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The Standard Model

2

LYuk = Y ij
u �̃qLiuRj + Y ij

d �qLidRj + Y ij
e �`LieRj + h.c.

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

<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="A+kTnH7JvicpDB0CEPODJxu/1DU="></latexit>

• VCKM = V (u)†
L V (d)

L =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A.

• VCKM is unitary.

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

• 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="gU0BjykhddKJsx61R24fkwZUeFA="></latexit>

• Quark charged currents in mass basis: gp
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Cabibbo angle anomalies
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<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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<latexit sha1_base64="2aqCaIuvlseXre3ItPjFGexeoWY="></latexit>

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

• Discrepancy between determinations A and B.

<latexit sha1_base64="5nZa2zNlAkWNwmHIod1RcXKiX6A="></latexit>

C: |Vud| = 0.97372(26) � decays (�V
R = 0.02467(22))

A: |Vus| = 0.22308(55) semileptonic K ! ⇡`⌫ decays

f+(0) = 0.9698(17) FLAG24(21)

B: |Vus|
|Vud| = 0.23126(48) ratio of leptonic Kµ2/⇡µ2

fK/f⇡ = 1.1934(19) FLAG21

Unitarity

|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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:
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<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="0JGNwkxJNGr//5a3j9rp82iOlDo="></latexit>

• 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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<latexit sha1_base64="5nZa2zNlAkWNwmHIod1RcXKiX6A="></latexit>

C: |Vud| = 0.97372(26) � decays (�V
R = 0.02467(22))

A: |Vus| = 0.22308(55) semileptonic K ! ⇡`⌫ decays

f+(0) = 0.9698(17) FLAG24(21)

B: |Vus|
|Vud| = 0.23126(48) ratio of leptonic Kµ2/⇡µ2

fK/f⇡ = 1.1934(19) FLAG21

Unitarity
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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="IBaV8VG48x9MA10qB6s2/fRr/nw="></latexit>

A: |Vus| = 0.22308(55)

B: |Vus|
|Vud| = 0.23131(51)

C: |Vud| = 0.97372(26)

<latexit sha1_base64="NJFJYEMCDQu6pvy1YiyvsGps7uo=">AAACHXicbVDLTgJBEJz1ifha9ehlIjGBC9lFUS4mqBePmMgjAbKZHRqcMPvITK+RbPgGP8Gv8Konb8ar8eC/uKwcFKxTdVV3urvcUAqNlvVpLCwuLa+sZtay6xubW9vmzm5DB5HiUOeBDFTLZRqk8KGOAiW0QgXMcyU03eHlxG/egdIi8G9wFELXYwNf9AVnmEiOWegkLtKGE0d6TNPC6SDcY3w+pmfUKpZKR1YlXy4XHDNnFa0UdJ7YU5IjU9Qc86vTC3jkgY9cMq3bthViN2YKBZcwznYiDSHjQzaAdkJ95oHuxulLY3oYaYYBDUFRIWkqwu+JmHlajzw36fQY3upZbyL+57Uj7Fe6sfDDCMHnk0UoJKSLNFciCQBoTyhAZJPLgQqfcqYYIihBGeeJGCXhZZM87Nnv50mjVLRPiuXr41z1YppMhuyTA5InNjklVXJFaqROOHkgT+SZvBiPxqvxZrz/tC4Y05k98gfGxzccm6Ax</latexit>

|Vus|A = 0.22308(55)
<latexit sha1_base64="pGEQmrOtNTfyufWcRMAJD1BY/+0=">AAACHXicbVDJTgJBEO3BDXFDPXrpSEzgQmaQxYsJwYtHTGRJgEx6mgI79izprjGSCd/gJ/gVXvXkzXg1HvwXh5GDgu/06r2qVNVzAik0muankVpZXVvfSG9mtrZ3dvey+wdt7YeKQ4v70lddh2mQwoMWCpTQDRQw15HQcW4vZn7nDpQWvneNkwAGLht7YiQ4w1iys4V+7CJt21GopzQp7D7CPUaNKT2nZrFUqpxW8+Vawc7mzKKZgC4Ta05yZI6mnf3qD30euuAhl0zrnmUGOIiYQsElTDP9UEPA+C0bQy+mHnNBD6LkpSk9CTVDnwagqJA0EeH3RMRcrSeuE3e6DG/0ojcT//N6IY7OBpHwghDB47NFKCQkizRXIg4A6FAoQGSzy4EKj3KmGCIoQRnnsRjG4WXiPKzF75dJu1S0qsXKVTlXb8yTSZMjckzyxCI1UieXpElahJMH8kSeyYvxaLwab8b7T2vKmM8ckj8wPr4BJIigNg==</latexit>

|Vus|B = 0.22536(47)
<latexit sha1_base64="IQpEBvs7XQ3HZ2TbEF/ViugvggA=">AAACHHicbVC7SgNBFJ2NrxhfUUubwSDEJuwGNTZCMI1lBPOAbFhmJzdxyOyDmbtiWPILfoJfYauVndgKFv6Lm3ULTTzVmXPu5c45biiFRtP8NHJLyyura/n1wsbm1vZOcXevrYNIcWjxQAaq6zINUvjQQoESuqEC5rkSOu64MfM7d6C0CPwbnITQ99jIF0PBGSaSUyzbiYu07cSRntL04dgI9xg3pvSCmpVqtVYrW9axUyyZFTMFXSRWRkokQ9MpftmDgEce+Mgl07pnmSH2Y6ZQcAnTgh1pCBkfsxH0EuozD3Q/ThNN6VGkGQY0BEWFpKkIvzdi5mk98dxk0mN4q+e9mfif14tweN6PhR9GCD6fHUIhIT2kuRJJfqADoQCRzX4OVPiUM8UQQQnKOE/EKOmukPRhzadfJO1qxTqrnF6flOqXWTN5ckAOSZlYpEbq5Io0SYtw8kCeyDN5MR6NV+PNeP8ZzRnZzj75A+PjG5qpn/Q=</latexit>

|Vus|C = 0.2277(11)

<latexit sha1_base64="bpdlI/CFZQMji8f1bgMdYAo5AvQ=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrJ5hTKChjJI5IESK1pfNuGUO9u6WyNFUb6CFio6RMvHUPAvOCYFJEw1mtnVzk4QK2nJdT+d3NLyyupafr2wsbm1vVPc3WvYKDEC6yJSkWkFYFHJEOskSWErNgg6UNgMhtdTv/mIxsoovKNRjL6GQSj7UgCl0v1pudKxcqChWyy5ZTcDXyTejJTYDLVu8avTi0SiMSShwNq258bkj8GQFAonhU5iMQYxhAG2UxqCRuuPs8ATfpRYoIjHaLhUPBPx98YYtLUjHaSTGujBzntT8T+vnVD/0h/LME4IQzE9RFJhdsgKI9MmkPekQSKYJkcuQy7AABEayUGIVEzSagppH97894ukcVL2Lsrnt2el6tWsmTw7YIfsmHmswqrshtVYnQmm2RN7Zi/OxHl13pz3n9GcM9vZZ3/gfHwDtbmUaA==</latexit>

3.7�

<latexit sha1_base64="9HpLHZP6ptx0P3C7RBx++FxH/ng=">AAAB+3icbVA9TwJBEN3DL8Qv1NJmIzGxIndExZJoY4mJfBggZG4ZcMPu3WV3zoRc+BW2WtkZW3+Mhf/FA69Q8FUv781k3jw/UtKS6346uZXVtfWN/GZha3tnd6+4f9C0YWwENkSoQtP2waKSATZIksJ2ZBC0r7Dlj69nfusRjZVhcEeTCHsaRoEcSgGUSveVcrVr5UhDv1hyy+4cfJl4GSmxDPV+8as7CEWsMSChwNqO50bUS8CQFAqnhW5sMQIxhhF2UhqARttL5oGn/CS2QCGP0HCp+FzE3xsJaGsn2k8nNdCDXfRm4n9eJ6bhZS+RQRQTBmJ2iKTC+SErjEybQD6QBolglhy5DLgAA0RoJAchUjFOqymkfXiL3y+TZqXsXZTPb89KtausmTw7YsfslHmsymrshtVZgwmm2RN7Zi/O1Hl13pz3n9Gck+0csj9wPr4BtCKUZw==</latexit>

2.7�

<latexit sha1_base64="COc4P/TAtzg6AccDezNiUuUjk5E=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRWTbvMoKGMkjkgRIrWl824ZQ727pbI0VWvoIWKjpEy8dQ8C84IQUkTDWa2dXOTpgoacnzPp2FxaXlldXCWnF9Y3Nru7SzW7dxagTWRKxi0wzBopIR1kiSwmZiEHSosBEOrsd+4xGNlXF0R8MEAw39SPakAMql+xPXb1vZ19AplT3Xm4DPE39KymyKaqf01e7GItUYkVBgbcv3EgoyMCSFwlGxnVpMQAygj62cRqDRBtkk8IgfphYo5gkaLhWfiPh7IwNt7VCH+aQGerCz3lj8z2ul1LsMMhklKWEkxodIKpwcssLIvAnkXWmQCMbJkcuICzBAhEZyECIX07yaYt6HP/v9PKkfu/65e3Z7Wq5cTZspsH12wI6Yzy5Yhd2wKqsxwTR7Ys/sxRk5r86b8/4zuuBMd/bYHzgf36w7lGI=</latexit>

3.1�

<latexit sha1_base64="Kbbr8RxQhwQ/1qJvvP5c4j9wKi0=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJyrIjXmUEDWWQyAMlVrS+bMIpd7Z1t0aKonwFLVR0iJaPoeBfcEwKCEw1mtnVzk6YKGnJ8z6cwtLyyupacb20sbm1vVPe3WvaODUCGyJWsWmHYFHJCBskSWE7MQg6VNgKR1czv/WAxso4uqVxgoGGYSQHUgBl0l3V9bpWDjX0yhXP9XLwv8Sfkwqbo94rf3b7sUg1RiQUWNvxvYSCCRiSQuG01E0tJiBGMMRORiPQaINJHnjKj1ILFPMEDZeK5yL+3JiAtnasw2xSA93bRW8m/ud1UhpcBBMZJSlhJGaHSCrMD1lhZNYE8r40SASz5MhlxAUYIEIjOQiRiWlWTSnrw1/8/i9pVl3/zD29OanULufNFNkBO2THzGfnrMauWZ01mGCaPbIn9uxMnRfn1Xn7Hi0485199gvO+xepD5Rg</latexit>

2.0�

CAA1

CAA2
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New quark-mixing

6

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

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

,

By combining electroweak precision data, Higgs production rate via gluon fusion and LHC mass limits, 
4th sequential family is excluded. However additional vector-like fermions can be introduced.

<latexit sha1_base64="rXk/gebkXt9W1+F4+66ji8kdAYQ=">AAACKnicbVC7TsNAEDzzDOEVoKQ5ESGgiWzEq4ygoQSJBKQkitaXJZw428fdHgI5+RM+ga+ghYoOITo+BDtE4jnVaGZWuzuhVtKS7794I6Nj4xOThani9Mzs3HxpYbFuE2cE1kSiEnMWgkUlY6yRJIVn2iBEocLT8PIg90+v0ViZxCd0q7EVQTeW51IAZVK7tNOrt1MXrvV7TdDaJDfcr/hbAW9eXTno8PUvu9v95P3eRrHYLpWz3AD8LwmGpMyGOGqX3pqdRLgIYxIKrG0EvqZWCoakUNgvNp1FDeISutjIaAwR2lY6+K/PV50FSrhGw6XiAxG/T6QQWXsbhVkyArqwv71c/M9rODrfa6Uy1o4wFvkikgoHi6wwMisOeUcaJIL8cuQy5gIMEKGRHITIRJc1mfcR/P7+L6lvVoKdyvbxVrm6P2ymwJbZCltnAdtlVXbIjliNCXbHHtgje/LuvWfvxXv9jI54w5kl9gPe+we8p6Zo</latexit>

|Vub0 | ⇡ 0.041 (|Vub0 | � |Vub|)



 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

7

• Extra down-type weak singlet 

• Extra up-type weak singlet 

• Extra weak doublet (Y=1/6)



<latexit sha1_base64="S+i2KslWRyqpFzvI2y0mz7wLkdU="></latexit>

V (d)
L =

0

BB@

VL1d VL1s VL1b VL1b0

VL2d VL2s VL2b VL2b0

VL3d VL3s VL3b VL3b0

VLDd VLDs VLDb VLDb0

1

CCA ⇡

0

BB@

0
ULd 0

0
0 0 0 1

1

CCA

0

BBB@

1 0 0 hdvw
MD

0 1 0 hsvw
MD

0 0 1 hbvw
MD

�h⇤
dvw
MD

�h⇤
svw

MD
�h⇤

bvw
MD

1

1

CCCA

Down-type weak singlet
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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>

<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="mBqjU2qx0O9Y+26BgqrIny/88M8="></latexit>0

BB@

dL1

dL2

dL3

DL

1

CCA = V (d)
L

0

BB@

dL
sL
bL
b0L

1

CCA ,

<latexit sha1_base64="eBvV6Fcvy7M8OiZZ1Y/kqnjM4yo="></latexit>

|sdRi| ⇡
yi|hi|v2w
M2

D

<latexit sha1_base64="nHZE48eM44q9c7JKY4SOyqiP0sY="></latexit>

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

0

BB@

h1vw
Y(d)vw h2vw

h3vw
0 0 0 MD

1

CCA

0

BB@

dR1

dR2

dR3

DR

1

CCA+h.c.

<latexit sha1_base64="uuv4qyoO4HjspL+AVBuBeKXV/Ko="></latexit>

...+ hDj qLj�DR +MDDLDR + h.c.

<latexit sha1_base64="cXnAPKOtRLAD2CDKOpbUKpe1At4="></latexit>

|VLD↵| = sdL↵ ⇡ |h↵|vw/MD

h = (hd, hs, hb)T = U†
Ld(h1, h2, h3)T



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

• Charged weak interactions:

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

|Vub0 | ⇡ |VLDd| ⇡ |hd|vw/MD

<latexit sha1_base64="k4n9kqEhhmTPctSQ/dr8x8KeSE8="></latexit>

Lcc =
gp
2

�
uL1 uL2 uL3

�
�µ

0

@
dL1

dL2

dL3

1

AW+
µ + h.c. =

gp
2

�
uL cL tL

�
�µVL

0

BB@

dL
sL
bL
b0L

1

CCAW+
µ + h.c.

|Vud |2 + |Vus |2 + |Vub |2 = 1 − |Vub′￼
|2

•  is a  matrix, VL 3 × 4 V†
LVL ≠ 1 , VLV†

L = 1

<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="/P/ndRG5IYJuyebSNw15pAAjCdA="></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 ⇡

0

BBB@
ULd

⇣
1� hh† v2

w

2M2
D

⌘
ULd h

vw
MD

�h† vw
MD

1� h†h

1

CCCA

0

BB@

dL
sL
bL
b0L

1

CCA

<latexit sha1_base64="QGNrHDjxzeagJ0z64HNIp2DWVQI="></latexit>

VL = U†
LuṼ

(d)
L = Ṽ (d)

L =

0

@
Vud Vus Vub Vub0

Vcd Vcs Vcb Vcb0

Vtd Vts Vtb Vtb0

1

A



××

0.222 0.223 0.224 0.225 0.226

0.9725

0.9730

0.9735

0.9740

0.9745

0.9750
0.222 0.223 0.224 0.225 0.226

0.9725

0.9730

0.9735

0.9740

0.9745

0.9750

Vus
V u

d

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="rXk/gebkXt9W1+F4+66ji8kdAYQ=">AAACKnicbVC7TsNAEDzzDOEVoKQ5ESGgiWzEq4ygoQSJBKQkitaXJZw428fdHgI5+RM+ga+ghYoOITo+BDtE4jnVaGZWuzuhVtKS7794I6Nj4xOThani9Mzs3HxpYbFuE2cE1kSiEnMWgkUlY6yRJIVn2iBEocLT8PIg90+v0ViZxCd0q7EVQTeW51IAZVK7tNOrt1MXrvV7TdDaJDfcr/hbAW9eXTno8PUvu9v95P3eRrHYLpWz3AD8LwmGpMyGOGqX3pqdRLgIYxIKrG0EvqZWCoakUNgvNp1FDeISutjIaAwR2lY6+K/PV50FSrhGw6XiAxG/T6QQWXsbhVkyArqwv71c/M9rODrfa6Uy1o4wFvkikgoHi6wwMisOeUcaJIL8cuQy5gIMEKGRHITIRJc1mfcR/P7+L6lvVoKdyvbxVrm6P2ymwJbZCltnAdtlVXbIjliNCXbHHtgje/LuvWfvxXv9jI54w5kl9gPe+we8p6Zo</latexit>

|Vub0 | ⇡ 0.041 (|Vub0 | � |Vub|)

A

B

C

A+B●●

●●

●●

●●

0.222 0.224 0.226 0.228 0.230

Vus



Down-type weak singlet
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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="461PntBsU0j71ciqia0VfSnZo3c="></latexit>

• Lnc =
g

cos ✓W
Zµ

⇥
T3(fL,R)�Q(f) sin2 ✓W

⇤
fL,R�µfL,R

<latexit sha1_base64="+sYMlXYs/Z2NVnHvcRy5nTrmJH8="></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⇥ 10�3

<latexit sha1_base64="CKhQesSSpL3XSeNF7DvO76H4mGw="></latexit>

Lnc � �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="xlmd48oNdZT1TQBntxnyAEEwA5g="></latexit>

V (d)
nc = V (d)†

L diag(1, 1, 1, 0)V (d)
L =

0

BB@

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

1

CCA+

0

BB@

�|VL4d|2 �V ⇤
L4dVL4s �V ⇤

L4dVL4b �V ⇤
L4dVL4b0

�V ⇤
L4sVL4d �|VL4s|2 �V ⇤

L4sVL4b �V ⇤
L4sVL4b0

�V ⇤
L4bVL4d �V ⇤

L4bVL4s �|VL4b|2 �V ⇤
L4bVL4b0

�V ⇤
L4b0VL4d �V ⇤

L4b0VL4s �V ⇤
L4b0VL4b |VL1b0 |2+|VL2b0 |2+|VL3b0 |2

1

CCA



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)



Down-type weak singlet
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q

W W

b0

c

u

u

c

Neutral D mesons mixing: FC 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>

0 1 2 3 4 5 6

10-6

10-5

10-4

Arg(VLDdVLDs* )
|V
LD
dV

LD
s

*
| ΔmK

KS->μ+μ-

KL->π0νν
KL->π0ee
ϵK
KL->μ+μ-

K+->π+νν

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

/ (Vub0V
⇤
cb0)

2M2
b0

<latexit sha1_base64="uF+RKr6hePdXbxRpFNgngsVxJZU="></latexit>

• Constraints become stronger for larger mass of the vector-like quarks



Down-type weak singlet
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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|

<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

Kaons

<latexit sha1_base64="8fj2wM2vV+xe5UtJxNZ49X67nUE="></latexit>

|Vub0 | < 0.042


1TeV

Mb0

�1/2
D mixing:

<latexit sha1_base64="DuCxlB24peakY81a+KGYioaT0+0="></latexit>

|Vub0V
⇤
cb0 | ⇡ |Vcd||Vub0 | . 4⇥ 10�4


1TeV

Mb0

�

<latexit sha1_base64="L4rd0EJ5mK5j6/6p6rL1truHao0="></latexit>

• |V ⇤
LDsVLDd| < 5⇥ 10�6 from K-mesons fc processes.

