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• Gauge Symmetry:
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SU(3)C ⇥ SU(2)L ⇥ U(1)Y
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• Fermions:

The SM describes the fundamental interactions among elementary particles as gauge interactions. 
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• A single Higgs doublet: � ⇠ (1, 2)1/2
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LYuk = Yu�̃qLuR + Yd�qLdR + Ye�`LeR + h.c.
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The electroweak part SU(2)L ⇥ U(1)Y is chiral.
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Yukawa interactions
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LYuk = Y ij
u �̃qLiuRj + Y ij

d �qLidRj + Y ij
e �`LieRj + h.c.
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• Yukawa matrices are not diagonal in weak basis.
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SU(3)C ⇥ SU(2)L ⇥ U(1)Y ! SU(3)C ⇥ U(1)em
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• Spontaneous symmetry breaking:

� ⇠ (1, 2)1/2 , h�0i =
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LYuk = Y ij
u �̃qLiuRj + Y ij

d �qLidRj + Y ij
e �`LieRj + h.c.
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vw = 174 GeV
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SU(3)C ⇥ SU(2)L ⇥ U(1)Y ! SU(3)C ⇥ U(1)em
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• Gauge bosons masses:

LYuk = Y ij
u �̃qLiuRj + Y ij

d �qLidRj + Y ij
e �`LieRj + h.c.
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vw = 174 GeV
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LYuk = Y ij
u �̃qLiuRj + Y ij

d �qLidRj + Y ij
e �`LieRj + h.c.

<latexit sha1_base64="IalwHWQJkwGeJWa7uGqvu/B/uBY="></latexit>

• m(u,d,e)ij = Y ij
u,d,evw

• Yukawa matrices are not diagonal in weak basis.

• Weak eigenstates are not mass eigenstates:

mu,d,e = V (u,d,e)†
L m(u,d,e)V (u,d,e)

R
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Quark 
mass eigenstates:

• m(u,d,e)ij = Y ij
u,d,evw

• Yukawa matrices are not diagonal in weak basis.

• Weak eigenstates are not mass eigenstates:

mu,d,e = V (u,d,e)†
L m(u,d,e)V (u,d,e)

R
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• mu,d,e = V (u,d,e)†
L m(u,d,e)V (u,d,e)

R

• Quark charged currents in mass basis: gp
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• VCKM is unitary.

• VCKM is the only source of CP violation in the SM.
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• m(u,d,e)ij = Y ij
u,d,evw

• mu,d,e = V (u,d,e)†
L m(u,d,e)V (u,d,e)

R

• VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

• Technically natural: SM tolerates
Yukawa hierarchy but cannot
explain it.
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• m(u,d,e)ij = Y ij
u,d,evw : the same transformation diagonalizes Yukawa cou-

plings and mass matrices.

• Neutral currents: Lnc =
g

cos ✓W

⇣
gfLfL�

µfL + gfRfR�
µfR

⌘
Zµ

• Yukawa couplings and photon/Z couplings (for unitarity of V (u)
L and

V (d)
L ) are diagonal in mass basis.
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• NO flavour changing neutral currents at tree level.

• The SM is extremely successfull in describing experimental data on flavor
changing and CP violating processes, and in the SM FCNC are strongly
suppressed.

• Then if new physics shows no suppression for FCNC, its scale must be
above ⇠ 104 TeV.
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In the SM there is no explanation for…
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• replication of fermion families;

• inter-family mass hierarchy (Yukawa hierarchy);

• weak mixing pattern: small angles for quarks, large angles for neutrinos;

• neutrino masses: very small (seesaw?), mass hierarchy yet unknown.

• Hierarchy problem (physics at TeV scale needed..), dark matter, dark

energy, baryogenesis, . . .
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1. Gauge family symmetries: 
• Masses and mixings from family symmetry 
• How light can (flavour) gauge bosons be? 

2. Anomalies in the first row of CKM matrix: new physics at TeV scale? 
• The present situation 
• Solving CKM unitarity problem with family symmetry 

3. Extra vector-like quarks 
• Are they a solution for anomalies in the first row of CKM?



1. Family symmetries
• Masses and mixings from family symmetry 
• How light can (flavour) gauge bosons be? 

17
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• Fermions transform as triplets
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• In the limit of vanishing
Yukawa couplings, Yf ! 0,
the SM acquires a maximal
global chiral
family symmetry.
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• Yukawa interactions break
the SU(3)5 symmetry.
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In the context of SU(5) grand unified theory (GUT) the maximal symmetry
reduces to

U(3)` ⇥ U(3)e

5̄L = (`, dc)L ⇠ (3`, 1) 10L = (ec, uc, Q)L ⇠ (1, 3̄e)

<latexit sha1_base64="djQ4mpRQcft+wIUdg0rdWWGW8+w="></latexit>



Benedetta Belfatto22/07/2020

Family symmetries

21

• Gauge the symmetry SU(3)5.

• The U(1) factors remain as global symmetries.

• Fermions cannot get mass if the symmetry is unbroken.
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• Gauge the symmetry SU(3)5.

• The U(1) factors remain as global symmetries.

• Fermions cannot get mass if the symmetry is unbroken.
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! Can the fermion mass hierarchy be related to the breaking pattern?

! Can the breaking scale be low enough to have flavor bosons within the
experimental reach?

<latexit sha1_base64="sCIPPwbFL+Q1vsCOBsgIGpmS74I="></latexit>
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

`L ⇠ 3` , eR ⇠ 3e , qL ⇠ 3q uR ⇠ 3u , dR ⇠ 3d

<latexit sha1_base64="QSHIHevUFRXOENgButuK45zLz9w="></latexit>

• Fermions cannot get mass if the symmetry is unbroken.

• Yukawa couplings are induced by non-zero VEVs of scalars.

<latexit sha1_base64="iq6WBZsOA4+IlSnP4tiYLfBXfIk="></latexit>
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

`L ⇠ 3` , eR ⇠ 3e , qL ⇠ 3q uR ⇠ 3u , dR ⇠ 3d

<latexit sha1_base64="QSHIHevUFRXOENgButuK45zLz9w="></latexit>

• Fermions cannot get mass if the symmetry is unbroken.

• Yukawa couplings are induced by non-zero VEVs of scalars.

<latexit sha1_base64="iq6WBZsOA4+IlSnP4tiYLfBXfIk="></latexit>

eRi `LjY ij
e

'

Y ij
e 'lLjeRi

<latexit sha1_base64="cVF56O2pD51RXb7fgkXh8CgsxXk="></latexit>
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

`L ⇠ 3` , eR ⇠ 3e , qL ⇠ 3q uR ⇠ 3u , dR ⇠ 3d

<latexit sha1_base64="QSHIHevUFRXOENgButuK45zLz9w="></latexit>

• Fermions cannot get mass if the symmetry is unbroken.

• Yukawa couplings are induced by non-zero VEVs of scalars.

<latexit sha1_base64="iq6WBZsOA4+IlSnP4tiYLfBXfIk="></latexit>

eRi `LjY ij
e

'

Y ij
e 'lLjeRi

<latexit sha1_base64="cVF56O2pD51RXb7fgkXh8CgsxXk="></latexit>

eR↵ `Liginh⇠ni
M

' ⇠↵n

⇠ ⇠ 3e

<latexit sha1_base64="e5M3vTEsbPJ4tNjat5bL7S56psg=">AAACA3icbVC7TgJBFL2LL8QHqKXNRGJiRXaVRO2INpaYyCNhCZkdLjhh9pGZu0ZCKP0KW63sjK0fYuG/uLtQKHiqk3PuzT33eJGShmz7y8qtrK6tb+Q3C1vbO7vF0t5+04SxFtgQoQp12+MGlQywQZIUtiON3PcUtrzRdeq3HlAbGQZ3NI6w6/NhIAdScEqkXqnoPkrXSJ+d9bCQoFcq2xU7A1smzpyUaxXIUO+Vvt1+KGIfAxKKG9Nx7Ii6E65JCoXTghsbjLgY8SF2EhpwH013kgWfsuPYcApZhJpJxTIRf29MuG/M2PeSSZ/TvVn0UvE/rxPT4KI7kUEUEwYiPURSYXbICC2TRpD1pUYiniZHJgMmuOZEqCXjQiRinFSU9uEsfr9MmqcVp1q5vK2Wa1ezYiAPh3AEJ+DAOdTgBurQAAExPMMLvFpP1pv1bn3MRnPWfOcA/sD6/AF9kZZh</latexit>

gin⇠↵n
ML

'`LieR↵

<latexit sha1_base64="u5x6ASuVBh7V2cVRqHZyFY+u/Ws="></latexit>
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

`L ⇠ 3` , eR ⇠ 3e , qL ⇠ 3q uR ⇠ 3u , dR ⇠ 3d

<latexit sha1_base64="QSHIHevUFRXOENgButuK45zLz9w="></latexit>

• Fermions cannot get mass if the symmetry is unbroken.

• Yukawa couplings are induced by non-zero VEVs of scalars.

<latexit sha1_base64="iq6WBZsOA4+IlSnP4tiYLfBXfIk="></latexit>

eRi `LjY ij
e

'

eR↵ L↵ R↵ `Li

M

' ⇠↵n

eR↵ `Liginh⇠ni
M

' ⇠↵n
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

`L ⇠ 3` , eR ⇠ 3e , qL ⇠ 3q uR ⇠ 3u , dR ⇠ 3d

<latexit sha1_base64="QSHIHevUFRXOENgButuK45zLz9w="></latexit>

• Fermions cannot get mass if the symmetry is unbroken.

• Yukawa couplings are induced by non-zero VEVs of scalars.

<latexit sha1_base64="iq6WBZsOA4+IlSnP4tiYLfBXfIk="></latexit>

`↵ N c↵ N↵ N� N c� `�

MN MN

'̃ S↵� '̃

` `
hSi
M2

N

'̃ '̃

S↵� ⇠ 6l
<latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="0dQ5k7dUPrrd2HSPLZUzciBTGbg=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGCCgjaCiDIA8pjqz1ZZOccn7obo0UWRGfwFfQQkWHaPkGCv4FO6SAhKlGM7vanfFjJQ3Z9qe1sLi0vLJaWCuub2xubZd2dhsmSrTAuohUpFs+GFQyxDpJUtiKNULgK2z6w6vcb96jNjIK72gUYyeAfih7UgBlklfav/VSF1Q8ANdHgrFrZMDPPFUseqWyXbEn4PPEmZIym6Lmlb7cbiSSAEMSCoxpO3ZMnRQ0SaFwXHQTgzGIIfSxndEQAjSddBJhzI8SAxTxGDWXik9E/L2RQmDMKPCzyQBoYGa9XPzPayfUu+ikMowTwlDkh0gqnBwyQsusG+RdqZEI8s+Ry5AL0ECEWnIQIhOTrKy8D2c2/TxpnFScjN+clquX02YK7IAdsmPmsHNWZdesxupMsAf2xJ7Zi/VovVpv1vvP6II13dljf2B9fAMGWJsI</latexit>
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• The inter-family hierarchy between quark species and CKM angles can be

parameterized by a small parameter ✏ ⇠ 1/20:

md : ms : mb ⇠ ✏
2
: ✏ : 1 mu : mc : mt ⇠ ✏

4
: ✏

2
: 1

sin ✓12 ⇠
p
✏ ⇠ 4✏; sin ✓23 ⇠ ✏; sin ✓13 ⇠ ✏

2

• Hierarchy among charged leptons can be parametrized with ✏:

me : mµ : m⌧ ⇠ k
�1

✏
2
: k✏ : k

with k ' 3 (factor O(1)), or:

me : mµ : m⌧ ⇠ ✏̃✏ : ✏ : 1

• The neutrino mixing angles are much larger and presumably there is no

significant hierarchy between the neutrino masses.

<latexit sha1_base64="eJuRtEm1eh7N2bjDHk/jnivKyrE="></latexit>
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

<latexit sha1_base64="lhNjl+5ED7cWAfx0OM5zlcRNcWQ=">AAACOXicbVBLS8NAEJ7Ud31FPXpZLEK9hEQL6q0ogkcFawttCZvtWJduHu5OBCn+In+Cv8Kjigdv4tU/YJJ6sNY5fY8ZZuYLEiUNue6zVZqanpmdm18oLy4tr6zaa+uXJk61wIaIVaxbATeoZIQNkqSwlWjkYaCwGQyOc795i9rIOLqguwS7Ie9H8koKTpnk2yeN6t6O30GlWIdkiIYVAo6xmzGWjrEeY6zs2xXXcYtik8D7AZW6A0Wd+fZbpxeLNMSIhOLGtD03oe6Qa5JC4X25kxpMuBjwPrYzGPFsX3dYvHvPtlPDKWYJaiYVK0T8PTHkoTF3YZB1hpyuzV8vF//z2ildHXSHMkpSwkjki0gqLBYZoWWWI7Ke1EjE88uRyYgJrjkRasm4EJmYZsHmeXh/v58El7uOV3MOz2uV+tEoGJiHTdiCKniwD3U4hTNogIAHeIIXeLUerXfrw/octZasn5kNGCvr6xsGtqke</latexit>

`L ⇠ 3` , eR ⇠ 3e

<latexit sha1_base64="rjeI3hSnjF7geoW+6J7ah6ltmK8="></latexit>
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• Three SU(3)` triplets ⌘i ⇠ 3`

<latexit sha1_base64="p3xuze6GufniAcT30GbfbC6qcpc="></latexit>

• Three SU(3)e triplets ⇠i ⇠ 3e

<latexit sha1_base64="VSx3vCqKYLWKORu26bQAs3SBGTE="></latexit>

SU(3)` ⇥ SU(3)e

<latexit sha1_base64="+qD1ek0KcWO37x4kPuPurQFU744=">AAACDnicbVDLTgJBEOzFF+IL9aaXicQEL2RXSdQb0YtHjPJIgJDZocEJs4/M9JoQQuIn+BVe9eTNePUXPPgv7i4cFK1Tpao71V1uqKQh2/60MguLS8sr2dXc2vrG5lZ+e6dugkgLrIlABbrpcoNK+lgjSQqboUbuuQob7vAy8Rv3qI0M/Fsahdjx+MCXfSk4xVI3v3dTK54cdduoFGuT9NCwqYK5br5gl+wU7C9xZqRQKUGKajf/1e4FIvLQJ6G4MS3HDqkz5pqkUDjJtSODIRdDPsBWTH0ep3XG6Q8TdhgZTgELUTOpWCriz40x94wZeW486XG6M/NeIv7ntSLqn3XG0g8jQl8kQSQVpkFGaBmXg6wnNRLx5HJk0meCa06EWjIuRCxGcVtJH878939J/bjklEvn1+VC5WJaDGRhHw6gCA6cQgWuoAo1EPAAT/AML9aj9Wq9We/T0Yw129mFX7A+vgEn75qK</latexit>
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• Three SU(3)` triplets ⌘i ⇠ 3`

<latexit sha1_base64="p3xuze6GufniAcT30GbfbC6qcpc="></latexit>

• Three SU(3)e triplets ⇠i ⇠ 3e

<latexit sha1_base64="VSx3vCqKYLWKORu26bQAs3SBGTE="></latexit>

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi +
hij ⌘̄↵i ⌘̄

�
j

M3
⌫

''`TL↵C`� + h.c.

<latexit sha1_base64="VFnS6ItD8IE+UkG6HiZIjJXIiBs="></latexit>

SU(3)` ⇥ SU(3)e

<latexit sha1_base64="+qD1ek0KcWO37x4kPuPurQFU744=">AAACDnicbVDLTgJBEOzFF+IL9aaXicQEL2RXSdQb0YtHjPJIgJDZocEJs4/M9JoQQuIn+BVe9eTNePUXPPgv7i4cFK1Tpao71V1uqKQh2/60MguLS8sr2dXc2vrG5lZ+e6dugkgLrIlABbrpcoNK+lgjSQqboUbuuQob7vAy8Rv3qI0M/Fsahdjx+MCXfSk4xVI3v3dTK54cdduoFGuT9NCwqYK5br5gl+wU7C9xZqRQKUGKajf/1e4FIvLQJ6G4MS3HDqkz5pqkUDjJtSODIRdDPsBWTH0ep3XG6Q8TdhgZTgELUTOpWCriz40x94wZeW486XG6M/NeIv7ntSLqn3XG0g8jQl8kQSQVpkFGaBmXg6wnNRLx5HJk0meCa06EWjIuRCxGcVtJH878939J/bjklEvn1+VC5WJaDGRhHw6gCA6cQgWuoAo1EPAAT/AML9aj9Wq9We/T0Yw129mFX7A+vgEn75qK</latexit>

eRi `↵Lgnm
⇤2

' ⇠(n)i ⌘(m)
↵

`L↵ `L�hij
⇤3

' ⌘(i)↵ ⌘(j)� '
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• Three SU(3)` triplets ⌘i ⇠ 3`

<latexit sha1_base64="p3xuze6GufniAcT30GbfbC6qcpc="></latexit>

• Three SU(3)e triplets ⇠i ⇠ 3e

<latexit sha1_base64="VSx3vCqKYLWKORu26bQAs3SBGTE="></latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi +
hij ⌘̄↵i ⌘̄

�
j

M3
⌫

''`TL↵C`� + h.c.

<latexit sha1_base64="VFnS6ItD8IE+UkG6HiZIjJXIiBs="></latexit>

SU(3)` ⇥ SU(3)e

<latexit sha1_base64="+qD1ek0KcWO37x4kPuPurQFU744=">AAACDnicbVDLTgJBEOzFF+IL9aaXicQEL2RXSdQb0YtHjPJIgJDZocEJs4/M9JoQQuIn+BVe9eTNePUXPPgv7i4cFK1Tpao71V1uqKQh2/60MguLS8sr2dXc2vrG5lZ+e6dugkgLrIlABbrpcoNK+lgjSQqboUbuuQob7vAy8Rv3qI0M/Fsahdjx+MCXfSk4xVI3v3dTK54cdduoFGuT9NCwqYK5br5gl+wU7C9xZqRQKUGKajf/1e4FIvLQJ6G4MS3HDqkz5pqkUDjJtSODIRdDPsBWTH0ep3XG6Q8TdhgZTgELUTOpWCriz40x94wZeW486XG6M/NeIv7ntSLqn3XG0g8jQl8kQSQVpkFGaBmXg6wnNRLx5HJk0meCa06EWjIuRCxGcVtJH878939J/bjklEvn1+VC5WJaDGRhHw6gCA6cQgWuoAo1EPAAT/AML9aj9Wq9We/T0Yw129mFX7A+vgEn75qK</latexit>

h⌘1i =

0

@
w1

0
0

1

A , h⌘2i =

0

@
0
w2

0

1

A , h⌘3i =

0

@
0
0
w3

1

A

<latexit sha1_base64="h3iEMh6jU6RDsJAhCU9f6ErqcFg="></latexit>

h⌘1i =

0

@
w1

0
0

1

A , h⌘2i =

0

@
0
w2

0

1

A , h⌘3i =

0

@
0
0
w3

1

A

<latexit sha1_base64="h3iEMh6jU6RDsJAhCU9f6ErqcFg="></latexit>

SU(3)`
w3��! SU(2)`

w2��! nothing

<latexit sha1_base64="dXUvJNxgNo44M7jh9IZJQ1988d0="></latexit>
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• Three SU(3)` triplets ⌘i ⇠ 3`

<latexit sha1_base64="p3xuze6GufniAcT30GbfbC6qcpc="></latexit>

• Three SU(3)e triplets ⇠i ⇠ 3e

<latexit sha1_base64="VSx3vCqKYLWKORu26bQAs3SBGTE="></latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi +
hij ⌘̄↵i ⌘̄

�
j

M3
⌫

''`TL↵C`� + h.c.

