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1. Introduction

1-1. motivation
1-2. notation



1-1: motivation

motivation of introducing extra dimension

1. string theory
(compactification, brane world, AdS/CFT, .....)
2. weakness of gravity
- large extra dimension (ADD)
3. solution of GUT problems
— extra dimension GUT (Kawamura)
4. KK theory (unification of gravity and EM)
5. origin of adjoint Higgs
- “Hosotani mech.”



1-1: motivation

motivation of introducing extra dimension

1. string theory
(compactification, brane world, AdS/CFT, .....)
2. weakness of gravity
- large extra dimension (ADD)
3. solution of GUT problems
— extra dimension GUT (Kawamura)
4. KK theory (unification of gravity and EM)

@origin of doublet Higgs
- “Hosotani mech.”



1-1: motivation

higher dimensional gauge theory:
scalar A In 4D effective theory ~ extraD component

— Identify Hiqggs field

ex. 5D SU (5) GUT
b D Auoss
ap S H

A5 2224 Origin of adjoint Higgs which break SU(5)

dynamics of 5D gauge theory _ <Zz4> “Hosotani mech.”



Gauge-Higgs unification

“Higgs doublet” mass is finite! ( 1/R)

T

5D gauge inv.

— Identify Hiqggs field

ox 5D SU (3), SU (6)

1
DA, s P S'1Z,
0-3
® HD - A5( ) origin of Higgs doublets
*0; !&ZuAg, %.Lg_ origin of Yukawa int.




1-2: notation (1): M*®S!

T: ¢(x*,y+27zR) =T @(x*,y)

[T eU(N)]

¢(Xﬂ’y):\/2]7-27|:\>i ¢(n)(xﬂ) eiﬁy




1-2: notation

(2): M*®8*/z2_Jy=-

4D 4D

y=0 y=7R

P ¢(Xﬂ1_y) — P¢(Xﬂ1y)
[P*=1 - ¢(y)=Po(-y) = P°s(y)]

¢ (Xﬂ y) mz ¢ (n)(xﬂ) COS(_)
T

n=0

b (x“,y) = J—Z 6™ (x*) sm(—y)



1-2: notation (2): M*®S'/z2_Jy=-

A, (X, —y)=PA, (x",y)P

A (X, =y) =SPA (X, Y)P| 4D AD
w (X*,—y) =Py (X",y)
e (X, —y) =Py (x“,y) | Y=0

y=7zR

[ (x",—y) = Piy*y (x*,y)] P: ¢(x*,—y)=Po(x",y)

5D y" =(r"iy”) [P?=1 - 4(y)=Pg(-y) = P?4(y)]

¢ (Xﬂ y) mz ¢ (n)(xﬂ) COS(_)
TR n=0

b (x“,y) = J—Z 6™ (x*) sm(—y)




2. gauge-Higgs unification
--- SU(3)><SU(3) model & SU(6) model---

2-1. SU(3)><SU(3) model
2-2. SU(6) model
2-3. SUSY



2-1. SU(3),><SU(3),y model

(Kubo,Lim,Yamashita,

Hall, Nomura,Smith,
Burdman,Nomura,....)

INn base of
SU(3),, ©SU(2), xU(D),




2-1. SU(B)QxSU(B)W mOdel (Kubo,Lim,Yamashita,

Hall, Nomura,Smith,
Burdman,Nomura,....)

(1 ) (1 )
3 In base of
Pl T= 1 SU@), 5SU(), xU(),
N By \ 1)
_____________ A

'SU(@3), - SU(2), xU (),

/
cos( y
sm( ....................
| Higgs doublet

nggs doublet ]




2-2. SU(6) GUT

(Hall,Nomura,Smith,
Burdman,Nomura)

S N (R S—— in base of sU(E)




2-2. SU(6) GUT

(Hall,Nomura,Smith,
Burdman,Nomura)

................... 1 ------- in base of sU(6)

---------------------
] ==

EL-SEEEPEPEPERE P 7, ///,/’
| - Higgs doublet |
SU (6) —»
SU (3) x SU (2) xU (1) xU (1) 2 A SR

---------------------




2-3. 5D N=1 SUSY 195

5D N=1 SUSY odd dim.=vector-like
LIJL
¥
Vil B
= 4D N=2 SUSY

Si = [dxdy[[d*O(¥ &' e + ¥ e’ 1)
+{j d?0(¥ (8, - 9.2)¥, ) +hc.}]

