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Inkroduction



Higgs boson was discovered
and its mass was found to be

126 GQ\I << M?

H? MASS

VALUE (GeV) DOCUMENT ID TECN  COMMENT

125.094-0.214-0.11 1,2 AAD 158 LHC pp, 7, 8 TeV

We must predict this value
in new physics beyond the SM



Higgs boson was discovered
and its mass was found to be

126 GQ\I << M?

H? MASS

VALUE (GeV) DOCUMENT ID TECN  COMMENT

125.09+4-0.214-0.11 1,2 AAD 158 LHC pp, 7, 8 TeV

We must predict this value
in new physics beyond the SM

Gauge-Higgs Unification



Grauge-Higgs Unification

O mode of extra component of higher dim. gauge field
is identified with the SM Higgs

A, A= SM Higgs

(Local) Higgs mass is forbidden by gauge sym.
= Quantum correction to Higgs mass is finite

Checked in various types of models:
1-loop: (D+1)-dim QED on S!, 5D non-Abelian on S/Z,,
6D non-Abelian on T2, 6D scalar QED on S?2
2-loop: 5D QED on S!



Grauge-Higgs Unification

O mode of extra component of higher dim. gauge field
is identified with the SM Higgs

A, A= SM Higgs

(Local) Higgs mass is forbidden by gauge sym.
= Quantum correction to Higgs mass is finite

In 5D, No Higgs potential@tree & generated@loops
= Higgs mass is likely to be too small

l.e. MH2 ~ MWZ/(].ész)



In 6D, a Higgs quartic coupling
92[A5, Aé]Z 1q TF(F56F56)
exists at tree level unless Azo< A,

Higgs mass can be made heavy??



In 6D, a Higgs quartic coupling
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exists at tree level unless As< A,

Higgs mass can be made heavy??

6D SU(3) GHU on T2/Z, (1HD)

M, = 2My,

Scrucca, Serone, Silvestrini, Wulzer (2004)
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A= % (like SUSY)

1
MI%I — 2A’treev2’ MW = Egv



In 6D, a Higgs quartic coupling
92[A5, Aé]Z 1q TP(F56F56)
exists at tree level unless As< A,

Higgs mass can be made heavy??

6D SU(3) GHU on T2/Z; (1HD) = sin?6,,=3 I
> (>»> 0.23(exp.))

A =2 (like SUSY)
2 T M, = 2M,,

Scrucca, Serone, Silvestrini, Wulzer (2004)
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In 6D, a Higgs quartic coupling
92[A5, Aé]Z 1q TF(F56F56)
exists at tree level unless Azo< A,

Higgs mass can be made heavy??

6D 6, GHU on T2/Z, (IHD) = sin20,,=+



In 6D, a Higgs quartic coupling
92[A5, Aé]Z 1q TP(F56F56)
exists at tree level unless As< A,

Higgs mass can be made heavy??

6D 6, GHU on T2/Z, (IHD) = sin20,,=+

Mi=M, %

Csaki, Grojean, Murayama (2003)

2

A= % (like SUSY)

1
MI%I — 2A’treevz’ MW = Egv



In this talk,
we discuss possibilities to predict
realistic Higgs mass & Weinberg angle
in 6D gauge-Higgs unification models
with one or two Higgs doublets



In this talk,
we discuss possibilities to predict
realistic Higgs mass & Weinberg angle
in 6D gauge-Higgs unification models
with one or two Higgs doublets

1s* step toward a realistic model
of 6D GHU



General Argument on
Weinberqg Angle



Weinberg angle & representations under SU(3)

In GHU, the gauge group must be extended to get Higgs
doublet from the adjoint rep. = minimal group = SU(3)

= Knowing of which rep. of SU(3) the Higgs doublet
belongs to, Weinberg angle is fixed

L g

Key )
sin“ @, = =
ToTrot gi+e

formula

. ( \
Simplest rep. q
SU(3) triplet | ¢-1 } SU(2) doublet
3= 2w \1-2¢ ) «—TrQ=0
under SU(2) q: electric charge




Weinberg angle under this charge assignment

1 2+ 1 2+O
. 2 rl; 2 2 _

1

TrQ*  q*+(g-1) +(1-2q)"  4(34°-3¢+1)

(g
qg—1
\1—ZQ}

5U(3) model (Kubo, Lim, Yamashita; Scrucca, Serone, Silvestrini)

Higgs doublet from octet

8=3x3*=3+2+2*+1
(SU(2) decomp.)

