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Gauge-Higgs Unification

- LHC and beyond -



Standard Model is successful.
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Standard Model Gauge-Higgs Unification
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Gauge-Higgs unification
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Finite Higgs mass generated.


Gauge-hierarchy prob. solved.

Gauge-Higgs unification
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Higgs mechanism

hPeig
H
dyAy i = ei✓H

AB phase in the 5th dim

Hosotani mechanism

Gauge sym breaking by gauge inv quantities

Ve↵ (✓H)classical = 0

Ve↵ (✓H)quantum 6= 0 -��� -��� ��� ��� ���
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Hosotani mechanism

✓H 6= 0 G ! H
gauge bosons
fermions massive

Ay(x, y) =
n

fH✓H + H(x)
o

u0(y) + · · ·

4D Higgs
Finite Higgs mass generated.



Gauge-Higgs EW unification

SU(2)L ⇥ U(1)Y ! U(1)EM

Higgs :  SU(2) doublet G � SU(2) ⇥ U(1)

Chiral fermions orbifold
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SU(3) on M4 ⇥ (S1/Z2)

SU(3) ⇥ U(1)X

Kubo, Lim, Yamashita 2002

SO(5) ⇥ U(1)X in RS
Agashe, Contino, Pomarol  2005



UV brane IR brane

AdS � = �6 k2

SO(5) � U(1)

ds

2 = e
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µ
dxµ + dy
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SO(5)xU(1) GHU in Randall-Sundrum
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(y0, y1) = (0, L)
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Agashe, Contino, Pomarol  2005
YH, Sakamura 2006

YH, Oda, Ohnuma, Sakamura 2008
Funatsu, Hatanaka, YH,  Orikasa, Shimotani 2013



SO(5) ⇥ SO(4) ⇤ SU(2)L � SU(2)R

4D gauge bosons and Higgs
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UV brane IR brane

quarks/leptons
vector rep

dark fermions 
spinor rep

SO(4) ⇥ U(1) SO(4) ⇥ U(1)

SO(5) ⇥ U(1)

SU(2)L ⇥ U(1)Y
✓H

U(1)EM

Brane scalar

(1
2
, 0)

Brane fermion
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Gauge principle for Higgs boson

Success

Dynamical EW sym. breaking

No vacuum instability
Ve↵ (✓H + 2⇡) = Ve↵ (✓H)

generated at 1 loop, and finitemH :
Gauge-hierarchy prob. solved.

Almost SM at low energies for ✓H < 0.1
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KK scale mKK = ⇡ke�kL

Weak scale mW ⇠ 80GeV

QCD scale mp ⇠ 0.9GeV

⇠
⇡
p
kL

sin ✓H
mW

⇠ 7 � 10TeV

Scales

13



EW sym breaking
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✓H = 0.115 (example)

mZ , ↵, sin2 ✓W

! mKK = 7.41TeV

! c⌧ = 0.950, ce = 1.72

m⌧ , me = 0.511MeV

! ct = 0.227, cF = 0.332

mt = 171GeV, mH = 125GeV

zL = 105, ✓H = 0.115
nF = 4



Predictions

Run1のLegacy

• 5 fb-1(7 TeV), 20 fb-1(8 TeV)
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質量

Spin=0	
Parity=even

Higgsの全幅測定：off-shellのeventをカウント

結合定数は 
標準模型通り

性質

Coupling

Run1で未確認
• Ｈ→bb channelの確立(H→ττは確認済み)
• ttH 結合の観測
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(✓H ⇠ 0.1)

Hff, HWW, HZZ

couplings

⇠ (SM) ⇥ cos ✓H

Gauge-Higgs



H �

�

W (n)X

n

H �W (n)

ZW (m)

W (m)
R

X

n,m

: finite

  small

µ ⇠ µSM · cos2 ✓H
BR ⇠ BRSM

Higgs decay H ! j
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Funatsu, Hatanaka, YH,  Orikasa, Shimotani 2013
Funatsu, Hatanaka, YH 2015



Universality mKK(✓H), mZ(1)(✓H), �H
3 (✓H), �H

4 (✓H)

deviation from SM

✓H

SM
!!

!!

"
"

"

"

## # # #
#

#
#

#

$$$ $ $
$

$
$

$

0.0 0.5 1.0 1.5
"5

0

5

10

15

20

25

30

ΘH

Λ 3
!GeV

"

$ nF%9
# nF%3
" nF%1
! nF%0
! SM

0.1

�Higgs
3

17

0.0 0.5 1.0 1.5

2000

4000

6000

8000

10000

ΘH

m
Z!1"#Ge

V
$

nf"0

!!!!
"""

"
"

"

"

"

"

###
#

#

#

#

#

#

0.0 0.5 1.0 1.5

2000

4000

6000

8000

10000

ΘH

m
Z!1"#Ge

V
$

# nF"6
" nF"3
! nF"1

nF"0

mZ(1)

✓H

Z’



3000 4000 5000 6000 7000 8000 900010!10

10!8

10!6

10!4

MΜΜ!GeV"

dΣ
#dM ΜΜ

!fb#G
eV
"

14 TeV LHC
SM

✓H = 0.114

✓H = 0.073
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✓H = 0.114 ✓H = 0.073

Z0

Z(1)
R

Z(1)

�(1)

m (TeV) m (TeV)� (GeV) � (GeV)

5.73

6.07

6.08

482

342

886

8.00

8.61

8.61

553

494

1040

18
Funatsu, Hatanaka, YH,  Orikasa, Shimotani 2014



Z0 ! e+e�

SM

10�5

SM

10�5

W 0 ! t b

W 0 ! µ ⌫ SM

10�5

W 0 ! WH
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Funatsu, Hatanaka, YH,  Orikasa (in preparation)

SM

10�5

Z0 ! ZH

14 TeV LHC
✓H = 0.115

W’, Z’



Beyond LHC

Gauge-Higgs grand unification

What is next?
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Gauge-Higgs grand unification in 5d

Planck brane TeV brane

P0 =
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I10
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YH, Yamatsu, 1504.03817

Furui, YH, Yamatsu, 1606.07222  

SO(11) GHU in 5d RS
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no proton decay
N = 3 N = �1

p ! ⇡0 e+⇥
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But 

exotic light particles


appear.



ds

2 = e

�2k|y|(dxµ
dxµ + dv

2) + dy

2

5th dim6th dim

v ⇠ v + 2⇡R6 y ⇠ y + 2L5

(�y,�v) ⇠ (y, v)

Gauge-Higgs grand unification in 6d

SO(11) GHU in 6d hybrid-warped space
work in progress, with N. Yamatsu

UV brane IR brane

AdS ⇤ = �10 k2
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Parity around 4 fixed points

P0, P1, P2, P3

P3 = P1P0P2 = P2P0P1

m(5)
KK = ⇡k e�kL5 ⌧
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6 - 10 TeV GUT scale
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light particles
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6D-Weyl + orbifold BC zero modes : chiral
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 (x,�y,�v) = P0�̄ (x, y, v) , �̄ = �i�5�6

Dirac eq. z = eky (0  y  L5)
⇢
�µDµ + �6Dv + �5Dz + i

c

z
�6

�
1

z5/2
 = 0

bulk vector mass

Fermions in 6d hybrid warped space
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Summary

LHC: Higgs phenomenology,  Z’, W’  (KK modes)

SO(5)xU(1) gauge-Higgs EW unification

SO(11) gauge-Higgs grand unification
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