flavor mixing = ;

s
-~
~
~
-~
~~
~
-
~ae
.....

= flavor mixing@tree level



dr, SL
> >
% GZ(”)
< <
SR dr
(i) LR type
CJ, ur,
> ma@\
m
UR CR
(i) LR type
dL(SL> bL
> >
% GZ(“)
<
br dr(Sr)
(i) LR type

dr, SL
> G
SL, % dr,
(ii) LL type
CIL, ur,
> GZ@
ur, CL
(ii) LL type
dL(SLt) o br,
% Gz(n)
b T i)

(ii) LL type

> % GZ@
SR B dR

(iii) RR type

UR CR

br dr(sr)

(iii) RR type



Lower bounds of
compactification scale in GHU

K'-K":0(10)TeV
D'-D":0(1)TeV
BS-BY,B'-B":0(1)TeV
"K9-K®bar", Adachi, Kurahashi, Lim and NM, JHEP1011 (2010) 015

"DO-D%ar”, Adachi, Kurahashi, Lim and NM, JHEP1201 (2012) 047
"BO-BObar", Adachi, Kurahashi, NM and Tanabe, PRD85 (2012) 096001



"GIM-like” mechanism

The above results are smaller than
that from ndive order estimate

M >10007eV (K° - K°,D" - D")

KK —

WYYy =M, > 4OOTeV(B;’ —~ Es)

KK

M, >70TeV (B~ B')

This apparent discrepancy can be understood
since the "GIM-like” mechanism works in GHU

i.e. FCNC processes are automatically suppressed
for 1st & 2"d generation of quarks



In the large bulk mass limit,
the KK mode sum can be approximated as follows

SLR _n_RZ( ) ( 1(070) Iz(ono))z
exponential

_%(e—mw +e—2nRM2) suppressionl!

r (M) - MM+ (M2)
_2R Mle(Ml—MZ)

N

(eanM1 B e—anM2 ) (nRMi > 1)

2 2 2
2 ZRM! N mqi similar to . mc _mu
€ > GIM suppression >
ny, w
2
1 2
LL(RR o 1 (om0 0 ) L (M _M)
S5 ek L (1) -

SR M'M?(M'+ M)
Power suppression




CP violation

In SM, CP symmetry is broken by the CKM phase
= Nobel prize of Kobayashi & Maskawa

One of the approaches to explain
baryon asymmetry is EW baryogenesis

CP violation is required to work this mechanism
(one of the Sakharov's conditions)

CP violation from CKM phase is NOT enough and
additional CP violation is necessary

Now, higher dimensional origin
of CP violation is discussed



CP violation

Adachi, Lim & NM, PRD(2009)
P = (-

)
Parity VP ( ) . (x —y)
(Au Ay)( u

)= (45,0




CP violation

Adachi, Lim & NM, PRD(2009)

Parity TPy (xt,y)=7

Charge
Conjugation

(@A
<
=
=
=
|1
Q;) .
<
=
=
I
=




CP violation

P ()= (o
CP <CPw=iyyy
P )=( A )

L=[ir"0,~7'0,~ Me(y)+e4y" |
Is CP invariant

<Ay> #0 = CP is spontaneously broken
because A is CP odd



L= 1/7[1’)/“ d,~7 0, ~ MS(y)—I—gAy’}/S]I//

Even if M=0, CP seems to be broken = Not true



L= 1/7[1’)/“ d,~7 0, ~ Me(y)+gAy*y5]1//

Even if M=0, CP seems to be broken = Not true

°£]/5

In M=0 case, chiral rotation v >e* v can remove

iv> from the last term in Lagrangian keeping
other terms invariant

= AY is CP even in this case
To break CP, an interplay AY and M is important



L= 1/7[1’)/“ d,~7 0, ~ Me(y)+gAy*y5]1//

Even if M=0, CP seems to be broken = Not true

°£]/5

In M=0 case, chiral rotation v >e* v can remove

iv> from the last term in Lagrangian keeping
other terms invariant

= AY is CP even in this case
To break CP, an interplay AY and M is important

Neutron EDM (P, CP violating)

5D GHU®@1-loop 1/R > 2.6 TeV (SM@3-loop)
Y. Adachi, C.S. Lim, NM, PRD80 (2009) 055025



CP violation in even extra dimensions

C.S. Lim, NM, K. Nishiwaki, PRD81(2010) 076006

CP can be broken by the geometry
of compactified spaces

Consider 6D theory compactified on T¢/Z,

(—Zv y) 4~
T2/Z4: points on 2-dim torus
by Z4 transformation (y, 2)
are identified .

