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Gauge-Higgs Unification
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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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Quark sector in B model
Table 1: Parity assignment (P0, P1) of quark multiplets in the bulk. In the third column
G22 = SU(2)L × SU(2)R content is shown. Brane scalar field Φ(1,4) is also listed at the
bottom for convenience.

field G G22 left-handed right-handed name
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(3,4) (3,4) 1

6
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d D±
s D±

b

Φ̂(1,4) (1,4) 1
2

brane scalar Φ̂

1

Action in the bulk
3X

↵=1

(
 ↵

(3,4)D(c↵) 
↵

(3,4) +
⇣
 +↵

(3,1), 
�↵

(3,1)

⌘✓D(cD↵) �mD↵

�mD↵ D(cD↵)

◆ 
 +↵

(3,1)

 �↵

(3,1)

!)

D(c) = �AeA
M

✓
DM +

1

8
!MBC [�B, �C ]

◆
� c�0(y) ,

DM = @M � igSA
SU(3)
M

� igAASO(5)
M

� igBQXAU(1)
M

<latexit sha1_base64="0My/YFsnhOzq6flBii95bedotF8="></latexit>



h�̂(1,4) i 6= 0
<latexit sha1_base64="kZ2JhmoG+WiGzLiscima35nZDWk="></latexit>

SO(4) ⇥ U(1)X ! SU(2)L ⇥ U(1)Y
<latexit sha1_base64="sl1UGwdoxLKGUjWYLIzjqC9eLuw="></latexit>

8

Z
d5x

p
�g �(y)

n
yB  (3,1)� 1

3

�̂†
(1,4) 1

2

 (3,4) 1
6

+ h.c.
o

<latexit sha1_base64="bFcB0S6c2MLaPIkErVNxRl4La1I="></latexit>

Brane interactions

µD†
Ld

0
R

<latexit sha1_base64="vCo+z77foaZUznyj1Pu0ioBH5Wc="></latexit>

mass splitting md 6= mu
<latexit sha1_base64="kJrbL22blIwo5++xfuwBZ9fk3LM="></latexit>

brane scalar

0

BB@

u
d
u0

d0

1

CCA

<latexit sha1_base64="3BDk3J1/EbpCWmcJiuahr6SNh9c="></latexit>

D
<latexit sha1_base64="eWWQCii/92A8bN8t5wE7Wo3/5e0="></latexit>

flavor mixing CKM

FCNC ?



9

Scale

mW '
r

k

L
z�1
L

sin ✓H '
sin ✓H

⇡
p
kL

mKK
<latexit sha1_base64="IhpQ8NheO3Auh5lzgsyW7DqVsok="></latexit>

mt ⇠ ⇡�1
q

1 � 4c2
t
sin 1

2
✓H mKK

<latexit sha1_base64="IIWvHRbpfuMjU4yl5zn3L8OFGNA="></latexit>

mu,c ⇠ ⇡�1
q

4c2
u,c

� 1 z
�|cu,c|+0.5
L

sin 1
2
✓H mKK

<latexit sha1_base64="iYOrhMt72SJHZP9zeqxNuJpwhSg="></latexit>

mKK = ⇡kz�1
L , zL = ekL

<latexit sha1_base64="ok/RMU0s7Ko27yUihikNHxXy4aw="></latexit>

Table 1: Parity assignment (P0, P1) of quark multiplets in the bulk. In the third column
G22 = SU(2)L × SU(2)R content is shown. Brane scalar field Φ(1,4) is also listed at the
bottom for convenience.
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u c t

d s b

[1,2] (−,−) (+,+)
u′ c′ t′

d′ s′ b′

Ψ±α
(3,1) (3,1)− 1

3
[1,1] (±,±) (∓,∓) D±

d D±
s D±

b

Φ̂(1,4) (1,4) 1
2

brane scalar Φ̂

3∑

α=1

{
Ψα

(3,4)D(cα)Ψ
α
(3,4) +

(
Ψ+α

(3,1),Ψ
−α
(3,1)

)(
D(cDα) −mDα

−mDα D(cDα)

)(
Ψ+α

(3,1)

Ψ−α
(3,1)

)}

D(c) = γAeA
M

(
DM +

1

8
ωMBC [γ

B, γC ]

