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The Standard Model
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<latexit sha1_base64="KOMMTSRntZjBE1OwrBsgt0zRbdk="></latexit>

• Quark charged currents in mass basis: gp
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A.

• VCKM is unitary.

• The unitarity condition for the first row is: |Vud|2 + |Vus|2 + |Vub|2 = 1

• 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.

<latexit sha1_base64="IQZd8Gs94oUdwF5L9dh8Zb6VWnc="></latexit>

• Three fermion families in identical representations of gauge symmetry; a single Higgs doublet

• 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

<latexit sha1_base64="u+u9TEfAPmczrSpMzx9lPLRJ4kE="></latexit>

� LYuk = Y ij
u �̃qLiuRj + Y ij

d �qLidRj + Y ij
e �`LieRj + h.c.
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3
<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.

<latexit sha1_base64="Iy4Z9NGOZXy6Bp147V+1BHVnpmc=">AAACE3icbVC7TgMxEPTxDOEVoKTAIiBRRXdBAkoEDWWQCCAlUbRnNmGF7TvZe6AoouQT+ApaqOgQLR9Awb9wCSl4TTWa2dXuTJxq8hyG78HY+MTk1HRhpjg7N7+wWFpaPvVJ5hTWVaITdx6DR00W60ys8Tx1CCbWeBZfHQ78s2t0nhJ7wr0UWwa6ljqkgHOpXVrb2K5ETU9dAxsSbqAnOy4xMrPE4Ih77VI5rIRDyL8kGpGyGKHWLn00LxKVGbSsNHjfiMKUW31wTErjbbGZeUxBXUEXGzm1YNC3+sMgt3Iz88CJTNFJ0nIo4veNPhjveybOJw3wpf/tDcT/vEbGnb1Wn2yaMVo1OMSkcXjIK0d5QygvyCEzDD5HSVYqcMCMjiQolYtZXlkx7yP6nf4vOa1Wop1KdFwt7x+MmimIVbEutkQkdsW+OBI1URdK3IkH8SiegvvgOXgJXr9Gx4LRzor4geDtE0ohnWA=</latexit>

3.1� away from unitarity

<latexit sha1_base64="0JGNwkxJNGr//5a3j9rp82iOlDo="></latexit>

• CKM unitarity problem: |Vud|2 + |Vus|2 + |Vub|2 = 1� �CKM ! �CKM ⇡ 2⇥ 10�3

• Discrepancy between determinations A and B.

<latexit sha1_base64="2CI7bCOWLIof5PMbWP0GcgyAePs="></latexit>

C: |Vud| = 0.97355(27) � decays

A: |Vus| = 0.22326(55) semileptonic K ! ⇡`⌫ decays

B: |Vus|
|Vud| = 0.23130(49) ratio of leptonic decay rates

K ! µ⌫(�) and ⇡ ! µ⌫(�)

Unitarity
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<latexit sha1_base64="elVVFH/m7UNd5NqAapgrkhcKdJw=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrJRBJQRNJRBIg+UWNH6sgmn3NnW3RopsvIVtFDRIVo+hoJ/wQ4pIGGq0cyudnaCWElLrvvpFFZW19Y3ipulre2d3b3y/kHLRokR2BSRikwnAItKhtgkSQo7sUHQgcJ2ML7O/fYjGiuj8I4mMfoaRqEcSgGUSfe1qtezcqShX664VXcGvky8OamwORr98ldvEIlEY0hCgbVdz43JT8GQFAqnpV5iMQYxhhF2MxqCRuuns8BTfpJYoIjHaLhUfCbi740UtLUTHWSTGujBLnq5+J/XTWh46acyjBPCUOSHSCqcHbLCyKwJ5ANpkAjy5MhlyAUYIEIjOQiRiUlWTSnrw1v8fpm0zqreedW7rVXqV/NmiuyIHbNT5rELVmc3rMGaTDDNntgze3Gmzqvz5rz/jBac+c4h+wPn4xusipRf</latexit>

4.1�

<latexit sha1_base64="wgMaif05C8uT/wGktfghPAwhksU=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIBAWUEDWWQyAMlUbS+bMIpd7Z1t0aKrHwFLVR0iJaPoeBfsIMLSJhqNLOrnR0/UtKS6346haXlldW14nppY3Nre6e8u9e0YWwENkSoQtP2waKSATZIksJ2ZBC0r7Dlj68zv/WIxsowuKNJhD0No0AOpQBKpfvTqte1cqShX664VXcGvki8nFRYjnq//NUdhCLWGJBQYG3HcyPqJWBICoXTUje2GIEYwwg7KQ1Ao+0ls8BTfhRboJBHaLhUfCbi740EtLUT7aeTGujBznuZ+J/XiWl42UtkEMWEgcgOkVQ4O2SFkWkTyAfSIBFkyZHLgAswQIRGchAiFeO0mlLahzf//SJpnlS986p3e1apXeXNFNkBO2THzGMXrMZuWJ01mGCaPbFn9uJMnVfnzXn/GS04+c4++wPn4xuq85Re</latexit>

