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Related topics

Cabibbo angle anomaly focusing on  ➡ talk by Emilie Passemar, Antonio Pich 

Anomaly in direct CPV of   ➡ talk by Luiz Vale Silva, Guy Wilkinson

τ

D0 → K+K−, π+π−

SM prediction of 

based on the data-driven approach 
is significantly deviated from the 
data (LHCb)

ΔACP = ACP (K−K+) − ACP (π−π+)
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CKM matrix

Cabibbo–Kobayashi–Maskawa (CKM) matrix arises　                                                                

from a relative misalignment between gauge interaction 

and Yukawa-matrix eigenstates                                                             

Cabibbo Kobayashi Maskawa
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<latexit sha1_base64="kqvowncweQejdx6r7WmlvAQOfRg="></latexit>

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="XsVwTGSeCoTPYwQt88qvL6MJpkU="></latexit>

If SM is correct : 

If new physics exists : 
V †V = V V † = 1

<latexit sha1_base64="CdiffBqVAoL3EROI9jxGxs66r5w=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEV2VSxbaLQsGNK6lgp4V2LJlMpg3NPEgyQhmKG3/FjQtF3PoV7vwbM32Aih64cHLOvdzc48acSWVZn0ZuaXlldS2/XtjY3NreMXf3bBklgtAWiXgkOi6WlLOQthRTnHZiQXHgctp2RxeZ376jQrIovFHjmDoBHoTMZwQrLfXNA/s27Xl4MIE2rOtaPOuobxatkmVZCCGYEVQ5tzSp1aplVIUoszSKYI5m3/zoeRFJAhoqwrGUXWTFykmxUIxwOin0EkljTEZ4QLuahjig0kmnJ0zgsVY86EdCV6jgVP0+keJAynHg6s4Aq6H87WXiX143UX7VSVkYJ4qGZLbITzhUEczygB4TlCg+1gQTwfRfIRligYnSqRV0CItL4f/ELpfQaal8fVZsXM3jyINDcAROAAIV0ACXoAlagIB78AiewYvxYDwZr8bbrDVnzGf2wQ8Y719YCZYq</latexit>

V †V 6= V V † 6= 1
<latexit sha1_base64="fsMCpY/uiD2cj2JNoPgexAIdDgM=">AAACCnicdVC7TsMwFHV4lvIqMLIYKiSmKkmjtmyVWJhQkWhaqSmV4zqtVccJtoNURZ1Z+BUWBhBi5QvY+BuctiBAcCTLx+fcq+t7/JhRqUzz3VhYXFpeWc2t5dc3Nre2Czu7rowSgUkTRywSbR9JwignTUUVI+1YEBT6jLT80Wnmt26IkDTil2ock26IBpwGFCOlpV7hwL1KvT4aTKALPU6u9fWlTN9Wr1A0Sye1iu1UoFkyzaplWxmxq07ZgZZWMhTBHI1e4c3rRzgJCVeYISk7lhmrboqEopiRSd5LJIkRHqEB6WjKUUhkN52uMoFHWunDIBL6cAWn6veOFIVSjkNfV4ZIDeVvLxP/8jqJCmrdlPI4UYTj2aAgYVBFMMsF9qkgWLGxJggLqv8K8RAJhJVOL69D+NwU/k9cu2SVS/aFU6yfz+PIgX1wCI6BBaqgDs5AAzQBBrfgHjyCJ+POeDCejZdZ6YIx79kDP2C8fgB+WpmM</latexit>

unitarity condition

violation of unitarity

Uu,d: unitary matrix
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Unitarity of CKM matrix

Each component of the CKM matrix can be measured without assuming the unitarity        

➡ One can test the CKM unitarity conditions from data                                                      

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="XsVwTGSeCoTPYwQt88qvL6MJpkU="></latexit>

K and B mesons mixing, 
K and B mesons FCNC

B meson decaysK meson decaysβ decays

D meson decays SM NP?
V V † = 3 or 6= I3?

<latexit sha1_base64="zROODE0mSPrvc6E+0MtsXU10HWw="></latexit>

STCF will provide 
stat. accuracy  𝒪(0.1) %



slide from Luiz Vale 
Silva@CKM2023

STCF will provide 
stat. 

accuracy for D decays 
𝒪(0.1) %
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CKM unitarity triangle

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="lLlDKXL5Oflgw40hsXU+sQ1+Y0s="></latexit>

VudV
⇤
ub + VcdV

⇤
cb + VtdV

⇤
tb = 0

<latexit sha1_base64="N1bhooIwInsG3xHibFWCa9JvTAE="></latexit>

Unitarity condition

A triangle can be drawn on a complex plane

Many data are available! Currently, 
they are consistent with the triangle 

VtdV
⇤
tb ⇠ �3

<latexit sha1_base64="SOeLgUzS5xNjrMmlOoeIIC8rKEQ=">AAACC3icbVC7TsMwFHV4lvIqMLJYrZCYqqRFgglVYmEsEn1ITRs5jtNatZPIvkGqouws/AoLAwix8gNs/A3uY4CWI9k6Oufea9/jJ4JrsO1va219Y3Nru7BT3N3bPzgsHR23dZwqylo0FrHq+kQzwSPWAg6CdRPFiPQF6/jjm6nfeWBK8zi6h0nC+pIMIx5ySsBIXqnc9jII8unt54PMJRpy7GousSvMlIAM6l6pYlftGfAqcRakghZoeqUvN4hpKlkEVBCte46dQD8jCjgVLC+6qWYJoWMyZD1DIyKZ7mezXXJ8ZpQAh7EyJwI8U393ZERqPZG+qZQERnrZm4r/eb0Uwqt+xqMkBRbR+UNhKjDEeBoMDrhiFMTEEEIVN3/FdEQUoWDiK5oQnOWVV0m7VnXq1drdRaVxvYijgE5RGZ0jB12iBrpFTdRCFD2iZ/SK3qwn68V6tz7mpWvWoucE/YH1+QNYX5s0</latexit>

VudV
⇤
ub ⇠ �3

<latexit sha1_base64="xB6nSUWZdn8ljtLs/N7re0khCKM=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqqRFgglVYmEsEn1ITRo5jtNatZPIdpCqKDsLv8LCAEKs/AAbf4PTZoCWI9k6Oufea9/jJ4xKZVnfxtr6xubWdmWnuru3f3BoHh33ZJwKTLo4ZrEY+EgSRiPSVVQxMkgEQdxnpO9Pbwq//0CEpHF0r2YJcTkaRzSkGCkteWat52VpkBe3n48yB0mVQ0dSDh2mpwRo1PLMutWw5oCrxC5JHZToeOaXE8Q45SRSmCEph7aVKDdDQlHMSF51UkkShKdoTIaaRogT6WbzXXJ4ppUAhrHQJ1Jwrv7uyBCXcsZ9XcmRmshlrxD/84apCq/cjEZJqkiEFw+FKYMqhkUwMKCCYMVmmiAsqP4rxBMkEFY6vqoOwV5eeZX0mg271WjeXdTb12UcFXAKauAc2OAStMEt6IAuwOARPINX8GY8GS/Gu/GxKF0zyp4T8AfG5w9bnZs2</latexit>

