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Explicit B and L breaking

Outline

Theories for Neutrino Masses

Quark-Lepton Unification at the Low Scale

Theories for Spontanoeus B and L breaking 
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Explicit B and L breaking
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Theories for Spontanoeus B and L breaking 



[A. Pais, 1973] 
[S. Rajpoot, 1988] 

[R. Foot, G. C. Joshi, J. Lew, 1989] 
[C. D. Carone, H. Murayama, 1995] 

[H. Georgi, S. L. Glashow, 1996] 
[P. Fileviez Pérez, M. B. Wise, 2010] 

Extra symmetries:

U(1)B�L, U(1)L, U(1)B

SU(3)c ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)X

Gauging Baryon and Lepton numbers



SU(3)c ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)X

U(1)X ! U(1)X=B or U(1)X=L

Extra symmetries:

U(1)B�L, U(1)L, U(1)B

Gauging U(1)B



S
U
(2)

U(1)B

U(1)B

A[U(1)2Y ⌦ U(1)B ]

A[SU(2)2 ⌦ U(1)B ]

U(1)B

A[U(1)B ]

U(1)B

U(1)B

A[U(1)Y ⌦ U(1)2B ]

U(1)B

U(1)BU(1)B

A[U(1)3B ]

SU(3) U(1)B

A[SU(3)2 ⌦ U(1)B ]

New fermions required!

Gauging U(1)B



 L ⇠ (1, 2, 1/2,3/2)

 R ⇠ (1, 2, 1/2,�3/2)

⌃L ⇠ (1, 3, 0,�3/2)

�0
L ⇠ (1, 1, 0,�3/2)

Gauging U(1)B

[M. Duerr, P. Fileviez-Perez, M. B. Wise, 2013] [P. Fileviez-Perez, S. Ohmer, H. Patel, 2014]

 R ⇠ (1, 2,�1/2,B2)

 L ⇠ (1, 2,�1/2,B1)

⌘R ⇠ (1, 1,�1,B1)

⌘L ⇠ (1, 1,�1,B2)

�R ⇠ (1, 1, 0,B1)

�L ⇠ (1, 1, 0,B2) B2 �B1 = 3

https://arxiv.org/abs/1403.8029


Gauging U(1)B

• Massive anomalons SB ⇠ (1, 1, 0, 3) ) �B = 3



it might not exist...

How do we test

this theory? :(

Proton stable!

Gauging U(1)B

• Massive anomalons

cB
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SB ⇠ (1, 1, 0, 3) ) �B = 3



SB ⇠ (1, 1, 0, 3) ) �B = 3

Gauging U(1)B

• Massive anomalons

SU(3)c ⌦ SU(2)L ⌦ U(1)Y

SU(3)c ⌦ U(1)Q

SU(3)c ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)B,L

hSB,Li

hHi

global U(1)X

global U(1)X , U(1)B�L

+

+

SU(3)c ⌦ SU(2)L ⌦ U(1)Y

SU(3)c ⌦ U(1)Q

SU(3)c ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)B,L

hSB,Li

hHi

global U(1)X

global U(1)X , U(1)B�L

+

+

global Z2

Proton stable!



• Massive anomalons

•Lightest neutral fermion Cold dark matter candidate 

SB ⇠ (1, 1, 0, 3) ) �B = 3

Proton stable!

Gauging U(1)B



Proton stable!

•Lightest neutral fermion 

•Simplest content to

Cold dark matter candidate 

Dirac/ Majorana

SB ⇠ (1, 1, 0, 3) ) �B = 3

cancel anomalies
nB =

3

2

• Massive anomalons

Gauging U(1)B



•Relevant parameters:
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Dark Matter and the BNV scale



Dark Matter and the BNV scale
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Dark Matter and the BNV scale
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Dark Matter and the BNV scale
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• Perturbativity sets an upper bound on the Yukawa coupling:  
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Dark Matter and the BNV scale



•Perturbativity sets an upper bound on the gauge coupling: 

L � g2B(3)
2S†

BSBZBµZ
µ
B ) gB 

p
2⇡

3

Upper bound !!!
MZB . 20 TeV

Λ
B
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Dark Matter and the BNV scale



Λ
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=

Dark Matter and the BNV scale



The theory HAS TO live at the low scale!

Dark Matter and the BNV scale



Room for a light new mediator!
[Di-jet searches at CMS and ATLAS-Run I & II]
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Room for a light new mediator!
[Di-jet searches at CMS and ATLAS-Run I & II]
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Collider bounds



CMS-EXO-18-012 ; CERN-EP-2019-176

 is a perfect candidate for a light gauge bosonU(1)B

ATLAS; CERN-EP-2018-033 

L � �1

3
gB q̄Z

µ
B�µq

Collider bounds



U(1)B

[1810.06646, 1901.10483, 1904.01017,,2003.09426, 2012.06599 2103.13397]

https://arxiv.org/abs/1810.06646
https://arxiv.org/abs/1904.01017
https://arxiv.org/abs/2003.09426
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Quark-Lepton Unification  
at the Low Scale



Different experiments (LHCb, B-factories) have reported deviations of LFU



LHCb 
 3.1σ

Charged anomalies Neutral anomalies (g-2) ????

Different experiments (LHCb, B-factories) have reported deviations of LFU

Leptoquarks are kind of nice Scalar LQVector LQ
b

1

V µ
LQ

1

SLQ
c/s c/s

ν̄/ℓ̄

ℓ ℓ

ν̄/ℓ̄Hints of TeV scale physics!

LHCb 
 3.1σ

[See Angelo’s & Stefan’s and Bertrant’s talk from yesterday] [See Peter’s talk from yesterday]
[See Aida’s & Jure’s talk from today!]







SU(4)⌦ SU(2)⌦U(1)R

Quark-Lepton Unification

[Pati, Salam, 1974], [Smirnov, 1995], [Fileviez-Perez, Wise, 2013]



SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Quark-Lepton Unification

[Pati, Salam, 1974]

Quarks

Leptons
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<latexit sha1_base64="cJkfsaTTI+WOlSQLH6m2KelDJC0=">AAACSXicbZDJSgNBEIZ7EpcYt6hHL4NB8BRmRNRj0IsHD1HMApkQejqVpElPz9BdIwlDXsrX8AX0qAfv3sSTnQXM9kPDz1dVXcXvR4JrdJx3K5VeW9/YzGxlt3d29/ZzB4cVHcaKQZmFIlQ1n2oQXEIZOQqoRQpo4Auo+r3bUb36DErzUD7hIIJGQDuStzmjaFAzd+8h9HH8T6KgNUzi5uPQ87IzmA2oXMURqPjn0phmLu8UnLHsZeNOTZ5MVWrmvrxWyOIAJDJBta67ToSNhCrkTMAw68UaIsp6tAN1YyUNQDeS8fqhfWpIy26HyjyJ9pjOTiQ00HoQ+KYzoNjVi7URXFWrx9i+biRcRjGCZJNF7VjYGNqjCO0WV8BQDIyhTHFzq826VFGGJui5Lf3JqVkTjLsYw7KpnBfcy4LzcJEv3kwjypBjckLOiEuuSJHckRIpE0ZeyBv5IJ/Wq/Vt/Vi/k9aUNZ05InNKpf8AW0K18w==</latexit>uR

uR

uR

⌫R



SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Quark-Lepton Unification

[Pati, Salam, 1974]