3.1�

<latexit sha1_base64="k6kNAMfBKKVzGzp4ZH4zEn3EllQ=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJyrIjXmUEDWWQyAMlVrS+bMIpd7Z1t0aKonwFLVR0iJaPoeBfcEwKCEw1mtnVzk6YKGnJ8z6cwtLyyupacb20sbm1vVPe3WvaODUCGyJWsWmHYFHJCBskSWE7MQg6VNgKR1czv/WAxso4uqVxgoGGYSQHUgBl0l3VPe1aOdTQK1c818vB/xJ/Tipsjnqv/NntxyLVGJFQYG3H9xIKJmBICoXTUje1mIAYwRA7GY1Aow0meeApP0otUMwTNFwqnov4c2MC2tqxDrNJDXRvF72Z+J/XSWlwEUxklKSEkZgdIqkwP2SFkVkTyPvSIBHMkiOXERdggAiN5CBEJqZZNaWsD3/x+7+kWXX9M9e/OanULufNFNkBO2THzGfnrMauWZ01mGCaPbIn9uxMnRfn1Xn7Hi0485199gvO+xevsJRh</latexit>

2.5�

<latexit sha1_base64="kFAacUAdnV1+P+9kX0853mrApes=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIBAWUEDWWQyAMlUbS+bMIpd7Z1t0aKrHwFLVR0iJaPoeBfsIMLSJhqNLOrnR0/UtKS6346haXlldW14nppY3Nre6e8u9e0YWwENkSoQtP2waKSATZIksJ2ZBC0r7Dlj68zv/WIxsowuKNJhD0No0AOpQBKpfvTqtu1cqShX664VXcGvki8nFRYjnq//NUdhCLWGJBQYG3HcyPqJWBICoXTUje2GIEYwwg7KQ1Ao+0ls8BTfhRboJBHaLhUfCbi740EtLUT7aeTGujBznuZ+J/XiWl42UtkEMWEgcgOkVQ4O2SFkWkTyAfSIBFkyZHLgAswQIRGchAiFeO0mlLahzf//SJpnlS986p3e1apXeXNFNkBO2THzGMXrMZuWJ01mGCaPbFn9uJMnVfnzXn/GS04+c4++wPn4xupXpRd</latexit>

3.0�

|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>

<latexit sha1_base64="8XyJ7UrPTcDJNmlzAgWAriUT5XA="></latexit>

A: |Vus| = 0.22326(55)

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

C: |Vud| = 0.97355(27)

<latexit sha1_base64="K7xX4S0YGjmQ4Ab/kXKiMMACuoo=">AAACHXicbVC7TsNAEFyHd3gZKGlOREhJY9mBAA1SgIYSJBKQksg6H0s45fzQ3RqBrHwDn8BX0EJFh2gRBf+CYyh4TTU7s6vdnSBR0pDrvlmlsfGJyanpmfLs3PzCor203DZxqgW2RKxifRZwg0pG2CJJCs8SjTwMFJ4Gg4ORf3qF2sg4OqGbBHsh70fyQgpOueTbtW7uEmv7WWqGrCj8LuE1ZXtDtstcp17fqG9VG42ab1dcxy3A/hLvi1SaDhQ48u337nks0hAjEoob0/HchHoZ1ySFwmG5mxpMuBjwPnZyGvEQTS8rXhqy9dRwilmCmknFChG/T2Q8NOYmDPLOkNOl+e2NxP+8TkoXO71MRklKGInRIpIKi0VGaJkHgOxcaiTio8uRyYgJrjkRasm4ELmY5uGV8zy839//Je2642057vFmpbn/GQxMwyqsQRU82IYmHMIRtEDALdzDAzxad9aT9Wy9fLaWrK+ZFfgB6/UDtRegmg==</latexit>

|Vus|A = 0.22326(55)
<latexit sha1_base64="BpbjLdvSmItM3MCN2Js/egRlkA4=">AAACHXicbVC7TsNAEFzzDOFloKQ5ESFBY9khARqkKDSUQSIBKYms87HAifNDd2tEZOUb+AS+ghYqOkSLKPgXHIeC11SzM7va3QkSJQ257rs1MTk1PTNbmivPLywuLdsrqx0Tp1pgW8Qq1mcBN6hkhG2SpPAs0cjDQOFpcH048k9vUBsZRyc0SLAf8stIXkjBKZd8e7uXu8Q6fpaaISsKv0d4S1lzyA6Y61Sr9Z36Vq2+7dsV13ELsL/E+yKVhgMFWr790TuPRRpiREJxY7qem1A/45qkUDgs91KDCRfX/BK7OY14iKafFS8N2WZqOMUsQc2kYoWI3ycyHhozCIO8M+R0ZX57I/E/r5vSxX4/k1GSEkZitIikwmKREVrmASA7lxqJ+OhyZDJigmtOhFoyLkQupnl45TwP7/f3f0mn6ni7jntcqzSa42CgBOuwAVvgwR404Aha0AYBd/AAj/Bk3VvP1ov1Om6dsL5m1uAHrLdPuE+gnA==</latexit>