/

0 0
0 0
A 0*
bl

H+\

HO
00

Q(H%) = (g-1) + [-(1-29)]=3g-2=0 = q=2/3

. sin’B,, = 7 » 0.23 (exp.)



1 |
sin” 6., = =—<g=0,1
o " 4(36]2 —3qg + 1) 4 1

q:1 case
i) (1)
g—-1 1= 10| = Higgs doublet in SU(3) triplet
(1-2q )91 -1

Question: SU(3) triplet from adjoint rep.??



1 |
sin” 6., = =—<g=0,1
o " 4(36]2 —3qg + 1) 4 1

qzlcase
( q by (1)

g—-1 1= 10| = Higgs doublet in SU(3) triplet
\1_2q)q:1 .

Question: SU(3) triplet from adjoint rep.??

known 62: 14=8+ 3 + 3% digo(r?w?o.

(Manton; Csaki, Grojean, Murayama)



q=0 case

Note: (q-1) + (1-2q) = -q = Oll \1-2g

= Higgs from the 2" rank sym. tensor
(6 rep.) of SU(3)

Question: SU(3) 2"? rank sym. tensor
from adjoint rep.??



q=0 case

Note: (q-1) + (1-2q) = -q = Oll \1-2g

= Higgs from the 2" rank sym. tensor
(6 rep.) of SU(3)

Question: SU(3) 2"? rank sym. tensor
from adjoint rep.??

Sp(6): 21=8+6+6*+1 goomp

New!!



3,6,8 reps. = All the 2"d rank tensor of SU(3)

SU(3) rep. sinO,,
SU(3) 8

G, 3(or 3%)

Sp(6) 6(or 6%)

3

4
1
4
1
4



3,6,8 reps. = All the 2"d rank tensor of SU(3)

SU(3) rep. sin¢B, M,

SU(3) 8 7 2My
G, 3(or 3%) * M.,

Sp(6) 6(or6*) % ??

In GHU, Higgs mass 1‘
can be predicted Next

our interest



One Higgs doublet models



Sp(6) model on T2/Z,
21=8+6+6*+1 Higgs in 6(6*) = sin?0,= 2
Z, orbifold

z— wz (Wwé=1,z=(x>-i x6)//2)

A, (x* wz)=PA,(x* z) P’

A +iA,
V2

A (x“ ,a)z) = WPA. (x“ ,z)PT A =(A)

A (x“ ,a)z) = WPA, (x“ ,z)PT A

P = diag(a),a),a)“,cT),a_),a_)“)



In compohents

(1 "

1
1

Sp(6) — SU(2) x U(1) x U(1)

One Higgs doublet



Zero modes
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Mass ratios of W & Higgs

L= —%Tr(FMNFMN) - —%Tr(F“VFW )+ 2Tr(F'F, )+ Tr(F. )

TRak: u
Tr(FZz)zﬁ—ngr( A LA, ’ =—%2‘¢0‘4
» _ 8 2 a2 _8& 2 a2 _8 _
= MW:?\/ Mz:ZV M, 7\/ :>MH—2MW

Same prediction as SU(3) model on T2/Z;



SU(4) model on T2/Z,

15=8+3+3*+1= Higgs in 3(3*) as G, case
Parity matrix: P = diag(1, 1, w3, w) (w® = 1)

A=l V2 g 3 7 +Extra U(1)

One Higgs doublet

>
Il
o O O O

?il SU(4)—SU(2)xU(1)xU(1)

o O O O




27r(F'F,. ) — 289" GW“‘WM + éZ“Zu)

() »-£ o]

= ML=y M2=52 M:=5)]

=~ 4 3 2
oo

M, =2M,,

Same prediction as SU(3) & Sp(6) models



Two Higqs doublet models



SU(3) model with two Higgs doublets on T¢/Z,

Assumption: m :‘Zz‘ =27R, I, L1,

([, ! lattice vectors along 2 cycles of the torus)

Orbifold:

1
- Al = NG

y

0
0

0 ¢,
0 ¢,

92 92 O

\

J

A (-x°,-x°) = PA (x°x°)P!
A 6(-X°-X°) = = PAg (X x°)P-!