• |V ⇤
LDbVLDd| < 2⇥ 10�4 from B-mesons fc processes.

• |Vcb0 | ⇡ |� V ⇤
LDdVcd � V ⇤

LDsVcs � V ⇤
LDbVcb| ⇡ |VcdVub0 |

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

|Vub0 | ⇡ |VLDd| ⇡ |hd|vw/MD

|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="JdVTMRj8aNwH4buAJwRuVEivcmE=">AAACDXicbVC7TsNAEDzzDOYVoEI0JyIEVWSjCCgjaCiDRB5SYkXrY4ETZ/t0t0YgJ+IT+ApaqOgQLd9Awb9ghxS8phrN7Gp3JtRKWvK8d2dicmp6ZrY0584vLC4tl1dWWzZJjcCmSFRiOiFYVDLGJklS2NEGIQoVtsOro8JvX6OxMolP6VZjEMFFLM+lAMqlfnl90Opnabg9HPRAa5PccK/q1Xzuuv1yJacj8L/EH5MKG6PRL3/0zhKRRhiTUGBt1/c0BRkYkkLh0O2lFjWIK7jAbk5jiNAG2SjCkG+lFijhGg2Xio9E/L6RQWTtbRTmkxHQpf3tFeJ/Xjel84Mgk7FOCWNRHCKpcHTICiPzbpCfSYNEUHyOXMZcgAEiNJKDELmY5mUVffi/0/8lrd2qv1fdO6lV6ofjZkpsg22yHeazfVZnx6zBmkywO/bAHtmTc+88Oy/O69fohDPeWWM/4Lx9AnramhU=</latexit>

|Vub0 | ⇡ 0.041
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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="QS4e8GqkHKLYybYH1GyhS6/JCY8="></latexit>

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

• |Vub0 | ⇡ |VLDd| ⇡ |hd|vw/MD < 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.
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<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="+u/EYxSQGMwJxWp1TukoLhPN2NA="></latexit>

...+ zj qLj �̃UR +MUULUR + h.c.

<latexit sha1_base64="AiU4mIe5S9efORIFIb6yjgkZXiM="></latexit>

uLim
(u)
ij uRj + h.c. = (uL1, uL2, uL3, UL)

0

BB@

z1vw
Y(u)vw z2vw

z3vw
0 0 0 MU

1

CCA

0

BB@

uR1

uR2

uR3

UR

1

CCA+ h.c.

<latexit sha1_base64="jjI3U20IfvN/u8i+2JW2mUrDGr0="></latexit>

• V (u)†
L m(u)V (u)

R = m(u)
diag = diag(mu,mc,mt,Mt0)

<latexit sha1_base64="qlcKmRc6g0mIksDeolTctCoviLY=">AAACInicbVDJSgNBEO1xN25Rj14ag6AgYcb9IohePHhQMCokcajplLGxZ6G7WtAhf+En+BVe9eRNPAn6L/bEHNweFDzeq6KqXpQpacj337y+/oHBoeGR0dLY+MTkVHl65sSkVgusiVSl+iwCg0omWCNJCs8yjRBHCk+jq73CP71GbWSaHNNNhs0Y2om8kALISWG5ungb2uXbULiipfPj7VqYH9jOed5oQbvDnRs4Z8XVqnNLYbniV/0u+F8S9EiF9XAYlj8arVTYGBMSCoypB35GzRw0SaGwU2pYgxmIK2hj3dEEYjTNvPtXhy9YA5TyDDWXindF/D6RQ2zMTRy5zhjo0vz2CvE/r27pYquZyySzhIkoFpFU2F1khJYuMOQtqZEIisuRy4QL0ECEWnIQwonWJVjkEfz+/i85WakGG9X1o7XKzm4vmRE2x+bZIgvYJtth++yQ1Zhgd+yBPbIn79579l6816/WPq83M8t+wHv/BDVqomY=</latexit>

(zu, zc, zt)
T = U†

Lu(z1, z2, z3)
T

<latexit sha1_base64="FO2O/6LNb8nyikYVy67mjueojyA="></latexit>

|suRi| ⇡
yi|zi|v2w
M2

U

<latexit sha1_base64="HiELE94LNCSf6RK7jWMxod8uq/k=">AAACFHicbVC5TsNAFFyHO1wBSpoVERJVZCOuEkGDhJCCRA4pDtHz5iWssj60+4xAlls+ga+ghYoO0dJT8C/YJgXXVKOZd44XKWnItt+t0sTk1PTM7Fx5fmFxabmysto0YawFNkSoQt32wKCSATZIksJ2pBF8T2HLGx3nfusatZFhcEG3EXZ9GAZyIAVQJvUqPHGLIYnGfsqbPZfwhpLj07P00u3DMC33KlW7Zhfgf4kzJlU2Rr1X+XD7oYh9DEgoMKbj2BF1E9AkhcK07MYGIxAjGGInowH4aLpJcUTKN2MDFPIINZeKFyJ+70jAN+bW97JKH+jK/PZy8T+vE9PgoJvIIIoJA5EvIqmwWGSElllEyPtSIxHklyOXAReggQi15CBEJsZZZnkezu/v/5Lmds3Zq+2e71QPj8bJzLJ1tsG2mMP22SE7YXXWYILdsQf2yJ6se+vZerFev0pL1rhnjf2A9fYJ19ae2Q==</latexit>

V †
CKM

<latexit sha1_base64="u3atKGhDQtyGu442eQSnK+H8IT4="></latexit>0

BB@

uL

cL
tL
t0L

1

CCA= V (u)†
L

0

BB@

uL1

uL2

uL3

UL

1

CCA ,

<latexit sha1_base64="gPXpmWaOl5MCX9JzvlG83Wq2TLY="></latexit>

V (u)
L =

0

BB@

UL1u UL1c UL1t UL1t0

UL2u UL2c UL2t UL2t0

UL3u UL3c UL3t UL3t0

ULUu ULUc ULUt ULUt0

1

CCA⇡

0

BB@

0
ULu 0

0
0 0 0 1

1

CCA

0

BBB@

1 0 0 zuvw
MU

0 1 0 zcvw
MU

0 0 1 ztvw
MU

� z⇤
uvw
MU

� z⇤
c vw
MU

� z⇤
t vw
MU

1

1

CCCA

<latexit sha1_base64="0E8NtvEDw2rwk9wWp3OaU91V6VQ="></latexit>

|ULU↵| = suL↵ ⇡ |z↵|vw/MU
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<latexit sha1_base64="y2f0MFrfOSzOkQIh0/1pJM7hjhM=">AAADfXicbZLfb9MwEMeTFsYIP7bBIy8WbVkrTVUzaYyXSRN7QWJIQ6LdpKaLHOeaWUucYF8QJfKfxx/B38ArPIPzg3bruBefP+c7333tIIu5wtHoh91q37u/8WDzofPo8ZOnW9s7zyYqzSWDMUvjVF4EVEHMBYyRYwwXmQSaBDGcB9cnZfz8C0jFU/EJFxnMEhoJPueMokH+jn1JiBdAxEXBERL+DbTjlR7pEg95HEIx0X5x8v6DPnK8GObYb45TKelCF4wx7Uz8Ig/1q3JR9RJo4nklZzVnNWdLjjXHmuOK74aaVGhX/XMC0xOIsLnSkzy6wsHRsr3Lop8PvJBG2j+d+KdmGw600yV7RKRIcsGRygXprsbxEL5iNdOq Rpl/I7CqXhVs6q9D7Qn47CUUr4J54erusO5zqaTj+Nud0XBUGbnruI3TsRo7My+y4YUpyxMQyGKq1NQdZbhHDzKagZwZDZCzuHylXEFG2TWNYGpcQRNQs6L6EZr0ckUxJSaD8JhUEG5mFDRRapEY1Xtl92o9VsL/xaY5zt/MCi6yHEGw8iIjCVQXKSa5+WpAQi4BkZYTAOGCMCopIkhOKGMG5ubv3SoaUxEqZuabFRGkCaBc6FI5d12nu85kf+i+Hh583O8cv2003LReWC+tvuVah9ax9c46s8YWs7/bP+1f9u/Wn3avvdce1kdbdpPz3Lpl7cO/LRghaw==</latexit>

• ṼCKM =

0

BB@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

Vt0d Vt0s Vt0b

1

CCA = Ṽ (u)†
L V (d)

L , not unitary ṼCKMṼ †
CKM = Ṽ (u)†

L Ṽ (u)
L 6= 1.

<latexit sha1_base64="NHNsJZROPEKC/O3ZJYGmLEO8o5c="></latexit>

Lcc � � gp
2

�
uL cL tL t0L

�
�µ ṼCKM

0

@
dL
sL
bL

1

AW+
µ + h.c.

<latexit sha1_base64="i9xFZFIrFzfKr+wTQsiIz2NzfDo="></latexit>

�Lnc �
g

cos ✓W

2

664
1

2

�
uL cL tL t0L

�
�µ V (u)†

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

0

BB@

uL

cL
tL
t0L

1

CCA� 2

3
sin2 ✓W (uL�

µuL + uR�
µuR)

3

775Zµ

<latexit sha1_base64="M3RUP5xFddhO8la7qGe94d0v/PY="></latexit>

LH � (uL, cL, tL, t
0
L)V

(u)†
L

0

BB@

z1

Y
(u)
3⇥3

z2

z3

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="9E28qOiWydxjQu9uVQLaKMlzt8M="></latexit>

• Flavour changing couplings of quarks with Z boson and Higgs at tree level.

<latexit sha1_base64="Zpas9i2V3OpCOkkFUa2NrjPSHbg="></latexit>

• First row: |Vud|2 + |Vus|2 + |Vub|2 = 1� |ULUu|2 , |ULUu| ⇡ |hu|vw/Mt0 ⇡ 0.041 .
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q

W W

t0

s

d

d

s

Mt'=5 TeV
Mt'=5 TeV

ΔmK
ϵK

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

Mt0 = 1 TeV

<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 + ...

t0
'

t0

'

u

c

c

u
h⇤
c

hu

hu

h⇤
c

Z

c

u

u

c

V ⇤
LUuVLUc V ⇤

LUuVLUc

<latexit sha1_base64="v+8IINYJBegyUeJp5SEHQUhCV8c="></latexit>

MD
12,NP ⇡ 1

3
f2
DMD0

GFp
2
(U⇤

LUuULUc)
2
h
1 +

⇣ Mt0

3.1TeV

⌘2i

<latexit sha1_base64="f813iW3f34+idDnHwTUyqTPxl0k="></latexit>

Vt0b ⇡ �ULUt ⇡ z⇤t vw/MU
<latexit sha1_base64="uPVEBCV0ev5oJe9P3TjJmEghS28="></latexit>

Vt0d ⇡ �ULUu ⇡ h⇤
uvw/Mt0 ,

<latexit sha1_base64="+z5hY1oB0YLZIft6w/xj6TEokto="></latexit>

Vt0s = �ULUuVus � ULUcVcs � ULUtVts

<latexit sha1_base64="AkY72Dr45eb9ev0Ouc8aEb1hR9Q="></latexit>

(Vt0dVt0s) , (Vt0dV
⇤
t0b)

<latexit sha1_base64="ReXWKYatpx67rHpqUhXLFH26mCM="></latexit>

• Constraints from K and B mesons mixing

<latexit sha1_base64="C8wrKG6MZjRgLKopBeiBmHKHePg="></latexit>

• Constraints from D mesons mixing
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|Vt' s|≠|Vt' dVus-VL4cVcs+Vt' bVts|

K0-K0

D0-D0

Mt'=2.5 TeV

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

Mt0 = 1 TeV <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

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

Mt0 = 2 TeV

<latexit sha1_base64="qgptmz3fEWEC/YsxnpBuuUk5Yts=">AAACBXicbVC7TsNAEDyHVwgvB0qaEwmCKrKDeDRIETQ0SEHKS0qs6HzZhFPOD92tQZGVmq+ghYoO0fIdFPwLtkkBgalGM7va2XFDKTRa1oeRW1hcWl7JrxbW1jc2t8zidksHkeLQ5IEMVMdlGqTwoYkCJXRCBcxzJbTd8WXqt+9AaRH4DZyE4Hhs5Iuh4AwTqW8Wy9f9GA+m53blqEwb0Cr0zZJVsTLQv8SekRKZod43P3uDgEce+Mgl07prWyE6MVMouIRpoRdpCBkfsxF0E+ozD7QTZ9GndD/SDAMagqJC0kyEnxsx87SeeG4y6TG81fNeKv7ndSMcnjmx8MMIwefpIRQSskOaK5F0AnQgFCCyNDlQ4VPOFEMEJSjjPBGjpKS0D3v++7+kVa3YJ5Xjm2qpdjFrJk92yR45JDY5JTVyReqkSTi5J4/kiTwbD8aL8Wq8fY/mjNnODvkF4/0L2lWWcQ==</latexit>

Mt0 = 1.3 TeV

<latexit sha1_base64="IDkfv/08kxFOFK8dmXw/HCtd79Q=">AAAB+XicbVC7TsNAEFzzDOEVoKQ5ESGFJrIRrwYpgoYySOQhJVF0vmzCKeeH7tZIwcpH0EJFh2j5Ggr+Bdu4gISpRjO72tlxQyUN2fantbC4tLyyWlgrrm9sbm2XdnabJoi0wIYIVKDbLjeopI8NkqSwHWrknquw5Y6vU7/1gNrIwL+jSYg9j498OZSCUyK1Ko99urSP+qWyXbUzsHni5KQMOer90ld3EIjIQ5+E4sZ0HDukXsw1SaFwWuxGBkMuxnyEnYT63EPTi7O4U3YYGU4BC1EzqVgm4u+NmHvGTDw3mfQ43ZtZLxX/8zoRDS96sfTDiNAX6SGSCrNDRmiZ9IBsIDUS8TQ5MukzwTUnQi0ZFyIRo6SYYtKHM/v9PGkeV52z6untSbl2lTdTgH04gAo4cA41uIE6NEDAGJ7gGV6s2Hq13qz3n9EFK9/Zgz+wPr4B4p+TWg==</latexit>

(zt = 0)

<latexit sha1_base64="lNeZXAuqYNUBaBLATtEgZeY5CMA=">AAACI3icbVC7TgMxEPSFVwhvKGksIiQKFN0hXiWChoIiSByJlJyiPWcTrPh8J3sPKTrlI2ih5mvoEA0F/4ITUvCaajSz4/VOnClpyfffvdLM7Nz8QnmxsrS8srq2vrF5a9PcCAxFqlLTjMGikhpDkqSwmRmEJFbYiAcXY79xj8bKVN/QMMMogb6WPSmAnNQIO8VVKEad9apf8yfgf0kwJVU2Rb2z4c23u6nIE9QkFFjbCvyM9uEogwxNVIAhKRSOKu3cYgZiAH1sOaohQRsVk3+P+G5ugVLuElwqPhHxe6KAxNphErvJBOjO/vbG4n9eK6feaVRIneWEWowXkVQ4WWSFka4Q5F1pkAjGFyCXmgswQIRGchDCiblr6MejCnTXCndfVPQxTZDMcFRxzQW/e/pLbg9qwXHt6PqwenY+7bDMttkO22MBO2Fn7JLVWcgEG7AH9sievGfvxXv13r5GS940s8V+wPv4BOEDpBw=</latexit>

ULUc

<latexit sha1_base64="ZUpiwBSCZ9YZ7GWwjbzhdN5bBdg="></latexit>

|Vt0s| = |� ULUuVus � ULUcVcs � ULUtVts|

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

�mK
<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

<latexit sha1_base64="bnvMEm38Lod7uQVHEXzQE2b1Epg="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 = 1� |ULUu|2 , |Vt0d| ⇡ |ULUu| ⇡ |hu|vw/Mt0 ⇡ 0.041
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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 unitarity
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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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××
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Vus
V u

d
××
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0.9750

0.220 0.222 0.224 0.226 0.228

0.9730
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0.9750

Vus

V u
d

�µ = 7.6 · 10�4

vF = 6.3TeV

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

Flavour gauge bosons can be as light as few TeV !
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trying to explain both the gaps…

A

B

CA+B ●●

●●

●●

●●

0.222 0.224 0.226 0.228 0.230

FLAG '21

FLAG '21 +
Seng et al. '22

Seng '18

Vus

β-decays
0+-0+ + free

Kl3

Kμ2

<latexit sha1_base64="cR21xLt/CkyKdRUejTMpD4lx7tA="></latexit>

• Vector-like SU(2)-doublet: QL,R =

✓
T
B

◆

L,R
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<latexit sha1_base64="cR21xLt/CkyKdRUejTMpD4lx7tA="></latexit>

• Vector-like SU(2)-doublet: QL,R =

✓
T
B

◆

L,R

<latexit sha1_base64="94w7R8S3JGq4k1ayTi/Kh7dmfGk="></latexit>

U†
dLm

(d)UdR = m(d)
diag , U†

uLm
(u)UuR = m(u)

diag

<latexit sha1_base64="aD4cmVL+/gd1pJFx0UC06XoWxII="></latexit>

• Ud,uL,R are unitary 4⇥ 4 matrices:
<latexit sha1_base64="P3LiN7pa83OZvao/xyXVHtDPo5E="></latexit>0

BB@

dR1

dR2

dR3

BR

1

CCA = UdR

0

BB@

dR
sR
bR
B0

R

1

CCA ,

<latexit sha1_base64="LaTrB3soMMHEBXtsRU/iZkQrsM0="></latexit>0

BB@

uR1

uR2

uR3

TR

1

CCA = UuR

0

BB@

uR

cR
tR
T 0
R

1

CCA

<latexit sha1_base64="EbmvDpK9gVXfIeTln8TrWWGok3E="></latexit>

LY � ...+ hui QL'̃uRi + hdi QL'dRi +MQQLQR + h.c.