Z4 transformation



C, P transformations preserving 4D C, P
acting on 6D Dirac fermions

P:¥,—(r'®0,)¥,, C:¥ —(C®0,)¥]



C, P transformations preserving 4D C, P
acting on 6D Dirac fermions

P:¥,—(r'®0,)¥,, C:¥ —(C®0,)¥]
Invariance of W, I’ 9, ¥, leads to

P:(y,z)%(y,z), C,CP:(y,z)%(y,—z)



C, P transformations preserving 4D C, P
acting on 6D Dirac fermions

P:¥,—(r'®0,)¥,, C:¥ —(C®0,)¥]
Invariance of W, I’ 9, ¥, leads to

P:(y,z)%(y,z), C,CP:(y,z)%(y,—z)

CP is a complex conjugate
of w = (y+iz)//2

Z, after CP is -90° rotation
NOT +90°
= CP & T?/Z,is incompatible




C, P transformations preserving 4D C, P
acting on 6D Dirac fermions

P:¥,—(r'®0,)¥,, C:¥ —(C®0,)¥]
Invariance of W, I’ 9, ¥, leads to

P:(y,z)%(y,z), C,CP:(y,z)%(y,—z)

CP is a complex conjugate I A
of w = (y+iz)//2 §
Z, after CP is -180° rotation 1A
equivalent to +180° ‘_iw;/'““-/g W

= CP & T2/Z, is compatible



For those interested in these issues

=SRITTEENDS Ric CP PO N DEEIR

= R LS HYIRRSERE  112-8551 REESCGHIX AR 1-13-27  e-mail: maru@phys.chuo-u.ac.jp)
=

INGK » BINTKIC & » TR FOEBEERICE T 2 [CPUHRMMEOIEN | OBBMRRBINERT ORI I 05
BEDOYE « RYWBEOIENFMEEZ+AICHBATE R V. KETIR, SRTERBICESVWAEH LW CP OB O

IS W THRUE O AR &R T 5.
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NI & 207813, R FOBRERRICE T 5 [CP Xt
Frtomih | OBMEIREL, ERTORIEE . Ly
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EW symmetry breaking



SM Higgs potential

SM Higgs potential is fixed
by the following requirements

- SU(2),xU(1)y invariance
* Renormalizability

- V(H)=p’H'H+A(H'H)

Vacuum stability A > O assumed
— cannot be predicted in SM



SM Higgs potential

Vacuum depends on a sign of 2

V(H), V(H)
H
bk £ M
(H)=0 uz2>0 pe<0 (H)#0

(sign of p® cannot be predicted in SM)



Electroweak symmetry breaking

In GHU, EW symmetry is dynamically broken
by the Hosotani mechanism Hosotani (1983,1989)

Higgs potential is radiatively generated
since the tree level potential is forbidden
by gauge invariance (Coleman-Weinberg potential)

: ) /
\\ /
el e el
[} /,/ \\
|

R Zn: log (pé " m,f rf\léss

DOF) f d'p, 1
(272)4 27

/()= &5




Calculation of the effective potential (Adj rep)

PO'SSO” i(l’l-l'ajexpl:_(n'Faj tI: i RZ\/g(inm)eXp —M—Znima
resummation ~-\ £ R Ll P



Ex1. 5D SU(2) model on S1/Z,
with N¢ fundamental fermions

(e o]

Kubo, Lim & Yamashita (2002)

V(a) > 2 1 [ 3cos[27ma:|+4N cos[nna]]

1287’ R “<'w’

Gauge + ghost

WANNA

YM: SU(2) unbroken

|
[\

0.5 1 1.5 2
_1~
_2»
_3-

fund

4\minimum@a:1/

Fermion in fundamental rep




Gauge symmetry breaking
SU(2) - U(1)@s!/Z, — ??@a=1

Wilson line phase

)= i 4 ;) ( ¢ 2ot |=expliac)

= exp(ma )— -1/ % :

) suU(2) — U(1) — U(1)

