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1 The model

The particle content of the general model that we consider here consists in three chiral families of left-
handed SU(2)L doublets (ÂLi = QLi, LLi) and right-handed SU(2)L singlets (ÏRi = uRi, dRi, ¸Ri),
i = 1, 2, 3 (excluding the right-handed neutrinos), along with two (three) vector-like family of
fermions (ÂLa = QLa, LLa, and ÂÂRa = Q̃Ra, L̃Ra), (ÏRa = uRa, dRa, ¸Ra, ‹Ra and ÂÏLa = ÂuLa, ÂdLa,

Â̧
La, Â‹La), a = 4, 5, (6). The vector-like families are charged under a gauge symmetry U(1)Õ, the

doublets Âa carrying +1 charge and the singlets Ïa carry -1 charge, while the three chiral families
remain neutral under this symmetry. The singlet scalar field „ is the responsible of spontaneously
breaking the U(1)Õ symmetry developing vacuum expectation value (VEV) È„Í around the TeV
scale. The Z

Õ boson generated after the symmetry breaking has a mass at the same scale. The
scalar „ has U(1)Õ charge +1. Since the two Higgs SU(2)L doublets Hu and Hd are negatively
charged under the U(1)Õ, no standard renormalisable Yukawa couplings among the first three chiral
families are allowed, and only those which couple the first three chiral families to the vector-like
families are generated. All the charges of the di�erent fields of the model are summarised in Table
1.

Field SU(3)c SU(2)L U(1)Y U(1)Õ

QLi =
A

uLi

dLi

B

3 2 1/6 0

uRi 3 1 2/3 0
dRi 3 1 -1/3 0

LLi =
A

‹Li

¸Li

B

1 2 -1/2 0

¸Ri 1 1 -1 0
‹Ri 1 1 0 0

QLa, ÂQRa 3 2 1/6 1
uRa, ÂuLa 3 1 2/3 -1
dRa, ÂdLa 3 1 -1/3 -1
LLa, ÂLRa 1 2 -1/2 1
¸Ra, Â̧

La 1 1 -1 -1
‹Ra, Â‹La 1 1 0 -1

„ 1 1 0 1

Hu =
A

H
+
u!

vu + H
0
u

"
/
Ô

2

B

1 2 1/2 -1

Hd =
A !

vd + H
0ú
d

"
/
Ô

2
≠H

≠
d

B

1 2 -1/2 -1

Table 1: The field content.
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The Standard Model
  with 2 Higgs doublets

1 The model
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charged under the U(1)Õ, no standard renormalisable Yukawa couplings among the first three chiral
families are allowed, and only those which couple the first three chiral families to the vector-like
families are generated. All the charges of the di�erent fields of the model are summarised in Table
1.

Field SU(3)c SU(2)L U(1)Y U(1)Õ

QLi =
A

uLi

dLi

B

3 2 1/6 0

uRi 3 1 2/3 0
dRi 3 1 -1/3 0

LLi =
A

‹Li

¸Li

B

1 2 -1/2 0

¸Ri 1 1 -1 0
‹Ri 1 1 0 0

QLa, ÂQRa 3 2 1/6 1
uRa, ÂuLa 3 1 2/3 -1
dRa, ÂdLa 3 1 -1/3 -1
LLa, ÂLRa 1 2 -1/2 1
¸Ra, Â̧

La 1 1 -1 -1
‹Ra, Â‹La 1 1 0 -1

„ 1 1 0 1

Hu =
A

H
+
u!

vu + H
0
u

"
/
Ô

2

B

1 2 1/2 -1

Hd =
A !

vd + H
0ú
d

"
/
Ô

2
≠H

≠
d

B

1 2 -1/2 -1

Table 1: The field content.

The full renormalisable Lagrangian formed by the allowed renormalisable Yukawa couplings and

1

1 The model

The particle content of the general model that we consider here consists in three chiral families of left-
handed SU(2)L doublets (ÂLi = QLi, LLi) and right-handed SU(2)L singlets (ÏRi = uRi, dRi, ¸Ri),
i = 1, 2, 3 (excluding the right-handed neutrinos), along with two (three) vector-like family of
fermions (ÂLa = QLa, LLa, and ÂÂRa = Q̃Ra, L̃Ra), (ÏRa = uRa, dRa, ¸Ra, ‹Ra and ÂÏLa = ÂuLa, ÂdLa,

Â̧
La, Â‹La), a = 4, 5, (6). The vector-like families are charged under a gauge symmetry U(1)Õ, the

doublets Âa carrying +1 charge and the singlets Ïa carry -1 charge, while the three chiral families
remain neutral under this symmetry. The singlet scalar field „ is the responsible of spontaneously
breaking the U(1)Õ symmetry developing vacuum expectation value (VEV) È„Í around the TeV
scale. The Z

Õ boson generated after the symmetry breaking has a mass at the same scale. The
scalar „ has U(1)Õ charge +1. Since the two Higgs SU(2)L doublets Hu and Hd are negatively
charged under the U(1)Õ, no standard renormalisable Yukawa couplings among the first three chiral
families are allowed, and only those which couple the first three chiral families to the vector-like
families are generated. All the charges of the di�erent fields of the model are summarised in Table
1.

Field SU(3)c SU(2)L U(1)Y U(1)Õ

QLi =
A

uLi

dLi

B

3 2 1/6 0

uRi 3 1 2/3 0
dRi 3 1 -1/3 0

LLi =
A

‹Li

¸Li

B

1 2 -1/2 0

¸Ri 1 1 -1 0
‹Ri 1 1 0 0

QLa, ÂQRa 3 2 1/6 1
uRa, ÂuLa 3 1 2/3 -1
dRa, ÂdLa 3 1 -1/3 -1
LLa, ÂLRa 1 2 -1/2 1
¸Ra, Â̧

La 1 1 -1 -1
‹Ra, Â‹La 1 1 0 -1

„ 1 1 0 1

Hu =
A

H
+
u!

vu + H
0
u

"
/
Ô

2

B

1 2 1/2 -1

Hd =
A !

vd + H
0ú
d

"
/
Ô

2
≠H

≠
d

B

1 2 -1/2 -1

Table 1: The field content.

The full renormalisable Lagrangian formed by the allowed renormalisable Yukawa couplings and

1

1 The model

The particle content of the general model that we consider here consists in three chiral families of left-
handed SU(2)L doublets (ÂLi = QLi, LLi) and right-handed SU(2)L singlets (ÏRi = uRi, dRi, ¸Ri),
i = 1, 2, 3 (excluding the right-handed neutrinos), along with two (three) vector-like family of
fermions (ÂLa = QLa, LLa, and ÂÂRa = Q̃Ra, L̃Ra), (ÏRa = uRa, dRa, ¸Ra, ‹Ra and ÂÏLa = ÂuLa, ÂdLa,

Â̧
La, Â‹La), a = 4, 5, (6). The vector-like families are charged under a gauge symmetry U(1)Õ, the

doublets Âa carrying +1 charge and the singlets Ïa carry -1 charge, while the three chiral families
remain neutral under this symmetry. The singlet scalar field „ is the responsible of spontaneously
breaking the U(1)Õ symmetry developing vacuum expectation value (VEV) È„Í around the TeV
scale. The Z

Õ boson generated after the symmetry breaking has a mass at the same scale. The
scalar „ has U(1)Õ charge +1. Since the two Higgs SU(2)L doublets Hu and Hd are negatively
charged under the U(1)Õ, no standard renormalisable Yukawa couplings among the first three chiral
families are allowed, and only those which couple the first three chiral families to the vector-like
families are generated. All the charges of the di�erent fields of the model are summarised in Table
1.

Field SU(3)c SU(2)L U(1)Y U(1)Õ

QLi =
A

uLi

dLi

B

3 2 1/6 0

uRi 3 1 2/3 0
dRi 3 1 -1/3 0

LLi =
A

‹Li

¸Li

B

1 2 -1/2 0

¸Ri 1 1 -1 0
‹Ri 1 1 0 0

QLa, ÂQRa 3 2 1/6 1
uRa, ÂuLa 3 1 2/3 -1
dRa, ÂdLa 3 1 -1/3 -1
LLa, ÂLRa 1 2 -1/2 1
¸Ra, Â̧

La 1 1 -1 -1
‹Ra, Â‹La 1 1 0 -1

„ 1 1 0 1

Hu =
A

H
+
u!

vu + H
0
u

"
/
Ô

2

B

1 2 1/2 -1

Hd =
A !

vd + H
0ú
d

"
/
Ô

2
≠H

≠
d

B

1 2 -1/2 -1

Table 1: The field content.

The full renormalisable Lagrangian formed by the allowed renormalisable Yukawa couplings and

1

1 The model

The particle content of the general model that we consider here consists in three chiral families of left-
handed SU(2)L doublets (ÂLi = QLi, LLi) and right-handed SU(2)L singlets (ÏRi = uRi, dRi, ¸Ri),
i = 1, 2, 3 (excluding the right-handed neutrinos), along with two (three) vector-like family of
fermions (ÂLa = QLa, LLa, and ÂÂRa = Q̃Ra, L̃Ra), (ÏRa = uRa, dRa, ¸Ra, ‹Ra and ÂÏLa = ÂuLa, ÂdLa,

Â̧
La, Â‹La), a = 4, 5, (6). The vector-like families are charged under a gauge symmetry U(1)Õ, the

doublets Âa carrying +1 charge and the singlets Ïa carry -1 charge, while the three chiral families
remain neutral under this symmetry. The singlet scalar field „ is the responsible of spontaneously
breaking the U(1)Õ symmetry developing vacuum expectation value (VEV) È„Í around the TeV
scale. The Z

Õ boson generated after the symmetry breaking has a mass at the same scale. The
scalar „ has U(1)Õ charge +1. Since the two Higgs SU(2)L doublets Hu and Hd are negatively
charged under the U(1)Õ, no standard renormalisable Yukawa couplings among the first three chiral
families are allowed, and only those which couple the first three chiral families to the vector-like
families are generated. All the charges of the di�erent fields of the model are summarised in Table
1.

Field SU(3)c SU(2)L U(1)Y U(1)Õ

QLi =
A

uLi

dLi

B

3 2 1/6 0

uRi 3 1 2/3 0
dRi 3 1 -1/3 0

LLi =
A

‹Li

¸Li

B

1 2 -1/2 0

¸Ri 1 1 -1 0
‹Ri 1 1 0 0

QLa, ÂQRa 3 2 1/6 1
uRa, ÂuLa 3 1 2/3 -1
dRa, ÂdLa 3 1 -1/3 -1
LLa, ÂLRa 1 2 -1/2 1
¸Ra, Â̧

La 1 1 -1 -1
‹Ra, Â‹La 1 1 0 -1

„ 1 1 0 1

Hu =
A

H
+
u!

vu + H
0
u

"
/
Ô

2

B

1 2 1/2 -1

Hd =
A !

vd + H
0ú
d

"
/
Ô

2
≠H

≠
d

B

1 2 -1/2 -1

Table 1: The field content.

The full renormalisable Lagrangian formed by the allowed renormalisable Yukawa couplings and

1

1 The model

The particle content of the general model that we consider here consists in three chiral families of left-
handed SU(2)L doublets (ÂLi = QLi, LLi) and right-handed SU(2)L singlets (ÏRi = uRi, dRi, ¸Ri),
i = 1, 2, 3 (excluding the right-handed neutrinos), along with two (three) vector-like family of
fermions (ÂLa = QLa, LLa, and ÂÂRa = Q̃Ra, L̃Ra), (ÏRa = uRa, dRa, ¸Ra, ‹Ra and ÂÏLa = ÂuLa, ÂdLa,

Â̧
La, Â‹La), a = 4, 5, (6). The vector-like families are charged under a gauge symmetry U(1)Õ, the

doublets Âa carrying +1 charge and the singlets Ïa carry -1 charge, while the three chiral families
remain neutral under this symmetry. The singlet scalar field „ is the responsible of spontaneously
breaking the U(1)Õ symmetry developing vacuum expectation value (VEV) È„Í around the TeV
scale. The Z

Õ boson generated after the symmetry breaking has a mass at the same scale. The
scalar „ has U(1)Õ charge +1. Since the two Higgs SU(2)L doublets Hu and Hd are negatively
charged under the U(1)Õ, no standard renormalisable Yukawa couplings among the first three chiral
families are allowed, and only those which couple the first three chiral families to the vector-like
families are generated. All the charges of the di�erent fields of the model are summarised in Table
1.

Field SU(3)c SU(2)L U(1)Y U(1)Õ

QLi =
A

uLi

dLi

B

3 2 1/6 0

uRi 3 1 2/3 0
dRi 3 1 -1/3 0

LLi =
A

‹Li

¸Li

B

1 2 -1/2 0

¸Ri 1 1 -1 0
‹Ri 1 1 0 0

QLa, ÂQRa 3 2 1/6 1
uRa, ÂuLa 3 1 2/3 -1
dRa, ÂdLa 3 1 -1/3 -1
LLa, ÂLRa 1 2 -1/2 1
¸Ra, Â̧

La 1 1 -1 -1
‹Ra, Â‹La 1 1 0 -1

„ 1 1 0 1

Hu =
A

H
+
u!

vu + H
0
u

"
/
Ô

2

B

1 2 1/2 -1

Hd =
A !

vd + H
0ú
d

"
/
Ô

2
≠H

≠
d

B

1 2 -1/2 -1

Table 1: The field content.

The full renormalisable Lagrangian formed by the allowed renormalisable Yukawa couplings and

1

+U(1)’ and Yukon

But Yukawa 
Couplings 

involving 4th 
family allowed

4th family is 
messenger of 

flavour 

�1
H

yij
 Li
0 �1

 Ra

S.F.King, JHEP09(2018)069 [arXiv:1806.06780]

+ 4th vector-like  family



Effective Yukawa Couplings for up type quarks

⇠
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2 Model of flavour and RK(⇤) with leptoquarks and Z
0

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4
1. The

model also involves a gauged U(1)0, which is broken by a singlet � leading to a massive Z
0

with non-universal couplings 3,4,5. We have also included a scalar leptoquark triplet S3 of mass
MS3

6,7. The model in Table 1, defined in these proceedings for the first time, may be regarded as
an amalgamation of the Z

0 model 5 and the leptoquark model 7, where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z

0 (since they are neutral under U(1)0). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.