<latexit sha1_base64="apgssU2TsnIubarOLRI36fJnrF0="></latexit>

UdL =

0

BB@

UL1d UL1s UL1b UL1B0

UL2d UL2s UL2b UL2B0

UL3d UL3s UL3b UL3B0

ULBd ULBs ULBb ULBB0

1

CCA⇡

0

BB@

0
ÛdL 0

0
0 0 0 1

1

CCA , UuL ⇡

0

BBBB@

1 0 0 0
0 1 0 0

0 0 1 yth
⇤
t v

2
W

M2
Q

0 0 �ythtv
2
W

M2
Q

1

1

CCCCA

<latexit sha1_base64="uxy4Lz0DYhpn/aKe6+E9aBdz8EM="></latexit>

su,dLi ⇡ yi|hi|v2w
M2

Q

<latexit sha1_base64="u9gFlAb1iKXmOtzGh15j5+4N5Zg="></latexit>

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

�
dL1 dL2 dL3 BL

�

0

BB@

0
Ydvw 0

0
hd1vw hd2vw hd3vw MQ

1

CCA

0

BB@

dR1

dR2

dR3

BR

1

CCA+ h.c.

<latexit sha1_base64="jeGRICm8wJDyEfDilCj8OVjJ6xM="></latexit>

Basis in which the up Yukawa submatrix Û †
uLYuÛuR is diagonal (hu, hc, ht) = (hu1, hu2, hu3) ÛuR
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<latexit sha1_base64="cR21xLt/CkyKdRUejTMpD4lx7tA="></latexit>

• Vector-like SU(2)-doublet: QL,R =

✓
T
B

◆

L,R

<latexit sha1_base64="94w7R8S3JGq4k1ayTi/Kh7dmfGk="></latexit>

U†
dLm

(d)UdR = m(d)
diag , U†

uLm
(u)UuR = m(u)

diag

<latexit sha1_base64="P3LiN7pa83OZvao/xyXVHtDPo5E="></latexit>0

BB@

dR1

dR2

dR3

BR

1

CCA = UdR

0

BB@

dR
sR
bR
B0

R

1

CCA ,

<latexit sha1_base64="LaTrB3soMMHEBXtsRU/iZkQrsM0="></latexit>0

BB@

uR1

uR2

uR3

TR

1

CCA = UuR

0

BB@

uR

cR
tR
T 0
R

1

CCA

<latexit sha1_base64="EbmvDpK9gVXfIeTln8TrWWGok3E="></latexit>

LY � ...+ hui QL'̃uRi + hdi QL'dRi +MQQLQR + h.c.

<latexit sha1_base64="VvEt9Q/kM2TU2T5+t1+dnzCB7v0="></latexit>

UdR =

0

BB@

UR 1d UR 1s UR 1b UR 1B0

UR 2d UR 2s UR 2b UR 2B0

UR 3d UR 3s UR 3b UR 3B0

URBd URBs URBb URBB0

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

⇣ v2w
M2

Q

⌘ <latexit sha1_base64="cNAdmB/IEquDfCuL8WjtP0KfYPU="></latexit>

URB↵ ⇡ �h↵vw/MQ

URT↵ ⇡ �h↵vw/MQ

<latexit sha1_base64="1R/bG6oWUIoFRNxv9iq/XNcYVrU=">AAACJ3icbVC7SgNBFJ31bXxFLW0Gg2AVdiM+sBJtbIQI5gFJCLOTm3hxdnaZuSvo4of4CX6FrVZ2ooWFf+JsDOLrVIdzz32dMFFoyfdfvbHxicmp6ZnZwtz8wuJScXmlbuPUSKjJWMWmGQoLCjXUCElBMzEgolBBI7w4yuuNSzAWY31GVwl0IjHQ2EcpyEnd4lY7hAHqDAkivIabQjtn/ERYy607gAj1YL/QBt378nSLJb/sD8H/kmBESmyEarf41u7FMo1Ak1RucivwE+pkwhBKle9MLSRCXogBtBzVIgLbyYbP3fCN1AqKeQKGo+JDEb53ZCKy9ioKnTMSdG5/13Lxv1orpf5eJ0OdpARa5osIFQwXWWnQpQa8hwaIRH45cNRcCiOIwCAXUjoxdTEWXB7B7+//knqlHOyUt08rpYPDUTIzbI2ts00WsF12wI5ZldWYZLfsnj2wR+/Oe/KevZdP65g36lllP+C9fwBx9acT</latexit>

• Mass splitting:

<latexit sha1_base64="ZCT7meQBWPk8dmbi9N58T+0JrWU="></latexit>

M2
T 0

M2
Q

= 1 + (h2
t + h2

c + h2
u)

v2w
M2

Q

+O

⇣ v4w
M4

Q

⌘
,

M2
B0

M2
Q

= 1 + (h2
d + h2

s + h2
b)

v2w
M2

Q

+O

⇣ v4w
M4

Q

⌘

<latexit sha1_base64="7j4fHZA47kokcYzn9kKN7StD3iE="></latexit>

Basis in which Û†
dRY

†
d YdÛdR is diagonal (hd, hs, hb) = (hd1, hd2, hd3) ÛdR
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<latexit sha1_base64="h167pwBSe+cWryUZQBHAgOkh7kc="></latexit>

• The charged-current Lagrangian is:
<latexit sha1_base64="v0csP40B8al0TmzNLpJIPDT/47g="></latexit>

�Lcc �
gp
2

4X

i=1

(uLi�
µdLi)W

+
µ +

gp
2
TR�

µBRW
+
µ + h.c. =

=
gp
2

�
uL cL tL T 0

L

�
�µVL

0

BB@

dL
sL
bL
B0

L

1

CCAW+
µ +

gp
2

�
uR cR tR t0R

�
�µVR

0

BB@

dR
sR
bR
b0R

1

CCAW+
µ + h.c.

<latexit sha1_base64="nR9cji3KCXO4lEsxA5cmmnaYs4A="></latexit>

• VL = U
†
uLUdL is a 4⇥ 4 unitary matrix.

• Weak charged RH currents with mixing VR .

<latexit sha1_base64="YMXjy0x49XaGX2DXkeGbhsNyxwM="></latexit>

URB↵ , URT↵ ⇡ �h↵vw/MQ

<latexit sha1_base64="MOMXawoGMQpj1NZdgjlVB254Or8="></latexit>

VR = U†
uR diag(0, 0, 0, 1)UdR =

0

BB@

U⇤
RTuURBd U⇤

RTuURBs U⇤
RTuURBb U⇤

RTuURBB0

U⇤
RTcURBd U⇤

RTcURBs U⇤
RTcURBb U⇤

RTcURBB0

U⇤
RTtURBd U⇤

RTtURBs U⇤
RTtURBb U⇤

RTtURBB0

U⇤
RTT 0URBd U⇤

RTT 0URBs U⇤
RTT 0URBb U⇤

RTT 0URBB0

1

CCA
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<latexit sha1_base64="ThzqVnOtkCpXvObxrtFvBO7D+W4="></latexit>

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

<latexit sha1_base64="d/eISXdxLQkevYgjtVX0wrnC900="></latexit>

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

semileptonic K`3 decay A : |VLus + VRus| = 0.22308(55)

leptonic Kµ2 decay B :
|VLus � VRus|
|VLud � VRud|

= 0.23131(51)

�-decays C : |VLud + VRud| = 0.97372(26)

<latexit sha1_base64="S2oUY76TjSjr1Fu6FmClDJMauy4="></latexit>

Lcc � � g

2
p
2
W+

µ (u c t)
⇥
�µ(V̂L + V̂R)� �µ�5(V̂L � V̂R)

⇤
0

@
d
s
b

1

A

<latexit sha1_base64="XEOJvOj9PQcEshHANvv6CzWHhVo="></latexit>

• Weak interaction of SM quarks with the W -boson loses its pure V �A character

<latexit sha1_base64="j//BLlSLA7aOkM/T9NDok1u/LUs="></latexit>

• VRud = U⇤
RTuURBd , VRus = U⇤

RTuURBs
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<latexit sha1_base64="SmQ30HBKv8dLjDJZ7Q8gyXaB5CY="></latexit>

• Needed values:

VRud = U⇤
RTuURBd = �0.78(27)⇥ 10�3 , VRus = U⇤

RTuURBs = �1.26(38)⇥ 10�3

with VLus = 0.22434(36)

VusA VLus VusB VusC

β-decaysKℓ3 Kμ2

VRus ~VRus

~VRud/VLus

0.222 0.223 0.224 0.225 0.226 0.227 0.228 0.229
0.9720

0.9725
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0.9735

0.9740

0.9745

0.9750

|Vus|

|V
ud
|

VRus
~VRus

VRud

A: Kℓ3
B: _

πμ2
Kμ2

C: β-decays
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Q

'

Q

'

dRi

dRj

dRk

dRm

dRj QL QR QR QL dRi

Z

MQ MQ

' '

t
W

t0

W

dL

sL

sR

dR

<latexit sha1_base64="fkjfft3lEZLbhZhIjdwdMUCGkUk="></latexit>

LH � 1p
2
H

�
dL sL bL B0

L

�
U

†
dL

✓
Yd 0
hd 0

◆
UdR

0

BB@

dR

sR

bR

B
0
R

1

CCA

<latexit sha1_base64="gioFJzXyS3xO+11G+WDx1I8vwfw="></latexit>

�Lfcnc =
1

2

g

cos ✓W
Zµ

⇣
uR cR tR T 0

R

⌘
�µU†

uRdiag(0, 0, 0, 1)UuR

0

BB@

uR

cR
tR
T 0
R

1

CCA+

� 1

2

g

cos ✓W
Zµ

⇣
dR sR bR B0

R

⌘
�µU †

dRdiag(0, 0, 0, 1)UdR

0

BB@

dR
sR
bR
b0R

1

CCA

<latexit sha1_base64="HZsqSU3jPnvWstdiIsGigUpEkJ4=">AAACGnicbVC7TsNAEDyHVwivACXNiQgEFJEd8SoRNDRIgEiIlId1vmzCKWf7dLdGQpb/gE/gK2ihokO0NBT8C7ZJAYSpRjO72tnxlBQGbfvDKkxMTk3PFGdLc/MLi0vl5ZWGCSPNoc5DGeqmxwxIEUAdBUpoKg3M9yRce8OTzL++BW1EGFzhnYKOzwaB6AvOMJXc8mZb6VBhSLfqbnx53Eu6OzRnJtnu1uiZG18k3VrJLVfsqp2DjhNnRCpkhHO3/NnuhTzyIUAumTEtx1bYiZlGwSUkpXZkQDE+ZANopTRgPphOnP+T0I3IsDSSAk2FpLkIPzdi5htz53vppM/wxvz1MvE/rxVh/7ATi0BFCAHPDqGQkB8yXIu0KKA9oQGRZcmBioByphkiaEEZ56kYpc1lfTh/vx8njVrV2a/uXexWjo5HzRTJGlknW8QhB+SInJJzUiec3JNH8kSerQfrxXq13r5HC9ZoZ5X8gvX+BWRon2U=</latexit>

/ (U⇤
RBdURBs)

2M2
Q

<latexit sha1_base64="wFRyuuoQm/VTF7ywKlQVX5N3h20="></latexit>

MK
12,NP ⇡1

3
mK0f2

K 0.43

⇢
GFp
2
(U⇤

RBdURBs)
2 +

G2
F

4⇡2


1

2
M2

Q(U
⇤
RBdURBs)

2+

� 3.1
m2

K0

(md +ms)2
(U⇤

RBdURBs) (V
⇤
LtdVLts)

m2
t

4
log

⇣M2
Q

m2
W

⌘��

and loop level:

<latexit sha1_base64="1SYR/5saPKtmlB4OBfTcJIhC8I4="></latexit>

• However also in this scenario FCNC at tree (and loop) level and constraints from Z-boson physics and EW observables.

(in kaons mixing)
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<latexit sha1_base64="vbJ4rOar8zpWtqKMdNKsYY/8JEs=">AAACHnicbZDLSsNAFIYn9V5vVZduBlvBVUkKXjZC0Y0bwUJbhVjKyfRYh04mYeZEKKG+hVv1adyJW30ZMa1ZWPWsfv7/3PiCWElLrvvhFGZm5+YXFpeKyyura+uljc22jRIjsCUiFZmrACwqqbFFkhRexQYhDBReBoPTcX55h8bKSDdpGGMnhL6WN1IAZZZfOe82jmuV+ya2u6WyW3Unxf8KLxdlltdFt/R53YtEEqImocBa33Nj6qRgSAqFo+J1YjEGMYA++pnUEKLtpJOXR3w3sUARj9FwqfjExJ8TKYTWDsMg6wyBbu3vbGz+l/kJ3Rx1UqnjhFCL8SGSCieHrDAyY4G8Jw0Swfhz5FJzAQaI0EgOQmRmksGZWqpA96yADF/axyhEMsNRMQPm/cbzV7RrVe+gut+olesnObpFts122B7z2CGrszN2wVpMsIg9sEf25Dw7L86r8/bdWnDymS02Vc77F/siosI=</latexit>

MQ = 2 TeV

<latexit sha1_base64="IkGzIXGGEX30gX+D7n08egJ3ob8="></latexit>

|U⇤
RBdURBb| ⇡ |h⇤

dhb|v2w/M2
Q < (0.4—1.7)⇥ 10�4

<latexit sha1_base64="9YDbYPU3yjy4k1h7SBo2mNarX5c="></latexit>

|U⇤
RTuURTc| ⇡ |h⇤

uhc|v2w/M2
Q < 1.0⇥ 10�4

<latexit sha1_base64="1N9XQEQdqhNC6vcWle9GZEPqjhg="></latexit>

• Constraints become more stringent for larger values of the mass of the extra doublet. Assuming MQ = 2 TeV:

0 1 2 3 4 5 610-7

10-6

10-5

10-4

Arg(URBdURBs* )

|U
RB
dU

RB
s

*
| ΔmK

KS-> μ+ μ-

KL->π0νν
KL->π0ee
ϵK
KL-> μ+ μ-

K+->π+νν

K mixing and fc decays:

B mixing and fc decays:

<latexit sha1_base64="N1s5Hgv2ZvuZVdfy7wSWRM+CD2g="></latexit>

|U⇤
RBsURBb| ⇡ |h⇤

shb|v2w/M2
Q < 8⇥ 10�7—6.4⇥ 10�4

D mixing:

<latexit sha1_base64="JL6BDii8iZlPhmi92vlV8+h0zV0="></latexit>

|U⇤
RBsURBd| ⇡ |h⇤

shd|v2w/M2
Q . (0.6 — 5.2)⇥ 10�6
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<latexit sha1_base64="wtgPVT3EJ03yS6n/tHVH3gUVbhY="></latexit>

|U⇤
RBsURBd| . 5.2⇥ 10�6

<latexit sha1_base64="XyDYdlktykWlPMO6UCh7mgvbLF8="></latexit>

VRus = U⇤
RTuURBs = �1.26(38)⇥ 10�3

<latexit sha1_base64="uLHhTBF+RE3yKHfJLBNtTNM+Hts="></latexit>

|URTu|2U⇤
RBsURBd ⇡ 1.0⇥ 10�6

<latexit sha1_base64="3EH6dYIQFloPM3KSb7/fFuwm6Gc="></latexit>

VRud = U⇤
RTuURBd = �0.78(27)⇥ 10�3

Explanation of CAA1 and CAA2:

<latexit sha1_base64="CfN95zQ5c7+VZSJg254XzoGH1QU="></latexit>

|URTu|2 + |URTc|2 +
1

2

�
|URBd|2 + |URBs|2 + |URBb|2

�
. 5⇥ 10�3

<latexit sha1_base64="gwI1yMsGjRREDvwDZ12nE08+G9A="></latexit>

�(Z)� �(Z)SM ⇡ GFM3
Zp

2⇡


�2

3
sin2 ✓W

�
|URTu|2 + |URTc|2

�
� 1

3
sin2 ✓W

�
|URBd|2 + |URBs|2 + |URBb|2

��
Constraints from Z-boson physics and EW observables, e.g.

kaon flavor changing processes:

<latexit sha1_base64="fXO/niZMUv+zCAmaxFeiBqtz3Us="></latexit>

|VRud| = |U⇤
RTuURBd| =

|URTu|2|U⇤
RBsURBd|

|U⇤
RTuURBs|

. 5⇥ 10�3 ⇥ 5⇥ 10�6

10�3
⇡ 2.5⇥ 10�5 ⌧ 10�3
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<latexit sha1_base64="+zw3OMre6mwOhzB8KAHDZFRcebE="></latexit>

VRus = U⇤
RTuURBs = �1.26(38)⇥ 10�3 , VRud = U⇤

RTuURBd = �0.78(27)⇥ 10�3

<latexit sha1_base64="YMXjy0x49XaGX2DXkeGbhsNyxwM="></latexit>

URB↵ , URT↵ ⇡ �h↵vw/MQ

<latexit sha1_base64="V6ZX1+Pm35eP5TaXibrkY/qTbN4="></latexit>

• One weak doublet of quarks cannot explain both the Cabibbo angle anomalies (CAA1 and CAA2) alone.