)
− cσ′(y) ,

DM = ∂M − igSA
SU(3)
M − igAA

SO(5)
M − igBQXA

U(1)
M

θH
mKK

(TeV)
k

(GeV)
cu cc ct

0.10 12.08 3.84× 1013 −0.9169 −0.7545 −0.2274

0.15 8.07 2.57× 1013 −0.9170 −0.7546 −0.2294

1

zL = 1010
<latexit sha1_base64="RYOfpP+asVazz9WvyHCpn/wDOXY="></latexit>



CKM mixing

mass: up-type quarks
gauge interactions (✓H 6= 0)

<latexit sha1_base64="RMNZlQLyYaqQDlBEfO7tw7aXhmM="></latexit>

only
no mixing

mass: down-type quarks

gauge int. (✓H 6= 0)
<latexit sha1_base64="RMNZlQLyYaqQDlBEfO7tw7aXhmM="></latexit>

+ brane int.

mass eigenstates    gauge eigenstates6=
<latexit sha1_base64="pe6cMFie58Er7Sl1mhUHU+MDA00="></latexit>

CKM mixing

10



( ~̄dL,
~̄DL)Mdown

✓
~d0
R

~DR

◆
+ h.c.

<latexit sha1_base64="hLtPcHwtvJlUg1tog9vOh0GD5RQ="></latexit>

~d =

0

@
d
s
b

1

A

<latexit sha1_base64="UzeU8Yd9zbsCTiEA4bb7+4Ra4II="></latexit>

✓
Mup 0
µ mD

◆
= ⌦

✓
Mdown 0

0 MD

◆
⌦̃†

<latexit sha1_base64="wp6RE7UQ1NM+bI0YNnUw866ZxnI="></latexit>

=<latexit sha1_base64="wmxYe25XLKDivXAUJ5VCqsIsJm0="></latexit>

Mass eigenstates
 

~̂dL

~̂DL

!
= ⌦†

 
~dL

~DL

!

<latexit sha1_base64="nZ5eyim0LnXAZl/KwkNGDOiiyhM="></latexit>

 
~̂dR

~̂DR

!
= ⌦̃†

 
~d0
R

~DR

!

<latexit sha1_base64="Dn9DyIN9x2/OBwvaFK6W1FcC3bM="></latexit>

⌦⌦† = ⌦̃⌦̃† = 1
<latexit sha1_base64="P2d3kSIhRgROaq+AB86H59AjxD8="></latexit>

⌦q⌦
†
q 6= 1

<latexit sha1_base64="G5K2NEdEdYjFm3NL+7lITlFKLco="></latexit>

⌦ =

✓
⌦q ⌦b

⌦a ⌦D

◆

<latexit sha1_base64="oLVfeHKZpdYp5Ok022EeNDfsmko="></latexit>

Effective mass matrix

11



LW '
gW
Lp
2
Wµ ~̄uL �µ ~dL '

gW
Lp
2
Wµ

~̄̂uL �µ ⌦q
~̂dL

<latexit sha1_base64="R8VJzGHaRalLL+ZVEV5bQHuCM6c="></latexit>

V CKM ' ⌦q
<latexit sha1_base64="jJu4LC6NOP2UbVuqG067FEDtpJY="></latexit>

CKM

12

⌦b = �⌦qMdown⌦̃b⌦̃
�1
D M�1

D
<latexit sha1_base64="LEjmJs7vOxZTY3ZN6tZjlMOgHiw="></latexit>

||⌦b|| = O

⇣
md,s,b

mD

⌘
||⌦̃b|| < 10�3

<latexit sha1_base64="bEZWQjWCCD9tL4fUYf4e1lJqwxY="></latexit>

Mup⌦̃
†
q = ⌦qMdown

<latexit sha1_base64="e1PQ1fvLuytZJlo3H/1UO9XUDo0="></latexit>

mdk

muj
|V CKM

jk | ⇠ |(⌦̃†
q)jk| < 1

<latexit sha1_base64="mM4eFxww8G0qm0m+E3ufl9Zp8c0="></latexit>

mu > md
<latexit sha1_base64="yQUsMN2La2zvVBXnAHfAHApqw1s="></latexit>

— need to be solved.