VcdV
⇤
cb ⇠ �3

<latexit sha1_base64="py2Vtr2gYovp9oG3sDBRwZSBD0A=">AAACC3icbVC7TsMwFHV4lvIKMLJYrZCYqqRFgglVYmEsEn1ITRo5jtNatZPIdpCqKDsLv8LCAEKs/AAbf4PTZoCWI9k6Oufea9/jJ4xKZVnfxtr6xubWdmWnuru3f3BoHh33ZJwKTLo4ZrEY+EgSRiPSVVQxMkgEQdxnpO9Pbwq//0CEpHF0r2YJcTkaRzSkGCkteWat52U4yIvbz0eZg6TKoSMphw7TUwI0anlm3WpYc8BVYpekDkp0PPPLCWKcchIpzJCUQ9tKlJshoShmJK86qSQJwlM0JkNNI8SJdLP5Ljk800oAw1joEyk4V393ZIhLOeO+ruRITeSyV4j/ecNUhVduRqMkVSTCi4fClEEVwyIYGFBBsGIzTRAWVP8V4gkSCCsdX1WHYC+vvEp6zYbdajTvLurt6zKOCjgFNXAObHAJ2uAWdEAXYPAInsEreDOejBfj3fhYlK4ZZc8J+APj8wchQZsS</latexit>

B triangle

↵
<latexit sha1_base64="BgJkyeda3tRD9Jwznjo8ahn2954=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeKF48V7Ae0oUy2m3btZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKrR6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+bVTcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+xmXSWqYpItFYSqIicnsdTLgilEjJpYgVdzeSugIFVJjAyrZELzll1dJq1b1Lqq1+8tK/SaPowgncArn4MEV1OEOGtAECo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AIyCjxs=</latexit>

�
<latexit sha1_base64="1URMOM3iXAugYNCR34c/eS8I/cE=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY8RLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPh+yPGA==</latexit>

�
<latexit sha1_base64="GRjr0q0zxLECmq+ncQbdLsZaWwE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjx4rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k90KOtF+pujV3DrJKvIJUoUCzX/nqDRKWxVwhk9SYruemGORUo2CST8u9zPCUsjEd8q6lisbcBPn82Ck5t8qARIm2pZDM1d8TOY2NmcSh7YwpjsyyNxP/87oZRjdBLlSaIVdssSjKJMGEzD4nA6E5QzmxhDIt7K2EjaimDG0+ZRuCt/zyKmnVa95lrf5wVW3cFnGU4BTO4AI8uIYG3EMTfGAg4Ble4c1Rzovz7nwsWtecYuYE/sD5/AHE146n</latexit>

[CKM fitter 2023]

V †V = 3
<latexit sha1_base64="F+1mbxowlt2LP5BS1HVkaNGN2XA="></latexit>

CPV

B ! ⇡⇡
<latexit sha1_base64="rTqTFIAdANjs75K3f7V5puyaSvc=">AAACGHicdVBLSwMxGMzWV62vqkcvwSJ4WrK11vZW9OKxgn1gdynZNNuGZrNLkhXK0n/hSdDf4k28evOneDPbVtCiHwkMM/ORyfgxZ0oj9GHlVlbX1jfym4Wt7Z3dveL+QVtFiSS0RSIeya6PFeVM0JZmmtNuLCkOfU47/vgq0zv3VCoWiVs9iakX4qFgASNYG+ru0tWRGzNz+sUSsuu1KqqUIbIRqpVR1YBz5NSdOnQMk00JLKbZL366g4gkIRWacKxUz0Gx9lIsNSOcTgtuomiMyRgPac9AgUOqvHSWeApPDDOAQSTNFRrO2J8bKQ6VmoS+cYZYj9SylpF/ar4fTpfN2RNqKZAOal7KRJxoKsg8T5BwqCOYtQQHTFKi+cQATCQzX4JkhCUm2nRZMF19FwL/B+2y7ZzZ5ZtKqVFZtJYHR+AYnAIHXIAGuAZN0AIECPAAnsCz9Wi9WK/W29yasxY7h+DXWO9fsvuheQ==</latexit>

B ! DK
<latexit sha1_base64="m24FEgwDBWYpP6p2UIU5IYCYIOI=">AAACFXicdVDLSgMxFM34rPVVdekmWARXQ2astd0VdSG4qWAf0A4lk2ba0ExmSDJCGfoRrgT9Fnfi1rWf4s5MW0GLHggczj2Xe3L8mDOlEfqwlpZXVtfWcxv5za3tnd3C3n5TRYkktEEiHsm2jxXlTNCGZprTdiwpDn1OW/7oMpu37qlULBJ3ehxTL8QDwQJGsDZS66KrI3h10ysUkV2tlFHJhchGqOKisiFnyKk6VegYJUMRzFHvFT67/YgkIRWacKxUx0Gx9lIsNSOcTvLdRNEYkxEe0I6hAodUeek07gQeG6UPg0iaJzScqj83UhwqNQ594wyxHqrFWSb+OfP9cLJozk6ohUA6qHgpE3GiqSCzPEHCoakiqwj2maRE87EhmEhmvgTJEEtMtCkyb7r6LgT+T5qu7Zza7m2pWCvNW8uBQ3AEToADzkENXIM6aAACRuABPIFn69F6sV6tt5l1yZrvHIBfsN6/AFasn6A=</latexit> B ! J/ K

<latexit sha1_base64="MESGX7IsWk5E6GVWm9Okh5IJRfE=">AAACG3icdVDLSgMxFM34rPVVdekmWARXY2astd0V3YhuKtgHdIaSSTNtaOZhkhHK0O9wJei3uBO3LvwUd2baClr0QOBw7rnck+PFnEmF0IexsLi0vLKaW8uvb2xubRd2dpsySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q0vsnnrngrJovBWjWLqBrgfMp8RrLTknjsqglfHTl0yeN0tFJFZrZRRyYbIRKhio7Imp8iqWlVoaSVDEcxQ7xY+nV5EkoCGinAsZcdCsXJTLBQjnI7zTiJpjMkQ92lH0xAHVLrpJPQYHmqlB/1I6BcqOFF/bqQ4kHIUeNoZYDWQ87NM/HPmecF43pydkHOBlF9xUxbGiaIhmebxEw51IVlRsMcEJYqPNMFEMP0lSAZYYKJ0nXnd1Xch8H/StE3rxLRvSsVaadZaDuyDA3AELHAGauAS1EEDEHAHHsATeDYejRfj1XibWheM2c4e+AXj/QtjKKG5</latexit>



slide from Vincenzo Vagnoni
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1st-row Unitarity test in CKM matrix

Why these components? 