0 1 2 3 4 5 610-7

10-6

10-5

10-4

Arg(VLud* VLus zd zs*)

|z
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z s*
|

v2 M
Q
2

CAA1+CAA2 with 1 doublet

MQ = 2 TeV

ΔmK
KS-> μ+ μ-

KL->π0νν
KL->π0ee
ϵK
KL-> μ+ μ-

K+->π+νν
ϵ '

Arg(URBdU*RBs)

URBdU*RBs



CAA: vector-like weak doublet

33
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URTu≈-huvW/MQ
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RB
d≈

-
h d
v W
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Q

CAA1
Z→hadrQW(Cs)
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-0.08

-0.06
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URTu≈-huvW/MQ

U
RB
s≈

-
h s
v W

/M
Q

CAA2

Z→hadr

QW(Cs)

QW(p)

VRud = U*R TuUR Bd = − 0.68(27) × 10−3 VRus = U*R TuUR Bs = − 1.13(37) × 10−3

<latexit sha1_base64="Syov2wyeLMDdW6o7jSy+6fk/N4k=">AAACG3icbVC7TgJBFJ3FF+ILtbSZCEZMDNmlQEuQxhITeSRANrPDBSbMPjJz10g2+Ad+gl9hq5WdsbWw8F/cRQpFT3XuOffm3nucQAqNpvlhpJaWV1bX0uuZjc2t7Z3s7l5T+6Hi0OC+9FXbYRqk8KCBAiW0AwXMdSS0nHEt8Vs3oLTwvWucBNBz2dATA8EZxpKdPbaKtItwi84gqlWrFi3kuy7DUVyO7PD0bmT3p/mTKbWzObNozkD/EmtOcmSOup397PZ9HrrgIZdM645lBtiLmELBJUwz3VBDwPiYDaETU4+5oHvR7KEpPQo1Q58GoKiQdCbCz4mIuVpPXCfuTI7Vi14i/ud1Qhyc9yLhBSGCx5NFKCTMFmmuRJwU0L5QgMiSy4EKj3KmGCIoQRnnsRjG0WXiPKzF7/+SZqlolYvlq1KucjFPJk0OyCEpEIuckQq5JHXSIJzck0fyRJ6NB+PFeDXevltTxnxmn/yC8f4FCzmfxQ==</latexit>

1. CAA1 (hu, hd)
<latexit sha1_base64="iynL2bEMdOSqkXfcUUhZSimYD8E=">AAACG3icbVC7TgJBFJ3FF+ILtbSZCEZMDNmlQEuQxhITeSRANrPDBSbMPjJz10g2+Ad+gl9hq5WdsbWw8F/cRQpFT3XuOffm3nucQAqNpvlhpJaWV1bX0uuZjc2t7Z3s7l5T+6Hi0OC+9FXbYRqk8KCBAiW0AwXMdSS0nHEt8Vs3oLTwvWucBNBz2dATA8EZxpKdPS4VaRfhFp1BVKtWS7SQ77oMR3E5ssPTu5Gtp/mTKbWzObNozkD/EmtOcmSOup397PZ9HrrgIZdM645lBtiLmELBJUwz3VBDwPiYDaETU4+5oHvR7KEpPQo1Q58GoKiQdCbCz4mIuVpPXCfuTI7Vi14i/ud1Qhyc9yLhBSGCx5NFKCTMFmmuRJwU0L5QgMiSy4EKj3KmGCIoQRnnsRjG0WXiPKzF7/+SZqlolYvlq1KucjFPJk0OyCEpEIuckQq5JHXSIJzck0fyRJ6NB+PFeDXevltTxnxmn/yC8f4FJkGf1g==</latexit>

2. CAA2 (hu, hs)
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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="nqej5BWWNkm8RClsihlrHhriwwU=">AAACInicbVDLSgNBEJz1bXxFPXoZjIKnsCui4inoxaOCUTEJoXfSxsbZ2WWmV4iLf+En+BVe9eRNPAn6L+7GIL7qVFR1U90VJpoc+/6rNzQ8Mjo2PjFZmpqemZ0rzy8cuzi1Cusq1rE9DcGhJoN1JtZ4mliEKNR4El7uFf7JFVpHsTniXoKtCLqGzkkB51K7XG2G2CWTEWNE13hTahZMrpytyA4q6O2Ummg6X3a7XPGrfh/yLwkGpCIGOGiX35udWKURGlYanGsEfsKtDCyT0kVc6jABdQldbOTUQISulfX/upGrqQOOZYJWkpZ9Eb9vZBA514vCfDICvnC/vUL8z2ukfL7dysgkKaNRRRCTxn6QU5bywlB2yCIzFJejJCMVWGBGSxKUysU0b7CU9xH8/v4vOV6vBpvVjcP1Sm130MyEWBLLYk0EYkvUxL44EHWhxK24Fw/i0bvznrxn7+VzdMgb7CyKH/DePgDvL6QW</latexit>

• Z decay:

<latexit sha1_base64="Bt8r+FsRt+f+qVZFVdKC8kqZ84k="></latexit>

U⇤
R 5uUR 5s = �1.26(38)⇥ 10�3 , U⇤

R 4uUR 4d = �0.78(27)⇥ 10�3

<latexit sha1_base64="LGNHTGhjIt7S10VNRFcpf9lGA5c="></latexit>

|UR4u|2 + |UR5u|2 + 0.50(|UR4d|2 + |UR5s|2) . 5⇥ 10�3
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Vector-like doublets of quarks and CP violation
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•We extend the SM by adding N vector-like quarks isodoublets

• Prior to electroweak symmetry breaking
<latexit sha1_base64="FwwcLWYlfod5NBlt/cW8SbE1avc="></latexit>

�LY = (Yu)ij q0Li �̃u0
Rj + (Yd)ij q0Li � d0Rj + h.c.

+ (Zu)↵j Q0
L↵ �̃u0

Rj + (Zd)↵j Q0
L↵ � d0Rj + h.c.

+
�
M̄

�
i�

q0Li Q
0
R� + (MQ)↵� Q0

L↵ Q0
R� + h.c.

• Collecting all LH SU(2) doublets in a single 3+N-dimensional flavour vector
<latexit sha1_base64="DE+J9nvS4nMRK7r3W0DmfhWxLpM="></latexit>

Q0
L =

✓
q0L
Q0

L

◆
<latexit sha1_base64="nCSfLi/6hxYccE4UoUsLmr8gTr0="></latexit>

�LY = Q0
L �̃Yu u

0
R + Q0

L �Yd d
0
R + Q0

L M Q0
R + h.c.

<latexit sha1_base64="yyDjZFmrOlK9MeOjjBxmFOmbKqQ="></latexit>

Q0
L↵ =

✓
U0
L↵

D0
L↵

◆
, Q0

R↵ =

✓
U0
R↵

D0
R↵

◆
(↵ = 1, .., N)

SM

NP}
}
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•We extend the SM by adding N vector-like quarks isodoublets
<latexit sha1_base64="yyDjZFmrOlK9MeOjjBxmFOmbKqQ="></latexit>

Q0
L↵ =

✓
U0
L↵

D0
L↵

◆
, Q0

R↵ =

✓
U0
R↵

D0
R↵

◆
(↵ = 1, .., N)

<latexit sha1_base64="t96WcspLiQ0UnydmUsbhL4GHbUg="></latexit>

�Lm =
⇣

u0
L U0

L

⌘ vw Yu M̄

vw Zu MQ

! 
u0
R

U0
R

!
+
⇣

d0L D0
L

⌘ vw Yd M̄

vw Zd MQ

! 
d0R

D0
R

!
+ h.c.

⌘ U0
LMuU0

R + D0
LMdD0

R + h.c.

• After electroweak symmetry breaking one obtains the tree level mass terms

• Given that the 3+N species of LH doublets have identical quantum numbers, one can consider a basis in field 

space where  vanishes and  is real and diagonal M̄ MQ Mq → DQ

•Mass basis
<latexit sha1_base64="FKo8vLAGYZ4F9iCCWqwokAoQPtA="></latexit>

U0
L,R = UuL,R UL,R = UuL,R

 
uL,R

UL,R

!
, D0

L,R = UdL,R DL,R = UdL,R

 
dL,R

DL,R

!

Vector-like quark isodoublets
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EW interactions with vector-like quark isodoublets
• Charged current weak interactions

<latexit sha1_base64="dhjhwNqF3aPrDHQH/vJGxjDq0NI="></latexit>

LW = � gp
2
W+

µ

h
U0
L �µ D0

L + U0
R �µ D0

R

i
+ h.c.

= � gp
2
W+

µ

⇥
UL �µ VL DL + UR �µ VR DR

⇤
+ h.c.

• (3+N)-dimensional unitary matrix , and (3+N)-dimensional RH current matrix VL VR

<latexit sha1_base64="TERAAKky14j4DsixlVOpB5c4O9o="></latexit>

VL = U†
uLUdL

<latexit sha1_base64="DXndIViPn9LHMT0Tar1wzYA40QY="></latexit>

VR = U†
uR diag

�
0, 0, 0, 1, ..., 1

�
UdR

Flavor basis}

Mass basis}

RH charged current mixing matrix

LH charged current UNITARY mixing matrix
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• Neutral current weak interactions

• (3+N)-dimensional hermitian matrices

• Higgs interactions

<latexit sha1_base64="uEF58ZcdJ/IV903tgEjfgToOl4M="></latexit>

LZ = � g

2cW
Zµ

h
U0
L �µ U0

L �D0
L �µ D0

L + U0
R �µ U0

R �D0
R �µ D0

R � 2s2WJµ
em

i

= � g

2cW
Zµ

⇥
UL �µ UL �DL �µ DL + UR �µ Fu UR �DR �µ Fd DR � 2s2WJµ

em

⇤

<latexit sha1_base64="cBTTojDegPbuSPYQxSHHtFj3fMw="></latexit>

Fd = V †
R VR = U †

dR diag
�
0, 0, 0, 1, ..., 1

�
UdR

<latexit sha1_base64="pl7/jUyaKn19/eTTekU+BYOo6+s="></latexit>

Fu = VR V †
R = U†

uR diag
�
0, 0, 0, 1, ..., 1

�
UuR

<latexit sha1_base64="eLOyO3e7Vw8FAQ7lGanPytbFpBY="></latexit>

Lh = � hp
2

"
U0
L

 
Yu 0

ZU 0

!
U0
R +D0

L

 
Yd 0

Zd 0

!
D0

R

#
+ h.c.

= � hp
2


UL

Du

vw
(1� Fu) UR +DL

Dd

vw
(1� Fd) DR

�
+ h.c.

EW interactions with vector-like quark isodoublets

Flavor basis}

Mass basis}

non-negligible couplings between RH light states and LH heavy states, while heavy-light transitions of the opposite chirality 
are generically suppressed by small SM Yukawas
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• Underlying symmetries give choices of weak basis and redundancy of parameters 

•Weak basis are connected by weak basis transformations which keep the kinetic terms invariant, i.e. do not 

modify the form of the EW gauge interactions.


• Any two sets of Yukawa and mass matrices related by a WBT represent the same physical system.

<latexit sha1_base64="t96WcspLiQ0UnydmUsbhL4GHbUg="></latexit>

�Lm =
⇣

u0
L U0

L

⌘ vw Yu M̄

vw Zu MQ

! 
u0
R

U0
R

!
+
⇣

d0L D0
L

⌘ vw Yd M̄

vw Zd MQ

! 
d0R

D0
R

!
+ h.c.

⌘ U0
LMuU0

R + D0
LMdD0

R + h.c.

• After electroweak symmetry breaking one obtains the tree level mass terms

<latexit sha1_base64="Q6DZPtjOuSZPtRpA5Yg9e4ySCcs="></latexit>

U0
L ! WL U0

L , u0
R ! Wu

R u0
R , U0

R ! WR U0
R ,

D0
L ! WL D0

L , d0R ! W d
R d0R , D0

R ! WR D0
R
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• weak basis transformations

<latexit sha1_base64="t96WcspLiQ0UnydmUsbhL4GHbUg="></latexit>

�Lm =
⇣

u0
L U0

L

⌘ vw Yu M̄

vw Zu MQ

! 
u0
R

U0
R

!
+
⇣

d0L D0
L

⌘ vw Yd M̄

vw Zd MQ

! 
d0R

D0
R

!
+ h.c.

⌘ U0
LMuU0

R + D0
LMdD0

R + h.c.

• Under a WBT the Yukawa and mass matrices are not left invariant, but instead transform as
<latexit sha1_base64="qaZIM6J9NKAOHm+dMozjv48J7zw="></latexit>

Yq ! W†
L Yq W

q
R , M ! W†

L M WR ,

<latexit sha1_base64="IPy1tD7OWqOA28uXAo1OfKphlck=">AAACKnicbVC7TsNAEDzzDOENJc2JCIkCRTbiVSJoKINESFBiovVlCSfOZ3O3Roqs/Act1HwNHaLlQziHFISw1WhmZx8TpUpa8v0Pb2p6ZnZuvrRQXlxaXlldW9+4tklmBNZFohLTjMCikhrrJElhMzUIcaSwET2cF3rjCY2Vib6ifophDD0t76QActRtOwa6F6Dym0HnkXfWKn7VHxafBMEIVNioap11b67dTUQWoyahwNpW4Ke0B4cppGjCHAxJoXBQbmcWUxAP0MOWgxpitGE+PH/AdzILlHDn4FLxIYm/HTnE1vbjyHUW59q/WkH+p7UyujsJc6nTjFCLYhFJhcNFVhjpckHelQaJoPgAudRcgAEiNJKDEI7MXFBjQxXorhXuvzDvYRIjmf6g7JIL/uY0Ca73q8FR9ejyoHJ6NsqwxLbYNttlATtmp+yC1VidCWbYM3thr96b9+59eJ8/rVPeyLPJxsr7+gbL0Kcq</latexit>

Yq M

• CP is violated only when there is no possible choice of CP transformation which leaves  invariant


• Construct weak basis invariants, i.e. physical quantities which do not depend on the WB choice

ℒ

<latexit sha1_base64="Q6DZPtjOuSZPtRpA5Yg9e4ySCcs="></latexit>

U0
L ! WL U0

L , u0
R ! Wu

R u0
R , U0

R ! WR U0
R ,

D0
L ! WL D0

L , d0R ! W d
R d0R , D0

R ! WR D0
R
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• CP violation is related to CP-odd weak basis invariants and imaginary part of rephasing invariants


• In the SM, the presence of CP violation is connected to the non-vanishing of one CP-odd weak-basis invariant

• Quartets of the form  involving four different quarks are the simplest generically-complex rephasing invariants. 


• The non-vanishing of the imaginary parts of the quartets is directly connected to the existence of CP violation in the SM.


• From unitarity of CKM, all nine Im  are equal to J up to a sign and 


• all CP-violating effects in the SM are proportional to J.

Qαiβj

Qαiβj

• The vanishing of the trace would be a necessary and sufficient condition for CP conservation in the SM.


• This trace is the non-real WBI with lowest mass dimension (=12) which can appear in the SM, as J is the simplest complex 

rephasing invariant that can be built.


• J is the rephasing invariant

tr[MUM†
U, MdM†

d ]3 = − 6i (m2
t − m2

c )(m2
t − m2

u)(m2
c − m2

u)(m2
b − m2

s )(m2
b − m2

d)(m2
s − m2

d) J

J ∑
γ,k

ϵαβγ ϵijk = Im(VαiVβjV*αjV*βi) = Im Qαiβj = Im(VudVcsV*usV*cd)
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• In presence of vector-like quark doublets one expects new weak basis invariants.


• To construct CP-odd weak basis invariants one has to look into combinations of at least three distinct Hermitian matrices. 


• Then, the simplest CP-odd WBI are of the form

• the first CP-odd weak-basis invariant appears at mass dimension 6 with three ``blocks'' of Hermitian matrices


• Lowest mass dimension CP-odd WBI brings with it the rephasing invariant bilinears

• CP-violating effects involving only two quarks.

ℬLR
αi = VLαiV*Rαi

<latexit sha1_base64="kqTthEh6tUomOrb2d5lJcghaXxs="></latexit>

Im[tr[(MuM
†
u)

n(MdM
†
d)

k MM†]] =
3+NX

↵,i=1

m2n+1
↵ m2k+1

i Im (VL↵i V
⇤
R↵i)

<latexit sha1_base64="k3ErUBinWvRRn4U2OU8ZeP3dqew="></latexit>

V L
↵i ! e�i('↵�'i) V L

↵i , V R
↵i ! e�i('↵�'i) V R

↵i ,

Fu
↵� ! e�i('↵�'�)Fu

↵� , F d
ij ! e�i('i�'j) F d

ij ,

• Rephasing transformations:
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• The simplest CP-odd WBI are of the form
<latexit sha1_base64="kqTthEh6tUomOrb2d5lJcghaXxs="></latexit>

Im[tr[(MuM
†
u)

n(MdM
†
d)

k MM†]] =
3+NX

↵,i=1

m2n+1
↵ m2k+1

i Im (VL↵i V
⇤
R↵i)

<latexit sha1_base64="MUEwEXFx4HgX7eyaOAQFkqld95k="></latexit>

Im
h
tr
h
(MdM

†
d)

m (MuM
†
u)

` (MdM
†
d)

n MM†
ii

=
3+NX

↵,i=1

m2m+1
i m2`

↵ m2n+1
j Im (V⇤

L↵i VL↵j Fji)

•We can also add other hermitian blocks

<latexit sha1_base64="vIgPqhjuqaSJOpcE/I2WCoY1dTg="></latexit>

Im
h
tr
h
(MuM

†
u)

m (MdM
†
d)

` (MuM
†
u)

n MM†
ii

=
3+NX

↵,i=1

m2m+1
↵ m2`

i m2n+1
� Im

�
VL↵i V

⇤
L�i F�↵

�

• After adding blocks, larger rephasing invariants appear involving more quarks:

bilinears    


trilinears     


   


quartets    

                , …

ℬLR
αi = VLαiV*Rαi

𝒯α,ij = V*Lαi VLαj Fji

𝒯i,αβ = VLαi V*Lβi Fβα

𝒬LLLR
αiβj = VLαi V*Lβi VLβj V*Rαj

𝒬LLLL
αiβj = VLαi V*Lβi VLβj V*Lαj



Effective CP-odd weak basis invariants (N=1)
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• Using

<latexit sha1_base64="4Thn1bbxsacTr+Jx6AHwFClH/4g="></latexit>

Mu =

 
vw Yu 0

vw Zu MQ

! <latexit sha1_base64="DqEpihkrQHX6gJ5rOcQcVcfyoOs="></latexit>

Md =

 
vw Yd 0

vw Zd MQ

!