✓
Mup 0
µ mD

◆ 
⌦̃†

q ⌦̃†
a

⌦̃†
b ⌦̃†

D

!
=

✓
⌦q ⌦b

⌦a ⌦D

◆✓
Mdown 0

0 MD

◆

<latexit sha1_base64="Dvswgi5LAMSf4hssjNmU7P7q+z8="></latexit>



Ldown
Z ⇠ �

gw

cos ✓W
Zµ

⇢
�

1

2

~̄̂
dL�

µ⌦†
q⌦q

~̂dL +
1

3
sin2 ✓W

⇣ ~̄̂
dL�

µ ~̂dL +
~̄̂
dR�µ ~̂dR

⌘�

<latexit sha1_base64="ohwUFSzRQ32V7yOpaF3XKnXYIUw="></latexit>

FCNC : suppressed naturally

FCNC

13

= I � ⌦†
a⌦a

<latexit sha1_base64="EMdlCWKu/nYvQLZ5uFpRUiHXLOI="></latexit>

⌦†
a⌦a = ⌦†

q⌦b⌦
†
b(⌦

†
q)

�1 = O

⇣m2
d,s,b

m
2
D

⌘
. 10�6

<latexit sha1_base64="mTlbQJgGAXPhLuUw/Embr/oBf+4="></latexit>
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✓H
<latexit sha1_base64="80aLtcfmxTsNOZUPc5MTBDihe0o="></latexit>

mKK (TeV)
<latexit sha1_base64="eg8KVtTEtS5u8fpuWx9q40VES6s="></latexit>

cu
<latexit sha1_base64="98TuHYOjMdcQEfzQ7cb/0lN7yFc="></latexit>

cc
<latexit sha1_base64="O6iIyoQhcN8Ecx9zEUw5kc7BBdw="></latexit>

ct
<latexit sha1_base64="1hHzEErojgAxYPVaiq9yQZwQpBk="></latexit>

0.10
<latexit sha1_base64="MX3sEfVbFRceVk7opwst2foF+pw="></latexit>

0.15
<latexit sha1_base64="1RbWWlLtCMnG2OLE30CIU1K1TJc="></latexit>

12.08
<latexit sha1_base64="0CSqMYnwt1C/vuqv6GEv8teJjk0="></latexit>

8.07
<latexit sha1_base64="KoK+e1VxiZwfg0CpqKVq2ym4dbs="></latexit>

�0.9169
<latexit sha1_base64="QX2GX+jz1mWx0816uwth49BNwxo="></latexit>

�0.9170
<latexit sha1_base64="txi/huuvCqGhv6+dYw/ukX2SxX4="></latexit>

�0.7545
<latexit sha1_base64="OFjy7/uMJLR7xrggycLHoJlQf+g="></latexit>

�0.7546
<latexit sha1_base64="XEkhWVfz68KhewEoAWgHMFGOSZo="></latexit>

�0.2274
<latexit sha1_base64="S8LI2yzxL4WhqdodpmhE1506t/M="></latexit>

�0.2294
<latexit sha1_base64="v53tOY4J9AVqc/Q/XDB+M71zd7o="></latexit>

mZ , zL = 1010
<latexit sha1_base64="S+9RkKOOSLPyTDvyiogqfAPB2oc="></latexit>

Lbrane = �(y)
n
2µ↵� d̄0↵

R D+�
L + h.c.

o

<latexit sha1_base64="X1RpSBQw4SxYCkLeaMYvS4Gercs="></latexit>

µ =

0

@
0.1

0.1
1

1

AU†
23(0.002)U

†
12(0.106)

<latexit sha1_base64="vwxqfDCcWzwM/7Fk5IYCLyC+Ljg="></latexit>

Rigorous evaluation of W, Z couplings

mD↵

k
= 1

<latexit sha1_base64="XaTsQB6FozAh/diIjK1UQ89oJRM="></latexit>

(cDd , cDs , cDb) (md,ms,mb)
<latexit sha1_base64="vV3oTCc1CulnDuPbzV3+IuWDfQQ="></latexit>
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gW
L = 0.9950 gw , bVCKM =

0

@
0.9737 0.2264 0.0043
�0.2264 0.9736 0.0185
1 ⇥ 10�5 �0.0190 1.0004

1

A

<latexit sha1_base64="7E82/26LB+QqdWUXqKWDVlNuLuE="></latexit>

✓H = 0.15
<latexit sha1_base64="JB82puB6OB0tJfvsjdS10DzPiN4="></latexit>

gW
L /gW

L lepton = 1.00028
<latexit sha1_base64="/Of6yhnhcIM/1yolY+xy39FOzl4="></latexit>