Field SU(3)c SU(2)L U(1)Y U(1)0

Qi 3 2 1/6 0

u
c
i 3 1 �2/3 0

d
c
i 3 1 1/3 0

Li 1 2 �1/2 0
e

c
i 1 1 1 0

⌫
c
i 1 1 0 0

Q4 3 2 1/6 1

u
c
4 3 1 �2/3 1

d
c
4 3 1 1/3 1

L4 1 2 �1/2 1
e

c
4 1 1 1 1

⌫
c
4 1 1 0 1

Q4 3 2 �1/6 �1

u
c
4

3 1 2/3 �1

d
c
4

3 1 �1/3 �1

L4 1 2 1/2 �1

e
c
4

1 1 �1 �1

⌫
c
4

1 1 0 �1

Hu 1 2 1/2 �1
Hd 1 2 �1/2 �1

� 1 1 0 1

S3 3 3 1/3 �2

Table 1: The model consists of three chiral fermion families, one

vector-like fermion family and two Higgs scalar doublets. The

gauged U(1)
0
is broken by a singlet � leading to a massive Z

0
.

We also include a scalar leptoquark triplet S3.
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<latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit><latexit sha1_base64="VW0gXziv7ahUqvyTBdGmXPL2nLM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPQv++WKW3XnIKvEy0kFctT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9R6uKrXbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDWS419</latexit>

Qi
<latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit> Lj

<latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit>

Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
<latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit>

M
Q
4
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Table 2: E↵ective Higgs couplings (upper)
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i ), leptoquark couplings (middle) and

Z
0
couplings (lower).

2.1 The Higgs couplings

We first consider the couplings involving the two Higgs doublets Hu,d. This was first discussed
in 1, where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U(1)0

which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U(1)0 charge �1 can couple a chiral fermion
to a vector-like fourth family fermion with U(1)0 charge +1, controlled by new Yukawa couplings
y4i. The U(1)0 also allows the scalar singlet � to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi. These couplings generate the 3 ⇥ 3
e↵ective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 1:

y
e,u
ij =

0

B@
0 0 0
0 "

e,u
22 "

e,u
23

0 "
e,u
32 y

e,u
33 + "

e,u
33

1

CA , y
d
ij =

0

B@
0 "

d
12 "

d
13

0 "
d
22 "

d
23

0 "
d
32 y

d
33 + "

d
33

1

CA , (1)

where the e↵ective Yukawa couplings "ij are defined as "
e
ijHdLie

c
j , "

u
ijHuQiu

c
j , "

d
ijHdQid

c
j , and

are given by the upper left diagrams in Table 2, hence "
e,u,d
ij / 1/M

ec,uc,dc

4 . These couplings are

suppressed "ij ⌧ y33, assuming M
L,Q
4 ⌧ M

ec,uc,dc

4 (see 1 for more details).

Effective Yukawa Couplings for quarks and leptons

ye33 ⇠ h�i/ML
4 yu,d33 ⇠ h�i/MQ

4 "e,u,dij ⇠ h�i/Me,u,d
4

h�i . ML,Q
4 ⌧ Me,d

4 ⌧ Mu
4

Then get large third family Yukawa couplings and 
small quark mixing angles from down sector

Note - massless first family so far (good approx)
Neutrino mass from type Ib seesaw (next slide) 

in a convenient basisMass insertion approx 

"uij ⌧ "e,dij ⌧ ye,u,d33 . 1
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Simpler Notation

Figure 4. Constraints and predicted dark matter dominance in the MN -U2

↵
plane of the minimal

type Ib seesaw model in which there is only a single heavy Dirac neutrino of mass MN . The correct
relic abundance of dark matter can be produced over the entire the white region. The left panels
show the regions of definite dark sector dominance (meaning that the neutrino Yukawa couplings
definitely do not play a role in dark matter production), which occurs in the white regions below
the coloured dashed lines, for different values of tan�. The right panels show analogous regions for
different ratio of dark particle masses. The black lines mark the constraints on the quantity U

2

↵

in the type Ib model. The red and orange lines stand for the future sensitivity of SHiP [124] and
FCC-ee [125].
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NR1 NR2

L�L↵

MN
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Figure 1. The type Ib seesaw mechanism involves two different Higgs doublets �1 and �2. The
minimal model involves two right-handed neutrinos NR1 and NR2 which form a Dirac mass MN .
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SU(2)L 2 1 1 2 1 2 2 1 1 1 1
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0 0 0 0

Z3 1 ! ! 1 ! ! !
2

!
2

! ! !
2

Z2 + + + + + + + + + � �

Table 1. Irreducible representations of the fields of the model under the electroweak SU(2)L ⇥

U(1)Y gauge symmetry, the discrete Z3 symmetry (where we write ! = e
i2⇡/3) and the unbroken

Z2 dark symmetry. The fields Q↵, L↵ are left-handed SM doublets while uR� , dR� , eR� are right-
handed SM singlets where ↵,� = 1, 2, 3 label the three families of quarks and leptons. The fields
NR1,2 are the two right-handed neutrinos, while � and �L,R are a dark complex scalar and dark
Dirac fermion, respectively.

mass of the dark scalar or dark fermion, but depends on the ratio of them, which agrees with
the numerical result in previous works [104, 105]. Focussing on the fermionic dark matter
case, and considering the freeze-in production of dark matter, we investigate the parameter
space of type Ib seesaw Yukawa couplings, neutrino portal couplings and the ratio of dark
particle masses which give the correct dark matter relic abundance. By considering the
mixing between between the standard model neutrinos and the heavy neutrino, we build a
connection between the dark matter production and current laboratory experiments ranging
from collider to lepton flavour violating experiments. For a GeV scale heavy neutrino, the
parameters related to dark matter production are constrained by the experimental results
directly and can be further tested by future experiments such as SHiP.

The paper is organised as follows. In Sec.2, we briefly introduce the model studied
in this paper and discuss its property and possible experimental constraints. In Sec.3,
we derive the Boltzmann equations and provides some analytical solutions. In Sec.4, we
present the numerical results from dark matter production and compare them to the existing
experimental constraints and future experimental sensitivities. Finally, we summarise and
conclude in Sec.5

2 Minimal type Ib seesaw model with dark matter

Here we introduce the minimal version of the type Ib seesaw model with 2RHNs [21], where
all fields transform under a Z3 symmetry in such as way as to require two different Higgs

– 3 –



Machine finds tantalising hints of
new physics
By Pallab Ghosh
Science correspondent

23 March

Physicists have uncovered a potential flaw in a theory that explains how the
building blocks of the Universe behave.

The Standard Model (SM) is the best theory we have to explain the fine-scale
workings of the world around us.

But we've known for some time that the SM is a stepping stone to a more
complete understanding of the cosmos.

Hints of unexpected behaviour by a sub-atomic particle called the beauty
quark could expose cracks in the foundations of this decades-old theory.

The findings emerged from data collected by researchers working at the Large
Hadron Collider (LHC). It's a giant machine built in a 27km-long circular tunnel
underneath the French-Swiss border. It smashes together beams of proton
particles to probe the limits of physics as we know it.

The mystery behaviour by the beauty quark may be the result of an as-yet
undiscovered sub-atomic particle that is exerting a force.

But the physicists stress that more analysis and data is needed to confirm the
results.

Biggest cosmic mystery 'step closer' to solution

Higgs factory a 'must for big physics'

Has the LHC discovered a new particle?

Dr Mitesh Patel, of Imperial College London, told BBC News: "We were
actually shaking when we first looked at the results, we were that excited. Our
hearts did beat a bit faster.

"It's too early to say if this genuinely is a deviation from the Standard Model
but the potential implications are such that these results are the most exciting
thing I've done in 20 years in the field. It has been a long journey to get here."

The LHC is built in a 27km-long circular tunnel under the French-Swiss border

There are building blocks of our world that are even smaller than the atom.
Some of these sub-atomic particles are made up of even smaller constituents,
while others can't be broken down into anything else. The latter are known as
fundamental particles.

The Standard Model describes all the known fundamental particles that make
up the Universe as well as the forces they interact with.

But it cannot explain some of the biggest mysteries in modern physics, such as
dark matter or the nature of gravity. Physicists know that it must eventually be
replaced by a more advanced framework.

The Large Hadron Collider was built to discover physics beyond the Standard
Model. So if the results from LHCb are confirmed they would represent an
important discovery.

The LHCb produces sub-atomic particles called "beauty quarks", which are not
usually found in nature but are produced at the LHC. Sub-atomic particles
undergo a process known as decay, where one particle transforms into several,
less massive ones.

According to the Standard Model, beauty quarks should decay into equal
numbers of electron and muon particles. Instead, the process yields more
electrons than muons.

One possible explanation is that an as-yet undiscovered particle known as a
leptoquark was involved in the decay process and made it easier to produce
electrons.

Dr Paula Alvarez Cartelle, of the University of Cambridge, was one of the
scientific leaders behind the finding. She commented: "This new result offers
tantalising hints of the presence of a new fundamental particle or force that
interacts differently with these... particles.

"The more data we have, the stronger this result has become. This
measurement is the most significant in a series of LHCb results from the past
decade that all seem to line up - and could all point towards a common
explanation.

"The results have not changed, but their uncertainties have shrunk, increasing
our ability to see possible differences with the Standard Model."

In particle physics, the gold standard for a discovery is a level called five-
sigma, in which there is a one in 3.5 million chance of the result being a fluke.

The measurement from LHCb is three-sigma - meaning there is roughly a one
in 1,000 chance that the measurement is a statistical coincidence. So people
should not get carried away by these findings, according to team leader Prof
Chris Parkes, from the University of Manchester.

"We may be on the road to a new era of physics, but if we are, then we are still
relatively early on that road at this point. We have seen results of this
significance come and go before, so we should be cautious as well as excited,"
he said.

But if confirmed by further analysis and data when the LHCb restarts next
year, it could be one of the biggest recent discoveries in physics, according to
Dr Konstantinos Petridis, from the University of Bristol.

"The discovery of a new force in nature is the holy grail of particle physics. Our
current understanding of the constituents of the Universe fall remarkably
short - we do not know what 95% of the Universe is made of or why there is
such a large imbalance between matter and anti-matter."

The results have been presented for publication in Nature Physics.
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• b→sl+l- transitions are rare in the SM (no tree level 
contributions: GIM, CKM, in some cases helicity suppressed)

• ideally suited for indirect New Physics searches 
(indirectly sensitive to energy scales O(100TeV))

RK with full Run1 and Run2 dataset

RK = 0.846 +0.042
�0.039 (stat) +0.013

�0.012 (syst)

⌘ p-value under SM hypothesis: 0.0010
! Evidence of LFU violation at 3.1�

⌘ Using RK and previous measurement of
B(B+

! K+µ+µ�) [JHEP06(2014)133]

determine B(B+
! K+e+e�).

⌘ Suggests electrons are more SM-like than
muons.

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

-1LHCb 5 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

032012]86[PRD

[JHEP03(2021)105]

[LHCb-PAPER-2021-004]

191801]122[PRL

0 5 10 15 20
]4c/2 [GeV2q

0

1

2

3

4

5
]2

/G
eV

4 c × 
-8

 [1
0

2 q
/dBd

LHCb SM prediction
-1electrons  9fb
-1muons      3fb

dB(B+!K+e+e�)
dq2 = (28.6 +1.5

�1.4(stat) ± 1.4(syst)) ⇥ 10�9 c4/ GeV2.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 18 / 20

[LHCb-PAPER-2021-004]Submitted to Nature Physics

RK with full Run1 and Run2 dataset

RK = 0.846 +0.042
�0.039 (stat) +0.013

�0.012 (syst)

⌘ p-value under SM hypothesis: 0.0010
! Evidence of LFU violation at 3.1�

⌘ Using RK and previous measurement of
B(B+

! K+µ+µ�) [JHEP06(2014)133]

determine B(B+
! K+e+e�).

⌘ Suggests electrons are more SM-like than
muons.

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

-1LHCb 5 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

032012]86[PRD

[JHEP03(2021)105]

[LHCb-PAPER-2021-004]

191801]122[PRL

0 5 10 15 20
]4c/2 [GeV2q

0

1

2

3

4

5

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd

LHCb SM prediction
-1electrons  9fb
-1muons      3fb

dB(B+!K+e+e�)
dq2 = (28.6 +1.5

�1.4(stat) ± 1.4(syst)) ⇥ 10�9 c4/ GeV2.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 18 / 20

[LHCb-PAPER-2021-004]Submitted to Nature Physics

Lepton Flavour Universality tests (I)

⌘ In the SM couplings of gauge bosons to leptons are independent of lepton
flavour
! Branching fractions differ only by phase space and helicity-suppressed
contributions

⌘ Ratios of the form:

RK (⇤) :=
B(B ! K (⇤)µ+µ�)

B(B ! K (⇤)e+e�)

SM
⇠= 1

⌘ In SM free from QCD uncertainties affecting other observables
! O(10�4) uncertainty [JHEP07(2007)040]

⌘ Up to O(1%) QED corrections [EPJC76(2016)8,440]

! Any significant deviation is a smoking gun for New Physics.
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Today: RK with the full LHCb dataset

RK =

R 6.0 GeV2

1.1 GeV2
dB(B+

!K+µ+µ�)
dq2 dq2

R 6.0 GeV2

1.1GeV2
dB(B+!K+e+e�)

dq2 dq2

Measurement performed in 1.1 < q2 < 6.0 GeV2/c4

⌘ Previous measurement [PRL122(2019)191801] used 5 fb�1 of data.
3 fb�1 of Run1
2 fb�1 of Run2 in 2015 and 2016

⌘ This update:
! Add remaining 4 fb�1 of Run2 in 2017 and 2018 .
! 9 fb�1 in total.
! Doubling the number of B ’s as previous analysis.

