
Leptoquarks at the TeV scale 
Flavor anomalies and Muon (g-2)

Clara Murgui

Anomalies and Precision in the Belle II Era - Workshop, Vienna
September 8th 2021

In collaboration with Pavel Fileviez Pérez (CWRU), Alexis Plascencia (CWRU)  
and Mark B. Wise (Caltech)



Accessing High Energies

Construction of 
Super colliders

Precision 
Physics

<latexit sha1_base64="A715s9IH7jhTanZrsf/0hfCJs1o="></latexit>

L = LSM +
cL

⇤L
`L`LHH +

ci

⇤2
LFUV

(f̄�µf)(f̄�
µ
f) + · · ·+O

✓
Energy

⇤NP

◆n

1





Anomalies in   transitionsb → c

[not this talk]



Status 2019

2017 2018 20192015 2016

3.9 σ 4.0 σ 3.9 σ 3.6 σ 3.1 σ

[LHCb, 1506.08614, 1708.08856, 1711.02505] 
[Belle, 1507.03233, 1607.07923, 1612.00529, 1709.00129, 1904.02440]  

[BaBar, 1205.5442, 1303.0571]

Anomalies in   transitionsb → c

•SM: χ2
SM = 65.5 / 57 d.o.f.
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•New Physics: χ2
min1b = 37.4 / 54
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[1904.0931, C.M., Jung, Peñuelas, Pich]

See Monika’s talk on Tuesday!
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https://arxiv.org/abs/1709.00129


Anomalies in   transitionsb → s



Anomalies in   transitionsb → s

LHCb-PAPER-2021-004
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See Mitesh’s and Nazila’s talk on Monday
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Muon (g-2)



�aµ = aexpµ � aSMµ = (251± 59)⇥ 10�11.

Muon (g-2)

Fermilab Muon g-2, 2021 
E821 experiment, BNL, 2006 

(         )

[See Dominik’s talk on Tuesday]
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�aµ = aexpµ � aSMµ = (251± 59)⇥ 10�11.

Muon (g-2)

Fermilab Muon g-2, 2021 
E821 experiment, BNL, 2006 

(         )

[See Dominik’s talk on Tuesday]
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�aµ = aexpµ � aSMµ = (251± 59)⇥ 10�11.

Fermilab Muon g-2, 2021 
E821 experiment, BNL, 2006 
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[See Dominik’s talk on Tuesday]
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Chiral enhancement!

�aµ = aexpµ � aSMµ = (251± 59)⇥ 10�11.
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[See Dominik’s talk on Tuesday]
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UV candidates at the TeV scale?



UV candidates at the TeV scale?
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[Gripaios, 0910.1789]
See talk by Joe, 

Rusa and Monika
See talk by Monika
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Leptoquarks
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⇤GUT & 1015 GeV

e.g. SU(5)
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Leptoquarks
Notes keynote

clara.murgui15

April 2021

Symbol Q.N. (SM)

U3 (3, 3, 2/3)

V2 (3̄, 2, 5/6)

Ṽ2 (3̄, 2,�1/6)

Ũ1 (3, 1, 5/3)

U1 (3, 1, 2/3)

Ū1 (3, 1,�1/3)

Symbol Q.N. (SM)

S3 (3̄, 3, 1/3)

R2 (3, 2, 7/6)

R̃2 (3,2,1/6)

S̃1 (3̄, 1, 4/3)

S1 (3̄, 1, 1/3)

S̄1 (3̄, 1,�2/3)

1

Notes keynote
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Ṽ2 (3̄, 2,�1/6)
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Vector LQs Scalar LQs

[Dorsner, Fajfer, et al. 1603.04993, Mandal, Pich, 1908.11155]

see Rusa’s talk on Monday! 

freedom            predictability freedom            predictability 
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No Baryon Number violation at renormalizable level

Vector LQs Scalar LQs

Remark: accidental symmetries could protect baryon number, see Joe’s talk on Monday! 
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[See Dominik’s talk on Tuesday]
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Ū1 (3, 1,�1/3)

Symbol Q.N. (SM)

S3 (3̄, 3, 1/3)

R2 (3, 2, 7/6)

R̃2 (3,2,1/6)

S̃1 (3̄, 1, 4/3)

S1 (3̄, 1, 1/3)

S̄1 (3̄, 1,�2/3)

1

Notes keynote

clara.murgui15

April 2021

Symbol Q.N. (SM)

U3 (3, 3, 2/3)

V2 (3̄, 2, 5/6)
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Ū1 (3, 1,�1/3)

Symbol Q.N. (SM)

S3 (3̄, 3, 1/3)

R2 (3, 2, 7/6)

R̃2 (3,2,1/6)

S̃1 (3̄, 1, 4/3)

S1 (3̄, 1, 1/3)

S̄1 (3̄, 1,�2/3)

1

No Baryon Number violation at renormalizable level

Chiral enhancement in (g-2) at 1-loop level

Vector LQs Scalar LQs

6



Symbol Q.N. (SM)

U3 (3, 3, 2/3)

V2 (3̄, 2, 5/6)
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Unification of Matter: Pati-Salam

 

SU(4)C ⌦ SU(2)L ⌦ U(1)R
[P. Fileviez Perez and M. B. Wise 2013]

<latexit sha1_base64="tp3vF5Vt0XOV5KL516OvnD1eGZc=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HwFHZF1GPQi8eI5gHJEmYnvcmQ2QczvWpY8ylePCji1S/x5t84SfagiQUNRVU33V1+IoVGx/m2lpZXVtfWCxvFza3tnV27tNfQcao41HksY9XymQYpIqijQAmtRAELfQlNf3g18Zv3oLSIozscJeCFrB+JQHCGRurapQ7CI2a12zHt6DTRgF277FScKegicXNSJjlqXfur04t5GkKEXDKt266ToJcxhYJLGBc7qYaE8SHrQ9vQiIWgvWx6+pgeGaVHg1iZipBO1d8TGQu1HoW+6QwZDvS8NxH/89opBhdeJqIkRYj4bFGQSooxneRAe0IBRzkyhHElzK2UD5hiHE1aRROCO//yImmcVNyzinNzWq5e5nEUyAE5JMfEJeekSq5JjdQJJw/kmbySN+vJerHerY9Z65KVz+yTP7A+fwCV4ZQ2</latexit>

PS �
[J. Pati a and A. Salam 1974]

7



 

FQL ⇠ (4, 2, 0) =

✓
u ⌫
d e

◆

L Fd =
�
dc ec

�
L
⇠ (4̄, 1, 1/2)

Fu =
�
uc ⌫c

�
L
⇠ (4̄, 1,�1/2)

SU(4)C ⌦ SU(2)L ⌦ U(1)R

Unification of Matter: Pati-Salam

[P. Fileviez Perez and M. B. Wise 2013][J. Pati a and A. Salam 1974]
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<latexit sha1_base64="Dv9LZW4yHDe9YRMhixuNDAjdkEY=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjgheyqUY9ELh4xukACG9ItXWjotpu2a0I2/AgvHjTGq7/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWO6lO/9USVZlI8mnFCgxgPBIsYwcZKrQe/cnHWq/dKZbfqzoCWiZeTMuRo9Epf3b4kaUyFIRxr3fHcxAQZVoYRTifFbqppgskID2jHUoFjqoNsdu4EnVqljyKpbAmDZurviQzHWo/j0HbG2Az1ojcV//M6qYlugoyJJDVUkPmiKOXISDT9HfWZosTwsSWYKGZvRWSIFSbGJlS0IXiLLy+T5nnVu6q695fl2m0eRwGO4QQq4ME11OAOGuADgRE8wyu8OYnz4rw7H/PWFSefOYI/cD5/ANFfjpM=</latexit>

SU(3)C

Unification of Matter: Pati-Salam
8



FQL ⇠ (4, 2, 0) =

✓
u ⌫
d e

◆

L Fd =
�
dc ec

�
L
⇠ (4̄, 1, 1/2)

Fu =
�
uc ⌫c

�
L
⇠ (4̄, 1,�1/2)

SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

SU(4)C ⌦ SU(2)L ⌦ U(1)R

<latexit sha1_base64="u89UBWRRHtsY5xLySE98Uhi6TDQ="></latexit>

� = (�u,�u,�u, h�0
Ri)

<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v� ?