Quarks

Leptons

<latexit sha1_base64="1/TdywxHCymTf2GojyiMokkiAtc=">AAACSnicbZDPSsNAEMY3tWqt/6oevQSL4KkkIuqx6MVDhRZsKzQlbLbTdulmE3Yn0hL6VL6GL9Crgg/gTby4/QPW6gcLH7+Z2Rm+IBZco+NMrMxadn1jM7eV397Z3dsvHBw2dJQoBnUWiUg9BlSD4BLqyFHAY6yAhoGAZjC4ndabT6A0j+QDjmJoh7QneZczigb5hXsPYYizf1IFnXFa8ytjz8svYTai8j+OQMUPByH8il8oOiVnJvuvcRemSBaq+oV3rxOxJASJTFCtW64TYzulCjkTMM57iYaYsgHtQctYSUPQ7XS2f2yfGtKxu5EyT6I9o8sTKQ21HoWB6Qwp9vVqbQr/q7US7F63Uy7jBEGy+aJuImyM7GmGdocrYChGxlCmuLnVZn2qKEOT9K8tw/mpeROMuxrDX9M4L7mXJad2USzfLCLKkWNyQs6IS65ImdyRKqkTRp7JhLySN+vF+rA+ra95a8ZazByRX8pkvwFLF7XT</latexit>

QL

QL

QL

`L

<latexit sha1_base64="8o8fDjxd+iI6dfdEd74OQlvmI00=">AAACR3icbZDLSsNAFIYn9VbrrerSTbAIrkoioi5FN+KqFnuBpoTJ5NQOnUzCzIlYQt/J1/AFBFe6cutOXDq9ILXtDwM/3zlnzuEPEsE1Os6blVtaXlldy68XNja3tneKu3t1HaeKQY3FIlbNgGoQXEINOQpoJgpoFAhoBL3rYb3xCErzWN5jP4F2RB8k73BG0SC/eOshPOHon0xBOMhCvzrwvMIUZn0qF3EEKv44+FW/WHLKzkj2vHEnpkQmqvjFTy+MWRqBRCao1i3XSbCdUYWcCRgUvFRDQlmPPkDLWEkj0O1stHxgHxkS2p1YmSfRHtHpiYxGWvejwHRGFLt6tjaEi2qtFDsX7YzLJEWQbLyokwobY3sYoB1yBQxF3xjKFDe32qxLFWVoYv635Wl8asEE487GMG/qJ2X3rOzcnZYuryYR5ckBOSTHxCXn5JLckAqpEUaeySt5Jx/Wi/VlfVs/49acNZnZJ/+Us34BIAO00g==</latexit>

dR

dR

dR

eR

<latexit sha1_base64="cJkfsaTTI+WOlSQLH6m2KelDJC0=">AAACSXicbZDJSgNBEIZ7EpcYt6hHL4NB8BRmRNRj0IsHD1HMApkQejqVpElPz9BdIwlDXsrX8AX0qAfv3sSTnQXM9kPDz1dVXcXvR4JrdJx3K5VeW9/YzGxlt3d29/ZzB4cVHcaKQZmFIlQ1n2oQXEIZOQqoRQpo4Auo+r3bUb36DErzUD7hIIJGQDuStzmjaFAzd+8h9HH8T6KgNUzi5uPQ87IzmA2oXMURqPjn0phmLu8UnLHsZeNOTZ5MVWrmvrxWyOIAJDJBta67ToSNhCrkTMAw68UaIsp6tAN1YyUNQDeS8fqhfWpIy26HyjyJ9pjOTiQ00HoQ+KYzoNjVi7URXFWrx9i+biRcRjGCZJNF7VjYGNqjCO0WV8BQDIyhTHFzq826VFGGJui5Lf3JqVkTjLsYw7KpnBfcy4LzcJEv3kwjypBjckLOiEuuSJHckRIpE0ZeyBv5IJ/Wq/Vt/Vi/k9aUNZ05InNKpf8AW0K18w==</latexit>uR

uR

uR

⌫R



Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Quark-Lepton Unification

<latexit sha1_base64="1/TdywxHCymTf2GojyiMokkiAtc=">AAACSnicbZDPSsNAEMY3tWqt/6oevQSL4KkkIuqx6MVDhRZsKzQlbLbTdulmE3Yn0hL6VL6GL9Crgg/gTby4/QPW6gcLH7+Z2Rm+IBZco+NMrMxadn1jM7eV397Z3dsvHBw2dJQoBnUWiUg9BlSD4BLqyFHAY6yAhoGAZjC4ndabT6A0j+QDjmJoh7QneZczigb5hXsPYYizf1IFnXFa8ytjz8svYTai8j+OQMUPByH8il8oOiVnJvuvcRemSBaq+oV3rxOxJASJTFCtW64TYzulCjkTMM57iYaYsgHtQctYSUPQ7XS2f2yfGtKxu5EyT6I9o8sTKQ21HoWB6Qwp9vVqbQr/q7US7F63Uy7jBEGy+aJuImyM7GmGdocrYChGxlCmuLnVZn2qKEOT9K8tw/mpeROMuxrDX9M4L7mXJad2USzfLCLKkWNyQs6IS65ImdyRKqkTRp7JhLySN+vF+rA+ra95a8ZazByRX8pkvwFLF7XT</latexit>

QL

QL

QL

`L

<latexit sha1_base64="8o8fDjxd+iI6dfdEd74OQlvmI00=">AAACR3icbZDLSsNAFIYn9VbrrerSTbAIrkoioi5FN+KqFnuBpoTJ5NQOnUzCzIlYQt/J1/AFBFe6cutOXDq9ILXtDwM/3zlnzuEPEsE1Os6blVtaXlldy68XNja3tneKu3t1HaeKQY3FIlbNgGoQXEINOQpoJgpoFAhoBL3rYb3xCErzWN5jP4F2RB8k73BG0SC/eOshPOHon0xBOMhCvzrwvMIUZn0qF3EEKv44+FW/WHLKzkj2vHEnpkQmqvjFTy+MWRqBRCao1i3XSbCdUYWcCRgUvFRDQlmPPkDLWEkj0O1stHxgHxkS2p1YmSfRHtHpiYxGWvejwHRGFLt6tjaEi2qtFDsX7YzLJEWQbLyokwobY3sYoB1yBQxF3xjKFDe32qxLFWVoYv635Wl8asEE487GMG/qJ2X3rOzcnZYuryYR5ckBOSTHxCXn5JLckAqpEUaeySt5Jx/Wi/VlfVs/49acNZnZJ/+Us34BIAO00g==</latexit>