|Vus|B = 0.22535(45)
<latexit sha1_base64="SgK0NDDV13aOiJpRAIwrOU9lEP4=">AAACHHicbVC7SgNBFJ2NrxhfUUubwSDEJuyGoGmEYBrLCOYBSVhmJzdxyOyDmbtiWPILfoJfYauVndgKFv6Lu+sWmniqM+fcy51znEAKjab5aeRWVtfWN/Kbha3tnd294v5BR/uh4tDmvvRVz2EapPCgjQIl9AIFzHUkdJ1pM/G7d6C08L0bnAUwdNnEE2PBGcaSXSwPYhdpx45CPafpwx4g3GPUnNMLalaq1XqtbFmndrFkVswUdJlYGSmRDC27+DUY+Tx0wUMumdZ9ywxwGDGFgkuYFwahhoDxKZtAP6Yec0EPozTRnJ6EmqFPA1BUSJqK8HsjYq7WM9eJJ12Gt3rRS8T/vH6I4/owEl4QIng8OYRCQnpIcyXi/EBHQgEiS34OVHiUM8UQQQnKOI/FMO6uEPdhLaZfJp1qxTqrWNe1UuMyayZPjsgxKROLnJMGuSIt0iacPJAn8kxejEfj1Xgz3n9Gc0a2c0j+wPj4BpY8n+4=</latexit>

|Vus|C = 0.2284(11)
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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|)

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.
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<latexit sha1_base64="cPU3toExWHMOkI94vBH7iMoakUw="></latexit>

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

Lcc =
gp
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<latexit sha1_base64="bJ8CU9pxmpfQGmU59XJo3AqeHoc="></latexit>

• |Vub0 | ⇡ |VLDd| ⇡ hd1vw/Mb0

• V (d)†
L m(d)V (d)

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

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

<latexit sha1_base64="eV6aIj992WVRMzM3G3CDwMfotBs="></latexit>

• Down-type vector-like quark DL,R, with left and right components both SU(2) singlets, mixing with SM quarks:
<latexit sha1_base64="lbbaWGTeatvj8CwCz+9vDeUaKk0="></latexit>

...+ hDj qLj�DR +MDDLDR + h.c.

<latexit sha1_base64="AHAZvqDcYCNlmuKVrMUiG87V7Ok=">AAACInicbZBNS8NAEIY3ftb6VfXoZbEInmoiRT2KevCgoGCr0JYwWUe7uEmW3Yla0v4Lf4K/wquevIknQf+LSS3i15xenneGmXkDraQl1311hoZHRsfGCxPFyanpmdnS3HzdxokRWBOxis1pABaVjLBGkhSeaoMQBgpPgsud3D+5QmNlHB1TR2MrhItInksBlCG/VOnW/XR/twlKt6HXbYLWJr7h3baffkF+5V+vHmSgV/RLZbfi9ov/Fd5AlNmgDv3Se/MsFkmIEQkF1jY8V1MrBUNSKOwVm4lFDeISLrCRyQhCtK20/1ePLycWKOYaDZeK9yF+n0ghtLYTBllnCNS2v70c/uc1EjrfbKUy0glhJPJFJBX2F1lhZBYY8jNpkAjyy5HLiAswQIRGchAig0mWYJ6H9/v7v6K+VvHWK9Wjanlre5BMgS2yJbbCPLbBttgeO2Q1Jtgtu2cP7NG5c56cZ+fls3XIGcwssB/lvH0A1Y6knA==</latexit>

|VLD↵| ⇡ |hD↵|vw/MD

<latexit sha1_base64="/NmDLn8vFcnKe0y5dZLZh05+lGE="></latexit>

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

• 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)
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Neutral D mesons mixing: Kaon decays:

, ⌫`

, ⌫̄`

Neutral K mesons mixing:

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>
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<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



Down-type weak singlets
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Excluded by  
D-mesons mixing

Excluded by K-mesons  
FC processes
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<latexit sha1_base64="KBJ7UO8xFh+4eF4dNMwTJo7KoP0="></latexit>

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

• |Vub0 | < 0.042 with Mb0 = 1 TeV.

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

• |Vcb0 | . 10�2, |Vtb0 | < 7.4 · 10�3 (from B-mesons physics).

• Yukawa couplings hDs, hDb should be respectively 50 and 4 times smaller than hDd.