Vector LQ  Uμ
1 ∼ (3,1,2/3)

<latexit sha1_base64="u89UBWRRHtsY5xLySE98Uhi6TDQ="></latexit>

� = (�u,�u,�u, h�0
Ri)

<latexit sha1_base64="cOVh7YpzDnHM8qIqoH6+PwRTHrg=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RD0SvXjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVevn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWti5p7WXPu65XGTR5HEU7gFKrgwhU04A6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH5C8jd4=</latexit>

SU(4)

<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v� ?

V µ
15 ⇠ (15, 1, 0) =

✓
Gµ Uµ

1 /
p
2

(Uµ
1 )

⇤/
p
2 0

◆
+ T4B

0µ

<latexit sha1_base64="Dv9LZW4yHDe9YRMhixuNDAjdkEY=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjgheyqUY9ELh4xukACG9ItXWjotpu2a0I2/AgvHjTGq7/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWO6lO/9USVZlI8mnFCgxgPBIsYwcZKrQe/cnHWq/dKZbfqzoCWiZeTMuRo9Epf3b4kaUyFIRxr3fHcxAQZVoYRTifFbqppgskID2jHUoFjqoNsdu4EnVqljyKpbAmDZurviQzHWo/j0HbG2Az1ojcV//M6qYlugoyJJDVUkPmiKOXISDT9HfWZosTwsSWYKGZvRWSIFSbGJlS0IXiLLy+T5nnVu6q695fl2m0eRwGO4QQq4ME11OAOGuADgRE8wyu8OYnz4rw7H/PWFSefOYI/cD5/ANFfjpM=</latexit>

SU(3)C

8



FQL ⇠ (4, 2, 0) =

✓
u ⌫
d e

◆

L Fd =
�
dc ec

�
L
⇠ (4̄, 1, 1/2)

Fu =
�
uc ⌫c

�
L
⇠ (4̄, 1,�1/2)

SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

SU(4)C ⌦ SU(2)L ⌦ U(1)R

<latexit sha1_base64="u89UBWRRHtsY5xLySE98Uhi6TDQ="></latexit>

� = (�u,�u,�u, h�0
Ri)

LK � g4p
2
Uµ
1 (Q̄L�µ`L + ūR�µ⌫R + d̄R�µeR) + h.c.

<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v� ?
<latexit sha1_base64="u89UBWRRHtsY5xLySE98Uhi6TDQ="></latexit>

� = (�u,�u,�u, h�0
Ri)

<latexit sha1_base64="cOVh7YpzDnHM8qIqoH6+PwRTHrg=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RD0SvXjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVevn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWti5p7WXPu65XGTR5HEU7gFKrgwhU04A6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH5C8jd4=</latexit>

SU(4)

LK � g4p
2
Uµ
1 (Q̄L�µ`L + ūR�µ⌫R + d̄R�µeR) + h.c.

<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v� ?

V µ
15 ⇠ (15, 1, 0) =

✓
Gµ Uµ

1 /
p
2

(Uµ
1 )

⇤/
p
2 0

◆
+ T4B

0µ

<latexit sha1_base64="Dv9LZW4yHDe9YRMhixuNDAjdkEY=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjgheyqUY9ELh4xukACG9ItXWjotpu2a0I2/AgvHjTGq7/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWO6lO/9USVZlI8mnFCgxgPBIsYwcZKrQe/cnHWq/dKZbfqzoCWiZeTMuRo9Epf3b4kaUyFIRxr3fHcxAQZVoYRTifFbqppgskID2jHUoFjqoNsdu4EnVqljyKpbAmDZurviQzHWo/j0HbG2Az1ojcV//M6qYlugoyJJDVUkPmiKOXISDT9HfWZosTwsSWYKGZvRWSIFSbGJlS0IXiLLy+T5nnVu6q695fl2m0eRwGO4QQq4ME11OAOGuADgRE8wyu8OYnz4rw7H/PWFSefOYI/cD5/ANFfjpM=</latexit>

SU(3)C

Vector LQ  Uμ
1 ∼ (3,1,2/3)

8



SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

SU(4)C ⌦ SU(2)L ⌦ U(1)R

<latexit sha1_base64="u89UBWRRHtsY5xLySE98Uhi6TDQ="></latexit>

� = (�u,�u,�u, h�0
Ri)

<latexit sha1_base64="cOVh7YpzDnHM8qIqoH6+PwRTHrg=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RD0SvXjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVevn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWti5p7WXPu65XGTR5HEU7gFKrgwhU04A6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH5C8jd4=</latexit>

SU(4)

LK � g4p
2
Uµ
1 (Q̄L�µ`L + ūR�µ⌫R + d̄R�µeR) + h.c.

<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v� ?

<latexit sha1_base64="l1JMi1HsxsgJDe4YfydDsRh6aSw="></latexit>

Br(KL ! e±µ⌥)exp  4.7⇥ 10�12
W

0
µ H

0
V

µ
LQ SLQ

1

b μ−

W
0
µH

0
V

µ
LQSLQ

1

e+s̄

<latexit sha1_base64="jtbhLrhjr+kKkPBWZuBsDNXbHbk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupr6rUdUmsfywYwT9CM6kDzkjBor3d/0bnvlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6Z1X37rRSu8zjKMIBHMIxeHAONbiGOjSAwQCe4AVeHeE8O2/O+7y14OQz+/ALzsc38aWNkw==</latexit>

KL
<latexit sha1_base64="/+ikJqqNJvtAxM2Z1oR165xewm8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCmwSSNcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/bW1ldW9/YLG2Vt3d29/YrB4dNnVpFaEhSnqp2jDXlTNLQMMNpO1MUi5jTVjy6nfqtJ6o0S+WDGWc0EnggWcIINk5qhb3gsStsr1L1a/4MaJkEBalCgUav8tXtp8QKKg3hWOtO4GcmyrEyjHA6KXetphkmIzygHUclFlRH+ezcCTp1Sh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuS6yhnMrOGSjJflFiOTIqmv6M+U5QYPnYEE8XcrYgMscLEuITKLoRg8eVl0jyvBZc1//6iWr8p4ijBMZzAGQRwBXW4gwaEQGAEz/AKb17mvXjv3se8dcUrZo7gD7zPH+IRj0Y=</latexit>

Uµ
1

V µ
15 ⇠ (15, 1, 0) =

✓
Gµ Uµ

1 /
p
2

(Uµ
1 )

⇤/
p
2 0

◆
+ T4B

0µ

<latexit sha1_base64="Dv9LZW4yHDe9YRMhixuNDAjdkEY=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjgheyqUY9ELh4xukACG9ItXWjotpu2a0I2/AgvHjTGq7/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWO6lO/9USVZlI8mnFCgxgPBIsYwcZKrQe/cnHWq/dKZbfqzoCWiZeTMuRo9Epf3b4kaUyFIRxr3fHcxAQZVoYRTifFbqppgskID2jHUoFjqoNsdu4EnVqljyKpbAmDZurviQzHWo/j0HbG2Az1ojcV//M6qYlugoyJJDVUkPmiKOXISDT9HfWZosTwsSWYKGZvRWSIFSbGJlS0IXiLLy+T5nnVu6q695fl2m0eRwGO4QQq4ME11OAOGuADgRE8wyu8OYnz4rw7H/PWFSefOYI/cD5/ANFfjpM=</latexit>

SU(3)C

Vector LQ  Uμ
1 ∼ (3,1,2/3)

8



SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

SU(4)C ⌦ SU(2)L ⌦ U(1)R

<latexit sha1_base64="u89UBWRRHtsY5xLySE98Uhi6TDQ="></latexit>

� = (�u,�u,�u, h�0
Ri)

LK � g4p
2
Uµ
1 (Q̄L�µ`L + ūR�µ⌫R + d̄R�µeR) + h.c.