Leading uncertainties from 

kaon form factors have been 

improved significantly

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="lLlDKXL5Oflgw40hsXU+sQ1+Y0s="></latexit>

Sum of the absolute values must become exact 1

Unitarity condition

V V † = 3
<latexit sha1_base64="wErUs2hFbYlB18J8nZTQD2tXLUs="></latexit> |Vud|2 + |Vus|2 + |Vub|2 = 1

<latexit sha1_base64="cykTB/YmSIeD3o1yok4/4nmmKC0=">AAACEHicdVDLSgMxFM3UV62vUZdugkUUhDIZxbYLoaALlxXsA9qxZNK0Dc08SDJCmfYT3Pgrblwo4talO//GzLRCFb0QOI97ubnHDTmTyrI+jczC4tLySnY1t7a+sbllbu/UZRAJQmsk4IFoulhSznxaU0xx2gwFxZ7LacMdXiR+444KyQL/Ro1C6ni477MeI1hpqWMejuudOOpOxrc2PIYpkfPETck56ph5q2BZFkIIJgAVzywNyuWSjUoQJZauPJhVtWN+tLsBiTzqK8KxlC1khcqJsVCMcDrJtSNJQ0yGuE9bGvrYo9KJ04Mm8EArXdgLhH6+gqk6PxFjT8qR5+pOD6uB/O0l4l9eK1K9khMzP4wU9cl0US/iUAUwSQd2maBE8ZEGmAim/wrJAAtMlM4wp0P4vhT+D+p2AZ0U7OvTfOVyFkcW7IF9cAQQKIIKuAJVUAME3INH8AxejAfjyXg13qatGWM2swt+lPH+BSifnAg=</latexit>

[FLAG2021, 2111.09849] time

1st-row unitarity condition 
10−5

https://arxiv.org/abs/2111.09849
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 determinations |Vud |  and |Vus |
[Crivellin, Kirk, TK, Mescia, 2212.06862]

One can see several tensions in  determinations|Vus |
[Ma, et al., 2308.16755]

* new lattice result for super-allowed β decays is not included 
(reduce CAA tension  level)0.5σ

https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/2308.16755
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Super-allowed (0+→0+) nuclear β decays

|Vus| is mostly determined buy the global fit of the super-allowed (0+→0+) nuclear β decays

JP = 0+ ! 0+
<latexit sha1_base64="MlCZ/93BUeAruOaoJ4UxUfY7tqk=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIsgCCWpYtuFUNCFuKpgH9BOSybNtKGZB0lGLEN/xY0LRdz6I+78GzNtBRU9EHI4517uvceNBFcaoQ8rs7S8srqWXc9tbG5t79i7+aYKY0lZg4YilG2XKCZ4wBqaa8HakWTEdwVrueOL1G/dMal4GNzqScQcnwwD7nFKtJH6dv66V4fnEPWOYVeHs79vF1ARIYQxhinB5TNkSLVaKeEKxKllUAAL1Pv2e3cQ0thngaaCKNXBKNJOQqTmVLBprhsrFhE6JkPWMTQgPlNOMtt9Cg+NMoBeKM0LNJyp3zsS4is18V1T6RM9Ur+9VPzL68TaqzgJD6JYs4DOB3mxgObKNAg44JJRLSaGECq52RXSEZGEahNXzoTwdSn8nzRLRXxSLN2cFmqXiziyYB8cgCOAQRnUwBWogwag4B48gCfwbE2tR+vFep2XZqxFzx74AevtE26bkiE=</latexit>

with β+ decay (p+ → n + e+νe)
J is total nuclear angular momentum, P = (-1)L = parity and L is orbital angular

Fermi decay (vector current) Gamow-Teller decay (axial-vector current)

e�
<latexit sha1_base64="LsvLbtX3pYLyAMO5GTxy2Yoc0UU=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBi2VTxba3gh48VrQf0K4lm6ZtaDa7JFmhLP0JXjwo4tVf5M1/Y7atoKIPBh7vzTAzz48E18Z1P5zM0vLK6lp2PbexubW9k9/da+owVpQ1aChC1faJZoJL1jDcCNaOFCOBL1jLH1+kfuueKc1DeWsmEfMCMpR8wCkxVrphdye9fMEtuq6LMUYpweVz15JqtVLCFYRTy6IAC9R7+fduP6RxwKShgmjdwW5kvIQow6lg01w31iwidEyGrGOpJAHTXjI7dYqOrNJHg1DZkgbN1O8TCQm0ngS+7QyIGenfXir+5XViM6h4CZdRbJik80WDWCATovRv1OeKUSMmlhCquL0V0RFRhBqbTs6G8PUp+p80S0V8WixdnxVql4s4snAAh3AMGMpQgyuoQwMoDOEBnuDZEc6j8+K8zlszzmJmH37AefsENgeNxA==</latexit> ⌫

<latexit sha1_base64="s5eDKFy60NQUH7qcLRgT2gs4RKQ=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkV2+4KunBZwdpCZyiZNNOGZjJDHkIZ+htuXCji1p9x59+YaSuo6IHA4Zx7uDcnTAXXBqEPr7Cyura+UdwsbW3v7O6V9w/udGIVZR2aiET1QqKZ4JJ1DDeC9VLFSBwK1g0nl7nfvWdK80TemmnKgpiMJI84JcZJvp84M8/60g7KFVRFCGGMYU5w/QI50mw2argBcW45VMAS7UH53R8m1MZMGiqI1n2MUhNkRBlOBZuVfKtZSuiEjFjfUUlipoNsfvMMnjhlCKNEuScNnKvfExmJtZ7GoZuMiRnr314u/uX1rYkaQcZlag2TdLEosgKaBOYFwCFXjBoxdYRQxd2tkI6JItS4mkquhK+fwv/JXa2Kz6q1m/NK62pZRxEcgWNwCjCogxa4Bm3QARSk4AE8gWfPeo/ei/e6GC14y8wh+AHv7RPDzJIt</latexit>

Nucleus

eR
<latexit sha1_base64="lxS9D1YYXpGvdYAsUzKd+WJB3Uc=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFZI0tHVX0IXL+mgttKFMpjft0MmDmYlQQj/BjQtF3PpF7vwbJ20FFT1w4XDOvdx7j59wJpVlfRiFldW19Y3iZmlre2d3r7x/0JFxKii0acxj0fWJBM4iaCumOHQTAST0Odz5k/Pcv7sHIVkc3appAl5IRhELGCVKSzcwuB6UK5Z51qg5bg1bpmXVbcfOiVN3qy62tZKjgpZoDcrv/WFM0xAiRTmRsmdbifIyIhSjHGalfiohIXRCRtDTNCIhSC+bnzrDJ1oZ4iAWuiKF5+r3iYyEUk5DX3eGRI3lby8X//J6qQoaXsaiJFUQ0cWiIOVYxTj/Gw+ZAKr4VBNCBdO3YjomglCl0ynpEL4+xf+TjmPaVdO5civNi2UcRXSEjtEpslEdNdElaqE2omiEHtATeja48Wi8GK+L1oKxnDlEP2C8fQKCuY32</latexit>