U(1) is unbroken



Ex. BD SU(3) model on S!/Z, with N¢ fundamental
& N, adjoint fermions  Kubo, Lim & Yamashita (2002)

o0

V(a) 12873Z7R5 Z : [(4N -3 cos[27ma:+2cos[7zna )+4Nf cos[ﬂna ]

nln

V(a) GauQe + ghost adjoint fund

/ \ / 1 fund \
© unbroken | unbroken

2 fund 1 adj
SU(2)xU(1) -> U(1)xU(1) SU(2)xU(1) -> U(1)

IIID'\.hI\J
slh I\_'I

I\J
I\_'I

—




Wilson line phase

(SU(2)xU(1)fora=0

(amod2)={U(1) xU(1)fora=1
U(l)em for other cases

a=1:(W)=diag(1,-1,-1)= | (W),T° |=[ (W),T* |=0
U(1) x U(1)" unbroken
0<a<l:| ()3 +T*|=2[ (W),5in, 4" +c0s8, 4" | =0
U(1)em unbroken



Simplified model Adachi & NM, PRD98 (2018) 015022

SU(3)xU(1) GHU

Q,?)“‘)% ) gaug.e fields Ayr, By 10 R
e fermions W, V., U, Wy, Xy by

O TR

-3rd generation quarks: (t,, b)T, tg, bg
brane localized fermions@y=mnR
Messenger fermions: W(3(b), 15*(1))

linear combination of Qsr & Q5+r couple to (1, b))
BBL& T15*L COUPIC to sz & Tr



Simplified model Adachi &NM, PRD98 (2018) 015022

/ SU(3)xU(1) GHU /

Q,%“‘)% * gauge fields Az, By Ww{m
e fermions W, V., U, Wy, Xy Wi

O TR

-1st & 2nd generations of q & I: bulk fields (3, 3*)

3(Q, dr). 3*(Q. ur), 3(L, er), 3*(L, vr)

*Qg, Lg: brane localized fermions@y=0
to remove exotic SU(2) doublets

Mirror fermions: ¥y, X (15*, 15*) for EWSB



V(a)

0.0014

0.0012

0.001

0.0008

0.00006

0.0004

0.0002

-0.0002

top and bottom —

light generation —
mirror fermion

gauge




Higgs potential from mirror fermions




V(a)

0.02
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

-0.002

Higgs potential

Z, W, top, bottom,
exotic fermions,
mirror fermions




V(a)

EW symme‘rr'y breakmg & nggs mass

0.02
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

0

-0.002

| SU(2)xU(1)—U(1)
- my~127GeV@1.8TeV




GUT Extension 1 of GHU

"Towards a Realistic Grand Gauge-Higgs Unification”
C.S.Lim and N.M_, PLB653 (2007) 320



Motivations of GUT

In SM,
‘Interactions are NOT unified
- Matter fields are NOT unified

*Quatization of EM charge cannot
be explained — prediction of 6,
efc...

= Extension of SM
= Minimal model is SU(H)



Quick review of SU(B) GUT

- Choice of gauge group Gyt

For Gyt to include SM group SU(3) x SU(2) x U(1)
Rank of Gt must be more than 4

Rank 4 simple group: SU(5), SO(8), SO(9), Sp(8), F4

To obtain chiral fermions,
fermions must belong to complex representations
(real representation can have mass term)

= SU(5) Georgi-Glashow (1974)



mass
charge

spin

LEPTONS

=2.3 MeV/c?

2/3
1/2 lJ/
P

u

=4 .8 MeV/c?

d

down

-1/3

0.511 MeV/c?

electron

<2.2 eV/c?

. De
_

1/2

electron
neutrino

=1.275 GeV/c?

2/3 C
1/2 ) /

charm

=95 MeV/c?

-1/3

1/2 S/

strange
105.7 MeV/c?

muon
<0.17 MeV/c?

Uy

muon
neutrino

=173.07 GeV/c?

2/3
1/2 y
top

=4.18 GeV/c?

-1/3
1/2

bottom

1.777 GeV/c?

I

__

tau
<15.5 MeV/c?

. Do
o

tau
neutrino

https://www.quantumdiaries.orq/

9

v

photon
91.2 GeV/c?
I N
1
Z boson

80.4 GeV/c?

=126 GeV/c?

Ordinary

GAUGE BOSONS

GUT



Unification of gauge fields
Adjoint representation of SU(5): 24-dim




Unification of fermions

Traceless = sum of U(1),,, charge must be zero

ex. (Ve, C)L Qve + Qe =-1=1/3 (QdCL) X 3 = 1 canceled
0% = (3%, 1)(dr) * (1, 2%)(ve, €).