<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v�

<latexit sha1_base64="l1JMi1HsxsgJDe4YfydDsRh6aSw="></latexit>

Br(KL ! e±µ⌥)exp  4.7⇥ 10�12

<latexit sha1_base64="O6MUQZCAroriqjh/452H22MUYX0=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzCjoh6DXjxGyAbJGHo6NUmTnoXuGjEM8eKvePGgiFf/wpt/Y2c5aOKDgsd7VVTV8xMpNDrOt7WwuLS8sppby69vbG5t2zu7NR2nikOVxzJWDZ9pkCKCKgqU0EgUsNCXUPf71yO/fg9Kiziq4CABL2TdSASCMzRS295vddG4IXWdu1PaQnjAjFagNmzbBafojEHniTslBTJFuW1/tToxT0OIkEumddN1EvQyplBwCcN8K9WQMN5nXWgaGrEQtJeNPxjSI6N0aBArUxHSsfp7ImOh1oPQN50hw56e9Ubif14zxeDSy0SUpAgRnywKUkkxpqM4aEco4CgHhjCuhLmV8h5TjKMJLW9CcGdfnie1k6J7XnRuzwqlq2kcOXJADskxcckFKZEbUiZVwskjeSav5M16sl6sd+tj0rpgTWf2yB9Ynz8igpYM</latexit>

& 103 TeV

W
0
µ H

0
V

µ
LQ SLQ

1

b μ−

W
0
µH

0
V

µ
LQSLQ

1

e+s̄

<latexit sha1_base64="jtbhLrhjr+kKkPBWZuBsDNXbHbk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupr6rUdUmsfywYwT9CM6kDzkjBor3d/0bnvlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6Z1X37rRSu8zjKMIBHMIxeHAONbiGOjSAwQCe4AVeHeE8O2/O+7y14OQz+/ALzsc38aWNkw==</latexit>

KL
<latexit sha1_base64="/+ikJqqNJvtAxM2Z1oR165xewm8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCmwSSNcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/bW1ldW9/YLG2Vt3d29/YrB4dNnVpFaEhSnqp2jDXlTNLQMMNpO1MUi5jTVjy6nfqtJ6o0S+WDGWc0EnggWcIINk5qhb3gsStsr1L1a/4MaJkEBalCgUav8tXtp8QKKg3hWOtO4GcmyrEyjHA6KXetphkmIzygHUclFlRH+ezcCTp1Sh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuS6yhnMrOGSjJflFiOTIqmv6M+U5QYPnYEE8XcrYgMscLEuITKLoRg8eVl0jyvBZc1//6iWr8p4ijBMZzAGQRwBXW4gwaEQGAEz/AKb17mvXjv3se8dcUrZo7gD7zPH+IRj0Y=</latexit>

Uµ
1

V µ
15 ⇠ (15, 1, 0) =

✓
Gµ Uµ

1 /
p
2

(Uµ
1 )

⇤/
p
2 0

◆
+ T4B

0µ

<latexit sha1_base64="Dv9LZW4yHDe9YRMhixuNDAjdkEY=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjgheyqUY9ELh4xukACG9ItXWjotpu2a0I2/AgvHjTGq7/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWO6lO/9USVZlI8mnFCgxgPBIsYwcZKrQe/cnHWq/dKZbfqzoCWiZeTMuRo9Epf3b4kaUyFIRxr3fHcxAQZVoYRTifFbqppgskID2jHUoFjqoNsdu4EnVqljyKpbAmDZurviQzHWo/j0HbG2Az1ojcV//M6qYlugoyJJDVUkPmiKOXISDT9HfWZosTwsSWYKGZvRWSIFSbGJlS0IXiLLy+T5nnVu6q695fl2m0eRwGO4QQq4ME11OAOGuADgRE8wyu8OYnz4rw7H/PWFSefOYI/cD5/ANFfjpM=</latexit>

SU(3)C

<latexit sha1_base64="cOVh7YpzDnHM8qIqoH6+PwRTHrg=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RD0SvXjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVevn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWti5p7WXPu65XGTR5HEU7gFKrgwhU04A6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH5C8jd4=</latexit>

SU(4)

Vector LQ  Uμ
1 ∼ (3,1,2/3)

8



SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

SU(4)C ⌦ SU(2)L ⌦ U(1)R

V µ
15 ⇠ (15, 1, 0) =

✓
Gµ Uµ

1 /
p
2

(Uµ
1 )

⇤/
p
2 0

◆
+ T4B

0µ

<latexit sha1_base64="u89UBWRRHtsY5xLySE98Uhi6TDQ="></latexit>

� = (�u,�u,�u, h�0
Ri)

<latexit sha1_base64="Dv9LZW4yHDe9YRMhixuNDAjdkEY=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjgheyqUY9ELh4xukACG9ItXWjotpu2a0I2/AgvHjTGq7/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWO6lO/9USVZlI8mnFCgxgPBIsYwcZKrQe/cnHWq/dKZbfqzoCWiZeTMuRo9Epf3b4kaUyFIRxr3fHcxAQZVoYRTifFbqppgskID2jHUoFjqoNsdu4EnVqljyKpbAmDZurviQzHWo/j0HbG2Az1ojcV//M6qYlugoyJJDVUkPmiKOXISDT9HfWZosTwsSWYKGZvRWSIFSbGJlS0IXiLLy+T5nnVu6q695fl2m0eRwGO4QQq4ME11OAOGuADgRE8wyu8OYnz4rw7H/PWFSefOYI/cD5/ANFfjpM=</latexit>

SU(3)C

<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v�

W
0
µ H

0
V

µ
LQ SLQ

1

b μ−

W
0
µH

0
V

µ
LQSLQ

1

e+s̄

<latexit sha1_base64="jtbhLrhjr+kKkPBWZuBsDNXbHbk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupr6rUdUmsfywYwT9CM6kDzkjBor3d/0bnvlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6Z1X37rRSu8zjKMIBHMIxeHAONbiGOjSAwQCe4AVeHeE8O2/O+7y14OQz+/ALzsc38aWNkw==</latexit>

KL

<latexit sha1_base64="onFg84mwrlam6O6r/SGdzkAMZsw="></latexit>

LK � g4p
2
Uµ
1

⇣
· · ·+ d̄RU

†
R�µEReR

⌘
+ h.c.

<latexit sha1_base64="O6MUQZCAroriqjh/452H22MUYX0=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzCjoh6DXjxGyAbJGHo6NUmTnoXuGjEM8eKvePGgiFf/wpt/Y2c5aOKDgsd7VVTV8xMpNDrOt7WwuLS8sppby69vbG5t2zu7NR2nikOVxzJWDZ9pkCKCKgqU0EgUsNCXUPf71yO/fg9Kiziq4CABL2TdSASCMzRS295vddG4IXWdu1PaQnjAjFagNmzbBafojEHniTslBTJFuW1/tToxT0OIkEumddN1EvQyplBwCcN8K9WQMN5nXWgaGrEQtJeNPxjSI6N0aBArUxHSsfp7ImOh1oPQN50hw56e9Ubif14zxeDSy0SUpAgRnywKUkkxpqM4aEco4CgHhjCuhLmV8h5TjKMJLW9CcGdfnie1k6J7XnRuzwqlq2kcOXJADskxcckFKZEbUiZVwskjeSav5M16sl6sd+tj0rpgTWf2yB9Ynz8igpYM</latexit>

& 103 TeV

LK � g4p
2
Uµ
1 (Q̄L�µ`L + ūR�µ⌫R + d̄R�µeR) + h.c.

<latexit sha1_base64="3iVqPx0ywRuemz5YqeWzyqVlLLM="></latexit>⇣
· · · +

Naive bound!