spin singlet

e�
<latexit sha1_base64="LsvLbtX3pYLyAMO5GTxy2Yoc0UU=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRbBi2VTxba3gh48VrQf0K4lm6ZtaDa7JFmhLP0JXjwo4tVf5M1/Y7atoKIPBh7vzTAzz48E18Z1P5zM0vLK6lp2PbexubW9k9/da+owVpQ1aChC1faJZoJL1jDcCNaOFCOBL1jLH1+kfuueKc1DeWsmEfMCMpR8wCkxVrphdye9fMEtuq6LMUYpweVz15JqtVLCFYRTy6IAC9R7+fduP6RxwKShgmjdwW5kvIQow6lg01w31iwidEyGrGOpJAHTXjI7dYqOrNJHg1DZkgbN1O8TCQm0ngS+7QyIGenfXir+5XViM6h4CZdRbJik80WDWCATovRv1OeKUSMmlhCquL0V0RFRhBqbTs6G8PUp+p80S0V8WixdnxVql4s4snAAh3AMGMpQgyuoQwMoDOEBnuDZEc6j8+K8zlszzmJmH37AefsENgeNxA==</latexit>

Nucleus

spin triplet

eL
<latexit sha1_base64="lcrl0RswzqzNy1RfoNUH2Gzkbqs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkF9ODBQ0TzgGQJs5PZZMjsg5lZISz5BC8eFPHqF3nzb5xNIqhoQUNR1U13lxdLoQ3GH87S8srq2npuI7+5tb2zW9jbb+koUYw3WSQj1fGo5lKEvGmEkbwTK04DT/K2N77I/PY9V1pE4Z2ZxNwN6DAUvmDUWOmW96/7hSIuYYwJISgjpHKOLanVqmVSRSSzLIqwQKNfeO8NIpYEPDRMUq27BMfGTakygkk+zfcSzWPKxnTIu5aGNODaTWenTtGxVQbIj5St0KCZ+n0ipYHWk8CznQE1I/3by8S/vG5i/KqbijBODA/ZfJGfSGQilP2NBkJxZuTEEsqUsLciNqKKMmPTydsQvj5F/5NWuUROS+Wbs2L9chFHDg7hCE6AQAXqcAUNaAKDITzAEzw70nl0XpzXeeuSs5g5gB9w3j4BZoiN5A==</latexit>

Forbidden in the super-allowed decays

eL
<latexit sha1_base64="lcrl0RswzqzNy1RfoNUH2Gzkbqs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkF9ODBQ0TzgGQJs5PZZMjsg5lZISz5BC8eFPHqF3nzb5xNIqhoQUNR1U13lxdLoQ3GH87S8srq2npuI7+5tb2zW9jbb+koUYw3WSQj1fGo5lKEvGmEkbwTK04DT/K2N77I/PY9V1pE4Z2ZxNwN6DAUvmDUWOmW96/7hSIuYYwJISgjpHKOLanVqmVSRSSzLIqwQKNfeO8NIpYEPDRMUq27BMfGTakygkk+zfcSzWPKxnTIu5aGNODaTWenTtGxVQbIj5St0KCZ+n0ipYHWk8CznQE1I/3by8S/vG5i/KqbijBODA/ZfJGfSGQilP2NBkJxZuTEEsqUsLciNqKKMmPTydsQvj5F/5NWuUROS+Wbs2L9chFHDg7hCE6AQAXqcAUNaAKDITzAEzw70nl0XpzXeeuSs5g5gB9w3j4BZoiN5A==</latexit>

eL
<latexit sha1_base64="lcrl0RswzqzNy1RfoNUH2Gzkbqs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkF9ODBQ0TzgGQJs5PZZMjsg5lZISz5BC8eFPHqF3nzb5xNIqhoQUNR1U13lxdLoQ3GH87S8srq2npuI7+5tb2zW9jbb+koUYw3WSQj1fGo5lKEvGmEkbwTK04DT/K2N77I/PY9V1pE4Z2ZxNwN6DAUvmDUWOmW96/7hSIuYYwJISgjpHKOLanVqmVSRSSzLIqwQKNfeO8NIpYEPDRMUq27BMfGTakygkk+zfcSzWPKxnTIu5aGNODaTWenTtGxVQbIj5St0KCZ+n0ipYHWk8CznQE1I/3by8S/vG5i/KqbijBODA/ZfJGfSGQilP2NBkJxZuTEEsqUsLciNqKKMmPTydsQvj5F/5NWuUROS+Wbs2L9chFHDg7hCE6AQAXqcAUNaAKDITzAEzw70nl0XpzXeeuSs5g5gB9w3j4BZoiN5A==</latexit>

positron-neutrino pair must be spin singlet

eL
<latexit sha1_base64="lcrl0RswzqzNy1RfoNUH2Gzkbqs=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkF9ODBQ0TzgGQJs5PZZMjsg5lZISz5BC8eFPHqF3nzb5xNIqhoQUNR1U13lxdLoQ3GH87S8srq2npuI7+5tb2zW9jbb+koUYw3WSQj1fGo5lKEvGmEkbwTK04DT/K2N77I/PY9V1pE4Z2ZxNwN6DAUvmDUWOmW96/7hSIuYYwJISgjpHKOLanVqmVSRSSzLIqwQKNfeO8NIpYEPDRMUq27BMfGTakygkk+zfcSzWPKxnTIu5aGNODaTWenTtGxVQbIj5St0KCZ+n0ipYHWk8CznQE1I/3by8S/vG5i/KqbijBODA/ZfJGfSGQilP2NBkJxZuTEEsqUsLciNqKKMmPTydsQvj5F/5NWuUROS+Wbs2L9chFHDg7hCE6AQAXqcAUNaAKDITzAEzw70nl0XpzXeeuSs5g5gB9w3j4BZoiN5A==</latexit> N

<latexit sha1_base64="hWyjN4pulhStYo40uNvm5z814TE=">AAACD3icdVDLSgMxFM34rPVVdekmWARXJali211BF66kBfuAdiiZNNOGJpkhyQil9AtcCfot7sStn+CnuDPTVtCiBwKHc+7lnpwgFtxYhD68ldW19Y3NzFZ2e2d3bz93cNg0UaIpa9BIRLodEMMEV6xhuRWsHWtGZCBYKxhdpX7rnmnDI3VnxzHzJRkoHnJKrJPqt71cHhUQQhhjmBJcukSOVCrlIi5DnFoOebBArZf77PYjmkimLBXEmA5GsfUnRFtOBZtmu4lhMaEjMmAdRxWRzPiTWdApPHVKH4aRdk9ZOFN/bkyINGYsAzcpiR2aZS8V//SCQE6Xh9MTZimQDcv+hKs4sUzReZ4wEdBGMC0H9rlm1IqxI4Rq7r4E6ZBoQq2rMOu6+i4E/k+axQI+LxTrF/nq9aK1DDgGJ+AMYFACVXADaqABKGDgATyBZ+/Re/Fevbf56Iq32DkCv+C9fwE3BZ2C</latexit>