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

|Vcb0 | = |� V ⇤
LDdVcd � V ⇤

LDsVcs � V ⇤
LDbVcb|
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Up-type weak singlets
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<latexit sha1_base64="cj3UKrV41+e4YJDETmhGmKCjw74="></latexit>

...+ hUj qLj �̃UR +Mt0ULUR + h.c.
<latexit sha1_base64="kd6iC0duc3l6/QRplFLWVWIrb5w="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1� |VLUu|2 , |VLUu| ⇡ |hUu|vw/Mt0 ⇡ 0.04

<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="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



Vector-like weak doublet
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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



Vector-like weak doublet
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<latexit sha1_base64="bAxeyTsFvGEC65z00cIcLMsV/a8="></latexit>

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

✓
u4

d4

◆

L,R
<latexit sha1_base64="EFahPC7d99JhUMRqpDZC5oO9FjE="></latexit>

Lcc =
gp
2

4X

i=1

(uLi�
µdLi)W

+
µ +

gp
2
uR4�

µdR4Wµ + h.c.

<latexit sha1_base64="ViCeUUtpDdugsr9abZqUS10ZX64="></latexit> gp
2
(uL�

µVLuddL + uRVRud�
µdR)Wµ +

gp
2
(uL�

µVLussL + uRVRus�
µsR)Wµ + h.c.

<latexit sha1_base64="S37YRfXs7uoGfGX54nOZvdLN/Ek="></latexit>

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

R4uVR4d = �0.87(27)⇥ 10�3

<latexit sha1_base64="JKFg/obdwBFOadOTO4MQzLYlHPA="></latexit>

semileptonic decays K`3 : |VLus + VRus| = 0.22326(55)

leptonic decays Kµ2/⇡µ2 :
|VLus � VRus|
|VLud � VRud|

= 0.23130(49)

superallowed beta decays : |VLud + VRud| = 0.97355(27)

<latexit sha1_base64="RL9MLQSHlUkCYH9JO7sU/JNXhCk="></latexit>

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

<latexit sha1_base64="N+LeN6a52bdDloYKgXpCQWpWk38="></latexit>

• VCKM,L = V (u)†
L V (d)

L is a 4⇥ 4 unitary matrix.

• Weak charged RH currents with mixing VCKM,R .



Vector-like weak doublet
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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="3a4/396cdavKe42BpXsSEzjXm1U="></latexit>

• Two weak doublets or one isodoublet with isosinglet (up or down type)
can alleviate FC phenomena and explain all discrepancies.

Q

'

Q

'

dRi

dRj

dRk

dRm



Solution #2
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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>



Flavour bosons for CKM
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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>



Flavour bosons for CKM
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<latexit sha1_base64="OiUcyGycviXtn11/s4a+nZVvVwc="></latexit>

How light flavour can changing gauge bosons be?



Family symmetries
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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.



FCNC in left-handed sector
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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.



Conclusions
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• There is tension between independent determinations of the CKM matrix elements of the first row. 

• 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. 

• 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 . 

• 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). 



Backup
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Present situation of CKM first row
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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>

<latexit sha1_base64="mHi3qMNSg/4AMf5P3g01SUhptU4="></latexit>

• |Vus| can be directly determined from semileptonic K ! ⇡`⌫ (K`3) decays

A : f+(0)|Vus| = 0.21654± 0.00041

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

B :
fK±

f⇡±

|Vus|
|Vud|

= 0.27599± 0.00038



Present situation of CKM first row
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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>

<latexit sha1_base64="7gEYmtGPflhTOOe67tnaruCfwY8="></latexit>

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

<latexit sha1_base64="mHi3qMNSg/4AMf5P3g01SUhptU4="></latexit>

• |Vus| can be directly determined from semileptonic K ! ⇡`⌫ (K`3) decays

A : f+(0)|Vus| = 0.21654± 0.00041

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

B :
fK±

f⇡±

|Vus|
|Vud|

= 0.27599± 0.00038

<latexit sha1_base64="PJmM+Qy6vHmCyTWN3fmiEGQsKd4="></latexit>

• New fK±/f⇡± (FLAG 2019) and f+(0) (FLAG+Fermilab Lattice &MILC)
<latexit sha1_base64="XbMsPmek7tliSHevpXPfxToKqBk="></latexit>

A : |Vus| = 0.22326(55) B :
|Vus|
|Vud|

= 0.23130(49)

• PDG 2018 (referring to FLAG 2017): |Vus| = 0.2238(8) ,
���Vus
Vud

��� = 0.2315(10).
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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>

<latexit sha1_base64="K2m047To6Auqnq6RJv/Ialw564Q="></latexit>

• Superallowed nuclear beta-decays (0
+
–0

+
Fermi transitions) determine vector coupling

GV = GF|Vud|:

|Vud|2 =
K

2G2
FFt (1 +�

V
R)

=
0.97142(58)

1 +�
V
R

• Ft = ft(1 + �0R)(1 + �NS � �C) nucleus-independent value obtained from ft-values by

absorbing nucleus-dependent radiative (�0R, �NS) and isospin-breaking (�C) corrections, av-
eraging values for 15 transitions, recently updated: Ft = 3072.24(1.85) s (Hardy & Towner

2020);

• K = 2⇡3
log 2/m5

e = 8120.2765(3)⇥10
�10

s/GeV
4
,GF = Gµ = 1.1663787(6)⇥10

�5
GeV

�2
;

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

<latexit sha1_base64="w6CUFqke7OcwA86h60F3cz1asUY="></latexit>

• Marciano & Sirlin 2006 �V
R = 0.02361(38): |Vud| = 0.97420(21) adopted by PDG 2018.