ℓ−

ℓ+

1

b

s

1

d

<latexit sha1_base64="GhpMcjwk04DxWuWu4PpQVdlQDhI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz14rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrtTyOApzCGVyABzdQhXuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBlgeMyw==</latexit>

B
<latexit sha1_base64="xUEcXjUlZD6W8XkTX0Twd0vMxIE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBCih7Aroh6DXgQvEcwDkjXMTjrJkNnZZWZWCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4gF18Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRohjWWCQi1QyoRsEl1gw3ApuxQhoGAhvB8GbiN55QaR7JBzOK0Q9pX/IeZ9RYqXH3mJZOT8adQtEtu1OQReJlpAgZqp3CV7sbsSREaZigWrc8NzZ+SpXhTOA43040xpQNaR9blkoaovbT6bljcmyVLulFypY0ZKr+nkhpqPUoDGxnSM1Az3sT8T+vlZjelZ9yGScGJZst6iWCmIhMfiddrpAZMbKEMsXtrYQNqKLM2ITyNgRv/uVFUj8rexdl9/68WLnO4sjBIRxBCTy4hArcQhVqwGAIz/AKb07svDjvzsesdcnJZg7gD5zPH0iajuE=</latexit>

K(⇤)d

<latexit sha1_base64="/+ikJqqNJvtAxM2Z1oR165xewm8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCmwSSNcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/bW1ldW9/YLG2Vt3d29/YrB4dNnVpFaEhSnqp2jDXlTNLQMMNpO1MUi5jTVjy6nfqtJ6o0S+WDGWc0EnggWcIINk5qhb3gsStsr1L1a/4MaJkEBalCgUav8tXtp8QKKg3hWOtO4GcmyrEyjHA6KXetphkmIzygHUclFlRH+ezcCTp1Sh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuS6yhnMrOGSjJflFiOTIqmv6M+U5QYPnYEE8XcrYgMscLEuITKLoRg8eVl0jyvBZc1//6iWr8p4ijBMZzAGQRwBXW4gwaEQGAEz/AKb17mvXjv3se8dcUrZo7gD7zPH+IRj0Y=</latexit>

Uµ
1

<latexit sha1_base64="/+ikJqqNJvtAxM2Z1oR165xewm8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCmwSSNcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/bW1ldW9/YLG2Vt3d29/YrB4dNnVpFaEhSnqp2jDXlTNLQMMNpO1MUi5jTVjy6nfqtJ6o0S+WDGWc0EnggWcIINk5qhb3gsStsr1L1a/4MaJkEBalCgUav8tXtp8QKKg3hWOtO4GcmyrEyjHA6KXetphkmIzygHUclFlRH+ezcCTp1Sh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuS6yhnMrOGSjJflFiOTIqmv6M+U5QYPnYEE8XcrYgMscLEuITKLoRg8eVl0jyvBZc1//6iWr8p4ijBMZzAGQRwBXW4gwaEQGAEz/AKb17mvXjv3se8dcUrZo7gD7zPH+IRj0Y=</latexit>

Uµ
1

1

bμ− μ−

γ
<latexit sha1_base64="/+ikJqqNJvtAxM2Z1oR165xewm8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCmwSSNcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/bW1ldW9/YLG2Vt3d29/YrB4dNnVpFaEhSnqp2jDXlTNLQMMNpO1MUi5jTVjy6nfqtJ6o0S+WDGWc0EnggWcIINk5qhb3gsStsr1L1a/4MaJkEBalCgUav8tXtp8QKKg3hWOtO4GcmyrEyjHA6KXetphkmIzygHUclFlRH+ezcCTp1Sh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuS6yhnMrOGSjJflFiOTIqmv6M+U5QYPnYEE8XcrYgMscLEuITKLoRg8eVl0jyvBZc1//6iWr8p4ijBMZzAGQRwBXW4gwaEQGAEz/AKb17mvXjv3se8dcUrZo7gD7zPH+IRj0Y=</latexit>

Uµ
1

<latexit sha1_base64="cOVh7YpzDnHM8qIqoH6+PwRTHrg=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RD0SvXjE6AIJbEi3dKGh2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxLBtXGcb1RYW9/Y3Cpul3Z29/YPyodHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+Hbmt5+Y0jyWj2aSMD8iQ8lDTomxkvfgVevn/XLFqTlz4FXi5qQCOZr98ldvENM0YtJQQbTuuk5i/Iwow6lg01Iv1SwhdEyGrGupJBHTfjY/dorPrDLAYaxsSYPn6u+JjERaT6LAdkbEjPSyNxP/87qpCa/9jMskNUzSxaIwFdjEePY5HnDFqBETSwhV3N6K6YgoQo3Np2RDcJdfXiWti5p7WXPu65XGTR5HEU7gFKrgwhU04A6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH5C8jd4=</latexit>

SU(4)

Vector LQ  Uμ
1 ∼ (3,1,2/3)

8



SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

SU(4)C ⌦ SU(2)L ⌦ U(1)R

<latexit sha1_base64="u89UBWRRHtsY5xLySE98Uhi6TDQ="></latexit>

� = (�u,�u,�u, h�0
Ri)

<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v�

W
0
µ H

0
V

µ
LQ SLQ

1

b μ−

W
0
µH

0
V

µ
LQSLQ

1

e+s̄

<latexit sha1_base64="jtbhLrhjr+kKkPBWZuBsDNXbHbk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi6CHivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoNUHA4/3ZpiZFySCa+O6X05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupr6rUdUmsfywYwT9CM6kDzkjBor3d/0bnvlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6Z1X37rRSu8zjKMIBHMIxeHAONbiGOjSAwQCe4AVeHeE8O2/O+7y14OQz+/ALzsc38aWNkw==</latexit>

KL

<latexit sha1_base64="O6MUQZCAroriqjh/452H22MUYX0=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzCjoh6DXjxGyAbJGHo6NUmTnoXuGjEM8eKvePGgiFf/wpt/Y2c5aOKDgsd7VVTV8xMpNDrOt7WwuLS8sppby69vbG5t2zu7NR2nikOVxzJWDZ9pkCKCKgqU0EgUsNCXUPf71yO/fg9Kiziq4CABL2TdSASCMzRS295vddG4IXWdu1PaQnjAjFagNmzbBafojEHniTslBTJFuW1/tToxT0OIkEumddN1EvQyplBwCcN8K9WQMN5nXWgaGrEQtJeNPxjSI6N0aBArUxHSsfp7ImOh1oPQN50hw56e9Ubif14zxeDSy0SUpAgRnywKUkkxpqM4aEco4CgHhjCuhLmV8h5TjKMJLW9CcGdfnie1k6J7XnRuzwqlq2kcOXJADskxcckFKZEbUiZVwskjeSav5M16sl6sd+tj0rpgTWf2yB9Ynz8igpYM</latexit>

& 103 TeV

Naive bound!

ℓ−

ℓ+

1

b

s

1

d

<latexit sha1_base64="GhpMcjwk04DxWuWu4PpQVdlQDhI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz14rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVtXJWrtTyOApzCGVyABzdQhXuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBlgeMyw==</latexit>

B
<latexit sha1_base64="xUEcXjUlZD6W8XkTX0Twd0vMxIE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBCih7Aroh6DXgQvEcwDkjXMTjrJkNnZZWZWCEs+wosHRbz6Pd78GyfJHjSxoKGo6qa7K4gF18Z1v52l5ZXVtfXcRn5za3tnt7C3X9dRohjWWCQi1QyoRsEl1gw3ApuxQhoGAhvB8GbiN55QaR7JBzOK0Q9pX/IeZ9RYqXH3mJZOT8adQtEtu1OQReJlpAgZqp3CV7sbsSREaZigWrc8NzZ+SpXhTOA43040xpQNaR9blkoaovbT6bljcmyVLulFypY0ZKr+nkhpqPUoDGxnSM1Az3sT8T+vlZjelZ9yGScGJZst6iWCmIhMfiddrpAZMbKEMsXtrYQNqKLM2ITyNgRv/uVFUj8rexdl9/68WLnO4sjBIRxBCTy4hArcQhVqwGAIz/AKb07svDjvzsesdcnJZg7gD5zPH0iajuE=</latexit>

K(⇤)d

<latexit sha1_base64="/+ikJqqNJvtAxM2Z1oR165xewm8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCmwSSNcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/bW1ldW9/YLG2Vt3d29/YrB4dNnVpFaEhSnqp2jDXlTNLQMMNpO1MUi5jTVjy6nfqtJ6o0S+WDGWc0EnggWcIINk5qhb3gsStsr1L1a/4MaJkEBalCgUav8tXtp8QKKg3hWOtO4GcmyrEyjHA6KXetphkmIzygHUclFlRH+ezcCTp1Sh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuS6yhnMrOGSjJflFiOTIqmv6M+U5QYPnYEE8XcrYgMscLEuITKLoRg8eVl0jyvBZc1//6iWr8p4ijBMZzAGQRwBXW4gwaEQGAEz/AKb17mvXjv3se8dcUrZo7gD7zPH+IRj0Y=</latexit>
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1

