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Unsettled problems in Higgs sector of the SM
% Hierarchy problem

% Origin of fermion mass hierarchy
& flavor mixings

% Origin of CP violation

We now discuss "Gauge-Higgs unification” scenario
as an attractive candidate of New Physics, which is
expected to shed some lights on these problems
by higher dimensional gauge symmetry




Gowuge~Huggs Um/fwwh,owl

Zero mode of the extra component of
higher dimensional gauge field = SM Higgs

Manton (79), Fairlie (79),
1 Hosotani(83)

® Higgs mass is forbidden at tree level

® Radiatively generated Higgs mass is finite
& cutoff independent
due to higher dim. gauge symmetry

This fact opens up an avenue
to solve the hierarchy problem w/o SUSY

Hatanaka, Inami & Lim (98)



Explicit calculations of Higgs massl

®D-dim QED on S"1@1-loop  Hatanaka, Tnami & Lim (1998)

®5D Non-Abelian gauge theory on S”1/Z2@1-loop

Gersdorff, Irges & Quiros (2002)

®6D Non-Abelian gauge theory on T"2@1-|oop

Antoniadis, Benakli & Quiros (2001)

®6D Scalar QED on SA2@1-|OOP Lim, N.M. & Hasegawa (2006)
5D QED on 5™ 1@2-loop

N.M. & Yamashita (2006); Hosotani, N.M., Takenaga & Yamashita (2007)

e5D GI"GV“'Y on S”1 (GGH) Hasegawa, Lim & N.M. (2004)




In gauge-Higgs unification, the following issues are nontrivial

/: Realizing Yukawa hierarchy
2: Accommodating the flavor mixing
3: CP violation

"." Yukawa coupling is originated
from the gauge coupling
which is real and universal for all flavors

In this talk,
we discuss how these issues are incorporated
in the gauge-Higgs unification scenario
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Adachi, Kurahashi, Lim & Maru,
JHEPIOTT 015 (2070)



As a new feature of higher dimensional models
with Z2 orbifold, Z2-odd bulk masses are allowed

M.e(y)@y, (&(y):sign function)

with Mi being different depending on each flavor

New source of flavor violation
specific to higher dimensional models



The bulk mass controls the location
of O mode fermions localization L R

M M

(905) = o 10(3) = | e

€

4D effective Yukawa couplingl

4

0 Small overlap 7R

No need of unnatural fine-tuning for 5D parameters
due to exponential suppression
Getting a viable top mass is not trivial,
but POSSib'C Cacciapaglia, Csaki & Park (2005)




At first glance,
the bulk masses can be of f-diagonal in flavor space,
which seems to generate flavor mixing

Unfortunately, it is not the case:

For each representation R of the gauge group,
a general form of bulk mass terms

M (R), e(y)#(R),¢(R),

J J

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




We are led to introduce
brane localized mass terms,
which are the sources of flavor mixing &

are also necessary to make exotics heavy
as will be seen below




Movtebl

5D SU(3) model compactified on Sl/Z2

N-generations of bulk fermion are introduced
y(9=q0d
wi (6) — 5 Qé U

Need to eliminate the redundant
quark doublets (Q) and exotics (=)

mmm) Brane localized mass terms|

Burdman & Nomura (2003)




L= (18 -Me())gs+ 7 (18 -M'e(y)) o

"generatioh dependent” bulk masses

+5(Y)m@R(X)[’7ierfL (X’y) +/]iJ'Q%L (X’y)] T

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

E) “Flavor mixing"

"2Nx2N unitary matrix”



Yukawa couplingl
ﬁYukawa = QSA\?EIQ;; + 95A€U'Q'6
- g A)(Gv,ULQUP + 5V ULQLY)

Yukawa coupling wiTh flavor mixing
Y :j dyf, £ = 27RM e "

4D effective Yukawas YuU3, YdU4 are diagonalized
in a usual way

<>
1l

V.Y UV
1A - * Vo =V Va (U;U:,, +UU, :1NXN)
Y =V.YUV,




Mss o< 1 (Yud o< 1) case (flavor symmetry res’rored)l

Y, ~VIUV, - YN, ~V/uUy b
J 4 TdrmeTd d oottt v, OV,
Y ~VIuV, Y'Y -~V UluV,

= Ve =V, OV,V, =1(No mixing)