<latexit sha1_base64="VFnS6ItD8IE+UkG6HiZIjJXIiBs="></latexit>

SU(3)` ⇥ SU(3)e

<latexit sha1_base64="+qD1ek0KcWO37x4kPuPurQFU744=">AAACDnicbVDLTgJBEOzFF+IL9aaXicQEL2RXSdQb0YtHjPJIgJDZocEJs4/M9JoQQuIn+BVe9eTNePUXPPgv7i4cFK1Tpao71V1uqKQh2/60MguLS8sr2dXc2vrG5lZ+e6dugkgLrIlABbrpcoNK+lgjSQqboUbuuQob7vAy8Rv3qI0M/Fsahdjx+MCXfSk4xVI3v3dTK54cdduoFGuT9NCwqYK5br5gl+wU7C9xZqRQKUGKajf/1e4FIvLQJ6G4MS3HDqkz5pqkUDjJtSODIRdDPsBWTH0ep3XG6Q8TdhgZTgELUTOpWCriz40x94wZeW486XG6M/NeIv7ntSLqn3XG0g8jQl8kQSQVpkFGaBmXg6wnNRLx5HJk0meCa06EWjIuRCxGcVtJH878939J/bjklEvn1+VC5WJaDGRhHw6gCA6cQgWuoAo1EPAAT/AML9aj9Wq9We/T0Yw129mFX7A+vgEn75qK</latexit>

h⌘1i =

0

@
w1

0
0

1

A , h⌘2i =

0

@
0
w2

0

1

A , h⌘3i =

0

@
0
0
w3

1

A

<latexit sha1_base64="h3iEMh6jU6RDsJAhCU9f6ErqcFg="></latexit>

h⌘1i =

0

@
w1

0
0

1

A , h⌘2i =

0

@
0
w2

0

1

A , h⌘3i =

0

@
0
0
w3

1

A

<latexit sha1_base64="h3iEMh6jU6RDsJAhCU9f6ErqcFg="></latexit>

mij
⌫ =

hijwiwjv2w
M3

⌫

, UPMNS

<latexit sha1_base64="6ahi+pIvbOiogA5osGkg3upo4Qo="></latexit>

SU(3)`
w3��! SU(2)`

w2��! nothing

<latexit sha1_base64="dXUvJNxgNo44M7jh9IZJQ1988d0="></latexit>
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• Three SU(3)` triplets ⌘i ⇠ 3`

<latexit sha1_base64="p3xuze6GufniAcT30GbfbC6qcpc="></latexit>

• Three SU(3)e triplets ⇠i ⇠ 3e

<latexit sha1_base64="VSx3vCqKYLWKORu26bQAs3SBGTE="></latexit>

h⇠1i =

0

@
v1
0
0

1

A , h⇠2i =

0

@
0
v2
0

1

A , h⇠3i =

0

@
0
0
v3

1

A

<latexit sha1_base64="MPW5RjJJOTBLz/QX8xtlQxb2pg8="></latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi +
hij ⌘̄↵i ⌘̄

�
j

M3
⌫

''`TL↵C`� + h.c.

<latexit sha1_base64="VFnS6ItD8IE+UkG6HiZIjJXIiBs="></latexit>

SU(3)` ⇥ SU(3)e

<latexit sha1_base64="+qD1ek0KcWO37x4kPuPurQFU744=">AAACDnicbVDLTgJBEOzFF+IL9aaXicQEL2RXSdQb0YtHjPJIgJDZocEJs4/M9JoQQuIn+BVe9eTNePUXPPgv7i4cFK1Tpao71V1uqKQh2/60MguLS8sr2dXc2vrG5lZ+e6dugkgLrIlABbrpcoNK+lgjSQqboUbuuQob7vAy8Rv3qI0M/Fsahdjx+MCXfSk4xVI3v3dTK54cdduoFGuT9NCwqYK5br5gl+wU7C9xZqRQKUGKajf/1e4FIvLQJ6G4MS3HDqkz5pqkUDjJtSODIRdDPsBWTH0ep3XG6Q8TdhgZTgELUTOpWCriz40x94wZeW486XG6M/NeIv7ntSLqn3XG0g8jQl8kQSQVpkFGaBmXg6wnNRLx5HJk0meCa06EWjIuRCxGcVtJH878939J/bjklEvn1+VC5WJaDGRhHw6gCA6cQgWuoAo1EPAAT/AML9aj9Wq9We/T0Yw129mFX7A+vgEn75qK</latexit>

SU(3)`
w3��! SU(2)`

w2��! nothing

<latexit sha1_base64="dXUvJNxgNo44M7jh9IZJQ1988d0="></latexit>
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• Three SU(3)` triplets ⌘i ⇠ 3`

<latexit sha1_base64="p3xuze6GufniAcT30GbfbC6qcpc="></latexit>

• Three SU(3)e triplets ⇠i ⇠ 3e

<latexit sha1_base64="VSx3vCqKYLWKORu26bQAs3SBGTE="></latexit>

h⇠1i =

0

@
v1
0
0

1

A , h⇠2i =

0

@
0
v2
0

1

A , h⇠3i =

0

@
0
0
v3

1

A

<latexit sha1_base64="MPW5RjJJOTBLz/QX8xtlQxb2pg8="></latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi +
hij ⌘̄↵i ⌘̄

�
j

M3
⌫

''`TL↵C`� + h.c.

<latexit sha1_base64="VFnS6ItD8IE+UkG6HiZIjJXIiBs="></latexit>

v1 : v2 : v3 = ✏̃✏ : ✏ : 1

<latexit sha1_base64="ICthsznZ1iOlAsLiTnaQHPz+a0U=">AAACKHicbVDLSsNAFL3xWeur6tLNYBFclUQLakEounGpYLXQljCZXnVwMgkzN4US+iN+gl/hVlfuxIUbv8QkPtDqgYHDOfdy55wgVtKS6744E5NT0zOzpbny/MLi0nJlZfXcRokR2BKRikw74BaV1NgiSQrbsUEeBgovgpuj3L8YoLEy0mc0jLEX8istL6XglEl+pT7wvcbA387ezkGXpOpj2sXYShXp0RdpfBOvnMOvVN2aW4D9Jd4nqTZrUODEr7x2+5FIQtQkFLe247kx9VJuSAqFo3I3sRhzccOvsJNRzUO0vbRIN2KbieUUsRgNk4oVIv7cSHlo7TAMssmQ07Ud93LxP6+T0OVeL5U6Tgi1yA9l+bE4ZIWRWW3I+tIgEc9/jkxqJrjhRGgk40JkYpL1mPfhjaf/S863a169tn9arzYPP4qBEqzDBmyBB7vQhGM4gRYIuIV7eIBH5855cp6dl4/RCedzZw1+wXl7B04Zpbc=</latexit>

me ,mµ ,m⌧

<latexit sha1_base64="wD+U5yc36ZJJ6D639/jSKl4BFSU=">AAACEXicbVC7SgRBEOz17fk6NRRh8BAM5NgVQc0OTQwVPBXujqV3bHVwZneZ6RHkMPIT/ApTjczE1C8w8F/cXRV8VVRUddNdleRaOQ7D12BgcGh4ZHRsvDYxOTU9U5+dO3SZt5LaMtOZPU7QkVYptVmxpuPcEppE01FysVP6R5dkncrSA77KqWfwLFWnSiIXUlxfNDF1V8WqMHHX+C/G6Gsl4nojbIYVxF8SfZJGqwkV9uL6W/ckk95QylKjc50ozLnXR8tKarqudb2jHOUFnlGnoCkacr1+FeNaLHuHnImcrFBaVCJ93+ijce7KJMWkQT53v71S/M/reD7d7PVVmnumVJaHWGmqDjlpVdEPiRNliRnLz0moVEi0yExWCZSyEH1RWNlH9Dv9X3K41ozWm1v7643W9kcxMAYLsAQrEMEGtGAX9qANEm7gDu7hIbgNHoOn4PljdCD43JmHHwhe3gGMEpqT</latexit>

SU(3)` ⇥ SU(3)e

<latexit sha1_base64="+qD1ek0KcWO37x4kPuPurQFU744=">AAACDnicbVDLTgJBEOzFF+IL9aaXicQEL2RXSdQb0YtHjPJIgJDZocEJs4/M9JoQQuIn+BVe9eTNePUXPPgv7i4cFK1Tpao71V1uqKQh2/60MguLS8sr2dXc2vrG5lZ+e6dugkgLrIlABbrpcoNK+lgjSQqboUbuuQob7vAy8Rv3qI0M/Fsahdjx+MCXfSk4xVI3v3dTK54cdduoFGuT9NCwqYK5br5gl+wU7C9xZqRQKUGKajf/1e4FIvLQJ6G4MS3HDqkz5pqkUDjJtSODIRdDPsBWTH0ep3XG6Q8TdhgZTgELUTOpWCriz40x94wZeW486XG6M/NeIv7ntSLqn3XG0g8jQl8kQSQVpkFGaBmXg6wnNRLx5HJk0meCa06EWjIuRCxGcVtJH878939J/bjklEvn1+VC5WJaDGRhHw6gCA6cQgWuoAo1EPAAT/AML9aj9Wq9We/T0Yw129mFX7A+vgEn75qK</latexit>

Y ij
e =

yijwivj
M2

L

<latexit sha1_base64="O/4tUcqXaYh2tIC1KP+eK0hiStA="></latexit>

SU(3)`
w3��! SU(2)`

w2��! nothing

<latexit sha1_base64="dXUvJNxgNo44M7jh9IZJQ1988d0="></latexit>

Ye = y⌧

0

@
⇠ ✏̃✏ ⇠ ✏ ⇠ 1
⇠ ✏̃✏ ⇠ ✏ ⇠ 1
⇠ ✏̃✏ ⇠ ✏ ⇠ 1

1

A

<latexit sha1_base64="FRklk8W0xQJZEIsM77CFAfpURIg="></latexit>
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SU(3)e

<latexit sha1_base64="CXsEkD9letpEB6YgiUcioEISFVg=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHBC9lVEvVG9OIRozwSIGR2aHDC7CMzvSZkw0d41ZM349Wv8eC/uLtwULBOlarudHW5oZKGbPvLyq2srq1v5DcLW9s7u3vF/YOmCSItsCECFei2yw0q6WODJClshxq55ypsueOb1G89oTYy8B9oEmLP4yNfDqXglEit+0b5/LSP/WLJrtgZ2DJx5qRUq0CGer/43R0EIvLQJ6G4MR3HDqkXc01SKJwWupHBkIsxH2EnoT730PTiLO6UnUSGU8BC1Ewqlon4eyPmnjETz00mPU6PZtFLxf+8TkTDy14s/TAi9EV6iKTC7JARWiY9IBtIjUQ8TY5M+kxwzYlQS8aFSMQoKaaQ9OEsfr9MmmcVp1q5uquWatezYiAPR3AMZXDgAmpwC3VogIAxPMMLvFqx9Wa9Wx+z0Zw13zmEP7A+fwBR/pOv</latexit>
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• Gauging of SU(3)e, new gauge bosons, new horizontal interactions.

<latexit sha1_base64="WSWTGCbJj2wBigS/vKa85qXNGNs="></latexit>

SU(3)e

<latexit sha1_base64="CXsEkD9letpEB6YgiUcioEISFVg=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHBC9lVEvVG9OIRozwSIGR2aHDC7CMzvSZkw0d41ZM349Wv8eC/uLtwULBOlarudHW5oZKGbPvLyq2srq1v5DcLW9s7u3vF/YOmCSItsCECFei2yw0q6WODJClshxq55ypsueOb1G89oTYy8B9oEmLP4yNfDqXglEit+0b5/LSP/WLJrtgZ2DJx5qRUq0CGer/43R0EIvLQJ6G4MR3HDqkXc01SKJwWupHBkIsxH2EnoT730PTiLO6UnUSGU8BC1Ewqlon4eyPmnjETz00mPU6PZtFLxf+8TkTDy14s/TAi9EV6iKTC7JARWiY9IBtIjUQ8TY5M+kxwzYlQS8aFSMQoKaaQ9OEsfr9MmmcVp1q5uquWatezYiAPR3AMZXDgAmpwC3VogIAxPMMLvFqx9Wa9Wx+z0Zw13zmEP7A+fwBR/pOv</latexit>

Fa

e�

e↵R

eR�

e�R

(�a)↵� (�a)��
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SU(3)e

<latexit sha1_base64="CXsEkD9letpEB6YgiUcioEISFVg=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHBC9lVEvVG9OIRozwSIGR2aHDC7CMzvSZkw0d41ZM349Wv8eC/uLtwULBOlarudHW5oZKGbPvLyq2srq1v5DcLW9s7u3vF/YOmCSItsCECFei2yw0q6WODJClshxq55ypsueOb1G89oTYy8B9oEmLP4yNfDqXglEit+0b5/LSP/WLJrtgZ2DJx5qRUq0CGer/43R0EIvLQJ6G4MR3HDqkXc01SKJwWupHBkIsxH2EnoT730PTiLO6UnUSGU8BC1Ewqlon4eyPmnjETz00mPU6PZtFLxf+8TkTDy14s/TAi9EV6iKTC7JARWiY9IBtIjUQ8TY5M+kxwzYlQS8aFSMQoKaaQ9OEsfr9MmmcVp1q5uquWatezYiAPR3AMZXDgAmpwC3VogIAxPMMLvFqx9Wa9Wx+z0Zw13zmEP7A+fwBR/pOv</latexit>

e�

e↵R

eR�

e�R

(�a)↵�
M�2

ab

(�b)��

eRi = V (e)
R1eeR + V (e)

R1µµR + V (e)
R1⌧ ⌧R

<latexit sha1_base64="N2pW4EqKDYfwGT1TYvAC06ykVJc="></latexit>

• Generically, FCNC...(in the SM only at loop level, and excellent agreement
with experimental data...):

<latexit sha1_base64="NJU8Z3zylMQKTqJu33wnTMGXr0Y="></latexit>

• Heavy gauge bosons may suppress FCNC. Nevertheless, can they be ”light”?

<latexit sha1_base64="0o39ieUUCBjJdQlqnGbpQr4sLx8="></latexit>
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SU(3)e

<latexit sha1_base64="CXsEkD9letpEB6YgiUcioEISFVg=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHBC9lVEvVG9OIRozwSIGR2aHDC7CMzvSZkw0d41ZM349Wv8eC/uLtwULBOlarudHW5oZKGbPvLyq2srq1v5DcLW9s7u3vF/YOmCSItsCECFei2yw0q6WODJClshxq55ypsueOb1G89oTYy8B9oEmLP4yNfDqXglEit+0b5/LSP/WLJrtgZ2DJx5qRUq0CGer/43R0EIvLQJ6G4MR3HDqkXc01SKJwWupHBkIsxH2EnoT730PTiLO6UnUSGU8BC1Ewqlon4eyPmnjETz00mPU6PZtFLxf+8TkTDy14s/TAi9EV6iKTC7JARWiY9IBtIjUQ8TY5M+kxwzYlQS8aFSMQoKaaQ9OEsfr9MmmcVp1q5uquWatezYiAPR3AMZXDgAmpwC3VogIAxPMMLvFqx9Wa9Wx+z0Zw13zmEP7A+fwBR/pOv</latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

v1 : v2 : v3 = ✏̃✏ : ✏ : 1

<latexit sha1_base64="ICthsznZ1iOlAsLiTnaQHPz+a0U=">AAACKHicbVDLSsNAFL3xWeur6tLNYBFclUQLakEounGpYLXQljCZXnVwMgkzN4US+iN+gl/hVlfuxIUbv8QkPtDqgYHDOfdy55wgVtKS6744E5NT0zOzpbny/MLi0nJlZfXcRokR2BKRikw74BaV1NgiSQrbsUEeBgovgpuj3L8YoLEy0mc0jLEX8istL6XglEl+pT7wvcbA387ezkGXpOpj2sXYShXp0RdpfBOvnMOvVN2aW4D9Jd4nqTZrUODEr7x2+5FIQtQkFLe247kx9VJuSAqFo3I3sRhzccOvsJNRzUO0vbRIN2KbieUUsRgNk4oVIv7cSHlo7TAMssmQ07Ud93LxP6+T0OVeL5U6Tgi1yA9l+bE4ZIWRWW3I+tIgEc9/jkxqJrjhRGgk40JkYpL1mPfhjaf/S863a169tn9arzYPP4qBEqzDBmyBB7vQhGM4gRYIuIV7eIBH5855cp6dl4/RCedzZw1+wXl7B04Zpbc=</latexit>
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SU(3)e

<latexit sha1_base64="CXsEkD9letpEB6YgiUcioEISFVg=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHBC9lVEvVG9OIRozwSIGR2aHDC7CMzvSZkw0d41ZM349Wv8eC/uLtwULBOlarudHW5oZKGbPvLyq2srq1v5DcLW9s7u3vF/YOmCSItsCECFei2yw0q6WODJClshxq55ypsueOb1G89oTYy8B9oEmLP4yNfDqXglEit+0b5/LSP/WLJrtgZ2DJx5qRUq0CGer/43R0EIvLQJ6G4MR3HDqkXc01SKJwWupHBkIsxH2EnoT730PTiLO6UnUSGU8BC1Ewqlon4eyPmnjETz00mPU6PZtFLxf+8TkTDy14s/TAi9EV6iKTC7JARWiY9IBtIjUQ8TY5M+kxwzYlQS8aFSMQoKaaQ9OEsfr9MmmcVp1q5uquWatezYiAPR3AMZXDgAmpwC3VogIAxPMMLvFqx9Wa9Wx+z0Zw13zmEP7A+fwBR/pOv</latexit>

1

2

0

B@
F3 +

1p
3
F8 F1 � iF2 F4 � iF5

F1 + iF2 �F3 +
1p
3
F8 F6 � iF7

F4 + iF5 F6 + iF7 � 2p
3
F8

1

CA

<latexit sha1_base64="0vxc/kjqcS3757xiTIRxScSmuPk="></latexit>

M2
4,5,6,7 =

g2v23
2

<latexit sha1_base64="On/1gaHCOJJ0E/svBqchf0PYFwk="></latexit>

M2
1,2 =

g2v22
2

<latexit sha1_base64="7C5Xoxt//V3tzC4kluglxUTJ56U="></latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

v1 : v2 : v3 = ✏̃✏ : ✏ : 1

<latexit sha1_base64="ICthsznZ1iOlAsLiTnaQHPz+a0U=">AAACKHicbVDLSsNAFL3xWeur6tLNYBFclUQLakEounGpYLXQljCZXnVwMgkzN4US+iN+gl/hVlfuxIUbv8QkPtDqgYHDOfdy55wgVtKS6744E5NT0zOzpbny/MLi0nJlZfXcRokR2BKRikw74BaV1NgiSQrbsUEeBgovgpuj3L8YoLEy0mc0jLEX8istL6XglEl+pT7wvcbA387ezkGXpOpj2sXYShXp0RdpfBOvnMOvVN2aW4D9Jd4nqTZrUODEr7x2+5FIQtQkFLe247kx9VJuSAqFo3I3sRhzccOvsJNRzUO0vbRIN2KbieUUsRgNk4oVIv7cSHlo7TAMssmQ07Ud93LxP6+T0OVeL5U6Tgi1yA9l+bE4ZIWRWW3I+tIgEc9/jkxqJrjhRGgk40JkYpL1mPfhjaf/S863a169tn9arzYPP4qBEqzDBmyBB7vQhGM4gRYIuIV7eIBH5855cp6dl4/RCedzZw1+wXl7B04Zpbc=</latexit>

M2
38 =

g2

2

 
v22 � 1p

3
v22

� 1p
3
v22

1
3 (4v

2
3 + v22)

!