<latexit sha1_base64="/+ikJqqNJvtAxM2Z1oR165xewm8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCmwSSNcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/bW1ldW9/YLG2Vt3d29/YrB4dNnVpFaEhSnqp2jDXlTNLQMMNpO1MUi5jTVjy6nfqtJ6o0S+WDGWc0EnggWcIINk5qhb3gsStsr1L1a/4MaJkEBalCgUav8tXtp8QKKg3hWOtO4GcmyrEyjHA6KXetphkmIzygHUclFlRH+ezcCTp1Sh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuS6yhnMrOGSjJflFiOTIqmv6M+U5QYPnYEE8XcrYgMscLEuITKLoRg8eVl0jyvBZc1//6iWr8p4ijBMZzAGQRwBXW4gwaEQGAEz/AKb17mvXjv3se8dcUrZo7gD7zPH+IRj0Y=</latexit>

Uµ
1

1

bμ− μ−

γ
<latexit sha1_base64="/+ikJqqNJvtAxM2Z1oR165xewm8=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCmwSSNcxOZpMhM7PLPISw5CO8eFDEq9/jzb9xkuxBEwsaiqpuurvijDNtfP/bW1ldW9/YLG2Vt3d29/YrB4dNnVpFaEhSnqp2jDXlTNLQMMNpO1MUi5jTVjy6nfqtJ6o0S+WDGWc0EnggWcIINk5qhb3gsStsr1L1a/4MaJkEBalCgUav8tXtp8QKKg3hWOtO4GcmyrEyjHA6KXetphkmIzygHUclFlRH+ezcCTp1Sh8lqXIlDZqpvydyLLQei9h1CmyGetGbiv95HWuS6yhnMrOGSjJflFiOTIqmv6M+U5QYPnYEE8XcrYgMscLEuITKLoRg8eVl0jyvBZc1//6iWr8p4ijBMZzAGQRwBXW4gwaEQGAEz/AKb17mvXjv3se8dcUrZo7gD7zPH+IRj0Y=</latexit>

Uµ
1

Vector LQ  Uμ
1 ∼ (3,1,2/3)

Way outs: extra vector-like fermions / enlarged gauge group  
[Capdevilla, Crivellin, et al. 1704.05340, Calibbi, Crivellin, Li, 1709.00692, Luzio, Greijo, 
Nardecchia, 1708.08450, Assad, Fornal, Grinstein, 1708.06350, Bordone, Cornella et al. 

1712.01368, Cornella, Fuentes-Martín, Isidori, 1903.11517, Cornella, Faroughy, et al. 2103.16558], 
chiral Pati-Salam [Balaji, Schmidt, 1911.08873], … 
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Unification of Matter

FQL ⇠ (4, 2, 0) =
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u ⌫
d e

◆

L Fd =
�
dc ec
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⇠ (4̄, 1, 1/2)

Fu =
�
uc ⌫c

�
L
⇠ (4̄, 1,�1/2)

SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

H ⇠ (1, 2, 1/2),� ⇠ (15, 2, 1/2)
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LY = Y1 FQLFuH + Y3 H
†
FQLFd + Y2 FQLFu�+ Y4 �

†
FQLFd + h.c.

�3 ⇠ (3̄, 2� 1/6)SM

SU(4)C ⌦ SU(2)L ⌦ U(1)R
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Unification of Matter

Mu = Y1
v1p
2
+

1

2
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v2p
2

MD
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SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

,

SU(4)C ⌦ SU(2)L ⌦ U(1)R

�L⌫
QL = Y5Fu�S +

1

2
µSS + h.c.. MD

� = Y5v�/
p
2

h�i

(⌫ ⌫c S)

0

@
0 MD

⌫ 0
(MD

⌫ )T 0 MD
�

0 (MD
� )T µ

1

A

0

@
⌫
⌫c

S

1

A
LQ

LQ
EW

EW
MD

� � MD
⌫ � µ

m⌫ ⇡ µ(MD
⌫ )2/(MD

� )2,EW LQ

Inverse seesaw

h�iNo need for       to be large!!

[P. Fileviez Perez and M. B. Wise 2013]
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Unification of Matter
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�LY � Y2 QL�3(⌫
c)L + Y2 `L�4(u

c)L + Y4 QL�
†
4(e

c)L + Y4 `L�
†
3(d

c)L + h.c.

�4 ⇠ (3, 2, 7/6)SM

�3 ⇠ (3̄, 2� 1/6)SM

�3 ⇠ (3̄, 2,�1/6)SM

•The theory predicts scalar LQs: 

PREDICTED!!
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Baryon Number in Pati-Salam

�4 ⇠ (3, 2, 7/6)SM�3 ⇠ (3̄, 2,�1/6)SM

•The theory predicts scalar LQs: 

QB(�3) = �1/3, QL(�3) = 1, QB(�4) = 1/3, QL(�4) = �1

�LY � Y2 QL�3(⌫
c)L + Y2 `L�4(u

c)L + Y4 QL�
†
4(e

c)L + Y4 `L�
†
3(d

c)L + h.c.
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�4 ⇠ (3, 2, 7/6)SM�3 ⇠ (3̄, 2,�1/6)SM

•The theory predicts scalar LQs: 

QB(�3) = �1/3, QL(�3) = 1, QB(�4) = 1/3, QL(�4) = �1

dR

⌫L

�3

hHi dR

uR

1

SU(4)c ⌦ SU(2)L ⌦ U(1)R SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q

�LY � Y2 QL�3(⌫
c)L + Y2 `L�4(u

c)L + Y4 QL�
†
4(e

c)L + Y4 `L�
†
3(d

c)L + h.c.

Baryon Number in QL-Unification

[Assad, Fornal, Grinstein, 1708.06350 
C.M, M. B. Wise, 2105.14029]
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�4 ⇠ (3, 2, 7/6)SM�3 ⇠ (3̄, 2,�1/6)SM

•The theory predicts scalar LQs: 

QB(�3) = �1/3, QL(�3) = 1, QB(�4) = 1/3, QL(�4) = �1
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SU(3)c ⌦ SU(2)L ⌦ U(1)Y SU(3)c ⌦ U(1)Q
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c)L + Y2 `L�4(u

c)L + Y4 QL�
†
4(e

c)L + Y4 `L�
†
3(d

c)L + h.c.

Baryon Number in QL-Unification

[C.M, M. B. Wise, 2105.14029]
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QB(�3) = �1/3, QL(�3) = 1, QB(�4) = 1/3, QL(�4) = �1
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�L�3
Y = Y ab

4 d̄bR(�
1/3
3 )⇤⌫aL + Y ab

4 d̄bR(�
�2/3
3 )⇤eaL + h.c.

•  contributes to  transitions! ϕ−2/3
3 b → s

�3 =

 
�1/3
3

��2/3
3

!

Scalar LQ:  ̃R2 ≡ Φ3 ⇠ (3̄, 2,�1/6)

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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<latexit sha1_base64="23J88jPuM6FCo0Yo63akpPgVohc=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmLiRWzBqEeiF4+YyEcClWyXLWzYbuvuloQ0/R1ePGiMV3+MN/+NC/Sg4EsmeXlvJjPzvIgzpW3728qtrK6tb+Q3C1vbO7t7xf2DpgpjSWiDhDyUbQ8rypmgDc00p+1IUhx4nLa80e3Ub42pVCwUD3oSUTfAA8F8RrA2ktuNhqxXfUzOKufVtFcs2WV7BrRMnIyUIEO9V/zq9kMSB1RowrFSHceOtJtgqRnhNC10Y0UjTEZ4QDuGChxQ5Sazo1N0YpQ+8kNpSmg0U39PJDhQahJ4pjPAeqgWvan4n9eJtX/tJkxEsaaCzBf5MUc6RNMEUJ9JSjSfGIKJZOZWRIZYYqJNTgUTgrP48jJpVsrOZdm+vyjVbrI48nAEx3AKDlxBDe6gDg0g8ATP8Apv1th6sd6tj3lrzspmDuEPrM8fg3eRRw==</latexit>

��2/3
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b
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<latexit sha1_base64="Eool/P8n5hWVLmeVGjGNMng2F2g="></latexit>
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4 (Ỹ `s

