
GUT inspired gauge-Higgs unification:  
CKM and ILC physics

Yutaka Hosotani

Scalars 2019 
 University of Warsaw, 13 Sepember 2019  

1902.01603 (PRD 99, 095010, May 15 2019) 
1909.00190

Funatsu, Hatanaka, YH, Orikasa, Yamatsu



2

SO(5)xU(1)xSU(3) gauge-Higgs unification

Flavor mixing — CKM matrix

FCNC naturally suppressed (by       )10�6
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Gauge-Higgs Unification
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Matter
Table 1: Matter fields. SU(3)C × SO(5) × U(1)X content is shown. For comparison
the matter content in the previous model is listed in the last column. In the previous
model only SU(3)C ×SO(4)×U(1)X symmetry is preserved on the UV brane so that the
SU(2)L × SU(2)R content is shown for brane fields.

B model
GUT inspired

A model
previous model

quark (3, 4)1
6
(3, 1)+−1

3
(3, 1)−−1

3
(3, 5)2

3
(3, 5)−1

3

lepton (1, 4)−1
2

(1, 5)0 (1, 5)−1

dark fermion (3, 4)1
6
(1, 5)+0 (1, 5)−0 (1, 4)1

2

brane fermion (1, 1)0
(3, [2, 1])7

6 ,
1
6 ,−

5
6

(1, [2, 1])1
2 ,−

1
2 ,−

3
2

brane scalar (1, 4)1
2

(1, [1, 2])1
2

symmetry of

brane interactions
SU(3)C × SO(5) × U(1)X SU(3)C × SO(4) × U(1)X
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<latexit sha1_base64="dYUJZKInJMmb4bdt+3WdcJlXax4="></latexit>

GHU

Yoon-Peskin, PRD 100, 015001 (2019), fig 6

SM
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ILC test/observe GHU

Z(1)
RZ(1) �(1)Z0 :

<latexit sha1_base64="j/1BAGd5rLn9FsEBJ0uh7W2NnUQ="></latexit><latexit sha1_base64="/jFFIz19p7AYqkzB4ovI7eChjW8="></latexit><latexit sha1_base64="/jFFIz19p7AYqkzB4ovI7eChjW8="></latexit><latexit sha1_base64="/jFFIz19p7AYqkzB4ovI7eChjW8="></latexit><latexit sha1_base64="/jFFIz19p7AYqkzB4ovI7eChjW8="></latexit><latexit sha1_base64="JB7o0X0cTSgXQEcaoGGhmLcTur8="></latexit> localized near IR
m ⇠ 0.8mKK

<latexit sha1_base64="uwOVXQkc/WYJ1J4lCar9v1uI+hY="></latexit>

Large parity violation in Z’ couplings

e+e� ! µ+µ�
<latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit>

Funatsu, Hatanaka, YH, Orikasa, PLB 775, 297 (2017)
Richard, 1804.02846 [hep-ex]
Yoon, Peskin, 1811.07877 [hep-ph]
Funatsu, 1905.10007 [hep-ph]

Funatsu’s talk

c` , cq
<latexit sha1_base64="RgDImVw0ZoZJkNS//dILuVgHB54="></latexit>

`L , qL
<latexit sha1_base64="69SBioEcL+J7kc7rJUOlrukAbBA="></latexit>

`R , qR
<latexit sha1_base64="l2Vlk2HzGCREYe9RS01tfAQnaO4="></latexit>

A model

B model

GUT inspired

> 0
<latexit sha1_base64="Hfjn1P+q1au07eDFOtaJItF6Bqk="></latexit>

< 0
<latexit sha1_base64="3XnZ+UDLmb2a5I7TbKA33hi00DM="></latexit>

near IRnear UV

near UV
near IR

large Z’ coupling

large Z’ coupling
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ILC

m2
Z ⌧ s ⌧ m2

Z0
<latexit sha1_base64="UymYWKwYhOVGX3mImorNE25aQP0="></latexit><latexit sha1_base64="UymYWKwYhOVGX3mImorNE25aQP0="></latexit><latexit sha1_base64="UymYWKwYhOVGX3mImorNE25aQP0="></latexit><latexit sha1_base64="UymYWKwYhOVGX3mImorNE25aQP0="></latexit><latexit sha1_base64="UymYWKwYhOVGX3mImorNE25aQP0="></latexit><latexit sha1_base64="UymYWKwYhOVGX3mImorNE25aQP0="></latexit>

(250GeV)2 ⇠ (1TeV)2
<latexit sha1_base64="YCJu8vl3Xnr+WBl2KU+aw9azdqg="></latexit><latexit sha1_base64="YCJu8vl3Xnr+WBl2KU+aw9azdqg="></latexit><latexit sha1_base64="YCJu8vl3Xnr+WBl2KU+aw9azdqg="></latexit><latexit sha1_base64="YCJu8vl3Xnr+WBl2KU+aw9azdqg="></latexit><latexit sha1_base64="YCJu8vl3Xnr+WBl2KU+aw9azdqg="></latexit><latexit sha1_base64="YCJu8vl3Xnr+WBl2KU+aw9azdqg="></latexit>