1. Theoretically clean and nucleus independent 
2. Precisely measurable in experiments

⌫
<latexit sha1_base64="s5eDKFy60NQUH7qcLRgT2gs4RKQ=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KkkV2+4KunBZwdpCZyiZNNOGZjJDHkIZ+htuXCji1p9x59+YaSuo6IHA4Zx7uDcnTAXXBqEPr7Cyura+UdwsbW3v7O6V9w/udGIVZR2aiET1QqKZ4JJ1DDeC9VLFSBwK1g0nl7nfvWdK80TemmnKgpiMJI84JcZJvp84M8/60g7KFVRFCGGMYU5w/QI50mw2argBcW45VMAS7UH53R8m1MZMGiqI1n2MUhNkRBlOBZuVfKtZSuiEjFjfUUlipoNsfvMMnjhlCKNEuScNnKvfExmJtZ7GoZuMiRnr314u/uX1rYkaQcZlag2TdLEosgKaBOYFwCFXjBoxdYRQxd2tkI6JItS4mkquhK+fwv/JXa2Kz6q1m/NK62pZRxEcgWNwCjCogxa4Bm3QARSk4AE8gWfPeo/ei/e6GC14y8wh+AHv7RPDzJIt</latexit>

Advantages
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Global fit of |Vud |  and |Vus |
[Crivellin, Kirk, TK, Mescia, 2212.06862]

Error budgets: 
LO: data, FFs 
NLO: Isospin breaking 
correction

K`3

K0
L,S ! ⇡+`⌫̄

K� ! ⇡0`⌫̄

(` = e, µ)
<latexit sha1_base64="B+DrzymmKg90fg+j/TJZ5T6A4no="></latexit>

Kµ2/⇡µ2
<latexit sha1_base64="qGqHkqZddJUCd5CrRFW3QzpgTag=">AAAB/XicdZDLSgMxFIYz9Vbrbbzs3ASL4KpORrHtrqALwU0Fe4HOMGTStA3NXEgyQh0GX8WNC0Xc+h7ufBszbQUVPRD4+P9zOCe/H3MmlWV9GIWFxaXlleJqaW19Y3PL3N5pyygRhLZIxCPR9bGknIW0pZjitBsLigOf044/Ps/9zi0VkkXhjZrE1A3wMGQDRrDSkmfuXXmpEyTQzo6dmE3ZzjyzbFUsy0IIwRxQ9czSUK/XbFSDKLd0lcG8mp757vQjkgQ0VIRjKXvIipWbYqEY4TQrOYmkMSZjPKQ9jSEOqHTT6fUZPNRKHw4ioV+o4FT9PpHiQMpJ4OvOAKuR/O3l4l9eL1GDmpuyME4UDcls0SDhUEUwjwL2maBE8YkGTATTt0IywgITpQMr6RC+fgr/h7ZdQScV+/q03LiYx1EE++AAHAEEqqABLkETtAABd+ABPIFn4954NF6M11lrwZjP7IIfZbx9AiPNlQw=</latexit>

K� ! µ⌫̄

⇡� ! µ⌫̄
<latexit sha1_base64="EBciTXoJEgerjsm2C+U0Ubi4hzE=">AAACGnicdVDLSgMxFM34rPU16tJNsAhuLJMqtt0VdCG4qWAf0BlLJs20oZnMkGSEMvQ73Pgrblwo4k7c+Ddm2goq9UDgcM693Jzjx5wp7Tif1sLi0vLKam4tv76xubVt7+w2VZRIQhsk4pFs+1hRzgRtaKY5bceS4tDntOUPzzO/dUelYpG40aOYeiHuCxYwgrWRujZyA4lJenV7DF0dQTdMoOtj6YpknLoxmyN37YJTdBwHIQQzgspnjiHVaqWEKhBllkEBzFDv2u9uLyJJSIUmHCvVQU6svRRLzQin47ybKBpjMsR92jFU4JAqL51EG8NDo/RgEEnzhIYT9edGikOlRqFvJkOsB+qvl4nzvE6ig4qXMhEnmgoyPRQkHJq0WU+wxyQlmo8MwUQy81dIBth0pU2beVPCd1L4P2mWiuikWLo+LdQuZnXkwD44AEcAgTKogUtQBw1AwD14BM/gxXqwnqxX6206umDNdvbAL1gfX6HaoKk=</latexit>

Error budgets: 
LO: FFs 
NLO: data, radiative 
correction

|V
u
d | 2

+
|V

u
s | 2

+
|V

u
b | 2

=
1

<latexit sha1_base64="cykTB/YmSIeD3o1yok4/4nmmKC0=">AAACEHicdVDLSgMxFM3UV62vUZdugkUUhDIZxbYLoaALlxXsA9qxZNK0Dc08SDJCmfYT3Pgrblwo4talO//GzLRCFb0QOI97ubnHDTmTyrI+jczC4tLySnY1t7a+sbllbu/UZRAJQmsk4IFoulhSznxaU0xx2gwFxZ7LacMdXiR+444KyQL/Ro1C6ni477MeI1hpqWMejuudOOpOxrc2PIYpkfPETck56ph5q2BZFkIIJgAVzywNyuWSjUoQJZauPJhVtWN+tLsBiTzqK8KxlC1khcqJsVCMcDrJtSNJQ0yGuE9bGvrYo9KJ04Mm8EArXdgLhH6+gqk6PxFjT8qR5+pOD6uB/O0l4l9eK1K9khMzP4wU9cl0US/iUAUwSQd2maBE8ZEGmAim/wrJAAtMlM4wp0P4vhT+D+p2AZ0U7OvTfOVyFkcW7IF9cAQQKIIKuAJVUAME3INH8AxejAfjyXg13qatGWM2swt+lPH+BSifnAg=</latexit>

Uncertainty from 
 is negligible |Vub |

global fit

⇡e3 : ⇡+ ! ⇡0e+⌫
<latexit sha1_base64="z8v5txGaumnvfLbaObV1nGpa2Ps="></latexit>

Error budgets: 
LO: data

https://arxiv.org/abs/2212.06862
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Global fit of |Vud |  and |Vus |
[Crivellin, Kirk, TK, Mescia, 2212.06862]

|V
u
d | 2

+
|V

u
s | 2

+
|V

u
b | 2

=
1

<latexit sha1_base64="cykTB/YmSIeD3o1yok4/4nmmKC0=">AAACEHicdVDLSgMxFM3UV62vUZdugkUUhDIZxbYLoaALlxXsA9qxZNK0Dc08SDJCmfYT3Pgrblwo4talO//GzLRCFb0QOI97ubnHDTmTyrI+jczC4tLySnY1t7a+sbllbu/UZRAJQmsk4IFoulhSznxaU0xx2gwFxZ7LacMdXiR+444KyQL/Ro1C6ni477MeI1hpqWMejuudOOpOxrc2PIYpkfPETck56ph5q2BZFkIIJgAVzywNyuWSjUoQJZauPJhVtWN+tLsBiTzqK8KxlC1khcqJsVCMcDrJtSNJQ0yGuE9bGvrYo9KJ04Mm8EArXdgLhH6+gqk6PxFjT8qR5+pOD6uB/O0l4l9eK1K9khMzP4wU9cl0US/iUAUwSQd2maBE8ZEGmAim/wrJAAtMlM4wp0P4vhT+D+p2AZ0U7OvTfOVyFkcW7IF9cAQQKIIKuAJVUAME3INH8AxejAfjyXg13qatGWM2swt+lPH+BSifnAg=</latexit>global fit

tau inclusive decays

hyperon decays

tau exclusive decays

https://arxiv.org/abs/2212.06862
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Global fit (including with correlations) [Crivellin, Kirk, TK, Mescia, 2212.06862]

