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Inkroduction

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 large!
(Natural cutoff scale is
Planck scale or GUT scale)




To get Higgs mass of weak scale,
an unnatural fine tuning of parameters are required

mé = mg +0m” = O((lOOGeV)z)
clasLical QuaI\‘rum
corrections

2
Naively, we have m§,5m2 ~ O((IOISGQV) )

32 digits of fine tuning
1.00000000000000000000000000000001 - 1 1l



Problem: We have NO symmeftry forbidding the scalar mass

SUSY ¢ 24
1

Identified with Mass term is forbidden
Higgs in the SM by chiral symmetry
Y
GHU @ A
fu
Higher dimensional Mass term is forbidden
Lorentz invariance by the gauge symmetry

Higher dimensional gauge symmetry



Indeed, the (local) mass term A 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 symmetry is very useful in the orbifold model

since it is operative even on the branes 6 — H
Gersdorff, Irges & Quiros (2002)

A — A +0 EG/H(x,y + 1

5

7> odd L2 even

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 T°@1-loop

Antoniadis, Benakli & Quiros (2001)

®6D Scalar QED on S?@1-loop Lim, NM & Hasegawa (2006)
®5D QED on S'@2-loop

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

®5D Gravity on St (GGH) Hasegawa, Lim & NM (2004)



Higgs mass calculation



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

Ay e hn e i Ay (:H)

2 ) de | 1
m, =1ie Tr S -
’ DJ(M)D 2 {yy K —m }/—m} (No sum) L=2mR

500 I 5 j dD+1 k

D+1eD“( )DH {m}{ - %1 }(M:O)L...D)

_ g plewd[ 4% | 1D 2n
D+1 7" (Zn)DH k> —m? (kz_ m2)2
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Consider (D+1)-dim QED on St Hatanaka, Inami & Lim (1998)

Ay oo —=- Ay, (zH) Boundary condition
v(z,y+L)=ey(x,.)
miziefﬂ[ml/z J i — ! > + 2[)2 >
7)== (rnra)/L) +p* [ ((2en+a) 1) +p7]
_ a2 A[(p+)2] d’k o\ L Sinh(pL) 2[__=21;IR :
— leD2 J’(ZE)D (1+pap)(2pj008h(pl,)—c0$a P =—k"+m
2 [P 1—cosh(+/k; +m’ L |cosa
= L J dk kD 1 co8 ( £ " )COS < o

2D—[(D+1)/2] D/zr( D /2

2
[cosh(\/ké + mzL) — cosa}

Superconvergent!
(Nonlocal mass: Wilson line phase @ =g<f>dyAy )




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

2 0o
, € 1 1 —coshscosa

m, = jdss3

Ar’ (2;;]3)2 A [coshs—cosoc]2

O¢’
NTFTaLs )_167; T(’z‘)‘ S

Higgs mass is too small
— generic prediction of GHU

O=T7



Way out to get 125-126 GeV Higgs mass

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

my ~ mw/(4ma) (mw = a/R)

Haba, Hosotani, Kawamura & Yamashita etc

2: D > b dimensions

F;;¢ contains the Higgs quartic coupling g°[A;, A, J°
in general Higgs mass is generated at leading or'der'

my = 2m, is predicted in 6D on T?/Z; model
Scrucca, Serone, Silvestrini & Wulzer (2003)

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

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



Grauge-Hiqqs sector



Model building of the gauge-Higgs unification

A5 is an SU(2) adjoint as it stands, not SU(2) doublet
= need 1o enlarge the gauge group

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

‘ Simplest G
SU(3)
Consider 5D SU(3) model on S!/Z, with Parity: P = diag (-,-,+)

(x,y,+¥), PA;(x,y,—y) P =—4;(x,y,+ )




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

( . \ ,
1 W;-I—BZ/\E \/EWﬂ 0 1( 0 0 H
A= 2w,  -w; 0 |4%==0 0 H
2 ‘ : 2
0 0 -2B,/\B H™ H” 0
H \

Gauge boson spectrum

MWn:n+a,MZn:n+2a’M :%,< 5 >_L




®W,K Zy are identified with zero modes:
My = a/R, Mz =2a/R, M, =0
OM, = 2M,, — cosB,, = 3 (sin?6w= 3 >> 0.23)
® The spectrum is invariant under a © —a
— physical range [0, 1/2]
(this kind of spectrum is specific to GHU
compared to UED case: M, =\/M§V+(n/R)2 )