+
<latexit sha1_base64="Y6NB0bAKRZFqcHgUbewSAH/HCqE="></latexit><latexit sha1_base64="ZNaBSGDqD6bDnT19STk5hUZsLQg="></latexit><latexit sha1_base64="ZNaBSGDqD6bDnT19STk5hUZsLQg="></latexit><latexit sha1_base64="ZNaBSGDqD6bDnT19STk5hUZsLQg="></latexit><latexit sha1_base64="ZNaBSGDqD6bDnT19STk5hUZsLQg="></latexit>

M =
<latexit sha1_base64="Zuu08rauvv6uYvmQcuJm1vzEbO4="></latexit><latexit sha1_base64="Zuu08rauvv6uYvmQcuJm1vzEbO4="></latexit><latexit sha1_base64="Zuu08rauvv6uYvmQcuJm1vzEbO4="></latexit><latexit sha1_base64="Zuu08rauvv6uYvmQcuJm1vzEbO4="></latexit><latexit sha1_base64="Zuu08rauvv6uYvmQcuJm1vzEbO4="></latexit><latexit sha1_base64="Zuu08rauvv6uYvmQcuJm1vzEbO4="></latexit>

M0
<latexit sha1_base64="pfYNVYHm6bz9QnMWMhz2saWN+58="></latexit><latexit sha1_base64="pfYNVYHm6bz9QnMWMhz2saWN+58="></latexit><latexit sha1_base64="pfYNVYHm6bz9QnMWMhz2saWN+58="></latexit><latexit sha1_base64="pfYNVYHm6bz9QnMWMhz2saWN+58="></latexit><latexit sha1_base64="pfYNVYHm6bz9QnMWMhz2saWN+58="></latexit><latexit sha1_base64="pfYNVYHm6bz9QnMWMhz2saWN+58="></latexit>

e+
e� Z , � µ�

<latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit>

µ+
<latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit> MZ0

<latexit sha1_base64="8ec8XA3XxMV47K8+Ew9DZ0ylSvc="></latexit><latexit sha1_base64="8ec8XA3XxMV47K8+Ew9DZ0ylSvc="></latexit><latexit sha1_base64="8ec8XA3XxMV47K8+Ew9DZ0ylSvc="></latexit><latexit sha1_base64="8ec8XA3XxMV47K8+Ew9DZ0ylSvc="></latexit><latexit sha1_base64="8ec8XA3XxMV47K8+Ew9DZ0ylSvc="></latexit><latexit sha1_base64="8ec8XA3XxMV47K8+Ew9DZ0ylSvc="></latexit>

Z(1)
R , Z(1), �(1)

e+
e�

Z0
<latexit sha1_base64="zPAaHzHQ2F6hAZhPdir/Z+KanmM="></latexit><latexit sha1_base64="zPAaHzHQ2F6hAZhPdir/Z+KanmM="></latexit><latexit sha1_base64="zPAaHzHQ2F6hAZhPdir/Z+KanmM="></latexit><latexit sha1_base64="zPAaHzHQ2F6hAZhPdir/Z+KanmM="></latexit><latexit sha1_base64="zPAaHzHQ2F6hAZhPdir/Z+KanmM="></latexit><latexit sha1_base64="zPAaHzHQ2F6hAZhPdir/Z+KanmM="></latexit>

µ�
<latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit><latexit sha1_base64="10Kxc+bdlSucH8G265QUOx3fimU="></latexit>

µ+
<latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit><latexit sha1_base64="KS+0RLmi6ALbH0XcG9wH+R+g/NA="></latexit>

⇠ �0.017 at
p
s = 250GeV

<latexit sha1_base64="QXFws/YrUJeeJiqsNOJ6385BIAk="></latexit><latexit sha1_base64="QXFws/YrUJeeJiqsNOJ6385BIAk="></latexit><latexit sha1_base64="QXFws/YrUJeeJiqsNOJ6385BIAk="></latexit><latexit sha1_base64="QXFws/YrUJeeJiqsNOJ6385BIAk="></latexit><latexit sha1_base64="QXFws/YrUJeeJiqsNOJ6385BIAk="></latexit><latexit sha1_base64="QXFws/YrUJeeJiqsNOJ6385BIAk="></latexit>

interference effects

Pe� = +1 (right-handed)
<latexit sha1_base64="2nYOi7LhYqZu/TgE2kmyFF+VgMs="></latexit><latexit sha1_base64="2nYOi7LhYqZu/TgE2kmyFF+VgMs="></latexit><latexit sha1_base64="2nYOi7LhYqZu/TgE2kmyFF+VgMs="></latexit><latexit sha1_base64="2nYOi7LhYqZu/TgE2kmyFF+VgMs="></latexit><latexit sha1_base64="2nYOi7LhYqZu/TgE2kmyFF+VgMs="></latexit><latexit sha1_base64="2nYOi7LhYqZu/TgE2kmyFF+VgMs="></latexit>

M0M⇤
Z0

|M0|2
⇠ �13.6

s

m2
Z0

<latexit sha1_base64="26lxw7vntq5E3LikZGS/Bypmc3s="></latexit>

A model
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e+e� ! µ+µ�
<latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit><latexit sha1_base64="8XBnkjMZ/fFtOJkZMMILxslM/OE="></latexit>