⇢(Vud, Vus) = 0.09
<latexit sha1_base64="VMVXxA16hqTSLj3OKOWXcXjdLXQ=">AAACKnicbVDLSsNAFJ34rPUVdaebwSJUkJJUQV0IRTcuK9gHtCFMJtN26GQSZiZCCQG/xpWg3+KuuPUn3Dlps9DUA8M9nHMvc+/xIkalsqypsbS8srq2Xtoob25t7+yae/ttGcYCkxYOWSi6HpKEUU5aiipGupEgKPAY6Xjju8zvPBEhacgf1SQiToCGnA4oRkpLrnnYF6Ow2naT2E/PsiLTU3gDrZp17ZoVXWaAi8TOSQXkaLrmd98PcRwQrjBDUvZsK1JOgoSimJG03I8liRAeoyHpacpRQKSTzG5I4YlWfDgIhX5cwZn6eyJBgZSTwNOdAVIjWfQy8V/P84K02Jx9IQsLqcGVk1AexYpwPN9nEDOoQpjlBn0qCFZsognCguqTIB4hgbDS6ZZ1VnYxmUXSrtfs81r94aLSuM1TK4EjcAyqwAaXoAHuQRO0AAbP4AW8gXfj1fgwpsbnvHXJyGcOwB8YXz8k1aao</latexit>

 (UCN) and  level (in-beam) deviations from SM−2.8σ −3.8σ

neutron-lifetime data dependence (bottle vs beam)

Significance of Cabibbo-Angle Anomaly (CAA)

test of unitarity 

[TK, Tobioka, 2308.13003]

w/ bottle UCN best 

τbottle
n = 877.75(36)sec

τbeam
n = 887.7(2.2)sec

|Vud |bottle
n = 0.974 13(43)

|Vud |beam
n = 0.968 66(131)

the single most precise data 

Long-standing  inconsistency (neutron lifetime anomaly)  4σ

https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/2308.13003
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2nd-row Unitarity tests

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="lLlDKXL5Oflgw40hsXU+sQ1+Y0s="></latexit>

Unitarity condition

V V † = 3
<latexit sha1_base64="wErUs2hFbYlB18J8nZTQD2tXLUs="></latexit>

1st-row unitarity 

|Vcd|2 + |Vcs|2 + |Vcb|2 � 1 = (2+15
�13)⇥ 10�4

<latexit sha1_base64="4w8sC3fGN01uIH1v8bBspnATH/k="></latexit>

|Vud|2 + |Vus|2 + |Vub|2 � 1 = �(15.1±5.3)⇥ 10�4
<latexit sha1_base64="20QuYlvPclAz4+S6j2S1dHe21kc="></latexit>

VudV
⇤
cd + VusV

⇤
cs + VubV

⇤
cb = 0

<latexit sha1_base64="uZlzPkpG4h90NSe9t9gYINAqQ6s="></latexit>

(my rough analysis)

given by Luiz Vale Silva 
(CKMfitter), thank you!

2nd-row unitarity 

1st * 2nd-row unitarity 

[Crivellin, Kirk, TK, 
Mescia, 2212.06862]

10−4

�|Vud||Vcd|+ |Vus||Vcs| = (3± 4(Vcd) ± 1(Vcs))⇥ 10�3
<latexit sha1_base64="LL9Kwhp0l4e3oT3ihiMlmDUFa3U="></latexit>

|Vcd|(unc.) ⇠ 2%
<latexit sha1_base64="z1LqZ9RGhfPFhs6I5d5k3CmcCKU=">AAACL3icbVDLSgMxFM34rPVVdenCYCnopsxUQZcFN7qrYB/QGUomTTWYZIbkjlims/RrXAn6LeJG3PoJ7kwfCx09EDiccy6594Sx4AZc982Zm19YXFourBRX19Y3Nktb2y0TJZqyJo1EpDshMUxwxZrAQbBOrBmRoWDt8PZs7LfvmDY8UlcwjFkgybXiA04JWKlX2hu1eintZyN84AO7hzRRtJodYt9wiWt+pVcqu1V3AvyXeDNSRjM0eqUvvx/RRDIFVBBjup4bQ5ASDZwKlhX9xLCY0FtyzbqWKiKZCdLJIRmuWKWPB5G2TwGeqD8nUiKNGcrQJiWBG5P3xuK/XhjKLB8ef2FyC8HgNEi5ihNgik73GSQCQ4TH5eE+14yCGFpCqOb2JExviCYUbMVF25WXb+YvadWq3lG1dnlcrl/MWiugXbSPDpCHTlAdnaMGaiKKHtAjekYvzpPz6rw7H9PonDOb2UG/4Hx+A0mpqWI=</latexit>

|Vcs|(unc.) ⇠ 0.6%
<latexit sha1_base64="bapNNDFpHNY+zAe5n3xQbkJpqy8=">AAACMXicbVBNSwMxFMz6WetX1aOXaBHqZdlVUY8FL3qrYKvQLSWbpjWYZJfkrVjWPftrPAn6W3oTr/4Cb6Z1D7p1IDDMzCPvTRgLbsDzRs7M7Nz8wmJpqby8srq2XtnYbJko0ZQ1aSQifRMSwwRXrAkcBLuJNSMyFOw6vDsb+9f3TBseqSsYxqwjyUDxPqcErNSt7Dy2uik12SOuBcAeIE0UdbN9HBguseceB3vdStVzvQnwNPFzUkU5Gt3KV9CLaCKZAiqIMW3fi6GTEg2cCpaVg8SwmNA7MmBtSxWRzHTSySkZ3rNKD/cjbZ8CPFF/T6REGjOUoU1KArem6I3Ff70wlFkxPP7CFBaC/mkn5SpOgCn6s08/ERgiPK4P97hmFMTQEkI1tydheks0oWBLLtuu/GIz06R14PqH7sHlUbV+kbdWQttoF9WQj05QHZ2jBmoiip7QM3pFb86LM3LenY+f6IyTz2yhP3A+vwFohqnn</latexit>

STCF will provide 
stat. 