dR

dR

dR

eR

<latexit sha1_base64="cJkfsaTTI+WOlSQLH6m2KelDJC0=">AAACSXicbZDJSgNBEIZ7EpcYt6hHL4NB8BRmRNRj0IsHD1HMApkQejqVpElPz9BdIwlDXsrX8AX0qAfv3sSTnQXM9kPDz1dVXcXvR4JrdJx3K5VeW9/YzGxlt3d29/ZzB4cVHcaKQZmFIlQ1n2oQXEIZOQqoRQpo4Auo+r3bUb36DErzUD7hIIJGQDuStzmjaFAzd+8h9HH8T6KgNUzi5uPQ87IzmA2oXMURqPjn0phmLu8UnLHsZeNOTZ5MVWrmvrxWyOIAJDJBta67ToSNhCrkTMAw68UaIsp6tAN1YyUNQDeS8fqhfWpIy26HyjyJ9pjOTiQ00HoQ+KYzoNjVi7URXFWrx9i+biRcRjGCZJNF7VjYGNqjCO0WV8BQDIyhTHFzq826VFGGJui5Lf3JqVkTjLsYw7KpnBfcy4LzcJEv3kwjypBjckLOiEuuSJHckRIpE0ZeyBv5IJ/Wq/Vt/Vi/k9aUNZ05InNKpf8AW0K18w==</latexit>uR

uR

uR

⌫R

<latexit sha1_base64="A+OhWQbrOZu+sVHyEs2DIfFtE1Q=">AAACAXicbVDLSgMxFL3js9ZX1aWbYBFclRkRdVkUxIWLFuwD2qFk0kwbm2SGJCOWoSt/wK3+gTtx65f4A36HaTsL23ogcDjnXu7JCWLOtHHdb2dpeWV1bT23kd/c2t7ZLezt13WUKEJrJOKRagZYU84krRlmOG3GimIRcNoIBtdjv/FIlWaRvDfDmPoC9yQLGcHGSvWbTlq9G3UKRbfkToAWiZeRImSodAo/7W5EEkGlIRxr3fLc2PgpVoYRTkf5dqJpjMkA92jLUokF1X46STtCx1bpojBS9kmDJurfjRQLrYcisJMCm76e98bif14rMeGlnzIZJ4ZKMj0UJhyZCI2/jrpMUWL40BJMFLNZEeljhYmxBc1ceZpGzdtivPkaFkn9tOSdl9zqWbF8lVWUg0M4ghPw4ALKcAsVqAGBB3iBV3hznp1358P5nI4uOdnOAczA+foFmcOXew==</latexit>

FQL
<latexit sha1_base64="1g9pBshPFub3IlnaP/8iIgdv62I=">AAAB/nicbVDLSgMxFL3js9ZX1aWbYBFclRkRdVkUxGVF+4B2KJlMpg3NJEOSEctQ8Afc6h+4E7f+ij/gd5i2s7CtBwKHc+7lnpwg4Uwb1/12lpZXVtfWCxvFza3tnd3S3n5Dy1QRWieSS9UKsKacCVo3zHDaShTFccBpMxhcj/3mI1WaSfFghgn1Y9wTLGIEGyvd33TDbqnsVtwJ0CLxclKGHLVu6acTSpLGVBjCsdZtz02Mn2FlGOF0VOykmiaYDHCPti0VOKbazyZRR+jYKiGKpLJPGDRR/25kONZ6GAd2Msamr+e9sfif105NdOlnTCSpoYJMD0UpR0ai8b9RyBQlhg8twUQxmxWRPlaYGNvOzJWnadSiLcabr2GRNE4r3nnFvTsrV6/yigpwCEdwAh5cQBVuoQZ1INCDF3iFN+fZeXc+nM/p6JKT7xzADJyvX0BFliw=</latexit>

Fd
<latexit sha1_base64="q1gg0E9sZrnIXFaL4/BrSRR88NU=">AAAB/nicbVDLSgMxFL3js9ZX1aWbYBFclRkRdVkUxGVF+4B2KJk004ZmMkNyRyyl4A+41T9wJ279FX/A7zBtZ2FbDwQO59zLPTlBIoVB1/12lpZXVtfWcxv5za3tnd3C3n7NxKlmvMpiGetGQA2XQvEqCpS8kWhOo0DyetC/Hvv1R66NiNUDDhLuR7SrRCgYRSvd37TTdqHoltwJyCLxMlKEDJV24afViVkacYVMUmOanpugP6QaBZN8lG+lhieU9WmXNy1VNOLGH06ijsixVTokjLV9CslE/bsxpJExgyiwkxHFnpn3xuJ/XjPF8NIfCpWkyBWbHgpTSTAm43+TjtCcoRxYQpkWNithPaopQ9vOzJWnadS8Lcabr2GR1E5L3nnJvTsrlq+yinJwCEdwAh5cQBluoQJVYNCFF3iFN+fZeXc+nM/p6JKT7RzADJyvX1tdlj0=</latexit>

Fu

<latexit sha1_base64="vZx9SiYVJKbiF5P2i/DIdINpyX8=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6pLoxiUm8kigIdPhFkam0zozJZKGlT/gVv/AnXHrl/gDfocDdCHgSSY5Oefe3DPHjzlT2nG+rdzK6tr6Rn6zsLW9s7tX3D+oqyiRFGs04pFs+kQhZwJrmmmOzVgiCX2ODX9wM/EbQ5SKReJej2L0QtITLGCUaCPV2/iYsGGnWHLKzhT2MnEzUoIM1U7xp92NaBKi0JQTpVquE2svJVIzynFcaCcKY0IHpIctQwUJUXnpNO3YPjFK1w4iaZ7Q9lT9u5GSUKlR6JvJkOi+WvQm4n9eK9HBlZcyEScaBZ0dChJu68iefN3uMolU85EhhEpmstq0TySh2hQ0d+VpFrVginEXa1gm9bOye1F27s5LleusojwcwTGcgguXUIFbqEINKDzAC7zCm/VsvVsf1udsNGdlO4cwB+vrFxO/l8c=</latexit> ⌘ <latexit sha1_base64="vZx9SiYVJKbiF5P2i/DIdINpyX8=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6pLoxiUm8kigIdPhFkam0zozJZKGlT/gVv/AnXHrl/gDfocDdCHgSSY5Oefe3DPHjzlT2nG+rdzK6tr6Rn6zsLW9s7tX3D+oqyiRFGs04pFs+kQhZwJrmmmOzVgiCX2ODX9wM/EbQ5SKReJej2L0QtITLGCUaCPV2/iYsGGnWHLKzhT2MnEzUoIM1U7xp92NaBKi0JQTpVquE2svJVIzynFcaCcKY0IHpIctQwUJUXnpNO3YPjFK1w4iaZ7Q9lT9u5GSUKlR6JvJkOi+WvQm4n9eK9HBlZcyEScaBZ0dChJu68iefN3uMolU85EhhEpmstq0TySh2hQ0d+VpFrVginEXa1gm9bOye1F27s5LleusojwcwTGcgguXUIFbqEINKDzAC7zCm/VsvVsf1udsNGdlO4cwB+vrFxO/l8c=</latexit> ⌘ <latexit sha1_base64="vZx9SiYVJKbiF5P2i/DIdINpyX8=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6pLoxiUm8kigIdPhFkam0zozJZKGlT/gVv/AnXHrl/gDfocDdCHgSSY5Oefe3DPHjzlT2nG+rdzK6tr6Rn6zsLW9s7tX3D+oqyiRFGs04pFs+kQhZwJrmmmOzVgiCX2ODX9wM/EbQ5SKReJej2L0QtITLGCUaCPV2/iYsGGnWHLKzhT2MnEzUoIM1U7xp92NaBKi0JQTpVquE2svJVIzynFcaCcKY0IHpIctQwUJUXnpNO3YPjFK1w4iaZ7Q9lT9u5GSUKlR6JvJkOi+WvQm4n9eK9HBlZcyEScaBZ0dChJu68iefN3uMolU85EhhEpmstq0TySh2hQ0d+VpFrVginEXa1gm9bOye1F27s5LleusojwcwTGcgguXUIFbqEINKDzAC7zCm/VsvVsf1udsNGdlO4cwB+vrFxO/l8c=</latexit> ⌘