Lesson|

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

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




Natural flavor conserva’rionl

FCNC has played crucial roles
in the discussion of the viability of New Physics

We ask if "natural flavor conservation” is satisfied,
i.e. if FCNC processes at tree level are forbidden

Glashow-Weinberg condi’rion'

"Fermions with the same electric charges, chirality
should have the same isospin (I3)"

Glashow & Weinberg (1977)



The condition is satisfied in the down sector
relevant to K-Kbar mixing @tree level

Parity assignment |

:{2L1/6 (Q) (+) + 113 ()
2r1/6 (-) + 1r-1/3 (dr) (+)

6™ - {3L-1/3 (-) + 2L/6 (Q) (+) + 1L2/3 (-)
3r-1/3 (+) + 2R1/6 (=) + 1r2/3 (UR) (+)

“exotic”

3TR(Z3) 30R(_]7/3) 3¢R(_ 43

Same quantum number as down quark
"Not” the end of the story



K® - K°mixing

FCNC at tree level even in QCD sector

0. a(0) [ Ti a qi i i
Lawg OGO (@10 2% (0 + 3 1% 1)

+ g, GG ) (VL OV, )

J

1]

+g,GF A O VU U, +VIUDU Y,

a
u

} m— (-mode (21 t#£)

0 mode sector: No mixing O.K. — G modk (2)

e KoK mode

Nonzero KK gluon couplings
induce nontrivial flavor mixing

= K% -K° mixing@tree level s




Dominant process of KO = Izomixing

Sg)) d éo)
Ga(”)
- U
Chiral enhancement d(© S(LO)
L

factor ~ 25 \

2 n
. -1
Am, ~ —ﬂZaSCR:”( rndrrrmsj f.2m, sin ZHdRZn: ( n2)

<5.8x 10" MeV (exp) e = —I_”R dy( f (y))2 cos(— yj

m=) —>O0(10)Tev



"GIM-like" mechanism in GHUl

The lower bound for the compactification scale
is smaller than that from naive order estimate

. 2
(Sind, co,) < = == M, =300TeV

M (10°Tev)

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

i.e. FCNC process is automatically suppressed
for light generation of quarks



Light quark masses are obtained from the large bulk masses
through the factor exp[- 7 RM]

In the large bulk mass limit (77 RM >> 1),
the KK mode sum can be approximated as follows

”RZ( )(|1(0n0 |F§(R010)2

exponential
suppression!|

2 2 2
—27RM! m_q similar to m, —m,
m?, GIM suppression mi/




More intuitive understanding
of "GIM-like" suppression

FCNC is controlled by the factor

RGO CUA BTG IS Vi ezwvco{ﬂyj
RR RR VIR 3. T ™ —1 R

In 7w MR > 1 limit & consider only for small mode index n

Width "1/M" of Period 2 tR/n of
O mode function KK gluon mode function

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

Almost flavor universal
(similar to O mode sector, RS-GIM)
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Adachi, Lim & Maru, PRDEO 055024 (2010)
Lim, Maru & Nishiwaki, PRD8T 076006 (2010)



In gauge-Higgs unification,
Yukawa coupling is provided by real gauge coupling

l

The theory is CP invariant, no explicit breaking

The two mechanisms of
"spontaneous” CP violation are now discussed

1. CP violation by <Ay>
2: CP violation due to Compactification



CP violation by HngyVEVI

Adachi, Lim & Maru (2010)

CP can be broken due to the VEV of CP odd Higgs |

Consider 5D theory

5D CPtrf = 4D CPtrf CP ¢ - iy’

Accordingly, CP trf for the space-time coordinate
& the gauge field are found as

cpi(.9) -~ (5,3). (R ) - (-m, )

<Ay> iIs CP odd and leads to CP violation



Comment |

In the case of vanishing bulk mass,
the coupling of Ay can be the scalar coupling
by a chiral rotation of matter fermion

l
Ay is CP even

Lesson|

To get physical CP violation,
we need both bulk masses & Higgs VEV



To check this expectation,
neutron EDM (P & CP violating quantity) is calculated
in 5D SU(3) gauge-Higgs model
with a fermion in the 3-dim. representation