<latexit sha1_base64="aiuHwJo7HeVDbwEhE5xJVtx2fbQ="></latexit>

zu = ZuÛuR =
�
zu, zc, zt

�
, zd = ZdÛdR =

�
zd, zs, zb

�

<latexit sha1_base64="nMgWan96gdu3xRlxGlblI9TdqaA="></latexit>

Mu,d =

 
Ûu,dL 0

0 1

! 
vw Ŷu,d 0

vw zu,d MQ

! 
Û†
u,dR 0

0 1

!

<latexit sha1_base64="Iv+schhwxlySa6JkZvQn16JsFCQ="></latexit>

Uu,dL,R =

 
Ûu,dL,R 0

0 1

! 
�Uu,dL,R 0

0 1

!✓
Ru,dL,R

◆

• we can write

<latexit sha1_base64="MYktINXsj4/13J682ocrAGeyWTM="></latexit>

Ŷu = Û †
uLYuÛuR = diag(ŷu, ŷc, ŷt), Ŷd = Û †

uLYuÛuR = diag(ŷd, ŷs, ŷb)

• By using weak basis transformations one can always write
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• Then the mixing matrices in weak currents are

VR

= ̂VR

VL ≈

= ̂VL

Effective CP-odd weak basis invariants (N=1)

= ̂Fu

Effective rephasing invariants
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• Effective CP-odd weak basis invariants for one vector-like doublet (  )MQ ≫ vw

• direct connection between weak basis invariants and ``effective’’ rephasing invariants

Im(V̂Lαi zαz*i
v2

w

M2
Q

) = Im (V̂Lαi V̂*Rαi) = Imℬ̂*αi ≈ Im (VLαi V*Rαi) ,

1
M2m+2n+2

Q
Im[tr[(MuM†

u)n(MdM†
d)

k MM†]] =
v4

w

M4
Q

3

∑
i,α=1

Im ( V̂Lαi zαz*i ) yα yi (1 + δkmnαi )

+ bilinearsIm[tr[(MuM†
u)m (MdM†

d)
ℓ (MuM†

u)n MM†]] =
v4+2m+2ℓ

w

M4+2m+2ℓ
Q

3

∑
i,j,α,β=1

Im ( V̂Lαi V̂*Lβi zαz*β ) y2ℓ
i y2m+1

α yβ (1 + δknmℓ
αβi )

+ bilinears

Im[tr[(MuM†
u)m (MdM†

d)
ℓ (MuM†

u)n (MdM†
d)

k MM†]] ⟶
v2

w

M2
Q

zβz*j ̂V*Lαi
̂VLβi

̂VLαj = ̂V*Rβj
̂V*Lαi

̂VLβi
̂VLαj + bilinears +trilinears

• conditions for CP conservation

Effective CP-odd weak basis invariants (N=1)

Im[tr[(MdM†
d)

m (MuM†
u)ℓ (MdM†

d)
n MM†]] =

v4+2m+2ℓ
w

M4+2m+2ℓ
Q

3

∑
i,j,α,β=1

Im ( V̂Lαi V̂*Lαj zjz*i ) y2ℓ
α y2m+1

i yj (1 + δknmℓ
αij )

v2
w

M2
Q

h*i hj
̂VLαi

̂V*Lαj = ̂Fd
ij

̂VLαi
̂V*Lαj = 𝒯̂α,ij ≈ VLαiV*LαjF

d
ij . . .
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• Cabibbo angle anomalies
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• As noted in 2311.00021 (Cirigliano et al.), significant bounds on right-handed currents can come from the theoretical and 

experimental results on the decay K → ππ

• useful parameters

Bilinears and the Cabibbo sector

• In presence of vector-like weak doublets of quarks the amplitudes of the decays  receive additional contribution: 

   where 


 


for I=0 and I=2 and the phases  are the final-state-interaction phase shifts of the two pion states.

K → ππ

AIeiδI = ASM
I eiδI + ANP

I eiδI

⟨I |HΔS=1 |K0⟩ = AIeiδI 2 , ⟨I |HΔS=1 | K̄0⟩ = ĀIeiδI 2

δI
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Bilinears and the Cabibbo sector

ASM
2 + ANP

2 ≈ ASM
2 1 +

Re (λ*u ANP
2 )

Re (λ*u ASM
2 )

• In a rephasing invariant description we have (with ):λu = ̂V*Lus
̂VLud

Re (λ*u ANP
2 ) = Re[ | ̂VL

us |2 ̂VL*
ud

̂VR
ud − | ̂VL

ud |2 ̂VL
us

̂VR*
us ] × 3.76(16) × 10−6 GeV

• with

• at  we get2σ
−1.1 × 10−3 ≲ | ̂VL

us |
Re( ̂VL*

ud
̂VR
ud)

| ̂VL
ud |

− | ̂VL
ud |

Re( ̂VL
us

̂VR*
us )

| ̂VL
us |

≲ 1.0 × 10−3

 isospin rule:Δ = 1/2

• by inserting the values for Cabibbo angle anomalies we have

| V̂L
us |

Re(V̂L*
udV̂R

ud)
| V̂L

ud |
− | V̂L

ud |
Re(V̂L

usV̂R*
us )

| V̂L
us |

= 1 . 05(37) × 10−3
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(ϵ′￼/ϵ)NP

(ϵ′￼/ϵ)SM
≈

(1 + 2 2 |ω |exp ) Im(ANP
2

̂VLus
̂V*Lud)

Im(ASM
2

̂VLus ̂V*Lud) − |ω |exp Im(ASM
0

̂VLus ̂V*Lud)
≈

̂VLus
̂V*Lud( ̂V*Lus

̂VRud − ̂V*Rus
̂VLud) × 1.9(6) × 106

| ̂VLus ̂V*Lud |

Im[ | ̂VLus |2 ̂V*Lud
̂VRud − | ̂VLud |2 ̂VLus

̂V*Rus]
Re[ | ̂VLus |2 ̂V*Lud

̂VRud − | ̂VLud |2 ̂VLus ̂V*Rus]
=

Im[ | ̂VLus |2 ℬ̂ud − | ̂VLud |2 ℬ̂us]
Re[ | ̂VLus |2 ℬ̂ud − | ̂VLud |2 ℬ̂us]

≈ 10−3 ,

• the imaginary part of that combination of the bilinears implied by CAA should be 3 orders of magnitude smaller than the CP 
conserving part.

Arg (
0.23 ̂VLud

̂V*Rud

| ̂VLud |
−

̂VLus
̂V*Rus

| ̂VLus | ) ∼ 10−3

dn ≈ Im[ ̂V*Lud
̂VRud + 1.9 ̂V*Lus

̂VRus] × 1.4 × 10−7 e fm• neutron EDM dn < 1.8 × 10−13 e fm

(2.3 ± 1.1)
Im[ ̂V*Lud

̂VRud]
| ̂VLud |

+ (1.0 ± 0.5)
Im[ ̂V*Lus

̂VRus]
| ̂VLus | ] ≲ 3 × 10−6

Bilinears and the Cabibbo sector
Direct CP violation
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Trilinears and the Cabibbo sector

Kaon mixing

• In the SM we have

ϵ ≈ −
eiπ/4

2 ΔmK

Im[MSM
12 λ2

u]
λu

2 =
eiπ/4f 2

KmKBK

2 ΔmK

G2
Fm2

W

12π2

1

λu
2 Im[(Qcsud)2 S(xc) + (Qtsud)2 S(xt) + 2 Qtsud Qcsud S(xc, xt)]

• In presence of vector-like quark doublets we have M12 = MSM
12 + MNP

12

Im[MNP
12 (λu)2]

|λu |2 =
1
3

mK f 2
K 0.43 Im{ GF

2

(𝒯̂u,ds)
2

|λu |2 +
G2

F

4π2 [ 1
2

M2
Q

(𝒯̂u,ds)
2

|λu |2 − 3.1
m2

K

(md + ms)2

𝒯̂u,ds 𝒬̂tsud

|λu |2 m2
W f(xQ, xt)]}
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Trilinears and the Cabibbo sector
Kaon decays and mixing

0 1 2 3 4 5 610-7

10-6

10-5

10-4

Arg(V

ud
L*
V

us
L
F

sd)

|F
sd
|

CAA1+CAA2 with 1 doublet

MQ = 2 TeV

ΔmK
KS-> μ+ μ-

KL->π0νν
KL->π0ee
ϵK
KL-> μ+ μ-

K+->π+νν
ϵ '

| ̂VR
ud | =

̂Fuu | ̂Fds |

| ̂VR
us |

≲
5 × 10−3 × 2 × 10−6

10−3
≈ 10−5 ≪ 10−3

• after considering flavour-changing 
processes together with the constraint from 
Z decays in the one-doublet case we would 
have 
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Rephasing invariants and CAA2 (N=1)
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Rephasing invariants and CAA1+2 (N=2)
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• Predictions in neutral currents
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• There are tensions between independent determinations of the Cabibbo angle: unitarity deficit (CAA1) 
and determination of Vus from leptonic and semileptonic kaon decays (CAA2). 

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

• Vector-like weak doublets of quarks can be an explanation of both the anomalies. 
• 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 up and/or down type isosinglet. 
• Constraints from CP violating phenomena imply predictions on neutral currents flavor conserving 

couplings. 
• Vector-like weak doublets of quarks can provide an explanation of Cabibbo anomalies without conflict 

with electroweak precision observables and emerges as a favourite candidate.  

•



Backup

58



where

A minimal weak basis
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• By using weak basis transformations one can always write

<latexit sha1_base64="VXE3vFKrTZ6PwL4FkQ+TqB/2LJw="></latexit>

Mu =

 
vw Ŷu 0

vw zu DQ

! <latexit sha1_base64="pjlpBLxHecS47+IlgWqAHpDJOw0="></latexit>

Md =

 
vw V̂ Ŷd 0

vw zd DQ

!

<latexit sha1_base64="O0JtGdUVgoCWeiYieUu4bg+jQvg="></latexit>

Md =

 
vw Yd 0

vw Zd DQ

!
<latexit sha1_base64="smpkTGgvy65yAV9nloP55/q6ujY="></latexit>

Mu =

 
vw Yu 0

vw Zu DQ

!

<latexit sha1_base64="7R6NGzrXELCGWtDMYGiNBmczYTQ="></latexit>

Yu = ÛuL Ŷu Û
†
uR , Yd = ÛdL Ŷd Û

†
dR

<latexit sha1_base64="CzvAigVb+1ZXgeUlyb38/C1oLuY="></latexit>

Ŷu ⌘ diag(ŷu, ŷc, ŷt), Ŷd ⌘ diag(ŷd, ŷs, ŷb)

• where the  block can be diagonalized by a biunitary transformation3 × 3

• then we can further use the weak basis transformations

and we can write
<latexit sha1_base64="BwPjdpG13I12KZTaS4sAqKbjabY=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuSiJS3QhFNy66qGDaQhPDZDJph04ezEyEEvIHbvwVNy4UcevWnX/jNA2irQcu93DOvczc4yWMCmkYX9rC4tLyymplrbq+sbm1re/sdkScckwsHLOY9zwkCKMRsSSVjPQSTlDoMdL1RlcTv3tPuKBxdCvHCXFCNIhoQDGSSnL1I3uIZNbJL4pu5W6WtvI720cD+KP4rdzVa0bdKADniVmSGijRdvVP249xGpJIYoaE6JtGIp0McUkxI3nVTgVJEB6hAekrGqGQCCcr7snhoVJ8GMRcVSRhof7eyFAoxDj01GSI5FDMehPxP6+fyuDcyWiUpJJEePpQkDIoYzgJB/qUEyzZWBGEOVV/hXiIOMJSRVhVIZizJ8+TzkndbNQbN6e15mUZRwXsgwNwDExwBprgGrSBBTB4AE/gBbxqj9qz9qa9T0cXtHJnD/yB9vEN/SidRw==</latexit>

V̂ = Û †
uLÛdL

<latexit sha1_base64="xkJz1iJu2Iya4fO/V/Q1VXvk6u4="></latexit>

Zu ! zu = ZuÛuR , Zd ! zd = ZdÛdR

•We can further use weak basis transformations to remove phases



Physical parameters counting
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• 5 phases can be removed from  by rephasing standard quark fields 


• Then,  can be parameterized as the standard CKM with three mixing angles and a phase. 


•With these choices,  becomes the SM CKM in the limit of VLQ doublet decoupling ( ).


• One can also remove N of the 6N phases contained in  and 

̂V
̂V

̂V DQ → ∞

zu zd



where

Rotating to the mass basis (N=1)
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• Diagonalization by bi-unitary transformations

• then we can write

<latexit sha1_base64="4Thn1bbxsacTr+Jx6AHwFClH/4g="></latexit>

Mu =

 
vw Yu 0

vw Zu MQ

! <latexit sha1_base64="DqEpihkrQHX6gJ5rOcQcVcfyoOs="></latexit>

Md =

 
vw Yd 0

vw Zd MQ

!

<latexit sha1_base64="aiuHwJo7HeVDbwEhE5xJVtx2fbQ="></latexit>

zu = ZuÛuR =
�
zu, zc, zt

�
, zd = ZdÛdR =

�
zd, zs, zb

�

<latexit sha1_base64="alA+lTTP9MKOxYA9nNxY+BESibE="></latexit>

U†
uLMuUuR = Du = diag(yuvw, ycvw, ytvw, M

0
T ) ,

U †
dLMdUdR = Dd = diag(ydvw, ysvw, ybvw, M

0
B)

<latexit sha1_base64="EeLmtBIgMa93H8uCyHAQk1J0lI8="></latexit>0

BB@

u1

u2

u3

T

1

CCA

L,R

= UuL,R

0

BB@

u
c
t
T 0

1

CCA

L,R

,

0

BB@

d1
d2
d3
B

1

CCA

L,R

= UdL,R

0

BB@

d
s
b
B0

1

CCA

L,R

<latexit sha1_base64="nMgWan96gdu3xRlxGlblI9TdqaA="></latexit>

Mu,d =

 
Ûu,dL 0

0 1

! 
vw Ŷu,d 0

vw zu,d MQ

! 
Û†
u,dR 0

0 1

!

<latexit sha1_base64="Iv+schhwxlySa6JkZvQn16JsFCQ="></latexit>

Uu,dL,R =

 
Ûu,dL,R 0

0 1

! 
�Uu,dL,R 0

0 1

!✓
Ru,dL,R

◆• then

<latexit sha1_base64="MYktINXsj4/13J682ocrAGeyWTM="></latexit>

Ŷu = Û †
uLYuÛuR = diag(ŷu, ŷc, ŷt), Ŷd = Û †

uLYuÛuR = diag(ŷd, ŷs, ŷb)

• By using weak basis transformations one can always write
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CAA and family symmetry



Vector-like fermions and family symmetry
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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

Vector-like fermions and family symmetry
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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

Vector-like fermions and family symmetry
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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>

Flavour bosons for CKM unitarity
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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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Vus

V u
d

�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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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>

SU(3)`

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

M2
`1,2 =

g2

2
(w2

2 + w2
1) =

g2

2
v2F

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

M2
`4,5 =

g2

2
(w2

3 + w2
1)

<latexit sha1_base64="aHbn9xbfFx09XHmytiyjV9G35b8="></latexit>

M2
`6,7 =

g2

2
(w2

3 + w2
2)

<latexit sha1_base64="BbjyJkveqq7yQJDZpJiFjWJz4kE="></latexit>

M2
`38 =

g2

2

 
w2

2 + w2
1

1p
3
(w2

1 � w2
2)

1p
3
(w2

1 � w2
2)

1
3 (4w

2
3 + w2

1 + w2
2)

!

<latexit sha1_base64="PfDn+y5XIw5HHvTBe0e/UaNAYUY="></latexit>

SU(3)`
w3��! SU(2)`

w2��! nothing

<latexit sha1_base64="dXUvJNxgNo44M7jh9IZJQ1988d0="></latexit>
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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,
lepton flavour violating interactions
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Lee
e↵ = �GFp

2

8X

a=1

✓
eL �µ

�a

xa
eL

◆2

<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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Lee
e↵ = �GFp

2

8X

a=1

✓
eL �µ

�a

xa
eL

◆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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Lee
e↵ = �GFp

2

8X

a=1

✓
eL �µ

�a

xa
eL

◆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>

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi +
hij ⌘̄↵i ⌘̄

�
j

M3
⌫

''`TL↵C`� + h.c.

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

SU(3)` ⇥ SU(3)e

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

eRi `↵Lgnm
⇤2

' ⇠(n)i ⌘(m)
↵

`L↵ `L�hij
⇤3

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

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

• Three SU(3)e triplets ⇠i ⇠ 3e

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

SU(3)e
v3�! SU(2)e

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

yij ⇠̄
�
j ⌘i↵

M2
L

'`L↵eRi +
hij ⌘̄↵i ⌘̄

�
j

M3
⌫

''`TL↵C`� + h.c.

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

SU(3)` ⇥ SU(3)e

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

h⌘1i =

0

@
w1

0
0

1

A , h⌘2i =

0

@
0
w2

0

1

A , h⌘3i =

0

@
0
0
w3

1

A

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

h⌘1i =

0

@
w1

0
0

1

A , h⌘2i =

0

@
0
w2

0

1

A , h⌘3i =

0

@
0
0
w3

1

A

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

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>

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

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

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

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

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

mixed:

� 1

v22

3X

a=1

(Jµ
a )

2
= � 1

4v22

3X

a=1

(eR �a�
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4� eR µR ⌧R
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�µV
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0

@
1 0 0

0 1 0

0 0 0

1

AV (e)
R

0

@
eR
µR

⌧R

1

A

3

5
2

• no mixing with 3rd family ! NO FCNC.

• Constraints on masses are proportional to violation of custodial symmetry

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

<latexit sha1_base64="JbsR2JXlRfpDOzGi7hz6h3xe/ww="></latexit>

Lfcnc =� 1

4v22

2

4� eR µR ⌧R
�
�µV
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@
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A
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2

+

� ✏2
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2
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@
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1
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� 1

4v22
(eR�

⌫eR)
2 � 1

2v22
(eR�

⌫eR) (µR�⌫µR)
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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:

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

! 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:

� 1

4v2d2

⇥
(V3dV

⇤
3s)

2 + ✏
2
d(V2dV

⇤
2s)

2
⇤
(sR�

µ
dR)

2

• Since |V2dV
⇤
2s| ⇠ ✏̃d, |V3dV

⇤
3s| ⇠ ✏

2
d✏̃d, K

0 mixing is suppressed by ✏
2
d✏̃

2
d ⌧ 1.