(g% ) (0 u —u*—u —d \
d>¢ —u>* 0 —ulc—uz—a’2
l//i(S*)z d |, l//y.(lO): uw—u' 0 —u,—d,
e u u, u, 0 —eé
\_Ve)L 4, d, d e 0 )



Unifications of fermions

Remaining fermions (quark doublet, RH up quarks,
RH v) are embedded in tensor product of 5 and/or 5*

10 = BX34eym
= (3, 2)(u, d).+ (3, 1)(up) + (1, 1)(er)
(gl ) (0 u —u*—u —d )
d>¢ —u 0 —ulc—uz—a’2

I//i(s*): 43 , l//lj(lo): 42— 0 —M3—d

3

e u u, u, 0 —e
Ve ), d, d, d; e 0 |



mass
charge

spin

LEPTONS

=2.3 MeV/c?

Y

up

2/3

=4 .8 MeV/c?

d

down

-1/3

0.511 MeV/c?

electron

<2.2 eVic?

0
Ve
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=1.275 GeV/c?

2/3 C
= G

charm
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105.7 MeV/c?

@
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<0.17 MeV/c?
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muon
neutrino

=173.07 GeV/c?

2/3
1/2 L
top

=4.18 GeV/c?

-1/3 |
1/2 g
bottom photon

1.777 GeV/c?

I

91.2 GeV/c?

@

Z boson

<15.5 MeV/c?

. Do
P

tau
neutrino

80.4 GeV/c?

GAUGE BOSONS

https://www.quantumdiaries.orq/

=126 GeV/c?

GGHU!



I't is meaningful to consider the grand unified
version of gauge-Higgs unification scenario
(“Grand Gauge-Higgs unification™)
since the hierarchy problem was originally
addressed in the GUT framework

In this lecture,
we discuss some attempts towards
a realistic grand gauge-Higgs unification

= 5D SU(6) model on S/Z,



Parity assignments

P, =diag (+,+,+,+,+—)@y =0

:>SU(6)—>SU(5)><U(1)@y=O

diag(+,+,—, —, —,—)@y =R

Pl:

= SU(6)—> SU(2)xSU(4)xU(l)@y = =R




KK mode expansions Only (++) mode has a massless mode




Focus on O modes,

Gauge symmetry breaking
SU(6) — SU(3)¢ x SU(2), x U(1)y x U(1)x

Weinberg sin?6, = _ 3] Same as the Georgi-Glashow
angle Q SU(B) GUT



Prediction of O,

Hypercharge U(1)y generator is
the same as SU(B) GUT

(200 0 0)
020 0 0

W15 0 00 x| V5 Vs T3 27 2
000 0-3

2
VN gé(l) B (\/3/5gSU(5)) 3
‘ sin” 6, = — _

2 2 / 2
" g
Esu@) T 8uqy ggU(s) +( 3/SgSU(5))




This gauge symmetry breaking pattern is well-known

SUSY gauge-Higgs = Burdman & Nomura, NPB656 (2003) 3
Non SUSY gauge-Higgs
=Haba, Hosotani, Kawamura & Yamashita, PRD70 (2004) 015010

This symmetry breaking structure was also
considered in the pseudo NG boson scenario

of Higgs boson as global symmetry breaking
Inoue, Kakuto & Komatsu, PTP75(1986) 664 etcC...

!
Very natural from the viewpoint of AdS/CFT

» global sym of 4D & gauge sym in 5D



o mode transforming

As has a zer

as an SU(2), doublet

.

Standard Model Higgs!!



s

Doublet-Triplet mass splitting works

Kawamura, PTP105 (2001) 691, 999

(doublet Higgs: massless, Triplet Higgs: 1/2R)



Doublet-Triplet mass splitting problem

Fine-tuning problem between SM Higgs mass
and colored Higgs mass

Higgs potential in SU(5) GUT
V(2 H)=V(Z)+V(H)+A (02 ) H'H+ A H'S’H

V(2(24)) = -M0r2? + 2, (r22) + 2,0%

H

SM

(s =it e =

Reormalizability, Z < -2, H « -H assumed



SU(5)— 2242222, 1 (3) SU(2)x U (1) @O (M)

v((z),H)>2 (ﬂz)z)fﬁ H+AH (L)Y H-m*H H + ),3(HTH)2

=m;H H,+m.H,

27 SM

m?=—m®+(30A, +4A, )V ~O(M,,,)

m; =—m’ +(304,+9A,)V*> =0 — Fine-tuning|
m~O(Mgyr), V~O(Mgyr)