Pe↵ =
Pe� � Pe+

1 � Pe�Pe+

100 500 1000

0.5

1

5

10

s [GeV]

σG
H
U
/σ
S
M
(μ

+ μ
- )

c

a

d

b
e

✓H = 0.0917

Pe↵ = 0.877

Pe↵ = �0.877
Pe↵ = 0

�GHU

�SM

(µ+µ�)

250 3000

✓H = 0.0737

Interference 

among

�, Z, Z0

A model
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Pe↵ =
Pe� � Pe+

1 � Pe�Pe+

0.0737
250GeV

500GeV

-1.0 -0.5 0.0 0.5 1.0
0.90

0.92

0.94

0.96

0.98

1.00

Peff

σG
H
U
/σ
S
M
(μ

+ μ
- )

✓H = 0.0917�GHU

�SM

(µ+µ�)

statistical uncertainty
(250GeV, 250 fb�1)

A model

A model

B model
Distinguish by polarization dependence

B model (GUT inspired)



AGHU

FB

ASM

FB

(µ+µ�) � 1

0.0737

250GeV

500GeV

-1.0 -0.5 0.0 0.5 1.0
-0.05

-0.04

-0.03

-0.02

-0.01

0.00

0.01

Peff

(A
FBG
H
U
-A

FBS
M
)/A

FBS
M
(μ

+ μ
- )

✓H = 0.0917

statistical uncertainty
(250GeV, 250 fb�1)

17

A model

AFB =
�forward � �backward

�forward + �backward

B model

Polarization dep !



Summary

GUT inspired gauge-Higgs unification

18

Flavor mixing — CKM matrix
Natural suppression of FCNC

New particles Z’ 

in the early stage of ILC250
e+
e� Z , � f

<latexit sha1_base64="sB/KJR4uaeND57bZqnOV6N4Mz64="></latexit><latexit sha1_base64="m68uYHMkmODQRmw5cnF+g5nnHeI="></latexit><latexit sha1_base64="m68uYHMkmODQRmw5cnF+g5nnHeI="></latexit><latexit sha1_base64="m68uYHMkmODQRmw5cnF+g5nnHeI="></latexit><latexit sha1_base64="m68uYHMkmODQRmw5cnF+g5nnHeI="></latexit>

f
<latexit sha1_base64="x7CaYTgZw5BN/s/84tSHs0s/koo="></latexit><latexit sha1_base64="TTrH2TQLldjvRuqL2PFefGLzwSk="></latexit><latexit sha1_base64="TTrH2TQLldjvRuqL2PFefGLzwSk="></latexit><latexit sha1_base64="TTrH2TQLldjvRuqL2PFefGLzwSk="></latexit><latexit sha1_base64="TTrH2TQLldjvRuqL2PFefGLzwSk="></latexit>

2
+

<latexit sha1_base64="Y6NB0bAKRZFqcHgUbewSAH/HCqE="></latexit><latexit sha1_base64="ZNaBSGDqD6bDnT19STk5hUZsLQg="></latexit><latexit sha1_base64="ZNaBSGDqD6bDnT19STk5hUZsLQg="></latexit><latexit sha1_base64="ZNaBSGDqD6bDnT19STk5hUZsLQg="></latexit><latexit sha1_base64="ZNaBSGDqD6bDnT19STk5hUZsLQg="></latexit>

Z(1)
R , Z(1), �(1)

e+
e� f

<latexit sha1_base64="sB/KJR4uaeND57bZqnOV6N4Mz64="></latexit><latexit sha1_base64="m68uYHMkmODQRmw5cnF+g5nnHeI="></latexit><latexit sha1_base64="m68uYHMkmODQRmw5cnF+g5nnHeI="></latexit><latexit sha1_base64="m68uYHMkmODQRmw5cnF+g5nnHeI="></latexit><latexit sha1_base64="m68uYHMkmODQRmw5cnF+g5nnHeI="></latexit>

f
<latexit sha1_base64="x7CaYTgZw5BN/s/84tSHs0s/koo="></latexit><latexit sha1_base64="TTrH2TQLldjvRuqL2PFefGLzwSk="></latexit><latexit sha1_base64="TTrH2TQLldjvRuqL2PFefGLzwSk="></latexit><latexit sha1_base64="TTrH2TQLldjvRuqL2PFefGLzwSk="></latexit><latexit sha1_base64="TTrH2TQLldjvRuqL2PFefGLzwSk="></latexit>7 ⇠ 8TeV

<latexit sha1_base64="V+zjSr2ZI/NrjBp0kn8AIy1ph5Y="></latexit><latexit sha1_base64="unc6SG+p1u35P1cokyDJwKa99Hw="></latexit><latexit sha1_base64="unc6SG+p1u35P1cokyDJwKa99Hw="></latexit><latexit sha1_base64="unc6SG+p1u35P1cokyDJwKa99Hw="></latexit><latexit sha1_base64="unc6SG+p1u35P1cokyDJwKa99Hw="></latexit>