I G

All of internal lines are KK
dy | = 4.6x 106g5

eMR RZA\/ < 2.% 1026 eE:m

ﬂ Mc>2.6TeV|
T Already generate at 1-loop (e.g. at least 3-loop in SM)
++ & even with one generation (e.g. at least 3 gen. in SM)



CP VWWWWM'I'D'COWWW*WWI

Lim, Maru & Nishiwaki (2010)

If the extra space has a complex structure,
CP can be broken due to the geometry of compactified space

Consider the simplest case: 6D

Gamma matrices:

Charge conjugation matrix satisfying C'TMC = —(FM )T

, C=iy’y’Uo 4D case is not reproduced
IS - 2 T
Cy Mixing of ¥ & ¥ ¥ :((p,LIJ)



Modified C, P transformation for 6D Dirac fermion

7>:LIJG_>(yO

Y, =

03)LIJ6, C:¥, - (C,

(w.w)
a,) Wy

=

C, P transformation for extra coordinates

Piy,z) - (v,.2), C.CP:(y,z) - (y,~2)

Lim (1991)

Introducing a complex coordinate W =y + 1Z

CP transformation becomes
complex conjugation

CP: a)—>a)*|



Consider an orbifold compactification TZ/Z4

CP symmetry is incompatible
o with Z4 orbifold condition

(If Z2 instead of Z4 is considered,
CP is not broken *." ™ = -1)

To check this expectation,
we have shown in a model of 6D U(1) gauge-Higgs on T"2/Z4

® CP phase remained in the interaction vertex
after the re-phasing of fields
® Nonzero Jarskog-type parameter
® CP is broken even with one generation
— New mechanism different from that of KM




Suwmmary

@ Gauge-Higgs unification predicts finite Higgs mass and
is an attractive scenario for the physics beyond the SM

@ As Yukawa coupling is universal, Yukawa hierarchy and
flavor mixing are challenging issues

@ Yukawa hierarchy is realized through exp[-MR]
by the fermion localization at different points

@ Non-degenerate bulk masses are new sources of
flavor violation beyond the Glashow-Weinberg argument
& lead to FCNC at tree level

® In the case of K% = K?° mixing,
nonzero KK gluon exchange at tree level yields
the amplitude suppressed by the compactification

scale and the data put its lower bound like O(10TeV)



® 'GIM-like" mechanism works in GHU as well

® As Yukawa coupling is real,
CP violation is also a challenging issue

® Two new mechanisms of spontaneous CP violation
by the VEV of Higgs & by the compactification
were proposed

® These mechanisms of CP violation are beyond that of KM,
& might be relevant for Baryon asymmetry of the universe




® 'GIM-like" mechanism works in GHU as well

® As Yukawa coupling is real,
CP violation is also a challenging issue

® Two new mechanisms of spontaneous CP violation
by the VEV of Higgs & by the compactification
were proposed

® These mechanisms of CP violation are beyond that of KM,
& might be relevant for Baryon asymmetry of the universe

Thank yow very muciv
for yowr atftentron!!
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o(, P transformation of electric field
EoaVo -2 (-9)p — (=V)(=o)
o(, P transformation of spin

: P C
spin : & — F — =7

1Y
C ?
2‘5 - \.f /
., S/ v
particle anti-particle -Z

Charge conjugation changes the sign of angular momentum



(Electric Dipole Moment (EDM))
... interaction between spin ¢ and electric field E

H,, = LE2®3, operator = (HYWro"" Y F,y

d : electric dipole moment

EDM : # and C% odd quantity
P C

P F > -

P
5 B S F
S’ e
P odd CP odd

CP{JIO"”’}fStﬁFw) = I,,TIU'FP}!:"M—FF")
PH Y YF,,) = —§0,, 7 Y




2 (C,P TRANSFORMATION IN 5D SPACETIME

(C, P transformation]
e P transformation

(
P (xt,y) = (xu —y),

VP y(xty) = "Y“W*f‘}u —Y),

{7) . (\s“i'ua fqy\)(‘x’ua Y ) — (i;‘,us _f‘y)(»xﬂs -!I):»

\

12/

[YiPy] =ylio, " + i, y" + gs(A " + Ayl

he “ - =
SYid,y, + i0yyy + gs(PAP 'y, + PA,P y )Y




2 C,? TRANSFORMATION IN 5D SPACETIME
e ( transformation

C: (¥, y) = (xH, —py),

0 )

= iy* Yt (xH, —y),

C: (A", AY)(xF, y) = (=AF, AV (xH, —p).