=2




1 generation of SM q & | are elegantly embedded into
the following representations (w/ RH v)

(++) (=)
5 (_1/2’_1), @ (1’ 1)(0,5)

1 The difference between
6 2(3*,1)(_’+) @(1,2)(_’_) D v (1 1)< *) L &R ComponenTS are
N i 2 ) only a relative parity sign

6 = (3*,1)“’_) ®1,(1,2)

(1/3.-1)

; 1
(=) (=) (+-)
6, =(3 1)(13 ,@(62) 5, @) In 2 6* rep,
ol ; * — 1 thesigns of parity @y=0
] (++) (+) (-+) are flipped
O :fl (3 1)( 1/3-1) ®(1 2)( 1/2, 1)69(1’1) f 'PP




1 generation of SM q & | are elegantly embedded into
the following representations (w/ RH v)

[ - + () (=)
6L (3 1)(1/3 -1) W‘ (1,1)(0,5)
. |

°= 50 (2 Gr i 0 No Massless Exoticsl!!
LR M) TN 2N R (zero modes are just SM)

. —_—
Vo

5*

(1/3.-1)

6 = (3 1)( ! e(12)) 8L I)E )) No SM Anomalies!!
: — (U(1)x broken by anomalies)

(1/2-1)

Ul*<




Difference from the conventional GUT
= These fields belong to the same multiplets in the usual GUT

Down-type quark Yukawa & charged lepton Yukawa
cannot be generated by the gauge interaction...



GUT Extension 2 of GHU

"Fermion Mass Hierarchy in Grand Gauge-Higgs Unification”
N.M. and Yoshiki Yatagai, PTEP (2019) 8, 083B03

“Improving Fermion Mass Hierarchy
in Grand Gauge-Higgs Unification

with Localized Gauge Kinetic Terms”
N.M. and Yoshiki Yatagai, EPJC80 (2020), 10, 933

"Fermion Mass Hierarchy and Mixing
in Simplified Grand Gauge-Higgs Unification”
N.M., Haruki Takahashi and Yoshiki Yatagai, 2205.05824 [hep-ph]

"Gauge Coupling Unification

in Simplified Grand Gauge-Higgs Unification”
N.M., Haruki Takahashi and Yoshiki Yatagai, 2207. [hep-ph]



"Fermion Mass Hierarchy

in Grand Gauge-Higgs Unification”
N.M. and Yoshiki Yatagai, PTEP (2019) 8, 083BO03

* SM quarks & leptons are localized on the boundary

-Yukawa couplings are generated
by bulk & boundary couplings

Quark & lepton masses
except for top quark are reproduced

125 GeV Higgs mass is obtained
by introducing extra bulk fermions



"Improving Fermion Mass Hierarchy
in Grand Gauge-Higgs Unification

with Localized Gauge Kinetic Terms”
N.M. and Yoshiki Yatagai, EPTC80 (2020), 10, 933

-Localized gauge kinetic terms are introduced
to reproduce top quark mass

_ _lFMNF _ Zchlg(y)iFquw — 27chz6(y — NR)%F“VFW

gauge 4 MN

:>gj %(1+cl+cz)gj

= mfermion — \/1 T Cl T CZ mfermion

Fermion mass hierarchy except for v is reproduced
(bulk fermions: 20, 15, 6 reps/gen)



"Improving Fermion Mass Hierarchy
in Grand Gauge-Higgs Unification

with Localized Gauge Kinetic Terms”
N.M. and Yoshiki Yatagai, EPJC80 (2020), 10, 933

-Electroweak symmetry breaking and

125 GeV Higgs mass are obtained
by introducing extra massive bulk fermions
(simplified than 120 rep in previous paper)

1:15repx 3 —> 1/R ~ 8TeV, miz~ 1.6TeV
2. 6repxb—1/R=16.2TeV, my~ 3TeV



"Fermion Mass Hierarchy and Mixing
in Simplified 6Grand Gauge-Higgs Unification"
N.M., Haruki Takahashi and Yoshiki Yatagai, 2205.05824 [hep-ph]
"Gauge Coupling Unification
in Simplified 6Grand Gauge-Higgs Unification”
N.M., Haruki Takahashi and Yoshiki Yatagai, 2207. [hep-ph]