<latexit sha1_base64="tMVotTuxazD+HeuJ9dUfc3+yBSc="></latexit>

• Other more recent studies confirmed the shift of �
V
R .

<latexit sha1_base64="7dcktPAuTkbLqiNir0lNI/nrAXk="></latexit>

• Superallowed nuclear beta-decays and free neutron decay:

|Vud|2 =
K

2G2
FFt (1 +�V

R)
, |Vud|2 =

K/ ln 2

G2
FFn⌧n(1 + 3g2A)(1 +�V

R)

<latexit sha1_base64="DzSuDkj0LSjW6ZeQSLvlggLAQeM="></latexit>

• Seng et al. 2018 �V
R = 0.02467(22):

C1 : |Vud| =
Gexp

V
GF(=Gµ)

= 0.97355(27)
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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>

<latexit sha1_base64="K7xX4S0YGjmQ4Ab/kXKiMMACuoo=">AAACHXicbVC7TsNAEFyHd3gZKGlOREhJY9mBAA1SgIYSJBKQksg6H0s45fzQ3RqBrHwDn8BX0EJFh2gRBf+CYyh4TTU7s6vdnSBR0pDrvlmlsfGJyanpmfLs3PzCor203DZxqgW2RKxifRZwg0pG2CJJCs8SjTwMFJ4Gg4ORf3qF2sg4OqGbBHsh70fyQgpOueTbtW7uEmv7WWqGrCj8LuE1ZXtDtstcp17fqG9VG42ab1dcxy3A/hLvi1SaDhQ48u337nks0hAjEoob0/HchHoZ1ySFwmG5mxpMuBjwPnZyGvEQTS8rXhqy9dRwilmCmknFChG/T2Q8NOYmDPLOkNOl+e2NxP+8TkoXO71MRklKGInRIpIKi0VGaJkHgOxcaiTio8uRyYgJrjkRasm4ELmY5uGV8zy839//Je2642057vFmpbn/GQxMwyqsQRU82IYmHMIRtEDALdzDAzxad9aT9Wy9fLaWrK+ZFfgB6/UDtRegmg==</latexit>

|Vus|A = 0.22326(55)
<latexit sha1_base64="BpbjLdvSmItM3MCN2Js/egRlkA4=">AAACHXicbVC7TsNAEFzzDOFloKQ5ESFBY9khARqkKDSUQSIBKYms87HAifNDd2tEZOUb+AS+ghYqOkSLKPgXHIeC11SzM7va3QkSJQ257rs1MTk1PTNbmivPLywuLdsrqx0Tp1pgW8Qq1mcBN6hkhG2SpPAs0cjDQOFpcH048k9vUBsZRyc0SLAf8stIXkjBKZd8e7uXu8Q6fpaaISsKv0d4S1lzyA6Y61Sr9Z36Vq2+7dsV13ELsL/E+yKVhgMFWr790TuPRRpiREJxY7qem1A/45qkUDgs91KDCRfX/BK7OY14iKafFS8N2WZqOMUsQc2kYoWI3ycyHhozCIO8M+R0ZX57I/E/r5vSxX4/k1GSEkZitIikwmKREVrmASA7lxqJ+OhyZDJigmtOhFoyLkQupnl45TwP7/f3f0mn6ni7jntcqzSa42CgBOuwAVvgwR404Aha0AYBd/AAj/Bk3VvP1ov1Om6dsL5m1uAHrLdPuE+gnA==</latexit>

|Vus|B = 0.22535(45)

<latexit sha1_base64="8XyJ7UrPTcDJNmlzAgWAriUT5XA="></latexit>

A: |Vus| = 0.22326(55)

