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The Standard Model
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• Three fermion families in identical representations of gauge symmetry, chiral in EW part; a single Higgs doublet

�LYuk = Y ij
u qLi�̃uRj + Y ij

d qLi�dRj + Y ij
e `Li�eRj + h.c.

• Yukawa matrices are not diagonal in weak basis: m(u,d,e)ij
= Y ij

u,d,evw , mu,d,e
diag = V (u,d,e)†

L m(u,d,e)V (u,d,e)
R
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• Quark charged currents in mass basis: gp
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• VCKM = V (u)†
L V (d)

L =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb
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A. VCKM is unitary. |Vud|2 + |Vus|2 + |Vub|2 = 1

• Same transformation diagonalizes Yukawa and mass matrices.

• Neutral currents: g
cos ✓W

⇣
gfLfL�

µfL + gfRfR�
µfR

⌘
Zµ , gfL,R = T3(fL,R)�Q(f) sin2 ✓W

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

L ) are diagonal in mass basis.

• NO flavour changing neutral currents at tree level.



Cabibbo angle anomalies
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• CKM unitarity problem:

|Vud|2 + |Vus|2 + |Vub|2 = 1� �CKM

�CKM = 1.48⇥ 10�3

• Discrepancy between
determinations A and B.
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• CKM unitarity problem: |Vud|2 + |Vus|2 + |Vub|2 = 1� �CKM ! �CKM ⇡ 2⇥ 10�3

• Discrepancy between determinations A and B.
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3� away from unitarity
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C: |Vud| = 0.97355(27) � decays (�V
R = 0.02467(22))

A: |Vus| = 0.22328(58) semileptonic K ! ⇡`⌫ decays

f+(0) = 0.9698(17) FLAG21

B: |Vus|
|Vud| = 0.23130(49) ratio of leptonic Kµ2/⇡µ2

fK/f⇡ = 1.1932(21) FLAG21

Unitarity



Cabibbo angle anomalies

4
<latexit sha1_base64="vHDsGmzIgXNCfSxwO5byG6gUMAQ="></latexit>

• CKM unitarity problem:

|Vud|2 + |Vus|2 + |Vub|2 = 1� �CKM

�CKM = 1.48⇥ 10�3

• Discrepancy between
determinations A and B.
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• Discrepancy between determinations A and B.

<latexit sha1_base64="W31rQDZDfE2KAFmXGU3uUtgau9w=">AAACE3icbVC7TgMxEPTxJrwClBRYBCQKFN0FBJQIGkqQCCAlUbRnNmGF7TvZe6AoouQT+ApaqOgQLR9Awb9wCSl4TTWa2dXuTJxq8hyG78HQ8Mjo2PjEZGFqemZ2rji/cOqTzCmsqkQn7jwGj5osVplY43nqEEys8Sy+Ouj5Z9foPCX2hDspNgy0LbVIAedSs7i8ulnfqHtqG1iVcAMd2XKJkZklBkfcaRZLYTnsQ/4l0YCUxABHzeJH/SJRmUHLSoP3tShMudEFx6Q03hbqmccU1BW0sZZTCwZ9o9sPcivXMg+cyBSdJC37In7f6ILxvmPifNIAX/rfXk/8z6tl3NptdMmmGaNVvUNMGvuHvHKUN4TyghwyQ+9zlGSlAgfM6EiCUrmY5ZUV8j6i3+n/ktNKOdoubx1XSnv7g2YmxJJYEesiEjtiTxyKI1EVStyJB/EonoL74Dl4CV6/RoeCwc6i+IHg7ROPf52M</latexit>

3� away from unitarity
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B: |Vus|
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C: |Vud| = 0.97355(27)
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New quark-mixing
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|Vud|2 + |Vus|2 + |Vub|2 = 1� |Vub0 |2
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|Vub0 | ⇡ 0.044 (|Vub0 | � |Vub|)

4th sequential family is excluded by SM precision tests, LHC mass limits, Higgs production 
via gluon fusion and its 2γ decay. However additional vector-like fermions can be introduced.



 Vector-like quarks
• LH and RH in the same representation of the SM 
• predicted in some extensions of the SM 
• Their mass terms are not protected by SM gauge symmetries 
• Are they a solution for anomalies in the first row of CKM? 
• Fermion species in the same representation as the standard quarks and leptons

7

• Extra down-type weak singlet

• Extra up-type weak singlet

• Extra weak doublet (Y=1/6)



Down-type weak singlet
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• V (d)†
L m(d)V (d)

R = m(d)
diag = diag(md,ms,mb,Mb0)
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• Down-type vector-like quark DL,R, with left and right components both SU(2) singlets, mixing with SM quarks:
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...+ hDj qLj�DR +MDDLDR + h.c.
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• dLim
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|VLD↵| ⇡ |h↵|vw/MD
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yi|hi|v2w
M2

D



Down-type weak singlet
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<latexit sha1_base64="cPU3toExWHMOkI94vBH7iMoakUw="></latexit>

• Charged weak interactions:
<latexit sha1_base64="Kp2dYYnFnv+9wP/ckjqIoBW0BKc="></latexit>

Lcc =
gp
2

�
uL1 uL2 uL3

�
�µ

0

@
dL1

dL2

dL3

1

AW+
µ + h.c. =

gp
2

�
uL cL tL

�
�µṼCKM

0

BB@

dL
sL
bL
b0L

1

CCAW+
µ + h.c.

<latexit sha1_base64="NxINItt11IX3ChoMPTj3rPQvFOM="></latexit>

• ṼCKM is a 3⇥ 4 matrix

• Ṽ †
CKMṼCKM 6= 1, ṼCKMṼ †

CKM = 1: |Vud|2 + |Vus|2 + |Vub|2 = 1� |Vub0 |2

<latexit sha1_base64="5Q/p/Ct49MBgU+cz3TJqgEfjby0="></latexit>

ṼCKM = V (u)†
L Ṽ (d)

L = Ṽ (d)
L =

0

@
Vud Vus Vub Vub0

Vcd Vcs Vcb Vcb0

Vtd Vts Vtb Vtb0

1

A

<latexit sha1_base64="PXUhZefoLHnJaUdKfEvVAmf0XYI="></latexit>0

BB@

dL1

dL2

dL3

DL

1

CCA =

0

BB@

VL1d VL1s VL1b VL1b0

VL2d VL2s VL2b VL2b0

VL3d VL3s VL3b VL3b0

VLDd VLDs VLDb VLDb0

1

CCA

0

BB@

dL
sL
bL
b0L

1

CCA

<latexit sha1_base64="fRXX77cxt574ZhKAmdGmLRgZmOk=">AAACFHicbVC5TsNAFHzmDOEKUNKsiJCgiWyEgDKChoIiSCRBSkK0Xr+EFetDu89IkeWWT+AraKGiQ7T0FPwLtkMBCVONZt45bqSkIdv+tGZm5+YXFktL5eWV1bX1ysZmy4SxFtgUoQr1tcsNKhlgkyQpvI40ct9V2HbvznK/fY/ayDC4olGEPZ8PAzmQglMm9Sss6RZDEo1eyroklYdJK+1f3CR73n6alvuVql2zC7Bp4vyQar0GBRr9ylfXC0XsY0BCcWM6jh1RL+GapFCYlruxwYiLOz7ETkYD7qPpJcURKduNDaeQRaiZVKwQ8XdHwn1jRr6bVfqcbs2kl4v/eZ2YBie9RAZRTBiIfFH2KhaLjNAyiwiZJzUS8fxyZDJggmtOhFoyLkQmxllmeR7O5PfTpHVQc45q9uVhtX46DgZKsA07sAcOHEMdzqEBTRDwAE/wDC/Wo/VqvVnv49IZ66dnC/7A+vgGRFKfJQ==</latexit>

Ṽ (d)
L

<latexit sha1_base64="uITJqwl+EjEdiUrIgw80wUNrGEA="></latexit>

|Vub0 | ⇡ |VLDd| ⇡ |hd|vw/MD



Vector-like weak singlets
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• Extra down-type weak singlets

• Extra up-type weak singlets

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

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

,
<latexit sha1_base64="1gKU1Rt8dVhG/fvFCaX+KFjoGIE=">AAACKnicbVDLSgNBEJz1bXxFPXoZDKJewq4E9Sh68ahgopCE0Dtp4+Ds7jjTI8omf+In+BVe9eQtiDc/xN0k4LNORVU13V2hVtKS7/e9sfGJyanpmdnC3PzC4lJxeaVmE2cEVkWiEnMRgkUlY6ySJIUX2iBEocLz8Poo989v0ViZxGd0r7EZQSeWl1IAZVKruNuttVIXbva6DdDaJHfcL/uVCm/c3Dho860vu9MZ8l53u1BoFUtZbgD+lwQjUmIjnLSK7412IlyEMQkF1tYDX1MzBUNSKOwVGs6iBnENHaxnNIYIbTMd/NfjG84CJVyj4VLxgYjfJ1KIrL2PwiwZAV3Z314u/ufVHV3uN1MZa0cYi3wRSYWDRVYYmRWHvC0NEkF+OXIZcwEGiNBIDkJkosuazPsIfn//l9R2ysFuOTitlA4OR83MsDW2zrZYwPbYATtmJ6zKBHtgT+yZvXiP3qvX996G0TFvNLPKfsD7+ATAbKZn</latexit>

|Vub0 | ⇡ 0.044 (|Vub0 | � |Vub|)



Flavour changing
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Q

'

Q

'

dRi

dRj

dRk

dRm

dRj QL QR QR QL dRi

Z

MQ MQ

' '

D

'

D

'

qLi

qLj

qLk

qLm

qLj DR DL DL DR
qLi

Z

MD MD

' '

D

'

Q

'

qLi

qLj

dRk

dRm

(similarly for up)
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• Weak neutral currents:

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

(not the same quantum numbers)
<latexit sha1_base64="ffhOH/1UsILsYX5tFkDyipbwFP8="></latexit>

• Yukawa and mass matrices are not diagonalized by the same transformation;

• Tree and loop level flavour changing couplings with the Higgs boson and with Z-boson.