Yukawa int. !
d VY, O.7atGUT




3. dynamical EW symmetry breaking |

3-1. SU(3)><SU(3) model
3-2. SU(6) model
3-3. SUSY version

NH, Y. Hosotani, Y. Kawamura and T. Yamashita, Phys.Rev.D70:015010, 2004
NH and T. Yamashita, JHEP 0402:059,2004



Now let us consider the quantum correction! in theory AS(O) =H

calculating one loop effective potential

V (p=0) - position independent potential
VAL (VeV) (SUSY - zero!)

11
background field gauge 0P
A =(A)+ A A
. v
taking A3 'S square term, and
integrate it (A)
(A)

Vir (A)*® =~(d =2)2Tr Ln D, (A)D*(A)
V, (A =i TrLn {i7*D,((A))—m)



Now let us consider the quantum correction! in theory AS(O) =H

AQAD q© /1

O+ O+ O+

AéO) > < AéO)

(n) (n) (n)/|(n)

Q O O O

infinite sum of KK mode - effective potentiaI,V(<Aé0)>)
(when SUSY - vanish! - Scherk-Schwarz breaking)

search min. of V((A™”)) _ Higgs VEV(A”)=0,0r =0




0)\ . :
Q: <As( )> IS really physical ? cf.As(n)is not, it's gauged away.

1
<As(o)>:%za: HaTa Wilson line d.o.f.

<A;°>>+<A;‘°>>'—Q(yx/sé‘”m*(y)—éﬂ(y)@d(y) N
—(A O _ @) 205 R
=(A7) - 2;zgRZ‘9T 0 (y)=e

|29T( Y 11y iy,

To>T'=Q(y+22R) TQ'(y) = 2R T g 2R

PSP =0Q(-y) PQ'(y)=P

(A”Y =0 base with T < (A®”) =0 base with T'

gauge sym. U, remain which
satisfies [U,,T7=0,[U, W.]=0

We = PeXp(_igj<'A‘5>dy) cf. Hosotani mech.




3-1.5U(3).><SU(3),,_model |
- - la
0 1
effective potential: A = 5 4R e b
Veff (< A:SO)» la__ ] a:dim-less
gauge 3 = 1
Vi =—-=C» —cos(2zna)+cos(rna)] c__ 3
n=1 n 647Z'7R5
(C/Z)E[\l/—l\a

i i i i
Ll n - bl

no sym. breaking!



effective potential: Veff (< A5(0)>)

vacuum shouldbeat (O0<a«xl

If vacuum is at y=TtR

exp (fﬂ fu . dy {E})

L (001 ~1
= expliozrB—— | 0 0 0 || = | ;
s e 1 0 0 —1

<Aé°>>~% SU@xUM >UMxU@D) at 1R

W

Not Good!



effective potential: Veff (< A5(O)>)

AD 4D

Introduce
extra fields in bulk
N (£) Nf(i) N (+)
a ! 17 Vs

fermion (adj. & fund.) scalar (fund.)

A (X",-y)=PA, (X", y)P

A (X", —y) =<PA (X", y)P

v (X%, =y) =Py (X%, )
W (X", =) =LoPy, (X, Y)
S(X",—y) =(E)s(x", )

There is d.o.f. of ()

Vary = E’E %[ENEE'H cos(2mna) 4+ 2N cos(2mn(a — %}}
+ (ANID — NI 4 aNTH) cos(na)
+ {aL“'u.':_.E_’ — .-"n.-’_,E_’ -+ E;"lf'}_]}cﬂsfm?,{a — 1})]-




effective potential: V. (¢ A5(0)>) =Ve?fauge —I-Ve??

Na(+) =2 Nf(—) =8, NS(+) =4 NS(—) =2 Na(—) _ Nf(+) -0



effective potential: V¢ (¢ AS(O)» =V +V ﬂ \
—~0@) TeV

R
. VeVv:
10 O(100)GeV
; SU (2)xU (1)
}

U @), j

02 O.04 O.0DE O, 0.1
V

bulk extra field effect is important!




effective potential: Veﬁc (< A5(0)>) =Ve?fauge -I-Ve:c?