⌘ Follow the same analysis strategy as our previous measurement.
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R.Aaij et al. [LHCb], [arXiv:2103.11769]

Conclusions
Using the full LHCb dataset to date, presented:

1. Single most precise measurement of B(B0
s ! µ+µ�), improved precision on

⌧µ+µ� and first every limit on B0
s ! µ+µ��

2. Updated RK measurement ! 3.1� departure from LFU!
! Reframing discussion on flavour anomalies
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Complementarity between RK and B(B0
s ! µ+µ+) measurements crucial moving

forward.
“...perhaps the end of the beginning.”
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RK(*) and the origin of Yukawa couplings
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Figure 2 – These Z
0
exchange diagrams contribute to R

K(⇤) (left), to Bs mixing (centre) and to ⌧ ! µµµ (right).
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(35 TeV)2 required in Eq.12 to explain the anomaly. Moreover,
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3 Summary and Conclusion

In this talk we have explored the possibility that Higgs Yukawa couplings are related to the
couplings of a new scalar triplet leptoquark or Z

0, providing a predictive theory of flavour,
including flavour changing, and flavour non-universality.
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Tension

Need MZ’ ~ few TeV since gbs~Vts~0.04

gµ⌧ = ✓e23g⌧⌧

gµµ = (✓e23)
2g⌧⌧

gbs = Vtsgbb
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<latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit><latexit sha1_base64="U6UzOOxf+3VRtNMRlfWyzh6RLQQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD82BGJQrbtVdgKwTLycVyNEYlL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVc+tes3rSv02j6MIZ3AOl+BBDepwDw1oAYMRPMMrvDnSeXHenY9la8HJZ07hD5zPHyUmjbE=</latexit> Lj

<latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit><latexit sha1_base64="527TTeJMrtvYiV0cSEG0Qvbstxo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoY2ER0XxAcoS9zVyyZm/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hrqt55QaR7LBzNO0I/oQPKQM2qsdH/be+yVK27VnYEsEy8nFchR75W/uv2YpRFKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ixVNIItZ/NTp2QE6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasJLP+MySQ1KNl8UpoKYmEz/Jn2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXSPKt6btW7O6/UrvI4inAEx3AKHlxADW6gDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDHwyNrQ==</latexit>

Q4
<latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit><latexit sha1_base64="o7feSwlvBBE5b6aFJZz6hdlyzw8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly2YB/QjiWTZtrQTDIkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3cG9OEHOmjet+O4WNza3tneJuaW//4PCofHzS0TJRhLaJ5FL1AqwpZ4K2DTOc9mJFcRRw2g2mt5nffaRKMynuzSymfoTHgoWMYGOlh4G0ZpZNW8PafFiuuFV3AbROvJxUIEdzWP4ajCRJIioM4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWChxR7aeLq+fowiojFEplnzBoof5OpDjSehYFdjLCZqJXvUz8z+snJrz2UybixFBBlovChCMjUVYBGjFFieEzSzBRzN6KyAQrTIwtqmRL8Fa/vE46V1XPrXqtWqVxk9dRhDM4h0vwoA4NuIMmtIGAgmd4hTfnyXlx3p2P5WjByTOn8AfO5w+3EpKi</latexit>

Q4
<latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit><latexit sha1_base64="GKq9Xd9PCWVYcrG0rYiJoqxgvZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cWTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST+7nfeeLaiEQ94jTlQUxHSkSCUbSSn7cG17NBtebW3QXIOvEKUoMCzUH1qz9MWBZzhUxSY3qem2KQU42CST6r9DPDU8omdMR7lioacxPki2Nn5MIqQxIl2pZCslB/T+Q0NmYah7Yzpjg2q95c/M/rZRjdBrlQaYZcseWiKJMEEzL/nAyF5gzl1BLKtLC3EjammjK0+VRsCN7qy+ukfVX33LrXuq417oo4ynAG53AJHtxAAx6gCT4wEPAMr/DmKOfFeXc+lq0lp5g5hT9wPn8AmWOOiA==</latexit>

M
Q
4

<latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit><latexit sha1_base64="Uut4wl4dVjSAOJLnPcoHActqZ04=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFy9CC6YW2lg220m7dLMJuxuhlP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48aukkUwx9lohEtUOqUXCJvuFGYDtVSONQ4EM4upn5D0+oNE/kvRmnGMR0IHnEGTVW8u96tcdmr1xxq+4cZJV4OalAjkav/NXtJyyLURomqNYdz01NMKHKcCZwWupmGlPKRnSAHUsljVEHk/mxU3JmlT6JEmVLGjJXf09MaKz1OA5tZ0zNUC97M/E/r5OZ6CqYcJlmBiVbLIoyQUxCZp+TPlfIjBhbQpni9lbChlRRZmw+JRuCt/zyKmldVD236jVrlfp1HkcRTuAUzsGDS6jDLTTABwYcnuEV3hzpvDjvzseiteDkM8fwB87nDyP1jjs=</latexit>

L4
<latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit><latexit sha1_base64="2wJZfIPZXH2NTRLZi9H5bz8snsQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4koGXQxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6eGuX+uXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSuqh6btW7r1Xq13kcRTiBUzgHDy6hDrfQgCYwGMIzvMKbI5wX5935WLQWnHzmGP7A+fwBzSWNdw==</latexit>

L4
<latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit><latexit sha1_base64="ZqWDLJVxyg4Z0tCGwpORhvVidIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIoS6Lbly4qGAf0I4lk2ba0EwyJBmlDP0PNy4Uceu/uPNvzLSz0NYDgcM593BvThBzpo3rfjuFtfWNza3idmlnd2//oHx41NYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJteZ33mkSjMp7s00pn6ER4KFjGBjpYe+tGaWTW8HtdmgXHGr7hxolXg5qUCO5qD81R9KkkRUGMKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LBU4otpP51fP0JlVhiiUyj5h0Fz9nUhxpPU0CuxkhM1YL3uZ+J/XS0x46adMxImhgiwWhQlHRqKsAjRkihLDp5Zgopi9FZExVpgYW1TJluAtf3mVtC+qnlv17mqVxlVeRxFO4BTOwYM6NOAGmtACAgqe4RXenCfnxXl3PhajBSfPHMMfOJ8/r2+SnQ==</latexit>

M
L
4

<latexit sha1_base64="eIhGXHi9WvMTCDpWb6W/JKVi7Sw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCqYttLFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJ76zSdUmifywYxSDGLalzzijBor+Xfd88fbbrniVt0ZyDLxclKBHPVu+avTS1gWozRMUK3bnpuaYEyV4UzgpNTJNKaUDWkf25ZKGqMOxrNjJ+TEKj0SJcqWNGSm/p4Y01jrURzazpiagV70puJ/Xjsz0WUw5jLNDEo2XxRlgpiETD8nPa6QGTGyhDLF7a2EDaiizNh8SjYEb/HlZdI4q3pu1bs/r9Su8jiKcATHcAoeXEANbqAOPjDg8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAcYY42</latexit><latexit sha1_base64="eIhGXHi9WvMTCDpWb6W/JKVi7Sw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCqYttLFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJ76zSdUmifywYxSDGLalzzijBor+Xfd88fbbrniVt0ZyDLxclKBHPVu+avTS1gWozRMUK3bnpuaYEyV4UzgpNTJNKaUDWkf25ZKGqMOxrNjJ+TEKj0SJcqWNGSm/p4Y01jrURzazpiagV70puJ/Xjsz0WUw5jLNDEo2XxRlgpiETD8nPa6QGTGyhDLF7a2EDaiizNh8SjYEb/HlZdI4q3pu1bs/r9Su8jiKcATHcAoeXEANbqAOPjDg8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAcYY42</latexit><latexit sha1_base64="eIhGXHi9WvMTCDpWb6W/JKVi7Sw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCqYttLFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJ76zSdUmifywYxSDGLalzzijBor+Xfd88fbbrniVt0ZyDLxclKBHPVu+avTS1gWozRMUK3bnpuaYEyV4UzgpNTJNKaUDWkf25ZKGqMOxrNjJ+TEKj0SJcqWNGSm/p4Y01jrURzazpiagV70puJ/Xjsz0WUw5jLNDEo2XxRlgpiETD8nPa6QGTGyhDLF7a2EDaiizNh8SjYEb/HlZdI4q3pu1bs/r9Su8jiKcATHcAoeXEANbqAOPjDg8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAcYY42</latexit><latexit sha1_base64="eIhGXHi9WvMTCDpWb6W/JKVi7Sw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiweFCqYttLFstpN26WYTdjdCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXpgKro3rfjuFldW19Y3iZmlre2d3r7x/0NBJphj6LBGJaoVUo+ASfcONwFaqkMahwGY4vJ76zSdUmifywYxSDGLalzzijBor+Xfd88fbbrniVt0ZyDLxclKBHPVu+avTS1gWozRMUK3bnpuaYEyV4UzgpNTJNKaUDWkf25ZKGqMOxrNjJ+TEKj0SJcqWNGSm/p4Y01jrURzazpiagV70puJ/Xjsz0WUw5jLNDEo2XxRlgpiETD8nPa6QGTGyhDLF7a2EDaiizNh8SjYEb/HlZdI4q3pu1bs/r9Su8jiKcATHcAoeXEANbqAOPjDg8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAcYY42</latexit>

Figure 2: Diagram in the model which leads to the e↵ective leptoquark S3 couplings in the

mass insertion approximation.

which is suppressed by two powers of vector-like fermion masses, another factor that
justifies the detailed analysis leading to Eq. 21.

The leptoquark only couples to a specific combination of quarks and a specific combination
of leptons, which in this basis where Eq. 22 holds, consists in just Q3 and L3, i.e.
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Given that Q3 and L3 are the special quark and lepton flavour combinations coupling
to the leptoquark S3, we think of them as flavour eigenstates. The e↵ective leptoquark
couplings to the SM quark and lepton mass eigenstates will arise from this single e↵ec-
tive leptoquark coupling, by decomposing Q3 and L3 in terms of the respective mass
eigenstates.

We want to express Q3 and L3 in terms of the mass eigenstates. In the leading order
approximation where we considered up quark Yukawa couplings to be diagonal in the
special basis, Q3 contains u3 = t which coincides with the top quark (mass eigenstate) and
the down-type combination within the SU(2)L doublet is obtained by the CKM matrix,
namely d3 = Vtdd+Vtss+Vtbb as shown in Eq. 16. L3 contains an admixture of the ⌧ and
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We recall that under the mass insertion approximation, mt, mb and m⌧ are approximately
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RK(*) Bs mixing @ 1-loopThe leptoquark couplings in Eq.4 have a number of interesting phenomenological implica-
tions, mainly due to the the couplings of the electric charge +4/3 component of S3 to the physical
left-handed down quark and charged lepton mass eigenstates
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The leptoquark S3 contributes to RK(⇤) at tree-level, via the (centre) diagram in Fig.1, where
the requirement to explain the anomaly is 7
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using Vts ⇡ 4.0 ⇥ 10�2, which requires quite a large y⌧ ⇡ 1 (i.e. large tan � = hHui/hHdi) and
a large mixing angle ✓
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23 ⇡ 0.1, together with a low leptoquark mass MS3 ⇡ 1 TeV, close to

current LHC limits 7.
On the other hand, Bs mixing only occurs at one loop, via the (right) diagram in Fig.1,

dominated by ⌧ exchange, leading to the 2015 bound 7
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which is satisfied even for large y⌧ ⇡ 1 with MS3 ⇡ 1 TeV. However the stronger 2017 bound
with scale of 770 TeV instead of 140 TeV implies a bound of y

4
⌧  0.16 for MS3 ⇡ 1 TeV 7.

2.3 The Z
0 couplings

We now consider the couplings involving the Z
0 as discussed in 5. Although the chiral fermions

do not carry U(1)0 charges, the lower diagrams in Table 2 generate e↵ective Z
0 couplings to

chiral fermions, via the vector-like fourth family fermions which do carry U(1)0 charges (which
are trivially anomaly free). The Z

0 couplings in the basis of Eq.1 are dominated by left-handed
couplings to the third family 5, c
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The Z
0 couplings in Eq.9 are analogous to the case of the third family leptoquark couplings

in Eq.3, with no couplings to the first or second family in the basis of Eq.1. However, flavour
changing couplings involving the quark doublets Q3 = (t, b)TL, Q2 = (c, s)TL, will be generated
when the Yukawa matrices in Eq.1 are diagonalised,
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where we have taken yt ⇡ g
0 ⇡ 1. The couplings in Eqs.10, 11 control the Z

0 exchange diagrams
in Fig.2 which contribute to RK(⇤) (left), to Bs mixing (centre) and to ⌧ ! µµµ (right).
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FIG. 1. Generation of the new Weinberg operator in the type Ib seesaw mechanism.

the observed hints for anomalous semi-leptonic B decays [24, 25] which imply universality
violation in the ratio RK(�) and the origin of the Yukawa couplings [26–28]. However we shall
not pursue such a connection here. We are more interested in the possibilities for large vio-
lations of unitarity of the leptonic mixing matrix due to the new type Ib seesaw mechanism
we introduce, due to the fact that two independent Higgs Yukawa couplings are required
to account for neutrino mass, which allows the couplings to Hu to be quite large, providing
those to Hd are very small. The non-unitarity of the leptonic mixing matrix induced by the
presence of heavy neutrinos has been studied in several works (see for instance [7, 29–50]).
We shall apply such an analysis to the type Ib seesaw model considered here.

This paper is organised as follows. In Section II the particle content of model studied
in this paper is introduced and the type Ib generation of neutrino masses in the minimal
model is discussed. In Section III we present the full model involving a fourth vector-like
family and the previous results are generalised to include a single right-handed neutrino N c

added in the particle content of the model. Finally, we discuss and conclude the results in
Section IV.

II. THE MINIMAL TYPE IB SEESAW MODEL

In the minimal scenario (MS) we do not consider any N c field, and therefore the SM
particle content is extended only by the vector-like neutrinos. The model is summarised in
Table I.