[Pati, Salam, 1974]

Leptons are just the fourth color of the quarks!



FQL ⇠ (4, 2, 0) =
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<latexit sha1_base64="2mW/ugNw8tTINSB/tEmEKRYMozU="></latexit>

SU(4)C ⌦ SU(2)L ⌦U(1)R
[P. Fileviez Perez and M. B. Wise 2013][J. Pati a and A. Salam 1974] [A. D. Smirnov, 1995]

<latexit sha1_base64="1/TdywxHCymTf2GojyiMokkiAtc=">AAACSnicbZDPSsNAEMY3tWqt/6oevQSL4KkkIuqx6MVDhRZsKzQlbLbTdulmE3Yn0hL6VL6GL9Crgg/gTby4/QPW6gcLH7+Z2Rm+IBZco+NMrMxadn1jM7eV397Z3dsvHBw2dJQoBnUWiUg9BlSD4BLqyFHAY6yAhoGAZjC4ndabT6A0j+QDjmJoh7QneZczigb5hXsPYYizf1IFnXFa8ytjz8svYTai8j+OQMUPByH8il8oOiVnJvuvcRemSBaq+oV3rxOxJASJTFCtW64TYzulCjkTMM57iYaYsgHtQctYSUPQ7XS2f2yfGtKxu5EyT6I9o8sTKQ21HoWB6Qwp9vVqbQr/q7US7F63Uy7jBEGy+aJuImyM7GmGdocrYChGxlCmuLnVZn2qKEOT9K8tw/mpeROMuxrDX9M4L7mXJad2USzfLCLKkWNyQs6IS65ImdyRKqkTRp7JhLySN+vF+rA+ra95a8ZazByRX8pkvwFLF7XT</latexit>

QL

QL

QL

`L

<latexit sha1_base64="8o8fDjxd+iI6dfdEd74OQlvmI00=">AAACR3icbZDLSsNAFIYn9VbrrerSTbAIrkoioi5FN+KqFnuBpoTJ5NQOnUzCzIlYQt/J1/AFBFe6cutOXDq9ILXtDwM/3zlnzuEPEsE1Os6blVtaXlldy68XNja3tneKu3t1HaeKQY3FIlbNgGoQXEINOQpoJgpoFAhoBL3rYb3xCErzWN5jP4F2RB8k73BG0SC/eOshPOHon0xBOMhCvzrwvMIUZn0qF3EEKv44+FW/WHLKzkj2vHEnpkQmqvjFTy+MWRqBRCao1i3XSbCdUYWcCRgUvFRDQlmPPkDLWEkj0O1stHxgHxkS2p1YmSfRHtHpiYxGWvejwHRGFLt6tjaEi2qtFDsX7YzLJEWQbLyokwobY3sYoB1yBQxF3xjKFDe32qxLFWVoYv635Wl8asEE487GMG/qJ2X3rOzcnZYuryYR5ckBOSTHxCXn5JLckAqpEUaeySt5Jx/Wi/VlfVs/49acNZnZJ/+Us34BIAO00g==</latexit>

dR

dR

dR

eR

<latexit sha1_base64="cJkfsaTTI+WOlSQLH6m2KelDJC0=">AAACSXicbZDJSgNBEIZ7EpcYt6hHL4NB8BRmRNRj0IsHD1HMApkQejqVpElPz9BdIwlDXsrX8AX0qAfv3sSTnQXM9kPDz1dVXcXvR4JrdJx3K5VeW9/YzGxlt3d29/ZzB4cVHcaKQZmFIlQ1n2oQXEIZOQqoRQpo4Auo+r3bUb36DErzUD7hIIJGQDuStzmjaFAzd+8h9HH8T6KgNUzi5uPQ87IzmA2oXMURqPjn0phmLu8UnLHsZeNOTZ5MVWrmvrxWyOIAJDJBta67ToSNhCrkTMAw68UaIsp6tAN1YyUNQDeS8fqhfWpIy26HyjyJ9pjOTiQ00HoQ+KYzoNjVi7URXFWrx9i+biRcRjGCZJNF7VjYGNqjCO0WV8BQDIyhTHFzq826VFGGJui5Lf3JqVkTjLsYw7KpnBfcy4LzcJEv3kwjypBjckLOiEuuSJHckRIpE0ZeyBv5IJ/Wq/Vt/Vi/k9aUNZ05InNKpf8AW0K18w==</latexit>uR

uR

uR

⌫R

<latexit sha1_base64="A+OhWQbrOZu+sVHyEs2DIfFtE1Q=">AAACAXicbVDLSgMxFL3js9ZX1aWbYBFclRkRdVkUxIWLFuwD2qFk0kwbm2SGJCOWoSt/wK3+gTtx65f4A36HaTsL23ogcDjnXu7JCWLOtHHdb2dpeWV1bT23kd/c2t7ZLezt13WUKEJrJOKRagZYU84krRlmOG3GimIRcNoIBtdjv/FIlWaRvDfDmPoC9yQLGcHGSvWbTlq9G3UKRbfkToAWiZeRImSodAo/7W5EEkGlIRxr3fLc2PgpVoYRTkf5dqJpjMkA92jLUokF1X46STtCx1bpojBS9kmDJurfjRQLrYcisJMCm76e98bif14rMeGlnzIZJ4ZKMj0UJhyZCI2/jrpMUWL40BJMFLNZEeljhYmxBc1ceZpGzdtivPkaFkn9tOSdl9zqWbF8lVWUg0M4ghPw4ALKcAsVqAGBB3iBV3hznp1358P5nI4uOdnOAczA+foFmcOXew==</latexit>