<latexit sha1_base64="JiwJbJqo/gBYTWW/qVVWUvrbOfY="></latexit>
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SU(3)e

<latexit sha1_base64="CXsEkD9letpEB6YgiUcioEISFVg=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHBC9lVEvVG9OIRozwSIGR2aHDC7CMzvSZkw0d41ZM349Wv8eC/uLtwULBOlarudHW5oZKGbPvLyq2srq1v5DcLW9s7u3vF/YOmCSItsCECFei2yw0q6WODJClshxq55ypsueOb1G89oTYy8B9oEmLP4yNfDqXglEit+0b5/LSP/WLJrtgZ2DJx5qRUq0CGer/43R0EIvLQJ6G4MR3HDqkXc01SKJwWupHBkIsxH2EnoT730PTiLO6UnUSGU8BC1Ewqlon4eyPmnjETz00mPU6PZtFLxf+8TkTDy14s/TAi9EV6iKTC7JARWiY9IBtIjUQ8TY5M+kxwzYlQS8aFSMQoKaaQ9OEsfr9MmmcVp1q5uquWatezYiAPR3AMZXDgAmpwC3VogIAxPMMLvFqx9Wa9Wx+z0Zw13zmEP7A+fwBR/pOv</latexit>

1

2

0

B@
F3 +

1p
3
F8 F1 � iF2 F4 � iF5

F1 + iF2 �F3 +
1p
3
F8 F6 � iF7

F4 + iF5 F6 + iF7 � 2p
3
F8

1

CA

<latexit sha1_base64="0vxc/kjqcS3757xiTIRxScSmuPk="></latexit>

M2
4,5,6,7 =

g2v23
2

<latexit sha1_base64="On/1gaHCOJJ0E/svBqchf0PYFwk="></latexit>

M2
1,2 =

g2v22
2

<latexit sha1_base64="7C5Xoxt//V3tzC4kluglxUTJ56U="></latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

v1 : v2 : v3 = ✏̃✏ : ✏ : 1

<latexit sha1_base64="ICthsznZ1iOlAsLiTnaQHPz+a0U=">AAACKHicbVDLSsNAFL3xWeur6tLNYBFclUQLakEounGpYLXQljCZXnVwMgkzN4US+iN+gl/hVlfuxIUbv8QkPtDqgYHDOfdy55wgVtKS6744E5NT0zOzpbny/MLi0nJlZfXcRokR2BKRikw74BaV1NgiSQrbsUEeBgovgpuj3L8YoLEy0mc0jLEX8istL6XglEl+pT7wvcbA387ezkGXpOpj2sXYShXp0RdpfBOvnMOvVN2aW4D9Jd4nqTZrUODEr7x2+5FIQtQkFLe247kx9VJuSAqFo3I3sRhzccOvsJNRzUO0vbRIN2KbieUUsRgNk4oVIv7cSHlo7TAMssmQ07Ud93LxP6+T0OVeL5U6Tgi1yA9l+bE4ZIWRWW3I+tIgEc9/jkxqJrjhRGgk40JkYpL1mPfhjaf/S863a169tn9arzYPP4qBEqzDBmyBB7vQhGM4gRYIuIV7eIBH5855cp6dl4/RCedzZw1+wXl7B04Zpbc=</latexit>
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<latexit sha1_base64="JiwJbJqo/gBYTWW/qVVWUvrbOfY="></latexit>

v2 & ?
<latexit sha1_base64="OQ9cCPbfvThqb8Hxzl4R7J+i+R8=">AAACCHicbVC7TsNAEDyHVwgv8+hoTkQgqsiOkKAjgoYySOQhxVF0vmzCKXe2dbeOCFZ+gK+ghYoO0fIXFPwLtkkBgalGM7Pa3fEjKQw6zodVWFhcWl4prpbW1jc2t+ztnaYJY82hwUMZ6rbPDEgRQAMFSmhHGpjyJbT80WXmt8agjQiDG5xE0FVsGIiB4AxTqWfvHY17VW+IaUJRT/nhXXI+7dllp+LkoH+JOyNlMkO9Z396/ZDHCgLkkhnTcZ0IuwnTKLiEacmLDUSMj9gQOikNmALTTfLrp/QwNgxDGoGmQtJchJ8TCVPGTJSfJhXDWzPvZeJ/XifGwVk3EUEUIwQ8W4RCQr7IcC3SWoD2hQZEll0OVASUM80QQQvKOE/FOO2plPbhzn//lzSrFdepuNcn5drFrJki2ScH5Ji45JTUyBWpkwbh5J48kifybD1YL9ar9fYdLVizmV3yC9b7FwYWmYA=</latexit><latexit sha1_base64="OQ9cCPbfvThqb8Hxzl4R7J+i+R8=">AAACCHicbVC7TsNAEDyHVwgv8+hoTkQgqsiOkKAjgoYySOQhxVF0vmzCKXe2dbeOCFZ+gK+ghYoO0fIXFPwLtkkBgalGM7Pa3fEjKQw6zodVWFhcWl4prpbW1jc2t+ztnaYJY82hwUMZ6rbPDEgRQAMFSmhHGpjyJbT80WXmt8agjQiDG5xE0FVsGIiB4AxTqWfvHY17VW+IaUJRT/nhXXI+7dllp+LkoH+JOyNlMkO9Z396/ZDHCgLkkhnTcZ0IuwnTKLiEacmLDUSMj9gQOikNmALTTfLrp/QwNgxDGoGmQtJchJ8TCVPGTJSfJhXDWzPvZeJ/XifGwVk3EUEUIwQ8W4RCQr7IcC3SWoD2hQZEll0OVASUM80QQQvKOE/FOO2plPbhzn//lzSrFdepuNcn5drFrJki2ScH5Ji45JTUyBWpkwbh5J48kifybD1YL9ar9fYdLVizmV3yC9b7FwYWmYA=</latexit><latexit sha1_base64="OQ9cCPbfvThqb8Hxzl4R7J+i+R8=">AAACCHicbVC7TsNAEDyHVwgv8+hoTkQgqsiOkKAjgoYySOQhxVF0vmzCKXe2dbeOCFZ+gK+ghYoO0fIXFPwLtkkBgalGM7Pa3fEjKQw6zodVWFhcWl4prpbW1jc2t+ztnaYJY82hwUMZ6rbPDEgRQAMFSmhHGpjyJbT80WXmt8agjQiDG5xE0FVsGIiB4AxTqWfvHY17VW+IaUJRT/nhXXI+7dllp+LkoH+JOyNlMkO9Z396/ZDHCgLkkhnTcZ0IuwnTKLiEacmLDUSMj9gQOikNmALTTfLrp/QwNgxDGoGmQtJchJ8TCVPGTJSfJhXDWzPvZeJ/XifGwVk3EUEUIwQ8W4RCQr7IcC3SWoD2hQZEll0OVASUM80QQQvKOE/FOO2plPbhzn//lzSrFdepuNcn5drFrJki2ScH5Ji45JTUyBWpkwbh5J48kifybD1YL9ar9fYdLVizmV3yC9b7FwYWmYA=</latexit><latexit sha1_base64="OQ9cCPbfvThqb8Hxzl4R7J+i+R8=">AAACCHicbVC7TsNAEDyHVwgv8+hoTkQgqsiOkKAjgoYySOQhxVF0vmzCKXe2dbeOCFZ+gK+ghYoO0fIXFPwLtkkBgalGM7Pa3fEjKQw6zodVWFhcWl4prpbW1jc2t+ztnaYJY82hwUMZ6rbPDEgRQAMFSmhHGpjyJbT80WXmt8agjQiDG5xE0FVsGIiB4AxTqWfvHY17VW+IaUJRT/nhXXI+7dllp+LkoH+JOyNlMkO9Z396/ZDHCgLkkhnTcZ0IuwnTKLiEacmLDUSMj9gQOikNmALTTfLrp/QwNgxDGoGmQtJchJ8TCVPGTJSfJhXDWzPvZeJ/XifGwVk3EUEUIwQ8W4RCQr7IcC3SWoD2hQZEll0OVASUM80QQQvKOE/FOO2plPbhzn//lzSrFdepuNcn5drFrJki2ScH5Ji45JTUyBWpkwbh5J48kifybD1YL9ar9fYdLVizmV3yC9b7FwYWmYA=</latexit>
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(✏, ✏̃).

<latexit sha1_base64="kPpaNYZVpXSRNXzWMaOLZRT0v0Q=">AAACFnicbVA9SwNBEJ2L3/ErammzJBEiyHEXBLUL2lgqGBWSEPY2k7i4t3fszgnhSO9P8FfYamUntrYW/hcvp4IaX/V4b4aZ94JYSUue9+YUpqZnZufmF4qLS8srq6W19XMbJUZgU0QqMpcBt6ikxiZJUngZG+RhoPAiuD4a+xc3aKyM9BkNY+yEfKBlXwpOmdQtlVmt2sbYShXp6g6rtkmqHqbf0qi67XZLFc/1crBJ4n+RSsOFHCfd0nu7F4kkRE1CcWtbvhdTJ+WGpFA4KrYTizEX13yArYxqHqLtpHmWEdtKLKeIxWiYVCwX8edGykNrh2GQTYacruxfbyz+57US6u93UqnjhFCL8aEsKuaHrDAyKwlZTxok4uPPkUnNBDecCI1kXIhMTLLWilkf/t/0k+S87vq77sFpvdI4/CwG5mETylADH/agAcdwAk0QcAv38ACPzp3z5Dw7L5+jBedrZwN+wXn9AGTJnok=</latexit>

In SU(2)e gauge symmetry limit (v3 � v2):

• SU(2)e gauge bosons have equal masses;

• no FCNC for CUSTODIAL SYMMETRY, no matter if two families are

mixed:
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• no mixing with 3rd family ! NO FCNC.

• Constraints on masses are proportional to violation of custodial symmetry

<latexit sha1_base64="FRUWc4D/ZOfwTc0zPoov8kFxpfs="></latexit>
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• Constraints on masses are proportional to violation of custodial symmetry:
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<latexit sha1_base64="3vJ1n11dAACidjnXNaUZE85m51I="></latexit>



Benedetta Belfatto22/07/2020

Experimental constraint

44

� 1

4v22
(eR�

⌫eR)
2 � 1

2v22
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<latexit sha1_base64="OjoggZ1VYuUp0jb1F/ijrc9Thb0="></latexit>

v2 > 2 TeV

<latexit sha1_base64="jvVI5qOOaHlkKCkNZXy0NdHY8jI=">AAAB/XicbVDLTgJBEOzFF+IL9ehlIph4IrvERL0YohePmPBKgJDZocEJs4/M9JIQQvwKr3ryZrz6LR78F3cXDgrWqVLVna4uN1TSkG1/WZm19Y3Nrex2bmd3b/8gf3jUMEGkBdZFoALdcrlBJX2skySFrVAj91yFTXd0l/jNMWojA79GkxC7Hh/6ciAFp1hqF8e98k25yGrY6OULdslOwVaJsyCFSglSVHv5704/EJGHPgnFjWk7dkjdKdckhcJZrhMZDLkY8SG2Y+pzD013mkaesbPIcApYiJpJxVIRf29MuWfMxHPjSY/To1n2EvE/rx3R4Ko7lX4YEfoiOURSYXrICC3jLpD1pUYiniRHJn0muOZEqCXjQsRiFJeTi/twlr9fJY1yybkoXT+UC5XbeTGQhRM4hXNw4BIqcA9VqIOAAJ7hBV6tJ+vNerc+5qMZa7FzDH9gff4AeiCU0w==</latexit>
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<latexit sha1_base64="umltm8eMu2PVWOS/iXQnLm59av4="></latexit>

• Flavour conserving operators constrained by compositeness limits:

<latexit sha1_base64="7uMNraBrqii/wB/n+7POcOS2obw="></latexit>

! v3 > 35 TeV

<latexit sha1_base64="6AjREGMYM7gAPMS7YCJw7kVX0zA=">AAACDXicbVC7SgNREJ31bXxFrcTmYhSswm6iqI0EbSwVzAOSEGavY7zk7oN7ZyMhiJ/gV9hqZSe2foOF/+JmtfB1qsM5M8yc48daWXbdN2dsfGJyanpmNjc3v7C4lF9eqdkoMZKqMtKRafhoSauQqqxYUyM2hIGvqe73jkd+vU/Gqig850FM7QC7obpUEjmVOvm1zZZR3StGY6Jr0e+UD8u7YlOcU62TL7hFN4P4S7wvUqgUIcNpJ//euohkElDIUqO1Tc+NuT1Ew0pqusm1Eksxyh52qZnSEAOy7WEW4UZsJRY5EjEZobTIRPq+McTA2kHgp5MB8pX97Y3E/7xmwpf77aEK44QplKNDrDRlh6w0Ku2GxIUyxIyjz0moUEg0yExGCZQyFZO0rFzah/c7/V9SKxW9neLBWalQOfosBmZgHTZgGzzYgwqcwClUQcIt3MMDPDp3zpPz7Lx8jo45Xzur8APO6wdN0pqs</latexit>

• From
FCNC:

<latexit sha1_base64="WYCZbFaJF21Jlj5lOlrO/qI3Pyo="></latexit>
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<latexit sha1_base64="0vxc/kjqcS3757xiTIRxScSmuPk="></latexit>
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<latexit sha1_base64="u/QSNaMwPWkcXGlW1phiHfiFZV0=">AAAB/HicbVC7TsNAEFyHVwivACXNiQgJmsgGJKCLoKEMAkNEEkXnyyaccj5bd2skZIWvoIWKDtHyLxT8C7ZDwWuq0cyudnaCWElLrvvulKamZ2bnyvOVhcWl5ZXq6tqljRIj0BeRikwr4BaV1OiTJIWt2CAPA4VXwegk969u0VgZ6Qu6i7Eb8qGWAyk4ZdL1ub+9t9ProFK9as2tuwXYX+J9kVqjDgWavepHpx+JJERNQnFr254bUzflhqRQOK50EosxFyM+xHZGNQ/RdtMi8ZhtJZZTxGI0TCpWiPh9I+WhtXdhkE2GnG7sby8X//PaCQ0Ou6nUcUKoRX6IpMLikBVGZlUg60uDRDxPjkxqJrjhRGgk40JkYpJ1U8n68H5//5dc7ta9/frR2X6tcTwpBsqwAZuwDR4cQANOoQk+CNDwAI/w5Nw7z86L8zoZLTlfO+vwA87bJ6gKlQE=</latexit>
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<latexit sha1_base64="xfNgAJCJ0IM2aYsIQibeQlMXFnU="></latexit>
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<latexit sha1_base64="BbjyJkveqq7yQJDZpJiFjWJz4kE="></latexit>
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<latexit sha1_base64="PfDn+y5XIw5HHvTBe0e/UaNAYUY="></latexit>

SU(3)`
w3��! SU(2)`

w2��! nothing

<latexit sha1_base64="dXUvJNxgNo44M7jh9IZJQ1988d0="></latexit>
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<latexit sha1_base64="c5+ndzYpaDW4f8WiuvNW9Dvr/Po="></latexit>
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<latexit sha1_base64="+SmptnfVNIZurqsUXE+XH7VTRmI="></latexit>
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<latexit sha1_base64="9cFAEIAtcNFIL8gDAkwFB5lXAOE="></latexit>

muon decay, tau decays, 
non-standard neutrino interactions 
with leptons

Non-standard interactions between 
neutrinos

Charged leptons flavour conserving 
interactions,
lepton flavour violating interactions
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The sum of the diagrams gives: 

Gµ = GF +GF = GF (1 + �µ) Gµ 6= GF

<latexit sha1_base64="LwMAttozWUyGSfJ1b5BrN/CJXeo="></latexit>

CKM unitarity restored if �µ = v2
w

v2
F
' 7 · 10�4, corresponding to

<latexit sha1_base64="VFIpsxf9JxmxY7sYv09m3I8nKZ8="></latexit>

vF = 6 -7 TeV

<latexit sha1_base64="4cKSUMnyQOYjMfQZKFlj0kwhuCA=">AAACFHicbVC7SgRBEOz17fk6NTQZPAUDPXZFfATCoSCGCt4p3B5H79jq4OyDmV5Rlkv9BL/CVCMzMTU38F/cXQ18VVRUddPVFSRaWXbdN6evf2BwaHhktDI2PjE5VZ2eadk4NZKaMtaxOQnQklYRNVmxppPEEIaBpuPgcrfwj6/IWBVHR3yTUCfE80idKYmcS92qWLjq+iHyhUSd7fW21/1ln+mas5XexoI4ola3WnPrbgnxl3hfpNaoQ4mDbvXdP41lGlLEUqO1bc9NuJOhYSU19Sp+ailBeYnn1M5phCHZTlZ+0hOLqUWORUJGKC1Kkb5vZBhaexMG+WQR2v72CvE/r53y2WYnU1GSMkWyOMRKU3nISqPyikicKkPMWCQnoSIh0SAzGSVQylxM884qeR/e7+//ktZq3Vurbx2u1ho7n8XACMzBPCyBBxvQgH04gCZIuIV7eIBH5855cp6dl8/RPudrZxZ+wHn9AJLCniA=</latexit>
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<latexit sha1_base64="c5+ndzYpaDW4f8WiuvNW9Dvr/Po="></latexit>
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<latexit sha1_base64="+SmptnfVNIZurqsUXE+XH7VTRmI="></latexit>

Flavour conserving interactions
(compositeness limits): vF > 3 TeV

<latexit sha1_base64="sNylTzLp4b6YhDBSKQCqaQnVoJs=">AAACC3icbVC7SgNREJ31bXxFLSxsLiaCVdhVQW0kKIilgolCEsLsdRIvufvg3llBlnyCX2GrlZ3Y+hEW/ou7q4VGT3U4Z4Y5c/xYK8uu++6MjU9MTk3PzJbm5hcWl8rLK00bJUZSQ0Y6Mlc+WtIqpAYr1nQVG8LA13TpD45z//KWjFVReMF3MXUC7IeqpyRyJnXLa9XbbjtAvpGo05PhodgRVXFBzW654tbcAuIv8b5JpV6DAmfd8kf7OpJJQCFLjda2PDfmToqGldQ0LLUTSzHKAfapldEQA7KdtHhgKDYTixyJmIxQWhQi/dxIMbD2LvCzyTyrHfVy8T+vlXBvv5OqME6YQpkfYqWpOGSlUVkzJK6VIWbMk5NQoZBokJmMEihlJiZZVaWsD2/0+7+kuV3zdmsH59uV+tFXMTAD67ABW+DBHtThFM6gARKG8ACP8OTcO8/Oi/P6NTrmfO+swi84b58EJ5n/</latexit>
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<latexit sha1_base64="+SmptnfVNIZurqsUXE+XH7VTRmI="></latexit>

If u3 = u2 = u1 (e. g. symmetry between ⌘s) then

• Gauge bosons have equal masses and do not mix.

• �a ! V
†
�aV is simply a basis redetermination of the Gell-Mann matrices

• From Fierz identities for � matrices:

Leff = � 1

4v2`
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�µeL) = � 1

3v22
(eL I �µeL)2

• no FCNC, the global SO(8)` symmetry acts as a custodial symmetry.

<latexit sha1_base64="QI2wtNXvG3YmugXbHKn6HCPcK8Y="></latexit>
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<latexit sha1_base64="+SmptnfVNIZurqsUXE+XH7VTRmI="></latexit>

• In general case e.g. µ ! 3e decay:

�(µ ! eeē)

�(µ ! e⌫µ⌫̄e)
' 1

8
(C(r)|U⇤

3eU3µ|)2 �2µ

r = 2u2
3/v

2
` , |C(r)| < 1. |U3µ| and |U3e| can be as large as sin ✓C = Vus.

• The experimental limits on other LFV e↵ects as ⌧ ! 3µ are much weaker.

• v` ' 6 TeV is not contradicting experimental constraints.

• For r = 1 all LFV e↵ects are vanishing owing to custodial symmetry.

<latexit sha1_base64="mVOxCLPQxykMDZ2g2JXNVeTgwZE="></latexit>
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<latexit sha1_base64="I7eStlUQG/0ijPbRM6n67ejpwy0="></latexit>



Benedetta Belfatto22/07/2020

Conclusions #1

51

• Hierarchy between fermion masses and mixing pattern can be obtained 
from the breaking pattern of gauge family symmetries.