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

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

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

V (⇠) = �n(|⇠n|2 �
µ2
n

2�n
)2 + �klnm⇠†k⇠l⇠

†
n⇠m + (µ⇠1⇠2⇠3 + h.c.)

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

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

n and coupling constants �.

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

v1 =
µv2v3
µ2
1

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

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

• Lepton Yukawa couplings with the flavon fields ⇠n:

hin ⇠
↵
n`LieR↵ hin =

ginvw
M

which are generically flavor-changing.

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

� h32h22

µ2
2

(⌧µ) (µµ) ,
h32h22

µ2
2

'
m2

µ

v42

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

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

<latexit sha1_base64="cYMMhq0tW+87BZX7geZ3+k8XGX4="></latexit>
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SU(3)` ⇥ SU(3)e ⇥ SU(3)Q ⇥ SU(3)u ⇥ SU(3)d
<latexit sha1_base64="1DAsjZtqxZCP98UjMlojFgcy2Wc=">AAACN3icbVA7TwJBEJ7zifhCLW02EhNsyB2YaEmksYQojwQI2VsG3LD3yO6cCSH8IH+Cv8JWCmNnbP0HHgeFgFN9j5nMzOeGShqy7am1sbm1vbOb2kvvHxweHWdOTusmiLTAmghUoJsuN6ikjzWSpLAZauSeq7DhDsszv/GM2sjAf6RRiB2PD3zZl4JTLHUz5YdarnjVbaNSbZIeGjYXcIlVl1iUXqK9biZr5+2k2DpwFiBbykNSlW7mo90LROShT0JxY1qOHVJnzDVJoXCSbkcGQy6GfICtGPo8XtYZJ89O2GVkOAUsRM2kYomIfyfG3DNm5Llxp8fpyax6M/E/rxVR/7Yzln4YEfpitoikwmSREVrGKSLrSY1EfHY5MukzwTUnQi0ZFyIWozjWdJyHs/r9OqgX8k4xX6heZ0t382AgBedwATlw4AZKcA8VqIGAF3iDd5har9an9WV9z1s3rMXMGSyV9fMLnhSpoQ==</latexit>

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

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

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

`0R ⇠ 3`, e
0
L ⇠ 3e, Q

0
R ⇠ 3Q, u

0
L ⇠ 3u, d

0
L ⇠ 3d

• Couplings with flavons:

gin⇠↵n
M

(�`LieR↵ + �0`0Rie
0
L↵) + h.c.

<latexit sha1_base64="KcYS6B7hZ7/wo3JaFE1guk6aKFY="></latexit>
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• As an example, for SU(3)e, mixed triangle anomaly U(1)⇥ SU(3)2e must
be cancelled. New leptons

EL↵ ⇠ (1,�2, 3e;X), ERi ⇠ (1,�2, 1;X)

and for mirror parity

E 0
R↵ ⇠ (1,�20, 3e;X), E 0

Li ⇠ (1,�20, 1;X)

cancel the mixed triangle

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

• Masses from Yukawa couplings

yin⇠
↵
nERiEL↵ + yin⇠

↵
nELi

0E 0
R↵ + h.c.

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

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

sisting of mirror helium and hydrogen atoms.

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

portal for direct detection.

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

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

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

• For neutrinos

Y ij
⌫

M (��lTLiClLj + �0�0l
0T
RiCl0Rj) +

Ỹ ij
⌫

M ��0lLil
0
Rj + h.c.

the last operator gives COLEPTOGENESIS.
<latexit sha1_base64="hQIfDLHjIZTA2AP/T8Tx9HW6epQ="></latexit>
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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="vW/Cr8ktKMBm9QtiMqxwk+NwtdI="></latexit>

|U⇤
RTuURBd| = 0.78(27)⇥ 10�3

<latexit sha1_base64="+zw3OMre6mwOhzB8KAHDZFRcebE="></latexit>

VRus = U⇤
RTuURBs = �1.26(38)⇥ 10�3 , VRud = U⇤

RTuURBd = �0.78(27)⇥ 10�3
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|U⇤
RTuURBs| = 1.26(38)⇥ 10�3
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|U⇤
RBsURBd| . 5.2⇥ 10�6

10-2 0.1
10-4

10-3

10-2

0.1

|URTu|

|U
RB
d|

VRus=-0.88×10-3

CAA1

QW(p)
Zhadr

QW(Cs)

FCNC

<latexit sha1_base64="YMXjy0x49XaGX2DXkeGbhsNyxwM="></latexit>

URB↵ , URT↵ ⇡ �h↵vw/MQ

<latexit sha1_base64="V6ZX1+Pm35eP5TaXibrkY/qTbN4="></latexit>

• One weak doublet of quarks cannot explain both the Cabibbo angle anomalies (CAA1 and CAA2) alone.
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MQ = 2 TeV
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|U⇤
RBdURBb| ⇡ |h⇤

dhb|v2w/M2
Q < (0.4—1.7)⇥ 10�4
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|U⇤
RTuURTc| ⇡ |h⇤

uhc|v2w/M2
Q < 1.0⇥ 10�4
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• Constraints become more stringent for larger values of the mass of the extra doublet. Assuming MQ = 2 TeV:

0 1 2 3 4 5 610-7

10-6

10-5

10-4

Arg(URBdURBs* )

|U
RB
dU

RB
s

*
| ΔmK

KS-> μ+ μ-

KL->π0νν
KL->π0ee
ϵK
KL-> μ+ μ-

K+->π+νν

K mixing and fc decays:

B mixing and fc decays:
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|U⇤
RBsURBb| ⇡ |h⇤

shb|v2w/M2
Q < 8⇥ 10�7—6.4⇥ 10�4

D mixing:
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|U⇤
RBsURBd| ⇡ |h⇤

shd|v2w/M2
Q . (0.6 — 5.2)⇥ 10�6
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• Top decays:

H

tL

uR

ytU
⇤
RTu

URTt

Z

tR

uR

U ⇤
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⇤
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• However also in this scenario flavour changing neutral currents appear at tree level.
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Lnc =
g

cos ✓W

2

664�
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dL sL bL b0L

�
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L

0
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s
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• Weak neutral currents:

<latexit sha1_base64="kvEJd+Whoa5NDTonv73jw4iyoF0="></latexit>
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• 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.
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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
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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="9+hJWQo8uc43QS8cGeDz0RPc/R0="></latexit>

�m2
W = m2

W �m2
W,SM = c2m2

Z ↵
h c2

c2 � s2
T � 1

2(c2 � s2)
S +

1

4s2
U
i

<latexit sha1_base64="Be2p/2bidM8Nhff6bMQPoozqwP0="></latexit>

• Oblique parameters:
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<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.

Free neutron decay ( )gA
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<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.

J.~C.~Hardy and I.~S.~Towner, ``Superallowed $0^+ \to 0^+$ nuclear $\beta$ decays: 2020 critical survey, with implications for V$_{ud}$ and CKM unitarity,’' 
Phys. Rev. C 102, no.4, 045501 (2020)
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<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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CAA and EW precision observables



W-boson mass

102

<latexit sha1_base64="uDOEV3t+mNj4JVkItBSnH5BjSAI="></latexit>

mW,SM = 80.360± 0.006 GeV

<latexit sha1_base64="b0lDaZzsSWQKNIgEDmh5df/plIs="></latexit>

mW,CDFII = 80.4335± 0.0094 GeV
<latexit sha1_base64="7+Ol5RFEvlloEarjk2s04fp3PXk="></latexit>

mW,old = 80.377± 0.012 GeV
<latexit sha1_base64="mAeBup6kF/MvmQG/o+SNjyakAxs=">AAACInicbVDLSgNBEJz1bXxFPXoZDIIHWXY1US9C0IMeFUwiJCHMjq0OmdkdZnrFsKxf4Sf4FV715E08Cfov7iY5aLRORVU33VWBlsKi5304Y+MTk1PTM7OFufmFxaXi8krdRrHhUOORjMxFwCxIEUINBUq40AaYCiQ0gu5R7jduwVgRhefY09BW7DoUV4IzzKRO0VWdpLHVQrjDBO50mh7se27Z36Etrajnen6F3g/cY6inhU6xlIl90L/EH5ISGeK0U/xqXUY8VhAil8zapu9pbCfMoOAS0kIrtqAZ77JraGY0ZApsO+nnSulGbBlGVIOhQtK+CD83Eqas7akgm1QMb+yol4v/ec0Yr/bbiQh1jBDy/BAKCf1DlhuRFQb0UhhAZPnnQEVIOTMMEYygjPNMjLMG8z780fR/SX3b9Xfdylm5VD0cNjND1sg62SQ+2SNVckJOSY1w8kCeyDN5cR6dV+fNeR+MjjnDnVXyC87nNwpKok4=</latexit>

mW,exp = 80.413± 0.015 GeV

<latexit sha1_base64="cXbfQ3f/0ZnWpcJIkEGuW42Bb8s=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRWTaCQBlBQxkk8kCJFa0vm3DKnW3drZGiKF9BCxUdouVjKPgX7JACEqYazexqZydMlLTkeZ/O0vLK6tp6YaO4ubW9s1va22/YODUC6yJWsWmFYFHJCOskSWErMQg6VNgMh9e533xEY2Uc3dEowUDDIJJ9KYAy6b7iVjpWDjR0S2XP9abgi8SfkTKbodYtfXV6sUg1RiQUWNv2vYSCMRiSQuGk2EktJiCGMMB2RiPQaIPxNPCEH6cWKOYJGi4Vn4r4e2MM2tqRDrNJDfRg571c/M9rp9S/DMYySlLCSOSHSCqcHrLCyKwJ5D1pkAjy5MhlxAUYIEIjOQiRiWlWTTHrw5//fpE0Tl2/4p7fnpWrV7NmCuyQHbET5rMLVmU3rMbqTDDNntgze3Emzqvz5rz/jC45s50D9gfOxze46ZRq</latexit>

6.6� <latexit sha1_base64="6U2U8EHCKRN9UHoLbwneMUAg6DE=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRWTbvMoKGMkjkgRIrWl824ZQ727pbI0VWvoIWKjpEy8dQ8C84IQUkTDWa2dXOTpgoacnzPp2FxaXlldXCWnF9Y3Nru7SzW7dxagTWRKxi0wzBopIR1kiSwmZiEHSosBEOrsd+4xGNlXF0R8MEAw39SPakAMqle989aVvZ19AplT3Xm4DPE39KymyKaqf01e7GItUYkVBgbcv3EgoyMCSFwlGxnVpMQAygj62cRqDRBtkk8IgfphYo5gkaLhWfiPh7IwNt7VCH+aQGerCz3lj8z2ul1LsMMhklKWEkxodIKpwcssLIvAnkXWmQCMbJkcuICzBAhEZyECIX07yaYt6HP/v9PKkfu/65e3Z7Wq5cTZspsH12wI6Yzy5Yhd2wKqsxwTR7Ys/sxRk5r86b8/4zuuBMd/bYHzgf36w3lGI=</latexit>

1.3�
<latexit sha1_base64="d0FMqRTIr++55jZk8GlPlAiFB0I=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIJrzKChjJI5IGSKFpfNuGUO9u6WyNFUb6CFio6RMvHUPAvOMYFJEw1mtnVzo4fKWnJdT+d3NLyyupafr2wsbm1vVPc3WvYMDYC6yJUoWn5YFHJAOskSWErMgjaV9j0R9czv/mIxsowuKNxhF0Nw0AOpABKpPtKudKxcqihVyy5ZTcFXyReRkosQ61X/Or0QxFrDEgosLbtuRF1J2BICoXTQie2GIEYwRDbCQ1Ao+1O0sBTfhRboJBHaLhUPBXx98YEtLVj7SeTGujBznsz8T+vHdPgsjuRQRQTBmJ2iKTC9JAVRiZNIO9Lg0QwS45cBlyAASI0koMQiRgn1RSSPrz57xdJ46TsnZfPbk9L1ausmTw7YIfsmHnsglXZDauxOhNMsyf2zF6cqfPqvDnvP6M5J9vZZ3/gfHwDr2WUZA==</latexit>

3.3�

• CDFII (2022) new physics?
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mW,SM = 80.356 ± 0.005

mW,PDG = 80.360 ± 0.012
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<latexit sha1_base64="uDOEV3t+mNj4JVkItBSnH5BjSAI="></latexit>

mW,SM = 80.360± 0.006 GeV
<latexit sha1_base64="6U2U8EHCKRN9UHoLbwneMUAg6DE=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRWTbvMoKGMkjkgRIrWl824ZQ727pbI0VWvoIWKjpEy8dQ8C84IQUkTDWa2dXOTpgoacnzPp2FxaXlldXCWnF9Y3Nru7SzW7dxagTWRKxi0wzBopIR1kiSwmZiEHSosBEOrsd+4xGNlXF0R8MEAw39SPakAMqle989aVvZ19AplT3Xm4DPE39KymyKaqf01e7GItUYkVBgbcv3EgoyMCSFwlGxnVpMQAygj62cRqDRBtkk8IgfphYo5gkaLhWfiPh7IwNt7VCH+aQGerCz3lj8z2ul1LsMMhklKWEkxodIKpwcssLIvAnkXWmQCMbJkcuICzBAhEZyECIX07yaYt6HP/v9PKkfu/65e3Z7Wq5cTZspsH12wI6Yzy5Yhd2wKqsxwTR7Ys/sxRk5r86b8/4zuuBMd/bYHzgf36w3lGI=</latexit>

1.3�

<latexit sha1_base64="RMb0O90mD3j12I3kuGwSiAR9mjE="></latexit>

m2
Z =

e2v2

2s2W c2W
, mW =

e2v2

2s2W
, ⇢ =

m2
W

m2
Z cos2 ✓W

= 1

<latexit sha1_base64="+jK4pOcICM7IA6T+QsKfmwAr8Cc=">AAACKXicbZDLSsNQEIZPvFtvVZduDhbBhZRErLosCupSwdpiU8LkdLSHnlw8ZyJIyJP4CD6FW125U8GVL2Iau9DqrH6+f4aZ+f1YSUO2/WaNjU9MTk3PzJbm5hcWl8rLKxcmSrTAhohUpFs+GFQyxAZJUtiKNULgK2z6/cOB37xFbWQUntNdjJ0ArkN5JQVQjrxyze0BpS6ouAeZu8W3uHuTQJcX+DjzjvgoDDLv0itX7KpdFP8rnKGosGGdeuUPtxuJJMCQhAJj2o4dUycFTVIozEpuYjAG0YdrbOcyhABNJy3ey/hGYoAiHqPmUvEC4s+JFAJj7gI/7wyAembUG8D/vHZCV/udVIZxQhiKwSKSCotFRmiZ54a8KzUSweBy5DLkAjQQoZYchMhhkgdZyvNwRr//Ky62q85utXa2U6kfDJOZYWtsnW0yh+2xOjthp6zBBLtnj+yJPVsP1ov1ar1/t45Zw5lV9quszy+OT6XJ</latexit>

↵̂ , ĜF , m̂Z

<latexit sha1_base64="0MgEVae8tiQ6knT4sEwUi7IG+Fs="></latexit>

sin ✓̂2W cos ✓̂2W =
⇡ ↵̂(mZ)p
2 ĜF m̂2

Z

<latexit sha1_base64="U9gUAq30ca/Bphvh6dMn+ZfP4z8="></latexit>

• Tree level:

<latexit sha1_base64="YHQDW/66hhoP+Bi9vqwGZkiaKrg="></latexit>

• Loop level is required for electroweak precision tests.
<latexit sha1_base64="YeVorlYQwM6xmOtvudT+h2573uM="></latexit>

• The most precise measured electroweak quantities are ↵, GF , mZ , from which sin ✓W can be defined:

<latexit sha1_base64="h1x7FVlnKOkAaeaK/KpenvpPqWg="></latexit>

m2
W,SM = ĉ2W m̂2

Z ⇢

<latexit sha1_base64="Xo4n9P2wZf5gZ6p5yTYbvA016gg=">AAACE3icbVDJSgNBEO1xN25Rjx5sDIKihhlxuwhBwXhUMCpk4lDTqcQmPQvdNYIMOfoJfoVXPXkTr36AB//FmZiD2zu9eq+Kqnp+rKQh2363BgaHhkdGx8YLE5NT0zPF2blzEyVaYE1EKtKXPhhUMsQaSVJ4GWuEwFd44XcOc//iBrWRUXhGtzE2AmiHsiUFUCZ5xcWqd7S/4qy5TVQEnhskq1fphtN113k1r7xiyS7bPfC/xOmTEuvjxCt+uM1IJAGGJBQYU3fsmBopaJJCYbfgJgZjEB1oYz2jIQRoGmnvkS5fTgxQxGPUXCreE/H7RAqBMbeBn3UGQNfmt5eL/3n1hFp7jVSGcUIYinwRSYW9RUZomSWEvCk1EkF+OXIZcgEaiFBLDkJkYpJFVsjycH5//5ecb5adnfL26VapctBPZowtsCW2why2yyrsmJ2wGhPsjj2wR/Zk3VvP1ov1+tU6YPVn5tkPWG+f8eGciQ==</latexit>