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




Hypercharge of the doublet
Check the hypercharge of Higgs doublet

0 0 0 o H
8y A =g T, 4" |= % 1 o || o o &
0 -2 H  H” 0

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

G i s0(B) i BU(3)
Sint@y /4 1/2 3/4



Way out to get a correct O,

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

g’A, +/3g4’ V3gd, —g'4 V3gg’
AY = > > ’AX — p— gY p—
\/3g + g \/3g2 +g'2 \/3g2+g/2

L= TrF ™ = == 5(y)+ > 1,2 6(y—nR)}TrFWF“V

SU(3) invariant SU(2) x U(1) invariant



Electroweak symmetry breaking

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

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

| \ !
3 /
Oy
) 4 N
|

F (DOF)J‘ d4pE
(27)

5 2ﬂRZlog(pE+m )

KK mass



Ex. BD SU(3) model on S'/Z, with N; fundamental
& N, CldjOihT fermions Kubo, Lim & Yamashita (2002)

o0

V(@)= — 21[(4N 3

1287 R’ “' n

cos[27na]+2cos[na))+4N , cos|7na ]

V(a) Gauge + ghost adjoint fund

2 WAWA'

CDG\th‘\J
I\J

;h

/// \\\\ /// 1 fund \\\
8 unbroken | unbroken

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

I\J
I'\J

|_n




Wilson line phase

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

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

T° =diag(1,-1,0)
T* = diag (1,1,-2)//3

a=1:W =diag(1,-1,-1)=|w,T° |=|W,T* | =0

U(1) x U(1) unbroken
O<a<1:[W,\/§T3 +T8}=[W,sin9WT3 +cosHWT8]=O

U(1)em unbroken



Hi99§ po’ren’riql (top (15*) + b (5) + 10))|

Cacciapaglia, Csaki & Park (2005) e=1.2H
Vo
T - \'
| twisted” |
20 WSS Top
0 /
Ll gauge
40t

SU(2) x U(1) — U(1)em N\

1 0.2 0.4 0.6 0.8 1




Higgs mass, top mass,..etc

f
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Model a: b(3), 7(10) Model b: b(6), 1(3) top



Sample points

/

o 1/R f my o my

0.08| 1 Tev f’ézﬁ iég GeV ﬂg GeV 122 GeV
0.05 | 1.6 TeV 131;//2 gg GeV lejg GeV gfé GeV
0.04| 2 TeV ;:,//Z 12‘; GeV 1?1 GeV 212 Gev
0.03 | 2.7 TeV ;’;{E 53 GeV 12; GeV ;ig Gev
0.02| 4 Tev gz:;z o GeV 123 GeV g‘fg Gev

T

Fine-tuning required to
obtain the potential minimum Model B (bottom low)

Model A (top low)




Matter Content

$

Yulkawa Coupling



Quark & Lepton embedding

Consider a fundamental rep of SU(3)
3 =(q, q-1, 1-29)" (q: electric charge)

Putting g=2/3, we get (+,+, -)L
3:=216+14/3=(2/3,-1/3,-1/3)7 = (u, di, dr)T

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

2-rank sym: 6> = Q )
2R1/6

3-rank sym: 10 ’
4ri/2 @ 2R-1/2 @

Many massless exotics = brane localized mass term



Big In the 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 5th 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=|"D, ~Me(y)|w(x)
1(y>0)

D,, :BM —igAM,FM :(7/!‘,1';;),(M :O,1,2,3,5),8(y):{_1 (y<0)

Focusing zero modes
(x,y): Wf&) (x)]FL((O])Q) (), ?;WL(R) =(-) Wiy



Zero mode wave functions

(L::ay+A48(y):ffD( )_9f; (¥)= 1—e 27MR ©

0 Small overlap 7R
4D effective Yukawa coupling

—7TR —7TR

Y=g, [ af" ()" ()=g. | dy\/ i

(1 _ e—27zMR ) (ezszR _ 1)

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



2: Mixing between bulk and boundary localized fermions
Csaki, Grojean & Murayama (2002)
Consider the massive bulk fermion
coupling with SM fermions on the branes
Lo =P (x.0)(iT¥ Dy, 1 () (x,). ¥ = (v, ;f)T
E

o, + h.c} +0 ( Y- yR){iqLE”B#qL + \/ﬂi q,x" +h.c.