P=diag(1,1,-1)

. H1,2:£

@5)
P,



General analysis of Higgs potential & Higgs mass

General form of the Higgs effective potential up to quartic
V(Hsz):—/ITF([Ag(”O),AéO’O)JZ)

n aTr[(Ago’O))z n (A§0’°>)2}+ ibTr(v[ AL, A0 )

(L CIARCA VNS P Ay

+a(HH, +H§H2)—§b(HfH2 - H}H,)



General analysis of Higgs potential & Higgs mass

General form of the Higgs effective potential up to quartic
V(H,.H,)= —/lTr([Ag(”O) ALY ]2)

n aTr[(Ago’O))z n (A§0’°>)2}+ ibTr(v[ AL, A0 )

(L CIARCA VNS P Ay

+a(HH, +H§H2)—§b(HfH2 - H}H,)

Quartic coupling (15t term)
from Tr (Fs)° at classical level



General analysis of Higgs potential & Higgs mass

General form of the Higgs effective potential up to quartic
V(HI’HZ):_;LTF([Ago’O),AéO’O)]z)

" aTr[(Agom)2 " (Ag0’0>)2}+ ibTr(v[ A0, A0 )

_ %[(H;Hl)(gggz)+(H3H2)(H§H1)—(H§H1)2 —(HFHZ)Z}

+a(HH, +H§H2)—éb(HfH2 - H}H,)

2" terms are generated at 1-loop,
nonlocal and finite due to the Wilson loop P(exp(ig95A5,6 dxs,6))

Same coefficient
of (A5)° & (Ay)°

I, LI, = No mixing A4,  [I|=|}]| =



General analysis of Higgs potential & Higgs mass

General form of the Higgs effective potential up to quartic

V(H,.H,)= —)LTr([A(O’O) ALY ]2)

+aTr[ 2}+ler )])
!

=2 >< >+< H.)(#3H,)- (i) ~(]2,) |
+a(H{H,+HH,)- ;b(H*H ~HIH,)
The last term from

the brane localized tadpole term Tr (YFs,)
for U(1)y unbroken on the fixed points



V(H,.H,)= ;“[(HjHl)(H;sz)+(HHarz)(H;Hl)—(H;le)2 —(Hsz)z}

+a(HH, +H§H2)—%b(HfH2 - H}H,)

<H1,2> w3 (¢1+2 ’ d)ﬁz )T
V(97.98)=2A[1m(9"6}) ] +allof] +[g2]" )+ b1m(¢!"6))
‘¢ﬁ2‘ = Vl,z/\/i’ ¢1O*¢2 = Vlvze_ie/z (Vl,z = O)

A b

V(vl,vz,H) 2(vv231n9)2 ;(V +v )—Evlvzsine

Not flat

=y =V, = |b| 2“ \/V_ 0 = sign(b )% direction
0=0




Useful basis

Mass spectrum

(0 )

(i)

v
V2 )

|

0

NG bosons G*, G° & physical Higgs in this basis

H =

y

\

G+
v+ h+iG°

J2

\

J

, H =

(Bt )
h+iP

. V2

J



Higgs potential
V(HA)=2[(HH) +(AA) (')A )~ (1) (A )]
+a(H'H +I§7TFI)—@(HTH -H'H)
2 (_a+|b|j
2 4
1

2(Za)P fe (|b| 2a)

—0x|G" " +0x(G°)

;(Za)ﬁz

Charged Higgs: M’ =2a+ M
CP-odd Higgs: M, =2a
CP-even Higgs: M, :(2MW)2, M’ =2a



If a<2M/?, Higgs mass is predicted to be
M, =M. =2a<2M,

In this case, the light Higgs is...
}; . doublet without VEV = NOT SM Higgs
( (S e

