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余剰次元とGauge-Higgs 統一



1. Standard Model では
2. ゲージ・ヒッグス統一とは

3. ヒッグス場がゲージ場の一部になる

4. ヒッグス場はAB位相のゆらぎ
5. Effective Lagrangianでみる

6. Higgs couplings の予言 - SMからの大きなずれ

7. AB位相の量子効果でEW対称性が破れる
top quark がひきおこす
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9. ヒッグス粒子が安定になる

10. 暗黒物質　＝　ヒッグス

11. WMAP からヒッグス質量が決まる

12. LHC, ILC でどう見るか

13. Weak universalityの破れ

14. まとめ

8. なんと　　　　　が選ばれる
ZZH, Yukawa = 0 となる

θH =
π

2

Y. Hosotani,  LHC-Tokyo,  7 September 2009 - 3



Gauge sector :   established.

Higgs sector :   yet to be unveiled.

Many free parameters
Unnatural against radiative corrections
Hierarchy in fermion masses

No principle

Standard Model では
|DµΦ|2 y q̄LΦuR V [Φ]

Φ ∼
1

√
2

(

v + H

)
mW =

1
2

gv
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ゲージ・ヒッグス統一とは

４次元ゲージ場 ４次元ヒッグス場
（ＡＢ位相）

高次元ゲージ場 AM

余剰次元成分Ay４次元成分 A

γ , W , Z H
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ヒッグス場はゲージ場の一部になる

mH dynamically generated
finite

Higgs mass

all determined

Higgs couplings

WWH , WWH2 , · · ·
ZZH , ZZH2 , · · ·

H3 , H4 , · · ·

Ψ̄ΨH , · · ·
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Kaluza-Klein モード

M4 × S1 AM(x, y) =
∑

n

A(n)
M (x) einy/R

mKK =
1
R

KKスケールKKモード mn =
|n|
R

M4 × (S1/Z2)

y = 0 y = ! R

orbifold

Aµ(x, y) =
∞∑

n=0

A(n)
µ (x) cos

ny

R

Ay(x, y) =
∞∑

n=1

A(n)
y (x) sin

ny

R

Aµのみ零モード
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Randall-Sundrum ワープ時空

Planck brane TeV brane
AdS Λ = −6 k2

(
Aµ

Ay

)
(x, −y) = P0

(
Aµ

−Ay

)
(x, y)P †

0

(
Aµ

Ay

)
(x, πR − y) = P1

(
Aµ

−Ay

)
(x, πR + y)P †

1

SO(5) × U(1)X

Orbifold BC :  P0 , P1
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P0 = P1 =





−1
−1

−1
−1

+1





SO(5) → SO(4) " SU(2)L × SU(2)R

Aµ ∼









W Z γ

Origin of the Higgs doublet

SO(5) × U(1)X

φ1

φ2

φ3

φ4

Ay ∼








Φ =

[
φ1 + iφ2

φ4 − iφ3

]

Higgs

Agashe, Contino, Pomarol  2005
Hosotani, Sakamura 2006
Medina, Shah, Wagner 2007
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Model on RS

Planck brane TeV braneSO(5) × U(1)X

AM BM





U
D
X
Y
b′




−

1
3





T
B
t
b
t′




2
3

(
T̂R

B̂R

)

(
ÛR

D̂R

)

(
X̂R

ŶR

)

Anomaly-free
At low energies γ , W , Z

H

(
tL

bL

)
t′
R b′

R · · ·

YH, Oda, Ohnuma, Sakamura 2008
(YH, Noda, Uekusa 2009)
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ヒッグス場はAB位相のゆらぎ

A45
y (x, y) = h0(y)

{
θH +

H(x)
fH

}

θH ∼ θH + 2π
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θ̂H = θH +
H

fH

fH =
2

√
kL

mKK

πg
AB phase

Leff (θ̂H + 2π) = Leff (θ̂H) finite

YH 1983

YH-Sakamura 2006, 2007

YH-Kobayashi 2008

Leff ∼ −Veff (θ̂H)

−mW (θ̂H)2W †
µW µ −

1
2

mZ(θ̂H)2ZµZµ

−mf(θ̂H) ψfψf

Effective interactions
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SO(5)xU(1) model SM

θ̂H = θH +
H

fH

mW (θ̂H) ∼
1
2

gfH sin θ̂H

mZ(θ̂H) ∼
1

2 cos θW
gfH sin θ̂H

mf(θ̂H) ∼ λf sin θ̂H

1
2

g(v + H)

1
2 cos θW

g(v + H)

yf(v + H)