FQL
<latexit sha1_base64="1g9pBshPFub3IlnaP/8iIgdv62I=">AAAB/nicbVDLSgMxFL3js9ZX1aWbYBFclRkRdVkUxGVF+4B2KJlMpg3NJEOSEctQ8Afc6h+4E7f+ij/gd5i2s7CtBwKHc+7lnpwg4Uwb1/12lpZXVtfWCxvFza3tnd3S3n5Dy1QRWieSS9UKsKacCVo3zHDaShTFccBpMxhcj/3mI1WaSfFghgn1Y9wTLGIEGyvd33TDbqnsVtwJ0CLxclKGHLVu6acTSpLGVBjCsdZtz02Mn2FlGOF0VOykmiaYDHCPti0VOKbazyZRR+jYKiGKpLJPGDRR/25kONZ6GAd2Msamr+e9sfif105NdOlnTCSpoYJMD0UpR0ai8b9RyBQlhg8twUQxmxWRPlaYGNvOzJWnadSiLcabr2GRNE4r3nnFvTsrV6/yigpwCEdwAh5cQBVuoQZ1INCDF3iFN+fZeXc+nM/p6JKT7xzADJyvX0BFliw=</latexit>

Fd
<latexit sha1_base64="q1gg0E9sZrnIXFaL4/BrSRR88NU=">AAAB/nicbVDLSgMxFL3js9ZX1aWbYBFclRkRdVkUxGVF+4B2KJk004ZmMkNyRyyl4A+41T9wJ279FX/A7zBtZ2FbDwQO59zLPTlBIoVB1/12lpZXVtfWcxv5za3tnd3C3n7NxKlmvMpiGetGQA2XQvEqCpS8kWhOo0DyetC/Hvv1R66NiNUDDhLuR7SrRCgYRSvd37TTdqHoltwJyCLxMlKEDJV24afViVkacYVMUmOanpugP6QaBZN8lG+lhieU9WmXNy1VNOLGH06ijsixVTokjLV9CslE/bsxpJExgyiwkxHFnpn3xuJ/XjPF8NIfCpWkyBWbHgpTSTAm43+TjtCcoRxYQpkWNithPaopQ9vOzJWnadS8Lcabr2GR1E5L3nnJvTsrlq+yinJwCEdwAh5cQBluoQJVYNCFF3iFN+fZeXc+nM/p6JKT7RzADJyvX1tdlj0=</latexit>

Fu

<latexit sha1_base64="vZx9SiYVJKbiF5P2i/DIdINpyX8=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6pLoxiUm8kigIdPhFkam0zozJZKGlT/gVv/AnXHrl/gDfocDdCHgSSY5Oefe3DPHjzlT2nG+rdzK6tr6Rn6zsLW9s7tX3D+oqyiRFGs04pFs+kQhZwJrmmmOzVgiCX2ODX9wM/EbQ5SKReJej2L0QtITLGCUaCPV2/iYsGGnWHLKzhT2MnEzUoIM1U7xp92NaBKi0JQTpVquE2svJVIzynFcaCcKY0IHpIctQwUJUXnpNO3YPjFK1w4iaZ7Q9lT9u5GSUKlR6JvJkOi+WvQm4n9eK9HBlZcyEScaBZ0dChJu68iefN3uMolU85EhhEpmstq0TySh2hQ0d+VpFrVginEXa1gm9bOye1F27s5LleusojwcwTGcgguXUIFbqEINKDzAC7zCm/VsvVsf1udsNGdlO4cwB+vrFxO/l8c=</latexit> ⌘ <latexit sha1_base64="vZx9SiYVJKbiF5P2i/DIdINpyX8=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6pLoxiUm8kigIdPhFkam0zozJZKGlT/gVv/AnXHrl/gDfocDdCHgSSY5Oefe3DPHjzlT2nG+rdzK6tr6Rn6zsLW9s7tX3D+oqyiRFGs04pFs+kQhZwJrmmmOzVgiCX2ODX9wM/EbQ5SKReJej2L0QtITLGCUaCPV2/iYsGGnWHLKzhT2MnEzUoIM1U7xp92NaBKi0JQTpVquE2svJVIzynFcaCcKY0IHpIctQwUJUXnpNO3YPjFK1w4iaZ7Q9lT9u5GSUKlR6JvJkOi+WvQm4n9eK9HBlZcyEScaBZ0dChJu68iefN3uMolU85EhhEpmstq0TySh2hQ0d+VpFrVginEXa1gm9bOye1F27s5LleusojwcwTGcgguXUIFbqEINKDzAC7zCm/VsvVsf1udsNGdlO4cwB+vrFxO/l8c=</latexit> ⌘ <latexit sha1_base64="vZx9SiYVJKbiF5P2i/DIdINpyX8=">AAACAXicbVDLTsJAFL3FF+ILdemmkZi4Iq0x6pLoxiUm8kigIdPhFkam0zozJZKGlT/gVv/AnXHrl/gDfocDdCHgSSY5Oefe3DPHjzlT2nG+rdzK6tr6Rn6zsLW9s7tX3D+oqyiRFGs04pFs+kQhZwJrmmmOzVgiCX2ODX9wM/EbQ5SKReJej2L0QtITLGCUaCPV2/iYsGGnWHLKzhT2MnEzUoIM1U7xp92NaBKi0JQTpVquE2svJVIzynFcaCcKY0IHpIctQwUJUXnpNO3YPjFK1w4iaZ7Q9lT9u5GSUKlR6JvJkOi+WvQm4n9eK9HBlZcyEScaBZ0dChJu68iefN3uMolU85EhhEpmstq0TySh2hQ0d+VpFrVginEXa1gm9bOye1F27s5LleusojwcwTGcgguXUIFbqEINKDzAC7zCm/VsvVsf1udsNGdlO4cwB+vrFxO/l8c=</latexit> ⌘

Quark-Lepton Unification



Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Allows for a unification framework

Quark-Lepton Unification

SU(4)⌦ SU(2)⌦U(1)R
<latexit sha1_base64="nuvFZcoEjrcq6QfX03N8WQaAiVY=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQxCvIRdEfUY9OLNiOYB2RBmJ51kyOyDmV4xLAF/xYsHRbz6Hd78GyfJHjSxoKGo6qa7y4+l0Og439bC4tLyympuLb++sbm1be/s1nSUKA5VHslINXymQYoQqihQQiNWwAJfQt0fXI39+gMoLaLwHocxtALWC0VXcIZGatv7HsIjpnc3o6LrHFNPJ7EGbNsFp+RMQOeJm5ECyVBp219eJ+JJACFyybRuuk6MrZQpFFzCKO8lGmLGB6wHTUNDFoBupZPzR/TIKB3ajZSpEOlE/T2RskDrYeCbzoBhX896Y/E/r5lg96KVijBOEEI+XdRNJMWIjrOgHaGAoxwawrgS5lbK+0wxjiaxvAnBnX15ntROSu5Zybk9LZQvszhy5IAckiJxyTkpk2tSIVXCSUqeySt5s56sF+vd+pi2LljZzB75A+vzB0xblQ8=</latexit>