• Gauge bosons of flavour can be as light as few TeV (also for quarks).

• The Fermi constant GF can be different from the muon decay constant.



1. Anomalies in the first row of CKM 
matrix: new physics at TeV scale?

• The present situation 
• Solving CKM unitarity problem 

with family symmetry
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Lcc =
gp
2

�
u c t

�
L
�µVCKM

0

@
d
s
b

1

AW †
µ + h.c.

• VCKM = V (u)†
L V (d)

L is the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

• VCKM is unitary.

• The unitarity condition for the first row is:

|Vud|2 + |Vus|2 + |Vub|2 = 1

• Deviation from CKM unitarity can be a signal of new physics beyond SM.

<latexit sha1_base64="No2y9SUZuOrB8koturkTamj6N/c="></latexit>
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• |Vus| can be directly determined from semileptonic K`3 decays

f+(0)|Vus| = 0.21654± 0.00041

• The ratio of decay rates K ! µ⌫(�) and ⇡ ! µ⌫(�) determines:

|Vus/Vud|⇥ (fK±/f⇡±) = 0.27599± 0.00038

• Form factor f+(0) and decay constant ratio fK/f⇡ from lattice QCD.

• |Vus| = 0.2238(8) ,
���Vus
Vud

��� = 0.2315(10) (PDG 2018);

• New fK±/f⇡± (FLAG 2019) and f+(0) (FLAG+Fermilab Lattice &MILC).

<latexit sha1_base64="imDYavDfZWAWLx2xt9FdGM5bP6Q="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1
<latexit sha1_base64="CbynEN2wUehSiKkp1rjjvk2Udto=">AAACFnicbZC7SgNREIZnvcZ4W7W0ORgEQQi7UdBGCNpYRjCJENdw9mTUg2cvnDMrhE16H8GnsNXKTmxtLXwXdzcBr1N9/P8MM/P7sZKGHOfdmpicmp6ZLc2V5xcWl5btldWWiRItsCkiFekznxtUMsQmSVJ4Fmvkga+w7d8c5X77FrWRUXhK/Ri9gF+F8lIKTpnUtTcGrW6a9IaDi9p2geYL/RwP3K5dcapOUewvuGOo1KtQVKNrf5z3IpEEGJJQ3JiO68TkpVyTFAqH5fPEYMzFDb/CToYhD9B4afHLkG0mhlPEYtRMKlaI+H0i5YEx/cDPOgNO1+a3l4v/eZ2ELve9VIZxQhiKfBFJhcUiI7TMQkLWkxqJeH45MhkywTUnQi0ZFyITkyy1cpaH+/v7v9CqVd2dau1kt1I/HAUDJViHDdgCF/agDsfQgCYIuIMHeIQn6956tl6s11HrhDWeWYMfZb19AsSen/E=</latexit>
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• Semileptonic kaon decays:

A : |Vus| = 0.22326(55)

<latexit sha1_base64="2rxhqOgPNwRs42cBbdVK9mEuZhs="></latexit>

• Leptonic kaon (and pion) decays:

B : |Vus|/|Vud| = 0.23130(49)

<latexit sha1_base64="QfWoe4LWHC450bk5+1N5hHrD9Uk="></latexit>

• Determination from leptonic K decay recently obtained (Di Carlo et al):

A0 : Vus = 0.22567(42)

<latexit sha1_base64="UuGlzqYANW9kHsxiCk74m5QfBxQ="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1
<latexit sha1_base64="CbynEN2wUehSiKkp1rjjvk2Udto=">AAACFnicbZC7SgNREIZnvcZ4W7W0ORgEQQi7UdBGCNpYRjCJENdw9mTUg2cvnDMrhE16H8GnsNXKTmxtLXwXdzcBr1N9/P8MM/P7sZKGHOfdmpicmp6ZLc2V5xcWl5btldWWiRItsCkiFekznxtUMsQmSVJ4Fmvkga+w7d8c5X77FrWRUXhK/Ri9gF+F8lIKTpnUtTcGrW6a9IaDi9p2geYL/RwP3K5dcapOUewvuGOo1KtQVKNrf5z3IpEEGJJQ3JiO68TkpVyTFAqH5fPEYMzFDb/CToYhD9B4afHLkG0mhlPEYtRMKlaI+H0i5YEx/cDPOgNO1+a3l4v/eZ2ELve9VIZxQhiKfBFJhcUiI7TMQkLWkxqJeH45MhkywTUnQi0ZFyITkyy1cpaH+/v7v9CqVd2dau1kt1I/HAUDJViHDdgCF/agDsfQgCYIuIMHeIQn6956tl6s11HrhDWeWYMfZb19AsSen/E=</latexit>
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|Vud|2 + |Vus|2 + |Vub|2 = 1
<latexit sha1_base64="CbynEN2wUehSiKkp1rjjvk2Udto=">AAACFnicbZC7SgNREIZnvcZ4W7W0ORgEQQi7UdBGCNpYRjCJENdw9mTUg2cvnDMrhE16H8GnsNXKTmxtLXwXdzcBr1N9/P8MM/P7sZKGHOfdmpicmp6ZLc2V5xcWl5btldWWiRItsCkiFekznxtUMsQmSVJ4Fmvkga+w7d8c5X77FrWRUXhK/Ri9gF+F8lIKTpnUtTcGrW6a9IaDi9p2geYL/RwP3K5dcapOUewvuGOo1KtQVKNrf5z3IpEEGJJQ3JiO68TkpVyTFAqH5fPEYMzFDb/CToYhD9B4afHLkG0mhlPEYtRMKlaI+H0i5YEx/cDPOgNO1+a3l4v/eZ2ELve9VIZxQhiKfBFJhcUiI7TMQkLWkxqJeH45MhkywTUnQi0ZFyITkyy1cpaH+/v7v9CqVd2dau1kt1I/HAUDJViHDdgCF/agDsfQgCYIuIMHeIQn6956tl6s11HrhDWeWYMfZb19AsSen/E=</latexit>

• Czarnecki et al. �V
R = 0.02426(32):

C2 |Vud| =
Gexp

V
GF(=Gµ)

= 0.97389(18)

<latexit sha1_base64="r6t9aZvS7eKWckkFHB4scbsb5Vo="></latexit>

• Redetermination of �V
R = 0.02467(22) from (Seng et al.):

C1 : |Vud| =
Gexp

V
GF(=Gµ)

= 0.97366(15)

<latexit sha1_base64="9oaddUjQIG3djmxsOFH1F0kbuz0="></latexit>

• Average (without reducing uncertainty):

C : |Vud| =
Gexp

V
GF(=Gµ)

= 0.97376(16)

<latexit sha1_base64="pRRq8ldQNTEODuiIboHEXZZ28IA="></latexit>

• Superallowed nuclear beta-decays (0+ ! 0+ Fermi transitions) determine:

G2
F |Vud|2 =

K

2Ft (1 +�V
R)

= G2
F
0.97147(20)

1 +�V
R

• �V
R are short-distance (transition independent) radiative corrections.

<latexit sha1_base64="foJIlsT3VwteYeirMYRQTbkCLBk="></latexit>
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<latexit sha1_base64="GHZnzK4Hm/05a/6qR06InAMdVyg=">AAACE3icbVA9TxtBEJ0jIYDzZUJJwSomEtXpjiABnRUaSpAwINmWNbeMnRG7e6fdOZBlUfIT+BW0oUoX0fIDUuS/cD4o+Mirnt6b0cx7WWE4SJL8jWbevJ19Nze/0Hj/4eOnz83FL4chL72mjs5N7o8zDGTYUUdYDB0XntBmho6y052pf3RGPnDuDmRcUN/iyPGQNUolDZorq9/j7V7gkcVVhec4VkOfW1U6FvQs40GzlcRJDfWapI+k1Y6hxt6g+a93kuvSkhNtMIRumhTSn6AX1oYuGr0yUIH6FEfUrahDS6E/qYNcqG9lQMlVQV6xUbVITzcmaEMY26yatCg/w0tvKv7P65Yy3OpP2BWlkNPTQ8KG6kNBe64aInXCnkRw+jkpdkqjRxHyrFDrSiyryhpVH+nL9K/J4XqcbsTb++ut9o+HYmAeluErrEEKm9CGXdiDDmi4hGv4BTfRVfQ7+hPdPozORI87S/AM0d09822d3A==</latexit>

With C1:

<latexit sha1_base64="b/k5HIg5wX1LOMkFrqFeyCTXqcc="></latexit>
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<latexit sha1_base64="P6r76bmjKLfBdvcIr5Qz6Gb4lHA=">AAACEXicbVDLThtBEOzlHfMyyRFFGmGQOFm7FlLIzSKXHImEAcm2rN6hbVrMzK5mehNZFic+ga/gCqfcENd8QQ75l6wXDrzqVKrqVndVmhsOEsd/o5nZufmFxaUPteWV1bX1+sbH45AVXlNHZybzpykGMuyoIyyGTnNPaFNDJ+nFt6l/8pN84MwdyTinvsWR4yFrlFIa1D9vt3qBRxa3Ff7CsRr6zKrCsaBnGQ/qjbgZV1BvSfJEGu0mVDgc1P/1zjJdWHKiDYbQTeJc+hP0wtrQZa1XBMpRX+CIuiV1aCn0J1WMS7VTBJRM5eQVG1WJ9HxjgjaEsU3LSYtyHl57U/E9r1vIcL8/YZcXQk5PDwkbqg4F7bnsh9QZexLB6eek2CmNHkXIs0KtS7EoC6uVfSSv078lx61mstf8+qPVaB88FgNLsAlbsAsJfIE2fIdD6ICGK7iBW7iLrqPf0X308Dg6Ez3tfIIXiP78B/rknWA=</latexit>

With C2:

<latexit sha1_base64="iyScbbV/hNhh1PRFDZCm0wvbcuA="></latexit>
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3.1� away from unitarity

<latexit sha1_base64="rppongVp+HSRu2JksYAfSp9zYNI=">AAACE3icbVA9TxtBEJ0jCR9OACcpKVjFREp1ugMkoLOSJiVIGJBsy5pbxmbE7t5pdw5kWZT5CfkVaZOKDqXND0iR/8L57IKPvOrpvRnNvJcVhoMkyd9o4cXLV4tLyyuN129W19abb9+dhLz0mjo6N7k/yzCQYUcdYTF0VnhCmxk6zS6/TP3TK/KBc3cs44L6FkeOh6xRKmnQ3NzaidNe4JHFLYXXOFZDn1tVOhb0LONBs5XESQ31nKRz0mrHUONw0PzXO891acmJNhhCN00K6U/QC2tDN41eGahAfYkj6lbUoaXQn9RBbtTHMqDkqiCv2KhapIcbE7QhjG1WTVqUi/DUm4r/87qlDPf7E3ZFKeT09JCwofpQ0J6rhkidsycRnH5Oip3S6FGEPCvUuhLLqrJG1Uf6NP1zcrIdp7vxwdF2q/15VgwswwZ8gE+Qwh604SscQgc0fIMf8BN+Rd+j2+gu+j0bXYjmO+/hEaI/9+YdndQ=</latexit>

With C:

<latexit sha1_base64="WqQTnm1RbNYzky6mbK4MkUr75/8="></latexit>
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<latexit sha1_base64="VISC7+SQjKAzXixj8zcMvrcSSS0=">AAAB+3icbVC7TsNAEFzzDOEVoKQ5ESFRWTYKry6ChjJIJICSCK2PJZxyZ1t3a6QoylfQQkWHaPkYCv4Fx6HgNdVoZlc7O1GqleMgePempmdm5+ZLC+XFpeWV1craesslmZXUlIlO7GWEjrSKqcmKNV2mltBEmi6i/snYv7gn61QSn/Mgpa7BXqxulUTOpas9f7/jVM/gdaUa+EEB8ZeEX6Ra96FA47ry0blJZGYoZqnRuXYYpNwdomUlNY3KncxRirKPPWrnNEZDrjssAo/EduaQE5GSFUqLQqTvG0M0zg1MlE8a5Dv32xuL/3ntjG8Pu0MVpxlTLMeHWGkqDjlpVd4EiRtliRnHyUmoWEi0yExWCZQyF7O8mnLeR/j7+7+kteuHNf/orFatH0+KgRJswhbsQAgHUIdTaEATJBh4gEd48kbes/fivU5Gp7yvnQ34Ae/tE1IVlNk=</latexit>

2.7�

<latexit sha1_base64="LTucU/i1xwbdOlHFXMlfIXYZ/YM=">AAAB+3icbVC7TsNAEFzzJrwClDQnIiQqy44iBboIGsogkRCURGh9WcKJO9u6WyOhKF9BCxUdouVjKPgXHCcFr6lGM7va2YlSrRwHwYc3N7+wuLS8slpaW9/Y3Cpv77RdkllJLZnoxHYidKRVTC1WrKmTWkITabqM7k4n/uU9WaeS+IIfUuobHMbqRknkXLqq+vWeU0OD1+VK4AcFxF8Szkil4UOB5nX5szdIZGYoZqnRuW4YpNwfoWUlNY1LvcxRivIOh9TNaYyGXH9UBB6Lg8whJyIlK5QWhUjfN0ZonHswUT5pkG/db28i/ud1M7456o9UnGZMsZwcYqWpOOSkVXkTJAbKEjNOkpNQsZBokZmsEihlLmZ5NaW8j/D3939Ju+qHNf/4vFZpnEyLgRXYg304hBDq0IAzaEILJBh4hCd49sbei/fqvU1H57zZzi78gPf+BU7llNc=</latexit>

3.0�

<latexit sha1_base64="ewXv7s6uK4g6RkMRl+LIRfgk1SE=">AAAB+3icbVC7TsNAEFyHVwivACXNiQiJyrIhEtBF0FAGiQRQEqH1sYRT7mzrbo0URfkKWqjoEC0fQ8G/4DgUvKYazexqZydKtXIcBO9eaWZ2bn6hvFhZWl5ZXauub7RdkllJLZnoxF5G6EirmFqsWNNlaglNpOkiGpxM/It7sk4l8TkPU+oZ7MfqVknkXLra94OuU32D19Va4AcFxF8SfpFaw4cCzevqR/cmkZmhmKVG5zphkHJvhJaV1DSudDNHKcoB9qmT0xgNud6oCDwWO5lDTkRKVigtCpG+b4zQODc0UT5pkO/cb28i/ud1Mr497I1UnGZMsZwcYqWpOOSkVXkTJG6UJWacJCehYiHRIjNZJVDKXMzyaip5H+Hv7/+S9p4f1v2js3qtcTwtBsqwBduwCyEcQANOoQktkGDgAR7hyRt7z96L9zodLXlfO5vwA97bJ0VplNE=</latexit>

4.9�

<latexit sha1_base64="hDFD07Kl7HFpr5zbSrmXWbg5SP0=">AAAB+3icbVC7TsNAEFyHd3gFKGlOREhUkY0iAV0EDSVIJAQlFlpflnDizrbu1khRlK+ghYoO0fIxFPwLtknBa6rRzK52dqJUK8e+/+5VZmbn5hcWl6rLK6tr67WNzY5LMiupLROd2G6EjrSKqc2KNXVTS2giTZfR3UnhX96TdSqJL3iUUmhwGKsbJZFz6arZOOo7NTR4Xav7Db+E+EuCKam3GlDi7Lr20R8kMjMUs9ToXC/wUw7HaFlJTZNqP3OUorzDIfVyGqMhF47LwBOxmznkRKRkhdKiFOn7xhiNcyMT5ZMG+db99grxP6+X8c1hOFZxmjHFsjjESlN5yEmr8iZIDJQlZiySk1CxkGiRmawSKGUuZnk11byP4Pf3f0lnvxHkFZ43663jr2JgEbZhB/YggANowSmcQRskGHiAR3jyJt6z9+K9fo1WvOnOFvyA9/YJVT2U2w==</latexit>
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<latexit sha1_base64="VISC7+SQjKAzXixj8zcMvrcSSS0=">AAAB+3icbVC7TsNAEFzzDOEVoKQ5ESFRWTYKry6ChjJIJICSCK2PJZxyZ1t3a6QoylfQQkWHaPkYCv4Fx6HgNdVoZlc7O1GqleMgePempmdm5+ZLC+XFpeWV1craesslmZXUlIlO7GWEjrSKqcmKNV2mltBEmi6i/snYv7gn61QSn/Mgpa7BXqxulUTOpas9f7/jVM/gdaUa+EEB8ZeEX6Ra96FA47ry0blJZGYoZqnRuXYYpNwdomUlNY3KncxRirKPPWrnNEZDrjssAo/EduaQE5GSFUqLQqTvG0M0zg1MlE8a5Dv32xuL/3ntjG8Pu0MVpxlTLMeHWGkqDjlpVd4EiRtliRnHyUmoWEi0yExWCZQyF7O8mnLeR/j7+7+kteuHNf/orFatH0+KgRJswhbsQAgHUIdTaEATJBh4gEd48kbes/fivU5Gp7yvnQ34Ae/tE1IVlNk=</latexit>

2.7�

<latexit sha1_base64="LTucU/i1xwbdOlHFXMlfIXYZ/YM=">AAAB+3icbVC7TsNAEFzzJrwClDQnIiQqy44iBboIGsogkRCURGh9WcKJO9u6WyOhKF9BCxUdouVjKPgXHCcFr6lGM7va2YlSrRwHwYc3N7+wuLS8slpaW9/Y3Cpv77RdkllJLZnoxHYidKRVTC1WrKmTWkITabqM7k4n/uU9WaeS+IIfUuobHMbqRknkXLqq+vWeU0OD1+VK4AcFxF8Szkil4UOB5nX5szdIZGYoZqnRuW4YpNwfoWUlNY1LvcxRivIOh9TNaYyGXH9UBB6Lg8whJyIlK5QWhUjfN0ZonHswUT5pkG/db28i/ud1M7456o9UnGZMsZwcYqWpOOSkVXkTJAbKEjNOkpNQsZBokZmsEihlLmZ5NaW8j/D3939Ju+qHNf/4vFZpnEyLgRXYg304hBDq0IAzaEILJBh4hCd49sbei/fqvU1H57zZzi78gPf+BU7llNc=</latexit>

3.0�

<latexit sha1_base64="ewXv7s6uK4g6RkMRl+LIRfgk1SE=">AAAB+3icbVC7TsNAEFyHVwivACXNiQiJyrIhEtBF0FAGiQRQEqH1sYRT7mzrbo0URfkKWqjoEC0fQ8G/4DgUvKYazexqZydKtXIcBO9eaWZ2bn6hvFhZWl5ZXauub7RdkllJLZnoxF5G6EirmFqsWNNlaglNpOkiGpxM/It7sk4l8TkPU+oZ7MfqVknkXLra94OuU32D19Va4AcFxF8SfpFaw4cCzevqR/cmkZmhmKVG5zphkHJvhJaV1DSudDNHKcoB9qmT0xgNud6oCDwWO5lDTkRKVigtCpG+b4zQODc0UT5pkO/cb28i/ud1Mr497I1UnGZMsZwcYqWpOOSkVXkTJG6UJWacJCehYiHRIjNZJVDKXMzyaip5H+Hv7/+S9p4f1v2js3qtcTwtBsqwBduwCyEcQANOoQktkGDgAR7hyRt7z96L9zodLXlfO5vwA97bJ0VplNE=</latexit>