accuracy for D decays 
𝒪(0.1) %

current uncertainty

⇡<latexit sha1_base64="pOjGVv59M1vKAEpxE3FpJqiQ5lg=">AAACFnicbVDLSgMxFM34rPVVdekmWARXZaYKuiy40V0F+4B2KJk004bmRZIRy9CfcCXot7gTt279FHdm2lno1AOBw7nnck9OpBg11ve/vJXVtfWNzdJWeXtnd2+/cnDYNjLRmLSwZFJ3I2QIo4K0LLWMdJUmiEeMdKLJdTbvPBBtqBT3dqpIyNFI0JhiZJ3U7SOltHyEg0rVr/lzwGUS5KQKcjQHle/+UOKEE2ExQ8b0Al/ZMEXaUszIrNxPDFEIT9CI9BwViBMTpvO8M3jqlCGMpXZPWDhXf2+kiBsz5ZFzcmTHpjjLxH9nUcRnRXN2whQC2fgqTKlQiSUCL/LECYNWwqwjOKSaYMumjiCsqfsSxGOkEbauybLrKig2s0za9VpwXqvfXVQbt3lrJXAMTsAZCMAlaIAb0AQtgAEDT+AFvHrP3pv37n0srCtevnME/sD7/AGWFqBf</latexit>

10−5

BES III/STCF could probe this test 

https://arxiv.org/abs/2212.06862
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Inclusive-hadronic decay of W boson, , is proportional to (in the massless  limit) 

 can determine |Vcs| and probe the CKM unitarity test directly

W → qq̄′ q

W → qq̄′ 

W inclusive decay

1

∝ |Vud |2 + |Vus |2 + |Vub |2 + |Vcd |2 + |Vcs |2 + |Vcb |2

1

= 2 in the CKM unitarity

[d’Enterria, Srebre, 1603.06501; CMS, 2201.07861]

= 1.9987+0.0016-0.0014 from flavor

CMS Run2 35.9fb-1 result: unitarity test

CMS Run2 0.967 (11) 1.984 (21)

flavor 0.975 (6) 1.9987 (+16-14)

|Vcs |

BR(W → qq̄′ ) = (67.32 ± 0.02stat ± 0.23syst) %

BR(W → qq̄′ ) = (67.46 ± 0.04stat ± 0.28syst) %
direct measurement

assuming LFU

https://arxiv.org/abs/1603.06501
https://arxiv.org/abs/2201.07861
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|Vcb| from W exclusive decay

CEPC plans to probe |Vcb| from e+e− → W+W−, W → bc, W → ℓν

|Vcb| could be measured to a 
relative uncertainty of 0.4% 
at the CEPC 

1.3%

1.8%

Figures and Table from Manqi Ruan @Higgs2023

inclusive 
global fit

exclusive global fit

[HFLAV2021]
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New physics in quark sector?
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SMEFT

In general new physics scenario, if the new physics scale is much higher than the EW scale, 

one can consider the dimension-six Standard Model Effective Field Theory (SMEFT)

LSMEFT = LSM +
X

i

CiQi

<latexit sha1_base64="wSjEbtedKK1qUQ3GQK4t53E0wNE="></latexit>

[Grzadkowski, et al., 1008.4884]

https://arxiv.org/abs/1008.4884
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Modified W and Z couplings

After the spontaneous electroweak symmetry breaking  with , 

W and Z quark currents are modified  

Non-unitary VCKM provides non-trivial effects to Z currents including FCNCs

⟨H0⟩ = v/ 2 v = 246 GeV

LW,Z = � g2p
2
W+

µ
ūi�

µ

✓h
V ·

⇣
1 + v2C(3)

Hq

⌘i

ij

PL +
v2

2
[CHud]ij PR

◆
dj + h.c.

� g2
6cW

Zµūi�
µ

✓h�
3� 4s2

W

�
+ 3v2V ·

n
C(3)

Hq
� C(1)

Hq

o
· V †

i

ij

PL �
⇥
4s2

W
+ 3v2CHu

⇤
ij
PR

◆
uj

� g2
6cW

Zµd̄i�
µ

✓h�
2s2

W
� 3

�
+ 3v2

n
C(3)

Hq
+ C(1)

Hq

oi

ij

PL +
⇥
2s2

W
+ 3v2CHd

⇤
ij
PR

◆
dj

<latexit sha1_base64="sHhXusJ5bPtqRL8oOGkkDLt836c="></latexit>

Observed VCKM matrix (non-unitarity)SM terms
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SMEFT fitting for CAA

SMEFT global fit implies that right-handed W-u-d and W-u-s currents   are preferred CHud

[Crivellin, Kirk, TK, Mescia, 2212.06862]

Best pull

[unit of ( ) ]10−3v−2

no contribution 
to  mixingD − D̄

[Grossman, Passemar, Schacht, 1911.07821]

https://arxiv.org/abs/2212.06862
https://arxiv.org/abs/1911.07821
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New physics interpretations of CAA

EFT fittings:  fit [Coutinho, et al, 1912.08823]; right-handed current fit [Grossman, et al, 

1911.07821, Cirigliano, et al, 2112.02087];  fit [Crivellin, et al, 2002.07184];  fit [Crivellin, et al, 2102.02825] 

Heavy SU(2)L vector boson (~10 TeV) [Capdevila, et al, 2005.13542] 

Leptoquark (~5TeV) [Marzocca, Trifinopoulos, 2104.05730] 

Vector-like Quark (1-5 TeV) [Belfatto, et al, 1906.02714, 2103.05549; Cheung, et al, 2001.02853; Branco, et al, 2103.13409] 

Vector-like Lepton (1-2 TeV) [Endo, Mishima, 2005.03933; Crivellin, et al, 2008.01113; Kirk, 2008.03261

(H†iDI
μH)(L̄γμτIL)

W-ℓ-ν GF

L L
N

W± H H

Heavy right-handed neutrino (type I seesaw) can not explain 

the tension [the unphysical region |mixing|2 <0  is favored] 

MeV sterile neutrino [TK, Tobioka, 2308.13003]

H
eavy N

ew
 Physics

 coupling W-ℓ-ν
Light 
NP

Best pull

Best pull

Vector-like quark can explain CAA with 
EWPO, FCNC, collider bounds [Crivellin, 
Kirk, TK, Mescia, 2212.06862]

https://arxiv.org/abs/1912.08823
https://arxiv.org/abs/1911.07821
https://arxiv.org/abs/2112.02087
https://arxiv.org/abs/2002.07184
https://arxiv.org/abs/2102.02825
https://arxiv.org/abs/2005.13542
https://arxiv.org/abs/2104.05730
https://arxiv.org/abs/1906.02714
https://arxiv.org/abs/2103.05549
https://arxiv.org/abs/2001.02853
https://arxiv.org/abs/2103.13409
https://arxiv.org/abs/2005.03933
https://arxiv.org/abs/2008.01113
https://arxiv.org/abs/2008.03261
https://arxiv.org/abs/2308.13003
https://arxiv.org/abs/2212.06862
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Heavy NP: VLQ models

The most natural extension of the SM that leads to modified gauge couplings to quarks are 

the vector-like quarks (VLQs); theoretically well-motivated, e.g., by GUTs, composite and 

extra-dimensional models and little Higgs models 

Five kinds of VLQs that can provide the modified gauge coupling after integrated out

C(3)
Hq CHudLH-W current

RH-W current (preferred)

SM pull is  
2.1σ★

EWPO

PV

CAA
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Light NP: sterile neutrinos?

