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1. Introduction

1-1. motivation
1-2. notation



1-1: motivation

¥ higher dimensional gauge theory:
scalar A: in 4D effective theory « extraD component

— 1dentify Higgs field

ex. 5D SU (5) GUT
N> Aoy
i S "

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

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



Gauge-Higgs unification
» MY «Higgs doublet” mass is finite! (-1/R)
sca T
5D gauge inv.
—)mvrrl:rr_y—r\r.\\/
ex. 5D SU (3), SU (6)

1
DA, o an P S'1Z,
0-3,
¢ HD - A5( ) = origin of Higgs doublets
*0; 'ﬂ%&As %P_ = origin of Yukawa int.



1-2: notation (1): M*Q®S?

T: (X", y+27R) =Ta(x*,y)

[T eU(N)]

pXY) = w/2tzR i # (x") e




1-2: notation (2):

M*®SH/z2_Jy=-Y]

A, (X, —y)=PA, (x*,y)P
A (x*,—y) =SPA (X“, y)P
(X, —y) =Py (X", y)
e (X, —Y) =GPy (X, Y)

4D 4D

y=0 y=7nR

v (x" —y)=Piry ()] | P (X", =y)=Pa(x*,y)
5D

Ly =("ip)

[P* =1 " ¢(y)=Pg(-y)=P°4(y)]

6. (X", y) = HZ $." (x") cos(= )
y/a n=0

b (x“,y) = J—Z O (x“) sm(—y>




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

2-1. SU(3)*xSU(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(),




2-1. SU(B)Q)(SU(B)W mode| (Kubo,Lim,Yamashita,

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

(1 ) 1 A
3 In base of
P=|_. 1 ............. T = 1 SU(@3),, 2SU(2), xU(),
N Y \ 1)
............. A

'SU(@3), — SU(2), xU(),

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

nggs doublet ]




2-2. SU(6) GUT

(Hall,Nomura,Smith,
Burdman,Nomura)

..... In base of Su(6)




2-2. SU(6) GUT

(Hall,Nomura,Smith,
Burdman,Nomura)

..... In base of Su(6)

---------------------
] =m

O SEPEPPEEPEEE Py 7 ///,//
E o Higgs doublet |
SU (6) —»
SU (3) x SU (2) xU (1) xU (1) AS o

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




2-3. 5D N=1 SUSY 195

5D N=1 SUSY odd dim.=vector-like
LIJL
Y 5
VL
< 4D N=2 SUSY

Si = [dxdy[[d O &' e + ¥ e’ 1)
+{j d?0(¥ (0, - 0.2)¥, ) +hc.}]

Yukawa int. !
Jd~VYip~0.7at GUT




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

A AD q© /1

O+ O+ O+

AéO) > < AéO)

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

O Q @ @

infinite sum of KK mode —effective potential, V(<A§O)>)
(when SUSY - vanish! - Scherk-Schwarz breaking)

search min. of V((A”)) - Higgs VEV (A”)#0,0r =0




3-1.5U(3) . %xSU(3),,,_model
= = Ha
0 1
effective potential: (A = ZQR[ ______
Veff (< AS(O)» la___ [ a:dim-less
auge 3 = 1
Vi =—-=C>» —fcos(2zna)+cos(rna)] c__ 3
2 n=1 N 6472'7R5
(c/Z)EMa

i i i i
el m = bl

no sym. breaking!



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

vacuum should beat 0<al]l 1

If vacuum is at y=mrR

exp (:fﬂ fu . dy {E})

L0001 Y
—eE RN R 1
s 100 1)

<Aé0)>D% SU(2)xU (1) >U (W) xU(@) at ~1R

W

Not Good!



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

y=0 y=7xR

Introduce
extra fields in bulk

(5) (£) (+)
Na ] Nf ’ Ns

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

A (X,=y)=PA, (X%, y)P

A (X", —y) ==PA (X", y)P

v (X, =y) =(EPy, (X", y)
s (X, =Y) =LoPy, (X4, Y)
S(X",—y) =(F)s(x", y)

There is d.o.f. of ()

Ve, = E’E %[EN{EH cos(2mna) 4+ 2N cos(2mn(a — %}J
+ (4NIH — N 4 aNTH) cos(mna)
+ {aL“'u."EE_’ — .-"l.-'S[_’ -+ ?;"lf'}_]}cﬂsfm?,{a — 1}}].




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

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



effective potential: V¢ (¢ AS(O)>) =V +V g ﬂ \
—[0O@Q) TeV

I Vev:
10 O(100)GeV
‘ SU(2)xU ()
a.32 l

U @), j

- /

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

bulk extra field effect is important!




effective potential: V (¢ A5(0)>) ZVG?fauge -I-Ve:c?