✓H = 0.10
<latexit sha1_base64="7oyHMl2hiFfbOONHCJ89PA18DMU="></latexit>

gW
L = 0.9978 gw , bVCKM =

0

@
0.9744 0.2245 0.0031
�0.2245 0.9743 0.0134
9 ⇥ 10�6 �0.0138 1.0002

1

A

<latexit sha1_base64="hXMx2E3cA2iYFuCMTQOYWgcI7UE="></latexit>

gW
L /gW

L lepton = 1.00013
<latexit sha1_base64="lH08H0FsaPAbYcGy+taFM/Si/fQ="></latexit>

W

CKM

Z zL

1
dz

p
� detG

3X

↵=1

n
 ↵

(3,4)D(c↵) 
↵
(3,4) + · · ·

o

<latexit sha1_base64="r1Ic07DwkhmE4tz4akJEUln1Ojo="></latexit>



0

@
gZ
Luu
gZ
Lcc
gZ
Ltt

1

A =

0

@
0.3441
0.3441
0.3449

1

A gw ,

0

@
gZ
Ruu
gZ
Rcc
gZ
Rtt

1

A =

0

@
�0.1533
�0.1533
�0.1524

1

A gw

<latexit sha1_base64="FSm7IL6OAHyS8L8xBAMJgg+8Sz0="></latexit>

bgZ
Ld = gw

0

@
�0.4208 �7 ⇥ 10�7 �1 ⇥ 10�8

�7 ⇥ 10�7 �0.4208 �4 ⇥ 10�7

�1 ⇥ 10�8 �4 ⇥ 10�7 �0.4207

1

A

<latexit sha1_base64="b4VQsohUFGv+ikQRMGsjJDBJnxc="></latexit>

bgZ
Rd = gw

0

@
0.0767 �1 ⇥ 10�6 �1 ⇥ 10�6

�1 ⇥ 10�6 0.0767 �7 ⇥ 10�6

�1 ⇥ 10�6 �7 ⇥ 10�6 0.0767

1

A

<latexit sha1_base64="ndbYy8LrUGBMtyrI14WgQoTuywo="></latexit>

Z

FCNC : suppressed

gauge invarianceSO(5) ⇥ U(1) ⇥ SU(3)

<latexit sha1_base64="eUGm9PoA/4UT3hbOn1zN/H2nygw="></latexit>

very close to SM at low energies ! 

16

✓H = 0.15
<latexit sha1_base64="JB82puB6OB0tJfvsjdS10DzPiN4="></latexit>
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s
<latexit sha1_base64="v4kwAD7lsdWP9UP1Qx6LJT0WKkg="></latexit>

b̄
<latexit sha1_base64="BfzN/J4dKNbmbGlzOJ270cSYS8I="></latexit>

b
<latexit sha1_base64="NrVfJSlBAexL/sS8szDLE9jrs4M="></latexit>

s̄
<latexit sha1_base64="pOg11bGC9sajpgYYsbpVxHRPt+0="></latexit>

Z
<latexit sha1_base64="g+db/sETr4TqHVOWzdbzlEIA7EA="></latexit>

�mM ⇠
mMf2

M(bgZ
d |M)2

3m2
Z

<latexit sha1_base64="nvb11ChycNViwMo0X2KEujGOAzY="></latexit>

B0
s B̄

0
s mixing

<latexit sha1_base64="32VF+HvpQ2WOYHlrxj67pRJ5C58="></latexit>

0

@
�mK

�mBd

�mBs

1

A ⇠

0

@
2 ⇥ 10�19

3 ⇥ 10�18

3 ⇥ 10�16

1

AGeV ⌧

0

@
3.48 ⇥ 10�15

3.36 ⇥ 10�13

1.17 ⇥ 10�11

1

AGeV

<latexit sha1_base64="nte4TKvpP9v1t/9Ah/52PRIwrEs="></latexit> (exp)

1

gW
L lepton

0

BB@

gZ
Luu

gZ
Ruu
gZ
Ldd

gZ
Rdd

1

CCA =

0

BB@

0.34588
�0.15413
�0.42295
0.07707

1

CCA ,

0

BB@

0.34591
�0.15411
�0.42298
0.07706

1

CCA ,

0

BB@

0.3458
�0.1541
�0.4229
0.0771

1

CCA

<latexit sha1_base64="lK6N60hAjKXni4S1W8ACSncGz88="></latexit>

✓H = 0.10
<latexit sha1_base64="B7m0aSH/p0F0Yvta/XrWWrOSqzg="></latexit>

✓H = 0.15
<latexit sha1_base64="UPPGcO33By/pgUsD08mT/ZE2cdY="></latexit>

SM
<latexit sha1_base64="5jSrLG+HlgM6Ng92l30Wp/BQ5BE="></latexit>

CKM matrix in GHU
FCNC naturally suppressed
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WWH, ZZH ⇠ (SM) ⇥ cos ✓H
<latexit sha1_base64="/z7VCsci/fgizVuuSUPSSs/WeqA="></latexit>