<latexit sha1_base64="JbeZu71bA8maebJ6EYNfAoKRHo8="></latexit>

� 1

2

g

cos ✓W

�
dL sL bL b0L

�
�µV (d)†

L

0

BB@

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 0

1

CCAV (d)
L

0

BB@

dL
sL
bL
b0L

1

CCAZµ

<latexit sha1_base64="461PntBsU0j71ciqia0VfSnZo3c="></latexit>

• Lnc =
g

cos ✓W
Zµ

⇥
T3(fL,R)�Q(f) sin2 ✓W

⇤
fL,R�µfL,R

<latexit sha1_base64="F1xH3oU0w+Vga/EE01hDZa50ZSM="></latexit>

(dL, sL, bL, b0L)V
(d)†
L

0

BB@

hd

Y
(d)
3⇥3 hs

hb

0 0 0 0

1

CCAV
(d)
R

0

BB@

dR

sR

bR

b
0
R

1

CCA
H

0

p
2
⇡ (dL, sL, bL, b0L)V

(d)†
L

0

BB@

yd 0 0 hd

0 ys 0 hs

0 0 yb hb

0 0 0 0

1

CCA

0

BB@

dR

sR

bR

b
0
R

1

CCA
H

0

p
2

<latexit sha1_base64="WLpZ6js2pnBLTjLUbzlPMkpaUiw="></latexit>

• Also flavour diagonal processes change.

• �(Z ! had)� �(Z ! had)SM ⇡ GFM3
Zp

2⇡

�
� 1

2+
1
3 sin

2✓W
� �

|VLDd|2 + |VLDs|2 + |VLDb|2
�
< 0

|VLDd|2 + |VLDs|2 + |VLDb|2 < 2.5⇥ 10�3
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q

W W

b0

c

u

u

c

Neutral D mesons mixing
(charge currents):

Kaon decays (nc):

, ⌫`

, ⌫̄`

Neutral K mesons mixing (neutral currents):

Mb0 > 3 TeV

<latexit sha1_base64="fWbfqPDCi1ulpXN+pGu1PJDOpxI=">AAACCnicbVC7SgNREJ31bXxFBRubi1G0CrsqqI0EbWwEBROFJITZm1Evufvw3llB1vyBX2GrlZ3Y+hMW/ou7q4WvUx3OmWHOHD/WyrLrvjkDg0PDI6Nj46WJyanpmfLsXMNGiZFUl5GOzJmPlrQKqc6KNZ3FhjDwNZ36vf3cP70mY1UUnvBNTO0AL0J1riRyJnXKC8utq6sEu+Kwk/qr/d2NZXFCjVKnXHGrbgHxl3hfpFKrQoGjTvm91Y1kElDIUqO1Tc+NuZ2iYSU19UutxFKMsocX1MxoiAHZdlrk74uVxCJHIiYjlBaFSN83UgysvQn8bDJAvrS/vVz8z2smfL7dTlUYJ0yhzA+x0lQcstKorBgSXWWIGfPkJFQoJBpkJqMESpmJSdZU3of3+/u/pLFe9TarO8frldreZzEwBouwBGvgwRbU4ACOoA4SbuEeHuDRuXOenGfn5XN0wPnamYcfcF4/ALDhmTs=</latexit>

Relevant for

Mb0 = 1 TeV

<latexit sha1_base64="qc1ZDow6WXyTZoIUQcdYE0BiCu8=">AAACA3icbVC7SgNBFL3rM8ZHopY2g4loFXaDoBZC0MZGiJAXJCHMTm50cPbBzF0hLCn9Clut7MTWD7HwX9zdpNDoqQ7n3Ms997ihkoZs+9NaWFxaXlnNreXXNza3CsXtnZYJIi2wKQIV6I7LDSrpY5MkKeyEGrnnKmy795ep335AbWTgN2gcYt/jt74cScEpkQbFQvl6ELuHk3OnzBrYyg+KJbtiZ2B/iTMjpVoFMtQHxa/eMBCRhz4JxY3pOnZI/ZhrkkLhJN+LDIZc3PNb7CbU5x6afpwFn7CDyHAKWIiaScUyEX9uxNwzZuy5yaTH6c7Me6n4n9eNaHTaj6UfRoS+SA+RVJgdMkLLpBFkQ6mRiKfJkUmfCa45EWrJuBCJGCUVpX0489//Ja1qxTmunN1US7WLaTGQgz3YhyNw4ARqcAV1aIKACJ7gGV6sR+vVerPep6ML1mxnF37B+vgGbqyWWg==</latexit>

0 1 2 3 4 5 6

10-6

10-5

10-4

Arg(VLDdVLDs* )
|V
LD
dV

LD
s

*
| �mK

KS->�+�-

KL->�0��
KL->�0ee
�K
KL->�+�-

K+->�+��

Z

s

d

d

s

V ⇤
LDdVLDs V ⇤

LDdVLDs

Z

s

d

`�

`+

VLDdV ⇤
LDs

b0
'

b0

'

d

s

s

d
h⇤
D2

hD1

hD1

h⇤
D2

<latexit sha1_base64="pJZdSzZCAKPOYSQyx2OS8/VJOQM=">AAACHnicbVC7TsNAEDzzJrwClDQnAiJQRHaEgDICCgqQgkQeUh7W+bLAibN9ulsjIcv/wCfwFbRQ0SFaKPgXbJMCAlONZna1s+MpKQza9oc1Nj4xOTU9M1uYm19YXCourzRNGGkODR7KULc9ZkCKABooUEJbaWC+J6Hl3RxlfusWtBFhcIF3Cno+uwrEpeAMU8kt7mx0lQ4VhrTcdOPT40HS36E5M8l2v0rP3NjbSvrVDVpwiyW7Yuegf4kzJCUyRN0tfnYHIY98CJBLZkzHsRX2YqZRcAlJoRsZUIzfsCvopDRgPphenP+U0M3IsDSVAk2FpLkIPzdi5htz53vppM/w2ox6mfif14nw8qAXi0BFCAHPDqGQkB8yXIu0LKADoQGRZcmBioByphkiaEEZ56kYpe1lfTij3/8lzWrF2avsnldLtcNhMzNkjayTMnHIPqmRE1InDcLJPXkkT+TZerBerFfr7Xt0zBrurJJfsN6/ABTtoCQ=</latexit>

/ (V ⇤
LDdVLDs)2M2

b0
<latexit sha1_base64="2H2tJpTj3l1hi94hMwz+cosPbdc=">AAACFnicbVC7TsNAEDzzJrwClDQnAlKgiOwIAWUEFBQUIJEQKXGi82UTTjnbp7s1UmSl5xP4Clqo6BAtLQX/gm1cAGGq0cyudnY8JYVB2/6wpqZnZufmFxYLS8srq2vF9Y2GCSPNoc5DGeqmxwxIEUAdBUpoKg3M9yTceMPT1L+5A21EGFzjSIHrs0Eg+oIzTKRucXunrXSoMKTlRje+OOuNO/s0Y2a816nSHVroFkt2xc5AJ4mTkxLJcdktfrZ7IY98CJBLZkzLsRW6MdMouIRxoR0ZUIwP2QBaCQ2YD8aNs1/GdDcyLEmjQFMhaSbCz42Y+caMfC+Z9Bnemr9eKv7ntSLsH7uxCFSEEPD0EAoJ2SHDtUhKAtoTGhBZmhyoCChnmiGCFpRxnohR0lrah/P3+0nSqFacw8rBVbVUO8mbWSBbZJuUiUOOSI2ck0tSJ5zck0fyRJ6tB+vFerXevkenrHxnk/yC9f4FQRCdFw==</latexit>

/ (V ⇤
LDdVLDs)2

<latexit sha1_base64="Bx3G1VGbSOmlGxq9/Cws9n5kObc=">AAACIXicbVDLSsRAEJz4dn2tevQyuIgiuCYi6lHUgwcFBXcVdtfQGVt3cJIMMx0fhP0KP8Gv8Konb+JNxH8xWXPwVaeiqpvuqkAracl135ye3r7+gcGh4dLI6Nj4RHlyqm7jxAisiVjF5iQAi0pGWCNJCk+0QQgDhcfB5XbuH1+hsTKOjuhWYyuEi0ieSwGUSX55qe6neztNULoNnSZobeIbvtT200I6XeRX/vXyvp8G852SX664VbcL/pd4BamwAgd++aN5FoskxIiEAmsbnquplYIhKRR2Ss3EogZxCRfYyGgEIdpW2o3V4XOJBYq5RsOl4l0Rv2+kEFp7GwbZZAjUtr+9XPzPayR0vtFKZaQTwkjkh0gq7B6ywsisL+Rn0iAR5J8jlxEXYIAIjeQgRCYmWYF5H97v9H9JfaXqrVVXD1crm1tFM0Nshs2yBeaxdbbJdtkBqzHB7tgDe2RPzr3z7Lw4r1+jPU6xM81+wHn/BKSOo1g=</latexit>