4.9�

<latexit sha1_base64="hDFD07Kl7HFpr5zbSrmXWbg5SP0=">AAAB+3icbVC7TsNAEFyHd3gFKGlOREhUkY0iAV0EDSVIJAQlFlpflnDizrbu1khRlK+ghYoO0fIxFPwLtknBa6rRzK52dqJUK8e+/+5VZmbn5hcWl6rLK6tr67WNzY5LMiupLROd2G6EjrSKqc2KNXVTS2giTZfR3UnhX96TdSqJL3iUUmhwGKsbJZFz6arZOOo7NTR4Xav7Db+E+EuCKam3GlDi7Lr20R8kMjMUs9ToXC/wUw7HaFlJTZNqP3OUorzDIfVyGqMhF47LwBOxmznkRKRkhdKiFOn7xhiNcyMT5ZMG+db99grxP6+X8c1hOFZxmjHFsjjESlN5yEmr8iZIDJQlZiySk1CxkGiRmawSKGUuZnk11byP4Pf3f0lnvxHkFZ43663jr2JgEbZhB/YggANowSmcQRskGHiAR3jyJt6z9+K9fo1WvOnOFvyA9/YJVT2U2w==</latexit>

2.9�

<latexit sha1_base64="flceb0V4EbgUi0vNOiwmNTw908M=">AAAB+3icbVC7TsNAEFzzJrwClDQnIiQqy44iQboIGsogkRCURGh9WcKJO9u6WyOhKF9BCxUdouVjKPgXHCcFr6lGM7va2YlSrRwHwYc3N7+wuLS8slpaW9/Y3Cpv77RdkllJLZnoxHYidKRVTC1WrKmTWkITabqM7k4n/uU9WaeS+IIfUuobHMbqRknkXLqq+vWeU0OD1+VK4AcFxF8Szkil4UOB5nX5szdIZGYoZqnRuW4YpNwfoWUlNY1LvcxRivIOh9TNaYyGXH9UBB6Lg8whJyIlK5QWhUjfN0ZonHswUT5pkG/db28i/ud1M7457o9UnGZMsZwcYqWpOOSkVXkTJAbKEjNOkpNQsZBokZmsEihlLmZ5NaW8j/D3939Ju+qHNb9+Xqs0TqbFwArswT4cQghH0IAzaEILJBh4hCd49sbei/fqvU1H57zZzi78gPf+BVIPlNk=</latexit>
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F

⌫e ⌫µ

µ L e L

W

⌫e e L

µ L ⌫µ

�4GFp
2
(⌫µ�

↵µL)(eL�↵⌫e)

<latexit sha1_base64="hIKHyzcMqMchAlDWFX/m9B+z/9k="></latexit>

�4GFp
2
(eL�

↵µL)(⌫µ�↵⌫e)

<latexit sha1_base64="1SGNtuTJ79ST/ChxFo4m3JuHyTU="></latexit>

�4Gµp
2
(⌫µ�

↵µL)(eL�↵⌫e)

<latexit sha1_base64="GA8UnHdOjf4P6MCtd3I3CphzkJY="></latexit>

Gµ = GF +GF = GF (1 + �µ) Gµ 6= GF

<latexit sha1_base64="LwMAttozWUyGSfJ1b5BrN/CJXeo="></latexit>

• Suppose the existence of flavor changing bosons.
<latexit sha1_base64="hEjUQ0iV4Wmq5aCTCYidyXRf5J0="></latexit>

• Horizontal interactions have positive interference with SM;

• After Fierz transformation, the sum of the diagrams gives the operator:

<latexit sha1_base64="+QajkMTA1Hln1bl80vk5VPjEYK4="></latexit>
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• Di↵erent Gµ = GF +GF = GF(1+ �µ) = 1 + v2
w

v2
F

• The values of Vus, Vud (and corresponding errorbars) should be rescaled:

|Vus| = 0.22333(60)⇥ (1 + �µ) , |Vud| = 0.97370(14)⇥ (1 + �µ)

while the ratio is not a↵ected.

• Unitarity recovered:
⇣

GF
Gµ

⌘2
(|Vud|2 + |Vus|2 + |Vub|2) = 1� 2GF

GF

<latexit sha1_base64="CWwEbZjIBV13wOYN3SOge48u6Ek="></latexit>
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vF = 6 -7 TeV

<latexit sha1_base64="4cKSUMnyQOYjMfQZKFlj0kwhuCA=">AAACFHicbVC7SgRBEOz17fk6NTQZPAUDPXZFfATCoSCGCt4p3B5H79jq4OyDmV5Rlkv9BL/CVCMzMTU38F/cXQ18VVRUddPVFSRaWXbdN6evf2BwaHhktDI2PjE5VZ2eadk4NZKaMtaxOQnQklYRNVmxppPEEIaBpuPgcrfwj6/IWBVHR3yTUCfE80idKYmcS92qWLjq+iHyhUSd7fW21/1ln+mas5XexoI4ola3WnPrbgnxl3hfpNaoQ4mDbvXdP41lGlLEUqO1bc9NuJOhYSU19Sp+ailBeYnn1M5phCHZTlZ+0hOLqUWORUJGKC1Kkb5vZBhaexMG+WQR2v72CvE/r53y2WYnU1GSMkWyOMRKU3nISqPyikicKkPMWCQnoSIh0SAzGSVQylxM884qeR/e7+//ktZq3Vurbx2u1ho7n8XACMzBPCyBBxvQgH04gCZIuIV7eIBH5855cp6dl8/RPudrZxZ+wHn9AJLCniA=</latexit>

• Di↵erent Gµ = GF +GF = GF(1+ �µ) = 1 + v2
w

v2
F

• The values of Vus, Vud (and corresponding errorbars) should be rescaled:

|Vus| = 0.22333(60)⇥ (1 + �µ) , |Vud| = 0.97370(14)⇥ (1 + �µ)

while the ratio is not a↵ected.

• Unitarity recovered:
⇣

GF
Gµ

⌘2
(|Vud|2 + |Vus|2 + |Vub|2) = 1� 2GF

GF

<latexit sha1_base64="CWwEbZjIBV13wOYN3SOge48u6Ek="></latexit>

• CKM unitarity is recovered (�2
dof = 3.0) with �µ = 7.6 · 10�4, or

<latexit sha1_base64="A5R8AUNPZgW86oT0T7xkKg1712g="></latexit>
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Vus

V u
d

�µ = 7.6 · 10�4

vF = 6.3TeV

<latexit sha1_base64="OiUcyGycviXtn11/s4a+nZVvVwc="></latexit>
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�2
dof = 13.9

<latexit sha1_base64="9cBDehOGvPcf7rJ76BxevRuhBBQ=">AAACBXicbVC7TgJBFL3rE/EFWtpMJCZWZBdN1MKEaGOJiTwSQDI7XGDC7CMzdzVkQ+1X2GplZ2z9Dgv/xWWhUPBUJ+fcm3vucUMlDdn2l7W0vLK6tp7ZyG5ube/s5vJ7NRNEWmBVBCrQDZcbVNLHKklS2Ag1cs9VWHeH1xO//oDayMC/o1GIbY/3fdmTglMidXL5lhjI+1In7ga98aVzUrzo5Ap20U7BFokzI4VyEVJUOrnvVjcQkYc+CcWNaTp2SO2Ya5JC4TjbigyGXAx5H5sJ9bmHph2n0cfsKDKcAhaiZlKxVMTfGzH3jBl5bjLpcRqYeW8i/uc1I+qdt2PphxGhLyaHSCpMDxmhZdIJsq7USMQnyZFJnwmuORFqybgQiRglJWWTPpz57xdJrVRMyivdnhbKV9NiIAMHcAjH4MAZlOEGKlAFAY/wDC/waj1Zb9a79TEdXbJmO/vwB9bnD0zJmAQ=</latexit>

�2
dof = 1.7

<latexit sha1_base64="Bw2mQ24Q27tNHz4bpOEoqtKWz88=">AAACBHicbVC7TsNAEFzzDOFloKQ5ESFRWXZAggYpgoYySAQiJSY6XzZw4vzQ3RopstLyFbRQ0SFa/oOCf8F2UkDCVKOZXe3sBImShlz3y5qbX1hcWq6sVFfX1jc27a3taxOnWmBLxCrW7YAbVDLCFklS2E408jBQeBM8nBf+zSNqI+PoioYJ+iG/i+RACk651LPtrriXt/Ve1o8Ho1PPOe7ZNddxS7BZ4k1IreFAiWbP/u72Y5GGGJFQ3JiO5ybkZ1yTFApH1W5qMOHigd9hJ6cRD9H4WZl8xPZTwylmCWomFStF/L2R8dCYYRjkkyGnezPtFeJ/XielwYmfyShJCSNRHCKpsDxkhJZ5Jcj6UiMRL5IjkxETXHMi1JJxIXIxzTuq5n1409/Pkuu64x069cujWuNsXAxUYBf24AA8OIYGXEATWiDgEZ7hBV6tJ+vNerc+xqNz1mRnB/7A+vwBz2+XxQ==</latexit>
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• There is tension between independent determinations of the elements in
the first row of CKM matrix (Vus and Vud).

<latexit sha1_base64="x4/OTqRYE3CLfcGq8TBaCJlpvJ8="></latexit>

• A new e↵ective operator in positive interference with the SM muon decay
as the one generated by flavour changing gauge bosons can solve CKM
unitarity problem. Then the Fermi constant would be di↵erent from the
muon decay constant, GF = Gµ/(1 + �µ).

<latexit sha1_base64="nJ9OmuIKviLLsjy0bYprsqxx5Mc="></latexit>

• CKM unitarity is restored with �µ ' 7⇥10�4, corresponding to a breaking
scale of the symmetry SU(3)` (and gauge boson mass) of few TeV, which
was shown to be possible without contradicting experimental constraints.

<latexit sha1_base64="G9p1TigMncY17ea8AuWGkG+H9UM="></latexit>



3. Extra vector-like quarks
• Are they a solution for anomalies in the first 

row of CKM?

71
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• Extra down-type weak isosinglet

• Extra up-type weak isosinglet

• Extra weak isodoublet
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|Vud|2 + |Vus|2 + |Vub|2 = 1� |Vub0 |2

<latexit sha1_base64="3pZU3u4rRSN86W0mivqVwT6Vqk8=">AAACI3icbZDJSgNBEIZr4hbjFvXopTGIghhnRFAPQtCLxwgmBmIMPZ1KbNKz0F0jhEkew0fwKbzqyZt48eC7ODMRXOv01V9VVNXvhkoasu03KzcxOTU9k58tzM0vLC4Vl1fqJoi0wJoIVKAbLjeopI81kqSwEWrknqvw0u2fpvXLW9RGBv4FDUJsebzny64UnBKpXdwd1ttx1BkNr/e2MzRf6KZ47OyMk800Y+1iyS7bWbC/4HxCqVKGLKrt4vtVJxCRhz4JxY1pOnZIrZhrkkLhqHAVGQy56PMeNhP0uYemFWePjdhGZDgFLETNpGKZiN8nYu4ZM/DcpNPjdGN+11Lxv1ozou5hK5Z+GBH6Il1EUmG2yAgtE8eQdaRGIp5ejkz6THDNiVBLxoVIxCixsJD44fz+/i/U98rOfvnofL9UORkbA3lYg3XYAgcOoAJnUIUaCLiDB3iEJ+veerZerNdxa876nFmFH2G9fwB2RKT7</latexit>

|Vub0 | = 0.035

<latexit sha1_base64="NJTU7G+csOoQIwgcfU8v+Ya/K34=">AAACBXicbVC7TsNAEFzzxrwSKGlORAiqyIYgoECKoKEEiYRIIbLOl004cX7obg2KTGq+ghYqOkTLd1DwL9gmBQSmGs3samfHj5U05Dgf1sTk1PTM7Ny8vbC4tLxSKq82TZRogQ0RqUi3fG5QyRAbJElhK9bIA1/hpX9zkvuXt6iNjMILGsTYCXg/lD0pOGWSVyrfN7008beG90dO1dnds22vVMlYAfaXuCNSqVehwJlX+rzqRiIJMCShuDFt14mpk3JNUigc2leJwZiLG97HdkZDHqDppEX0IdtMDKeIxaiZVKwQ8edGygNjBoGfTQacrs24l4v/ee2EegedVIZxQhiK/BBJhcUhI7TMOkHWlRqJeJ4cmQyZ4JoToZaMC5GJSVZS3oc7/v1f0typurXq4XmtUj/+LgbmYB02YBtc2Ic6nMIZNEDAHTzCEzxbD9aL9Wq9fY9OWKOdNfgF6/0LDS6XPg==</latexit>

• Extra down-type weak isosinglet

• Extra up-type weak isosinglets

,
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|Vud|2 + |Vus|2 + |Vub|2 = 1� |Vub0 |2

<latexit sha1_base64="3pZU3u4rRSN86W0mivqVwT6Vqk8=">AAACI3icbZDJSgNBEIZr4hbjFvXopTGIghhnRFAPQtCLxwgmBmIMPZ1KbNKz0F0jhEkew0fwKbzqyZt48eC7ODMRXOv01V9VVNXvhkoasu03KzcxOTU9k58tzM0vLC4Vl1fqJoi0wJoIVKAbLjeopI81kqSwEWrknqvw0u2fpvXLW9RGBv4FDUJsebzny64UnBKpXdwd1ttx1BkNr/e2MzRf6KZ47OyMk800Y+1iyS7bWbC/4HxCqVKGLKrt4vtVJxCRhz4JxY1pOnZIrZhrkkLhqHAVGQy56PMeNhP0uYemFWePjdhGZDgFLETNpGKZiN8nYu4ZM/DcpNPjdGN+11Lxv1ozou5hK5Z+GBH6Il1EUmG2yAgtE8eQdaRGIp5ejkz6THDNiVBLxoVIxCixsJD44fz+/i/U98rOfvnofL9UORkbA3lYg3XYAgcOoAJnUIUaCLiDB3iEJ+veerZerNdxa876nFmFH2G9fwB2RKT7</latexit>

• Extra down-type weak isosinglet

• Extra up-type weak isosinglets
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• V (d)†
L m(d)V (d)

R = m(d)
diag = diag(md,ms,mb,Mb0)

<latexit sha1_base64="jFOh8WkP2BXxTOfu6Aw9iGRhap8="></latexit>

0

BB@

d1
d2
d3
d4

1

CCA

L

= V (d)
L

0

BB@

d
s
b
b0

1

CCA

L

=

0

BB@

V1d V1s V1b V1b0

V2d V2s V2b V2b0

V3d V3s V3b V3b0

V4d V4s V4b V4b0

1

CCA

L

0

BB@

d
s
b
b0

1

CCA

L

<latexit sha1_base64="ASHeMZGGrTFK5N7fibnNuN8+VOY="></latexit>

• Down-type vector-like species of quark d4L,R whose left and right compo-
nents are both SU(2) singlets involved in quark mixing:

...+ hi�qLid4R +Md4Lb4R + h.c.

• dLim
(d)
ij dRj+h.c. == (q1L, q2L, q3L, d4L)

0

BB@

hd1vw
m(d)

3⇥3 hd2vw
hd3vw

0 0 0 M4

1

CCA

0

BB@

d1
d2
d3
d4

1

CCA

<latexit sha1_base64="/Bs88c+nMyYFJxnlriSivQ6f0Gk="></latexit>
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Lcc =
gp
2

�
uL cL tL

�
�µṼCKM

0

BB@

d
s
b
b0

1

CCA

L

W+
µ + h.c.

<latexit sha1_base64="HGHhB2eUt6C6ai3tw7yA2jWdjHE="></latexit>

• Charged weak currents:

<latexit sha1_base64="jDTSdDGGtbna+78/S05QYcGUe78="></latexit>

0
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BB@
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BB@

d
s
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<latexit sha1_base64="mnmwae9wGv7SWoHnyyAua0zl3uI="></latexit>

,

ṼCKM = V (u)†
L Ṽ (d)

L =

0

@
Vud Vus Vub Vub0

Vcd Vcs Vcb Vcb0

Vtd Vts Vtb Vtb0

1

A

<latexit sha1_base64="MxXu7iq0QycFCpP/SZg6iC6boFw="></latexit>

• V (u)†
L is a unitary 3⇥ 3 matrix.

• Ṽ (d)
L and ṼCKM are 3⇥ 4 matrices.

• Ṽ (d)
L and ṼCKM are not unitary.

• |Vub0 | ⇡ |VL4d| ⇡ 0.035

• Since |Vub0 | ⇡ hd1vw/Mb0 , assuming
|Vub0 | > 0.03 and hd1 < 1, then
Mb0 < 6 TeV.

<latexit sha1_base64="UxoLeQNMei9IBZ1sHudrPmBLrmM="></latexit>
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Lnc =
g

cos ✓W

2

664�
1

2

�
dL sL bL b0L

�
�µṼ (d)†

L Ṽ (d)
L

0

BB@

d
s
b
b0

1

CCA+
1

3
sin2 ✓W

�
dL�

µdL + dR�
µdR

�

3

775Zµ

<latexit sha1_base64="ActdFVdjgt7BDi4VtqZo7p8dvqs="></latexit>

• Weak neutral currents:

<latexit sha1_base64="kvEJd+Whoa5NDTonv73jw4iyoF0="></latexit>

Ṽ (d)†
L Ṽ (d)

L =

0

BB@

1� |V4d|2 �V ⇤
4dV4s �V ⇤
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4dV4b0

�V ⇤
4sV4d 1� |V4s|2 �V ⇤

4sV4b �V ⇤
4sV4b0

�V ⇤
4bV4d �V ⇤

4bV4s 1� |V4b|2 �V ⇤
4bV4b0

�V ⇤
4b0V4d �V ⇤

4b0V4s �V ⇤
4b0V4b |V1b0 |2 + |V2b0 |2 + |V3b0 |2

1

CCA

L

<latexit sha1_base64="1P/V3ZlT0gQSisCO713lXygDuxw="></latexit>

• The non-unitarity of Ṽ (d)
L is at the origin of tree level flavour changing

couplings with Z boson (and Higgs boson), determined by the matrix:

<latexit sha1_base64="xGRRGzUVLT/AUa50GLOxcQfp8aU="></latexit>

• If the 2nd and 3rd families are not mixed with the fourth, VL4s = VL4b = 0,
there are not FCNC at tree level between the first three families.

<latexit sha1_base64="3YnT4Yz7FB4SIP7ESKQDhTRW0x0="></latexit>
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q
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4dV4s
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V ⇤
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b0
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s

d

d

s

Neutral D mesons mixing: Kaon decays:

Neutral K mesons mixing:
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• Experimental constraints from kaon decays and neutral kaon mixing:
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|Vub'|=0.03

|Vcb'|�|Vub'Vcd+VL4s|
Kaons

D0-D
0

Mb'=3-6 TeV

• Excluded area for parameters:

• There is little room left for |Vcb0 |.

• Also |Vtb0 | < 4.2 · 10�3 from B decays.

• The mixing of the 4th state with the second
and third family should be much less than
the mixing with the first family, which seems
unnatural, although not excluded.

<latexit sha1_base64="MOJACw+2ykpN9POcmX46IOQd+o0="></latexit>



Benedetta Belfatto22/07/2020

Up-type isosinglet

81

• Vector-like up-type quark u4L,R whose left and right components are both
SU(2) singlets involved in quark mixing:

...+ hu
i �̃qLiu4R +Mt0u4Lu4R + h.c.

• ṼCKM =

0

BB@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

Vt0d Vt0s Vt0b

1

CCA = Ṽ (u)†
L V (d)

L ;

• Ṽ (u)
L is the 3 ⇥ 4 submatrix of V (u)

L without the last row, ṼCKM is 4 ⇥ 3
matrix.

• Ṽ (u)
L and ṼCKM are not unitary.