13/

[piDy]

:'Z’[" 17” +
SPlio" -

i0yy” + gs(Ay" + Ayy?) Y

id,7! + g5(—CA,C”'y" + CA,C™'Y")y




No reason to choose the same bulk masses
for different representations, 3 & 6*

Natural choice if we have some GUT
where 3 & 6* are embedded into
a single representation of the GUT group

Sp(8) — Sp(6) x SU(2) — SU(3) x U(1) x SU(2)

36 = (1,3)+(21,1) + (6, 2)
—-(1,3)+(1+6+6*+8,1)+(3 + 3%, 2)

3 & 6* of SU(3) can be embedded into
an adjoint representation 36 of Sp(8)



Lagrangian I

1 —
LZ:—ETP(FMNFMN)HLIJI'MDMLPl = (i)

Fun =0 Fy =0yFy =105, [ A, A J(M,N=01,233
D, =0,, —ig:A, (AM = A2 1%/2:2% :Gell-Mann ma’rr'ices)

W= (g, w,4,)

Boundary conditions: I

SU(3)—>SU(2)><U(1)| Higgsl Chiral fermions |



4D fermion effective Lagrangian in terms of mass eigenbasis

) iy“0,-m, 0 0 1
Lihe = 2| (@00 00) 0 iy#a,=(m, +m) 0 %
= 0 0 iy a, —(m,—m) )| gz
. )
W3 + —£ W* W*
U \/g U U .
3 3 1
(- 70 7 . W, B, W, B, | |
+ = y y W +
(a0 a0) w, 2 2 2 2| |
W W8, w8 | W
. 2 23 2 2J3 ]

T h (i 9 (+ +* 2 h - g(+ h 3
+it y#0,t, +b (Iyﬂﬂﬂ —m)b+$(t y*LbW,; +b y*Ltw, )+E(ty”Lt+by”Lt?))Wﬂ
. _ ‘ﬁl(n) J2 0 0 -
+\/§g (t_y”Lt+by”Lb—2by”Rb) B, m |- 1 0 1 -1/l g0
6 ‘/72 _\/E 2
wén) O 1 1 :gn)
1 1 n g 1
L=—(1-y.),R==(1+ m =—,g= > m==gv(=M
5@ rs) R=S(I4pe) m, =g === m=Zgv(=M,)




Derivation of chiral suppressionl

4-Fermi operator

> Y 5 (), 1Ld.s, (A7), viRd, =-25, L, S,y R, + 1s  y'Ld,S,y,Rd,

alﬂl /,1

a apa.p 6
N

/]a/]a 2 _65'514 +§5H5jk

1)

Hadronic matrix element

(RIS (1), 0652 (1), €2 1K)
= [( s; (L), dsIm(n[ss (vR),, di [K)-2(K |53 (vL), 5 In)(n[s5 (w.R),, d2IK) |
=2< 5 (L), 90055 (vR),, &7 1K) -2(K[s? (L), 45 |0) (0I5 (v, R)ab dg |K)

52 (R),, d¥[0)(0/s7 (L), ci k) Vacuum
saturation

fKZ “\ | 4+ S . "
:—5{—2m((pK)} 33 K[/ dl00%r°4%) Fierz transformation

2 2
_1 2 } mK 2 :l mK 2
_4meK+6(md+msj meK G(md_l_msj meK

= ——<K‘§ay“y5da 10)(0[S,,7d, ] K>_4<K




(015 [K) =(05,ry°d, [K szﬁp” (98,/y°ds[K) =3 aﬁ<qsy”f’d\ )