4 )⇤

M2
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<latexit sha1_base64="Wjzntw/pK9at23HZ7giwi5jtEEM=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgqUhIRdSm6cVnB1krTlsn0VodOHszciCXkJ9z4K25cKOJWcOffOE2z8HVg4HDOfc3xYyk0Os6nNTE5NT0zW5orzy8sLi3bK6sNHSWKQ51HMlJNn2mQIoQ6CpTQjBWwwJdw6Q9OR/7lLSgtovAChzG0A3Ydir7gDI3UtXc9hDvM56TGghBZlm55KGQP6FV3v5N6ICXV2XZnJ+vaFafq5KB/iVuQCilQ69ofXi/iSWDGcsm0brlOjO2UKRRcQlb2Eg0x4wOzuGVoyALQ7TS/JqObRunRfqTMC5Hm6veOlAVaDwPfVAYMb/RvbyT+57US7B+1UxHGCULIx4v6iaQY0VFEtCcUcJRDQxhXwtxK+Q1TjKMJsmxCcH9/+S9p7FXdg6pzvl85PiniKJF1skG2iEsOyTE5IzVSJ5zck0fyTF6sB+vJerXexqUTVtGzRn7Aev8C/HefSg==</latexit>
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Ỹ `b
4 Zoom-out

[Fileviez Perez, C.M, Plascencia, 2104.11229]

Scalar LQ:  ̃R2 ≡ Φ3 ⇠ (3̄, 2,�1/6)
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Scalar LQ:  ̃R2 ≡ Φ3 ⇠ (3̄, 2,�1/6)
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<latexit sha1_base64="LD9LZp5u3+FzoAHP8uXa0Tgkc6M=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwVZNY1I1QdOOygn1IE8NkMmmHTh7MTIQS8hlu/BU3LhRx251/47TNQtseuHA4517uvcdLGBXSMH600srq2vpGebOytb2zu6fvH7RFnHJMWjhmMe96SBBGI9KSVDLSTThBocdIxxveTvzOM+GCxtGDHCXECVE/ogHFSCrJ1c9sSZlP4KOb2cmAuvX8KbOsHF7DJca5lbt61agZU8BFYhakCgo0XX1s+zFOQxJJzJAQPdNIpJMhLilmJK/YqSAJwkPUJz1FIxQS4WTTx3J4ohQfBjFXFUk4Vf9OZCgUYhR6qjNEciDmvYm4zOulMrhyMholqSQRni0KUgZlDCcpQZ9ygiUbKYIwp+pWiAeIIyxVlhUVgjn/8iJpWzXzombc16uNmyKOMjgCx+AUmOASNMAdaIIWwOAFvIEP8Km9au/al/Y9ay1pxcwh+Adt/AtWl59U</latexit>

Ỹ 22
�4

= Ỹ 32
�4
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Mainly to muons!

<latexit sha1_base64="MlBXKndteeFSrTmhIGF+PbiEk84=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JUUZdFNy4r2Ic0MUwmt+3QycOZSaHELvwVNy4UcetvuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWFxaXlktrBXXNza3ts2d3YaMU0GhTmMei5ZPJHAWQV0xxaGVCCChz6Hp96/GfnMAQrI4ulXDBNyQdCPWYZQoLXnmvgMPKRtgRzEeAL7zKvdZ5WTkmSWrbE2A54mdkxLKUfPMLyeIaRpCpCgnUrZtK1FuRoRilMOo6KQSEkL7pAttTSMSgnSzyf0jfKSVAHdioStSeKL+nshIKOUw9HVnSFRPznpj8T+vnarOhZuxKEkVRHS6qJNyrGI8DgMHTABVfKgJoYLpWzHtEUGo0pEVdQj27MvzpFEp22dl6+a0VL3M4yigA3SIjpGNzlEVXaMaqiOKHtEzekVvxpPxYrwbH9PWBSOf2UN/YHz+AO8ElWU=</latexit> ⌘
Ỹ

2
3

2

Rexp
K⇤ [0.045, 1.1]± 2�

Rexp
K⇤ [1.1, 6]± 2�

Rexp
K [1.1, 6]± 1�

Br(Bs ! µ+µ�)exp ± 1�

[Fileviez Perez, C.M, Plascencia, 2104.11229]
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Thank you!
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Bonus:  (g − 2)μ

Ỹ�4 =Ỹ�3 =

<latexit sha1_base64="Dus9445pqew20AsPJ+ICigw6SlI=">AAAB83icbVDLTsMwENyUVymvAkcuFhUSp5JAeRwruHAsEn1ITagc12mtOo5lO0hV1N/gwgGEuPIz3Pgb3DYHKIy00mhmV7s7oeRMG9f9cgpLyyura8X10sbm1vZOeXevpZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4upn67UeqNEvEvRlLGsR4IFjECDZW8n05ZL3aQ3Z+cjbplStu1Z0B/SVeTiqQo9Erf/r9hKQxFYZwrHXXc6UJMqwMI5xOSn6qqcRkhAe0a6nAMdVBNrt5go6s0kdRomwJg2bqz4kMx1qP49B2xtgM9aI3Ff/zuqmJroKMCZkaKsh8UZRyZBI0DQD1maLE8LElmChmb0VkiBUmxsZUsiF4iy//Ja3TqndRde9qlfp1HkcRDuAQjsGDS6jDLTSgCQQkPMELvDqp8+y8Oe/z1oKTz+zDLzgf3xyskRQ=</latexit>

�5/3
4

<latexit sha1_base64="LD9LZp5u3+FzoAHP8uXa0Tgkc6M=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwVZNY1I1QdOOygn1IE8NkMmmHTh7MTIQS8hlu/BU3LhRx251/47TNQtseuHA4517uvcdLGBXSMH600srq2vpGebOytb2zu6fvH7RFnHJMWjhmMe96SBBGI9KSVDLSTThBocdIxxveTvzOM+GCxtGDHCXECVE/ogHFSCrJ1c9sSZlP4KOb2cmAuvX8KbOsHF7DJca5lbt61agZU8BFYhakCgo0XX1s+zFOQxJJzJAQPdNIpJMhLilmJK/YqSAJwkPUJz1FIxQS4WTTx3J4ohQfBjFXFUk4Vf9OZCgUYhR6qjNEciDmvYm4zOulMrhyMholqSQRni0KUgZlDCcpQZ9ygiUbKYIwp+pWiAeIIyxVlhUVgjn/8iJpWzXzombc16uNmyKOMjgCx+AUmOASNMAdaIIWwOAFvIEP8Km9au/al/Y9ay1pxcwh+Adt/AtWl59U</latexit>

Ỹ 22
�4

= Ỹ 32
�4

Mainly to muons!

<latexit sha1_base64="MlBXKndteeFSrTmhIGF+PbiEk84=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JUUZdFNy4r2Ic0MUwmt+3QycOZSaHELvwVNy4UcetvuPNvnLZZaOuBC4dz7uXee/yEM6ks69tYWFxaXlktrBXXNza3ts2d3YaMU0GhTmMei5ZPJHAWQV0xxaGVCCChz6Hp96/GfnMAQrI4ulXDBNyQdCPWYZQoLXnmvgMPKRtgRzEeAL7zKvdZ5WTkmSWrbE2A54mdkxLKUfPMLyeIaRpCpCgnUrZtK1FuRoRilMOo6KQSEkL7pAttTSMSgnSzyf0jfKSVAHdioStSeKL+nshIKOUw9HVnSFRPznpj8T+vnarOhZuxKEkVRHS6qJNyrGI8DgMHTABVfKgJoYLpWzHtEUGo0pEVdQj27MvzpFEp22dl6+a0VL3M4yigA3SIjpGNzlEVXaMaqiOKHtEzekVvxpPxYrwbH9PWBSOf2UN/YHz+AO8ElWU=</latexit> ⌘
Ỹ

2
3

2

Rexp
K⇤ [0.045, 1.1]± 2�

Rexp
K⇤ [1.1, 6]± 2�

Rexp
K [1.1, 6]± 1�

Br(Bs ! µ+µ�)exp ± 1�

[Fileviez Perez, C.M, Plascencia, 2104.11229]



<latexit sha1_base64="QIh90BEOY7gDAZZzQ4Smq6DcO4c="></latexit>
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<latexit sha1_base64="3he6tUtX73dWHx0cvT3dkqCNCsI="></latexit>
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•  contributes to  transitions! ϕ−2/3
3 b → s
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Y = Y ab
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3 )⇤⌫aL + Y ab
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3 )⇤eaL + h.c.