When the masses of the new vector-like neutrinos are above the electroweak scale, the
heavy fields can be integrated out, and the resulting e�ective field theory, built from a set
of e�ective operators, can be used to study the low energy phenomenology. Each of these
e�ective operators is suppressed by a power of the mass scale � up to which the e�ective
Lagrangian Le� is valid. The first of these e�ective operators is the dim-5 Weinberg operator
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where H̃d = �i�2H�
d . Notice that the standard Weinberg operator with two Hu or two Hd is

forbidden by the U(1)� symmetry, and that only the new Weinberg-type operator that mixes
the two Higgs doublets is allowed in the model. When the Higgs doublets develops VEVs,
the new Weinberg-type operator induces Majorana masses �m̂�i�j for the light neutrinos.

At dimension 6, the only e�ective operator that is generated at tree level is [51]
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Figure 1 – The fourth family vector-like neutrinos allows a new contribution to neutrino mass via a diagram

involving two di↵erent Higgs doublets Hu, H̃d (left), which we refer to as the type Ib seesaw mechanism. The

leptoquark S3 contributes to R
K(⇤) at tree-level (centre), and to Bs mixing at one loop (right).

To leading order the dominant third family Yukawa couplings are given by the upper right
diagrams in Table 2,
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where the e↵ective Yukawa couplings are defined for the two Higgs doublet model as y
e
33HdL3e

c
3,

y
u
33HuQ3u

c
3 and y

d
33HdQ3d

c
3. In this basis, only the third family Yukawa couplings originate from

such diagrams 2.
Interestingly, the fourth family vector-like neutrinos provide a new contribution to neutrino

mass via the type Ib seesawb diagram in Fig. 1 (left) 8. Below the mass scale of the fourth family
of vector-like neutrinos, this leads to a new Weinberg operator for neutrino mass of the form
1

M⌫c

4
HuH̃dLiLj involving the two di↵erent Higgs doublets Hu, H̃d, where the charge conjugated

doublet H̃d = �i�2H
⇤
d , and H

⇤
d is the complex conjugate of Hd. For more details including a

phenomenological analysis see 8.

2.2 The leptoquark couplings

We now consider the couplings involving the scalar leptoquark triplet S3 as discussed in 7. The
assigned U(1)0 charges allow the renormalisable leptoquark coupling, �4S3Q4L4, involving the
fourth family, but not the first three families. The middle diagram in Table 2 generates a single
e↵ective leptoquark coupling, which involves the third family (only) in the same basis as Eq.1 7:
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where the first equality in Eq.3 has used Eq.2, and the second equality sets y4i ⇡ �4 ⇡ 1.
E↵ective leptoquark couplings to first and second family quarks and leptons are generated

when the Yukawa matrices in Eq.1 are diagonalised and so are suppressed by "ij/y33. Since
down quark mixing is larger than up quark mixing (due to the milder mass hierarchy), we
assume ✓

d
23 ⇡ Vts, while the analogous charged lepton mixing angle ✓

e
23 is similarly small. Hence

in the diagonal Yukawa basis we have leptoquark couplings involving the left-handed lepton
doublets L3 = (⌫⌧ , ⌧)TL, L2 = (⌫µ, µ)TL, and quark doublets Q3 = (t, b)TL, Q2 = (c, s)TL, from Eq.3,
assuming yt ⇡ 1,

y⌧S3Q3L3, y⌧VtsS3Q2L3, y⌧✓
e
23S3Q3L2, y⌧✓

e
23VtsS3Q2L2, . . . (4)

Thus, after a number of reasonable dynamical assumptions, we have obtained the leptoquark
couplings in Eq.4 in terms of Yukawa couplings and mixing angles.

b
We refer to the seesaw mechanism involving two di↵erent Higgs doublets Hu, H̃d as type Ib to distinguish it

from the usual seesaw mechanism involving two identical Higgs doublets Hu which we refer to as type Ia.

µ

µ
⌧ ⌧
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Only states relevant at LHC - consider simplified model for 
the origin of top and bottom Yukawa Couplings

Yukawa couplings to the chiral quarks q0
L
, t00

R
, b00

R
, which have no conventional Yukawa couplings.

The SM Yukawa couplings to Higgs doublets will arise only after mixing with the VLQs, as shown
diagrammatically in a mass insertion approximation in Figure 1, which is reminiscent of the
seesaw mechanism. However, due to the large top quark mass, the mass insertion approximation
is not sufficient, and we need to use the full large angle mixing formalism introduced in [19], as
we now discuss.

Figure 1: The origin of the third family (t, b) quark Yukawa couplings in this model.
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Table 1: Simplified vector-like fermion and U(1)
0 gauge or global model.

The chiral and VLQs in Table 1 may be written out explicitly as doublets and singlets under
the SM weak gauge group SU(2)W as,
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gauged/global U(1)
0 charges as in Table 1 and the third family q0
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charges. In this basis the largest mass terms (ignoring contributions from SM Higgs masses) are
the following:
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Here, the coupling to the � boson that breaks U(1)
0 is promoted to a mass term once � acquires

a VEV, while the vector-like mass term MQ

4
is a parameter of the theory. We can combine the

two terms in the bracket in Equation (2) into one term with a mass M̃Q
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Figure 6: Lower limits on the T quark mass for several values of ⇢ (see the text), from a

recast of the limits of the heavy quark search in ref. [64].
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Figure 4: BRs of the Yukon � as a function of M�. Here, solid lines represent ✓34
Q

= ⇡/4 whereas
dashed ones denote ✓34

Q
= ⇡/6.

6 Collider Signatures of the Higgs Singlet Yukon �

6.1 Yukon � Production at the LHC

Using the same formulae as for the SM case, we calculate the production cross-section for the
new scalar � from ggF, as can be seen in the Feynman diagrams in Figure 5. This production
cross-section is plotted with the change in � mass in Figure 6. We calculate this at NLO by
employing a k-factor at NLO of 1.7, similarly to the SM Higgs production case. As previously,
we fix the gauge coupling to be unity, g0 = 1, and take the EWPO and FCNC limits into account
by using MZ0 = 3000 GeV, in order to maximise the Yukawa couplings. In the solid colours
we have taken ✓Q

34
= ⇡/4 while in the dashed ones we have adopted ✓Q

34
= ⇡/6. In addition,

we plot two phase regimes, 'u = 'd = 0 in blue and 'u = ⇡, 'd = 0 in red. Modifying the
down quark phase bears little impact due to the bottom quark mass suppresion (and so is not
shown in the figure), but one can see that the 'u = ⇡ phase is clearly favoured. The t-loop
contribution is subleading so that the kink around M� = 2mt is due to interference effects
between the t-, T - and B-loop channels (in fact, we find that even for lower � masses the VLT
and VLB amplitudes still dominate), since the � only couples to the SM-like top through mass
mixing. The production cross-sections correspond to those of the gauged (global) U(1)

0 version
of the model on the left(right)-hand side of the frame.
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Figure 5: Dominant Yukon � production modes at the LHC.
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Figure 6: Production cross-section of the Yukon � from ggF at the LHC with
p
s = 14 TeV, via

t, T, b, B loops, with parameters: ✓Q
34

= ⇡/4 in solid and ✓Q
34

= ⇡/6 in dashed. In blue we plot
for ('u = 'd = 0) ' ('u = 0,'d = ⇡) and in red for ('u = 'd = ⇡) ' ('u = ⇡,'d = 0). The
left scale is for the gauge model, MZ0 = 3 TeV, and the right scale is for the global model, with
v� = 625 GeV. Note that the shape of the curves for the gauge and global models is identical.
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= ⇡/6. Above 350 GeV the tt mode
dominates, suppressing the �� signal, making the Yukon � harder to discover.
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Figure 8: Feynman diagram for � ! ��, where f = {b, t, B, T}.

Model Experiment (Lint
= 3000 fb�1) Significance

Gauged U(1)
0 HL-LHC,

p
s = 14 TeV 0.66�

MZ0 = 3000 GeV HE-LHC/FCC,
p
s = 33 TeV 2.4�

Global U(1)
0 HL-LHC,

p
s = 14 TeV 15�

v� = 625 GeV HE-LHC/FCC,
p
s = 33 TeV 52�

Table 4: Significances for the gg ! � ! �� signal with M� = 340 GeV and the parameter setup
given in Equation (6.2) after the following cuts on both photons: |⌘| < 2.5 and pT > 25 GeV.

intimated, at low Yukon masses, namely for M� < 2mt, this is the cleanest and simplest channel
to consider. The relevant cuts to adopt are on the pseudorapidity and transverse momentum
of the photons, both taken with |⌘| < 2.5 and pT > 25. To simulate the effect of these cuts
on our signal, we calculate the fraction of events captured by these through a Monte Carlo
(MC) simulation and obtain an acceptance ⇥ selection efficiency rate of ✏(S) = 0.81. For
the two collider configurations considered (HL-LHC and HE-LHC/FCC), we assume a detector
resolution of 2.5% [34].

Taking 340 GeV for the Yukon mass, this leads to an invariant mass window on the photons
of 336 GeV < M�� < 344 GeV, over which we sample both signal and background. The latter,
like the former, is also generated at LO, yet supplemented by a M�� dependent NLO k-factor
obtained from [35] (which, at M�� = 340 GeV, gives 1.88) with, again computed through MC
analysis, of ✏(B) ' 1

8.
Based on the above kinematical selection, we find the significances given in Table 4. From

here, we can see that the gauged model would be difficult to find at the HL-LHC, whereas it can
certainly be seen at the HE-LHC and FCC. The global model, however, can easily be seen in
all such collider environments. Indeed, the latter also has clear potential to be accessed by the
end of Run 3 of the LHC, assuming Lint

= 300 fb�1, as the significance rescales to a 4.7� signal.
All this is modulo the effects of photon identification and of mistagging jets and/or electrons
as photons, both of which are however expected to be marginal. Finally, notice that we refrain
here from placing exclusion limits on our model, as this is complicated by the dimensionality
of the parameter space, which is mapped in {M�, ✓Q

34
, g0,'u, 'd, v�, MT , MB}. Indeed, we

leave this task for future studies.

6.5 The tth0
Signal

In addition to the previous mode, there is also the possibility to detect gg ! � ! tT ! tth0,
as shown in Figure 9, when the new scalar state is heavy. To gain sensitivity in this channel
(specifically, to the M� resonance), we can exploit the decay of the VLT, as the invariant
mass of its decay products will be equal to its mass, Mh0t = MT , and in turn we will also
have Mtth0 = M�, up to some detector resolution. Unlike the �� case, tth0 is reconstructed
through several different channels which depend on the various possible decay paths of the top

8The efficiency is around 0.96 from [36], but within the accuracy of this paper we approximate this to unity.
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6.2 Discovery Channels for the Yukon �

Now, we may collect together the results from previous sections to look at the full production and
decay chain of the Yukon �. We utilise the set of parameters which maximises Yukawa couplings
while complying with the EWPO/FCNC limits that have been discussed previously, along with
the optimal transformation phases required to give a maximal production cross-section for �, as
illustrated in section 6.1. The cross-section for � production from ggF at NLO multiplied by the
BR for each channel (computed at LO), with changing � mass, is shown in Figure 7, where we
have included all possible kinematically-allowed decays of the new scalar. The cross-sections are
much too small to compete with QCD backgrounds, so there is no chance to see a signal from
bb, tt, bB, gg at any M�. We will however study the possibility to discover the other channels,
which suffer significantly less from QCD contamination, like � ! tT , �� and Z�, though we
found that the latter is never competitive (hence we neglect it thereafter).

We will consider two Yukon � mass regimes, both of which are designed to offer maximum
sensitivity to the two interesting channels i.e., �� and tT . By investigating Figure 7, two obvious
choices emerge. We will study �� for M� = 340 GeV and tT (with T ! h0t, tZ) for M� ⇡ 1250

GeV. In all channels, we will consider both model configurations, the gauged as well as the global
one. Then, as collider energies, we will use

p
s = 14 TeV (which is appropriate for both Run

3 of the LHC and the HL-LHC) as well as
p
s = 33 TeV (which is appropriate for both the

HE-LHC and the first stage of the FCC). In all cases, we will use as integrated luminosity (Lint)
the value of 3000 fb�1, so as to ascertain the relative strength of each collider soilely in terms
of energy reach. (In fact, we can anticipate that the model with a global U(1)

0 symmetry offers
some sensitivity in the �� case already with 300 fb�1 at the lower energy considered.)

To recap, for all three channels, we will use the following common input parameters:

MT = 1000 GeV, MB = 955 GeV, g0 = 1, ✓Q
34

= ⇡/4, 'u = ⇡, 'd = 0, (57)
Gauged model: MZ0 = v� = 3000 GeV, (58)
Global model: v� = 625 GeV, (59)

and for specific signatures,

�� : M� = 340 GeV, (60)
T ! tth0, ttZ : M� = 1250 GeV. (61)

As intimated, these values correspond to the optimal sensitivity yield for all discovery channels
considered. Specifically, note that the global model VEV of v� = 625 GeV is taken as the
smallest possible one (to optimise Yukawa couplings) whilst still accounting for the perturbative
limit set in Equation (48) of v� & M�/2 = 625 GeV.