(Ol8,°d, | K) =~ (05°d, [K) =3 aﬁ<q§a1f5da\*<>

\/ md+ms

The relevant hadronic matrix elements are written by use of the “bag parameters” By. B,
which denote the deviation from the approximation of vacuum saturation and whose

numerical results are obtained by lattice calculations By = 0.81, By = 0.56 [18]:

" B M %
(K|5a7* Ld, - 357, Rds|K) =~ 5 fRm, (4.9)
6 \mg+m,
(R s Lds - 5y, Rial ) 0 B (Y g2, (4.10)
o' Ldg - Sgy,Rd ~ M, .
| Sa g-7 28 fut 4y D T K'tK
1 I 7 Q. i a b ~\
74 K{SA"* Ld - sA%y, Rd }Ix
= -7\ K|Sar da - SarYpdsr| K ) + 5(K|Sary" dsL - SgrYpudar| K)
I g { I '}}'; mg ")
|- Jiemg.
4 36 )\ mg + ms



Now, we focus on 2 generation case

Parameterize rotation angles as (CP invariance is assumed)

U4

' cosd

sing

— sind' |

coyy

a
, U=
i Obi - Siy

- cof - sif|

110

co8

4a* 0

with satisfying a unitarity condition U;U - U IU = 1

Yukawa couplings

Vo

VT | (00)

Yy =Vgla

A

Y, =V

UV, = VdTR (

c O
0 d
c O
0 d

U 4VuL = VuTR ( j

cosd - sird

cosf — sird
sind co¥
{sin@’ cog/

|




Parameter fitting (6 parameters - 5 observables = 1 parameter)
M, = dety, i, = det, ) =m/m,
LA2+r’hc =T YYT r,hd-l_rns TrYAdYAdT’ eczedL_euL

Y = 2t)c;20|2rﬁd“2 (1-a?(1-bJcd ?

+M’=a +b2dz—(a —b)( *~d 2)sin %4

R+ “2:(1 a )c +(1 b )d (az—bz)(cz—d z)sin29
_tan, —tanZ,

© 1+tan, tanB,

2\/(1— a’)(1-b?) (d?-c?) sing cod
(1— az)(c2 cos 8+d“sin’ 9) —(1— bz)(c2 simr@+d?* co§9)
2ab(d2 —cz)sine’ cod

tan2y, =

tan ¥, =

a° (c2 cos @ +d* sinzé”) —bz(c2 sifd +d ° co§6”)




Mixing again

tan

<

), - tan¥, —tan?, . (d2 —CZ)
l1+tand, tan2,

2\/(1— az)(l— bz) (d2 —CZ) sind co¥
(1—a2)(c2 cos@+d? sier)—( ].—bz)(c2 sif@+d ° co§9)
2<31b(d2 —cz)sinﬁ' cod

tan B, =

tan 2y, =

az(c2 cos @ +d? sir129’)—b2(c:2 sinfg +d ° co§9’)

Check

Universal bulk mass limit (c=d)

‘ tan2Bc=0 i.e. 9c=0|



3 types of amplitudes should be considered

Left-Left type Left-Right type
(0) 4(0)
QNP S 4@ (<O d©
0 0
K el K GZ(”)
0
df i o

Mass insertion
IS hecessary

<O~ dy’s "Dominant”

“Chiral suppression”

m,+m ) :(106Mev T :(_1)2
m. 49 /MeV 5

(Right-Right type is also suppressed similarly)




KL-Ks mass difference

We have calculated KL-Ks mass difference
from the dominant left-right type amplitude

Am (KK modes) = 2(K | £ | K)

2 n
: -1 n ‘
- 2a CR3(B BS)(%”}%] femy SIanRan(nz) IESeR RS

~7.5x10 (Rf,)’CrR sin B,y (_nz) LBl §R0"‘)T

= (0 eod Y

C:—E(l—az)sinZBdL co§6’+—1( 1—b2) sing@, sizne——l\/( —laz)( —1b2) cog2  siff2

2 2

1 2 2 I 1 2 2 I 1 I
——a sin ZHdL cosd +—Db sin QdL sind ——abcos 29dL sin @

2 2 2

B45: Bag parameters (B4=0.81, B5=0.56)
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Solution 1

0<

R, <60.2TeV)

e
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Solution 1

0<

R, <60.2TeV)

4
e 6 O —
+
- R )
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-1 -0.8 06 -04 -02 0.2 04 0.6 0.8 1



Comment on a point I/R:O|

_[cos® -sig||vFa® O o ta® O
> |sin@ cod H_O [1-b?