T N

oV 0(100)g>
m: = (9R)* ——— |in~ *GeV)’
» =(9R) o i ~ o )
9 _ (A" a
> 7R 9,4 \/272'7R = g4R 246 GeV

S

o= g
_0_974
R T
978

02 O.04 ©O.0E O. o.1
9 .0H2
u.ﬁaaw

bulk extra field effect is important!




3-2.5U(6) GUT

sssss}ussnnnansssnnnnnnnnnfuannnnnnnns

Vi = —gCZ%[COS(Zm’]a) +2cos(zna) + 6¢cos(zn(a—1))]

V% (a=0)-VI*(a=1)= 12CZ

‘ T (2n— 1)
We = *‘-‘ilﬂfﬂ_[fa Hrw; ﬂj]l
% —2 SU (2)L XU (1)Y —> U (1)2
1

-1
not good! - introducing extra fields in bulk



Introduce extra bulk fields —

Verr = C Z
—[-Li"-.nli"'] + 12N 4 ?_-""-"j'."':' — N cos(mna)
+(12N) + AN 2N — N eos(n(a — 1)).

M+) cos(2mna) 4+ 2N cos(2an(a — —}:l

..
L

[
=]

L1

1
L

N, =N, =2, other Ns=0



Introduce extra bulk fields —

o K : S 1
Virr = C > E[E‘ﬁ"'lﬂ cos(2mna) 4+ 2N cos(2rn(a — E”

=1

(AN 1) 4 E_-""-"}H — N cos(mna)
+(12N) + AN 2N — N eos(n(a — 1)).

1%




3-3.SUSY version

SUSY must be broken, or V=0!

Scherk-Schwarz SUSY breaking

Imposing different BC for fermion and boson - SUSY br.

twist of SU(2),

: A

e T S
A 4 » Vi B2y

X (o) @

soft scalar mass for bulk fields (later)




SUSY version 5D N=1 (- 4D N=2) : (Scherk-Schwarz SUSY breaking)

B 01
bulk matter: N{*) fund. & N, &) adjo. super-feilds

les:
AP SUExsUE): SN =N =2, N.O =4 N.© =0
SU@G): >N =2 NP =N."=0, N,V =10

How Is Yukawa? quarks/

leptons

4p gauge Al "Higgs": Pexp(jA5 dy)

extra matters A A
> —oe (X—-+20. )e
o . (e (Z-20,)e™)

quarks/leptons in bulk - L=[ws, 25 wsp] . +he.
Yukawa from 5D gauge Int.




4. dynamical EW symmetry breaking ||

4-1. SU(3)>=<SU(3) model
4-2. result

NH and T. Yamashita, JHEP 0404 (2004) 016



>

5D N=1 SUSY odd dim.=vector-like

= 4D N=2 SUSY

Si = [d*xdy[[d*O(¥ e Fr+ W ' W1)

H{[d?O(¥, (0, - 9.2)¥, ) +hc]]

Yukawa Int. !!
g VY, 0O.7atGUT




4-1. SU(3),><SU(3),y model

Yukawa o L =[yg, 2.5 wepl,. +h.C.

gauge sector

n |
COS(%) '“""Ji"“

sin(”—Ry)

fund. rep. bulk matter

...... SU(2) singlet |

\ SU(2) doublet

6 —» up-sector

8 - \W-sector

fund. rep. - only down-sector Yukawa | |-

10 - charged lepton sector

(Burdman-Nomura)




effective potential: V (< As(o)»

b i

VE = ENGYE %(1 — cos(2mn3)) x [3fu(a) + 3fala) + f.(a) + f.(a)],

=1

fula) = cos(27na) + cos(rna),

fala) = cos(mna),
fola) = cos(3mna) + cos(2mna) + 2 cos{mna).

fi.(a) = cos(2rna) + 2 cos(wna),

R

. gme.gp Q‘,-"I — . .
Ve = V& Eﬂrﬂz_: = (1 — cos(2mn3)) x
[N, cos(3mna) + (5N, — 1) cos(2rna) + (LON, — 2) cos(mna)]

U

Vesi(a = 0) — Vegr(a = 1) = 4(11N, —EJCZ . Bn

n=1

1
1)3

(1 — cos(2w(2n — 1)3}).