• |Vud|2 + |Vus|2 + |Vub|2 = 1� |VL4u|2 , |VL4u| ⇡ 0.035

<latexit sha1_base64="SiAr++dUnTxsWo88XKtqbrOYMqI="></latexit>
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• The non-unitarity of Ṽ (u)
L gives flavour changing couplings of quarks with

Z boson (and Higgs). The weak neutral currents Lagrangian is:
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<latexit sha1_base64="bbRkqDFh1hpz3uyXxRAkHiyRsak="></latexit>

�K(xt,xt')
�K(xt,xt')
�K(xt')

Mb'=6 TeV

Constraints from K mesons mixing:
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|Vt' d|=0.03

|Vt' s|�|Vt' dVus+VL4c|
�K

D0-D
0

Mt'=6 TeV

• Excluded area for parameters:
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• Extra weak isodoublet: trying to cure both the gaps…
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��

��

��

0.222 0.223 0.224 0.225 0.226 0.227 0.228

Di Carlo et al.

Bazavov et al.

Aoki et al.

Aoki et al. +

Seng et al.

Czarnecki et al.

Vus

0+- 0+

Kl3

K�2

K�2
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• Vectorlike extra SU(2)-doublet:

q4L,R =

✓
u4

d4

◆

L,R

<latexit sha1_base64="P99hT/vSCeMJacKvL6/tGuMAdtg="></latexit>

dLim
(d)
ij dRj + h.c. =

�
q1L q2L q3L q4L

�
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0
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3⇥3vw 0

0
yd41vw yd42vw yd43vw M4

1

CCA

0

BB@

dR1

dR2

dR3

qR4

1

CCA

V (d)†
L m(d)V (d)

R = m(d)
diag = diag(md ,ms ,mb ,Mq)

V (u)†
L m(u)V (u)

R = m(u)
diag = diag(mu ,mc ,mt ,Mq)
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• V (d,u)
L,R are unitary 4⇥ 4 matrices:

<latexit sha1_base64="hsx0PTK/32LdwGlruC1yJYrt6Ec="></latexit>

V (d)
L =

0

BB@

VL 1d VL 1s VL 1b VL 1b0

VL 2d VL 2s VL 2b VL 2b0

VL 3d VL 3s VL 3b VL 3b0

VL 4d VL 4s VL 4b VL 4b0

1

CCA , V (u)
L =

0

BB@

VL 1u VL 1c VL 1t VL 1t0

VL 2u VL 2c VL 2t VL 2t0

VL 3u VL 3c VL 3t VL 3t0

VL 4u VL 4c VL 4t VL 4t0

1

CCA
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• The charged-current lagrangian is changed in:

<latexit sha1_base64="4/WZdpF86yENfPlooaUQ22RltIo="></latexit>

Lcc =
gp
2

4X

i=1

(uLi�
µdLi)W

+
µ +

gp
2
u4R�

µd4RWµ =

=
gp
2

�
uL cL tL t0L

�
�µVCKM,L

0

BB@

dL
sL
bL
b0L

1

CCAW+
µ +

gp
2

�
uR cR tR t0R

�
�µVCKM,R

0

BB@

dR
sR
bR
b0R

1

CCAW+
µ
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• VCKM,L = V (u)†
L V (d)

L is a 4⇥ 4 unitary matrix.

• Weak charged currents involve also right currents and the mixing matrix
VCKM,R is not unitary:

<latexit sha1_base64="rC85XkXiIqXTHMLFHy6blctbtGU="></latexit>

VCKM,R = V (u)†
R diag(0, 0, 0, 1)V (d)

R =

0

BB@

V ⇤
R 4uVR 4d V ⇤

R 4uVR 4s V ⇤
R 4uVR 4b V ⇤

R 4uVR 4b0

V ⇤
R 4cVR 4d V ⇤

R 4cVR 4s V ⇤
R 4cVR 4b V ⇤

R 4cVR 4b0

V ⇤
R 4tVR 4d V ⇤

R 4tVR 4s V ⇤
R 4tVR 4b V ⇤

R 4tVR 4b0

V ⇤
R 4t0VR 4d V ⇤

R 4t0VR 4s V ⇤
R 4t0VR 4b V ⇤

R 4t0VR 4b0

1
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• Couplings of u-quark with down quarks (which should be the determina-
tion of the first row of SM CKM matrix) become:

gp
2
(uL�

µVLuddL + uRVRud�
µdR)Wµ +

gp
2
(uL�

µVLussL + uRVRus�
µsR)Wµ + h.c.

<latexit sha1_base64="fkr6IB2bS6CIowaTZlwDd/j8Gss="></latexit>

• Then, in this scenario, we are determining vector and axial coupling:

semileptonic K decay A : |VLus + VRus| = 0.22326(55)

leptonic K decay A0 : |VLus � VRus| = 0.22567(42)

leptonic K decay B :
|VLus � VRus|
|VLud � VRud|

= 0.23130(50)

superallowed beta decays C1 : |V̂ud| = |VLud + VRud| = 0.97370(14)

<latexit sha1_base64="JmhdkRISfxR+s+OaZy4s4MvDqJU="></latexit>
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• With:

VLus = 0.22444 VLud = 0.97370

VRus = �0.0012 VRud = �0.0008

<latexit sha1_base64="FBmkQV27G6i2EBVkfyxitCF60u8="></latexit>
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• However also in this scenario flavour changing neutral currents appear at

tree level.

Lfcnc =
1

2

g

cos ✓W
Zµ

�
uR cR tR t0R

�
�µV (u)†

R diag(0, 0, 0, 1)V (u)
R

0

BB@

uR

cR
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t0R

1
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� 1

2

g
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�
dR sR bR b0R

�
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R diag(0, 0, 0, 1)V (d)
R

0
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b0R

1
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0
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Low energies EW quantities and Z physics Area excluded by flavor changing K decays

needed value…
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• There can be two or more vector-like doublets or a vector-like isodoublet
with a down-type or up-type isosinglet, with some zero-couplings:

qLim
(d)
ij dRj =

�
q1L q2L q3L q4L d5L

�

0

BBBB@

0 yd15
y(d)
3⇥3vw 0 0
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0 yd42vw 0 M4 0
0 0 0 0 Md

5

1
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0

BBBB@

dR1

dR2

dR3

qR4

dR5

1

CCCCA

qLim
(u)
ij uRj =

�
q1L q2L q3L q4L

�

0

BB@

0

y(u)
3⇥3vw 0

0
yu41vw 0 0 M4

1

CCA

0

BB@

uR1

uR2

uR3

qR4

1

CCA

• The non-zero couplings yd42, yu41 can cancel the discrepancy from kaon
physics without introducing flavor changing. The singlet can fix the dis-
crepancy with the determination from superallowed beta decays.
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• Large mixing of extra species with SM fermions is required for solving 
CKM unitarity problem.

• Vectorlike quarks cannot restore unitarity without fine tuning.

• If they exist, their mass should be no more than about 6 TeV.
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1. Gauge family symmetries: 
• Natural explanation for masses and mixings of fermions from the spontaneous breaking pattern of the 

symmetry. 
• Flavour gauge bosons can be as light as TeV without contradicting experimental constraints, due to custodial 

properties. 
2. Anomalies in the first row of CKM matrix: new physics at TeV scale? 

• There is tension between independent determinations of the CKM matrix elements of the first row. 
• Flavour gauge bosons mediated interactions can restore unitarity of CKM. 
• GF can be different from muon decay constant without contradicting experimental data, rather providing a 

testable solution for the CKM unitarity problem. 
3. Extra vector-like quarks 

• A quite large mixing with SM fermions is needed to restore unitarity, comparable to Vcb. The mixing with the 
first family should be ten times larger than the one with heavier families (seems unnatural but not excluded). 

• Their mass should be no more than about 6 TeV. 
• Flavour changing can be avoided with more isodoublets or isodoublet and singlet by setting to zero some 

couplings with SM families.
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• Inter-family gauge symmetry can give a natural explanation to the origin

of mass hierarchy and mixing pattern of fermions, as a consequence of

spontaneous breaking pattern of this symmetry.

• Flavour gauge bosons can be as light as TeV without contradicting exper-

imental constraints, due to custodial properties.

• Flavour gauge bosons mediated interactions can then be a solution for the

CKM unitarity problem.

• Gauge bosons acting in the quark sector can be in the reach of LHC for

direct detection. Moreover some LFV processes, as e.g. ⌧ ! 3µ, can have

widths close to present experimental limits and can be within the reach

of future high precision experiments.

• In order to cancel SU(3)
3
anomalies an interesting possibility is to intro-

duce mirror matter, which is also a candidate for dark matter. The flavor

gauge bosons would be messengers between the two sectors and a portal for

direct detection. They can mediate new phenomena such as muonium dis-

appearance (conversion into mirror muonium), kaon disappearance, pion

disappearance.

• There is tension between independent determinations of the elements in

the first row of CKM matrix, which can be a signal for a violation of CKM

unitarity.

<latexit sha1_base64="hX9An5oIN4rJKZx84d2rgWz6Fx8="></latexit>

• A new e↵ective operator in positive interference with the SM muon decay

as the one generated by flavour changing gauge bosons can restore unitar-

ity of CKM. Then Gµ can be di↵erent from the Fermi constant GF without

contradicting experimental data, rather providing a testable solution for

the CKM unitarity problem, with GF = Gµ/(1 + �µ), �µ ' 7 ⇥ 10
�4

corresponding to a scale of the new interactions of 6-7 TeV.

• A quite large mixing with SM fermions is needed in order to recover uni-

tarity. For example, the mixing of an extra down-type vectorlike quark

with the first family should be |Vub0 | ⇡ 0.04, which is comparable to |Vcb|
and ten times larger than |Vub|.

• The mixing of the 4th state with the second and third family should be

much less than the mixing with the first family, which seems unnatural,

although not excluded.

• The existence of two or more vector-like doublets or a vector-like isodou-

blet with down-type or up-type isosinglet can yield a solution to the prob-

lem of CKM unitarity by setting to zero some couplings of extra species

with SM families.

• In order to obtain a large mixing of vectorlike quarks with ordinary quarks,

the mass scale of these particles should be of few TeV. Further search at

LHC can falsify or discover the vectorlike quarks.

• Concluding, in the TeV range there may exist a new physics related to the

fermion flavour which can be revealed in future experiments at the energy

and precision frontiers.

<latexit sha1_base64="z6T4Ya/pF+zbjZUsWhv0Vaz6wTk="></latexit>
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U(3)q ⇥ U(3)d ⇥ U(3)u with gauge factors SU(3)q ⇥ SU(3)d ⇥ SU(3)u

• Quark masses:

ydij
M2

d

⌘qi↵⇠
d�
j � qL↵dR� +

yuij
M2

u

⌘qi↵⇠
u�
j �̃ qL↵uR� + h.c.

• mass hierarchy is related with hierarchies in breaking of SU(3)q⇥SU(3)d⇥
SU(3)u gauge symmetry:

mb : ms : md = 1 : ✏d✏q : ✏d✏̃d✏q ✏̃q

mt : mc : mu = 1 : ✏u✏q : ✏u✏̃u✏q ✏̃q

<latexit sha1_base64="jL0agTLXJKXO934ReEvUbQ9OWss="></latexit>
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• K
0 � K̄

0 oscillation is induced by:

� 1

4v2d2

⇥
(V3dV

⇤
3s)

2 + ✏
2
d(V2dV

⇤
2s)

2
⇤
(sR�

µ
dR)

2

• Since |V2dV
⇤
2s| ⇠ ✏̃d, |V3dV

⇤
3s| ⇠ ✏

2
d✏̃d, K

0 mixing is suppressed by ✏
2
d✏̃

2
d ⌧ 1.

• New contribution can be constrained to be less than the SM contribution.
By taking ✏d✏̃d ⇠ 10�2, the mass scale vd2 ⇠ 7TeV is compatible with the
constraint from the neutral kaons mass di↵erence.

• As regards the imaginary part contributing to ✏K , with the same choice
✏d✏̃d ⇠ 10�2, vd2 ⇠ 7TeV is still allowed if the phase of V2dV

⇤
2s is O(0.1).
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Can the hierarchy of the VEVs of ⇠s be natural? The generic potential is:

V (⇠) = �n(|⇠n|2 �
µ2
n

2�n
)2 + �klnm⇠†k⇠l⇠

†
n⇠m + (µ⇠1⇠2⇠3 + h.c.)

• The dimensional constant µ can be arbitrarily small since if µ ! 0 the
Lagrangian acquires global U(1)e symmetry.

• v2/v3 ⇠ mµ/m⌧ (one order of magnitude) can emerge from a natural
fluctuation of mass terms µ2

n and coupling constants �.

• Small v1 is naturally obtained when the third flavon ⇠1 has positive mass
squared. Then for µ 6= 0 non-zero VEV h⇠1i is induced:

v1 =
µv2v3
µ2
1

• Taking µ small enough, say µ < v2, one can naturally get v1 ⌧ v2. The
hierarchy of the VEVs of ⇠s can be natural.

<latexit sha1_base64="cvokJy4pEFAPAFULpjxUNLUvLCs="></latexit>
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• Also flavons can mediate the LFV processes.

• Lepton Yukawa couplings with the flavon fields ⇠n:

hin ⇠
↵
n`LieR↵ hin =

ginvw
M

which are generically flavor-changing.

• ⇠2, with mass µ2 ⇠ v2, induces the e↵ective operator:

� h32h22

µ2
2

(⌧µ) (µµ) ,
h32h22

µ2
2

'
m2

µ

v42

For v2 > 2 TeV, the width of ⌧ ! 3µ decay induced by this operator is
more than 12 orders of magnitude below the experimental limit.

• The width of µ ! 3e decay induced by analogous operator mediated by
flavon ⇠1 is also suppressed by orders of magnitude.

<latexit sha1_base64="cYMMhq0tW+87BZX7geZ3+k8XGX4="></latexit>
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⇠̄i⇠̄j
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M2

d

'qLid
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M2

L

'`L↵eRi +
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M3
⌫

''`TL↵C`� + h.c.
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u2�! nothing
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• Three SU(3)` triplets ⌘i ⇠ 3`
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• Three SU(3)e triplets ⇠i ⇠ 3e
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Then mass ratios, VCKM, UPMNS are obtained.
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<latexit sha1_base64="7mj9VSQ3W29K53o72o/wmZKHf2Q="></latexit><latexit sha1_base64="7mj9VSQ3W29K53o72o/wmZKHf2Q="></latexit><latexit sha1_base64="7mj9VSQ3W29K53o72o/wmZKHf2Q="></latexit><latexit sha1_base64="q13/oevX6X7lWhejK9gV17htToY="></latexit>

`↵ Ec↵ E↵ eci

' ⌃ X↵i

` ec
1

h⌃i

' hXi

`↵ N c↵ N↵ N� N c� `�

MN MN

'̃ S↵� '̃

` `
hSi
M2

N

'̃ '̃

X�k
e ⇠ (3̄l, 3̄e) Xi↵

d ⇠ (3̄q, 3̄d) Xij
u ⇠ (3̄q, 3̄u)

<latexit sha1_base64="fiZuVrtdfWDhtUFebCe3kSxI4LI="></latexit><latexit sha1_base64="fiZuVrtdfWDhtUFebCe3kSxI4LI="></latexit><latexit sha1_base64="fiZuVrtdfWDhtUFebCe3kSxI4LI="></latexit><latexit sha1_base64="1RYNbByib/EN6Nb7qzKVC2oxNSI="></latexit>

S↵� ⇠ 6l
<latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="0dQ5k7dUPrrd2HSPLZUzciBTGbg=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGCCgjaCiDIA8pjqz1ZZOccn7obo0UWRGfwFfQQkWHaPkGCv4FO6SAhKlGM7vanfFjJQ3Z9qe1sLi0vLJaWCuub2xubZd2dhsmSrTAuohUpFs+GFQyxDpJUtiKNULgK2z6w6vcb96jNjIK72gUYyeAfih7UgBlklfav/VSF1Q8ANdHgrFrZMDPPFUseqWyXbEn4PPEmZIym6Lmlb7cbiSSAEMSCoxpO3ZMnRQ0SaFwXHQTgzGIIfSxndEQAjSddBJhzI8SAxTxGDWXik9E/L2RQmDMKPCzyQBoYGa9XPzPayfUu+ikMowTwlDkh0gqnBwyQsusG+RdqZEI8s+Ry5AL0ECEWnIQIhOTrKy8D2c2/TxpnFScjN+clquX02YK7IAdsmPmsHNWZdesxupMsAf2xJ7Zi/VovVpv1vvP6II13dljf2B9fAMGWJsI</latexit>

Effective operators for fermion masses
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SU(3)l
u3�! SU(2)l

u2�! nothing
<latexit sha1_base64="lNDSsvUhul+S7zBsiq86E/skfa4="></latexit><latexit sha1_base64="lNDSsvUhul+S7zBsiq86E/skfa4="></latexit><latexit sha1_base64="lNDSsvUhul+S7zBsiq86E/skfa4="></latexit><latexit sha1_base64="y8nm+oHGs+PV2vc+nHY/2OGQIZk="></latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

⌘↵(n) ⇠ 3̄l
<latexit sha1_base64="WkbzOvRVUg+cG5tLuqMzMOfvwFU="></latexit><latexit sha1_base64="WkbzOvRVUg+cG5tLuqMzMOfvwFU="></latexit><latexit sha1_base64="WkbzOvRVUg+cG5tLuqMzMOfvwFU="></latexit><latexit sha1_base64="8lpLDmjiCcOvxBtpK0+5c68F17k=">AAACGnicbVC7TsNAEDzzxrwClDQnIhA0yAYkKBE0lCCRBCkO1vqyIaecz9bdGglZ/gM+ga+ghYoO0dJQ8C/YIQWvqUYzu9qdiVIlLXneuzM2PjE5NT0z687NLywu1ZZXmjbJjMCGSFRiLiOwqKTGBklSeJkahDhS2IoGJ5XfukFjZaIv6DbFTgzXWvakACqlsLYZIMFVHoBK+1CE+ZbeLnhgZcyDCEy+V4SKu64b1urejjcE/0v8EamzEc7C2kfQTUQWoyahwNq276XUycGQFAoLN8gspiAGcI3tkmqI0XbyYZ6Cb2QWKOEpGi4VH4r4fSOH2NrbOConY6C+/e1V4n9eO6PeYSeXOs0ItagOkVQ4PGSFkWVRyLvSIBFUnyOXmgswQIRGchCiFLOyuaoP/3f6v6S5u+OX/Hy/fnQ8amaGrbF1tsV8dsCO2Ck7Yw0m2B17YI/sybl3np0X5/VrdMwZ7ayyH3DePgEH8p+6</latexit>