VLD↵ ⇡ �h⇤
↵vw/Mb0

<latexit sha1_base64="XF8hOkqTAzrgGIaNujvPH5qk2Sc=">AAACGnicbVC7TsNAEDyHVwgvAyXNiYhnEdlRBJQIGhqkIJEQKQnW+diEU8726W6NhKz8AZ/AV9BCRYdoaSj4F84hBa9pdjSzq92dUElh0PPencLE5NT0THG2NDe/sLjkLq80TZJqDg2eyES3QmZAihgaKFBCS2lgUSjhIhwc5/7FDWgjkvgcbxV0I9aPRU9whlYK3M2O0onChG43gywNt4a2cFsud3cuq/Q0yHJeLQVu2at4I9C/xB+TMhmjHrgfnauEpxHEyCUzpu17CrsZ0yi4hGGpkxpQjA9YH9qWxiwC081G/wzpRmqYPUmBpkLSkQjfJzIWGXMbhbYzYnhtfnu5+J/XTrF30M1ErFKEmOeLUEgYLTJcCxsU0CuhAZHllwMVMeVMM0TQgjLOrZja5PI8/N/f/yXNasXfq9TOauXDo3EyRbJG1sk28ck+OSQnpE4ahJM78kAeyZNz7zw7L87rV2vBGc+skh9w3j4BcNefaQ==</latexit>

/ (Vub0V
⇤
cb0)

2M2
b0



Down-type weak singlet
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Excluded by  
D-mesons mixing

Excluded by K-mesons  
FC processes

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
0.000

0.005

0.010

0.015

|VLDs|

|V
cb
'|

|Vub'|=0.04

Mb'=1 TeV

Mb'=1.5 TeV

<latexit sha1_base64="HerVzqsI9IguuqT54KFEgh+WMjw="></latexit>

|Vcb0 | = |� V ⇤
LDdVcd � V ⇤

LDsVcs � V ⇤
LDbVcb|

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
0.000

0.005

0.010

0.015

|VLDs|

|V
cb
'|

|Vub'|=0.03

Mb'=1 TeV

Mb'=2.5 TeV

Mb'=1.5 TeV

<latexit sha1_base64="uITJqwl+EjEdiUrIgw80wUNrGEA="></latexit>

|Vub0 | ⇡ |VLDd| ⇡ |hd|vw/MD

<latexit sha1_base64="RWkBMhX9c1Byr562mguzXqrXUyw="></latexit>

• Mass of the extra quark cannot exceed few TeV, also in the most conservative case.

• |Vub0 | < 0.042 with Mb0 = 1 TeV (D0-mesons mixing).

• |Vub0 | < 0.050 from Z boson decay rate.

• |Vcb0 | . 10�2. From B-mesons physics: |Vtb0 | = |VLDb| = |hb|vw/MD . 6 · 10�3.

• Yukawa couplings hs, hb should be respectively 50 and 4 times smaller than hd.



Up-type weak singlet
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<latexit sha1_base64="cj3UKrV41+e4YJDETmhGmKCjw74="></latexit>

...+ hUj qLj �̃UR +Mt0ULUR + h.c.

<latexit sha1_base64="qP1ekdQypK58FBOmNmkcmks1sgQ="></latexit>

Vector-like up-type quark UL,R with left and right components both SU(2) singlets, mixing with SM quarks:

<latexit sha1_base64="4TsuO/1rrm+y4WWnOZkMnuKlxMw="></latexit>

Lcc =
gp
2

�
uL cL tL t0L

�
�µṼCKM

0

@
dL
sL
bL

1

AW+
µ + h.c.

<latexit sha1_base64="s5NcZET37ewJjSQLnF6XnnsOiyM="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1� |VLUu|2 , |VLUu| ⇡ |hu|vw/Mt0 ⇡ 0.044

<latexit sha1_base64="3s9IDZF02wndeDrM+hINQ91xH9w="></latexit>

• 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 ṼCKMṼ †

CKM = Ṽ (u)†
L Ṽ (u)

L 6= 1.



Up-type isosinglet
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t0
'

t0

'

u

c

c

u
h⇤
c

hu

hu

h⇤
c

Z

c

u

u

c

V ⇤
LUuVLUc V ⇤

LUuVLUc

<latexit sha1_base64="uFsMftkkxcdA9rcYEfUc3npZ9lI="></latexit>

/ (V ⇤
LUuVLUc)

2M2
b0


1 +

✓
Mt0

3.1TeV

◆2�

<latexit sha1_base64="qD9zR9BOhcRs6W3LhIKswNR1qSs="></latexit>

(uL, cL, tL, t
0
L)V

(u)†
L

0

BB@

hu

Y
(u)
3⇥3 hc

ht

0 0 0 0

1

CCAV
(u)
R

0

BB@

uR

cR

tR

t
0
R

1

CCA
H

0

p
2
+ h.c.

<latexit sha1_base64="AcuvHIEG1t7r9w2Lf6Uvh6pM+/c="></latexit>

• The non-unitarity of Ṽ (u)
L gives flavour changing couplings of quarks with Z boson and Higgs.

<latexit sha1_base64="J2Sbqno05EA993GPqw5ZXPBr3pA="></latexit>

g

cos ✓W

2

664
1

2

�
uL cL tL t0L

�
�µṼ (u)†

L Ṽ (u)
L

0

BB@

u
c
t
t0

1

CCA

L

� 2

3
sin2 ✓W (uL�

µuL + uR�
µuR)

3

775Zµ



Up-type isosinglet
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q

W W

t0

s

d

d

s

Constraints from K mesons mixing:

Mt'=5 TeV
Mt'=5 TeV

�mK
�K

<latexit sha1_base64="MIUdJjYFNpGpgRFGHvvHimYkutY=">AAACA3icbVC7TsNAEDyHVwiPGChpTiQIqsiOENAgRdDQIAUpLymxovNlE045P3S3RoqslHwFLVR0iJYPoeBfsI0LCEw1mtnVzo4bSqHRsj6MwtLyyupacb20sbm1XTZ3djs6iBSHNg9koHou0yCFD20UKKEXKmCeK6HrTq9Sv3sPSovAb+EsBMdjE1+MBWeYSEOzXL0Zxng0v7CrtAWd0tCsWDUrA/1L7JxUSI7m0PwcjAIeeeAjl0zrvm2F6MRMoeAS5qVBpCFkfMom0E+ozzzQTpwFn9PDSDMMaAiKCkkzEX5uxMzTeua5yaTH8E4veqn4n9ePcHzuxMIPIwSfp4dQSMgOaa5E0gjQkVCAyNLkQIVPOVMMEZSgjPNEjJKK0j7sxe//kk69Zp/WTm7rlcZl3kyR7JMDckxsckYa5Jo0SZtwEpFH8kSejQfjxXg13r5HC0a+s0d+wXj/AvBZlfs=</latexit>

Mt0 = 1 TeV

<latexit sha1_base64="CItdPr3p1HUh62hiEJy+Lsd6ONE="></latexit>

Vt0s = �VLUuVus � VLUcVcs � VLUtVts

<latexit sha1_base64="gZC9P6psNRUhSHEMLS4aMIp6OC0="></latexit>

Vt0d = �VLUu = h⇤
uvw/Mt0

<latexit sha1_base64="xxW+YV1xe0jwilFAddC4jKx0+OU=">AAACG3icbVC5TsNAEF2HK4QrQEmzIkIJIFl2hIAygoYGKUjkkHJpvZmEFetDu2OkyPIn8Al8BS1UdIiWgoJ/wTYpgPCaffPejGbnOYEUGi3rw8jNzS8sLuWXCyura+sbxc2tpvZDxaHBfemrtsM0SOFBAwVKaAcKmOtIaDm356nfugOlhe9d4ySAnsvGnhgJzjCRBsVyVwuXVpqDCMvDOHt03D/Y71fpZVrE/eqhaZqFQbFkmVYGOkvsKSmRKeqD4md36PPQBQ+5ZFp3bCvAXsQUCi4hLnRDDQHjt2wMnYR6zAXdi7KDYroXaoY+DUBRIWkmws+JiLlaT1wn6XQZ3ui/Xir+53VCHJ32IuEFIYLH00UoJGSLNFciSQroUChAZOnPgQqPcqYYIihBGeeJGCbRpXnYf6+fJc2qaR+bR1dHpdrZNJk82SG7pEJsckJq5ILUSYNwck8eyRN5Nh6MF+PVePtuzRnTmW3yC8b7F+epnwI=</latexit>

⇠ (Vt0dV
⇤
t0s)