Unsatisfying points in the previous model
* generation mixings and CP phase not reproduced
* oo many bulk fermions

=47/

= LC(ndOU p0|e 60 - 92 _——- :S()Z)/_
s0f 00—~ - SU(3)¢
40
0~ _
0 T~ _
o === N



Gauge sector with localized gauge kinetic terms

Boundary aty =0

Boundary at y = nR

1 s 1 N\ 1 N
LGauge =[— ZT“MNT,\‘},N — 21Rc{6(y) ZTb HYED|— 2mRCc)6 (y — mR) FRaa
a:SU(6) b:SUGB)xU()y c:SUR)xSUM4) xUQ)
ci : dimensionlfss iee parameters - SU(5) - SU(3)C X SU(Z)L X U(]_)Y
& y
iz W Fp
(F‘o\” ¢
oI® Bulk ol®
(1/4F ML,
0 R




Lagrangian for the bulk and mirror fermions

Loulksmirror = PilMDy W + Pl Dy, ¥ + (MPP + h.c)

Bulk fermion ¥ Mirror fermion @
A with opposite Z 'parities each other
M=—x ’ Mass term in the bulk
dimensionless parameters to avoid exotic massless fermions

©

Al == = - —
.
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Bulk and mirror fermion ¥, ¥
0 TR

¥: 20, 15, 15, 6, 6 reps greatly reduced



Lagrangian for the SM fermions

—p o . I :
L =8| xioiT*Dyxiy + Xi-iT*Dyx 2. + ¥1iT*Dyxi |

L = 8@y — nR)[q}iT#D,q3 + uBiT*Dyu} + d3ir*D,d}

+ l_*Z’iF”D#lf + gir‘”Dﬂeg + v_giF”Duvg]

j : “Generation” of the SM fermions

Bulk and mirror fermion ¥, @




Mixing mass terms between the bulk fermions and the SM fermions

Boundary aty =0 rB»le] Boundary at y = R
i _j _j.c ——3 —3 —3
Eé() (X{OLIJIOCZO + X:{O quO*CZO) l.IJZO EZOe(eR EZO + UgR UZO) + EZOqCIL QZO
¥is
Wsr
W
W |
<
Souss

Bulk and mirror fermion ¥, @




Mixing mass terms between the bulk fermions and the SM fermions

Loy = 8O |[YsmLiT*Dyhsmy, + | ~.

Lsmibuk = S {epsu? + -+ 3 )

Ly = 6(y)[l/;SMRiF#Du'~/}SMR + ] ./

Loy =6) [IIGSMLiFuD;ﬂ/)SML n ]
mpsmPsm ©
Lsm =6() [l/;SM RiF#DutpSMR + ]

Ly uksmirror = PilMDy, ¥ + PirMp,, ¥
+(M‘T"TJ + h.c. )

=
Mixing mass terms between the SM fermions and

the bulk fermions produce the SM fermion masses.
o

/ { Low energy (effective theory)J
SML | = ML
(v, 9) j; IO
| msmPsm

"\

SMR -

\




Quark masses, mixings and CP phase

1. 724 MeV 1.291 GeV 181.918 GeV
75 2.413 MeV 1.271 GeV 177.497 GeV
80 2.223 MeV 1.290 GeV 178.684 GeV
| Data | 2.16+342 MeV 1.27 + 0.02 GeV 172 + 0.30 GeV
-“““
5.119 MeV 94.0 MeV 4.928 GeV
75 4.727 MeV 85.2 MeV 5.090 GeV
80 4.856 MeV 84.5 MeV 5.150 GeV
| Data 4.67+348 MeV 93*1! MeV 4.18*333 GeV
-mm-_
0.157976 0.003336 0.041942 0.9834
75 0.165093 0.003767 0.048009 1.3759
80 0.168864 0.003985 0.044065 1.3053