2

JrR

£Brane = 5()/ B yL)|:iQL5ﬂa,uQL +

Mixing mass term between bulk & brane fermions

Integrating out massive fermion generates mass term as

TR
_IMR— 8| a4 _
£ €, TMRe™™q e ! 'Q, =>m, < £,,xMRe M,

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

How do we obtain fop mass???



TOP mass generGTion Cacciapaglia, Csaki-& Park (2005)

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

mt < A/ an (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: [T T 11

(15*)2s— (1, 2/3)(1r) + (2, 1/6)(11)
+(3,-1/3) + (4, -5/6) + (5, -4/3)



JN enhancement

Consider a rank N symmetric tensor of SU(3)
['T1] ..+ | | Nboxes

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

singlet (1{1]1| ... |1} unique
doublet [TTiT2] " --- 1] etc N patterns

Canonical kinetic term = 1//N

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



Fermion matter content

3=2,,,(Q)+1_y5; Down quark
2R1/6 + lR-l/s(dR) sector
. Up quark
6™ - 3L-1/3 + 2L1/6(Q) + 1L2/3 sector

3R—1/3 + 2R1/6 + 192/3(‘-'9) (except for top)

10 - 4L1/2 i 3LO + ZL-I/Z(L) + lL_1 Charged lepton
Qrija+ 3po+ 2p1/2+ 1pa(ep)  sector

15% =5 4/3+4 576 + 3173+ 21/6(Q) + 153

Jjﬁrk Or-4/3 + 4r5/6 * 3r-1/3 + 2rise + 1po/3(Th)

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



Flavor Mixing

"Flavor Mixing in Gauge-Higgs Unification”
Adachi, Kurahashi, Lim and NM, JHEP1011 (2010) 015
"DO-DPbar Mixing in Gauge-Higgs Unification”
Adachi, Kurahashi, Lim and NM, JHEP1201 (2012) 047
"BY9-B%bar Mixing in Gauge-Higgs Unification”
Adachi, Kurahashi, NM and Tanabe, PRD85 (2012) 096001



+l/73i/51//3 +l/71_51/51//1_5
+8(yN2m RO, (x) 1,01, (x.7)+ 4,0/ (x.7) |(i.7=1.2.3)

T
+brane mass terms for exotics 9.= (QéLaQéL,leL)

® Brane mass matrices 77, A :
off-diagonal elements | Flavor mixing

® Brane localized fields QR

® M3 =0 toavoid m, ~ M, exp[-TMR]



"

Diagonalization

4

£Yukawa — g5A6diQ3i + gsA6ﬁiQi < Gauge interaction

N g5<A6>(d i(0 )Y”U (0) ( )Y”U (0))

SM SM
i [ = R e

Y, = VdJ;QY;iU3 Va

N

Vexu = VJLVdL (U;U3 * UIU4 - 13><3)

Y, =V YUY,




M3se oc 1 (Yud o< 1) case (flavor symmetry restored)

(v _ 1t i Sty ptrrt
Y =V, Yuy —V UV =YY=V UUV

3" dL dR™ 3" dL dL~ 37 3 dL

Y =viYuy,->viuy, =YY =vuuy

uR ~ 4" ulL ul — 4~ 4" ulL

UlU.+UTU =1
33 4>~ 4 \ oC
4 VuL VdL

=V, =VV «<VV =1(Nomixin9)

ul” dL dL dL

Lesson

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

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



Parametrization of Unitary matrices Us 4 (CP violation ignored)

( a, 0 0 1—- af 0 0
U=R| 0 a 0 |,U,=R, 0 1-a 0
00 4 0 0 1—a?