Yukawa couplings ⇠

8
<

:
(SM) ⇥ cos ✓H A model

(SM) ⇥ cos2 1
2
✓H B model

<latexit sha1_base64="PlsnD9bI13j0YZjxi9jvxjR5wbc="></latexit>

Deviation from SM is small for ✓H ⇠ 0.1
<latexit sha1_base64="CU89g2PMPNtEd4Q+Co0UZygK2AU="></latexit>

��� ��� ��� ���
�
�
��
��
��
��
��
��

θ�

λ �

SM

GHU: A model

GHU: B model

B modelA model

SM

�H

3
<latexit sha1_base64="0dayFKmoXVsYBNtuBW21XmEUYfM="></latexit>

✓H
<latexit sha1_base64="80aLtcfmxTsNOZUPc5MTBDihe0o="></latexit>

��� ��� ��� ���
-����
-����
-����
-����
����
����
����

θ�

λ �

SM

GHU: A model

GHU: B model

B modelA model

SM

�H

4
<latexit sha1_base64="UN/lEj0VLrSYdRvKfoeb2H27M1c="></latexit>

✓H
<latexit sha1_base64="80aLtcfmxTsNOZUPc5MTBDihe0o="></latexit>

self-couplings
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6B;m`2 e, *Q``2+iBQMb iQ S, T T�`�K2i2`b Q7 Qm` KQ/2HX h?2 BMM2` �M/ Qmi2` +QMiQm`b
�`2 7Q` e3W �M/ N8W +QM}/2M+2 H2p2H- `2bT2+iBp2Hv- 7`QK (9j)X h?2 #H�+F 2``Q` #�` �i i?2
Q`B;BM +Q``2bTQM/b iQ +m``2Mi iQT [m�`F K�bb mM+2`i�BMivX 1�+? +QHQ`2/ HBM2 `2T`2b2Mib i?2
2biBK�i2/ `�M;2 Q7 T T�`�K2i2` #v p�`vBM; i?2 +miQz Λ 7`QK kR iQ kX

6Q` T - r2 }M/ i?2 i`22@H2p2H _a +Q``2+iBQM

αT =
m2

Zz
2
Rs

2
w

4

[
1

LW
− 1

LB

]
URReV

THmb i?2 HQQT +Q``2+iBQM 2biBK�i2/ #v URRjVX
6B;X e b?Qrb i?2 K�TTBM; Q7 Qm` T�`�K2i2` bT�+2 QMiQ i?2 `2;BQM Q7 S �M/ T

�HHQr2/ #v 2tT2`BK2Mi (9j)X AM pB2r Q7 i?2 mM+2`i�BMiB2b BM Qm` 2biBK�i2 Q7 i?2 T
T�`�K2i2`- r2 `2;�`/ i?2 T�`�K2i2` `2;BQM Q7 Qm` KQ/2H rBi? kR > 1.5 h2o iQ #2 BM
`2�bQM�#H2 �;`22K2Mi rBi? i?2 +m``2Mi p�Hm2b Q7 i?2 T`2+BbBQM 2H2+i`Qr2�F Q#b2`p�#H2bX

d Z → bb

AM i?2 �M�HvbBb Q7 i?2 +QmTHBM; Q7 i?2 Z iQ 72`KBQMb- r2 �bbmK2/ i?�i �HH Q7 i?2
`2H2p�Mi [m�`Fb �M/ H2TiQMb �`2 �bbQ+B�i2/ rBi? 72`KBQM x2`Q KQ/2b i?�i �`2 ?B;?Hv
T2�F2/ BM i?2 loX >Qr2p2`- i?Bb Bb MQi i?2 +�b2 7Q` i?2 b [m�`FX h?2 bL Bb i?2
SU(2) T�`iM2` Q7 i?2 tL- �M/ bQ Bi Kmbi b?�`2 i?2 b�K2 p�Hm2 Q7 cX 6Q` bR- i?2 biQ`v Bb
bQK2r?�i KQ`2 BMpQHp2/X h?2 bR x2`Q KQ/2 Bb MQi BM+Hm/2/ BM 2Bi?2` Q7 i?2 KmHiBTH2ib
Ψt- ΨT i?�i r2 ?�p2 +QMbB/2`2/ bQ 7�` BM Qm` �M�HvbBbX >Qr2p2`- KQ/2Hb 7Q` ;2M2`�iBM;
i?2 b [m�`F K�bb ivTB+�HHv `2[mB`2 bR iQ ?�p2 � TQbBiBp2 p�Hm2 Q7 c- Tmb?BM; i?2 x2`Q