H=|y+h+iG° |» H=| h+iP

G AR Selpiy




MSSM is instructive

K ipvaiedl (SRS BT

tanﬁ:v—”,<Hu>=( Oj,<Hd>:(V5],gd i

In general, light(h®) & heavy(H®) Higgses are mixed
G* G*
HSM:{(v+{—sin(oc—ﬁ)h +cos(or HO}+1G°)/x/_]a ;s( v+HO+zGO)/\/—]
, H* H*
" :£({cos((x—ﬁ)h0+sin(a—ﬁ)H°}+iA°)/x/§]aiﬁ[(ho+iA0)/\/§)
Our case corresponds to a=p in MSSM
due to simple compactification |i| =7/, 7, L1,
= Asymmetric torus can change this situation



Check if the form of quadratic terms

V(H,,H,)

quadratic

=a(H/H, +H§H2)—%b(HfH2 - HjH,)

are correct by calculating

Scalar & Fermion loop corrections



Scalar case

SU(3) triplet is expanded as

5
(I)(x“,x X

/¢1\
0,

\ s )

oo 2.0 ot ()
cos((mc 1) /R)ole )

\i sin((nlx5 +n,x° )/R)gognl ) (x’“‘ ))

under the parity &(-x°,-x¢) = P®(x>x®), P = diag(1,1,-1)

Calculate effective potential of H;, by use of background
field method

n 8

®E G
= D5, =1 ¢ .

S _HT 12

\/5 12 R



Effective potential

4 o0
_11dpe y ) ,
eff o D) 4 Trl()g pEI3 +Mn1,n2
( n) Ny Jliy =—0°
; nH, +n H
2 2 2 n12+n§ %(HlHlT—FHszT) \/Eg L IR 272
'A/l"l’”zz_DS_D6:—213+ H +nH! 2
\/Egi’h anz 2 %(H;LHl'FH;Hz)
Quadraﬂc ilishol Hl g 2"d order
[ st
15" order (mH\ +n,H})(n,H, +n,H,)
2
V(s)—l d'p; ¥ |8 (H;LH1+H2TH2)_2 2 R*
2 T 2,[ 4 Z 2 2 g - —
(271-) M=o 2 +u » Ny tn,
Pk R? p’ =
n’+n;
— 82 J d4pE i 1 R2 HTH HTH b(s)
= 2 (277:)4 S 2 +n12+n§ B , n12+n§ 2 ( 1 1+ ) 2),
Pe R2 P+ 2




Effective potential

Cross terms H,TH,, H,TH, vanish

[e o]

mn,

2.

ny iy =—0°

(pé+(nf+n§)/R2)2

=0

+ M?

ny,ny

|

/5 n1H1+n2H2
R

”12H1TH1 — 3(ns2+ n22)H1JrHl efc. (u/H,+HH,)

Quadraric Terms ot Hj ,

4

d p,
(27)’

oo

>

Ny ,lip=—0°

Vi) = %j

gz(Hle+H;H2)

(anlT + nzH;)(an1 + nsz)

2
—2g2 R
p2+n12+”§ , ni+n ’
E R? P R?
n +n,
1 2
2, 2 R 2 (HlTHl‘i'H;Hz) b
2 Mt , ni+n;
Pe R> prt =




Skipping details of calculations, we get final results

2
() __ 8 :
a —
167° R (kl,kg;‘(&o) (k12 T k22 )2

_=a(H[H, +H§H2)—éb(HfH2 - HH, )



Skipping details of calculations, we get final results

2
() __ 8 :
a —
167°R’ (kl,g;‘(o,()) (k12 +k; )2

Q)

V(H,,H,) :a(HfH1+H§H2)—%b(HfH2—H§H1)

quadratic

2 \b\—Za Not satisfied
Vl_"z_\/ ) :>\b\>2a in the scalar case



Fermion case

(y,)
v,
Vs )

, T ¥=-¥

SU(3) triplet, 6D Weyl fermion

[=TT'TT'TT’=-y’®o,

'=y*®IL, I"=y’®io,, I'"=7’®io,

4D fermions: Yg with 03=+1 or Y, with 05=-1 (y?=+1(R), -1(L))