(10 0 cosf; 0 sin6; \( cos 0, —sinf O
R,=| 0 cosf;, sin6, 0 1 0 sinf] cos@ O
k 0 sin@, cos6, N~ sinf; 0 cos6; ) 0 0 1
(1 0 0 ) cos 6, 0 sin0, \( cos 6, —sinf, O
R,=| 0 cosf, sinb, 0 1 0 sinf, cos6, O
O sin6, coso, - sinf, 0 cos6, oo 0 1

Physical observables: 6 quark masses + 3 CKM angles

# of parameters: a; , s, b112,3:IRL1'2(00), ;53,613

= 11-9=2 free parameters (6-5=1 for 2 generations)




Parameter fitting

Numerical results reproducing quark masses & mixings
(2 parameter scan technically hard

= 3 angles fixed & m, unfixed)
(i) No up-type mixing case
R =1,,:a’ =0.1023,b’ =4.335%x107,sinf, =—2.587x 107"
a; ~0.9887,b; =~1.302x107*,sin@, =2.224x107
a; =0.9966, ,sin@, =2.112x107"
(ii) No down-type mixing case
R,=1,.:a’ =0.0650,b’ =3.973x107,sin6 = 0.6704
a; =~0.9931,b; =2235x107,sin@, =-3.936 x10
a; =0.9966, ,sin@; =1.773x107



FONC @Clree level
FCNC®@tree level even in QCD sector

Lo > GO 7y + iy )

+ g G(")lﬁio)}/“l//;(o) (7t 70n0)y, )j

\ dR™ RR dR
I

R L I

37 LL 47 LL 4

al

>

= ()-mode (%1 {£{)
= (-mode (% 2 {#4)

O mode sector: No mixing O.K.

Nonzero KK gluon couplings
induce nontrivial flavor mixing

= flavor mixing@tree level




B, - B,

BYLLPY

dL SL
> >
% GZ(”)
< <
SR dr
(i) LR type
CJ, ur,
> ma@\
m
UR CRr
(i) LR type
dL(SL) bL
g -
% GZ(”)
¢ ¢
br dr(sr)

i

B

SL, dr,

(ii) LL type

CL ur,

ur, CL

(ii) LL type

> % T
SR B dr

(iii) RR type

UR CR

br dr(sr)
(iii) RR type



KL-Ks mass difference

A (KK) = 2(R| 257 | K) = et, CBR fim, 3 L[ - o]

Bag parameter: B1=0.57, f, ~1. 23fn, m¢~497MeV

Mode sum is finite

Exp. constraint:

Am, (NP) <348 %107 MeV

[TeV]

R—l

R ' >28TeV ~ 43TeV

02 0 02
sin 6’




Similar analysis applied to D & B systems

14

12 O _O 7 O _O
10 - D o D T B o B

: | R =1,,:R"21.71TeV (B} - B)
__ R >254TeV (B - B!)
G E e e e w0 Ry=1,, iR >0.92TeV (Bf,’ - BY)

sin 6’

-1 S, 0 __ Ro
Lower bounds for i 2 LAY (BS B, )

compactification scale

R ' >0.8TeV ~14TeV



Resulks
K- K’ :O(lO)TeV
D'-D":0(1)TeV
BY-BY,B'—B’:0(1)TeV



“GrIM-lilee” wmechanism

Above results is smaller than naive order estimate

M >10007e/ (K"~ K°,D" - D°)

KK
1 _ _ _
V% WW2><MKK24OOTeV(B§—B§)
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 15t & 2" generation of quarks



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

exponential
:_ﬂ_(e-znw +e—znw2) suppression!|
2

_ (e2nRM1 B e—anM2 ) (n_RMi > 1)

. m-. .. m2_m2
o 2TRM similar to c M,
m2 ~ GIM suppression m,
2
1 2
LL(RR - 1 (1000 oon0)\* T (M _M)
st = xRS L (1o ) -

S8R M'M*(M'+ M)
Power suppression




More intuitive understanding of “GIM-like” suppression

FCNC is controlled by the factor

T

2 . | R Mi i n
1(070) 2(070) 70 —_ - [ g4 — "MV cos| —
(]RR _]RR ) RR /ﬂ'R _JR yemRM’_l Ry

In MR >> 1 limit & for small mode index n

Width “1/M” of _ Period 2mR/n of
O mode function KK gluon mode function

Almost flat KK gluon mode function for
fast exponential dumping O mode fermions *=

(0m0)
IRR

Almost flavor universal
(similar to O mode sector)




As for the 39 generation,
GIM-like mechanism does not work

" M3=0 for top mass

Suppressed FCNC due to small mixing
between 1-3 & 2-3 generations