2M2
t0 + ...
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<latexit sha1_base64="N+FwFe1gCbHIwRp9bWH7hQyOa10="></latexit>

|Vt0s| = |Vt0dVus � VLUcVcs + Vt0bVts|

|Vt' s|�|Vt' dVus-VL4cVcs+Vt' bVts|

K0-K0

D0-D0

Mt'=2.5 TeV

<latexit sha1_base64="lVtjwWdEo77hygwWu8dZkpCVYF0=">AAACI3icbVC7TgMxEPSFVwhvKGksIiQKFN2h8CgjaCgoQCIPKZyiPWcTrPh8J3sPKTrlI2ih5mvoEA0F/4ITUgBhqtHMjtc7UaqkJd//8Apz8wuLS8Xl0srq2vrG5tZ2wyaZEVgXiUpMKwKLSmqskySFrdQgxJHCZjS4GPvNBzRWJvqWhimGMfS17EkB5KRmo5Nf1cWos1n2K/4EfJYEU1JmU1x3trzFu24ishg1CQXWtgM/pUM4TiFFE+ZgSAqFo9JdZjEFMYA+th3VEKMN88m/R3w/s0AJdwkuFZ+I+DORQ2ztMI7cZAx0b/96Y/E/r51R7yzMpU4zQi3Gi0gqnCyywkhXCPKuNEgE4wuQS80FGCBCIzkI4cTMNfTrUQW6a4W7L8z7mMRIZjgqueaCvz3NksZRJTipVG+q5dr5tMMi22V77IAF7JTV2CW7ZnUm2IA9sif27L14r96b9/49WvCmmR32C97nF+JwpBw=</latexit>

VLUc

<latexit sha1_base64="MIUdJjYFNpGpgRFGHvvHimYkutY=">AAACA3icbVC7TsNAEDyHVwiPGChpTiQIqsiOENAgRdDQIAUpLymxovNlE045P3S3RoqslHwFLVR0iJYPoeBfsI0LCEw1mtnVzo4bSqHRsj6MwtLyyupacb20sbm1XTZ3djs6iBSHNg9koHou0yCFD20UKKEXKmCeK6HrTq9Sv3sPSovAb+EsBMdjE1+MBWeYSEOzXL0Zxng0v7CrtAWd0tCsWDUrA/1L7JxUSI7m0PwcjAIeeeAjl0zrvm2F6MRMoeAS5qVBpCFkfMom0E+ozzzQTpwFn9PDSDMMaAiKCkkzEX5uxMzTeua5yaTH8E4veqn4n9ePcHzuxMIPIwSfp4dQSMgOaa5E0gjQkVCAyNLkQIVPOVMMEZSgjPNEjJKK0j7sxe//kk69Zp/WTm7rlcZl3kyR7JMDckxsckYa5Jo0SZtwEpFH8kSejQfjxXg13r5HC0a+s0d+wXj/AvBZlfs=</latexit>

Mt0 = 1 TeV
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<latexit sha1_base64="5GL0gEth6XtZxkyiDjd9yyUrOtw=">AAACH3icbZC7SgNBFIZnvbveopY2g0GwCrsiahnUQrCJYEwgWcLZyTEOzsyuM2eFsOQ5bPVp7MQ2DyO4iSlM9FQ//39ufHGqpKMgGHpz8wuLS8srq/7a+sbmVml7584lmRVYF4lKbDMGh0oarJMkhc3UIuhYYSN+vBjljWe0TibmlvopRhp6Rt5LAVRYUfsSFQHXnWvf9zulclAJxsX/inAiymxStU7pq91NRKbRkFDgXCsMUopysCSFwoHfzhymIB6hh61CGtDoonz89IAfZA4o4SlaLhUfm/h7IgftXF/HRacGenCz2cj8L2tldH8W5dKkGaERo0MkFY4POWFlQQN5V1okgtHnyKXhAiwQoZUchCjMrMAztVSB6ToBBcC8h4lGsv1BwSucpfNX3B1VwpPK8c1xuXo+IbfC9tg+O2QhO2VVdsVqrM4Ee2Iv7JW9eW/eu/fhff60znmTmV02Vd7wG1GVoyE=</latexit>

�mK
<latexit sha1_base64="E2gAx/k2vExUME4E8uRUbwxxf/0=">AAACH3icbZDLSsNAFIYn9VbjrerSzWARXJVERF0W3QhuKtgLtKGcTI916GQSZ06EEvocbu3TuBO3fRjBtHZhrWf18//nxhcmSlryvIlTWFldW98obrpb2zu7e6X9g4aNUyOwLmIVm1YIFpXUWCdJCluJQYhChc1wcDPNmy9orIz1Aw0TDCLoa/koBVBuBR1MrFSx7t65rtstlb2KNyu+LPy5KLN51bqlr04vFmmEmoQCa9u+l1CQgSEpFI7cTmoxATGAPrZzqSFCG2Szp0f8JLVAMU/QcKn4zMTfExlE1g6jMO+MgJ7s32xq/pe1U3q8CjKpk5RQi+khkgpnh6wwMqeBvCcNEsH0c+RScwEGiNBIDkLkZprjWViqQPesgBxg1sc4QjLDUc7L/0tnWTTOKv5F5fz+vFy9npMrsiN2zE6Zzy5Zld2yGqszwZ7ZK3tjY2fsvDsfzudPa8GZzxyyhXIm3zIdo6Q=</latexit>✏K

<latexit sha1_base64="nTWZMljcFL+ZAzEXwFWNE5q0kfU=">AAACH3icbZDLSsNAFIYnXmu8VV26GSyCq5KIqMuiLtwIFawttKGcTI91cDKJMydCCX0Ot/o07sRtH0YwjVlY9ax+/v/c+MJESUueN3Hm5hcWl5YrK+7q2vrGZnVr+9bGqRHYErGKTScEi0pqbJEkhZ3EIEShwnb4cD7N209orIz1DY0SDCIYanknBVBuBb0LVAT8qn/hum6/WvPqXlH8r/BLUWNlNfvVz94gFmmEmoQCa7u+l1CQgSEpFI7dXmoxAfEAQ+zmUkOENsiKp8d8P7VAMU/QcKl4YeLPiQwia0dRmHdGQPf2dzY1/8u6Kd2dBpnUSUqoxfQQSYXFISuMzGkgH0iDRDD9HLnUXIABIjSSgxC5meZ4ZpYq0AMrIAeYDTGOkMxonPPyf9P5K24P6/5x/ej6qNY4K8lV2C7bYwfMZyeswS5Zk7WYYI/smb2wV+fVeXPenY/v1jmnnNlhM+VMvgAPN6L6</latexit>

�MD
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<latexit sha1_base64="MIUdJjYFNpGpgRFGHvvHimYkutY=">AAACA3icbVC7TsNAEDyHVwiPGChpTiQIqsiOENAgRdDQIAUpLymxovNlE045P3S3RoqslHwFLVR0iJYPoeBfsI0LCEw1mtnVzo4bSqHRsj6MwtLyyupacb20sbm1XTZ3djs6iBSHNg9koHou0yCFD20UKKEXKmCeK6HrTq9Sv3sPSovAb+EsBMdjE1+MBWeYSEOzXL0Zxng0v7CrtAWd0tCsWDUrA/1L7JxUSI7m0PwcjAIeeeAjl0zrvm2F6MRMoeAS5qVBpCFkfMom0E+ozzzQTpwFn9PDSDMMaAiKCkkzEX5uxMzTeua5yaTH8E4veqn4n9ePcHzuxMIPIwSfp4dQSMgOaa5E0gjQkVCAyNLkQIVPOVMMEZSgjPNEjJKK0j7sxe//kk69Zp/WTm7rlcZl3kyR7JMDckxsckYa5Jo0SZtwEpFH8kSejQfjxXg13r5HC0a+s0d+wXj/AvBZlfs=</latexit>

Mt0 = 1 TeV

<latexit sha1_base64="vdQ3dX99sWGcYzteEoBB8bk43tI=">AAACA3icbVC7TsNAEDyHVwiPGChpTiQIqsiOENAgRdDQIAUpLymxovNlE045P3S3RoqslHwFLVR0iJYPoeBfsI0LCEw1mtnVzo4bSqHRsj6MwtLyyupacb20sbm1XTZ3djs6iBSHNg9koHou0yCFD20UKKEXKmCeK6HrTq9Sv3sPSovAb+EsBMdjE1+MBWeYSEOzXL0Zxng0v6hXaQs6paFZsWpWBvqX2DmpkBzNofk5GAU88sBHLpnWfdsK0YmZQsElzEuDSEPI+JRNoJ9Qn3mgnTgLPqeHkWYY0BAUFZJmIvzciJmn9cxzk0mP4Z1e9FLxP68f4fjciYUfRgg+Tw+hkJAd0lyJpBGgI6EAkaXJgQqfcqYYIihBGeeJGCUVpX3Yi9//JZ16zT6tndzWK43LvJki2ScH5JjY5Iw0yDVpkjbhJCKP5Ik8Gw/Gi/FqvH2PFox8Z4/8gvH+BfHulfw=</latexit>

Mt0 = 2 TeV

<latexit sha1_base64="yt4fAyFvh/F5TLmtE3540dMWsok="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1� |VLUu|2 , |Vt0d| ⇡ |VLUu| ⇡ |hu|vw/Mt0 ⇡ 0.044
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trying to explain both the gaps…

<latexit sha1_base64="bAxeyTsFvGEC65z00cIcLMsV/a8="></latexit>

• Vectorlike extra SU(2)-doublet: q4L,R =

✓
u4

d4

◆

L,R
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• V (d,u)
L,R are unitary 4⇥ 4 matrices:

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

<latexit sha1_base64="bAxeyTsFvGEC65z00cIcLMsV/a8="></latexit>

• Vectorlike extra SU(2)-doublet: q4L,R =

✓
u4

d4

◆

L,R

<latexit sha1_base64="c77fPh22H/4Q2rJVkXfJrOYqXZs="></latexit>

V (d)†
L m(d)V (d)

R = m(d)
diag , V (u)†

L m(u)V (u)
R = m(u)

diag

<latexit sha1_base64="WzPVR6g9lSYqvmY6KujTbkDjhNI="></latexit>

...+ hujqL4'̃uRj + hd↵qL4'dR↵ +MqqL4qR4 + h.c.