27R 2R

g,R

BN

o2y :
m;, = (GR) | (2222 Gev

(0)
9 g, B2 o5 Gev

7

=l ..
_O_9T4
S.9TE
978
02 O.04 ©O.0E O. 0.1
9 .9H2
u.5aa[_hLQLHHHHH"“HHn::::::L#JHEﬁ

bulk extra field effect is important!




3-2.5U(6) GUT

sssss}ussnnnnssssnnnnnnnnnfannnnnnnnn

Vi = —gCZ;%[cos(Zﬂna) + 2cos(zzna) + 6cos(zn(a—1))]

V9@ =0)-V I (a=1)= 12CZ

‘ 7 (2n— 1)
We = P}:]}“”[z Hrjg;ﬂaj]
s -1 SU (2), xU @), - U @)?
1
| B at (A0 =

-1
not good! - introducing extra fields in bulk



Introduce extra bulk fields —

Verr = C b D F[EN&'H cos(2mna) 4+ 2N cos(2an(a — EH
=1

(AN 1) ?_-""-"}""1 — N cos(mna)

+(12N) + AN 2N — N cos(n(a — 1))].

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



Introduce extra bulk fields —

o ] L 1
VR = O Zl E[Eﬁul"‘"a&s{iwna] + 2N cos(2an(a — E”
b —

(AN 1) ?_-""-"}H — N cos(mna)
+(12N) + AN 2N — N cos(n(a — 1))].




3-3.SUSY version

SUSY must be broken, or V=0!

w Scherk-Schwarz SUSY breaking

Imposing different BC for fermion and boson - SUSY br.

twist of SU(2),

: A

e T B S
A 4 v D2y
— Lo o g B 1)

2 (corin) @

v Soft scalar mass for bulk fields (later)




SUSY version 5D N=1 (-4D N=2) : (Scherk-Schwarz SUSY breaking)
B~0.1
bulk matter: N{* fund. & N,® adjo. super-feilds

les
PR U@xSUE): 5N =NO =2, N.O =4, N,© =0
SU®): >N, =2, NO =N =0, N, =10

How Is Yukawa? quarks/

leptons

4p gauge A4l "Higgs": Pexp(jA5 dy)
extra matters T-oet(EZ- J26 e ™)

y=0 y=nR

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




4. dynamical EW symmetry breaking ||

4-1. SU(3)xSU(3) model
4-2. result

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



4-1. SU(3).xSU(3),y_model

fund. rep. bulk matter

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

gauge sector

ny !
D -
. R |

sin(”—Ry)

A/V
o -

-
-,
.
-
-
-,
.
-
-
-

SU(2) doublet

....... SU(2) singlet
L

-

p
/’T,\,\A I
.

/\CA/v

6 - up-sector

8 —» v-sector

fund. rep. -» only down-sector Yukawa

10 - charged lepton sector

(Burdman-Nomura)




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

T

V= N,CY (1~ cos(2nnB)) x [3fula) + 3fula) + fula) + fula))

=1

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

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

fola) = cos(2mna) + 2cos(mna),

R

- . AL .-"I —
Vg = VEY L VE =20 z w‘ (1 — cos(27n/3)) x
[N, ms(ﬁr;rm} (DNg — 1) cos(2mna) + (10N, — 2) cos(mna)]

U

Vegla =0) — Vegla = 1) = 4(11;1"5,_— 2)C Z

n=1

1
(2n — 1)°

(1 —cos(2x(2n — 1)3)).

_______________ I 0




effective potential: V (< As(o)»

24 /

~21]

N =N"=0N"=45N""=40 N, =3
£=0.1,

L Fo1 10@) TeV
R R




effective potential: V (< As(o)»

/ Vev. \
. 0O(100)GeV
T T T su@)xU ()
-2 l

U@)., /

/

.02 D.03] .04 0.05

bulk extra field effect is important!



4-2. result

set-up: all 3-generation quarks/leptons in bulk
1 P
—0O@) TeV m U= =0.1,
~ 1 0d) - p

susy

examples:
SU(3).xSU(3),,_model
N, =N, =0,N," =45N," =40
SU(6) GUT
N(+) N(+) N() ON() 42




5. Higgs mass & phenomenology

5-1. Mass spectrum
5-2. soft scalar mass
5-3. 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. Mass spectrum

5D gauge kinetic term—4D Higgs kinetic term

1 _ara T 2, B
zxjdyZFuSF #S_J‘dy (5A5+Igfbc yAS) _(a +Ig4 +I\/§g47ﬂ)H|2

[ 4 . 5l _ g
iAs\;?IAS 9. =R
A, = [As 1 ial
N [z |=H/J2zR

® However, g, =+/3g, —siné, =+/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

g.° > N1, (we take g, ~ 1), and expect w,,B )—>(92W \/_ B,).
e additional U(1)’ %

J27R (A)=-2__y[] 246 GeV
<A5,> g4R cf :[SU(6):sing, Z\/%]