SO(10) �

[Pati, Salam, 1974]



Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Quark-Lepton Unification

Only one step away from the SM

Allows for a unification framework

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

<latexit sha1_base64="4ybpM7sWiuXIB8c8CzYhDbgzK5w="></latexit>

� = (�u,�u,�u, h�0
Ri)

<latexit sha1_base64="2mW/ugNw8tTINSB/tEmEKRYMozU="></latexit>

SU(4)C ⌦ SU(2)L ⌦U(1)R

<latexit sha1_base64="J0fySHJI5LotwVgdXxwUmBELQbA="></latexit>

V µ
15 ⇠ (15, 1, 0) ⇠

✓
Gµ Uµ

1

† 0

◆
+ T4B

0µ

<latexit sha1_base64="t0usujrzscKxqUEjeQQqMCekZpU=">AAACCXicbVBLTgJBFOzBH+IPdemmIzHBDZkxRF0S2bjE6AAJjKSnaaBDT8+k+42BTDiBF3CrN3Bn3HoKL+A5bGAWAlbykkrVe3mV8iPBNdj2t5VZW9/Y3Mpu53Z29/YP8odHdR3GijKXhiJUTZ9oJrhkLnAQrBkpRgJfsIY/rE79xhNTmofyAcYR8wLSl7zHKQEjPbaBjSC5dyfF8nmn2skX7JI9A14lTkoKKEWtk/9pd0MaB0wCFUTrlmNH4CVEAaeCTXLtWLOI0CHps5ahkgRMe8ks9QSfGaWLe6EyIwHP1L8XCQm0Hge+2QwIDPSyNxX/81ox9K69hMsoBibp/FEvFhhCPK0Ad7liFMTYEEIVN1kxHRBFKJiiFr6M5lFzphhnuYZVUr8oOZcl+65cqNykFWXRCTpFReSgK1RBt6iGXESRQi/oFb1Zz9a79WF9zlczVnpzjBZgff0CJiyaeQ==</latexit>

SU(4)C

<latexit sha1_base64="EvnkF4YGHqUV+pgNAi58O6Tllt0=">AAACHHicbVC7TgJBFJ31ifhatbRwIzHBhuyqUUsijSVGeSRAyOxwgQmzj8zcNZDNlv6GP2Crf2BnbE38Ab/DYaEQ8CSTnDnnvnLcUHCFtv1tLC2vrK6tZzaym1vbO7vm3n5VBZFkUGGBCGTdpQoE96GCHAXUQwnUcwXU3EFp7NceQSoe+A84CqHl0Z7Pu5xR1FLbPGoiDDGdE0voJHH6j+8rSf78tF1K2mbOLtgprEXiTEmOTFFumz/NTsAiD3xkgirVcOwQWzGVyJmAJNuMFISUDWgPGpr61APVitMDEutEKx2rG0j9fLRS9W9HTD2lRp6rKz2KfTXvjcX/vEaE3etWzP0wQvDZZFE3EhYG1jgVq8MlMBQjTSiTXN9qsT6VlKHObmbLcHJqVgfjzMewSKpnBeeyYN9d5Io304gy5JAckzxxyBUpkltSJhXCyBN5Ia/kzXg23o0P43NSumRMew7IDIyvX4scor4=</latexit>

SU(3)C

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

MU1 ⇠ g4v� ?
<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v� ?

Uµ
1 ⇠ (3, 1, 2/3)



Quark-Lepton Unification

Only one step away from the SM

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

<latexit sha1_base64="4ybpM7sWiuXIB8c8CzYhDbgzK5w="></latexit>

� = (�u,�u,�u, h�0
Ri)

<latexit sha1_base64="2mW/ugNw8tTINSB/tEmEKRYMozU="></latexit>

SU(4)C ⌦ SU(2)L ⌦U(1)R

<latexit sha1_base64="J0fySHJI5LotwVgdXxwUmBELQbA="></latexit>

V µ
15 ⇠ (15, 1, 0) ⇠

✓
Gµ Uµ

1

† 0

◆
+ T4B

0µ

<latexit sha1_base64="t0usujrzscKxqUEjeQQqMCekZpU=">AAACCXicbVBLTgJBFOzBH+IPdemmIzHBDZkxRF0S2bjE6AAJjKSnaaBDT8+k+42BTDiBF3CrN3Bn3HoKL+A5bGAWAlbykkrVe3mV8iPBNdj2t5VZW9/Y3Mpu53Z29/YP8odHdR3GijKXhiJUTZ9oJrhkLnAQrBkpRgJfsIY/rE79xhNTmofyAcYR8wLSl7zHKQEjPbaBjSC5dyfF8nmn2skX7JI9A14lTkoKKEWtk/9pd0MaB0wCFUTrlmNH4CVEAaeCTXLtWLOI0CHps5ahkgRMe8ks9QSfGaWLe6EyIwHP1L8XCQm0Hge+2QwIDPSyNxX/81ox9K69hMsoBibp/FEvFhhCPK0Ad7liFMTYEEIVN1kxHRBFKJiiFr6M5lFzphhnuYZVUr8oOZcl+65cqNykFWXRCTpFReSgK1RBt6iGXESRQi/oFb1Zz9a79WF9zlczVnpzjBZgff0CJiyaeQ==</latexit>

SU(4)C

<latexit sha1_base64="EvnkF4YGHqUV+pgNAi58O6Tllt0=">AAACHHicbVC7TgJBFJ31ifhatbRwIzHBhuyqUUsijSVGeSRAyOxwgQmzj8zcNZDNlv6GP2Crf2BnbE38Ab/DYaEQ8CSTnDnnvnLcUHCFtv1tLC2vrK6tZzaym1vbO7vm3n5VBZFkUGGBCGTdpQoE96GCHAXUQwnUcwXU3EFp7NceQSoe+A84CqHl0Z7Pu5xR1FLbPGoiDDGdE0voJHH6j+8rSf78tF1K2mbOLtgprEXiTEmOTFFumz/NTsAiD3xkgirVcOwQWzGVyJmAJNuMFISUDWgPGpr61APVitMDEutEKx2rG0j9fLRS9W9HTD2lRp6rKz2KfTXvjcX/vEaE3etWzP0wQvDZZFE3EhYG1jgVq8MlMBQjTSiTXN9qsT6VlKHObmbLcHJqVgfjzMewSKpnBeeyYN9d5Io304gy5JAckzxxyBUpkltSJhXCyBN5Ia/kzXg23o0P43NSumRMew7IDIyvX4scor4=</latexit>