j3

PDG 2018

mKK = ⇡kR
<latexit sha1_base64="dYUJZKInJMmb4bdt+3WdcJlXax4="></latexit>

GHU

Yoon-Peskin, PRD 100, 015001 (2019)

SM
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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>

Z’ couplings in RS

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

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

left-handed
`R , qR

<latexit sha1_base64="l2Vlk2HzGCREYe9RS01tfAQnaO4="></latexit>

right-handed

+
<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>

m2
Z ⌧ s ⌧ m2

Z0
<latexit sha1_base64="JQIwViPtfNSpU7h2eMVTGY+hIsk="></latexit>
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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

A model

Funatsu, Hatanaka, YH,  Orikasa 1705.05282
Funatsu, 1905.10007
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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
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A model

A model

B model
Distinguish by polarization dependence

B model (GUT inspired)
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ILC 250
2000 fb�1

<latexit sha1_base64="BAmSz18t4fFMLHzm4Jnmu5rnBJ8="></latexit><latexit sha1_base64="BAmSz18t4fFMLHzm4Jnmu5rnBJ8="></latexit><latexit sha1_base64="BAmSz18t4fFMLHzm4Jnmu5rnBJ8="></latexit><latexit sha1_base64="BAmSz18t4fFMLHzm4Jnmu5rnBJ8="></latexit><latexit sha1_base64="BAmSz18t4fFMLHzm4Jnmu5rnBJ8="></latexit><latexit sha1_base64="BAmSz18t4fFMLHzm4Jnmu5rnBJ8="></latexit>

 

9 
 

IV.4 Annihilation channels 
 

IV.4.1 µµ and WW�
 

 

Figure 5: On the left, for mZ’=6 TeV, the 
predicted deficit in ee‐>µµ with respect                                      
to the SM in % due to the Z' exchange. 
The dotted curve corresponds                                                       
to the solution with mZ’=8.5 TeV. On the 
right, the statistical significance of the                                        
effect assuming bins in cosT of 0.1.                                              
The dotted curves correspond to the 
solution with mZ’=8.5 TeV. 

 

 Above distributions can be simply interpreted. Recall that in the annihilation channel one has: 

dVR/dcosT ~(1+cos²T)(RR’²+RL’²)+2cosT(RR’²‐RL’²) 

This distribution peaks at cosT=1 where the cross section ~4RR’² is maximally affected by the Z’ 
contribution, hence the maximum in significance observed in figure 5. Contrary to the ee‐>ee 
channel, the annihilation channels receive a negative contribution from the Z’ exchange, since, as 
already mentioned, below the resonance one has BW’<0.  

A similar effect is expected for the WW channel. 
 
 
IV.4.2 bb and tt 
 
For these modes, table 2 shows that, contrarily to the leptonic case where only RR’ was affected, the 
RL’ amplitude receives a large contribution. 
 
In the b quark case, the selection efficiency for the cross section measurement is quite high, near 
70%, leaving little background [15]. For the angular distribution measurement one needs further 
selections based on b quark charge measurement which leaves about 10% efficiency.  
 

Figure 6: On the left, the predicted 
deficit in ee‐>bb with respect to the SM 
in % due to the Z' exchange, with   
mZ’=6 TeV. The dotted curve 
corresponds to the solution with 
mZ’=8.5 TeV. On the right, the 
statistical significance of the effect 
assuming cosT�bins of 0.1. The dotted 
curves correspond to the solution with 
mZ’=8.5 TeV. 

 

 

For the top quark, one needs to assume an operation at a centre of mass energy 500 GeV. It is 
expected that 2000 fb‐1 will be collected with eR at this energy. The efficiency for the cross section 
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GUT inspired gauge-Higgs unification
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Flavor mixing — CKM matrix
Natural suppression of FCNC

New particles Z’ 

in the early stage of ILC250
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