© 0 0.22650 +0.00048 0.00361+3:33933 0.04053+883582 119613343



Lepton masses, mixings and CP phase

0.5093 MeV 106. 358 MeV 1912.20 MeV
75 0.5125 MeV 103.804 MeV 1856.99 MeV
80 0.5100 MeV 105.381 MeV 1899.96 MeV
~ L5 | 05109989461(31) MeV 105.6583745(24) MeV 1776.86(12) MeV
-
7.7514x1075 eV? 2.4777%1073 V2
75 7.6760x10~5 eV? 2.4367x1073 eV?
80 7.7279%1075 eV? 2.4670x10"3 eV?
| Data | (7.53 + 0.18)x 1075 V2 (2.453 + 0.033)x1073 eV?
I P T Y R
0.4421 2.234x1072 0.5200 1.7297 rad
75 0.4567 2.127x1072 0.5197 1.626m rad
80 0.3855 2.225%1072 0.4108 1.916m rad

C L 030740013 (2.20 + 0.07)x1072 0546 + 0.021 1364320 7 rad



RGE of SM gauge couplings

In higher dimensional theory, gauge coupling has
a power-law dependence on energy scale
since gauge coupling is dimensionful
Dienes, Dudas & Gherghetta (1998, 1999)

= unification scale is likely to be naively lower
than 4D GUT scale

b;: p-function of SM fields
b, (*): p-function of bulk field with (anti-)periodic BC

The last term depends linearly on energy scale



Gauge coupling unification

0.100
0.010
0.001
- 1074
— | E[Ge
‘ 104 108 1012 [GeV]
a '-q" gi-g;
b~ (i) 01
NS - (U(1),SU(2))
40¢ o - — — - (U(1),SU@3)c) 1076 ¢
30 S |- (SU2)L,SUB3)c)
L g 11|
20 10
L [ 10-16
=% E[GeV]

E[GeV]




Unification scale is relatively high

~Q0(101%) GeVI
c |r| R Mg ag (ag —a3)/ag | | a3 (My)
80 [ 0] 10 TeV || 2.1 x 10* GeV | 4.4 x 10° 5.26 x 10710 10.7
80 | 0| 15 TeV || 2.2 x 10* GeV | 3.2 x 1010 6.12 x 10710 10.4
90 | 0 | 10 TeV || 2.1 x 10'* GeV | 4.3 x 10° 5.25 x 1010 10.7
90 | 0| 15 TeV || 2.3 x 10* GeV | 3.2 x 10° 6.1 x 10710 10.4

Bulk fermions are embedded in SU(6) reps
= b +b,0) = -2/3
= the difference of gauge couplings is dominated
by log contributions




Sum Mary

®(Gauge-Higgs unification is a very attractive
scenario beyond the SM alternative to SUSY
and an effective field theory of string theory

®Controlled by gauge principle & very predictive
Higgs mass, potential — finite

®Fermion masses except for top are easy,
but nontrivial for top Yukawa

®Flavor mixings and CP phase are harder
to be realized, but possible



Sum Mary

® EWSB @loop level

Once the matter content is fixed,
1/R is a unique free parameter in Higgs potential
= very predictive contrary to SM case

® GUT extension is interesting
= relatively high unification scale



Outlool

In addition to building more realistic models
of EW symmetry breaking,
many issues & problems to be explored

oDM
-Fermion DM in GHU

NM, T. Miyaji, N. Okada, S. Okada, JHEPO7 (2017) 048
NM, N. Okada, S. Okada, PRD96 (2017) 115023

Vector DM in GHU
NM, N. Okada, S. Okada, PRD98 (2018) 075021

® Strong CP

Y. Adachi, C.S. Lim, NM, PTEP2022 (2022) 5,053B06;
arXiv: 2205.00161 (accepted in PTEP)



Outloole

In addition to building more realistic models

of EW symmetry breaking,
many issues & problems to be explored

®Baryon asymmetry

EW baryogenesis in GHU
NM, K. Takenaga, PRD72 (2005) 046003
Y. Adachi, NM, PRD101 (2020) 036013

®Inflation

N.Arkani-Hamed, H-C. Cheng, P. Creminelli, L. Randall,
PRL90 (2003) 221302

®More...



Outlool

In addition to building more realistic models
of EW symmetry breaking,
many issues & problems to be explored

Personally, recent interest is focused on
GHU in magnetic flux compactification, too

T. Hirose, NM, JHEP1908 (2019) 054; J. Phys. G48 055005
JHEP2106 (2021) 159
K. Akamatsu, T. Hirose, NM, arXiv: 2205.09320
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Thank you!!