_______________ I 0




effective potential: V (< A5(0)>)

N, D =N, =0N=45N=40 N,=3
£ =0.1,

L1
m ~= —~0(1) TeV
SuUsy R R ( )




effective potential: V (< As(o)»

» / Vev. \
| O(100)GeV
T T su)xUu @)
-2 |

U@).,, /

/

.02 .03 0.04 0.05

bulk extra field effect is imbortant!



effective potential: V (< A5(0)>)

o oV 0(100)g> e
M, = (GR) — = (2 GeV)’

bulk extra field effect is imbortant!



4-2. result

set-up: all 3-generation quarks/leptons in bulk

1 p
~01) TeV m. ~ B=0.1
R~ OW R

examples:
SU(3).><SU(3),, model
N, =N, =0,N,* =45, N, =40
SU(6) GUT
N(+) N(+) N() ON() 42




5. Higgs mass & phenomenology

5-1. 4D Higgs fields
5-2. 3-point self coupling

NH, K.Takenaga and T.Yamashita, Phys.Rev.D71:025006,2005
NH, K.Takenaga and T.Yamashita, hep-ph/0411250



5-1. 4D Higgs fields

5D gauge kinetic term — 4D Higgs kinetic term

1 ara 1 a , : a
2x [dy FLF™° = [dy” (OA: +igf ALK = (0, +ig W, —+|\fg4 “)Hl

[As A A;‘+iA§’| (9.2 =)
i 27R
1 P [
A5 = A5\/27|A5 i
i
A54 — iA55 |
7|

=H/«27R

e However, g, =/3g, —>sin@, =+/3/2, so we assume wall-localized kinetic terms,
S(0)A,F*2, S(xR)A_F** , WhICh do not respect SU(3) symmetry, are dominant as

9,°> A1, (wetakeg, 1), andexpect (W,,B )—>(g2W \/_ B,).
e additional U(1)’

J27R (A) = ga°

=V ~ 246 GeV
R cf :[SU(6):sind, =~/3/8]




. 9,
In SU(6), it is the same as SU(5) as 9, =V5/30y —>sing, = \/gzl—gz =/3/8
2 Y



SUSY case

H, = (@) ol +i(od+ AN, A =0l il + D)

7

H,y =%<<L\;>+ o2 +i(ol— AZ), A+ of +i(od — AD))

Al :massless (h) ASx° Ayt
o, :massless (A) oy M, (H) o5°:M, (H?)

= O

NH, K. Takenaga, T.Yamashita, Phys.Rev.D71:025006,2005 a
1
(AT =
(0)=0 R
h - D-flat (Ju=0)
tan f =1
-H




SUSY case

H, = (@) ol +i(od+ AN, A =0l il + D)

7

1 1 2 i1 p2 4 5, i(~4 A5
Hd—ﬁ(@\5>+05+l(0'5 A2), Al + ol +i(ol - AD))

1 A2 - 1 - 2
Q; = A +1A; +i(o:; +10;)

Q.. =A;—iA +i(og —ioy)

right-up T+IT,
left-down T ,-I T,

NH, K.Takenaga, T.Yamashita, Phys.Rev.D71:025006,2005

a
1
(A ===
(0)=0 20
h - D-flat (ju=0)
—

tan f =1




SUSY case

H, = (@) ol +i(od+ AN, A =0l il + D)

\/_
Hy = (W) o2 (01 - A), AL+ 03 il - AD)

g= (A —iA2 A —iAD)  Hy = (g +ig,) /N2

4, = (o —icl,of —ic?) H. = (4 —ig,) /2

NH, K.Takenaga, T.Yamashita, Phys.Rev.D71:025006,2005 a

1
(A=~
(0)=0 2|

h ___——" D-flat (Ju=0)

tan f =1




Mass Spectrum
twist of SU (2),

A
A N _ o
( E ~gaugino mass higgsino mass B/R
~ . < (no soft scalar masses)
2 (=0 +IA)

h~A-~100GeV, H ~H* ~ M, , +100GeV
(radiative induced mass 100GeV)
gauginos mass~higgsinos mass [3/R