GF = (1 + �µ)
�1 Gµ

<latexit sha1_base64="f9G59wS/smpJ9AJhT/rjQrlbau0=">AAACH3icbVDLSgNBEJz1bXxFPXoZDIKghl3xdRFEPXgRFI0RkrD0jq0OzswuM70+WPYj/AS/wquevIlXD/6Lm5iDrzoVVd10V0WJko58/93r6e3rHxgcGi6NjI6NT5Qnp05cnFqBNRGr2J5G4FBJgzWSpPA0sQg6UliPrnbafv0arZOxOaa7BFsaLow8lwKokMLygg6z+mKT8JYygzd5vvlNONrP86XmLioCrsObsFzxq34H/C8JuqTCujgIyx/Ns1ikGg0JBc41Aj+hVgaWpFCYl5qpwwTEFVxgo6AGNLpW1gmV87nUAcU8Qcul4h0Rv29koJ2701ExqYEu3W+vLf7nNVI632hl0iQpoRHtQyQVdg45YWXRFvIzaZEI2p8jl4YLsECEVnIQohDTor5S0UfwO/1fcrJcDdaqq4crla3tbjNDbIbNsnkWsHW2xfbYAasxwe7ZI3tiz96D9+K9em9foz1ed2ea/YD3/gnflaOl</latexit>

mW,new = mW,SM ��mw

<latexit sha1_base64="CM0cfBqLh86hU7rVIbDauzFWcfU=">AAACGXicbVC7TgJREL3rE/GFWtrcSEhMTMgu8VUStbDERB4JIJm9DHDD3UfundUQwhf4CX6FrVZ2xtbKwn9xWSgUPNWZc2YyM8cNlTRk21/WwuLS8spqai29vrG5tZ3Z2a2YINICyyJQga65YFBJH8skSWEt1Aieq7Dq9i/HfvUetZGBf0uDEJsedH3ZkQIollqZnLkrtKoNLbs9Aq2DB54I/KhxhYqAT8pWJmvn7QR8njhTkmVTlFqZ70Y7EJGHPgkFxtQdO6TmEDRJoXCUbkQGQxB96GI9pj54aJrD5J0Rz0UGKOAhai4VT0T8PTEEz5iB58adHlDPzHpj8T+vHlHnvDmUfhgR+mK8iKTCZJERWsY5IW9LjUQwvhy59LkADUSoJQchYjGKg0vHeTiz38+TSiHvnOZPbo6zxYtpMim2zw7YIXPYGSuya1ZiZSbYI3tmL+zVerLerHfrY9K6YE1n9tgfWJ8/VHGfbQ==</latexit>

s2W ! s2W +�s2W

<latexit sha1_base64="fjOGvzkhL/cSOur2ATUyIP+jSZY="></latexit>

mW,w/oCDFII = 80.377± 0.012 GeV

<latexit sha1_base64="Ye2pNrSJI0dZdCuQ8o0oesiwyPA=">AAAB/HicbVC7TsNAEDzzDOEVoKQ5ESFRRXYUHmUEDWWQyEMkUbS+bMIp57N1t0aKovAVtFDRIVr+hYJ/wTYpIGGq0cyudnb8SElLrvvpLC2vrK6t5zbym1vbO7uFvf2GDWMjsC5CFZqWDxaV1FgnSQpbkUEIfIVNf3SV+s0HNFaG+pbGEXYDGGo5kAIoke7KpUrHymEA+V6h6JbcDHyReDNSZDPUeoWvTj8UcYCahAJr254bUXcChqRQOM13YosRiBEMsZ1QDQHa7iRLPOXHsQUKeYSGS8UzEX9vTCCwdhz4yWQAdG/nvVT8z2vHNLjoTqSOYkIt0kMkFWaHrDAyqQJ5XxokgjQ5cqm5AANEaCQHIRIxTrpJ+/Dmv18kjXLJOyud3lSK1ctZMzl2yI7YCfPYOauya1ZjdSaYZk/smb04j86r8+a8/4wuObOdA/YHzsc35vmUeA==</latexit>

2.4�

<latexit sha1_base64="6ToHPVCrXiE2o8bJeLflL/2pLnM="></latexit>

• New horizontal gauge bosons go to the opposite direction in mW shift. If the increased tension is confirmed, some other
step would be 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.

<latexit sha1_base64="htD75Iofaqnzps1edyYqSvECtF4=">AAACFnicbZC7SgNBFIZn4z3eopaKDIpgIWFX8FIGbSwTNCYQg5ydnMQhs7PLzFkhLCktbdVHsbITW1ufwXcQd5MUajzVz/+fG58fKWnJdT+c3MTk1PTM7Fx+fmFxabmwsnppw9gIrIpQhabug0UlNVZJksJ6ZBACX2HN755mee0WjZWhvqBehM0AOlq2pQBKrfO9fP66sO0W3UHxceGNxHZp47nyebf5XL4ufF21QhEHqEkosLbhuRE1EzAkhcJ+/iq2GIHoQgcbqdQQoG0mg1f7fCe2QCGP0HCp+MDEnxMJBNb2Aj/tDIBu7N8sM//LGjG1j5uJ1FFMqEV2iKTCwSErjEwZIG9Jg0SQfY5cai7AABEayUGI1IxTKL+WKtAtKyDFlnQwDJBMr58B8/7iGReX+0XvsHhQScmdsGHNsnW2xXaZx45YiZ2xMqsywTrsnj2wR+fJeXFenbdha84ZzayxX+W8fwNA6aMa</latexit>,

<latexit sha1_base64="2FH0A/E9ecTZQ5nNHq4ok+lmbnk="></latexit>

mW,�µ = 80.344± 0.007 GeV
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<latexit sha1_base64="9+hJWQo8uc43QS8cGeDz0RPc/R0="></latexit>

�m2
W = m2

W �m2
W,SM = c2m2

Z ↵
h c2

c2 � s2
T � 1

2(c2 � s2)
S +

1

4s2
U
i

<latexit sha1_base64="il9sqFJCNe7Vv9M4daCELxtvlxg="></latexit>

S =
16⇡

m2
Z

�
⇧33(m

2
Z)�⇧33(0)�⇧3Q(m

2
Z)

�

<latexit sha1_base64="p2CJ0NSnwka77xoR5WQIqca596Y="></latexit>

U =
16⇡

m2
W

�
⇧11(m

2
W )�⇧11(0)

�
� 16⇡

m2
Z

�
⇧3(m

2
Z)�⇧33(0)

�

<latexit sha1_base64="Uzjdjy08Qovpc2yN529QCWoiZxc="></latexit>

T =
4⇡

s2W c2Wm2
Z

(⇧11(0)�⇧33(0)) =
⇢� 1

↵(mZ)

<latexit sha1_base64="xoNFGc/MOuJM7uUzwwyFcMgojLo="></latexit>

m2
W,SM = ĉ2W m̂2

Z ⇢SM ⇡ ĉ2W m̂2
Z

✓
1 +

3↵(mZ)

16⇡s2W c2W

m2
t

m2
Z

◆

• Oblique parmeters (radiative corrections)

m1

m2

Vector-like weak doublet and W-boson mass
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<latexit sha1_base64="bviaZs2JOpXVkK8wVFmjFdGAvg4="></latexit>

T ⇡ 3
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<latexit sha1_base64="Yz/JVxa9PAjKdyPFMBEa3r36GEA="></latexit>

�m2
W

c2Wm2
Z

⇡ c2W
c2W � s2W

3

16⇡2

v2w
M2

Q


2

3

⇣
|hd|+ |hs|2 + |hb|2 � |hu|2 � |hc|2 � |ht|2

⌘2
+ y2t |ht|2

 
� 3 + 2 ln

M2
Q

m2
t

!�

m1

m2

<latexit sha1_base64="z+Tr4UJZ3vuJacqu31HFcIDA1k0="></latexit>

• One vector-like doublet with mass MQ = 2 TeV coupling only to the top, the CDFII mW value would be explained with

a Yukawa coupling of ht ⇡ 1.0± 0.1, corresponding to a mass splitting of 7 GeV.
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m1

m2
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URTu≈-huvW/MQ

U
RB
s≈

-
h s
v W

/M
Q

CAA2

Z→hadr

QW(Cs)

QW(p)

VRus = U*R TuUR Bs = − 1.13(37) × 10−3

Vector-like doublet of quarks emerges as a favorite explanation of Cabibbo angle anomalies
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δm2
W

m2
W

= 2v2
w

sWcW

s2
W − c2

W
[2CHWB +

cW

2sW
CHD +

sW

cW
(2C(3)

Hℓ − Cℓℓ)]

ΔCKM = 4v2[C(3)
Hq − C(3)

Hℓ + (Cℓℓ)1221 − C(3)
ℓq ]

Cirigliano et al 2204.08440

oblique parameters  shiftGF

Assuming  flavour symmetryU(3)5

strongly constrained by LHC

Global fit of electroweak precision observables gives a too large value of ΔCKM
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Cirigliano et al. 2311.00021 QHud + h.c. i(H̃†DμH)(ūpγμdr)

CST → cWCHD + 4sWCHWB

CHud11 , CHud12
vector-like doublets 


at tree level

vector-like doublets 

at loop level
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<latexit sha1_base64="kqPopgwKDCrQqVLSwdUR65DXq84="></latexit>

• |Vus| can be directly determined from semileptonic K ! ⇡`⌫ (K`3) decays
(KLe3, KSe3, K±e3, K±µ3, KLµ3, KSµ3)

Isospin factor (1 or 1/ )2
channel independent short distance EW radiative corrections

 transition form factor at zero momentum transferK0 → π−

phase space factor

long distance EM radiative corrections

isospin breaking corrections

Experimental inputs: KLOE, KLOE-2, KTeV, NA48 (Moulson 1704.04104, only small updates since 2012)

<latexit sha1_base64="B4hTBN2h+ET6h2BDA52kWXNioVk="></latexit>

�K`3 =
G2

F M5
K C2

K

192⇡3
| f+(0)Vus |2 I(0)K` SEW (1 + �K`

EM + �K⇡
SU(2))

FLAG average of 4 active quark flavour lattice QCD calculations: 

 f+(0) = 0.9698(17)

|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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:
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<latexit sha1_base64="kqPopgwKDCrQqVLSwdUR65DXq84="></latexit>

• |Vus| can be directly determined from semileptonic K ! ⇡`⌫ (K`3) decays
(KLe3, KSe3, K±e3, K±µ3, KLµ3, KSµ3)

Isospin factor (1 or 1/ )2
channel independent short distance EW radiative corrections

 transition form factor at zero momentum transferK0 → π−

phase space factor

long distance EM radiative corrections

isospin breaking corrections

Recent re-analysis

Seng et al. 1910.13208, 2009.00459, 2103.00975, 2103.04843, 2107.14708, 2203.05217 Ma et al. 2102.12048, 


(also with lattice QCD) consistent with ChPT (Cirigliano et al. 08074507) with much smaller uncertainties 

<latexit sha1_base64="B4hTBN2h+ET6h2BDA52kWXNioVk="></latexit>

�K`3 =
G2

F M5
K C2

K

192⇡3
| f+(0)Vus |2 I(0)K` SEW (1 + �K`

EM + �K⇡
SU(2))

FLAG average of 4 active quark flavour lattice QCD calculations: 

 f+(0) = 0.9698(17)

|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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:

Experimental inputs: KLOE, KLOE-2, KTeV, NA48 (Moulson 1704.04104, only small updates since 2012)
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<latexit sha1_base64="kqPopgwKDCrQqVLSwdUR65DXq84="></latexit>

• |Vus| can be directly determined from semileptonic K ! ⇡`⌫ (K`3) decays
(KLe3, KSe3, K±e3, K±µ3, KLµ3, KSµ3)

Experimental results + radiative corrections 2203.05217: 

<latexit sha1_base64="lc3essh4enazeN9cRYvgylocVM0="></latexit>

f+(0)|Vus| = 0.21634± 0.00038

<latexit sha1_base64="JYWLIpFtzBiiZvxVXwVQqf8WYVU="></latexit>

|Vus|A = 0.22308(55)

<latexit sha1_base64="ZXnSregBngJ232asu9CjIX5Ey3E="></latexit>

• Average of 4-flavour lattice QCD calculations for the vector form factor f+(0) = 0.9698(17)
(FLAG 2024)

|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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:
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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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:

|Vus |
|Vud |

fK±

fπ±
= (

ΓK→μν(γ)mπ±

Γπ→μν(γ)mK± )
1/2

1 − m2
μ /m2

π±

1 − m2
μ /m2

K± (1 −
ΔKπ

RC+IB

2 )

• The ratio of leptonic decay rates  and  determines:K → μν(γ) π → μν(γ)

charged kaon and charged pion decay constants 

from lattice QCD calculations residual EM radiative corrections:


Chiral Perturbation Theory -1.12(21)%

Confirmed by lattice QCD calculation of radiative 


and isospin-braking corrections 

-1.26(14)% (1904.08731), -0.86(40)% (2211.12865)

Experimental input dominated by KLOE, KLOE-2 (Moulson 1704.04104, not changed since 2014)
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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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:

<latexit sha1_base64="f+jx0AR1/thiHS5YHdRADUirsyI="></latexit>

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

fK±

f⇡±

|Vus|
|Vud|

= 0.27599± 0.00037

• 4-flavour lattice QCD for the decay constants ratio fK/f⇡ = 1.1934(19) FLAG 2024
(fK/f⇡ = 1.1932(21) FLAG21)

|Vus|
|Vud|B

= 0.23126(48)
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<latexit sha1_base64="UmShfBRP8A/n5jvR5tY6Zkyz5dA="></latexit>

• Superallowed nuclear beta-decays and free neutron decay:

|Vud|20+�0+ =
K

2G2
FFt (1 +�V

R)
, |Vud|2n =

K/ ln 2

G2
FFn⌧n(1 + 3g2A)(1 +�V

R)

|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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:

<latexit sha1_base64="8QiPxiH8eJT1EuaQs0m4zyDfcKE="></latexit>

• K = 2⇡3 log 2/m5
e, GF = Gµ = 1.1663787(6)⇥ 10�5 GeV�2;
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<latexit sha1_base64="UmShfBRP8A/n5jvR5tY6Zkyz5dA="></latexit>

• Superallowed nuclear beta-decays and free neutron decay:

|Vud|20+�0+ =
K

2G2
FFt (1 +�V

R)
, |Vud|2n =

K/ ln 2

G2
FFn⌧n(1 + 3g2A)(1 +�V

R)

|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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:

<latexit sha1_base64="8QiPxiH8eJT1EuaQs0m4zyDfcKE="></latexit>

• K = 2⇡3 log 2/m5
e, GF = Gµ = 1.1663787(6)⇥ 10�5 GeV�2;

<latexit sha1_base64="EuCMtRJ0wQkCoRsidTa8WRfAATs="></latexit>

• �V
R are short-distance (transition independent, single-nucleon) radiative corrections

(�W box diagram).

• Marciano & Sirlin 2006 �
V
R = 0.02361(38) adopted by PDG 2018.

• New calculation with reduced theory uncertainty Seng et al. 2018 �V
R = 0.02467(22).

Other more recent studies confirmed the shift of �
V
R .
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isospin breaking corrections,

depends on nuclear structure


(aligns ft the most)

transition dependent radiative correction 

function of electron energy and Z

Hardy and Towner, Phys. Rev. C 102, no.4, 045501 (2020)

(new  survey after 2015)


<latexit sha1_base64="yfi4Z4gFt4LIXyLxQp+ye/sELLw="></latexit>

Ft = ft (1 + �0R)(1 + �NS � �C) =
K

2G2
F |Vud|2 (1 +�V

R)

<latexit sha1_base64="xMLh/Cjyo14H/r0EYVHczCDvBi0="></latexit>

• The most precise determination is from superallowed nuclear beta-decays
(0+–0+ Fermi transitions) determining vector coupling GV = GF|Vud|:

<latexit sha1_base64="c3CXf+ouy3XCdCzDe4ODcoCi1OQ="></latexit>

• K = 2⇡3 log 2/m5
e, GF = Gµ = 1.1663787(6) ⇥ 10�5 GeV�2, f statistical rate function

(depends on the total transition energy), t partial half-life

• Ft = ft(1+ �0R)(1+ �NS � �C) nucleus-independent value obtained from ft-values
averaging 15 transitions

transition dependent radiative correction,

depends on nuclear structure (neutron in nucleus)




 Seng et al.1812.03352

 Gorchtein 1812.04229


uncertainty increased by 2.6 factor


δNS = δNS,A + δNS,B + δNS,E
δNS,A
δNS,E
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Hardy and Towner, Phys. Rev. C 102, no.4, 045501 (2020) (new  survey after 2015)

<latexit sha1_base64="yfi4Z4gFt4LIXyLxQp+ye/sELLw="></latexit>

Ft = ft (1 + �0R)(1 + �NS � �C) =
K

2G2
F |Vud|2 (1 +�V

R)
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<latexit sha1_base64="rXhB8ZN162PjGkjrl66neWrqFQI="></latexit>

|Vud|0+�0+ = 0.97367(31)

<latexit sha1_base64="UuhLgj002V/naTbMyZIwLRoiE/4="></latexit>

• The most precise determination is from superallowed nuclear beta-decays (0+–0+ Fermi
transitions) determining vector coupling GV = GF|Vud|:

<latexit sha1_base64="fgm/kEiqeSvNRmVTgpNkgIrKY3s="></latexit>

|Vud|20+�0+ =
K

2G2
F Ft (1 +�V

R)

<latexit sha1_base64="08mip5RTDZEIRFHWq8qnd+4vZ5g="></latexit>

• K = 2⇡3
log 2/m5

e, GF = Gµ = 1.1663787(6) ⇥ 10
�5

GeV
�2

, f statistical rate function

(depends on the total transition energy), t partial half-life;

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

including the nucleus-dependent radiative (�0R, �NS) and isospin-breaking correction �C ,
averaging 15 transitions, recently updated (uncertainty increased by 2.6 factor due

to nuclear structure corrections �NS (1812.03352,1812.04229), which now dominate uncer-

tainty): Ft = 3072.24(1.85) s (Hardy & Towner 2020);
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<latexit sha1_base64="WitKAwPxv1L7+oonbO1UFCoX3z8="></latexit>

G2
V =

K

2Ft(1 +�V
R)

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

G2
V =

K/ ln 2

Fn⌧n(1 + 3g2A)(1 +�V
R)

<latexit sha1_base64="+agA6z4C7BC8jWWAywqjy5DNG1I="></latexit>

|Vud|2n =
K/ ln 2

G2
FFn⌧n(1 + 3g2A)(1 +�V

R)
=

5024.5(6) s

⌧n(1 + 3g2A)(1 +�V
R)

<latexit sha1_base64="kLhCpp7t/Llfk1GZDYNXFBXjviU="></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 = 1.27624(50) ! ⌧SMn = 878.7(8) s ⇡ ⌧bottle

<latexit sha1_base64="9nofN5FspO8a+MP1jhPWvoUuOx4="></latexit>

⌧n =
2Ft

ln 2Fn(1 + 3g2A)
=

5172.3(3.2) s

(1 + 3g2A)

‘13

‘18

‘19

<latexit sha1_base64="WViysNNAK3e9mPIdA+H84cbZH5k="></latexit>

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

• ⌧bottlen = 878.4(5) s.