New right-handed gauge-singlet fermions  are introduced  

The mass matrix and mixings 

NI (I = 1,2,…)

Lmass = �1

2

⇣
⌫` N

c
I

⌘✓
0 MD

MT
D MI

◆✓
⌫c`
NI

◆
+ h.c.

<latexit sha1_base64="kVeY+A+2jv6Bxtzdl6ZFaPmd9jE="></latexit>

L = LSM + iN I/@NI � (L`H̃)y`INI �
1

2
MIN

c
INI + h.c.

<latexit sha1_base64="KzekhhIqbWUBED4puCXhNrnCdoU="></latexit>

MD = vy`I
<latexit sha1_base64="mI2OJ1GvSLF+TPFKQVLodyCpxS8=">AAACIXicbVDLSsNAFJ3UV62vVJduBovgqiRV0I1QsAtdCBXsA9oYJtNJO3TyYGZSCSGf4krQb3En7sQvceekzUJTDwwczj2Xe+Y4IaNCGsanVlpZXVvfKG9WtrZ3dvf06n5XBBHHpIMDFvC+gwRh1CcdSSUj/ZAT5DmM9JzpVTbvzQgXNPDvZRwSy0Njn7oUI6kkW6/e2i14OYPxQzIkjMGb1NZrRt2YAy4TMyc1kKNt69/DUYAjj/gSMyTEwDRCaSWIS4oZSSvDSJAQ4Skak4GiPvKIsJJ59BQeK2UE3YCr50s4V39vJMgTIvYc5fSQnIjiLBP/nTmOlxbN2QlRCCTdCyuhfhhJ4uNFHjdiUAYwqwuOKCdYslgRhDlVX4J4gjjCUpVaUV2ZxWaWSbdRN0/rjbuzWrOVt1YGh+AInAATnIMmuAZt0AEYPIIn8AJetWftTXvXPhbWkpbvHIA/0L5+ANz7o4M=</latexit>

U`I =
vy`I

MI<latexit sha1_base64="Q2TXlY/VyOaA4ERqJsGpshBb86k="></latexit>

mass eigenstates

active-sterile 
mixing matrix

mlight = O

✓
y2v2

M

◆
, mheavy = O(M)

<latexit sha1_base64="6BhD8bx2kAwcAidTv1jgCEPn0VY="></latexit>

massive SM neutrinos Sterile neutrinos
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Sterile neutrino contributions

Two contributions to the leptonic and semi-leptonic decays 

When the sterile neutrino masses are much smaller than the decay Q-value , 

the total contribution from 1+2 is canceled

(MN ≪ Q)

1. modifies active neutrino coupling 2. decay into sterile neutrino if kinematically possible

e−

ν̄ light
∝ cos θe

e−

ν̄ heavy 4
∝ sin θ(4)

e
X with phase  

space suppression

|M|2 = |MSM|2 cos2 ✓e + |MSM|2 sin2 ✓e ⇥ f(MN , Q)

' |MSM|2 (cos2 ✓e + sin2 ✓e) = |MSM|2
<latexit sha1_base64="PKQ5fTNwqZgcNOVQ1Wec2D81Wz0="></latexit>

sterile-neutrino contributions 
are suppressed when MN ≪ Q

[Isakov, Strikman, ’86; 
Deutxh, Lebrun, Prieels, '90]
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Super-allowed β-decay Q values

1.8 3.2 4.4

5.0

5.0 5.4

6.0 MeV

6.6 7.2
Q values [MeV]

[Hardy, Towner, ’20]

There are 15 super-
allowed β-decay data

| | is predominantly 
determined by data of  
Al → Mg transition 
(Q=3.2 MeV)

Vud

V0+→0+

ud = 0.97367(32)

Vn; bottle
ud = 0.97413(43)

Q = 0.78 MeV

super-allowed

[Cirigliano et al, 2208.11707]

Q = Emax
ν

~3MeV sterile neutrino 
provides a big impact  
on the CAA tension

https://arxiv.org/abs/2208.11707
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Sterile neutrino solution for CAA
[TK, Tobioka, 2308.13003]

1. To avoid 0νββ bound, the inverse 
seesaw model is needed 
2. To avoid cosmological bounds, 
mechanism for the shorter lifetime 
is needed 
3. To avoid  bound, 
additional dim-6 interaction is 
needed

π+ → e+N

MeV sterile neutrino provides good 
effects on  from super-
allowed β decays, and no impacts 
on the other meson decays

|Vud |

But, viable model is challenging

https://arxiv.org/abs/2308.13003
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Conclusion
Improvements of lattice results for the kaon form factors and also the radiative corrections 

have revealed a mild tension in the 1st-row CKM unitarity (Cabibbo Angle Anomaly: CAA)  

STCF is needed for the 2nd-row unitarity test 

Right-handed W currents are preferred in light of the CAA 

The prime candidate for a corresponding UV completion is the vector-like quark extension 

Explanation by MeV sterile neutrino is possible, although the viable model is challenging 

谢谢你！
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Neutrino anomalies on the market

O(1) eV sterile neutrino (neutrino oscillations 

from LSND, MiniBooNE, Gallium Anomaly, 

Reactor Antineutrino Anomaly) 

7 keV decaying sterile neutrino (3.5 keV photon 

emission from galaxy clusters)  

5 MeV bump in antineutrino energy spectrum  

(RENO, NEOS, Daya Bay, Double Chooz) 

But, no conclusive measurements yet

[Dentler et al, 1803.10661]

[Double Chooz, 
1901.09445]

https://arxiv.org/abs/1803.10661
https://arxiv.org/abs/1901.09445
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Sterile neutrino lifetime

The O(MeV) sterile neutrino lifetime  [e.g. 1202.2841, 1504.04855] 

We assume that the O(MeV) sterile neutrino can promptly decay into dark sector to avoid 

the BBN bound

(N → νeν̄ℓνℓ, νee+e−)

τN ∼ 300 × ( MI

2MeV )
−5

UeN
−2

 sec ≫  BBN $me [100-1000 sec]

Energy injection from such a long-lived sterile neutrino modifies 
the light nuclei abundance after the BBN;  
The MeV sterile neutrino is excluded by the primordial 
abundance of 4He (Yp measurement) 

https://arxiv.org/abs/1202.2841
https://arxiv.org/abs/1504.04855


 [Bolton, Deppisch, Dev, 1912.03058]
Sterile neutrino constraint 

https://arxiv.org/abs/1912.03058

