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1. Introduction
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‘Which model ?

Standard model

Electroweak phase transition

Quark - hadron transition
Neucleosynthesis
Formation of hydrogen atom

Cosmic background radiation

» What is the model beyond the standard model ?
» What is the origin of the special features ?
» Chiral gauge symmetry : SU(2). x U(1)y
» Three generation and mass variety
» Higgs field : Discovered at LHC in 2012, my ~ 126 [GeV]



Gauge-Higgs unification theory

» Gauge theory on M*x (compact space)

» Extra space component of the gauge field = Higgs field
A, =H

Fascination and merit

» Determined by
(Gauge group, Compact space, Repr. of matter fields)

» Give the origin of the higgs field
» Higgs potential is controlled by gauge symmetry

V(®) = —2dTd + A(dTd)?



A realistic and simple model
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(SU(3), St/Z5, s =1/2 in fund.)

™R
S= /d4x/ dy £ and |L£=iDy — %Tr[F2]
—7mR

e S'/Z; orbifold

Identify the points +y and —y
Same observables at the points, £y

—-mR  47R

Z>-parity assignment : SU(3) — SU(2)L x U(1)v

) = ( % ) - ( y )L : SU(2)-doublet

— dg  :SU(2)-singlet -y +y

- - |+ ot
- — | + ﬁ( 0 ) : SU(2)-doublet
+ + | - ¢



e Electroweak symmetry breaking

(H) =V : SU2). x U1)y — U(L)em

Today's aim

» Mass spectra and (interactions)

> How are they realized ?
Chiral gauge theory (Chiral zero modes of s = 1/2 fields)
SU(2).-doublet higgs field

Weinberg angle
Heavy and light quark masses

vV vy vVvYyy



Table contents

Introduction
Model definition
Gauge sector

Fermion sector

AR

Summary



2. Model definition

e Lagrangian

_ 1
L =i Dy (x,y) — 5 Tr[FMN Fy]

8
xM = (x*,x5 =y) and Ay = E:A‘,?\/,t‘a
a=1

DM = (9M — igAM
Fun = OmAN — OnAm — ig[Am, An].



. . —mR  +7R
e Zp-parity transformation: y — —y

s=1/2 (R, y) = P/ (%y) = £ U, —y)
s=1 Au(% y) — AL,(?»}’):‘FA/ (%, =),
A% y) = AR y) = —Ay(X, —y). -y +y

e S1/Z, orbifold condition

Y(Ey) = Apw(Ry) with Ay =1

ApEy) = MaAu(Ey) with xq=+1 (2 gdrMAyy)
The Z,-parity of each field is determined as
n(%, y) _ n(%, —y)
( X(%.y) ) = “’( —X(%, ~) )
Au(Z,y) _ Au(Z, —y)
(e ) = ( ZA,(7, <) )
— Zero modes:

(0)

m

1/1()()(0) = ( 72 ) for Ay =1, AH(X)(O) : SU(3), and Ay(x)(o) =HO = 0 : No higgs,
3

— Unlike standard model



e Make Z,-parity assignment non-trivial (gauge component dependent)

(8)en-r(8) (03 5)

Y2 | oy)=P| %2 |(x,y) with P=| 0 1 0

V3 V3 0o 0 -1
Aly(%,y) = PAM(R, y)PT

+ + o+ | - - = |+
() (2 e e (2212
= - - |+ + + | -
e The mode expansions of the fields are determined as

(0 ) - [ SRer ey
( 7}’)7< m(x, ) )* \/ﬁ( oo, ”?’)(X)sinany

% — X (%, ¥) 1 D Dpadt x(n)(x) sin apy
Xl )= ( x3(x,¥) ) \/ﬁ( ¥ Xg)(x)cosany :

( A?m(x,y) ) 1 Z;‘Zo Af{m’(n)(x) cos apy
AYT(x,y) > Ajym’(n)(x) sinapy

Aﬁm(xv 12) i Ab;o’(")(x) sinapy
A}l‘;vm(x7 y) VR oo Aéro,(n) .