6.3 Methodology

In all channels, we will perform the usual “bump hunt” in the invariant mass plots by determining
the Gaussian significance at the resonance of the � state, for a given mass M�. For both signal
and background, we will calculate the cross-sections at LO and approximate the NLO result by
employing the relevant k-factors. We calculate the signal cross-section as previously described
while using MadGraph [33] to calculate the backgrounds 7. For each channel we will identify the
detector resolution and find the signal and background cross-section within the relevant invariant
mass window. To account for the number of observed events by the detector, we will employ an
acceptance ⇥ selection efficiency factor to both signal and background. We find the Gaussian

7Throughout this work we have used version MG5_aMC_v2.6.0, with default parameters unless otherwise spec-
ified.
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Conclusion
• SM + 2HDM + 4th VL family + U(1)’ broken by Yukon

• Quarks/leptons U(1)’ neutral (not family symmetry)

• Effective Yukawas, quark/lepton hierarchy, small CKM 
mixing from heavy VL masses - dynamical, testable

• Neutrino mass in type Ib seesaw allows 1-100 GeV Dirac 
neutrino at SHiP/FCC-ee

• Z’ model for RK(*) in tension - leptoquark model is OK 

• VLQ doublet (T,B) at 1 TeV and 300-350 GeV Yukon in 
diphoton channel observable at LHC Run 3 
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Figure 1. The type Ib seesaw mechanism involves two different Higgs doublets �1 and �2. The
minimal model involves two right-handed neutrinos NR1 and NR2 which form a Dirac mass MN .
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Table 1. Irreducible representations of the fields of the model under the electroweak SU(2)L ⇥

U(1)Y gauge symmetry, the discrete Z3 symmetry (where we write ! = e
i2⇡/3) and the unbroken

Z2 dark symmetry. The fields Q↵, L↵ are left-handed SM doublets while uR� , dR� , eR� are right-
handed SM singlets where ↵,� = 1, 2, 3 label the three families of quarks and leptons. The fields
NR1,2 are the two right-handed neutrinos, while � and �L,R are a dark complex scalar and dark
Dirac fermion, respectively.

mass of the dark scalar or dark fermion, but depends on the ratio of them, which agrees with
the numerical result in previous works [104, 105]. Focussing on the fermionic dark matter
case, and considering the freeze-in production of dark matter, we investigate the parameter
space of type Ib seesaw Yukawa couplings, neutrino portal couplings and the ratio of dark
particle masses which give the correct dark matter relic abundance. By considering the
mixing between between the standard model neutrinos and the heavy neutrino, we build a
connection between the dark matter production and current laboratory experiments ranging
from collider to lepton flavour violating experiments. For a GeV scale heavy neutrino, the
parameters related to dark matter production are constrained by the experimental results
directly and can be further tested by future experiments such as SHiP.

The paper is organised as follows. In Sec.2, we briefly introduce the model studied
in this paper and discuss its property and possible experimental constraints. In Sec.3,
we derive the Boltzmann equations and provides some analytical solutions. In Sec.4, we
present the numerical results from dark matter production and compare them to the existing
experimental constraints and future experimental sensitivities. Finally, we summarise and
conclude in Sec.5

2 Minimal type Ib seesaw model with dark matter

Here we introduce the minimal version of the type Ib seesaw model with 2RHNs [21], where
all fields transform under a Z3 symmetry in such as way as to require two different Higgs

– 3 –

• Dark Matter in Type Ib Seesaw Mechanism
M.Chianese, B.Fu and S.F.King, [arXiv:2102.07780].

A minimal type Ib 
seesaw model which 
does not involve a 

fourth vector-like family
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FIG. 4. Constraints and predicted dark matter dominance in the MN -U2

↵ plane of the minimal type Ib seesaw model in which
there is only a single heavy Dirac neutrino of mass MN . The correct relic abundance of dark matter can be produced over the
entire the white region. The left panels show the regions of definite dark sector dominance (meaning that the neutrino Yukawa
couplings definitely do not play a role in dark matter production), which occurs in the white regions below the coloured dashed
lines, for different values of tan�. The right panels show analogous regions for different ratio of dark particle masses. The black
lines mark the constraints on the quantity U2

↵ in the type Ib model. The red and orange lines stand for the future sensitivity
of SHiP [122] and FCC-ee [123].

excluded by Big Bang Nucleosynthesis (BBN) data [130, 131]. Besides the existing constraints, the future experiment
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(b) Dark sector processes independent of neutrino Yukawa couplings

FIG. 2. Processes responsible for the dark matter production considered in this study.

scalar is heavy enough to decay into the dark fermion and heavy neutrinos, i.e. m� > m� +MN , to keep a single DM
scenario. In general, both the freeze-out and freeze-in mechanism can produced the correct dark matter relic density.
In this work, we focus on the freeze-in and assume neglectable comoving number density of dark particles at the end
of reheating.

The Feynman diagrams for processes that are relevant to dark matter production are shown in Fig.2. There are
two classes of processes named as neutrino Yukawa processes and dark sector processes, respectively. The neutrino
Yukawa processes are the scattering between SM particles into one dark scalar and one dark fermion, mediated by
the heavy neutrino, while the dark sector processes are the scattering of two heavy neutrinos into two dark scalars or
two dark fermions.

The evolution of the dark particle number density follows the Boltzmann equation. Here we use a variation of the
Boltzmann equation which shows the evolution of yield Y as a function of the photon temperature T . The yield Y is
defined as the ratio of the number density and the entropy density, Y ⌘ n/s. The Boltzmann equations for the dark
particles are given by
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where h� vi is the thermal averaged cross section and h�i is the thermal averaged decay rate. The superscripts
“DS” and “⌫-Yukawa” refer to the total contributions from the dark sector processes and the neutrino Yukawa ones,
respectively.The heavy neutrino N is assumed to be in thermal equilibrium. The Boltzmann equation for total dark
matter yield is obtained by adding Eq.(26) and Eq.(27) together
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The contribution from dark scalar decay is cancelled as it does not change the number of dark matter particles. The
final yield should meet the yield of dark matter today, which can be calculated with the observed relic abundance
⌦DMh

2, entropy density s0 and critical density ⇢crit/h
2

YDM,0 = ⌦DMh
2
⇢crit/h

2

2 s0 m�
. (29)

The observed relic abundance is provided by the Planck Collaboration at 68% C.L. [27]:

⌦obs

DM
h
2 = 0.120± 0.001 . (30)
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Model Experiment (Lint
= 3000 fb�1

)

Significance
✏(S) = ✏(B) ✏(S) = 2✏(B)

✏(B) · 10�3 ✏(B) · 10�3

5 10 5 10
Gauged U(1)

0 HL-LHC,
p
s = 14 TeV 0.056� 0.080� 0.11� 0.16�

MZ0 = 3000 GeV HE-LHC/FCC,
p
s = 33 TeV 0.23� 0.33� 0.46� 0.65�

Global U(1)
0 HL-LHC,

p
s = 14 TeV 1.2� 1.6� 2.1� 3.0�

v� = 625 GeV HE-LHC/FCC,
p
s = 33 TeV 4.6� 8.2� 6.5� 12�

Table 5: Significances for the gg ! � ! tT ! tth0 signal with M� = 1250 GeV and the
parameter setup given in Equation (6.2) for four values of acceptance ⇥ selection efficiency: on
the left the total signal efficiency is equal to the background one, ✏(S) = ✏(B), while on the right
it is twice the background one, ✏(S) = 2✏(B). For each of those cases, we take two background
total efficiencies: a conservative ✏(B) = 5⇥ 10

�3 and an optimistic ✏(B) = 10
�4.

and Higgs states. This leads to a far worse Mtth0 invariant mass resolution compared to the
M�� case, of 30% [37], which we will also use as the resolution for the invariant mass of the
VLT decay products, Mh0t. Currently, at the LHC with

p
s = 13 TeV, a total cross-section of

�(tth0) = 790
+230

�210
fb from ATLAS [38] and �(tth0) = 639

+157

�130
from CMS9 has been measured

[39]. However, for the luminosity recorded to date at Run 2, the event rates are too small to plot
any meaningful invariant mass distribution in this channel, so we have to compute these by MC
analysis, which we do again with MadGraph. Here, we employ a constant k-factor to calculate
the NLO corrections from QCD for the background of this channel as ktth0 = 1.27, derived from
comparing the LO MadGraph result to the SM prediction of �(tth0) = 507

+35

�50
fb given in [38].

We then compute significances using a conservative total efficiency (fraction of events which
are recorded after all cuts have been applied) of ✏(B) = 0.005 from [38] and also display the
significances for a more optimistic scenario where this is doubled to ✏(B) = 0.01. This scenario
represents a potential total efficiency when incorporating all possible decay paths, including
h0 ! b̄b, which was not incorporated in the above study. We also assume two scenarios for the
signal total efficiency: a conservative one, where it is equal to the background case ✏(S) = ✏(B),
and another optimistic one, where the total efficiency is twice that of the background, ✏(S) =
2✏(B). We present the yields of these scenarios in Table 5, wherein it should be recalled that we
are assuming 30% resolution for both Mh0t and Mtth0 . With this resolution, and having fixed
M� just above the tT threshold at 1250 GeV, the invariant mass cuts that we apply are 850 GeV

9What is reported from CMS is the signal normalised to the SM prediction of 1.26 +0.31
�0.26, from which we can

extract the above cross-section.
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6.2 Discovery Channels for the Yukon �

Now, we may collect together the results from previous sections to look at the full production and
decay chain of the Yukon �. We utilise the set of parameters which maximises Yukawa couplings
while complying with the EWPO/FCNC limits that have been discussed previously, along with
the optimal transformation phases required to give a maximal production cross-section for �, as
illustrated in section 6.1. The cross-section for � production from ggF at NLO multiplied by the
BR for each channel (computed at LO), with changing � mass, is shown in Figure 7, where we
have included all possible kinematically-allowed decays of the new scalar. The cross-sections are
much too small to compete with QCD backgrounds, so there is no chance to see a signal from
bb, tt, bB, gg at any M�. We will however study the possibility to discover the other channels,
which suffer significantly less from QCD contamination, like � ! tT , �� and Z�, though we
found that the latter is never competitive (hence we neglect it thereafter).

We will consider two Yukon � mass regimes, both of which are designed to offer maximum
sensitivity to the two interesting channels i.e., �� and tT . By investigating Figure 7, two obvious
choices emerge. We will study �� for M� = 340 GeV and tT (with T ! h0t, tZ) for M� ⇡ 1250

GeV. In all channels, we will consider both model configurations, the gauged as well as the global
one. Then, as collider energies, we will use

p
s = 14 TeV (which is appropriate for both Run

3 of the LHC and the HL-LHC) as well as
p
s = 33 TeV (which is appropriate for both the

HE-LHC and the first stage of the FCC). In all cases, we will use as integrated luminosity (Lint)
the value of 3000 fb�1, so as to ascertain the relative strength of each collider soilely in terms
of energy reach. (In fact, we can anticipate that the model with a global U(1)

0 symmetry offers
some sensitivity in the �� case already with 300 fb�1 at the lower energy considered.)

To recap, for all three channels, we will use the following common input parameters:

MT = 1000 GeV, MB = 955 GeV, g0 = 1, ✓Q
34

= ⇡/4, 'u = ⇡, 'd = 0, (57)
Gauged model: MZ0 = v� = 3000 GeV, (58)
Global model: v� = 625 GeV, (59)

and for specific signatures,

�� : M� = 340 GeV, (60)
T ! tth0, ttZ : M� = 1250 GeV. (61)

As intimated, these values correspond to the optimal sensitivity yield for all discovery channels
considered. Specifically, note that the global model VEV of v� = 625 GeV is taken as the
smallest possible one (to optimise Yukawa couplings) whilst still accounting for the perturbative
limit set in Equation (48) of v� & M�/2 = 625 GeV.

6.3 Methodology

In all channels, we will perform the usual “bump hunt” in the invariant mass plots by determining
the Gaussian significance at the resonance of the � state, for a given mass M�. For both signal
and background, we will calculate the cross-sections at LO and approximate the NLO result by
employing the relevant k-factors. We calculate the signal cross-section as previously described
while using MadGraph [33] to calculate the backgrounds 7. For each channel we will identify the
detector resolution and find the signal and background cross-section within the relevant invariant
mass window. To account for the number of observed events by the detector, we will employ an
acceptance ⇥ selection efficiency factor to both signal and background. We find the Gaussian

7Throughout this work we have used version MG5_aMC_v2.6.0, with default parameters unless otherwise spec-
ified.
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and Higgs states. This leads to a far worse Mtth0 invariant mass resolution compared to the
M�� case, of 30% [37], which we will also use as the resolution for the invariant mass of the
VLT decay products, Mh0t. Currently, at the LHC with

p
s = 13 TeV, a total cross-section of

�(tth0) = 790
+230

�210
fb from ATLAS [38] and �(tth0) = 639

+157

�130
from CMS9 has been measured

[39]. However, for the luminosity recorded to date at Run 2, the event rates are too small to plot
any meaningful invariant mass distribution in this channel, so we have to compute these by MC
analysis, which we do again with MadGraph. Here, we employ a constant k-factor to calculate
the NLO corrections from QCD for the background of this channel as ktth0 = 1.27, derived from
comparing the LO MadGraph result to the SM prediction of �(tth0) = 507

+35

�50
fb given in [38].

We then compute significances using a conservative total efficiency (fraction of events which
are recorded after all cuts have been applied) of ✏(B) = 0.005 from [38] and also display the
significances for a more optimistic scenario where this is doubled to ✏(B) = 0.01. This scenario
represents a potential total efficiency when incorporating all possible decay paths, including
h0 ! b̄b, which was not incorporated in the above study. We also assume two scenarios for the
signal total efficiency: a conservative one, where it is equal to the background case ✏(S) = ✏(B),
and another optimistic one, where the total efficiency is twice that of the background, ✏(S) =
2✏(B). We present the yields of these scenarios in Table 5, wherein it should be recalled that we
are assuming 30% resolution for both Mh0t and Mtth0 . With this resolution, and having fixed
M� just above the tT threshold at 1250 GeV, the invariant mass cuts that we apply are 850 GeV

9What is reported from CMS is the signal normalised to the SM prediction of 1.26 +0.31
�0.26, from which we can

extract the above cross-section.
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6.2 Discovery Channels for the Yukon �

Now, we may collect together the results from previous sections to look at the full production and
decay chain of the Yukon �. We utilise the set of parameters which maximises Yukawa couplings
while complying with the EWPO/FCNC limits that have been discussed previously, along with
the optimal transformation phases required to give a maximal production cross-section for �, as
illustrated in section 6.1. The cross-section for � production from ggF at NLO multiplied by the
BR for each channel (computed at LO), with changing � mass, is shown in Figure 7, where we
have included all possible kinematically-allowed decays of the new scalar. The cross-sections are
much too small to compete with QCD backgrounds, so there is no chance to see a signal from
bb, tt, bB, gg at any M�. We will however study the possibility to discover the other channels,
which suffer significantly less from QCD contamination, like � ! tT , �� and Z�, though we
found that the latter is never competitive (hence we neglect it thereafter).