<latexit sha1_base64="7A4GqYmaDC9YmYNs7WcEOOtrH7U="></latexit>

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

�
dL1 dL2 dL3 dL4

�

0

BB@

0

y(d)
3⇥3vw 0

0
hdvw hsvw hbvw Mq

1

CCA

0

BB@

dR1

dR2

dR3

dR4

1

CCA+ h.c.

<latexit sha1_base64="ua0CvOSA2Mm53qAMNsDWZMjTKmA="></latexit>

su,dLi ⇡ yi|hi|v2w
M2

q

<latexit sha1_base64="FJ/lnID0GiSgCutAjD+0RpQCR84=">AAACHnicbVC7TsNAEDzzJrwClDQnIiSERLBRBJQIGhokQCQgJZG1PhZyytk+7tY8ZOUf+AS+ghYqOkQLBf+CHVzwmmo0s6vdmUAracl1352BwaHhkdGx8dLE5NT0THl2rmHjxAisi1jF5jQAi0pGWCdJCk+1QQgDhSdBdzf3T67QWBlHx3SrsR3CRSTPpQDKJL+80vDTo1oLlO5ArwVam/iGr3b8tJD4lX+9tu+nl72SX664VbcP/pd4BamwAgd++aN1FoskxIiEAmubnqupnYIhKRT2Sq3EogbRhQtsZjSCEG077Wfq8aXEAsVco+FS8b6I3zdSCK29DYNsMgTq2N9eLv7nNRM632qnMtIJYSTyQyQV9g9ZYWRWFvIzaZAI8s+Ry4gLMECERnIQIhOTrL28D+93+r+ksV71Nqq1w1ple6doZowtsEW2zDy2ybbZHjtgdSbYHXtgj+zJuXeenRfn9Wt0wCl25tkPOG+f+82ikA==</latexit>

VR4↵ ⇡ �h↵vw/Mq

<latexit sha1_base64="PnK8sg7OCNd6/+ovkpixmhjdYmE="></latexit>0

BB@

dR1

dR2

dR3

dR4

1

CCA = V (d)
R

0

BB@

dR
sR
bR
b0R

1

CCA ,

<latexit sha1_base64="GL/uPUjgeWYvadsgcWK9MKXtiSU="></latexit>0

BB@

uR1

uR2

uR3

uR4

1

CCA = V (u)
R

0

BB@

uR

cR
tR
t0R

1

CCA

<latexit sha1_base64="lufkHnEwAWvBgW2p6ZlAVF27juA="></latexit>

VdR =

0

BB@

VR 1d VR 1s VR 1b VR 1b0

VR 2d VR 2s VR 2b VR 2b0

VR 3d VR 3s VR 3b VR 3b0

VR 4d VR 4s VR 4b VR 4b0

1

CCA⇡

0

BBBB@

1 0 0 h⇤
dvw
MQ

0 1 0 h⇤
svw
MQ

0 0 1 h⇤
bvw
MQ

�hdvw
MQ

�hsvw
MQ

�hbvw
MQ

1

1

CCCCA
+O(h⇤

i hjv
2
w/M

2
Q)
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<latexit sha1_base64="h167pwBSe+cWryUZQBHAgOkh7kc="></latexit>

• The charged-current Lagrangian is:

<latexit sha1_base64="lpei68GPFkrX/XxRKmT0sDl0g9Y="></latexit>

VCKM,R = V (u)†
R

0

BB@

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1

1

CCAV (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

CCA

<latexit sha1_base64="WAYUnyDbXjgeMUzbV/2FJxcoKKE="></latexit>

Lcc =
gp
2

4X

i=1

(uLi�
µdLi)W

+
µ +

gp
2
uR4�

µdR4Wµ + h.c. =

=
gp
2

�
uL cL tL t0L

�
�µVCKM,L

0

BB@

dL
sL
bL
b0L

1

CCAW+
µ +

gp
2

�
uR cR tR t0R

�
�µVR

0

BB@

dR
sR
bR
b0R

1

CCAW+
µ + h.c.

<latexit sha1_base64="3JkP6ShusNDc9Vl27cdw+jxIZak="></latexit>

• VCKM,L = V (u)†
L V (d)

L is a 4⇥ 4 unitary matrix.

• Weak charged RH currents with mixing VR .

<latexit sha1_base64="FJ/lnID0GiSgCutAjD+0RpQCR84=">AAACHnicbVC7TsNAEDzzJrwClDQnIiSERLBRBJQIGhokQCQgJZG1PhZyytk+7tY8ZOUf+AS+ghYqOkQLBf+CHVzwmmo0s6vdmUAracl1352BwaHhkdGx8dLE5NT0THl2rmHjxAisi1jF5jQAi0pGWCdJCk+1QQgDhSdBdzf3T67QWBlHx3SrsR3CRSTPpQDKJL+80vDTo1oLlO5ArwVam/iGr3b8tJD4lX+9tu+nl72SX664VbcP/pd4BamwAgd++aN1FoskxIiEAmubnqupnYIhKRT2Sq3EogbRhQtsZjSCEG077Wfq8aXEAsVco+FS8b6I3zdSCK29DYNsMgTq2N9eLv7nNRM632qnMtIJYSTyQyQV9g9ZYWRWFvIzaZAI8s+Ry4gLMECERnIQIhOTrL28D+93+r+ksV71Nqq1w1ple6doZowtsEW2zDy2ybbZHjtgdSbYHXtgj+zJuXeenRfn9Wt0wCl25tkPOG+f+82ikA==</latexit>

VR4↵ ⇡ �h↵vw/Mq
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<latexit sha1_base64="zt6d8CwyjKgBpE9ZKjngil1Z1OU="></latexit>

• Couplings of u-quark with down quarks (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="ThzqVnOtkCpXvObxrtFvBO7D+W4="></latexit>

• |VLud|2 + |VLus|2 + |VLub|2 = 1� |VLub0 |2 = 1

<latexit sha1_base64="+5SnYiwUJ4F3DY7hLOZxK1FFCFQ="></latexit>

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

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

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

= 0.23130(49)

superallowed beta decays C : |VLud + VRud| = 0.97355(27)
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<latexit sha1_base64="q/ljJZJkNcIGhbx5pERE3BfDvJ8="></latexit>

• Needed values:

VRus = V ⇤
R4uVR4s = �1.17(37)⇥ 10�3 VRud = V ⇤

R4uVR4d = �0.87(27)⇥ 10�3

with VLus = 0.22443(35)
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<latexit sha1_base64="r65I3d1nZg+eXYw7lN/7BcjAjF8="></latexit>

• However also in this scenario constraints from FCNC and Z-boson physics and EW observables.

• For example, new Z couplings at tree level

Q

'

Q

'

dRi

dRj

dRk

dRm

<latexit sha1_base64="aDgKwxVt53eGdoFBvAupSsEb14Y="></latexit>

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
tR
t0R

1

CCA� 1

2

g

cos ✓W
Zµ

⇣
dR sR bR b0R

⌘
�µV (d)†

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

0

BB@

dR
sR
bR
b0R

1

CCA

dRj QL QR QR QL dRi

Z

MQ MQ

' '

<latexit sha1_base64="sameqCHu2g8VNGzlAHzEXSB3rcE="></latexit>

/ (V ⇤
R4dVR4s)

2M2
b0


1 +

✓
Mq

2.2TeV

◆2�

t
W

t0

W

dL

sL

sR

dR

<latexit sha1_base64="NTh910M+7/mlWvAhkPs32VS3bME="></latexit>

(in �mK)
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<latexit sha1_base64="jM3eA/wdK7oonbgSB0B36qVImQk="></latexit>

VRus = V ⇤
R4uVR4s = �1.17(37)⇥ 10�3 , VRud = V ⇤

R4uVR4d = �0.87(27)⇥ 10�3

However, also in this scenario there are constraints from FCNC and Z-boson physics and EW observables.

<latexit sha1_base64="0+zWDconugi8VMkbe4Kf99sTB8Q="></latexit>

|VR4u|2V ⇤
R4sVR4d ⇡ 1.0⇥ 10�6
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<latexit sha1_base64="jM3eA/wdK7oonbgSB0B36qVImQk="></latexit>

VRus = V ⇤
R4uVR4s = �1.17(37)⇥ 10�3 , VRud = V ⇤

R4uVR4d = �0.87(27)⇥ 10�3

However, also in this scenario there are constraints from FCNC and Z-boson physics and EW observables.