2o Ay (x) cosany

(an =n/R)



e Gauge symmetry broken by the Z,-parity assignment
SU(3) — SU(Q)L X U(l)y

The generators are classified as

$Asym — {tQSU(Z) , +2U(1) }
t7SUQ) = {1 1?3} and £UQ) = 8

tro = {t* 5 % ¢}
Correspondingly the gauge fields also are classified as
AYM = ATYT M and AN = ARBro t7bro

e Zero modes:

Repr. of SU(2),
a9 2
D) 1
A Oy 3

Ao 2

— Like standard model



Gauge sector at symmetric phase

1
EA = *ETI’[FMNFMN]
Extract free part
c = L™y = — L e - Lpe puvia i = oAy — oA
Afree =~ rlfun ]**;W — 5 fa with fyy = OMAN — OnAm
The Kaluza-Klein(KK) decomposition is done as

R
LA, free, s = / dy LA, free
—7R

L agym.(0) suv,asymy(0) 1 = ay(n) ppuvsan(n)
= LprmO) puvasym. @) _ 1§ pan) pura,
2 2

=1
+ (8 H2bro Oy (@t Hbro ) 4 = 37 [0, (Dot (1) 4 32 4% () st ()

+ 23"{(8M Hasyma(“))A#xasyma(") _ (6uHab"°’("))A“’ab'0’(") }] i
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Figure : The mass spectra of the gauge and scalar fields with m, = n/R.



Fermion sector at symmetric phase

[”LZJ = &'DT/)(XJ) D) Ew,free - IZI’YMaMw
The KK-decomposition is done as

£w,free,4 = 2(@20)’-’YM8;4 QEO) + ‘_753)""/“8#‘7;}9)) +

18

S (vt 0y, — ma)p™,

n

Il
-

where the spinors are introduced after the chiral transformation

W () = ( Q((:))((x)) ) _ < D) ) ‘
q\"(x

2y

The mass of the n-th Kaluza Klein mode :

mp = —

R
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Figure : The mass spectra of the spin 1/2 fields with m, = n/R.



Zero mode sector at symmetric phase
Zero mode sector is extracted as

1
La,su2) = *ETf[ﬂwa} +

1 ua el
Laua) = *;f,“(/ U,

g

EQL = Q[_ (i'y“@u + —

VaR

e g
Lgp = QR(”YMBM +—

VTR
ig

Lhiggs = (8T8 h +

& = -
Lyukawa = N 2(Quhar + arh’ Q).

There appears only one gauge coupling constant

iR VRT[(0, AL ) A, AV]] + % :

WRli
g

TR

%Tr[[Au, AIA*, A7)

6
= B0 hth—nta,n)

2 \/g
R

wopt
— BXH Aub.



Standard model lagrangian at symmetric phase :
1 v
Lasue) = *ETF[FWF“ ]

1
Lauva) =— Zf:,El)fW’U(l)

Lq, = QuiDg, Q1
Lqr = driDgr ar
Liggs = (Dp,,h) D h = V(h)
Lyuawa = Yu(Quhug + rAT Q) + ya(Quhdg + drh'Qy),

with the covariant derivatives,

Doy p = O — ig2Au — ig1Yq, Bu

Dgp,u = Op — ig1Yqr By

Dy, = Op — igoAp — ig1 YnBu,

with the U(1)y-hypercharges : (YQL, Yag»> Yn) = (1/6, —1/3,1/2).

g 1
VR V2 %
g V6
m'T—gl
: "2=yq
VR
0=y,
Prediction on Weinberg angle : wnoy = & = v3 5 sin2oy = ; —0.75.
82

Unfortunately fail to predict the experimental value, sin? Oy = 0.231.



3. Gauge sector

e U(1)em eigenstate
SU(3) — SU(2), x U1l)y — U@)em
{t', %, %) {t°} {tem}

1
Vacuum expectation value (VEV) : (Ay) = (H) =V =v- P 5 ( 1 ) .
1

Symmetry of vacuum
SV ~ iv[p?t?, t5 =0

3 1d(0, —1,1)
()= §)=( 25700 ) e =

EM charges

; 1 2
¢/ = Uantp  with Usm = el0emQem . Qem = Q;Pml —1/2 — Q;pml = +-
—1/2 3

5! o 10emQ2Y adj ' Hadi _ o1 :
Ay = UemAy with Uem = e ¢ Q2y = (non-diagonal) — QZ;' = Q21 (3/2) - diag(1,1,0, —1,-1,0,0,0)
+ +
1 0 WlZ W13
0 (A° —iA")/v2 +2Zm -tz + M - tem
M

w | (A% +iAT)/V2 0




e Mass eigenstate
£ = = ST ™) = TR FP] T F]
Extract mass terms with VEV
Ay = VA4 Ay o Lamass = Tr[ (By AL )8y AF) + 2ig(8y AL )AH, V] + g2[A,, VIIA*, V] ]
KK-decomposition