We will consider two Yukon � mass regimes, both of which are designed to offer maximum
sensitivity to the two interesting channels i.e., �� and tT . By investigating Figure 7, two obvious
choices emerge. We will study �� for M� = 340 GeV and tT (with T ! h0t, tZ) for M� ⇡ 1250

GeV. In all channels, we will consider both model configurations, the gauged as well as the global
one. Then, as collider energies, we will use

p
s = 14 TeV (which is appropriate for both Run

3 of the LHC and the HL-LHC) as well as
p
s = 33 TeV (which is appropriate for both the

HE-LHC and the first stage of the FCC). In all cases, we will use as integrated luminosity (Lint)
the value of 3000 fb�1, so as to ascertain the relative strength of each collider soilely in terms
of energy reach. (In fact, we can anticipate that the model with a global U(1)

0 symmetry offers
some sensitivity in the �� case already with 300 fb�1 at the lower energy considered.)

To recap, for all three channels, we will use the following common input parameters:

MT = 1000 GeV, MB = 955 GeV, g0 = 1, ✓Q
34

= ⇡/4, 'u = ⇡, 'd = 0, (57)
Gauged model: MZ0 = v� = 3000 GeV, (58)
Global model: v� = 625 GeV, (59)

and for specific signatures,

�� : M� = 340 GeV, (60)
T ! tth0, ttZ : M� = 1250 GeV. (61)

As intimated, these values correspond to the optimal sensitivity yield for all discovery channels
considered. Specifically, note that the global model VEV of v� = 625 GeV is taken as the
smallest possible one (to optimise Yukawa couplings) whilst still accounting for the perturbative
limit set in Equation (48) of v� & M�/2 = 625 GeV.

6.3 Methodology

In all channels, we will perform the usual “bump hunt” in the invariant mass plots by determining
the Gaussian significance at the resonance of the � state, for a given mass M�. For both signal
and background, we will calculate the cross-sections at LO and approximate the NLO result by
employing the relevant k-factors. We calculate the signal cross-section as previously described
while using MadGraph [33] to calculate the backgrounds 7. For each channel we will identify the
detector resolution and find the signal and background cross-section within the relevant invariant
mass window. To account for the number of observed events by the detector, we will employ an
acceptance ⇥ selection efficiency factor to both signal and background. We find the Gaussian

7Throughout this work we have used version MG5_aMC_v2.6.0, with default parameters unless otherwise spec-
ified.
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Yukon@LHC

Yukon 1250 GeV requires HE-LHC/FCC-pp

ttZ signal

< Mh0t < 1150 GeV and 1063 GeV < Mtth0 < 1438 GeV. We finally find that the significance is
too small for the signal to be seen at the HL-LHC, or even at the HE-LHC/FCC, for the gauged
model, though the global one will show a clear signal already at the HL-LHC with plenty of
discovery potential at the HE-LHC/FCC.

6.6 The ttZ Signal

�

t

Z

t

T

Figure 10: Feynman diagram for Yukon decay � ! ttZ.

Model Experiment (Lint
= 3000 fb�1

)

Significance
✏(S) = ✏(B) ✏(S) = 2✏(B)

✏(B) · 10�3 ✏(B) · 10�3

5 10 5 10
Gauged U(1)

0 HL-LHC,
p
s = 14 TeV 0.033� 0.047� 0.066� 0.093�

MZ0 = 3000 GeV HE-LHC/FCC,
p
s = 33 TeV 0.14� 0.19� 0.27� 0.38�

Global U(1)
0 HL-LHC,

p
s = 14 TeV 0.71� 1.0� 1.3� 1.9�

v� = 625 GeV HE-LHC/FCC,
p
s = 33 TeV 2.9� 4.1� 5.3� 7.5�

Table 6: Significances for the gg ! � ! tT ! ttZ signal with M� = 1250 GeV and the
parameter setup given in Equation (6.2) for four values of acceptance ⇥ selection efficiency: on
the left the total signal efficiency is equal to the background one, ✏(S) = ✏(B), while on the right
it is twice the background one, ✏(S) = 2✏(B). For each of those cases, we take two background
total efficiencies: a conservative ✏(B) = 5⇥ 10

�3 and an optimistic ✏(B) = 10
�4.

We may proceed with ttZ in a similar fashion to tth0, utilising now the decay path T ! Zt
as shown in Figure 10. With respect to the tth0 case, though. we may assume here a better
resolution of 20%10, for both MtZ and MttZ . Hence, we can adopt the invariant mass cuts 900

GeV < MtZ < 1100 GeV and 1125 GeV < MttZ < 1375 GeV, as we again have M� = 1250 GeV.
We employ as NLO k-factor for the background the value kttZ = 1.43, which is constant in our
MC generation. We list the results for the same total efficiencies as in the tth0 case, ✏(S) = ✏(B)

and ✏(S) = 2✏(B), with ✏(B) = 5 ⇥ 10
�3 and ✏(B) = 10

�4, in Table 6. The significances are
similar to the tth0 signature, so that the gauged model will remain difficult to trace anywhere in
the large � mass scenario. Similarly to tth0, the ttZ channel offers a small signal for the global
model at the HL-LHC and significant discovery potential at the HE-LHC/FCC.

10Owing to the fact that a significant portion of Z decays is into electrons and muons, while the SM Higgs
state essentially only decays into bb̄ and W+W� ! 4-fermions, i.e., predominantly into hadronic final states,
which are more difficult to reconstruct in comparison.
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tth

Model Experiment (Lint = 3000 fb
�1) Significance

Gauged U(1)0 HL-LHC,
p
s = 14 TeV 0.080�

MZ0 = 3000 GeV HE-LHC/FCC,
p
s = 33 TeV 0.33�

Global U(1)0 HL-LHC,
p
s = 14 TeV 1.6�

v� = 625 GeV HE-LHC/FCC,
p
s = 33 TeV 8.2�

ttZ:

Model Experiment (Lint = 3000 fb
�1) Significance

Gauged U(1)0 HL-LHC,
p
s = 14 TeV 0.047�

MZ0 = 3000 GeV HE-LHC/FCC,
p
s = 33 TeV 0.19�

Global U(1)0 HL-LHC,
p
s = 14 TeV 1.0�

v� = 625 GeV HE-LHC/FCC,
p
s = 33 TeV 4.1�

1

significance ⇠ signalp
background

⇠ L⇥ �(signal)p
L⇥ �(background)

/
p
L



significance of the resonance by the usual formula:

↵ =
Sp

S +B
, (62)

where S is the number of signal events and B is the value for the background ones after they
have undergone a kinematical selection with an acceptance ⇥ selection efficiency rate ✏(S) and
✏(B), respectively.

For later convenience we summarise the cross-sections and cuts which we shall assume in
the remainder of the paper. The cross-sections for Yukon � production and decay in various
channels are given in Table 2. The cross-sections and cuts on SM background processes in various
channels are shown in Table 3. These numbers will be used to calculate the final significances
obtained in the later results in Table 4–6.

Channel Energy M� (GeV) �NLO(pp ! �) (pb) Branching Ratio Cuts Final Cross-Section (pb)
Gauge Global Gauge Global

��

p
s = 14 TeV 340 0.0437 1.01 BR(� ! ��) = 0.00186 ✏ = 0.81⇤

6.60⇥ 10
�5 0.0015

p
s = 33 TeV 0.228 5.25 0.00034 0.0078

tth0
p
s = 14 TeV 1250 0.000478 0.0110 BR(� ! tT ! tth0) = 0.378 ✏(S)

0.00018 ✏(S) 0.00441 ✏(S)
p
s = 33 TeV 0.00594 0.137 0.0022 ✏(S) 0.051 ✏(S)

ttZ

p
s = 14 TeV 1250 0.000478 0.0110 BR(� ! tT ! ttZ) = 0.242 ✏(S)

0.00012 ✏(S) 0.0028 ✏(S)
p
s = 14 TeV 0.00594 0.137 0.0014 ✏(S) 0.032 ✏(S)

Table 2: Table of cross-sections for Yukon � production and decay in various channels, with
cuts on the signal processes. Note all signals are calculated at LO, then multiplied by a k-
factor of kNLO

= 1.7 to get the written NLO results: SNLO
= SLO ⇥ kNLO. The parameter

set used in all cases is as follows: {✓Q
34

= ⇡/4, 'u = 0, 'd = ⇡, g0 = 1}. Gauged model fixes
MZ0 = 3 TeV, whereas global model fixes v� = 625 GeV. Results for v� = 625 are a factor
(3000/625)2 ' 23 larger than the MZ0 = 3 TeV ones in all cases, since �NLO(pp ! �) / v�2

�
and

BRs are independent of v� in all channels.
⇤Signal cut effect on � ! �� determined from fraction of SM h0 ! �� events observed with and
without ⌘, pT cuts.

Channel Energy Cuts (GeV, except ⌘) �LO(pp ! X) (pb) k-Factor Final Cross-Section (pb)

��

p
s = 14 TeV

⇢
|⌘| < 2.5, pT > 25 GeV

�
0.0157 1.88 0.0295

p
s = 33 TeV 336 < M�� < 344 0.0328 1.88 0.0617

tth0
p
s = 14 TeV

⇢
850 < Mh0t < 1150

�
0.00603† 1.27 0.0153⇥ ✏(B)

p
s = 33 TeV 1063 < Mtth0 < 1438 0.0542† 1.27 0.138⇥ ✏(B)

ttZ

p
s = 14 TeV

⇢
900 < MtZ < 1100

�
0.0064† 1.43 0.0183⇥ ✏(B)

p
s = 33 TeV 1125 < MttZ < 1375 0.0579† 1.43 0.166⇥ ✏(B)

Table 3: Table of cross-sections and cuts on SM background processes in various channels, which
will compete against the � boson signal in these channels shown in the previous table, where
the suggested cuts are designed to enhance the signal.
†The listed �LO results are calculated using a cut on Mh0t (or MtZ). To account for the al-
ternative cut, on Mt̄h0 (or Mt̄Z), one should multiply the �LO result by a factor of 2, which is
included in the final cross-section.

6.4 The �� signal

We will now examine the possibility to detect the Yukon � through ggF, as seen in the Feynman
diagrams in Figure 5, and decaying to ��, as shown in the Feynman diagram in Figure 8. As
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We study an extended 2 Higgs doublet model (2HDM) in which the Standard Model (SM) Yukawa
interactions are forbidden due to a global U(1)0 symmetry, but may arise via mixing with vector-like
families. In this model, the hierarchical structure of Yukawa couplings of quarks and leptons in the
SM arises from the heavy masses of the fourth and fifth vector-like families. Within this model, we
consider various non-standard contributions to the electron and muon anomalous magnetic moments.
We first consider the W exchange at one-loop level, consistent with the µ ! e� constraint, and show
that it yields a negligible contribution to both electron and muon anomalous magnetic moments.
We then consider Higgs scalar exchange, together with vector-like leptons, at one-loop level and
show that it is possible to have non-standard contributions to the electron and muon anomalous
magnetic moments within the 1� constraint of certain experiments. We present some benchmark
points for both the muon and the electron anomalies, together with some numerical scans around
these points, which indicate the mass regions of the Higgs scalars of the 2HDM in this scenario.

I. INTRODUCTION

The Standard Model (SM) has made many successful predictions for the phenomenology of both quark and lepton
sectors with very high accuracy. However there are long-established anomalies which are not addressed by the SM such
as muon and electron anomalous magnetic moments aµ = (g � 2)

µ
, ae = (g � 2)

e
. The muon anomalous magnetic

moment reported by the Brookhaven E821 experiment at BNL[1] and the electron anomaly have confirmed +3.5� and
�2.5� deviations from the SM, respectively. The experimentally observed values for the muon and electron anomalies
at 1� of experimental error bars, respectively, read 1:

�aµ = a
Exp
µ

� a
SM
µ

= (26.1± 8.0)⇥ 10�10

�ae = a
Exp
e

� a
SM
e

= (�0.88± 0.36)⇥ 10�12
.

(1)

When trying to explain both anomalies to within 1�, a main di�culty arises from the sign of each anomaly: the
muon anomaly requires positive definite non-standard contributions, whereas the electron anomaly requires such
contributions to contribute with a negative sign [3]. Without loss of generality, the Feynman diagrams corresponding
to the contributions for the muon and electron anomalies take the same internal structure at one-loop except from
the fact that the external particles are di↵erent. The similar structure of the one-loop level contributions to the muon
and electron anomalous magnetic moments might be able to be explained by the same new physics, but accounting
for the relative negative sign is challenging. For example, considering the one-loop exchange of W or Z 0 gauge bosons
results in theoretical predictions for the muon and electron anomalies having the same sign.

In this paper we take the view that both anomalies should be explained to 1� using the same internal structure at
the one-loop level by some new physics which is capable of accounting for the correct signs of the anomalies. To

⇤Electronic address: antonio.carcamo@usm.cl
†Electronic address: king@soton.ac.uk
‡Electronic address: hl2n18@soton.ac.uk
1 It is worth mentioning that the experimental value of the anomalous magnetic moment of the electron is sensitive to the measurement
of the fine-structure constant ↵. The experimental value of �ae = ae,exp � ae(↵Berkeley) used in this work and given in Equation 1 is
obtained using ↵Berkeley from caesium recoil measurements by the Berkeley 2018 experiment [2]. As this paper was being completed a

di↵erent experiment [3] reported a result that implies �ae = aExp
e � aSMe = (0.48± 0.30)⇥ 10�12 which di↵ers from the SM by +1.6�.

The two experiments appear to be inconsistent with each other, and our results here are based on the earlier result in Equation 1.
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SM arises from the heavy masses of the fourth and fifth vector-like families. Within this model, we
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We first consider the W exchange at one-loop level, consistent with the µ ! e� constraint, and show
that it yields a negligible contribution to both electron and muon anomalous magnetic moments.
We then consider Higgs scalar exchange, together with vector-like leptons, at one-loop level and
show that it is possible to have non-standard contributions to the electron and muon anomalous
magnetic moments within the 1� constraint of certain experiments. We present some benchmark
points for both the muon and the electron anomalies, together with some numerical scans around
these points, which indicate the mass regions of the Higgs scalars of the 2HDM in this scenario.