⇠i(n) ⇠ 3̄e
<latexit sha1_base64="yMEK+0eIFPR62n8T2LOBJJXX/BY=">AAACEnicbVC7TtxQEB0TXlleS1JGiq6yQoJmZQMSlCvSpAQpC0jrxRpfBhhxfW3dO46CrO34BL6CNqnSRWn5AQr+JbahCJBTHZ0zo5lz0sKwlzC8D6beTM/Mzs2/7SwsLi2vdFffHfq8dJqGOje5O07Rk2FLQ2ExdFw4wiw1dJRefm78o2/kPOf2q1wVNM7w3PIZa5RaSrof4+98wkm1bjcmKvacqThFV21NEurUSLq9sB+2UK9J9ER6gz602E+6D/FprsuMrGiD3o+isJBxhU5YG5p04tJTgfoSz2lUU4sZ+XHV5piotdKj5Kogp9ioVqR/NyrMvL/K0noyQ7nwL71G/J83KuVsd1yxLUohq5tDwobaQ147rgsidcqORLD5nBRbpdGhCDlWqHUtlnVjTR/Ry/SvyeFmP6r5wXZvsPdYDMzDB/gE6xDBDgzgC+zDEDRcwy38gJ/BTfAr+B38eRydCp523sMzBHd/AbvpnHE=</latexit><latexit sha1_base64="yMEK+0eIFPR62n8T2LOBJJXX/BY=">AAACEnicbVC7TtxQEB0TXlleS1JGiq6yQoJmZQMSlCvSpAQpC0jrxRpfBhhxfW3dO46CrO34BL6CNqnSRWn5AQr+JbahCJBTHZ0zo5lz0sKwlzC8D6beTM/Mzs2/7SwsLi2vdFffHfq8dJqGOje5O07Rk2FLQ2ExdFw4wiw1dJRefm78o2/kPOf2q1wVNM7w3PIZa5RaSrof4+98wkm1bjcmKvacqThFV21NEurUSLq9sB+2UK9J9ER6gz602E+6D/FprsuMrGiD3o+isJBxhU5YG5p04tJTgfoSz2lUU4sZ+XHV5piotdKj5Kogp9ioVqR/NyrMvL/K0noyQ7nwL71G/J83KuVsd1yxLUohq5tDwobaQ147rgsidcqORLD5nBRbpdGhCDlWqHUtlnVjTR/Ry/SvyeFmP6r5wXZvsPdYDMzDB/gE6xDBDgzgC+zDEDRcwy38gJ/BTfAr+B38eRydCp523sMzBHd/AbvpnHE=</latexit><latexit sha1_base64="yMEK+0eIFPR62n8T2LOBJJXX/BY=">AAACEnicbVC7TtxQEB0TXlleS1JGiq6yQoJmZQMSlCvSpAQpC0jrxRpfBhhxfW3dO46CrO34BL6CNqnSRWn5AQr+JbahCJBTHZ0zo5lz0sKwlzC8D6beTM/Mzs2/7SwsLi2vdFffHfq8dJqGOje5O07Rk2FLQ2ExdFw4wiw1dJRefm78o2/kPOf2q1wVNM7w3PIZa5RaSrof4+98wkm1bjcmKvacqThFV21NEurUSLq9sB+2UK9J9ER6gz602E+6D/FprsuMrGiD3o+isJBxhU5YG5p04tJTgfoSz2lUU4sZ+XHV5piotdKj5Kogp9ioVqR/NyrMvL/K0noyQ7nwL71G/J83KuVsd1yxLUohq5tDwobaQ147rgsidcqORLD5nBRbpdGhCDlWqHUtlnVjTR/Ry/SvyeFmP6r5wXZvsPdYDMzDB/gE6xDBDgzgC+zDEDRcwy38gJ/BTfAr+B38eRydCp523sMzBHd/AbvpnHE=</latexit><latexit sha1_base64="Ow0QbM5IDBcbVSYSDy/3RjBvFdw=">AAACEnicbVC7SgRBEJz17fk6NRRk8BA0kV0VNBRNDBU8FW7PpXdstXF2dpnpFY/lMj/BrzDVyExM/QED/8Xd8wJfFRVV3XRXxZkmx77/7g0MDg2PjI6N1yYmp6Zn6rNzxy7NrcKmSnVqT2NwqMlgk4k1nmYWIYk1nsTXe5V/coPWUWqOuJNhO4FLQxekgEspqi+Gt3RGUbFiVrsydJTIMAZbbHQjrJWI6g1/ze9B/iVBnzREHwdR/SM8T1WeoGGlwblW4GfcLsAyKY3dWpg7zEBdwyW2SmogQdcuejm6cjl3wKnM0ErSsifi940CEuc6SVxOJsBX7rdXif95rZwvttsFmSxnNKo6xKSxd8gpS2VBKM/JIjNUn6MkIxVYYEZLEpQqxbxsrOoj+J3+LzleXwtKfrjZ2NntNzMmFsSSWBGB2BI7Yl8ciKZQ4k48iEfx5N17z96L9/o1OuD1d+bFD3hvnyHVnAM=</latexit>

h⇠(3)i =

0

@
0
0
v3

1

A h⇠(2)i =

0

@
0
v2
0

1

A h⇠(1)i =

0

@
v1
0
0

1

A

<latexit sha1_base64="xbRiiwq+9QNXoiPphVeDgRav1DA="></latexit><latexit sha1_base64="xbRiiwq+9QNXoiPphVeDgRav1DA="></latexit><latexit sha1_base64="xbRiiwq+9QNXoiPphVeDgRav1DA="></latexit><latexit sha1_base64="R7VJBd0NMkkaz/BynCp0c9Kyh9M="></latexit>

h⌘(3)i =

0

@
0
0
u3

1

A h⌘(2)i =

0

@
0
u2

0

1

A h⌘(1)i =

0

@
u1

0
0

1

A

<latexit sha1_base64="u4LZ0NoVRxHVDwNGeMKUZQXbocg="></latexit><latexit sha1_base64="u4LZ0NoVRxHVDwNGeMKUZQXbocg="></latexit><latexit sha1_base64="u4LZ0NoVRxHVDwNGeMKUZQXbocg="></latexit><latexit sha1_base64="kZdsbQG8KV0/4TrVaETqFSw3Pks="></latexit>

v3 : v2 : v1 = ✏2 : ✏ : 1 ✏ =
1

20
<latexit sha1_base64="QZvsutd3E5PAxCe44tULhBiOPNE="></latexit><latexit sha1_base64="QZvsutd3E5PAxCe44tULhBiOPNE="></latexit><latexit sha1_base64="QZvsutd3E5PAxCe44tULhBiOPNE="></latexit><latexit sha1_base64="AJBatSbuSQT2/FnY+5OFO3r5QLE="></latexit>

•inducing VEV to Xe and S via couplings

µ⇤
X⇠(l)X

†⌘(n) + h.c.
<latexit sha1_base64="gMseso2OXpa7WsOtOXrjdvInlJ4="></latexit><latexit sha1_base64="gMseso2OXpa7WsOtOXrjdvInlJ4="></latexit><latexit sha1_base64="gMseso2OXpa7WsOtOXrjdvInlJ4="></latexit><latexit sha1_base64="gMseso2OXpa7WsOtOXrjdvInlJ4="></latexit>

µS⌘nS⌘l + h.c.

<latexit sha1_base64="WOqmZbpTkm1ZZSt6nnfr3UdBLzI=">AAACFnicbVDBbtNAEB0XSktowcCRy6oREhKSZVeRSm8RvXAsgrSR4sgabybJKuu1tTuuGlm+8wl8Ra9w4oa49toD/4Lt5gAt7/T03oxm3ksLrRyH4Y239eDh9qOd3ce9J3v7T5/5z1+cuby0kkYy17kdp+hIK0MjVqxpXFjCLNV0nq5OWv/8gqxTufnM64KmGS6MmiuJ3EiJfxBnZfIpJsakMvWG6PptzHTJ1TKQQZ34/TAIO4j7JNqQ/jCADqeJ/zue5bLMyLDU6NwkCgueVmhZSU11Ly4dFShXuKBJQw1m5KZVl6UWr0uHnIuCrFBadCL9vVFh5tw6S5vJDHnp7nqt+D9vUvL83bRSpiiZjGwPsdLUHXLSqqYkEjNliRnbz0koIyRaZCarBErZiGXTWq/pI7qb/j45OwyiQXD8cdAfvr8tBnbhFRzAG4jgCIbwAU5hBBK+wBV8g+/eV++H99P7dTu65W12XsI/8K7/AGjjoGA=</latexit>

S↵� ⇠ (6`, 1)

<latexit sha1_base64="BqTiVd3B47dsJK6CR3R20wZY6OU=">AAACFHicbVC7SgRBEOz1eZ6vU0OTwUNQkGNXxEd2aGJ4oqfC7bH0jq0Ozj6Y6RVkudRP8CtMNTITU3MD/8Xd1cBXRUVVN91VYaqVZdd9c4aGR0bHxmsT9cmp6ZnZxtz8sU0yI6krE52Y0xAtaRVTlxVrOk0NYRRqOgmv9kr/5JqMVUl8xDcp9SO8iNW5ksiFFDTEYZD7qNNL9ENiHPhWRWJlM/BJ6zVvtV4PGk235VYQf4n3RZrtFlToBI13/yyRWUQxS43W9jw35X6OhpXUNKj7maUU5RVeUK+gMUZk+3mVZCCWM4uciJSMUFpUIn3fyDGy9iYKi8kI+dL+9krxP6+X8fl2P1dxmjHFsjzESlN1yEqjiopInClDzFh+TkLFQqJBZjJKoJSFmBWdlX14v9P/JcfrLW+jtXOw0WzvfhYDNViEJVgBD7agDfvQgS5IuIV7eIBH5855cp6dl8/RIedrZwF+wHn9ANRwnaM=</latexit>

X�k
e ⇠ (3̄`, 3̄e)

<latexit sha1_base64="UHbrc5TBEsjXIoIJu9O7hYEds0M=">AAACHnicbVDLLgRREK32Nl6Dpc2NiQSRSTcS7CZsLEkMk0yPTvVVuJnbj9xbLZHO/INP8BW2rOzEloV/0dNIvM7q1DlVqaoTplpZdt1XZ2BwaHhkdGy8MjE5NT1TnZ07tklmJDVlohPTCtGSVjE1WbGmVmoIo1DTSdjd6/snV2SsSuIjvk6pE+FFrM6VRC6koLraCug090NiFN2eb1Uklv0QTb7RC3zSeu2roJWgWnPrbgnxl3ifpNaoQ4mDoPrmnyUyiyhmqdHatuem3MnRsJKaehU/s5Si7OIFtQsaY0S2k5c/9cRSZpETkZIRSotSpO8TOUbWXkdh0RkhX9rfXl/8z2tnfL7dyVWcZkyx7C9ipalcZKVRRVgkzpQhZuxfTkLFQqJBZjJKoJSFmBXpVYo8vN/f/yXH63Vvs75zuFlr7H4EA2OwAIuwDB5sQQP24QCaIOEG7uAeHpxb59F5cp4/Wgecz5l5+AHn5R0gDKK5</latexit>

hX�k
e i ⇠

�µ⇤
Xh⇠i(n)⌘↵(l)i
M2

X

<latexit sha1_base64="SuX7QNyHRCdW2tPQliy+xm6ZqS4="></latexit>

hS⇤�↵i ⇠
�µSh⌘↵(n)⌘

�
(l)i

M2
S

<latexit sha1_base64="05/Gjsl1Zq/tSFuIRf45XbCoTE0="></latexit>



SU(3)l ⇥ SU(3)e
<latexit sha1_base64="rCsOaFGxoQ6SV8lkkPbKOX69XTY=">AAACC3icbVC7TgJBFL2LL8TXqoWFzURigg3ZVRMtiTaWGOWRACGzwwUnzD4yc9eEED7Br7DVys7Y+hEW/ou7C4WCpzpzzr05c48XKWnIcb6s3NLyyupafr2wsbm1vWPv7tVNGGuBNRGqUDc9blDJAGskSWEz0sh9T2HDG16nfuMRtZFhcE+jCDs+HwSyLwWnROraB3e10tlJV7E2SR8Nmz6x0LWLTtnJwBaJOyPFShkyVLv2d7sXitjHgITixrRcJ6LOmGuSQuGk0I4NRlwM+QBbCQ14ktYZZwdM2HFsOIUsQs2kYpmIvzfG3Ddm5HvJpM/pwcx7qfif14qpf9kZyyCKCQORBpFUmAUZoWXSDLKe1EjE058jkwETXHMi1JJxIRIxTqpK+3Dnr18k9dOym/Db82LlaloM5OEQjqAELlxABW6gCjUQMIFneIFX68l6s96tj+lozprt7MMfWJ8/xVKZMw==</latexit><latexit sha1_base64="rCsOaFGxoQ6SV8lkkPbKOX69XTY=">AAACC3icbVC7TgJBFL2LL8TXqoWFzURigg3ZVRMtiTaWGOWRACGzwwUnzD4yc9eEED7Br7DVys7Y+hEW/ou7C4WCpzpzzr05c48XKWnIcb6s3NLyyupafr2wsbm1vWPv7tVNGGuBNRGqUDc9blDJAGskSWEz0sh9T2HDG16nfuMRtZFhcE+jCDs+HwSyLwWnROraB3e10tlJV7E2SR8Nmz6x0LWLTtnJwBaJOyPFShkyVLv2d7sXitjHgITixrRcJ6LOmGuSQuGk0I4NRlwM+QBbCQ14ktYZZwdM2HFsOIUsQs2kYpmIvzfG3Ddm5HvJpM/pwcx7qfif14qpf9kZyyCKCQORBpFUmAUZoWXSDLKe1EjE058jkwETXHMi1JJxIRIxTqpK+3Dnr18k9dOym/Db82LlaloM5OEQjqAELlxABW6gCjUQMIFneIFX68l6s96tj+lozprt7MMfWJ8/xVKZMw==</latexit><latexit sha1_base64="rCsOaFGxoQ6SV8lkkPbKOX69XTY=">AAACC3icbVC7TgJBFL2LL8TXqoWFzURigg3ZVRMtiTaWGOWRACGzwwUnzD4yc9eEED7Br7DVys7Y+hEW/ou7C4WCpzpzzr05c48XKWnIcb6s3NLyyupafr2wsbm1vWPv7tVNGGuBNRGqUDc9blDJAGskSWEz0sh9T2HDG16nfuMRtZFhcE+jCDs+HwSyLwWnROraB3e10tlJV7E2SR8Nmz6x0LWLTtnJwBaJOyPFShkyVLv2d7sXitjHgITixrRcJ6LOmGuSQuGk0I4NRlwM+QBbCQ14ktYZZwdM2HFsOIUsQs2kYpmIvzfG3Ddm5HvJpM/pwcx7qfif14qpf9kZyyCKCQORBpFUmAUZoWXSDLKe1EjE058jkwETXHMi1JJxIRIxTqpK+3Dnr18k9dOym/Db82LlaloM5OEQjqAELlxABW6gCjUQMIFneIFX68l6s96tj+lozprt7MMfWJ8/xVKZMw==</latexit><latexit sha1_base64="RHTljLZE/W9Y6NLseWk4S0nho2s=">AAACC3icbVC7TsNAEDyHVwgvAwUFzYkIKTSRDUhQRtBQBoGTSIkVnS+bcMr5obs1UmTlE/gKWqjoEC0fQcG/YDsuIGGquZldze14kRQaLevLKC0tr6yuldcrG5tb2zvm7l5Lh7Hi4PBQhqrjMQ1SBOCgQAmdSAHzPQltb3yd+e1HUFqEwT1OInB9NgrEUHCGqdQ3D+6c2tlJX9IeCh80nT2h0jerVt3KQReJXZAqKdDsm9+9QchjHwLkkmndta0I3YQpFFzCtNKLNUSMj9kIuikNWJrmJvkBU3oca4YhjUBRIWkuwu+NhPlaT3wvnfQZPuh5LxP/87oxDi/dRARRjBDwLAiFhDxIcyXSZoAOhAJElv0cqAgoZ4ohghKUcZ6KcVpV1oc9f/0iaZ3W7ZTfnlcbV0UzZXJIjkiN2OSCNMgNaRKHcDIlz+SFvBpPxpvxbnzMRktGsbNP/sD4/AErPpjF</latexit>

SU(3)l
u3�! SU(2)l

u2�! nothing
<latexit sha1_base64="lNDSsvUhul+S7zBsiq86E/skfa4="></latexit><latexit sha1_base64="lNDSsvUhul+S7zBsiq86E/skfa4="></latexit><latexit sha1_base64="lNDSsvUhul+S7zBsiq86E/skfa4="></latexit><latexit sha1_base64="y8nm+oHGs+PV2vc+nHY/2OGQIZk="></latexit>

SU(3)e
v3�! SU(2)e

v2�! nothing
<latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="32jDsdiHF/7GdHrDWysJkcN5JzY="></latexit><latexit sha1_base64="h8I41D6ASfCAXZ4NtNMrUNzf/Wk="></latexit>

u3 : u2 : u1 = ✏2L : ✏L : 1 ✏L ' 1

2
� 1

3
<latexit sha1_base64="kezVMAhRZzCZ/83fGWixZ7RZ+Ps="></latexit><latexit sha1_base64="kezVMAhRZzCZ/83fGWixZ7RZ+Ps="></latexit><latexit sha1_base64="kezVMAhRZzCZ/83fGWixZ7RZ+Ps="></latexit><latexit sha1_base64="RZqEeGrUywYGmGNajtkv3EdCg14="></latexit>

v3 : v2 : v1 = ✏2 : ✏ : 1
<latexit sha1_base64="ykJ8BHutuoeaI+6C8o/93ioFaEI=">AAACFXicbZA9SwNBEIbn/IzxK2ppsxoEq3AXBSUgBG0sFYwGknjsraMu7u0du3OBEFL7E/wVtlrZia21hf/FzRnBrxcWHt6ZYXbeKFXSku+/eWPjE5NT04WZ4uzc/MJiaWn51CaZEdgQiUpMM+IWldTYIEkKm6lBHkcKz6Kbg2H9rIvGykSfUC/FTsyvtLyUgpOzwtJaN9yqdcOqe8FeG1MrVaLPq7UvrAVhqexX/FzsLwQjKNcrkOsoLL23LxKRxahJKG5tK/BT6vS5ISkUDortzGLKxQ2/wpZDzWO0nX5+yoBtZJZTwlI0TCqWm/h9os9ja3tx5DpjTtf2d21o/ldrZXS52+lLnWaEWgwXkVSYL7LCSJcRsgtpkIgPf45Maia44URoJONCODNzoRVdHsHv6//CabUSOD7eLtf3P4OBAqzCOmxCADtQh0M4ggYIuIV7eIBH78578p69l8/WMW80swI/5L1+AGReno8=</latexit><latexit sha1_base64="ykJ8BHutuoeaI+6C8o/93ioFaEI=">AAACFXicbZA9SwNBEIbn/IzxK2ppsxoEq3AXBSUgBG0sFYwGknjsraMu7u0du3OBEFL7E/wVtlrZia21hf/FzRnBrxcWHt6ZYXbeKFXSku+/eWPjE5NT04WZ4uzc/MJiaWn51CaZEdgQiUpMM+IWldTYIEkKm6lBHkcKz6Kbg2H9rIvGykSfUC/FTsyvtLyUgpOzwtJaN9yqdcOqe8FeG1MrVaLPq7UvrAVhqexX/FzsLwQjKNcrkOsoLL23LxKRxahJKG5tK/BT6vS5ISkUDortzGLKxQ2/wpZDzWO0nX5+yoBtZJZTwlI0TCqWm/h9os9ja3tx5DpjTtf2d21o/ldrZXS52+lLnWaEWgwXkVSYL7LCSJcRsgtpkIgPf45Maia44URoJONCODNzoRVdHsHv6//CabUSOD7eLtf3P4OBAqzCOmxCADtQh0M4ggYIuIV7eIBH78578p69l8/WMW80swI/5L1+AGReno8=</latexit><latexit sha1_base64="ykJ8BHutuoeaI+6C8o/93ioFaEI=">AAACFXicbZA9SwNBEIbn/IzxK2ppsxoEq3AXBSUgBG0sFYwGknjsraMu7u0du3OBEFL7E/wVtlrZia21hf/FzRnBrxcWHt6ZYXbeKFXSku+/eWPjE5NT04WZ4uzc/MJiaWn51CaZEdgQiUpMM+IWldTYIEkKm6lBHkcKz6Kbg2H9rIvGykSfUC/FTsyvtLyUgpOzwtJaN9yqdcOqe8FeG1MrVaLPq7UvrAVhqexX/FzsLwQjKNcrkOsoLL23LxKRxahJKG5tK/BT6vS5ISkUDortzGLKxQ2/wpZDzWO0nX5+yoBtZJZTwlI0TCqWm/h9os9ja3tx5DpjTtf2d21o/ldrZXS52+lLnWaEWgwXkVSYL7LCSJcRsgtpkIgPf45Maia44URoJONCODNzoRVdHsHv6//CabUSOD7eLtf3P4OBAqzCOmxCADtQh0M4ggYIuIV7eIBH78578p69l8/WMW80swI/5L1+AGReno8=</latexit><latexit sha1_base64="a2pfXCIBQzHJPyuRd4euIpWiZQg=">AAACFXicbZA9SwNBEIb34leMX1FLm9UgWIW7KCgBIWhjGcF8QBKPvc0kLtnbO3bnAiGk9if4K2y1shNbawv/i5sYQRNfWHh4Z4bZeYNYCoOu++GkFhaXllfSq5m19Y3Nrez2TtVEieZQ4ZGMdD1gBqRQUEGBEuqxBhYGEmpB73Jcr/VBGxGpGxzE0ApZV4mO4Ayt5Wf3+/5xse8X7PPOmxAbISN1Wyj+YNHzszk3705E58GbQo5MVfazn812xJMQFHLJjGl4boytIdMouIRRppkYiBnvsS40LCoWgmkNJ6eM6GFiGEY0Bk2FpBMTfk8MWWjMIAxsZ8jwzszWxuZ/tUaCnbPWUKg4QVB8vAiFhMkiw7WwGQFtCw2IbPxzoEJRzjRDBC0o49yaiQ0tY/PwZq+fh2oh71m+PsmVLqbJpMkeOSBHxCOnpESuSJlUCCf35JE8kWfnwXlxXp2379aUM53ZJX/kvH8ByjueIQ==</latexit>