2,2

(ARO) 4 (A7) 4 42O

LA, mass,a = TR

+

8

[ an(A% ) 4 2guay (A% A2 (1) — 42 (D AL () 2T () ()
1
2

& n n n n n n
+ 4V (A2 4 (AN a2 4 (AB D)2 4 (a2 4 (a7 )2))]

3
Il

N

> Diagonalize
P U(1)em eigenstate
P Proper normalization

1
‘C'A,mass,4 = EMZ (Z(O)) + M ‘W+ 0)|
= 1 n n n n n n n
+3°] E{M,(Y)z('y( 4+ M) 2 MG 2z 4 ) 2y
n=1

+ M) 2wy P 4 M) 2 g )2
where the masses are denoted as
0 0 0 8v
WP, ME, M) = (0,8v, Z2),

(M, M, M M M) M) = (a0, a0 + ] an a—E)).

2
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Figure : Mass spectra of gauge fields: The zero modes are denoted as
7(0)721(0) — 700 and Wl(o) — W)



My R

3

guR gvR
I\/lé’l’zzR = |n+ gVR)| M‘(,"}l)/zR = |n+ gvR/2|
e Higgs field

P All scalars are massless — Prediction: myp = 0 at tree level

P Express in U(1)em eigenstates
L free.s = (0 h )T (0, h)+

- my\T n 1 I!/ 1 n/ n
S [@H) @k ™) 4 2 @) 4 2@ H ) 4 10, P
n=1

R H(n)
where  h(" = < %(Hé(nlﬁs_ I'H7(n)) ) .



4. Fermion sector

Ly =9piDY D Ly free = Pi(7"0y + 17 (9y — igV) )1

KK-decomposition:

oo
) (n)
Lop, free,4 = Lw,free,ll + Z ‘Cd;,free,4
n=1

D e = 570, 7, O

where the Dirac spinor and mass are denoted as

(0)
©_( m 4 om0 _ &
m ( _I.Xgo) ) and m 5

The zero mode mass is W/Z boson mass scale as

m® = % ~ My, 7 =~ O(100GeV) ,

which is preferred for top quark, while it can not produce the light quark masses.



m \ ™ X1 (n)
Ei[,'?f,ee,‘;:(nf,n;,n;)(") i5" 9,13 < m > + O xd s —xd) W iot a1, ( X2 )
n -x3

1 . X1 (n)
*(nf,n;n;r)("){an( 1 >+Q< 1 )}( X2 >
1 2 -1 —X3
1 , NG
—(XI,x;,—xg)(")[an< 1 )-%—ﬂ( 1 >] ( m )
1 2 -1 73

Diagonalize and express in Dirac spinors:

LEZ),freeA = &l(nm (I’YHBH - m(")) w(nrzr ’
i=1
where v
(m(n)y mén) m(n)) = (ana an — —,an+ g?) )

with the definitions,

and



m
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Figure : The mass spectra of the spin-1/2 fields are plotted.
(7. m0) = (a0, 30— 30+ ).



Inclusion of bulk mass term

Ly =9(iD — e(y)M)y

Mass eigenvalue equation:

2
sin? (%vm‘?) = ﬁ sin? <\/ m2 — M27TR> )

For the light zero mode: my < M,

M2
m(2) > sin? <&va>
sinh“(mMR) 2

The light quark masses can be realized.



5. Summary

» Gauge-higgs unification model
(SU(3), St/Z5, s =1/2in fund.)

» Mass spectra at symmetric and broken phase

» How are they realized 7

Chiral gauge theory (Chiral zero modes of s = 1/2 fields)
SU(2).-doublet higgs field

Weinberg angle

Heavy and light quark masses

vV vy vy

» Unsatisfactory points

» No Lepton sector

No QCD interaction

Large Weinberg angle, sin?6y, = 0.751
Vanishing Yukawa coupling, y, =0

No second and third generation

vV vy vVvYy



Appendix



SU(3) generators