Mode expansion

under Z, parity

5 6
nx’ +n,x

COS
R

5 6
nXx +n,x

COS

R

l//l('zl’”Q)(x“)+isin

5 6
S e
zsm( 1 = : ng’z’@)(x“)+cos

5 6
nx’ +n,x

R

5 6
nx +n,x

R

5 6
nx’ +n,x

R

LP(—x5 ,—x6) = P(—iF5F6 )‘P(xs ,x6) = —P(I4 ® 63)‘11()65 ,x6)




Effective po’ren’rial

d*
Vi) = >< 2j 75)15 nl ;mTrlog(pEl + M2, )
M (DI DI = M2~ TP AL A ]

HH! -H,H 0

i
=M’ +—g°(I,®0
ot 1.80)) 0 HH,- HH,

Same as the scalar field case



Effective potential

V(f):__xzjdpE Z Trlog(PEI +M2 )

e 71') il 1y 1y
M (DI DI = M2~ TP AL A ]
GRS HH! -H,H 0
- +— I, ®0
My +58 (s 3)[ 0 H'H,—HH

Tr of the 2" term has only nonvanishing O mode contribution
Wi 2 9% 03= -1, W39 05 = +1

I, 0 HH -HH 0
Tr 2 e =2(H/H,- H}H,)
0 1 0 H'H,-HH,

= contribution to tadpole term



Calculations can be done similarly as the scalar case

2
(n___8 1
a) = _
3R’ (kl,k;;t(o,o) (klz + k22 )2
d'p, 1
b(f) — 2 2 E
Bliewiy
V(H.H,).. .. =aHH+HH,)- %b(Hsz - H}H, )

Tadpole term is generated by only zero mode loop

Quadratically = Renormalization or
divergent Parity As(x°,x%)—-Ag(-x,x°)
A (X5 X6)— Ag(-X X)
= Fg5e = -Fs



SU(4) model on T2/Z, with two Higgs doublets

SU(3) model: sin?0,, =
= possible model with observed my, & sin?0,, = 42?

A (-x°,-x®) = PA (x> xC)P1, Ag ((-Xx°,-x°) = - PAg ¢(x° x°)P-!

P =diag(1,1,1,-1)@(0,0) SU(4)—SU(3)xU(1)
diag(1,1,-1,-1)@(nR, mR) SU(4)—SU(2)xSU(2)xU(1)

(1) (+8) () () ) (o) (2m) (=) (20
) (1) () o) | ) (o) () ()
BT ) o) () o) [T ) (e) (o) (o)
(2) (=) (=) () ) () () (0) (=)

SU(4)—SU(2),xU(1)yxU(1), Two Higgs doublets



SU(4) model on T2/Z, with two Higgs doublets

SU(3) model: sin?0,, =
= possible model with observed my, & sin?0,, = 42?

A (-x°,-x®) = PA (x> xC)P1, Ag ((-Xx°,-x°) = - PAg ¢(x° x°)P-!

P =diag(1,1,1,-1)@(0,0) SU(4)—SU(3)xU(1)
diag(1,1,-1,-1)@(nR, mR) SU(4)—SU(2)xSU(2)xU(1)

1 3 1
Eyu—%Zu ﬁWJ 0 0
0 0 0 ¢,
5 ,
Ly ¥y 0 0 110 00 ¢,
— \/5 U 3 K , A5,6:_
Zero 7 210 00 0
1 3 _
mOdeS 0 0 _EV#_?ZM 0 ¢1,2 ¢10,20 0
0 0 0 0



SU(4) model on T2/Z, with two Higgs doublets

Calculation of effective potential V(H;, H,)
goes in the same way as SU(3) model

M, < 2M,y is realized by introducing
fermions in the fundamental rep. of SU(4)



Sum mary

® A question if Higgs mass & Weinberg angle
can be successfully predicted in 6D GHU
with one or two Higgs doublets addressed

® Higgs doublets are embedded
in the 2" rank tensor reps. of SU(3)

® One Higgs doublet (Sp(6), SU(4)) = M =2M,
® Two Higgs doublet = M < 2M,, possible

® Getting M;=125GeV in more general Z, orbifold
is left for future work

® Hope this work provides a guideline
for constructing realistic models