<latexit sha1_base64="0+zWDconugi8VMkbe4Kf99sTB8Q="></latexit>

|VR4u|2V ⇤
R4sVR4d ⇡ 1.0⇥ 10�6

kaon flavor changing processes:
<latexit sha1_base64="oToo/Bb4YfCxicuu2062m8owZ30="></latexit>

|VR4dV
⇤
R4s| < 1.0⇥ 10�5
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<latexit sha1_base64="jM3eA/wdK7oonbgSB0B36qVImQk="></latexit>

VRus = V ⇤
R4uVR4s = �1.17(37)⇥ 10�3 , VRud = V ⇤

R4uVR4d = �0.87(27)⇥ 10�3

However, also in this scenario there are constraints from FCNC and Z-boson physics and EW observables.

<latexit sha1_base64="0+zWDconugi8VMkbe4Kf99sTB8Q="></latexit>

|VR4u|2V ⇤
R4sVR4d ⇡ 1.0⇥ 10�6

<latexit sha1_base64="RMTHEclhGrxUzZIA0KId7Q2Z41U=">AAACCnicbVC7TsNAEDyHVwgvAxINzYkIicqyIQLKCBrKgMhDSizrfNmEU84P3a2RIid/wFfQQkWHaPkJCv4F26SAwFSjmVnt7vixFBpt+8MoLSwuLa+UVytr6xubW+b2TktHieLQ5JGMVMdnGqQIoYkCJXRiBSzwJbT90WXut+9BaRGFtziOwQ3YMBQDwRlmkmfuTVpeelNLphPaG2KWC6htnVQ8s2pbdgH6lzgzUiUzNDzzs9ePeBJAiFwyrbuOHaObMoWCS5hWeomGmPERG0I3oyELQLtpcf+UHiaaYURjUFRIWojwcyJlgdbjwM+SAcM7Pe/l4n9eN8HBuZuKME4QQp4vQiGhWKS5ElkxQPtCASLLLwcqQsqZYoigBGWcZ2KSNZX34cx//5e0ji3n1Kpd16r1i1kzZbJPDsgRccgZqZMr0iBNwsmEPJIn8mw8GC/Gq/H2HS0Zs5ld8gvG+xc9FJmC</latexit>

|VR4u| & 0.3

kaon flavor changing processes:
<latexit sha1_base64="oToo/Bb4YfCxicuu2062m8owZ30="></latexit>

|VR4dV
⇤
R4s| < 1.0⇥ 10�5

excluded by Z decay into hadrons
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Excluded by low energies EW quantities  
and Z physics (Z decay into hadrons,..)

Excluded by kaon flavor 
changing processes:

needed value to explain the gap

needed value to explain the gap

<latexit sha1_base64="jM3eA/wdK7oonbgSB0B36qVImQk="></latexit>

VRus = V ⇤
R4uVR4s = �1.17(37)⇥ 10�3 , VRud = V ⇤

R4uVR4d = �0.87(27)⇥ 10�3

<latexit sha1_base64="c+TGSklkCP2JWpF7CpLkE7No9z8="></latexit>

|V ⇤
R4uVR4d| = 0.87(27)⇥ 10�3

<latexit sha1_base64="83UBwKU4fhiYRea6rYvD5MslFkE="></latexit>

|V ⇤
R4uVR4s| = 1.17(37)⇥ 10�3

<latexit sha1_base64="oToo/Bb4YfCxicuu2062m8owZ30="></latexit>

|VR4dV
⇤
R4s| < 1.0⇥ 10�5

However, also in this scenario FCNC at tree level
<latexit sha1_base64="FJ/lnID0GiSgCutAjD+0RpQCR84=">AAACHnicbVC7TsNAEDzzJrwClDQnIiSERLBRBJQIGhokQCQgJZG1PhZyytk+7tY8ZOUf+AS+ghYqOkQLBf+CHVzwmmo0s6vdmUAracl1352BwaHhkdGx8dLE5NT0THl2rmHjxAisi1jF5jQAi0pGWCdJCk+1QQgDhSdBdzf3T67QWBlHx3SrsR3CRSTPpQDKJL+80vDTo1oLlO5ArwVam/iGr3b8tJD4lX+9tu+nl72SX664VbcP/pd4BamwAgd++aN1FoskxIiEAmubnqupnYIhKRT2Sq3EogbRhQtsZjSCEG077Wfq8aXEAsVco+FS8b6I3zdSCK29DYNsMgTq2N9eLv7nNRM632qnMtIJYSTyQyQV9g9ZYWRWFvIzaZAI8s+Ry4gLMECERnIQIhOTrL28D+93+r+ksV71Nqq1w1ple6doZowtsEW2zDy2ybbZHjtgdSbYHXtgj+zJuXeenRfn9Wt0wCl25tkPOG+f+82ikA==</latexit>

VR4↵ ⇡ �h↵vw/Mq

10-2 0.1

10-3

10-2

0.1

|VR4u|

|V
R
4d
|

VRus=-0.8×10-3

C
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<latexit sha1_base64="g0T0dUz0jywgEa6A8x7gnbCNQVU="></latexit>

• Two weak doublets or one isodoublet with isosinglet (up or down type or both as a ”complete vector-like family”)

(or one isodoublet and family symmetries...) can alleviate FC phenomena and explain all discrepancies.

Possible extensions
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<latexit sha1_base64="7tojgk/DJ4GibhasDAljbRRorgo="></latexit>

5X

i=1

3X

j=1

⇥
yuij'̃qLiuRj + ydij'qLidRj

⇤
+M4qL4qR4 +M5qL5qR5 + h.c.

<latexit sha1_base64="kKeD8ag8ZQk/uj2fmkoh8ssI4kg="></latexit>

• Two weak doublets or one isodoublet with isosinglet (up or down type or both as a ”complete vector-like family”)

(or one isodoublet and family symmetries...) can alleviate FC phenomena and explain all discrepancies.

• Two or more doublets:

<latexit sha1_base64="DlFFH9TvEFw8Xs04jtGJf0Hre0Q="></latexit>

�
dL1 dL2 dL3 dL4 dL5

�

0

BBBB@

0 0

y(d)
3⇥3 vw 0 0

0 0
yd41vw 0 0 M4 0
0 yd52vw 0 0 M5

1

CCCCA

0

BBBB@

dR1

dR2

dR3

dR4

dR5

1

CCCCA

�
uL1 uL2 uL3 uL4 uL5

�

0

BBBB@

0 0

y(u)
3⇥3 vw 0 0

0 0
yu41vw 0 0 M4 0
yu51vw 0 0 0 M5

1

CCCCA

0

BBBB@

uR1

uR2

uR3

uR4

uR5

1

CCCCA

<latexit sha1_base64="8jjhPaL8gDR6b9gySzRGcKHwaMY="></latexit>

V ⇤
R 5uVR 5s = �1.17(37)⇥ 10�3 V ⇤

R 4uVR 4d = �0.87(27)⇥ 10�3

<latexit sha1_base64="I4a1FD0P8x15K0UBMdmMVrFW2r4="></latexit>

|VR4u|2 + |VR5u|2 + 0.50(|VR4d|2 + |VR5s|2) < 6.8⇥ 10�3<latexit sha1_base64="nqej5BWWNkm8RClsihlrHhriwwU=">AAACInicbVDLSgNBEJz1bXxFPXoZjIKnsCui4inoxaOCUTEJoXfSxsbZ2WWmV4iLf+En+BVe9eRNPAn6L+7GIL7qVFR1U90VJpoc+/6rNzQ8Mjo2PjFZmpqemZ0rzy8cuzi1Cusq1rE9DcGhJoN1JtZ4mliEKNR4El7uFf7JFVpHsTniXoKtCLqGzkkB51K7XG2G2CWTEWNE13hTahZMrpytyA4q6O2Ummg6X3a7XPGrfh/yLwkGpCIGOGiX35udWKURGlYanGsEfsKtDCyT0kVc6jABdQldbOTUQISulfX/upGrqQOOZYJWkpZ9Eb9vZBA514vCfDICvnC/vUL8z2ukfL7dysgkKaNRRRCTxn6QU5bywlB2yCIzFJejJCMVWGBGSxKUysU0b7CU9xH8/v4vOV6vBpvVjcP1Sm130MyEWBLLYk0EYkvUxL44EHWhxK24Fw/i0bvznrxn7+VzdMgb7CyKH/DePgDvL6QW</latexit>

• Z decay:
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<latexit sha1_base64="fZOSv+NDu75xVBXQ7nmSG8VVW4c="></latexit>

General Lagrangian includes the mixed Yukawa terms:

Lmix
Yuk = hU '̃ qLUR + hD' qLDR + hU '̃QLuR + hD'QLdR + h.c.

and the mass terms

Lmass = MUULUR +MDDLDR +MQQLQR + µuULuR + µdDLdR + µqqLQR + h.c.

<latexit sha1_base64="aE8mADjdtFrZCGLj6pDvqdDqJ5o="></latexit>

• Symmetries may forbid the direct Yukawa terms but allow the mixed ones.

• Mass terms µ and M can be originated from some physical scales.

• SM Yukawa terms for normal fermions will be induced after integrating out the heavy states.