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

C: |Vud| = 0.97355(27)
<latexit sha1_base64="SgK0NDDV13aOiJpRAIwrOU9lEP4=">AAACHHicbVC7SgNBFJ2NrxhfUUubwSDEJuyGoGmEYBrLCOYBSVhmJzdxyOyDmbtiWPILfoJfYauVndgKFv6Lu+sWmniqM+fcy51znEAKjab5aeRWVtfWN/Kbha3tnd294v5BR/uh4tDmvvRVz2EapPCgjQIl9AIFzHUkdJ1pM/G7d6C08L0bnAUwdNnEE2PBGcaSXSwPYhdpx45CPafpwx4g3GPUnNMLalaq1XqtbFmndrFkVswUdJlYGSmRDC27+DUY+Tx0wUMumdZ9ywxwGDGFgkuYFwahhoDxKZtAP6Yec0EPozTRnJ6EmqFPA1BUSJqK8HsjYq7WM9eJJ12Gt3rRS8T/vH6I4/owEl4QIng8OYRCQnpIcyXi/EBHQgEiS34OVHiUM8UQQQnKOI/FMO6uEPdhLaZfJp1qxTqrWNe1UuMyayZPjsgxKROLnJMGuSIt0iacPJAn8kxejEfj1Xgz3n9Gc0a2c0j+wPj4BpY8n+4=</latexit>

|Vus|C = 0.2284(11)
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<latexit sha1_base64="JgC85o03D4VKpdzdOPcCqOVWUls="></latexit>

|Vud|C1 =0.97370(14) |Vud|C2 =0.97389(18) |Vud|C=0.97376(16)

A: |Vus|=0.22326(55) 2.05(37) · 10�3 1.68(43) · 10�3 1.94(40) · 10�3

B: |Vus|=0.23130(49) |Vud| 1.17(35) · 10�3 0.78(41) · 10�3 1.05(38) · 10�3

Average⇤ 1.55(36) · 10�3 1.17(42) · 10�3 1.43(39) · 10�3

<latexit sha1_base64="S5W5Lgg6RMV2kM7ZWkdxRlj+c9s="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1� �CKM

<latexit sha1_base64="bvT0vwUf82jM84vCf4ZSfILkbSY="></latexit>

Values of �CKM obtained for di↵erent choices of the values of |Vus| and |Vud|.
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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>

<latexit sha1_base64="plSzGIftIu9VnatASb0RTf+mrMA="></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:

...+ hdj�qLjdR4 +MdL4dR4 + h.c.

• dLim
(d)
ij dRj+h.c. = (dL1, dL2, dL3, dL4)

0

BB@

hd1vw
y(d)
3⇥3vw hd2vw

hd3vw
0 0 0 M

1

CCA

0

BB@

dR1

dR2

dR3

dR4

1

CCA+h.c.

<latexit sha1_base64="CPln9W9X/GRoe8zBfvehth9OpfQ="></latexit>

• |Vub0 | ⇡ |VL4d| ⇡ hd1vw/Mb0
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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.

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>

<latexit sha1_base64="UojhanNHlc6RnZGIZv4I7Kh7uUA="></latexit>

• ṼCKM is a 3⇥ 4 matrix

• Ṽ †
CKMṼCKM 6= 1, ṼCKMṼ †

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

• 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

<latexit sha1_base64="cJvUM9zRfOxYsQZcFg1lv5eYgBo="></latexit>

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

(not the same quantum numbers)
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• 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

<latexit sha1_base64="cJvUM9zRfOxYsQZcFg1lv5eYgBo="></latexit>

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

<latexit sha1_base64="cqO8LddioZdP/uRqMNNAaqpuWRU="></latexit>

� 1

2

g

cos ✓W

�
dL1 dL2 dL3

�
�µ

0

@
dL1

dL2

dL3

1

AZµ =

<latexit sha1_base64="0xcZwE75Jvi539mI2mprXeiysFw="></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

(not the same quantum numbers)
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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

' '
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<latexit sha1_base64="7lABKlB1P7FEvATH59NCfHzbwXY="></latexit>

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

...+ huj �̃qLju4R +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 ṼCKMṼ †

CKM = Ṽ (u)†
L Ṽ (u)

L 6= 1.

• |Vud|2 + |Vus|2 + |Vub|2 = 1� |VL4u|2 , |VL4u| ⇡ 0.04
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q

W W

t0

s

d

d

s

• The non-unitarity of Ṽ (u)
L gives flavour changing couplings of quarks with

Z boson (and Higgs). The weak neutral currents Lagrangian is:

Lnc =
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
sin

2 ✓W (uL�
µuL + uR�

µuR)

3

775Zµ

<latexit sha1_base64="bbRkqDFh1hpz3uyXxRAkHiyRsak="></latexit>

Constraints from K mesons mixing:

Mt'=5 TeV
Mt'=5 TeV

�mK
�K
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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="VX1C9VRH0pCTgYST96eRqYRaOIg="></latexit>

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

�
dL1 dL2 dL3 dL4

�

0

BB@

0

y(d)
3⇥3vw 0

0
yd41vw yd42vw yd43vw Mq

1

CCA

0

BB@

dR1

dR2

dR3

qR4

1

CCA+ h.c.