Scalar LQ:  Φ3⇠ (3̄, 2,�1/6)
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K [1.1, 6]± 1�

Br(Bs ! µ+µ�)exp ± 1�



Signatures

•             mixing
<latexit sha1_base64="76nLgsGoeWBmNuYmqK7DTYzyLbw=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEN5ZERF2WunFZwV6gCWUynbZDJ5MwcyItoSs3voobF4q49Rnc+TZO2iy09YeBj/+cw5nzB7HgGhzn21paXlldWy9sFDe3tnd27b39ho4SRVmdRiJSrYBoJrhkdeAgWCtWjISBYM1geJPVmw9MaR7JexjHzA9JX/IepwSM1bGPqh2Nz7AXEIUz9ICNIMUhH3HZn3TsklN2psKL4OZQQrlqHfvL60Y0CZkEKojWbdeJwU+JAk4FmxS9RLOY0CHps7ZBSUKm/XR6xgSfGKeLe5EyTwKeur8nUhJqPQ4D0xkSGOj5Wmb+V2sn0Lv2Uy7jBJiks0W9RGCIcJYJ7nLFKIixAUIVN3/FdEAUoWCSK5oQ3PmTF6FxXnYvy87dRalSzeMooEN0jE6Ri65QBd2iGqojih7RM3pFb9aT9WK9Wx+z1iUrnzlAf2R9/gCiuJf9</latexit>

Bs � B̄s mixing
[Becirevic, Fajfer, Kosnik, 1503.09024]

Ỹ�3 = EY4D
c =



Signatures

•             mixing
<latexit sha1_base64="76nLgsGoeWBmNuYmqK7DTYzyLbw=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEN5ZERF2WunFZwV6gCWUynbZDJ5MwcyItoSs3voobF4q49Rnc+TZO2iy09YeBj/+cw5nzB7HgGhzn21paXlldWy9sFDe3tnd27b39ho4SRVmdRiJSrYBoJrhkdeAgWCtWjISBYM1geJPVmw9MaR7JexjHzA9JX/IepwSM1bGPqh2Nz7AXEIUz9ICNIMUhH3HZn3TsklN2psKL4OZQQrlqHfvL60Y0CZkEKojWbdeJwU+JAk4FmxS9RLOY0CHps7ZBSUKm/XR6xgSfGKeLe5EyTwKeur8nUhJqPQ4D0xkSGOj5Wmb+V2sn0Lv2Uy7jBJiks0W9RGCIcJYJ7nLFKIixAUIVN3/FdEAUoWCSK5oQ3PmTF6FxXnYvy87dRalSzeMooEN0jE6Ri65QBd2iGqojih7RM3pFb9aT9WK9Wx+z1iUrnzlAf2R9/gCiuJf9</latexit>

Bs � B̄s mixing
[Becirevic, Fajfer, Kosnik, 1503.09024]

Ỹ�3 = EY4D
c =

<latexit sha1_base64="2LrV739ZbXfpZe1uaCTxvOngQEk="></latexit>
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<latexit sha1_base64="pradeEzdCA0SzNw9f/xXZ5kbzhg=">AAACHHicbVDLSgNBEJyN7/ha9ehlMAh6MOxGMV6EED14VDBGSOIyO+mYIbMPZnrFsOyHePFXvHhQxIsHwb9x8jhotKChqOqmu8uPpdDoOF9Wbmp6ZnZufiG/uLS8smqvrV/pKFEcajySkbr2mQYpQqihQAnXsQIW+BLqfu9k4NfvQGkRhZfYj6EVsNtQdARnaCTP3m+egkRGAy+tejq7aSLcYwr3cUaPqVsulnZKu3Qk0tj46Z6beXbBKTpD0L/EHZMCGePcsz+a7YgnAYTIJdO64ToxtlKmUHAJWb6ZaIgZ77FbaBgasgB0Kx0+l9Fto7RpJ1KmQqRD9edEygKt+4FvOgOGXT3pDcT/vEaCnaNWKsI4QQj5aFEnkRQjOkiKtoUCjrJvCONKmFsp7zLFOJo88yYEd/Llv+SqVHQPi87FQaFSHccxTzbJFtkhLimTCjkj56RGOHkgT+SFvFqP1rP1Zr2PWnPWeGaD/IL1+Q2SPKBo</latexit>

�mexp
Bs

= 17.2(2) ps�1

<latexit sha1_base64="ovj05G3tMI+JmxH8vLf/TYBc8lk="></latexit>
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Signatures

•             mixing
<latexit sha1_base64="76nLgsGoeWBmNuYmqK7DTYzyLbw=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEN5ZERF2WunFZwV6gCWUynbZDJ5MwcyItoSs3voobF4q49Rnc+TZO2iy09YeBj/+cw5nzB7HgGhzn21paXlldWy9sFDe3tnd27b39ho4SRVmdRiJSrYBoJrhkdeAgWCtWjISBYM1geJPVmw9MaR7JexjHzA9JX/IepwSM1bGPqh2Nz7AXEIUz9ICNIMUhH3HZn3TsklN2psKL4OZQQrlqHfvL60Y0CZkEKojWbdeJwU+JAk4FmxS9RLOY0CHps7ZBSUKm/XR6xgSfGKeLe5EyTwKeur8nUhJqPQ4D0xkSGOj5Wmb+V2sn0Lv2Uy7jBJiks0W9RGCIcJYJ7nLFKIixAUIVN3/FdEAUoWCSK5oQ3PmTF6FxXnYvy87dRalSzeMooEN0jE6Ri65QBd2iGqojih7RM3pFb9aT9WK9Wx+z1iUrnzlAf2R9/gCiuJf9</latexit>

Bs � B̄s mixing
[Becirevic, Fajfer, Kosnik, 1503.09024]

Ỹ�3 = EY4D
c =

•LFU & LFV,                            , Bs ! missing energy

B ! K(⇤) +missing energy

Bs ! missing energy

B ! K(⇤) +missing energy

�3 =

 
�1/3
3

��2/3
3

!

�L�3
Y = Y ab

4 d̄bR(�
1/3
3 )⇤⌫aL + Y ab

4 d̄bR(�
�2/3
3 )⇤eaL + h.c.

Ỹ�3 = EY4D
c =

<latexit sha1_base64="ElXCnWDgAR0zhXZ1HRhfoZpmgK0=">AAACKnicbVDLSgNBEJz1GeMr6tHLYBA8hV0N6kWIehFEiZhEJRuX2UnHDM4+mOkVw5Lv8eKveMlBCV79ECePgxoLBoqqanq6/FgKjbbdt6amZ2bn5jML2cWl5ZXV3Np6TUeJ4lDlkYzUrc80SBFCFQVKuI0VsMCXcOM/ng78mydQWkRhBTsxNAL2EIqW4AyN5OWOXRSyCfTOK9IjWvNchGdMyxeX1937Cj339oyWunFbeMUudbUIJjJeLm8X7CHoJHHGJE/GKHu5ntuMeBJAiFwyreuOHWMjZQoFl9DNuomGmPFH9gB1Q0MWgG6kw1O7dNsoTdqKlHkh0qH6cyJlgdadwDfJgGFb//UG4n9ePcHWYSMVYZwghHy0qJVIihEd9EabQgFH2TGEcSXMXylvM8U4mnazpgTn78mTpLZbcPYL9lUxXzoZ15Ehm2SL7BCHHJASOSNlUiWcvJA38k4+rFerZ/Wtz1F0yhrPbJBfsL6+AcWzpaw=</latexit>

Ỹ4 = V T
PMNSK3V�4 ⇠ V T

PMNSỸ�3 = EY4D
c =



Signatures

•             mixing
<latexit sha1_base64="76nLgsGoeWBmNuYmqK7DTYzyLbw=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEN5ZERF2WunFZwV6gCWUynbZDJ5MwcyItoSs3voobF4q49Rnc+TZO2iy09YeBj/+cw5nzB7HgGhzn21paXlldWy9sFDe3tnd27b39ho4SRVmdRiJSrYBoJrhkdeAgWCtWjISBYM1geJPVmw9MaR7JexjHzA9JX/IepwSM1bGPqh2Nz7AXEIUz9ICNIMUhH3HZn3TsklN2psKL4OZQQrlqHfvL60Y0CZkEKojWbdeJwU+JAk4FmxS9RLOY0CHps7ZBSUKm/XR6xgSfGKeLe5EyTwKeur8nUhJqPQ4D0xkSGOj5Wmb+V2sn0Lv2Uy7jBJiks0W9RGCIcJYJ7nLFKIixAUIVN3/FdEAUoWCSK5oQ3PmTF6FxXnYvy87dRalSzeMooEN0jE6Ri65QBd2iGqojih7RM3pFb9aT9WK9Wx+z1iUrnzlAf2R9/gCiuJf9</latexit>

Bs � B̄s mixing
[Becirevic, Fajfer, Kosnik, 1503.09024]

Ỹ�3 = EY4D
c =

•Phenomenological relations exploting the Pati-Salam symmetry
[Fileviez, Golias, Plascencia, 2107.06895]

e.g.