With mixing mass terms µu,d,q smaller than MU,D,Q:

Yu ' hUM
�1
U µu + µqM

�1
Q hU , Yd ' hDM�1

D µd + µqM
�1
Q hD

• Non-zero quark masses are induced via the mixings with the extra vector-like species.

• Predictive model building for fermion masses and mixings.
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eR↵ L↵ R↵ `Li

M

' ⇠↵n

“Universal” seesaw mechanism for fermion masses
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eRi `LjY ij
e

'

eR↵ L↵ R↵ `Li

M

' ⇠↵n

eR↵ `Liginh⇠ni
M

' ⇠↵n

Y ij
e 'lLjeRi

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

gin⇠↵n
ML

'`LieR↵

<latexit sha1_base64="u5x6ASuVBh7V2cVRqHZyFY+u/Ws="></latexit>

“Universal” seesaw mechanism for fermion masses
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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>

<latexit sha1_base64="QFarCmVz/rdEcHorgLwOMrdLcPI="></latexit>

• Fermions cannot get mass if the symmetry is unbroken: LH and RH particles transform in

di↵erent representations.

<latexit sha1_base64="zt5LEe7zoPnIYgmKFdPpb4itoOQ="></latexit>

• Yukawa couplings are induced by non-zero VEVs of scalars. The fermion mass hierarchy
can be related to the breaking pattern.

<latexit sha1_base64="CzNbvlLMe21yw5fOmq951IYIU9g="></latexit>

• In the limit of vanishing Yukawa couplings, Yf ! 0, the SM acquires maximal global
symmetry:

U(3)` ⇥ U(3)e ⇥ U(3)q ⇥ U(3)u ⇥ U(3)d

• Fermions transform as triplets, Yukawa interactions break the SU(3)5 symmetry.

• Gauge the symmetry SU(3)5 (the U(1) factors remain as global symmetries).

<latexit sha1_base64="Y/Y+8+PHFy3UMA+0n44B+MSbfzA="></latexit>

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi +
hij ⌘̄↵i ⌘̄

�
j

M3
⌫

''`TL↵C`� + h.c.
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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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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>

<latexit sha1_base64="likIW+GR7g1ezzqkONuzc0evnAE="></latexit>

• CKM unitarity is explained with �µ ⇠ 7.6⇥ 10�4, or
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�µ = 7.6 · 10�4

vF = 6.3TeV

<latexit sha1_base64="OiUcyGycviXtn11/s4a+nZVvVwc="></latexit>

How light flavour can changing gauge bosons be?
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Lee
e↵ = �GFp

2

8X

a=1

✓
eL �µ

�a

xa
eL

◆2

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

SU(3)`
w3��! SU(2)`

w2��! nothing

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

<latexit sha1_base64="bXXyGKR//f7fXKyllS98RPVfH8k=">AAACFHicbVA9SwNBEN3z2/gVtbRZDIIghLsgaiMEBbFUMBrIxzG3meji3ge7c0o40voT/BW2WtmJrb2F/8W9mEITXzOP92aYmRckShpy3U9nYnJqemZ2br6wsLi0vFJcXbs0caoF1kSsYl0PwKCSEdZIksJ6ohHCQOFVcHuc+1d3qI2MowvqJdgK4TqSXSmArOQX+b1faVf4jq2erYec3/nNEOhGgMpO+u2KXyy5ZXcAPk68ISmxIc784lezE4s0xIiEAmManptQKwNNUijsF5qpwQTELVxjw9IIQjStbPBJn2+lBijmCWouFR+I+Hsig9CYXhjYzvxIM+rl4n9eI6XuQSuTUZISRiJfRFLhYJERWtqIkHekRiLIL0cuIy5AAxFqyUEIK6Y2s4LNwxv9fpxcVsreXnn3fLdUPRomM8c22CbbZh7bZ1V2ys5YjQn2wJ7YM3txHp1X5815/2mdcIYz6+wPnI9vBiiciQ==</latexit>

w2
2 + w2

1 = v2F (�µ = v2
w

v2
F
' 7 · 10�4)

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

<latexit sha1_base64="xUd2HFLcKwe+WHgsJE6ee5iGokY="></latexit>

• Masses of gauge bosons M2
`1,2 = g2

2 (w2
2 + w

2
1) =

g2

2 v
2
F .

• If w3 = w2 = w1 (e. g. symmetry between ⌘s), gauge bosons have equal
masses, �a ! V

†
�aV is simply a basis redetermination of the Gell-Mann

matrices. From Fierz identities for � matrices:

Leff = � 1

4v2`
(eL �

a
�
µeL)(eL �

a
�µeL) = � 1

3v2`
(eL I �µeL)2

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

• In the general case, FC (µ ! 3e, ⌧ ! 3µ,...) under control.

• vF ' 6 TeV is not contradicting experimental constraints.
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W

<latexit sha1_base64="GiyjNLuD9DffaGnQ7SBfsqcfFlw="></latexit>

• New horizontal gauge bosonsgo to the opposite direction in mW shift. Some other step is needed, like mixing with

some extra gauge bosons like Z’ at the TeV scale or perhaps also with the flavor gauge bosons or a scalar triplet.

• Down-type vector-like singlet cannot explain Cabibbo unitarity problem and mW .

• Up-type vector-like singlet cannot explain Cabibbo unitarity problem and mW .

• Vector-like doublet can explain Cabibbo unitarity problem and mW .

(B.B., C.A. Manzari and S. Trifinopoulos arxiv:2211.XXXXX)
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• There is tension between independent determinations of the CKM matrix elements of the first row. 

• Extra vector-like quarks can be possible explanation for CKM anomalies. A quite large mixing with SM fermions is 
needed to restore unitarity. 

• Their mass should be no more than few TeV, since experimental constraints on flavor changing phenomena become 
more stringent with larger masses. 

• Only one type of extra multiplet cannot entirely explain all the discrepancies, and some their combination is required, 
e.g. two species of isodoublet, or one isodoublet and one (up or down type) isosinglet. 

• These scenarios are testable with future experiments (Z boson decay, mass few TeV). 

• A new effective operator in positive interference with the SM muon decay as the one generated by flavour changing 
gauge bosons can solve CKM unitarity problem. GF can be different from muon decay constant without contradicting 
experimental data. 

• Natural explanation for masses and mixings of fermions from the spontaneous breaking pattern of the symmetry, with 
generalized seesaw mechanism (integrating out heavy vector-like fermions). 

• CKM unitarity is restored with a breaking scale of the symmetry (and gauge boson mass) of few TeV. Flavour gauge 
bosons can be as light as TeV without contradicting experimental constraints . 
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<latexit sha1_base64="N+FwFe1gCbHIwRp9bWH7hQyOa10="></latexit>

|Vt0s| = |Vt0dVus � VLUcVcs + Vt0bVts|

|Vt' s|�|Vt' dVus-VL4cVcs+Vt' bVts|

K0-K0

D0-D0

Mt'=2.5 TeV

<latexit sha1_base64="lVtjwWdEo77hygwWu8dZkpCVYF0=">AAACI3icbVC7TgMxEPSFVwhvKGksIiQKFN2h8CgjaCgoQCIPKZyiPWcTrPh8J3sPKTrlI2ih5mvoEA0F/4ITUgBhqtHMjtc7UaqkJd//8Apz8wuLS8Xl0srq2vrG5tZ2wyaZEVgXiUpMKwKLSmqskySFrdQgxJHCZjS4GPvNBzRWJvqWhimGMfS17EkB5KRmo5Nf1cWos1n2K/4EfJYEU1JmU1x3trzFu24ishg1CQXWtgM/pUM4TiFFE+ZgSAqFo9JdZjEFMYA+th3VEKMN88m/R3w/s0AJdwkuFZ+I+DORQ2ztMI7cZAx0b/96Y/E/r51R7yzMpU4zQi3Gi0gqnCyywkhXCPKuNEgE4wuQS80FGCBCIzkI4cTMNfTrUQW6a4W7L8z7mMRIZjgqueaCvz3NksZRJTipVG+q5dr5tMMi22V77IAF7JTV2CW7ZnUm2IA9sif27L14r96b9/49WvCmmR32C97nF+JwpBw=</latexit>

VLUc

|Vt' s|�|Vt' dVus-VL4cVcs+Vt' bVts|

K0-K0

D0-D0

Mt'=5 TeV

<latexit sha1_base64="lVtjwWdEo77hygwWu8dZkpCVYF0=">AAACI3icbVC7TgMxEPSFVwhvKGksIiQKFN2h8CgjaCgoQCIPKZyiPWcTrPh8J3sPKTrlI2ih5mvoEA0F/4ITUgBhqtHMjtc7UaqkJd//8Apz8wuLS8Xl0srq2vrG5tZ2wyaZEVgXiUpMKwKLSmqskySFrdQgxJHCZjS4GPvNBzRWJvqWhimGMfS17EkB5KRmo5Nf1cWos1n2K/4EfJYEU1JmU1x3trzFu24ishg1CQXWtgM/pUM4TiFFE+ZgSAqFo9JdZjEFMYA+th3VEKMN88m/R3w/s0AJdwkuFZ+I+DORQ2ztMI7cZAx0b/96Y/E/r51R7yzMpU4zQi3Gi0gqnCyywkhXCPKuNEgE4wuQS80FGCBCIzkI4cTMNfTrUQW6a4W7L8z7mMRIZjgqueaCvz3NksZRJTipVG+q5dr5tMMi22V77IAF7JTV2CW7ZnUm2IA9sif27L14r96b9/49WvCmmR32C97nF+JwpBw=</latexit>