<latexit sha1_base64="iUPP156LUBDfli1I8pcu4DFwIIA="></latexit> 0

BB@

dR1

dR2

dR3

dR4

1

CCA = V (d)
R

0

BB@

dR
sR
bR
b0R

1

CCA

L,R

,

0

BB@

uR1

uR2

uR3

uR4

1

CCA = V (u)
R

0

BB@

uR

cR
tR
t0R

1

CCA

<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
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<latexit sha1_base64="knnbWT3y4XFm7diA4oBMPPmMLcg="></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

�
�µVCKM,R

0

BB@

dR
sR
bR
b0R

1

CCAW+
µ + h.c.

<latexit sha1_base64="h167pwBSe+cWryUZQBHAgOkh7kc="></latexit>

• The charged-current Lagrangian is:

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

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

✓
u4

d4

◆

L,R

<latexit sha1_base64="PrqWvfDtHExTe/1w2dCeHWFNGgE="></latexit>

• VCKM,L = V (u)†
L V (d)

L is a 4⇥ 4 unitary matrix.

• Weak charged currents involve also right currents with mixing matrix VCKM,R



Vector-like weak doublet

34

<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)

<latexit sha1_base64="4cL+BrQBpYt7XhU6slDIGAay8as="></latexit>

VLus = 0.22443(35)
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<latexit sha1_base64="knnbWT3y4XFm7diA4oBMPPmMLcg="></latexit>

Lcc =
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2

4X
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µdLi)W

+
µ +
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2
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µdR4Wµ + h.c. =

=
gp
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1

CCAW+
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�
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�
�µVCKM,R

0

BB@

dR
sR
bR
b0R

1

CCAW+
µ + h.c.

<latexit sha1_base64="h167pwBSe+cWryUZQBHAgOkh7kc="></latexit>

• The charged-current Lagrangian is:

<latexit sha1_base64="j5imyeuDRzh7YX4eGHaYohH7SOE="></latexit>

• VCKM,L = V (u)†
L V (d)

L is a 4⇥ 4 unitary matrix.

• Weak charged currents involve also right currents with mixing matrix VCKM,R :

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

VCKM,R = V (u)†
R

0
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1
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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
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R 4t0VR 4s V ⇤
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R 4t0VR 4b0

1
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<latexit sha1_base64="q/NdwFXMM9fzQ+UBg66YvLOsGhA="></latexit>

• 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
tR
t0R

1
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� 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
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where

V (u)†
R diag(0, 0, 0, 1)V (u)

R =

0

BB@
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R 4cVR 4u |VR 4c|2 V ⇤

R 4cVR 4t V ⇤
R 4cVR 4t0
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R 4t0VR 4u V ⇤
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R 4t0VR 4t |VR 4t0 |2

1
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V (d)†
R diag(0, 0, 0, 1)V (d)
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0

BB@

|VR 4d|2 V ⇤
R 4dVR 4s V ⇤

R 4dVR 4b V ⇤
R 4dVR 4b0

V ⇤
R 4sVR 4d |VR 4s|2 V ⇤

R 4sVR 4b V ⇤
R 4sVR 4b0

V ⇤
R 4bVR 4d V ⇤

R 4bVR 4s |VR 4b|2 V ⇤
R 4bVR 4b0

V ⇤
R 4b0VR 4d V ⇤

R 4b0VR 4s V ⇤
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1
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Possible solutions

37

<latexit sha1_base64="IR9zcD3YCTf5PW/3BZqxy2vgciU="></latexit>

• There can be two or more vector-like doublets or a vector-like isodoublet
with a down-type or up-type isosinglet:

qLim
(d)
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�
q1L q2L q3L q4L d5L
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BBBB@
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�
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�

�

�

�
�
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875
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�

beam

trap

�(gA)
Märkisch

Mund

Brown

<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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• 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

Y ij
e 'lLjeRi

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

⇠ ⇠ 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>

<latexit sha1_base64="P2/9TzYyfWoyVlJ3AdlHoHapuFA=">AAACHnicbVC7TsNAEDzzxrwClDQnEqSAUGQTCSgjaCgBEUCKI2t9WeDE+ZG7NVJk5R/4BL6CFio6RAsF/4IdUgBhqtHMrnZngkRJQ47zYY2NT0xOTc/M2nPzC4tLpeWVcxOnWmBTxCrWlwEYVDLCJklSeJlohDBQeBHcHhb+xR1qI+PojHoJtkO4juSVFEC55Je2KhVuN6v1TR+5t823vW43hQ7n6Genfe4ZGfK6j3alYtt+qezUnAH4KHGHpMyGOPZLn14nFmmIEQkFxrRcJ6F2BpqkUNi3vdRgAuIWrrGV0whCNO1skKnPN1IDFPMENZeKD0T8uZFBaEwvDPLJEOjG/PUK8T+vldLVfjuTUZISRqI4RFLh4JARWuZlIe9IjURQfI5cRlyABiLUkoMQuZjm7RV9uH/Tj5LznZq7W3NPdsqNg2EzM2yNrbMqc9kea7AjdsyaTLB79sie2LP1YL1Yr9bb9+iYNdxZZb9gvX8BUBCd4w==</latexit>