• ⌧beamn = 888.0(2.0) s (4� tension with SM and bottle experiments).

• gA = 1.27624(50) axial-vector coupling from parity-violating

�-asymmetry parameter A from polarized neutrons

• (some tension with aSPECT (a coe�cient)

from the recoil spectrum of protons, but agreement with the other

recent measurement of the a coe�cient by aCORN).

• ⌧bottlen &�
V
R & gA �! |Vud|n = 0.97383(44)



122

Present situation of CKM first row

<latexit sha1_base64="kqPopgwKDCrQqVLSwdUR65DXq84="></latexit>

• |Vus| can be directly determined from semileptonic K ! ⇡`⌫ (K`3) decays
(KLe3, KSe3, K±e3, K±µ3, KLµ3, KSµ3)

Recent re-analysis of long distance EM radiative 
corrections Seng et al. 2203.05217: 

|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="yD3VOQ39k5ga4n0TTx8SDPc4Gbc=">AAACE3icbVDJSgNBEO1xjXGLevRgYxAEIcwEt4sQzMVjBLNAJoaaTkWb9PQM3TVCCDn6CX6FVz15E69+gAf/xUkMuL7Tq/eqqKoXxEpact03Z2p6ZnZuPrOQXVxaXlnNra3XbJQYgVURqcg0ArCopMYqSVLYiA1CGCisB73yyK/foLEy0hfUj7EVwpWWXSmAUqmd2/JFZH26RoJ2+bK451upv8oTr53LuwV3DP6XeBOSZxNU2rl3vxOJJERNQoG1Tc+NqTUAQ1IoHGb9xGIMogdX2EyphhBtazB+ZMh3EgsU8RgNl4qPRfw+MYDQ2n4YpJ0h0LX97Y3E/7xmQt3j1kDqOCHUYrSIpMLxIiuMTBNC3pEGiWB0OXKpuQADRGgkByFSMUkjy6Z5eL+//0tqxYJ3WDg438+XTifJZNgm22a7zGNHrMTOWIVVmWC37J49sEfnznlynp2Xz9YpZzKzwX7Aef0AtgOdmA==</latexit>

cos ✓2C + sin ✓2C = 1

<latexit sha1_base64="Y/qsKpoC8f3ERg+S0/vXSg86SWw="></latexit>

|Vus|A = sin ✓C ,
<latexit sha1_base64="EkuoSaGoMfIl5iZe17nGPkegJLs="></latexit>

|Vus/Vud|B = tan ✓C ,
<latexit sha1_base64="1seph2dOihMMztkNSgxeGpEgIww=">AAACK3icbZBNS8NAEIY3ftbvqgcPXhaL4Kkk4tdFKPbisYKtQlvCZDvWxc0m7E6EkubXeLW/xpPi1Z8hmMYerDqnl/ed2Zl9glhJS6776szMzs0vLJaWlldW19Y3yptbLRslRmBTRCoytwFYVFJjkyQpvI0NQhgovAke6uP85hGNlZG+pkGM3RD6Wt5JAZRbfnln2PLTpJcN/fp5R0S2Q/dI4Nf9csWtukXxv8KbiAqbVMMvf3Z6kUhC1CQUWNv23Ji6KRiSQmG23EksxiAeoI/tXGoI0XbT4gMZ308sUMRjNFwqXpj4cyKF0NpBGOSdIdC9/Z2Nzf+ydkJ3Z91U6jgh1GK8iKTCYpEVRuZkkPekQSIYX45cai7AABEayUGI3ExyVFOPKtA9KyCHmfYxCpHMIMt5eb/p/BWtw6p3Uj2+OqrULibkSmyX7bED5rFTVmOXrMGaTLCMPbFnNnJGzovz5rx/t844k5ltNlXOxxfDWqku</latexit>

|Vud|C = cos ✓C
<latexit sha1_base64="fGlzEWatmSEOMejseUUOO0giV7M=">AAACKXicbZBNSwMxEIazflu/quLJS7AInsqu4Aeeil48VmhtoS1lNh1rMMkuyaxQlv4Yr/prvKlXf4dguvbg15xe3ncmM3niVElHYfgazMzOzS8sLi2XVlbX1jfKm1vXLsmswKZIVGLbMThU0mCTJClspxZBxwpb8d3FJG/do3UyMQ0apdjTMDTyRgogb/XLO41bi8gHSGi1NIXrzvrlSlgNi+J/RTQVFTater/80R0kItNoSChwrhOFKfVysCSFwnGpmzlMQdzBEDteGtDoenlx/pjvZw4o4SlaLhUvTPw+kYN2bqRj36mBbt3vbGL+l3Uyujnt5dKkGaERk0UkFRaLnLDSc/E/lxaJYHI5cmm4AAvkYUgOQngz80h+PKrADJwAjzIfYqKR7GjseUW/6fwV14fV6Lh6dHVYqZ1PyS2xXbbHDljETliNXbI6azLBcvbAHtlT8BQ8By/B21frTDCd2WY/Knj/BPOGqD4=</latexit>

Three determinations:



Short distance single-nucleon radiative corrections
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Cabibbo angle anomalies

124
<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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CAA and W-boson mass: vector-like weak doublet
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<latexit sha1_base64="ZMaVXqZOtwQ5htPIhqge1wFtRz4="></latexit>

• Assume the vector-like doublet couples predominantly to the down or the strange quark:
two scenarios to explain CAA1 and mW or CAA2 and mW .

<latexit sha1_base64="1px+MXVzabKMgfBN1Hfi7/k8TFk="></latexit>

1. CAA1 + mW (hu, hd, ht)
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<latexit sha1_base64="HzCrSP1KkINv1j98otEyUSF8iPk="></latexit>

• �2
SM = 31.4, improvement of �2

SM � �2
min,new = 17.2. The left discrepancy is due to CAA2.

• If CAA2 is resolved by the presence of another vector-like doublet, then �2
SM��2

min = 28.1.

• ht . 1 for MQ . 3 TeV.
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<latexit sha1_base64="UMZFYQtCzrR10QNTvceYmb8HV8A="></latexit>

2. CAA2 + mW (hu, hs, ht)
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<latexit sha1_base64="bJ/hnH22utS2nVytViqulU/PYd0="></latexit>

• �2
SM = 31.4, improvement of �2

SM � �2
min,new = 20.0. The left discrepancy is due to CAA1.

• VRus = U⇤
RTuURBs ⇡ h⇤

uhsv2w/M
2
Q = �1.13(38)⇥ 10�3 induces the di↵erence between the

vector coupling in K`3 decays and the axial-vector coupling in Kµ2/⇡µ2 decays.

• ht . 1 for MQ . 3 TeV.

CAA and W-boson mass: vector-like weak doublet
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<latexit sha1_base64="1px+MXVzabKMgfBN1Hfi7/k8TFk="></latexit>

1. CAA1 + mW (hu, hd, ht)

<latexit sha1_base64="UMZFYQtCzrR10QNTvceYmb8HV8A="></latexit>

2. CAA2 + mW (hu, hs, ht)

<latexit sha1_base64="WJLTEQD8YViMu/QJpOEN7y4oO9A="></latexit>

hu ⇠ hs ⇡ 0.3 , ht ⇡ 1 , hd . O(10�3) , hc . O(10�2) hb . O(10�1)

<latexit sha1_base64="u9n4xL6d1inp1oU0HeOcn7qI0+Q=">AAACIXicbVDLTgJBEJz1ifhCPXqZCCZeJLsYH0eiFy8mkPBKgGxmhwYmzOxuZnpNCOBP+Al+hVc9eTPejPFfXJAYBetUqepOd5UXSmHQtt+thcWl5ZXVxFpyfWNzazu1s1sxQaQ5lHkgA13zmAEpfCijQAm1UANTnoSq17sa+9Vb0EYEfgn7ITQV6/iiLTjDWHJTx5lh18VhQ4IxRijqZGg70DRz4xZ/tJO7hla0BJWMm0rbWXsCOk+cKUmTKQpu6rPRCnikwEcumTF1xw6xOWAaBZcwSjYiAyHjPdaBekx9psA0B5NYI3oYGYYBDUFTIelEhN8bA6aM6SsvnlQMu2bWG4v/efUI2xfNgfDDCMHn40MoJEwOGa5F3BfQltCAyMafAxU+5UwzRNCCMs5jMYoLTMZ9OLPp50kll3XOsqfFXDp/OW0mQfbJATkiDjkneXJNCqRMOLknj+SJPFsP1ov1ar19jy5Y05098gfWxxdGQ6KF</latexit>

|ht| . 1 for MQ . 3 TeV

<latexit sha1_base64="51Z5TvMGrRutGWxAe1iTxHvTY3Q="></latexit>

hu ⇠ hd ⇡ 0.3 , ht ⇡ 1 , hs . O(10�3) , hc . O(10�2) hb . O(10�1)

<latexit sha1_base64="u9n4xL6d1inp1oU0HeOcn7qI0+Q=">AAACIXicbVDLTgJBEJz1ifhCPXqZCCZeJLsYH0eiFy8mkPBKgGxmhwYmzOxuZnpNCOBP+Al+hVc9eTPejPFfXJAYBetUqepOd5UXSmHQtt+thcWl5ZXVxFpyfWNzazu1s1sxQaQ5lHkgA13zmAEpfCijQAm1UANTnoSq17sa+9Vb0EYEfgn7ITQV6/iiLTjDWHJTx5lh18VhQ4IxRijqZGg70DRz4xZ/tJO7hla0BJWMm0rbWXsCOk+cKUmTKQpu6rPRCnikwEcumTF1xw6xOWAaBZcwSjYiAyHjPdaBekx9psA0B5NYI3oYGYYBDUFTIelEhN8bA6aM6SsvnlQMu2bWG4v/efUI2xfNgfDDCMHn40MoJEwOGa5F3BfQltCAyMafAxU+5UwzRNCCMs5jMYoLTMZ9OLPp50kll3XOsqfFXDp/OW0mQfbJATkiDjkneXJNCqRMOLknj+SJPFsP1ov1ar19jy5Y05098gfWxxdGQ6KF</latexit>

|ht| . 1 for MQ . 3 TeV

CAA and W-boson mass: vector-like weak doublet
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<latexit sha1_base64="hau8/UgJ2CTGUOpu7irLpKYpwQI="></latexit>

|U⇤
LUuULUc| ⇡ |z⇤uzc|v2w/M2

U . 1.3⇥ 10�4
h
1 + (MU/3.1 TeV)2

i�1/2

<latexit sha1_base64="vv02T4lfiZqQNN3QW1CQO0qEDrI="></latexit>

• Taking into account the bound on zc from the D-mesons mass di↵erence

<latexit sha1_base64="fRSX0CmyT5CMZTqXhqOBaTCwtBc="></latexit>

• B0 � B̄0 mixing gives a bound which is approximately
<latexit sha1_base64="LJSj6mAdnM4q+Y6sDPewWFh9bDg=">AAACCXicbVC7SgNBFJ2Nrxhfq2JlMyQIgrLsClHLoI1lBPOAbAizk5s4ZPbBzF0hbvIFtv6ArVZ2YutXpPBf3DwKTTzV4Zx7ueceL5JCo22PjMzS8srqWnY9t7G5tb1j7u5VdRgrDhUeylDVPaZBigAqKFBCPVLAfE9Czetdj/3aAygtwuAO+xE0fdYNREdwhqnUMg8Gjy0cuBK01sKntuUU3VOrZRZsy56ALhJnRgqlvHvyPCr1yy3z222HPPYhQC6Z1g3HjrCZMIWCSxjm3FhDxHiPdaGR0oD5oJvJJP6QHsWaYUgjUFRIOhHh90bCfK37vpdO+gzv9bw3Fv/zGjF2LpuJCKIYIeDjQygkTA5prkTaC9C2UIDIxsmBioByphgiKEEZ56kYp0Xl0j6c+e8XSfXMcs6t4m1azBWZIksOSZ4cE4dckBK5IWVSIZwk5IW8kjfjyXg3PozP6WjGmO3skz8wvn4AAzecUg==</latexit>

|zt| . 0.15 .
<latexit sha1_base64="oqHglHBiO5PXF/8tQsfEdS+aWwQ="></latexit>

• |ULUu| = 0.04 for CAA1. Assuming zc is chosen to compensate in ✏K , the limit gives

• However, mW requires zt = 0.67(10) for MU = 1 TeV (zt = 1.08(15) for MU = 2 TeV).

<latexit sha1_base64="Pv516K5WhgcWLfVB8sf6kP/RDEg="></latexit>

|V ⇤
t0bVt0d| ⇡ |z⇤uzt|v2w/M2

U . 1.1⇥ 10�3


1TeV

MU

�

<latexit sha1_base64="4PUypgAvSWT1kVm+gW6qJkMe1rQ="></latexit>
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<latexit sha1_base64="c8nt//yiPUEgwdDQjOSB9Ovtw2g="></latexit>
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CAA and W-boson mass: vector-like weak singlets

<latexit sha1_base64="gZystbrnx/2XxRCfT/IS/ItiD0g="></latexit>

• Considering constraints on the mixing elements, which also give MD . 1.5 TeV, the upper
limit is |wb| . 0.05. It cannot induce the positive shift of mW .

Down-type singlet

Up-type singlet
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<latexit sha1_base64="O4G1dyktRoZ01L0e9UeD6rjM6Bw="></latexit>

• Up-type singlet can be an explanation of CAA1 or mW , separately.

CAA and W-boson mass: vector-like up-type singlet

<latexit sha1_base64="1iYoZ2B+H/pJxdl3Ca+mHlIwADo="></latexit>

• Limit from B0
d-B̄

0
d still excludes the preferred region for the combined explanation.

<latexit sha1_base64="SnngvOKGpZXWNGHZv9VGzmZSou4="></latexit>

• Arg(zt) can be selected to reduce the contribution in B0
d system, zc set to compensate the

CP-violating e↵ect in K0-K̄0.



CAA and W-boson mass
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<latexit sha1_base64="O4G1dyktRoZ01L0e9UeD6rjM6Bw="></latexit>

• Up-type singlet can be an explanation of CAA1 or mW , separately.

<latexit sha1_base64="k593NLqzBEngniLOP79SpvxbVJY="></latexit>

• Arg(zt) selected to reduce the contribution in the B0
d system, zc set to compensate in ✏K .

<latexit sha1_base64="1iYoZ2B+H/pJxdl3Ca+mHlIwADo="></latexit>

• Limit from B0
d-B̄

0
d still excludes the preferred region for the combined explanation.
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<latexit sha1_base64="hau8/UgJ2CTGUOpu7irLpKYpwQI="></latexit>

|U⇤
LUuULUc| ⇡ |z⇤uzc|v2w/M2

U . 1.3⇥ 10�4
h
1 + (MU/3.1 TeV)2

i�1/2

<latexit sha1_base64="vv02T4lfiZqQNN3QW1CQO0qEDrI="></latexit>

• Taking into account the bound on zc from the D-mesons mass di↵erence

<latexit sha1_base64="fRSX0CmyT5CMZTqXhqOBaTCwtBc="></latexit>

• B0 � B̄0 mixing gives a bound which is approximately
<latexit sha1_base64="LJSj6mAdnM4q+Y6sDPewWFh9bDg=">AAACCXicbVC7SgNBFJ2Nrxhfq2JlMyQIgrLsClHLoI1lBPOAbAizk5s4ZPbBzF0hbvIFtv6ArVZ2YutXpPBf3DwKTTzV4Zx7ueceL5JCo22PjMzS8srqWnY9t7G5tb1j7u5VdRgrDhUeylDVPaZBigAqKFBCPVLAfE9Czetdj/3aAygtwuAO+xE0fdYNREdwhqnUMg8Gjy0cuBK01sKntuUU3VOrZRZsy56ALhJnRgqlvHvyPCr1yy3z222HPPYhQC6Z1g3HjrCZMIWCSxjm3FhDxHiPdaGR0oD5oJvJJP6QHsWaYUgjUFRIOhHh90bCfK37vpdO+gzv9bw3Fv/zGjF2LpuJCKIYIeDjQygkTA5prkTaC9C2UIDIxsmBioByphgiKEEZ56kYp0Xl0j6c+e8XSfXMcs6t4m1azBWZIksOSZ4cE4dckBK5IWVSIZwk5IW8kjfjyXg3PozP6WjGmO3skz8wvn4AAzecUg==</latexit>

|zt| . 0.15 .
<latexit sha1_base64="oqHglHBiO5PXF/8tQsfEdS+aWwQ="></latexit>

• |ULUu| = 0.04 for CAA1. Assuming zc is chosen to compensate in ✏K , the limit gives

• However, mW requires zt = 0.67(10) for MU = 1 TeV (zt = 1.08(15) for MU = 2 TeV).

<latexit sha1_base64="O4G1dyktRoZ01L0e9UeD6rjM6Bw="></latexit>

• Up-type singlet can be an explanation of CAA1 or mW , separately.

<latexit sha1_base64="Pv516K5WhgcWLfVB8sf6kP/RDEg="></latexit>
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CAA and W-boson mass: vector-like up-type singlet
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Present situation of CKM first row
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isospin breaking corrections,

depends on nuclear structure


(aligns ft the most)

transition dependent QED radiative correction 

function of electron energy and Z

transition dependent radiative correction,

depends on nuclear structure (neutron in nucleus)




 Seng et al.1812.03352

 Gorchtein 1812.04229


uncertainty increased by 2.6 factor


δNS = δNS,A + δNS,B + δNS,E
δNS,A
δNS,E
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• The most precise determination is from superallowed nuclear beta-decays
(0+–0+ Fermi transitions) determining vector coupling GV = GF|Vud|:
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• K = 2⇡3 log 2/m5
e, GF = Gµ = 1.1663787(6) ⇥ 10�5 GeV�2, f statistical rate function

(depends on the total transition energy), t partial half-life

• Ft = ft(1+ �0R)(1+ �NS � �C) nucleus-independent value obtained from ft-values
averaging 15 transitions

Hardy and Towner, Phys. Rev. C 102, no.4, 045501 (2020)

(new  survey after 2015)