I. INTRODUCTION

The Standard Model (SM) has made many successful predictions for the phenomenology of both quark and lepton
sectors with very high accuracy. However there are long-established anomalies which are not addressed by the SM such
as muon and electron anomalous magnetic moments aµ = (g � 2)

µ
, ae = (g � 2)

e
. The muon anomalous magnetic

moment reported by the Brookhaven E821 experiment at BNL[1] and the electron anomaly have confirmed +3.5� and
�2.5� deviations from the SM, respectively. The experimentally observed values for the muon and electron anomalies
at 1� of experimental error bars, respectively, read 1:
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When trying to explain both anomalies to within 1�, a main di�culty arises from the sign of each anomaly: the
muon anomaly requires positive definite non-standard contributions, whereas the electron anomaly requires such
contributions to contribute with a negative sign [3]. Without loss of generality, the Feynman diagrams corresponding
to the contributions for the muon and electron anomalies take the same internal structure at one-loop except from
the fact that the external particles are di↵erent. The similar structure of the one-loop level contributions to the muon
and electron anomalous magnetic moments might be able to be explained by the same new physics, but accounting
for the relative negative sign is challenging. For example, considering the one-loop exchange of W or Z 0 gauge bosons
results in theoretical predictions for the muon and electron anomalies having the same sign.

In this paper we take the view that both anomalies should be explained to 1� using the same internal structure at
the one-loop level by some new physics which is capable of accounting for the correct signs of the anomalies. To
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We study an extended 2 Higgs doublet model (2HDM) in which the Standard Model (SM) Yukawa
interactions are forbidden due to a global U(1)0 symmetry, but may arise via mixing with vector-like
families. In this model, the hierarchical structure of Yukawa couplings of quarks and leptons in the
SM arises from the heavy masses of the fourth and fifth vector-like families. Within this model, we
consider various non-standard contributions to the electron and muon anomalous magnetic moments.
We first consider the W exchange at one-loop level, consistent with the µ ! e� constraint, and show
that it yields a negligible contribution to both electron and muon anomalous magnetic moments.
We then consider Higgs scalar exchange, together with vector-like leptons, at one-loop level and
show that it is possible to have non-standard contributions to the electron and muon anomalous
magnetic moments within the 1� constraint of certain experiments. We present some benchmark
points for both the muon and the electron anomalies, together with some numerical scans around
these points, which indicate the mass regions of the Higgs scalars of the 2HDM in this scenario.

I. INTRODUCTION

The Standard Model (SM) has made many successful predictions for the phenomenology of both quark and lepton
sectors with very high accuracy. However there are long-established anomalies which are not addressed by the SM such
as muon and electron anomalous magnetic moments aµ = (g � 2)

µ
, ae = (g � 2)

e
. The muon anomalous magnetic

moment reported by the Brookhaven E821 experiment at BNL[1] and the electron anomaly have confirmed +3.5� and
�2.5� deviations from the SM, respectively. The experimentally observed values for the muon and electron anomalies
at 1� of experimental error bars, respectively, read 1:
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Exp
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� a
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= (26.1± 8.0)⇥ 10�10

�ae = a
Exp
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= (�0.88± 0.36)⇥ 10�12
.

(1)

When trying to explain both anomalies to within 1�, a main di�culty arises from the sign of each anomaly: the
muon anomaly requires positive definite non-standard contributions, whereas the electron anomaly requires such
contributions to contribute with a negative sign [3]. Without loss of generality, the Feynman diagrams corresponding
to the contributions for the muon and electron anomalies take the same internal structure at one-loop except from
the fact that the external particles are di↵erent. The similar structure of the one-loop level contributions to the muon
and electron anomalous magnetic moments might be able to be explained by the same new physics, but accounting
for the relative negative sign is challenging. For example, considering the one-loop exchange of W or Z 0 gauge bosons
results in theoretical predictions for the muon and electron anomalies having the same sign.

In this paper we take the view that both anomalies should be explained to 1� using the same internal structure at
the one-loop level by some new physics which is capable of accounting for the correct signs of the anomalies. To
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Figure 11: Available parameter spaces for the muon anomaly versus electron anomaly with a mass parameter which
attends the both anomalies(H1,2, A1,2) and does not(H±). H1,2 are non-SM CP even scalars, A1,2 are non-SM CP
odd scalars and H

± are non-SM charged scalars. All points in each plot are collected within 1� constraint of each
anomaly.
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SM arises from the heavy masses of the fourth and fifth vector-like families. Within this model, we
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We first consider the W exchange at one-loop level, consistent with the µ ! e� constraint, and show
that it yields a negligible contribution to both electron and muon anomalous magnetic moments.
We then consider Higgs scalar exchange, together with vector-like leptons, at one-loop level and
show that it is possible to have non-standard contributions to the electron and muon anomalous
magnetic moments within the 1� constraint of certain experiments. We present some benchmark
points for both the muon and the electron anomalies, together with some numerical scans around
these points, which indicate the mass regions of the Higgs scalars of the 2HDM in this scenario.

I. INTRODUCTION

The Standard Model (SM) has made many successful predictions for the phenomenology of both quark and lepton
sectors with very high accuracy. However there are long-established anomalies which are not addressed by the SM such
as muon and electron anomalous magnetic moments aµ = (g � 2)

µ
, ae = (g � 2)

e
. The muon anomalous magnetic

moment reported by the Brookhaven E821 experiment at BNL[1] and the electron anomaly have confirmed +3.5� and
�2.5� deviations from the SM, respectively. The experimentally observed values for the muon and electron anomalies
at 1� of experimental error bars, respectively, read 1:
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µ

= (26.1± 8.0)⇥ 10�10

�ae = a
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= (�0.88± 0.36)⇥ 10�12
.

(1)

When trying to explain both anomalies to within 1�, a main di�culty arises from the sign of each anomaly: the
muon anomaly requires positive definite non-standard contributions, whereas the electron anomaly requires such
contributions to contribute with a negative sign [3]. Without loss of generality, the Feynman diagrams corresponding
to the contributions for the muon and electron anomalies take the same internal structure at one-loop except from
the fact that the external particles are di↵erent. The similar structure of the one-loop level contributions to the muon
and electron anomalous magnetic moments might be able to be explained by the same new physics, but accounting
for the relative negative sign is challenging. For example, considering the one-loop exchange of W or Z 0 gauge bosons
results in theoretical predictions for the muon and electron anomalies having the same sign.

In this paper we take the view that both anomalies should be explained to 1� using the same internal structure at
the one-loop level by some new physics which is capable of accounting for the correct signs of the anomalies. To

⇤Electronic address: antonio.carcamo@usm.cl
†Electronic address: king@soton.ac.uk
‡Electronic address: hl2n18@soton.ac.uk
1 It is worth mentioning that the experimental value of the anomalous magnetic moment of the electron is sensitive to the measurement
of the fine-structure constant ↵. The experimental value of �ae = ae,exp � ae(↵Berkeley) used in this work and given in Equation 1 is
obtained using ↵Berkeley from caesium recoil measurements by the Berkeley 2018 experiment [2]. As this paper was being completed a

di↵erent experiment [3] reported a result that implies �ae = aExp
e � aSMe = (0.48± 0.30)⇥ 10�12 which di↵ers from the SM by +1.6�.

The two experiments appear to be inconsistent with each other, and our results here are based on the earlier result in Equation 1.
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Figure 10: Diagrams contributing to the muon anomaly (left) and the electron anomaly (right) where H1,2 are
CP-even non-SM scalars and A1,2 are CP-odd scalars in the physical basis
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where s
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44 and the diagonal elements from top-left to bottom-
right should be responsible for electron, muon and tau Yukawa constants, respectively. After removing all irrelevant
terms to both anomalies and applying the assumption, the 7⇥ 7 mass matrix in the interaction basis is also reduced
to as below:
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The reduced charged lepton mass matrix of Equation 57 clearly tells that no mixing between charged leptons arise so
the branching ratio of µ ! e� is naturally satisfied under this scenario. The scalar exchange for both anomalies can
be realized by closing the Higgs sectors in Figure 3 as per Figure 10.

In Figure 10, the CP-even non-SM scalars H1,2 and CP-odd scalars A1,2 appear as a result of mixing between Higgses
Hu, Hd and � in the interaction basis. The Higgs sector in the interaction basis is defined by
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For consistency, we equate vu, vd and v� to v1, v2 and v3, respectively.

A. The 2HDM scalar potential

The scalar potential of the model under consideation takes the form:
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The reduced charged lepton mass matrix of Equation 57 clearly tells that no mixing between charged leptons arise so
the branching ratio of µ ! e� is naturally satisfied under this scenario. The scalar exchange for both anomalies can
be realized by closing the Higgs sectors in Figure 3 as per Figure 10.
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A. E. Cárcamo Hernández,1, ⇤ S. F. King,2, † and H. Lee2, ‡

1Departamento de F́ısica, Universidad Técnica Federico Santa Maŕıa,
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We study an extended 2 Higgs doublet model (2HDM) in which the Standard Model (SM) Yukawa
interactions are forbidden due to a global U(1)0 symmetry, but may arise via mixing with vector-like
families. In this model, the hierarchical structure of Yukawa couplings of quarks and leptons in the
SM arises from the heavy masses of the fourth and fifth vector-like families. Within this model, we
consider various non-standard contributions to the electron and muon anomalous magnetic moments.
We first consider the W exchange at one-loop level, consistent with the µ ! e� constraint, and show
that it yields a negligible contribution to both electron and muon anomalous magnetic moments.
We then consider Higgs scalar exchange, together with vector-like leptons, at one-loop level and
show that it is possible to have non-standard contributions to the electron and muon anomalous
magnetic moments within the 1� constraint of certain experiments. We present some benchmark
points for both the muon and the electron anomalies, together with some numerical scans around
these points, which indicate the mass regions of the Higgs scalars of the 2HDM in this scenario.

I. INTRODUCTION

The Standard Model (SM) has made many successful predictions for the phenomenology of both quark and lepton
sectors with very high accuracy. However there are long-established anomalies which are not addressed by the SM such
as muon and electron anomalous magnetic moments aµ = (g � 2)

µ
, ae = (g � 2)

e
. The muon anomalous magnetic

moment reported by the Brookhaven E821 experiment at BNL[1] and the electron anomaly have confirmed +3.5� and
�2.5� deviations from the SM, respectively. The experimentally observed values for the muon and electron anomalies
at 1� of experimental error bars, respectively, read 1:

�aµ = a
Exp
µ

� a
SM
µ

= (26.1± 8.0)⇥ 10�10

�ae = a
Exp
e

� a
SM
e

= (�0.88± 0.36)⇥ 10�12
.

(1)

When trying to explain both anomalies to within 1�, a main di�culty arises from the sign of each anomaly: the
muon anomaly requires positive definite non-standard contributions, whereas the electron anomaly requires such
contributions to contribute with a negative sign [3]. Without loss of generality, the Feynman diagrams corresponding
to the contributions for the muon and electron anomalies take the same internal structure at one-loop except from
the fact that the external particles are di↵erent. The similar structure of the one-loop level contributions to the muon
and electron anomalous magnetic moments might be able to be explained by the same new physics, but accounting
for the relative negative sign is challenging. For example, considering the one-loop exchange of W or Z 0 gauge bosons
results in theoretical predictions for the muon and electron anomalies having the same sign.

In this paper we take the view that both anomalies should be explained to 1� using the same internal structure at
the one-loop level by some new physics which is capable of accounting for the correct signs of the anomalies. To

⇤Electronic address: antonio.carcamo@usm.cl
†Electronic address: king@soton.ac.uk
‡Electronic address: hl2n18@soton.ac.uk
1 It is worth mentioning that the experimental value of the anomalous magnetic moment of the electron is sensitive to the measurement
of the fine-structure constant ↵. The experimental value of �ae = ae,exp � ae(↵Berkeley) used in this work and given in Equation 1 is
obtained using ↵Berkeley from caesium recoil measurements by the Berkeley 2018 experiment [2]. As this paper was being completed a

di↵erent experiment [3] reported a result that implies �ae = aExp
e � aSMe = (0.48± 0.30)⇥ 10�12 which di↵ers from the SM by +1.6�.

The two experiments appear to be inconsistent with each other, and our results here are based on the earlier result in Equation 1.

ar
X

iv
:2

10
1.

05
81

9v
1 

 [h
ep

-p
h]

  1
4 

Ja
n 

20
21

Fermion mass hierarchies from vector-like families with an extended 2HDM and a

possible explanation for the electron and muon anomalous magnetic moments
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We study an extended 2 Higgs doublet model (2HDM) in which the Standard Model (SM) Yukawa
interactions are forbidden due to a global U(1)0 symmetry, but may arise via mixing with vector-like
families. In this model, the hierarchical structure of Yukawa couplings of quarks and leptons in the
SM arises from the heavy masses of the fourth and fifth vector-like families. Within this model, we
consider various non-standard contributions to the electron and muon anomalous magnetic moments.
We first consider the W exchange at one-loop level, consistent with the µ ! e� constraint, and show
that it yields a negligible contribution to both electron and muon anomalous magnetic moments.
We then consider Higgs scalar exchange, together with vector-like leptons, at one-loop level and
show that it is possible to have non-standard contributions to the electron and muon anomalous
magnetic moments within the 1� constraint of certain experiments. We present some benchmark
points for both the muon and the electron anomalies, together with some numerical scans around
these points, which indicate the mass regions of the Higgs scalars of the 2HDM in this scenario.

I. INTRODUCTION

The Standard Model (SM) has made many successful predictions for the phenomenology of both quark and lepton
sectors with very high accuracy. However there are long-established anomalies which are not addressed by the SM such
as muon and electron anomalous magnetic moments aµ = (g � 2)

µ
, ae = (g � 2)

e
. The muon anomalous magnetic

moment reported by the Brookhaven E821 experiment at BNL[1] and the electron anomaly have confirmed +3.5� and
�2.5� deviations from the SM, respectively. The experimentally observed values for the muon and electron anomalies
at 1� of experimental error bars, respectively, read 1:

�aµ = a
Exp
µ

� a
SM
µ

= (26.1± 8.0)⇥ 10�10

�ae = a
Exp
e

� a
SM
e

= (�0.88± 0.36)⇥ 10�12
.