U(3)e , eR ⇠ 3e
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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:
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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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� 1

4v22
(eR�

⌫eR)
2 � 1

2v22
(eR�

⌫eR) (µR�⌫µR)

<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>

LFV mode Exp. �i/�µ(�⌧ ) Main contribution to �i
�µ/⌧

Predicted value of �i
�µ/⌧

µ ! eee < 1.0 · 10�12 1
8

⇣
vEW
v2

⌘4 ��V ⇤
3eV3µ + V ⇤

2eV2µ✏2
��2  1.1 · 10�13

⇣
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v2

⌘4
✏420✏̃

2
20

⌧� ! µ�e+e� < 1.8 · 10�8 1
4

⇣
vEW
v2

⌘4 ��V ⇤
3µV3⌧

��2 �w
�⌧

= 6.2 · 10�9
⇣

2TeV
v2

⌘4
✏220

⌧ ! µµµ < 2.1 · 10�8 1
8

⇣
vEW
v2

⌘4 ��V ⇤
3µV3⌧

��2 �w
�⌧
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⇣

2TeV
v2

⌘4
✏220

µ ! e� < 4.2 · 10�13 3↵
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⇣
vEW
v2

⌘4
|V ⇤

3eV3µ|2 = 3.1 · 10�15
⇣

2TeV
v2

⌘4
✏420✏̃

2
20

⌧ ! µ� < 4.4 · 10�8 3↵
2⇡

⇣
vEW
v2

⌘4 ��V ⇤
3µV3⌧

��2 �w
�⌧

= 8.7 · 10�11
⇣

2TeV
v2

⌘4
✏220

<latexit sha1_base64="umltm8eMu2PVWOS/iXQnLm59av4="></latexit>

• Flavour conserving operators constrained by compositeness limits:

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

• From
FCNC:

<latexit sha1_base64="WYCZbFaJF21Jlj5lOlrO/qI3Pyo="></latexit>

! v3 > 10 TeV

<latexit sha1_base64="xvCmHlroiKWDgg1DWW49Mbatn+w=">AAACDXicbVC7SgNREJ31bXxFrcTmYiJYhV0V1EaCNpYKSRSSEGavY3LJ3Qf3ziohBD/Br7DVyk5s/QYL/8XNxkKjpzqcM8PMOX6slWXX/XAmJqemZ2bn5nMLi0vLK/nVtZqNEiOpKiMdmSsfLWkVUpUVa7qKDWHga7r0u6dD//KWjFVRWOFeTM0A26G6URI5lVr5jWLDqHaH0ZjoTty29o49VxRFhWqtfMEtuRnEX+J9k0K5BBnOW/nPxnUkk4BClhqtrXtuzM0+GlZS0yDXSCzFKLvYpnpKQwzINvtZhIHYTixyJGIyQmmRifRzo4+Btb3ATycD5I4d94bif1494ZvDZl+FccIUyuEhVpqyQ1YalXZD4loZYsbh5yRUKCQaZCajBEqZiklaVi7twxtP/5fUdkvefunoYrdQPhkVA3OwCVuwAx4cQBnO4ByqIOEeHuEJnp0H58V5dd5GoxPO9846/ILz/gVCvZql</latexit>



New interactions in left-handed sector

43

Le⌫
e↵ = �2GFp

2

8X

a=1

✓
eL �µ�a

xa
eL

◆✓
⌫L �µ

�a

xa
⌫L

◆

<latexit sha1_base64="c5+ndzYpaDW4f8WiuvNW9Dvr/Po="></latexit>

Lee
e↵ = �GFp

2

8X

a=1

✓
eL �µ

�a

xa
eL

◆2

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

L⌫⌫
e↵ = �GFp

2

8X

a=1

✓
⌫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 (compositeness limits):

lepton flavour violating interactions
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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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="g2m6tGJSf2Q74tUtw0btVz2WhSA="></latexit>

If w3 = w2 = w1 (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.
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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
<latexit sha1_base64="Ecv9PpSRm1lE6xM3eFBI1dmxzsY="></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.

• vF ' 6 TeV is not contradicting experimental constraints.

• If w3 = w2 = w1 (e. g. symmetry between ⌘s), r = 1, then no FCNC,
the global SO(8)` symmetry acts as a custodial symmetry.

(�µ = v2
w

v2
F
' 7 · 10�4)

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

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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• 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)` ⇥ 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)
↵

• 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>

<latexit sha1_base64="RrOo4FA3bxHGeGERiQm2ghRcYrU="></latexit>

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi
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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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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>



Quarks and family symmetries

59

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:

� 1

4v2d2

⇥
(V3dV

⇤
3s)

2 + ✏
2
d(V2dV

⇤
2s)

2
⇤
(sR�

µ
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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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