•LFU & LFV,                            , Bs ! missing energy

B ! K(⇤) +missing energy

Bs ! missing energy

B ! K(⇤) +missing energy

Ỹ�3 = EY4D
c =

<latexit sha1_base64="ElXCnWDgAR0zhXZ1HRhfoZpmgK0=">AAACKnicbVDLSgNBEJz1GeMr6tHLYBA8hV0N6kWIehFEiZhEJRuX2UnHDM4+mOkVw5Lv8eKveMlBCV79ECePgxoLBoqqanq6/FgKjbbdt6amZ2bn5jML2cWl5ZXV3Np6TUeJ4lDlkYzUrc80SBFCFQVKuI0VsMCXcOM/ng78mydQWkRhBTsxNAL2EIqW4AyN5OWOXRSyCfTOK9IjWvNchGdMyxeX1937Cj339oyWunFbeMUudbUIJjJeLm8X7CHoJHHGJE/GKHu5ntuMeBJAiFwyreuOHWMjZQoFl9DNuomGmPFH9gB1Q0MWgG6kw1O7dNsoTdqKlHkh0qH6cyJlgdadwDfJgGFb//UG4n9ePcHWYSMVYZwghHy0qJVIihEd9EabQgFH2TGEcSXMXylvM8U4mnazpgTn78mTpLZbcPYL9lUxXzoZ15Ehm2SL7BCHHJASOSNlUiWcvJA38k4+rFerZ/Wtz1F0yhrPbJBfsL6+AcWzpaw=</latexit>

Ỹ4 = V T
PMNSK3V�4 ⇠ V T

PMNSỸ�3 = EY4D
c =

See Gaetano’s talk See Filippo’s and Rusa’s talk
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Y � Y ab

4 ēbR(�
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L + Y ab
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2/3
4 )⇤daL + h.c.

•  contributes to  transitions! ϕ2/3
4 b → s

Scalar LQ:  R2 ≡ Φ4 ⇠ (3, 2, 7/6)
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s s
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ℓ+
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ℓ−

<latexit sha1_base64="1waWT9wJCrNufk4Cc+rrWUZxsI4=">AAACFnicbVDLSsNAFJ34rPUVdelmsAgqWBIRdSm6cVnB1krTlsn0VodOHszciCXkK9z4K25cKOJW3Pk3TtMsfB0YOJxzX3P8WAqNjvNpTUxOTc/MlubK8wuLS8v2ympDR4niUOeRjFTTZxqkCKGOAiU0YwUs8CVc+oPTkX95C0qLKLzAYQztgF2Hoi84QyN17V0P4Q7zOamxIESWpVseCtkDetXd76SaeiAlzbY7O1nXrjhVJwf9S9yCVEiBWtf+8HoRTwIzl0umdct1YmynTKHgErKyl2iIGR+YzS1DQxaAbqf5ORndNEqP9iNlXog0V793pCzQehj4pjJgeKN/eyPxP6+VYP+onYowThBCPl7UTyTFiI4yoj2hgKMcGsK4EuZWym+YYhxNkmUTgvv7y39JY6/qHlSd8/3K8UkRR4mskw2yRVxySI7JGamROuHknjySZ/JiPVhP1qv1Ni6dsIqeNfID1vsXYaOfdA==</latexit>

(Ỹ s`
4 )⇤

<latexit sha1_base64="ptE4iFlChd9g7ATzAewrrtWVr8o=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE3YlqGXQxjKCeUg2htnJjRky+2DmrhiW/QYbf8XGQhFbKzv/xskmhSYeGDicc19zvEgKjbb9beUWFpeWV/KrhbX1jc2t4vZOQ4ex4lDnoQxVy2MapAigjgIltCIFzPckNL3hxdhv3oPSIgyucRRBx2d3gegLztBI3eKRi/CA2ZzEWBAgSxMXhewBvelWbhOPuiAlTdNusWSX7Qx0njhTUiJT1LrFL7cX8tg3M7lkWrcdO8JOwhQKLiEtuLGGiPGh2do2NGA+6E6SnZLSA6P0aD9U5gVIM/V3R8J8rUe+Zyp9hgM9643F/7x2jP2zTiKCKEYI+GRRP5YUQzrOh/aEAo5yZAjjSphbKR8wxTiaFAsmBGf2y/OkcVx2Tsr2VaVUPZ/GkSd7ZJ8cEoeckiq5JDVSJ5w8kmfySt6sJ+vFerc+JqU5a9qzS/7A+vwBLEieYg==</latexit>
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4 ēbR(�

2/3
4 )⇤daL + h.c.

Ỹ4
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Global fit: preferred solution

Borrowed from Nazila’s talk on Monday
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Ṽ2 (3̄, 2,�1/6)
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Ū1 (3, 1,�1/3)

Symbol Q.N. (SM)

S3 (3̄, 3, 1/3)

R2 (3, 2, 7/6)

R̃2 (3,2,1/6)

S̃1 (3̄, 1, 4/3)

S1 (3̄, 1, 1/3)

S̄1 (3̄, 1,�2/3)

1

No Baryon Number violation at renormalizable level

Chiral enhancement in (g-2) at 1-loop level

Vector LQs Scalar LQs

High pT bounds
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RD(⇤) ⌘
B(B ! D(⇤)⌧ ⌫̄⌧ )

B(B ! D(⇤)`⌫̄`)
3.1  σ

HFLAV, up to date

Anomalies in   transitionsb → c

Tree level process!!



Scalar LQVector LQExtra ScalarGauge boson
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•Inputs: 
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m⌧ (mb +mc)
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����
2

.CVL
CVR
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[Akeroyd et al., 2017]

) Br(Bc ! ⌧ ⌫̄⌧ )  30� 40%

) Br(Bc ! ⌧ ⌫̄⌧ )  10%

•Bound LEP Z peak:

•Bc lifetime:
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•Most general effective dim 6 Hamiltonian: 

[Alonso et al., 2016]

Bottom-up approach
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•Theoretical assumptions: 

New physics only in the third generation,

       lepton flavour universal
CP conserving W.C.

EFT

CVR ) C⌧
VR

⇠ 0

Hb!c`⌫
e↵ =

4GFp
2

Vcb[(1 + CVL)OVL + CVROVR + CSROSR + CSLOSL + CTOT ] + h.c.CVL
CVR

CSR
CSL

CT

•Most general effective dim 6 Hamiltonian: 

Bottom-up approach

•Experimental measurements 

An unidentified or underestimated systematic uncertainty…

[C. Bobeth et al., two months ago]



Fit-independent analysis
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Implications of new measurements?

Belle-II
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Bounds on  Br(Bc → τν̄)
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See discussion in [M. Blanke et al., 2019]

Resurrection of the scalar candidates ?
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Global fit: Form Factors
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Anomalies in   transitionsb → s

Status 2017

LHCb 
 ∼ 2.4σ

LHCb 
 2.6σ



Anomalies in   transitionsb → s

Status NOW

LHCb 
 3.1σ



Anomalies in   transitionsb → s

 

<latexit sha1_base64="s6urQRlhogOde0KiOEFOhZGksVA="></latexit>

Br(B ! K(⇤)`+`�)exp = Br(B ! K(⇤)`+`�)SM +�Cuniv
9

It could mimic NP!!!

LHCb-PAPER-2021-004

LHCb 
 3.1σ

!