~ c 0\|vi-a®> 0 | . i L
Y —VT( j V!, Vanlshmg mixing

0 dJlo 1-b? | in down sector
N _(1—a2)cz 0o |
OV =V © -] Vg =V =1, i£.6,,=0

Am, (KK modes) ~ a R f2m, sin 29, > (_nlz)

11300 =

No constraint of 1/R from the left-right type...



But, we have to notice that the L-L type or R-R type
dominates over the L-R one at some value of sin8'

Left-Left type Left-Right type
(0) ~(0)
S'(:{O) S_ dL dlg) Sl(:zo) dlgo)
K" Ga(”) K & Ga(n)
H 7
dEO S(LO) d EO) S(LO)
K®° ~3Sp~d

Chiral suppression

i : 2 Most stringent lower
106MeV 1
(mdrr:(%j {497sz) ~( j bound of 1/R from LL

(Right-Right type is also ~ 60TeV x 1/5
suppressed similarly) ~ O(10TeV)




I{w 1 [‘1‘@ \ ¥4 J

Solution 2 ]
# o
I =
n -
4+
L+t
“+++%+++%++$¢++++@$++%+++$%+%@++ )
| | | | | , ; 1 |




In the extreme case of |sin@'|~1
the bulk mass of 2nd generation
happens to be relatively small
(see plot, d~1)

l
"GIM-like" mechanism does not work

l

Severe lower bound for the compactification scale



sin §' a’ b* c? d- sin #
0.0000 || 0.0000578 | 0.99900 | 4.18%10~7 | 1.000000 | 0.000341
(0.9 0.0526 00086 | 4.28%10~" | 0.001074 | 0.008414
(.8 0.0927 0.0074 | 4.37x10~" | 0.000597 | 0.008562
0.7 0.1236 0.0064 | 4.46x10~" | 0.000439 | 0.006756
(.6 0.1473 0.0056 | 4.55x10~7 | 0.000362 | 0.003876
(.5 0.1652 0.0050 | 4.63x10~" | 0.000317 | 0.000345
().4909 0.1665 0.0050 | 4.64x10~" | 0.000314 | 0.000000
(.4 0.1781 0.0045 | 4.72% 107 | 0.000289 | -0.003569
(0.3 0.1868 0.0042 | 4.80x10~" | 0.000271 | -0.007677
0.2 0.1919 0.0040 | 4.88x10~" | 0.000259 | -0.011827
0.1 0.1935 0.0040 | 4.96x10~" | 0.000253 | -0.015802
(.0 0.1919 0.0040 | 5.04% 10" | 0.000251 | -0.019758
-0.1 0.1873 (.9942 5.1'.}::{1'[]_1} 0.000253 | -0.023314
-0.2 0.1797 0.0045 | 5.20x10-" | 0.000259 | -0.026451
-0.3 0.1691 0.0049 | 5.20%10~" | 0.000271 | -0.020052
-0.4 0.1555 0.0054 | 5.38x10~" | 0.000200 | -0.030085
-0.5 0.1387 0.0050 | 5.47x10~" | 0.000319 | -0.032000
-0.6 0.1186 0.0066 | 5.57x10~" | 0.000367 | -0.032156
-0.7 (0.0950 0.0074 | 5.67x10-" | 0.000450 | -0.030871
-0.5 0.0676 0.0082 | 5.77=10~% | 0.000620 | -0.027690
-0.9 (.0360 0.0001 | 5.88x10-7 | 0.001140 | -0.021342
-0.9999 || 0.0000402 | 0.99990 | 6.00x10-" | 1.000000 | -0.000747




In the extreme case of |sinB'|~1
the bulk mass of 2nd generation
happens to be relatively small
(see plot, d~1)

l
"GIM-like" mechanism does not work
(No exponential suppression)

l

Severe lower bound for the compactification scale