SU(3)C

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

MU1 ⇠ g4v�
<latexit sha1_base64="BhWI5hU6xpcH8wvGxyznjnVg/cs=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSSFGPRS9ehArGFpoQNttNu3R3E3Y3hRJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5Ucqo0o7zbVVWVtfWN6qbta3tnd09e//gUSWZxMTDCUtkN0KKMCqIp6lmpJtKgnjESCca3Uz9zphIRRPxoCcpCTgaCBpTjLSRQvvoLsy90C2gryiHg7AJx6GPhzS0607DmQEuE7ckdVCiHdpffj/BGSdCY4aU6rlOqoMcSU0xI0XNzxRJER6hAekZKhAnKshnDxTw1Ch9GCfSlNBwpv6eyBFXasIj08mRHqpFbyr+5/UyHV8FORVpponA80VxxqBO4DQN2KeSYM0mhiAsqbkV4iGSCGuTWc2E4C6+vEwezxvuRcO5b9Zb12UcVXAMTsAZcMElaIFb0AYewKAAz+AVvFlP1ov1bn3MWytWOXMI/sD6/AEyspWD</latexit>

MU1 ⇠ g4v�

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

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

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

Br(KL ! e±µ⌥)exp  4.7⇥ 10�12
W

0
µ H

0
V

µ
LQ SLQ

1

W
0
µH

0
V

µ
LQSLQ

1

<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

<latexit sha1_base64="xrrZb1tK9XyteF34KIhDr/Zapa8=">AAACF3icbVDLSgMxFM3UV62vqjvdBIvgqsyIqMuiG5cV7APaUjLpbRuayQzJHWkZCv6GP+BW/8CduHXpD/gdptMubOuBwOGce3Mux4+kMOi6305mZXVtfSO7mdva3tndy+8fVE0Yaw4VHspQ131mQAoFFRQooR5pYIEvoeYPbid+7RG0EaF6wFEErYD1lOgKztBK7fxRE2GI6T9JqJnqwThp+kxTM27nC27RTUGXiTcjBTJDuZ3/aXZCHgegkEtmTMNzI2wlTKPgEsa5ZmwgYnzAetCwVLEATCtJs8f01Cod2g21fQppqv7dSFhgzCjw7WTAsG8WvYn4n9eIsXvdSoSKYgTFp0HdWFIM6aQQ2hEaOMqRJYxrYW+lvM8042hrm0sZTk/N2WK8xRqWSfW86F0W3fuLQulmVlGWHJMTckY8ckVK5I6USYVw8kReyCt5c56dd+fD+ZyOZpzZziGZg/P1Cy9joQo=</latexit>

s̄

<latexit sha1_base64="pX33XPsyrM2ymLCIfOKawV4ZViE=">AAACEnicbVDLSsNAFJ34rPUVFVdugkVwVRIRdVl047KCfUBbymR62w6dTMLMjbSE/IU/4Fb/wJ249Qf8Ab/DaZqFbT0wcDjn3jmX40eCa3Tdb2tldW19Y7OwVdze2d3btw8O6zqMFYMaC0Womj7VILiEGnIU0IwU0MAX0PBHd1O/8QRK81A+4iSCTkAHkvc5o2ikrn3cRhhj9k8SKioHkCa9tGuX3LKbwVkmXk5KJEe1a/+0eyGLA5DIBNW65bkRdhKqkDMBabEda4goG9EBtAyVNADdSbLY1DkzSs/ph8o8iU6m/t1IaKD1JPDNZEBxqBe9qfif14qxf9NJuIxiBMlmQf1YOBg60y6cHlfAUEwMoUxxc6vDhlRRhqaxuZTx7NSiKcZbrGGZ1C/K3lXZfbgsVW7zigrkhJySc+KRa1Ih96RKaoSRhLyQV/JmPVvv1of1ORtdsfKdIzIH6+sXerKfGA==</latexit>

d

<latexit sha1_base64="i3ZC5Tr+ZDpP4XqIXUeMdY7Z9HU=">AAACFHicbVDLSsNAFJ34rPUVdeHCTbAIglASEXVZdOOygn1AU8tketMOnTyYuZGWkN/wB9zqH7gTt+79Ab/DadqFbT0wcDjn3jmX48WCK7Ttb2NpeWV1bb2wUdzc2t7ZNff26ypKJIMai0Qkmx5VIHgINeQooBlLoIEnoOENbsd+4wmk4lH4gKMY2gHthdznjKKWOuahizDE/J8UgYosdYPk8SzrmCW7bOewFokzJSUyRbVj/rjdiCUBhMgEVarl2DG2UyqRMwFZ0U0UxJQNaA9amoY0ANVO8+DMOtFK1/IjqV+IVq7+3UhpoNQo8PRkQLGv5r2x+J/XStC/bqc8jBOEkE2C/ERYGFnjNqwul8BQjDShTHJ9q8X6VFKGurOZlOHk1KIuxpmvYZHUz8vOZdm+vyhVbqYVFcgROSanxCFXpELuSJXUCCMZeSGv5M14Nt6ND+NzMrpkTHcOyAyMr1+4H5+5</latexit>

µ+

<latexit sha1_base64="OLSPVtvA9TyTuC6k8UUbaUq90qw=">AAACEnicbVDLSsNAFJ34rPUVFVdugkVwY0lE1GXRjcsK9gFtLJPpTTt08mDmRlpC/sIfcKt/4E7c+gP+gN/hNO3Cth4YOJxz75zL8WLBFdr2t7G0vLK6tl7YKG5ube/smnv7dRUlkkGNRSKSTY8qEDyEGnIU0Iwl0MAT0PAGt2O/8QRS8Sh8wFEMbkB7Ifc5o6iljnnYRhhi/k+KQEWWwuNZ1jFLdtnOYS0SZ0pKZIpqx/xpdyOWBBAiE1SplmPH6KZUImcCsmI7URBTNqA9aGka0gCUm+axmXWila7lR1K/EK1c/buR0kCpUeDpyYBiX817Y/E/r5Wgf+2mPIwThJBNgvxEWBhZ4y6sLpfAUIw0oUxyfavF+lRShrqxmZTh5NSiLsaZr2GR1M/LzmXZvr8oVW6mFRXIETkmp8QhV6RC7kiV1AgjKXkhr+TNeDbejQ/jczK6ZEx3DsgMjK9fBIiezg==</latexit>

e�

Uµ
1 ⇠ (3, 1, 2/3)
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Quark-Lepton Unification

Only one step away from the SM
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Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Allows for a unification framework

Predicts fermion flavor violation

Only one step away from the SM

Quark-Lepton Unification
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Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Allows for a unification framework

Predicts fermion flavor violation
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Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Allows for a unification framework

Predicts fermion flavor violation

Only one step away from the SM

Quark-Lepton Unification

Baryon number is preserved at the renormalizable level

PS-symmetry protects baryon number at the non-
renormalizable too! [C.M, M.B. Wise, 2021]



Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Allows for a unification framework

Predicts fermion flavor violation

Only one step away from the SM

Quark-Lepton Unification

Baryon number is preserved at the renormalizable level

PS-symmetry protects baryon number at the non-renormalizable too!

Can be realized at the low scale
[Fileviez-Perez, Wise, 2013], [Fileviez-Perez, C.M., 2022]
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Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Allows for a unification framework

Predicts fermion flavor violation

Only one step away from the SM

Quark-Lepton Unification

Baryon number is preserved at the renormalizable level

PS-symmetry protects baryon number at the non-renormalizable too!