- D-flat (Ju=0)

tan g =1




5-2. soft scalar mass

« Introducing soft scalar mass, m (z=mR) in addition to SS

SU(3) > SU(3) model

Ve =2C Y NG (1924, 8,28 ]+ 21 Pa, B,25),n])
n=1

adj 1 Fadj ! ! Fadj

+NS (1924, 5,25, n]+ 217[a, ,25),n])

adj 1 ~adj ! 1 “adj
+NOI W[, B,25) . n]+ NGO, 8,28 . nD}

2
| M)[a, ,B,z,n]E% 1-|1+ 27zzn+(27[§n) e *"" cos(2znB) |cos(zna)
2
1 [, ﬂ,z,n]zi5 1-|1+ 2ﬂ2n+(27zzn) e > cos(2znB) |cos(zn(a—1))
n
A arl=)l Al A=) a I =) ) (=) oy !
Nogi. Nogi N, Nppa | B Zag, Zedi. Zfnd. Zfnd. (o mu/g;
2 1 0 2 0.1 0 0 - 0 0.2362 42
2 1 0 2 0.1 0.1 0.1 - 1 0.0097 150

o (GeV)
similar effect of large 3



SU(3) > SU(3) model

introducing soft scalar mass, m (z=mR)

RN YA E
(1) 2 3 0 4 0.0  0.01 0.01 - 0.045 || 0.0040 164
(2) 2 4 2 6 (.05 () 0 0.05  0.05 || 0.0037 176
(3) 2 4 () 6 0.025 0.025 0.025 = 0.025 || 0.0066 129
4)] 2 1 0 2 |01 01 01 - 1 | 0.0097 150
(5)| 1 1 0 2 001 1 1 - 1 00196 125
{ﬁ) 2 2, () 2 (.14 () 0 = () (0.0379 130
SU(6) model

N Nl N NRl | B o A i s | si mufod
(7) 2 () () 10 0.1 0.0 - - 0.05 || 0.0207 139
(8) 2 0 0 6 D1s: 01 - - 0.1 || 0.0268 139
9) | 2 0 0 16 [0.04 0 - - 0.03[0.0021 173
(IU) i 0 () 4 0.07 0.5 Z 2 0.5 || 0.0366 138
(11) 2 0 (0 2 0,32 0 - - 0 0.0594 135

O(1) # bulk fields are OK for DSB

(NH, K. Takenaga and T.Yamashita, hep-ph/0411250)




5-3. 3-point self coupling

higher order operators

V ~cosa~a"=(g,RH)"

g 4R ~ afew TeV - suppression scale — suppressed enough

effective 3-point coupling

392 oV
A= 6 3
327°R oa
a=a,
— 2
deviation from SM a4 = A~ Ao , Ay = 3r\1/1h
SM

H @ B @ 6 6 @ @) (9 (10 (11)
AXN%) | —86 —83 —140 —102 —3.1 —13.7 —12.0 —120 —76 —11.2 -—127

tend to be small comparing to SM




6. summary and discussion



summary

origin of Higgs doublets & Yukawa Int.

e H, c A - doubletHiggs ® WepA Wsp — Yukawadints.

Higgs mass is finite! (5D gauge invariance)

1 loop effective potential of Higgs doublets (A;)
IN SU(3)><SU(3) model & SU(6) GUT (g/l: blane & bulk)
1

EW DSB can be possible by extra bulk matters
(suitable # & rep.)

tan g =1

h~A~100GeV, H ~H* ~M,, , +100GeV
(radiative induced mass 100GeV)

gauginos mass~higgsinos mass [3/R




problems

(1): Winberg angle
— o small brane-localized Higgs kinetic term
bulk gauge coupling > brane-localized g.c.
(9, ©(@), M.R)¥* 1(M. 1/R))
« additional U(1)’

(2): proton decay suppression for TeV scale compactification
~ U(Q)g

(3): general soft masses in SUSY etc
— how to calculate deviation from tan/3=1 (D-flat) ?




related studies

5D Eg, E; GUTson S'/zZ,

E.: bulk matters adjoint & fund.
E.: bulk matters  adjoint

fermion mass hierarchy & flavor mixings — wall-localized extra fields effects

(NH and Y. Shimizu, Phys.Rev.D67:095001,2003, Erratum-ibid.D69:059902,2004)




SUSY br. gaugino < higgsino

~ ~2
M,=m, g=-m, Mpn, =-M at tree level at 1/R

~  ~2

radiative br. Is possible?
investigate by including gravity effects

another approach of EW symmetry breaking in gauge-Higgs unification:

(Choi, N.H., Jeong, Okumura, Shimizu, Yamaguchi, JHEP 0402:037,2004)
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