周期性、非線形性
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Prediction 1

WWH
ZZH H

Z

W Z

W

SM cos θH×

1 −
2
3

sin2 θH −
4
3

sin2 θH

H W

WH

+
∑

n

H W

WH

Wn cos 2θHSM×

WWHH
ZZHH

−mW (θ̂H)2W †
µW µ −

1
2

mZ(θ̂H)2ZµZµ
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4D gauge and Higgs couplings

FMN
2 ∼ (∂µAν − ∂νAµ + g[Aµ, Aν ])2

+(∂µAy − ∂yAµ + g[Aµ, Ay])2

WWZ
WWZZ

WWWW (Large deviation in flat space)

Almost universal in RS

WWH

WWHH
ZZHH

ZZH significant θH -dependence

Sakamura-Hosotani 2006
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Prediction 2
Yukawa couplings

0.5 1.0 1.5 2.0 2.5 3.0

0.6
0.4
0.2

0.2
0.4
0.6

y

-
-
-

H

top Yukawa

mf ∼ λf sin θH

yf ∼
λf

fH
cos θH

−mf(θ̂H) ψfψf
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0.5 1.0 1.5 2.0

!0.8
!0.6
!0.4
!0.2

0.2
0.4
0.6

U gauge

θH/π

top

total

Effective potential 

Prediction 3

AB位相の量子効果でEW対称性が破れる

top quark がひきおこす

Hosotani mechanism 1983

このモデルでは
mH ∼ 50 GeV !
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Prediction 4

zL = ekL k (GeV) mKK(TeV) c mH(GeV)
1017 5.0 × 1019 1.58 0.435 54.4
1015 4.7 × 1017 1.48 0.426 50.8
1013 4.4 × 1015 1.38 0.413 47.0
1010 3.9 × 1012 1.21 0.384 40.6

1.30 × 104 3.2 × 106 0.78 0. 24.5

mKK ∼ 1.5 TeV

Light Higgs
(Its value depends on details of the model.)
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0.5 1.0 1.5 2.0

!0.8
!0.6
!0.4
!0.2

0.2
0.4
0.6U

θH/π
total

Minima at 
θH =

π

2

が選ばれるθH =
π

2

WWH, ZZH, Yukawa = 0 となる !

= 0

H

Z

Z
e+

e−
LEP2 bound is evaded.
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安定なヒッグスボゾン

Under certain conditions, Higgs bosons 
become absolutely stable to all orders.

“ θH =
π

2
”



Mirror reflection symmetry

SO(5)xU(1) ゲージ・ヒッグス統合理論の対称性
YH, P. Ko, M. Tanaka, arXiv:0908.0212 (PLB)

(xµ, y) → (xµ, −y)
(Aµ, Ay) → (Aµ, −Ay) , Ψ → ±γ5Ψ

invariant under θ̂H = θH +
H

fH
→ −θ̂H

Enhanced gauge symmetry

条件: all bulk fermions は SO(5)のvector rep.

invariant under θ̂H → θ̂H + π

Y. Hosotani,  LHC-Tokyo,  7 September 2009 - 21



θH =
π

2top quark

π

2
+

H

fH
∼ −

π

2
−

H

fH
∼

π

2
−

H

fH

理論は　　　　　で不変H → −H

H : −
all other SM particles : +

H-parity

Higgs bosons become absolutely stable.
WWH, ZZH, Yukawa = 0
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暗黒物質 = ヒッグス

g
g

t

H

H b

b̄ H

H
b

b̄

bn=

H

Z

Z

H

W

W

Annihilation

Y. Hosotani,  LHC-Tokyo,  7 September 2009 - 23
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0
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0.2

H
h2

semi-analytic
micrOMEGAs
WMAP
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10-44
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10-41
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 (c

m
2 )

fN = 0.1
fN = 0.3
XENON10
CDMS II

WMAP

Gauge-Higgs
Gauge-Higgs

mHmH

ΩHh2 σSI

With many uncertainties it is premature to exclude the Higgs 
DM scenario from the CDMS II and XENON10 bounds.

WMAP data mH ∼ 70 GeV
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LHC, ILC でヒッグスをどうみるか

H

Z

Z HW

W

H

Z

Z

H

W

W

Hg
g

t

H

Production: だが、ヒッグスは安定

ヒッグス粒子
＝

missing energy,
missing momentum

KK モード ?
gn

Wn , Zn , γn

Y. Hosotani,  LHC-Tokyo,  7 September 2009 - 25



Weak universality の破れ

WWZ coupling ~ 0.2 %

universality violationµ-e , τ -e , t-e
2 × 10−8

5 × 10−6
4 × 10−2
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Higgs couplings がSMより大きくずれる 

安定なヒッグス粒子

ヒッグス＝missing energy, momentum

ゲージ・ヒッグス統一では

暗黒物質＝ヒッグス mH ∼ 70 GeV

Summary

新しい可能
性
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