Can be realized at the low scale
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Quarks and leptons are treated under the same footing

SU(4)⌦ SU(2)⌦U(1)R

Very economical fermion content

Allows for a unification framework

Predicts fermion flavor violation

Can be realized at the low scale

Only one step away from the SM

Quark-Lepton Unification

Baryon number is preserved at the renormalizable level

PS-symmetry protects baryon number at the non-renormalizable too!

Can address the ratios

And we’ll be able to test that soon!
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Theories for Neutrino Masses



•Neutrinos are Majorana

LD
⌫ � Y⌫

¯̀
LH̃⌫R + h.c.

m⌫  0.1 eV ) Y⌫  10�12

LM
⌫ � Y⌫

¯̀
LH̃⌫R +

1

2
⌫
T
RCMR⌫R + h.c.

3 ⌫R

SM content should be extended

•Neutrinos are Dirac

⇠ (1, 1, 0)

Neutrinos are massive!

(no clue about their nature)

e.g.

ΔL ≠ 2 ΔL = 2
[See Vincenzo’s talk today]
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Theories for Neutrino Masses
Within explicit L breaking



Within explicit L breaking [SU(5)]
Type-I/III seesaw Type-II seesaw

Colored seesaw

Y i

⌫
5̄i 5H 1 +M⌫ 1 1 + h.c.

(⌃R)

(III)24

[P. Fileviez-Perez, M. Wise., 2009]

Y⌫ 5̄ 24 45H +M24Tr{242}
+ 45H45H(�15

⇤
H
5⇤
H
+ �25

⇤
H
45⇤

H
+ �345

⇤
H
45⇤

H
)

Zee mechanism[P. Fileviez-Perez, C.M., 2016]

� 5̄ 5̄ 10H + 5̄(Y15
⇤
H
+ Y245H)10

� 1

6
µ 5H45H10⇤

H
+ �245H45H24H10⇤

H
+ h.c.

Y i

⌫
5̄ 24 5H +M24Tr{242}+ �Tr{24224H}+ h.c.

I:

III:
[B. Bajc, G. Senjanovíc, 2007]

[I. Dorsner, P. Fileviez-Perez, R. Gonzalez Felipe, 2006], 

[B. Bajc, G. Senjanovíc, 2007]
[I. Dorsner, P. Fileviez-Perez, 2007]

Y�5̄ 5̄ 15H +M2
�15

⇤
H
15H+

µ5⇤
H
5⇤
H
15H + �5⇤

H
5⇤
H
24H15H + h.c.

[I. Dorsner, P. Fileviez-Perez, 2005], 

[I. Dorsner, P. Fileviez-Perez, G. Rodrigo, 2007]
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Theories for Neutrino Masses
Within spontaneous L breaking



Within spontaneous L breaking

Extra symmetries:

U(1)B�L, U(1)L, U(1)B

SU(3)c ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)X

U(1)X ! U(1)X=B or U(1)X=L

3 ⌫R



[Fileviez-Perez, C.M., 2018]

Within spontaneous L breaking
Majorana neutrinos

�(B � L) = 2U(1)B�L

⇤B�L . 1014 GeV

L � S⇤
BL⌫R⌫R + h.c.

hSBL ⇠ (1, 1, 0, 2)i = vB�L

M⌫R ,MZBL / vB�L

[Fileviez-Perez, C.M., 2018]
[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]



Within spontaneous L breaking
Majorana neutrinos

�(B � L) = 2U(1)B�L
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[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]

[see talk by Buphal]



Within spontaneous L breaking
Majorana neutrinos

�(B � L) = 2U(1)B�L

2 4 6 8 10 12 14
M¬ [TeV]

5

10

15

20

25

M
Z
B
L
[T
eV

]

gBL=
p

º
2 , n¬=

1
3

LEP

+
LHC

+
Xe 1T

XenT

2 4 6 8 10 12 14
M¬ [TeV]

5

10

15

20

25

M
Z
B
L
[T
eV

]

gBL=
p

º
2 , n¬=

1
3

LEP

+
LHC

+
Xe 1T

XenT

L

[Fileviez-Perez, C.M., 2018]
[P. Fileviez-Perez, E. Golias, C.M., R. Li, A. Plascencia, 2019] [P. Fileviez-Perez, C.M., A. Plascencia, 2019]

[see talk by Buphal]



Within spontaneous L breaking
Majorana neutrinos

�(B � L) = 2U(1)B�L
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Dirac neutrinos
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Within spontaneous L breaking
Majorana neutrinos

�(B � L) = 2U(1)B�L
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Within spontaneous L breaking
Majorana neutrinos
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Dirac neutrinos
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Theories for Neutrino Masses
Within Quark-Lepton unification



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

FQL ⇠ (4, 2, 0) =

✓
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d e

◆

L Fd =
�
dc ec

�
L
⇠ (4̄, 1, 1/2)

Fu =
�
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�
L
⇠ (4̄, 1,�1/2)
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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

FQL ⇠ (4, 2, 0) =
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H ⇠ (1, 2, 1/2),� ⇠ (15, 2, 1/2)�3 ⇠ (3̄, 2� 1/6)SM
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S ⇠ (1, 1, 0)

(⌫ ⌫c S)
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⌫ 0
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⌫ )T 0 MD
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0 (MD
� )T µ
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MD
� = Y5v�/

p
2

m⌫ ⇡ µ(MD
⌫ )2/(MD

� )2,MD
� � MD
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�L⌫
QL = Y5Fu�S +

1

2
µSS + h.c..

h�i

•Add a fermion singlet 

•Mass matrix for neutral fermions: 

Within Quark-Lepton unification
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QL = Y5Fu�S +

1

2
µSS + h.c..

h�i

•Add a fermion singlet 

•Mass matrix for neutral fermions: 

LQ
LQ

EW
EW

EW LQ

Protected by fermion symmetry

Within Quark-Lepton unification
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Inverse seesaw
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h�iNo need for       to be large!!

[P. Fileviez Perez and M. B. Wise 2013]

H ⇠ (1, 2, 1/2),� ⇠ (15, 2, 1/2)�3 ⇠ (3̄, 2� 1/6)SM
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Summary



10

B and L are classical symmetries predicted by the SM which seem to  
be consistent with experiment.

B and L are connected to fundamental questions of Nature. 

Understanding how they are broken is of utmost importance.

0⌫��



10
[borrowed from Pavel’s talk]

(“Stable enough” proton in QL-unification)



Thank you!
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Back-up slides



U(1)B

Exploiting the connection DM - colliders



) ZB ! �̄�, F̄F
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Spontaneous B and L violation
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Leptogenesis
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Figure 1: Feynman diagrams for the decay of N1. The interference between the tree-level and one-loop diagrams
gives rise to CP-violation.
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•In order to generate a L asymmetry, A. Sakharov, 1967:
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Leptogenesis
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