SUSY case

1 : :
H, :ﬁ(<6\54>—01‘3 +i(c*+ A), A - +i(c®+ Al))

H, = %((A;% o’ +i(c* - A) A+ +i(c® - Al))

Al :massless (h) Ay’ ATyt
o* :massless (A) o’ M, (H) o”:M, (HY)

NH, K.Takenaga,T.Yamashita, Phys.Rev.D71:025006,2005 a
1
(A =2
(0)=0 R
h - D-flat (u=0)
tan 11
-H



Mass Spectrum

twist of SU (2),

A
P N _ o
( } —~gaugino mass ~ higgsino mass ~p/R
~ p (no soft scalar masses)
i (=0 +I1A)

% h0 A0 O(00)GeV, HO H*O M,,, +0(100)GeV
(radiative induced mass ~ O(100)GeV)
¥ gauginos mass~higgsinos mass ~ /R

- D-flat (u=0)

tan 11




5-2. soft scalar mass

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

SU(3) x SU(3) model

Ve =2C) NG (1928, B, 25 ]+ 21M[a, B, 2% . n])
n=1

adj 1 "adj ! ' Fadj !

+NO (19124, 8,2, n]+ 2174, B,z ,n])

adj 1 ~adj ! 1 Sadj !
+NG 1 la, B, 253, n]+ N g1V, B,z )}

2
| M)[a, ﬂ,z,n]s% 1-|1+ 2ﬂ2n+(27zzn) e ?" cos(2zn) |cos(zna)
2
1 a, ,B,z,n]sis 1-|1+ 2ﬂ2n+(27zzn) e cos(2znp) |cos(zn(a—1))
n
A+ =) arl+l  arl-) a L =) () (=) oy '
Aadj. ‘n'adj. N fnd. N fnd. 5 Zadi.  *adj. “fnd.  *fnd. (g my | ﬂf
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

.. (GeV)
similar effect of large £



SU(3) x SU(3) model

introducing soft scalar mass, m (z=mR)

Ngi Nogo Njng, Ny | 8 %) %g) Zpnd Zpad | 90 M/}
(1) 2 3 0 4 0.05 0.01 0.01 - 0.045 ) 0.0040 164
(2)| 2 4 2 6 0.05 0 0 0.05 0.05 | 0.0037 176
(3)| 2 4 0 6 0.025 0.025 0.025 - 0.025 | 0.0066 129
@ 2 1 0 2 |01 01 01 - 1 [00097 150
Gy 1 1 0 2 |00l 1 1 - 1 ||0.019 125
(6) | 2 2 0 2 0.14 0 0 - 0 0.0379 130
SU(6) model

Nﬂ[;%? Né; N}:&_ I\.TJE,; ,Ji Iv) zi;] ‘F"V:E.d_i]. z";.:;_ é_ z};fi ay my/g:
(7) 2 0 0 10 | 0.1 0.05 - - 0.05 || 0.0207 139
(8) 2 0 0 6 |015 01 - - 0.1 |[0.0268 139
© 1 2 0 0 16 |004 0 - - 00300021 173
(10) | 2 0 0 4 10.07 05 - 2 0.5 || 0.0366 138
(11} | 2 0 0 2 1032 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 cosalla"=(g,RH)"

g 4R L] afew TeV - suppression scale - suppressed enough

¢ effective 3-point coupling

392 oV
A= 6 3
327°R oa
a=ay
— 2
deviation from SM [ 4 = %=~ s . Ay = 3r\r/1h
SM

1y @2 @) @ (6 @’ (7)) (8 (9 (10

(11)

AM%) | -86 —-83 —-140 -10.2 -3.1 -13.7 —-12.0 -—-12.0 -7.6 -11.2 -—-12.7

tend to be small comparing to SM




6. summary and discussion



summary

gauge-Higgs unification=origin of Higgs doublets & Yukawa Int.

e H, c A - doubletHiggs ® WepA Wsp - Yukawa ints.

Higgs mass is finite! (5D gauge invariance)

1 loop effective potential of Higgs doublets (A:)

IN SU(3)xSU(3) model & SU(6) GUT (g/l: blane & bulk)
l

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

Y h0 A0 O(00)GeV, HOH*[ M, +0O(100)GeV
(radiative induced mass ~ O(100)GeV)

¥¢ extra bulk fields ~ O(100) GeV

¥ tanfp 1

¥ gauginos mass~higgsinos mass ~ /R




w SUSY br. gaugino < higgsino

(Burdman,Nomura)

M/IZHR, ILJZ—H, Hﬁuhd 2—%2, B =0 attreelevel at 1/R

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)




problems

(1): Winberg angle
—e small brane-localized Higgs Kinetic term
bulk gauge coupling > brane-localized g.c.
(9,~0O(1), M.R)V>>1 (M.>>1/R))
o 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 tanf=1 (D-flat) ?




related studies

4 5D Eq, E;, GUTson  §'/2,

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)
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