VLUc

<latexit sha1_base64="s5NcZET37ewJjSQLnF6XnnsOiyM="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1� |VLUu|2 , |VLUu| ⇡ |hu|vw/Mt0 ⇡ 0.044
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<latexit sha1_base64="bhXcAmau6GQpeZmNxekm/TeqfjE="></latexit>

|Vud|2 =
K/ ln 2

G2
FFn⌧n(1 + 3g2A)(1 +�V

R)
=

5024.46(30) s

⌧n(1 + 3g2A)(1 +�V
R)

<latexit sha1_base64="WitKAwPxv1L7+oonbO1UFCoX3z8="></latexit>

G2
V =

K

2Ft(1 +�V
R)

<latexit sha1_base64="m32CvC7aWNpA+WdmN8u8tgIjZ7s="></latexit>

⌧n =
2Ft

ln 2Fn(1 + 3g2A)
=

5172.0(1.1) s

(1 + 3g2A)

<latexit sha1_base64="HImlc9nYIQJE94LByHJEJhRvCP4="></latexit>

• Fn = fn(1 + �0R) f -value corrected by LD QED correction.

• gA = 1.27625(50) axial current coupling from �-asymmetry.

• ⌧beam = 888.0(2.0) s (4.4� away from SM prediction)

• ⌧trap = 879.4(6) s

• ⌧trap &�V
R = 0.02454(27)& gA ! |Vud| = 0.97333(47)

<latexit sha1_base64="0CLkBW0ulTifFijNRvzr2mQCcAY="></latexit>

• GV and �V
R cancel out even in BSM GV 6= GF |Vud|, gA = �GA/GV

• new �V
R calculations have no influence on ⌧n determination.

• gA = 1.27625(50) ! ⌧SMn = 878.7(6) s ⇡ ⌧trap

<latexit sha1_base64="+yrvbwRbMqGZr/WvP3dYR57uPmo="></latexit>

G2
V =

K/ ln 2

Fn⌧n(1 + 3g2A)(1 +�V
R)
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<latexit sha1_base64="q/NdwFXMM9fzQ+UBg66YvLOsGhA="></latexit>

• However also in this scenario flavour changing neutral currents appear at tree level.
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Lnc =
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<latexit sha1_base64="ActdFVdjgt7BDi4VtqZo7p8dvqs="></latexit>

• Weak neutral currents:

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



Down-type weak singlet

46

• Weak neutral currents:

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

<latexit sha1_base64="wItP47Xwy/cCbMjaS4uAKQR7oF4="></latexit>

Lnc =
g

cos ✓W
Zµ

⇥
T3(fL,R)�Q(f) sin2 ✓W

⇤
fL,R�

µfL,R

(not the same quantum numbers)
<latexit sha1_base64="ffhOH/1UsILsYX5tFkDyipbwFP8="></latexit>

• Yukawa and mass matrices are not diagonalized by the same transformation;

• Tree and loop level flavour changing couplings with the Higgs boson and with Z-boson.

<latexit sha1_base64="JbeZu71bA8maebJ6EYNfAoKRHo8="></latexit>
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<latexit sha1_base64="QEDPNkf/uy4Xvj4g78gJhRpDhS0="></latexit>
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<latexit sha1_base64="UU4YcGPsT+Zg8n3Ys/MSgGLHBRQ="></latexit>

• Also flavour diagonal processes change.

• �(Z ! had)� �(Z ! had)SM ⇡ GFM3
Zp

2⇡

�
� 1

2+
1
3 sin

2✓W
� �

|VLDd|2 + |VLDs|2 + |VLDb|2
�
< 0

|VLDd|2 + |VLDs|2 + |VLDb|2 < 2.5⇥ 10�3
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0
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3
F8

1
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<latexit sha1_base64="0vxc/kjqcS3757xiTIRxScSmuPk="></latexit>

SU(3)`

<latexit sha1_base64="u/QSNaMwPWkcXGlW1phiHfiFZV0=">AAAB/HicbVC7TsNAEFyHVwivACXNiQgJmsgGJKCLoKEMAkNEEkXnyyaccj5bd2skZIWvoIWKDtHyLxT8C7ZDwWuq0cyudnaCWElLrvvulKamZ2bnyvOVhcWl5ZXq6tqljRIj0BeRikwr4BaV1OiTJIWt2CAPA4VXwegk969u0VgZ6Qu6i7Eb8qGWAyk4ZdL1ub+9t9ProFK9as2tuwXYX+J9kVqjDgWavepHpx+JJERNQnFr254bUzflhqRQOK50EosxFyM+xHZGNQ/RdtMi8ZhtJZZTxGI0TCpWiPh9I+WhtXdhkE2GnG7sby8X//PaCQ0Ou6nUcUKoRX6IpMLikBVGZlUg60uDRDxPjkxqJrjhRGgk40JkYpJ1U8n68H5//5dc7ta9/frR2X6tcTwpBsqwAZuwDR4cQANOoQk+CNDwAI/w5Nw7z86L8zoZLTlfO+vwA87bJ6gKlQE=</latexit>
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g2

2
(w2

2 + w2
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2
v2F

<latexit sha1_base64="xfNgAJCJ0IM2aYsIQibeQlMXFnU="></latexit>

M2
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2
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3 + w2
1)

<latexit sha1_base64="aHbn9xbfFx09XHmytiyjV9G35b8="></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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✓
⌫L �µ

�a

xa
⌫L

◆2

<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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xa
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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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◆2

<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`
(eL �

a
�
µeL)(eL �

a
�µeL) = � 1

3v2`
(eL I �µeL)2

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

<latexit sha1_base64="/paLs5zeC7jTEWDxF0wFvyLnfh8="></latexit>
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�a
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◆2

<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>

(�µ = v2
w

v2
F
' 7 · 10�4)

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

`↵ 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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• Three SU(3)` triplets ⌘i ⇠ 3`

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

• Three SU(3)e triplets ⇠i ⇠ 3e

<latexit sha1_base64="VSx3vCqKYLWKORu26bQAs3SBGTE="></latexit>
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'`L↵eRi +
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�
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M3
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''`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>
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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>
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<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>
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<latexit sha1_base64="h3iEMh6jU6RDsJAhCU9f6ErqcFg="></latexit>
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<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>

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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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>

<latexit sha1_base64="+Fn3qeYnou4nOMMmb79mQoNHZHI=">AAACKnicbVDLSgNBEJyN7/ha9ehlMAgeJOx6iOIpGFBPomAekIQwO+nEIbOzy0yvEBf/xE/wK7zqyZuINz/E2RhEE+tUVFXT3RXEUhj0vDcnNzM7N7+wuJRfXlldW3c3NmsmSjSHKo9kpBsBMyCFgioKlNCINbAwkFAPBpXMr9+CNiJS1ziMoR2yvhI9wRlaqeOWWgH0hUoFQiju4D7fyhg9AwXahqQc7tPTykXlON8C1f2JddyCV/RGoNPEH5MCGeOy4360uhFPQlDIJTOm6XsxtlOmUXCZrU0MxIwPWB+alioWgmmno//u6W5iGEY0Bk2FpCMRfk+kLDRmGAY2GTK8MZNeJv7nNRPsHbVToeIEQfFsEQoJo0WGa2GLA9oVGhBZdjlQoShnmiHadijj3IqJbTJv+/Anv58mtYOiXyr6VweF8sm4mUWyTXbIHvHJISmTc3JJqoSTB/JEnsmL8+i8Om/O+3c054xntsgfOJ9fdyKncA==</latexit>

• Generically, FCNC:

<latexit sha1_base64="wyq8tcnu1t9ttnuAhfpS/A1zUFc="></latexit>

� 1

4v22

3X

a=1

(eR �a�
µeR)

2 =

= � 1

4v22

2

4� eR µR ⌧R
�
�µV

(e)†
R

0

@
1 0 0
0 1 0
0 0 0

1

AV (e)
R

0

@
eR
µR

⌧R

1

A

3

5
2

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>

SU(3)e

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

<latexit sha1_base64="BF+L49+o01+jM3HZgjGBJyJWjKk="></latexit>m⌧ : mµ : me ⇡ v3 : v2 : v1
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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>

M2
38 =

g2

2

 
v22 � 1p

3
v22

� 1p
3
v22

1
3 (4v

2
3 + v22)

!

<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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(✏, ✏̃).
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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
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• Constraints on masses are proportional to violation of custodial symmetry:
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v2 > 2 TeV
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• Flavour conserving operators constrained by compositeness limits:

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

• From
FCNC:
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! v3 > 10 TeV
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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
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• K
0 � K̄

0 oscillation is induced by:
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• Since |V2dV
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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.
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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.
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SU(3)` ⇥ SU(3)e ⇥ SU(3)Q ⇥ SU(3)u ⇥ SU(3)d
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`L ⇠ 3`, eR ⇠ 3e, QL ⇠ 3Q, uR ⇠ 3u, dR ⇠ 3d
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• 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.
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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>