✏ =
1

20
<latexit sha1_base64="cRML+hK/DhbLrdgXS1hEYB1hVkI=">AAACCXicbVA9SwNBEJ3zM8avqFjZLAbBKtyJoI0QtLGMYKKQhDC3TnRxb+/YnRPCkV/gr7DVyk5s/RUW/hcvlxRqfNXjvRnmzQsTrRz7/qc3Mzs3v7BYWiovr6yurVc2NlsuTq2kpox1bK9DdKSVoSYr1nSdWMIo1HQV3p+N/KsHsk7F5pIHCXUjvDWqryRyLvUq2x1KnNKxOen0LcosGGYH/rBXqfo1v4CYJsGEVOs1KNDoVb46N7FMIzIsNTrXDvyEuxlaVlLTsNxJHSUo7/GW2jk1GJHrZkX8odhLHXIsErJCaVGI9HMjw8i5QRTmkxHynfvrjcT/vHbK/eNupkySMhk5OsRKU3HISavyXkjcKEvMOEpOQhkh0SIzWSVQylxM86LKeR/B3++nSeugFuT84rBaPx0XAyXYgV3YhwCOoA7n0IAmSMjgCZ7hxXv0Xr037308OuNNdrbgF7yPb6Vemn4=</latexit><latexit sha1_base64="cRML+hK/DhbLrdgXS1hEYB1hVkI=">AAACCXicbVA9SwNBEJ3zM8avqFjZLAbBKtyJoI0QtLGMYKKQhDC3TnRxb+/YnRPCkV/gr7DVyk5s/RUW/hcvlxRqfNXjvRnmzQsTrRz7/qc3Mzs3v7BYWiovr6yurVc2NlsuTq2kpox1bK9DdKSVoSYr1nSdWMIo1HQV3p+N/KsHsk7F5pIHCXUjvDWqryRyLvUq2x1KnNKxOen0LcosGGYH/rBXqfo1v4CYJsGEVOs1KNDoVb46N7FMIzIsNTrXDvyEuxlaVlLTsNxJHSUo7/GW2jk1GJHrZkX8odhLHXIsErJCaVGI9HMjw8i5QRTmkxHynfvrjcT/vHbK/eNupkySMhk5OsRKU3HISavyXkjcKEvMOEpOQhkh0SIzWSVQylxM86LKeR/B3++nSeugFuT84rBaPx0XAyXYgV3YhwCOoA7n0IAmSMjgCZ7hxXv0Xr037308OuNNdrbgF7yPb6Vemn4=</latexit><latexit sha1_base64="cRML+hK/DhbLrdgXS1hEYB1hVkI=">AAACCXicbVA9SwNBEJ3zM8avqFjZLAbBKtyJoI0QtLGMYKKQhDC3TnRxb+/YnRPCkV/gr7DVyk5s/RUW/hcvlxRqfNXjvRnmzQsTrRz7/qc3Mzs3v7BYWiovr6yurVc2NlsuTq2kpox1bK9DdKSVoSYr1nSdWMIo1HQV3p+N/KsHsk7F5pIHCXUjvDWqryRyLvUq2x1KnNKxOen0LcosGGYH/rBXqfo1v4CYJsGEVOs1KNDoVb46N7FMIzIsNTrXDvyEuxlaVlLTsNxJHSUo7/GW2jk1GJHrZkX8odhLHXIsErJCaVGI9HMjw8i5QRTmkxHynfvrjcT/vHbK/eNupkySMhk5OsRKU3HISavyXkjcKEvMOEpOQhkh0SIzWSVQylxM86LKeR/B3++nSeugFuT84rBaPx0XAyXYgV3YhwCOoA7n0IAmSMjgCZ7hxXv0Xr037308OuNNdrbgF7yPb6Vemn4=</latexit><latexit sha1_base64="zk4Ev7dd/Cy6JhKvZB2k7d4oCx0=">AAACCXicbVDLSgNBEJz1GeMrKp68DAbBU9gNgl6EoBePEcwDkhB6J504ZHZ2mekVwpIv8Cu86smbePUrPPgv7sY9aGKdiqpuurr8SElLrvvpLC2vrK6tFzaKm1vbO7ulvf2mDWMjsCFCFZq2DxaV1NggSQrbkUEIfIUtf3yd+a0HNFaG+o4mEfYCGGk5lAIolfqlwy5GVqpQX3aHBkTiTZOqO+2Xym7FnYEvEi8nZZaj3i99dQehiAPUJBRY2/HciHoJGJJC4bTYjS1GIMYwwk5KNQRoe8ks/pSfxBYo5BEaLhWfifh7I4HA2kngp5MB0L2d9zLxP68T0/Cil0gdxYRaZIdIKpwdssLItBfkA2mQCLLkyKXmAgwQoZEchEjFOC2qmPbhzX+/SJrVipfy27Ny7SpvpsCO2DE7ZR47ZzV2w+qswQRL2BN7Zi/Oo/PqvDnvP6NLTr5zwP7A+fgGC0qaEA==</latexit>

m
(e)† / hXei '

0

@
O(✏2) 0 0
O(✏2) O(✏) 0
O(✏2) O(✏) O(1)

1

A · |µX |v3u3

M2
X

<latexit sha1_base64="sOu8Khq3DXC3XI3D1qrF306CWIE="></latexit><latexit sha1_base64="sOu8Khq3DXC3XI3D1qrF306CWIE="></latexit><latexit sha1_base64="sOu8Khq3DXC3XI3D1qrF306CWIE="></latexit><latexit sha1_base64="QzKK+C2p4oaaAkU5Lfxn2p35SNI="></latexit>

V (e)†
L m(e)V (e)

R = m(e)
diag

<latexit sha1_base64="3/HnBwNBJaglB+ba6z6vYc1qE7I="></latexit><latexit sha1_base64="3/HnBwNBJaglB+ba6z6vYc1qE7I="></latexit><latexit sha1_base64="3/HnBwNBJaglB+ba6z6vYc1qE7I="></latexit><latexit sha1_base64="SOeiFEgy+jMLzn0kazsfXFVQPZA="></latexit>

0

@
e1

e2

e3

1

A

R

= V (e)
R

0

@
e
µ
⌧

1

A

R

=

0

@
V1e V1µ V1⌧

V2e V2µ V2⌧

V3e V3µ V3⌧

1

A
(e)

R

0

@
e
µ
⌧

1

A

R
<latexit sha1_base64="7YDFd7KOXK2iuuxQxWO/DY28Bo0="></latexit><latexit sha1_base64="7YDFd7KOXK2iuuxQxWO/DY28Bo0="></latexit><latexit sha1_base64="7YDFd7KOXK2iuuxQxWO/DY28Bo0="></latexit><latexit sha1_base64="AyLw67YQo8/F60P44E3D2MPnoic="></latexit>

eRm
(e)†eL = (eRV

(e)
R )(V (e)†

R m(e)†V (e)
L )(V (e)†

L eL)
<latexit sha1_base64="XZdQtpD+kH696jm/sxCajEhht8I="></latexit><latexit sha1_base64="XZdQtpD+kH696jm/sxCajEhht8I="></latexit><latexit sha1_base64="XZdQtpD+kH696jm/sxCajEhht8I="></latexit><latexit sha1_base64="fOS5SnKHqOUE2oJxEQk8Gz4RtAg="></latexit>

From Yukawa coupling:
�e

ME
X�k

e �ēkl� �!
<latexit sha1_base64="4NT1Vz+0eSTkflozs17nx5ZLCR8="></latexit><latexit sha1_base64="4NT1Vz+0eSTkflozs17nx5ZLCR8="></latexit><latexit sha1_base64="4NT1Vz+0eSTkflozs17nx5ZLCR8="></latexit><latexit sha1_base64="m9ExGpLStyTcYXsACp35jQepXVc="></latexit>

Charged leptons masses
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

`L ⇠ 3` , eR ⇠ 3e , qL ⇠ 3q uR ⇠ 3u , dR ⇠ 3d

<latexit sha1_base64="QSHIHevUFRXOENgButuK45zLz9w="></latexit>

• Fermions cannot get mass if the symmetry is unbroken.

• Yukawa couplings are induced by non-zero VEVs of scalars.

<latexit sha1_base64="iq6WBZsOA4+IlSnP4tiYLfBXfIk="></latexit>

`↵ Ec↵ E↵ eci

' ⌃ X↵i

X�k
e ⇠ (3̄l, 3̄e) Xi↵

d ⇠ (3̄q, 3̄d) Xij
u ⇠ (3̄q, 3̄u)

<latexit sha1_base64="fiZuVrtdfWDhtUFebCe3kSxI4LI="></latexit><latexit sha1_base64="fiZuVrtdfWDhtUFebCe3kSxI4LI="></latexit><latexit sha1_base64="fiZuVrtdfWDhtUFebCe3kSxI4LI="></latexit><latexit sha1_base64="1RYNbByib/EN6Nb7qzKVC2oxNSI="></latexit>

eR↵ `L�X
M

' X↵�
X

M e
'lLeR

<latexit sha1_base64="8+yv7DW9UVtlS1qMSfOqZI5l8wo="></latexit>
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

`L ⇠ 3` , eR ⇠ 3e , qL ⇠ 3q uR ⇠ 3u , dR ⇠ 3d

<latexit sha1_base64="QSHIHevUFRXOENgButuK45zLz9w="></latexit>

• Fermions cannot get mass if the symmetry is unbroken.

• Yukawa couplings are induced by non-zero VEVs of scalars.

<latexit sha1_base64="iq6WBZsOA4+IlSnP4tiYLfBXfIk="></latexit>

eRi `LjY ij
e

'

eR↵ `L�X
M

' X↵�

eR↵ L↵ R↵ `L�

M

' X↵�
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U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

`L ⇠ 3` , eR ⇠ 3e , qL ⇠ 3q uR ⇠ 3u , dR ⇠ 3d

<latexit sha1_base64="QSHIHevUFRXOENgButuK45zLz9w="></latexit>

• Fermions cannot get mass if the symmetry is unbroken.

• Yukawa couplings are induced by non-zero VEVs of scalars.

<latexit sha1_base64="iq6WBZsOA4+IlSnP4tiYLfBXfIk="></latexit>

`↵ N c↵ N↵ N� N c� `�

MN MN

'̃ S↵� '̃

` `
hSi
M2

N

'̃ '̃

S↵� ⇠ 6l
<latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="uqZIXyp4JT9HQ2uFNJOZFckLJV0=">AAACDXicbVC7TsNAEFzzJrwCVIjmRIREFdkIAWUEDSUIQiLFkbW+LHDi/NDdGglZEZ/AV9BCRYdo+QYK/gXbUABhqtHMrnZnwlQry6777oyNT0xOTc/M1ubmFxaX6ssr5zbJjKS2THRiuiFa0iqmNivW1E0NYRRq6oTXh6XfuSFjVRKf8W1K/QgvY3WhJHIhBfW10yD3UadX6IfEOPStisRuoGu1oN5wm24FMUq8b9JoNaHCcVD/8AeJzCKKWWq0tue5KfdzNKykpmHNzyylKK/xknoFjTEi28+rCEOxmVnkRKRkhNKiEunnRo6RtbdRWExGyFf2r1eK/3m9jC/2+7mK04wpluUhVpqqQ1YaVXRDYqAMMWP5OQkVC4kGmckogVIWYlaUVfbh/U0/Ss63m17BT3YarYOvYmAG1mEDtsCDPWjBERxDGyTcwQM8wpNz7zw7L87r1+iY872zCr/gvH0CoGybdg==</latexit><latexit sha1_base64="0dQ5k7dUPrrd2HSPLZUzciBTGbg=">AAACDXicbVC7TsNAEDzzDOEVoEI0JyIkqshGCCgjaCiDIA8pjqz1ZZOccn7obo0UWRGfwFfQQkWHaPkGCv4FO6SAhKlGM7vanfFjJQ3Z9qe1sLi0vLJaWCuub2xubZd2dhsmSrTAuohUpFs+GFQyxDpJUtiKNULgK2z6w6vcb96jNjIK72gUYyeAfih7UgBlklfav/VSF1Q8ANdHgrFrZMDPPFUseqWyXbEn4PPEmZIym6Lmlb7cbiSSAEMSCoxpO3ZMnRQ0SaFwXHQTgzGIIfSxndEQAjSddBJhzI8SAxTxGDWXik9E/L2RQmDMKPCzyQBoYGa9XPzPayfUu+ikMowTwlDkh0gqnBwyQsusG+RdqZEI8s+Ry5AL0ECEWnIQIhOTrKy8D2c2/TxpnFScjN+clquX02YK7IAdsmPmsHNWZdesxupMsAf2xJ7Zi/VovVpv1vvP6II13dljf2B9fAMGWJsI</latexit>
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• In the context of GUT theories new gauge interactions require the mass
scale of gauge bosons to be much higher than few TeV, also in SU(5)
scenario.

• Tree level contribution to K mesons decays K� ! ⇡�µ�e+, K0
L ! e±µ⌥.

• Mass scales of gauge bosons are constrained to be higher than 100 TeV
and 300 TeV respectively.

<latexit sha1_base64="v3YIJihKNWRk9sFDlfri6BV6QrA="></latexit>
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SU(3)` ⇥ SU(3)e ⇥ SU(3)Q ⇥ SU(3)u ⇥ SU(3)d
<latexit sha1_base64="1DAsjZtqxZCP98UjMlojFgcy2Wc=">AAACN3icbVA7TwJBEJ7zifhCLW02EhNsyB2YaEmksYQojwQI2VsG3LD3yO6cCSH8IH+Cv8JWCmNnbP0HHgeFgFN9j5nMzOeGShqy7am1sbm1vbOb2kvvHxweHWdOTusmiLTAmghUoJsuN6ikjzWSpLAZauSeq7DhDsszv/GM2sjAf6RRiB2PD3zZl4JTLHUz5YdarnjVbaNSbZIeGjYXcIlVl1iUXqK9biZr5+2k2DpwFiBbykNSlW7mo90LROShT0JxY1qOHVJnzDVJoXCSbkcGQy6GfICtGPo8XtYZJ89O2GVkOAUsRM2kYomIfyfG3DNm5Llxp8fpyax6M/E/rxVR/7Yzln4YEfpitoikwmSREVrGKSLrSY1EfHY5MukzwTUnQi0ZFyIWozjWdJyHs/r9OqgX8k4xX6heZ0t382AgBedwATlw4AZKcA8VqIGAF3iDd5har9an9WV9z1s3rMXMGSyV9fMLnhSpoQ==</latexit>

`L ⇠ 3`, eR ⇠ 3e, QL ⇠ 3Q, uR ⇠ 3u, dR ⇠ 3d
<latexit sha1_base64="6qcmcKQg+4D6H7F8GdcfPDtHnFM="></latexit>

• In order to cancel SU(3)3 anomalies for each triplet another triplet (SM
singlet) with opposite chirality is needed.

• An interesting possibility is to introduce the mirror twins with oppo-
site chirality and analogous representation of mirror SM gauge symmetry
SU(3)0 ⇥ SU(2)0 ⇥ U(1)0:

`0R ⇠ 3`, e
0
L ⇠ 3e, Q

0
R ⇠ 3Q, u

0
L ⇠ 3u, d

0
L ⇠ 3d

• Couplings with flavons:

gin⇠↵n
M

(�`LieR↵ + �0`0Rie
0
L↵) + h.c.
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• As an example, for SU(3)e, mixed triangle anomaly U(1)⇥ SU(3)2e must
be cancelled. New leptons

EL↵ ⇠ (1,�2, 3e;X), ERi ⇠ (1,�2, 1;X)

and for mirror parity

E 0
R↵ ⇠ (1,�20, 3e;X), E 0

Li ⇠ (1,�20, 1;X)

cancel the mixed triangle

U(1)⇥ SU(3)2e, U(1)X ⇥ SU(3)2e, U(1)⇥ U(1)2X , U(1)X ⇥ U(1)2

• Masses from Yukawa couplings

yin⇠
↵
nERiEL↵ + yin⇠

↵
nELi

0E 0
R↵ + h.c.

• The lightest has mass O(100) GeV. If U(1)X is unbroken, then it is stable.
Current experimental lower limit on charged new leptons is 102.6 GeV.

<latexit sha1_base64="wgGB0hB2O9K9kMH5bfs+T2N/QCo="></latexit>
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• Mirror matter is a viable candidate for light dark matter dominantly con-

sisting of mirror helium and hydrogen atoms.

• The flavor gauge bosons are messengers between the two sectors and so a

portal for direct detection.

• T 0/T < 0.2÷ 0.3 from CMB and large scale structures.

• Freeze-out temperature of horizontal interactions between the two sectors

should not exceed Td ' (v2/2)
4
3 ⇥ 130 MeV. Or v0EW � vEW.

• For neutrinos

Y ij
⌫

M (��lTLiClLj + �0�0l
0T
RiCl0Rj) +

Ỹ ij
⌫

M ��0lLil
0
Rj + h.c.

the last operator gives COLEPTOGENESIS.
<latexit sha1_base64="hQIfDLHjIZTA2AP/T8Tx9HW6epQ="></latexit>
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CKM [PDG] CKM [post 2018] CKM+ b0 CKM+F
C 0.2257(9) 0.22780(60) 0.22443(61) 0.22460(61)

B 0.2256(10) 0.22535(45) 0.22518(45) 0.22535(45)

A 0.2238(8) 0.22333(60) 0.22333(60) 0.22350(60)

A+B 0.2245(6) 0.22463(36) 0.22452(36) 0.22469(36)

A+B+C 0.2248(5) 0.22546(31) 0.22449(31) 0.22467(31)

�2 = 3.4 �2 = 27.7 † �2 = 6.1 �2 = 6.1

|Vus| 0.2248(7) 0.2255(12) † 0.2245(5) 0.2247(5)

|Vud| 0.97440(16) 0.97424(27) † 0.97369(12) 0.97443(12)
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SU(3)e
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e�

e↵R

eR�

e�R

(�a)↵�
M�2

ab

(�b)��

eRi = V (e)
R1eeR + V (e)

R1µµR + V (e)
R1⌧ ⌧R
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Le↵ = �g2

2
Jµ
a (M2)�1

ab Jbµ
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Jaµ =
1

2
( eR µR ⌧R )�µV

(e)†
R �aV

(e)
R

0

@
eR
µR

⌧R

1

A
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• Generically, FCNC...(in the SM only at loop level, and excellent agreement
with experimental data...):

<latexit sha1_base64="NJU8Z3zylMQKTqJu33wnTMGXr0Y="></latexit>

• Heavy gauge bosons may suppress FCNC. Nevertheless, can they be ”light”?
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××
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Vus

V u
d

|Vud|2 + |Vus|2 + |Vub|2 = 1� |Vub0 |2 , |Vub0 | = 0.04
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