(1)

When trying to explain both anomalies to within 1�, a main di�culty arises from the sign of each anomaly: the
muon anomaly requires positive definite non-standard contributions, whereas the electron anomaly requires such
contributions to contribute with a negative sign [3]. Without loss of generality, the Feynman diagrams corresponding
to the contributions for the muon and electron anomalies take the same internal structure at one-loop except from
the fact that the external particles are di↵erent. The similar structure of the one-loop level contributions to the muon
and electron anomalous magnetic moments might be able to be explained by the same new physics, but accounting
for the relative negative sign is challenging. For example, considering the one-loop exchange of W or Z 0 gauge bosons
results in theoretical predictions for the muon and electron anomalies having the same sign.

In this paper we take the view that both anomalies should be explained to 1� using the same internal structure at
the one-loop level by some new physics which is capable of accounting for the correct signs of the anomalies. To
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1 It is worth mentioning that the experimental value of the anomalous magnetic moment of the electron is sensitive to the measurement
of the fine-structure constant ↵. The experimental value of �ae = ae,exp � ae(↵Berkeley) used in this work and given in Equation 1 is
obtained using ↵Berkeley from caesium recoil measurements by the Berkeley 2018 experiment [2]. As this paper was being completed a

di↵erent experiment [3] reported a result that implies �ae = aExp
e � aSMe = (0.48± 0.30)⇥ 10�12 which di↵ers from the SM by +1.6�.

The two experiments appear to be inconsistent with each other, and our results here are based on the earlier result in Equation 1.
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We study an extended 2 Higgs doublet model (2HDM) in which the Standard Model (SM) Yukawa
interactions are forbidden due to a global U(1)0 symmetry, but may arise via mixing with vector-like
families. In this model, the hierarchical structure of Yukawa couplings of quarks and leptons in the
SM arises from the heavy masses of the fourth and fifth vector-like families. Within this model, we
consider various non-standard contributions to the electron and muon anomalous magnetic moments.
We first consider the W exchange at one-loop level, consistent with the µ ! e� constraint, and show
that it yields a negligible contribution to both electron and muon anomalous magnetic moments.
We then consider Higgs scalar exchange, together with vector-like leptons, at one-loop level and
show that it is possible to have non-standard contributions to the electron and muon anomalous
magnetic moments within the 1� constraint of certain experiments. We present some benchmark
points for both the muon and the electron anomalies, together with some numerical scans around
these points, which indicate the mass regions of the Higgs scalars of the 2HDM in this scenario.

I. INTRODUCTION

The Standard Model (SM) has made many successful predictions for the phenomenology of both quark and lepton
sectors with very high accuracy. However there are long-established anomalies which are not addressed by the SM such
as muon and electron anomalous magnetic moments aµ = (g � 2)

µ
, ae = (g � 2)

e
. The muon anomalous magnetic

moment reported by the Brookhaven E821 experiment at BNL[1] and the electron anomaly have confirmed +3.5� and
�2.5� deviations from the SM, respectively. The experimentally observed values for the muon and electron anomalies
at 1� of experimental error bars, respectively, read 1:

�aµ = a
Exp
µ

� a
SM
µ

= (26.1± 8.0)⇥ 10�10

�ae = a
Exp
e

� a
SM
e

= (�0.88± 0.36)⇥ 10�12
.

(1)

When trying to explain both anomalies to within 1�, a main di�culty arises from the sign of each anomaly: the
muon anomaly requires positive definite non-standard contributions, whereas the electron anomaly requires such
contributions to contribute with a negative sign [3]. Without loss of generality, the Feynman diagrams corresponding
to the contributions for the muon and electron anomalies take the same internal structure at one-loop except from
the fact that the external particles are di↵erent. The similar structure of the one-loop level contributions to the muon
and electron anomalous magnetic moments might be able to be explained by the same new physics, but accounting
for the relative negative sign is challenging. For example, considering the one-loop exchange of W or Z 0 gauge bosons
results in theoretical predictions for the muon and electron anomalies having the same sign.

In this paper we take the view that both anomalies should be explained to 1� using the same internal structure at
the one-loop level by some new physics which is capable of accounting for the correct signs of the anomalies. To

⇤Electronic address: antonio.carcamo@usm.cl
†Electronic address: king@soton.ac.uk
‡Electronic address: hl2n18@soton.ac.uk
1 It is worth mentioning that the experimental value of the anomalous magnetic moment of the electron is sensitive to the measurement
of the fine-structure constant ↵. The experimental value of �ae = ae,exp � ae(↵Berkeley) used in this work and given in Equation 1 is
obtained using ↵Berkeley from caesium recoil measurements by the Berkeley 2018 experiment [2]. As this paper was being completed a

di↵erent experiment [3] reported a result that implies �ae = aExp
e � aSMe = (0.48± 0.30)⇥ 10�12 which di↵ers from the SM by +1.6�.

The two experiments appear to be inconsistent with each other, and our results here are based on the earlier result in Equation 1.
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We study an extended 2 Higgs doublet model (2HDM) in which the Standard Model (SM) Yukawa
interactions are forbidden due to a global U(1)0 symmetry, but may arise via mixing with vector-like
families. In this model, the hierarchical structure of Yukawa couplings of quarks and leptons in the
SM arises from the heavy masses of the fourth and fifth vector-like families. Within this model, we
consider various non-standard contributions to the electron and muon anomalous magnetic moments.
We first consider the W exchange at one-loop level, consistent with the µ ! e� constraint, and show
that it yields a negligible contribution to both electron and muon anomalous magnetic moments.
We then consider Higgs scalar exchange, together with vector-like leptons, at one-loop level and
show that it is possible to have non-standard contributions to the electron and muon anomalous
magnetic moments within the 1� constraint of certain experiments. We present some benchmark
points for both the muon and the electron anomalies, together with some numerical scans around
these points, which indicate the mass regions of the Higgs scalars of the 2HDM in this scenario.

I. INTRODUCTION

The Standard Model (SM) has made many successful predictions for the phenomenology of both quark and lepton
sectors with very high accuracy. However there are long-established anomalies which are not addressed by the SM such
as muon and electron anomalous magnetic moments aµ = (g � 2)

µ
, ae = (g � 2)

e
. The muon anomalous magnetic

moment reported by the Brookhaven E821 experiment at BNL[1] and the electron anomaly have confirmed +3.5� and
�2.5� deviations from the SM, respectively. The experimentally observed values for the muon and electron anomalies
at 1� of experimental error bars, respectively, read 1:

�aµ = a
Exp
µ

� a
SM
µ

= (26.1± 8.0)⇥ 10�10

�ae = a
Exp
e

� a
SM
e

= (�0.88± 0.36)⇥ 10�12
.

(1)

When trying to explain both anomalies to within 1�, a main di�culty arises from the sign of each anomaly: the
muon anomaly requires positive definite non-standard contributions, whereas the electron anomaly requires such
contributions to contribute with a negative sign [3]. Without loss of generality, the Feynman diagrams corresponding
to the contributions for the muon and electron anomalies take the same internal structure at one-loop except from
the fact that the external particles are di↵erent. The similar structure of the one-loop level contributions to the muon
and electron anomalous magnetic moments might be able to be explained by the same new physics, but accounting
for the relative negative sign is challenging. For example, considering the one-loop exchange of W or Z 0 gauge bosons
results in theoretical predictions for the muon and electron anomalies having the same sign.

In this paper we take the view that both anomalies should be explained to 1� using the same internal structure at
the one-loop level by some new physics which is capable of accounting for the correct signs of the anomalies. To
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obtained using ↵Berkeley from caesium recoil measurements by the Berkeley 2018 experiment [2]. As this paper was being completed a

di↵erent experiment [3] reported a result that implies �ae = aExp
e � aSMe = (0.48± 0.30)⇥ 10�12 which di↵ers from the SM by +1.6�.

The two experiments appear to be inconsistent with each other, and our results here are based on the earlier result in Equation 1.

ar
X

iv
:2

10
1.

05
81

9v
1 

 [h
ep

-p
h]

  1
4 

Ja
n 

20
21

29

Figure 12: Available parameter spaces for the muon anomaly(electron anomaly) versus a relevant vector-like mass
me4(me5) with another anomaly(two left plots) in bar where me4(me5) is simplified notation for Me

44(M
L

55), while
the two right plots for the muon anomaly versus electron anomaly with a vector-like mass me4(me5)

well a benchmark point is converged and by a factor of . However, these plots still tells a correlation between both
anomalies and a tendency that the lighter mass of H1 is located at lower region of the parameter space. Mass of
the lightest non-SM scalar H1 implied in top-left plot of Figure 11 is ranged from 201 to 246GeV[85] and the cross
section for this light non-SM scalar will be compared to that for SM Higgs in appendix. As for mass range of the
other non-SM scalars confirmed in rest of other plots in Figure 11, they all implied heavier mass than that of H1

which can be flexible depending on how the parameters are converged as seen in each case of Table V.

We investigate a correlation for an anomaly versus a relevant mass parameter with another anomaly in bar
in Figure 12. Note that the fourth vector-like mass is relevant only for the muon anomaly, whereas the fifth is only
for the electron anomaly. Even though the fourth(fifth) is irrelevant to the electron(muon) anomaly, it is good to
express them together since we rearrange the mass parameter and the anomaly in bar for comparison. The top-left
plot in Figure 12 just fills in whole parameter region, thus no any correlation between the fourth vector-like mass
and the muon anomaly is identified. After we rearranged the order of me4 and �aµ,e from the top-left plot, we can
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Figure 10: Diagrams contributing to the muon anomaly (left) and the electron anomaly (right) where H1,2 are
CP-even non-SM scalars and A1,2 are CP-odd scalars in the physical basis
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right should be responsible for electron, muon and tau Yukawa constants, respectively. After removing all irrelevant
terms to both anomalies and applying the assumption, the 7⇥ 7 mass matrix in the interaction basis is also reduced
to as below:
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The reduced charged lepton mass matrix of Equation 57 clearly tells that no mixing between charged leptons arise so
the branching ratio of µ ! e� is naturally satisfied under this scenario. The scalar exchange for both anomalies can
be realized by closing the Higgs sectors in Figure 3 as per Figure 10.

In Figure 10, the CP-even non-SM scalars H1,2 and CP-odd scalars A1,2 appear as a result of mixing between Higgses
Hu, Hd and � in the interaction basis. The Higgs sector in the interaction basis is defined by
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For consistency, we equate vu, vd and v� to v1, v2 and v3, respectively.

A. The 2HDM scalar potential

The scalar potential of the model under consideation takes the form:
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Figure 10: Diagrams contributing to the muon anomaly (left) and the electron anomaly (right) where H1,2 are
CP-even non-SM scalars and A1,2 are CP-odd scalars in the physical basis
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right should be responsible for electron, muon and tau Yukawa constants, respectively. After removing all irrelevant
terms to both anomalies and applying the assumption, the 7⇥ 7 mass matrix in the interaction basis is also reduced
to as below:
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The reduced charged lepton mass matrix of Equation 57 clearly tells that no mixing between charged leptons arise so
the branching ratio of µ ! e� is naturally satisfied under this scenario. The scalar exchange for both anomalies can
be realized by closing the Higgs sectors in Figure 3 as per Figure 10.

In Figure 10, the CP-even non-SM scalars H1,2 and CP-odd scalars A1,2 appear as a result of mixing between Higgses
Hu, Hd and � in the interaction basis. The Higgs sector in the interaction basis is defined by
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For consistency, we equate vu, vd and v� to v1, v2 and v3, respectively.
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The scalar potential of the model under consideation takes the form:
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Figure 10: Diagrams contributing to the muon anomaly (left) and the electron anomaly (right) where H1,2 are
CP-even non-SM scalars and A1,2 are CP-odd scalars in the physical basis
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right should be responsible for electron, muon and tau Yukawa constants, respectively. After removing all irrelevant
terms to both anomalies and applying the assumption, the 7⇥ 7 mass matrix in the interaction basis is also reduced
to as below:
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The reduced charged lepton mass matrix of Equation 57 clearly tells that no mixing between charged leptons arise so
the branching ratio of µ ! e� is naturally satisfied under this scenario. The scalar exchange for both anomalies can
be realized by closing the Higgs sectors in Figure 3 as per Figure 10.

In Figure 10, the CP-even non-SM scalars H1,2 and CP-odd scalars A1,2 appear as a result of mixing between Higgses
Hu, Hd and � in the interaction basis. The Higgs sector in the interaction basis is defined by
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For consistency, we equate vu, vd and v� to v1, v2 and v3, respectively.

A. The 2HDM scalar potential

The scalar potential of the model under consideation takes the form:
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Figure 1: Fixed branes (locating the Higgs) at y = 0,⇡R/2 and the normalised wavefunction squared
| |2 profiles for the lowest bulk modes. The H�

u,d are the physically relevant Higgs doublets renamed
Hu,d in the text. The massless n = 0 modes A0

µ, F
0
L, f

0
R are isoneutral (isocharge zero) and correspond

to the horizontal black line at | |2 = 0.5. Their isoneutral n = 1 KK modes have square wavefunctions
depicted by the blue curve. Other n = 0 isoneutral modes are massive KK states shown by the brown
curve. The n = 0 isocharged square wavefunctions are massive KK modes indicated by the green, red
curves which vanish on the branes at y = 0,⇡R/2, respectively.

brane, which together generate all the fermion masses 3,

Lm =iQ̄i�
MDMQi + iūi�

MDMui + id̄i�
MDMdi

+ iL̄i�
MDMLi + iēi�
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(6)

where the yij are flavour matrices. The Higgses and the � have their potential, which
we do not explicitly show. The potential drives the VEV of the fields. We assume that
the � gets a larger VEV, as it is in the SO(3) broken brane, we can assume it only
has a positively charged U(1)0 component. The Higgs potential will have the the usual
hierarchy and stability problems, which are not addressed in this model.

We now turn to the generation of the Yukawa couplings. This is non-trivial since
the massless mode quarks and leptons have zero U(1)0 charge, and are hence forbidden

3The mass dimensionality of each of the 5d fields are [AM ] = 3/2 for gauge vectors
, [F ] = 2 for fermions and [H] = 1 for brane scalars.

6

• Quarks and leptons are SO(3) triplets in 5d bulk
• SO(3) broken to U(1)’ under S1/(Z2xZ2)
• First KK excitation gives 3 Vector-like families

VL fermions and U(1)’ from a 5d SM


