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Building on these previous works in iso-QCD

<latexit sha1_base64="OxqiAPjBFbduGOcgrU/D75ecM4k=">AAAB/nicdVBLS8NAGNzUV62vqHjyslgETyGxtcmx6MVjBfuAJpTNdtMu3TzY3QglBPwrXjwo4tXf4c1/46aNoKIDyw4z38fOjp8wKqRpfmiVldW19Y3qZm1re2d3T98/6Ik45Zh0ccxiPvCRIIxGpCupZGSQcIJCn5G+P7sq/P4d4YLG0a2cJ8QL0SSiAcVIKmmkH7l+zMZiHqorc33EszQX+Uivm4btWBdNB5qGuYAiDce2Gxa0SqUOSnRG+rs7jnEakkhihoQYWmYivQxxSTEjec1NBUkQnqEJGSoaoZAIL1vEz+GpUsYwiLk6kYQL9ftGhkJRJFSTIZJT8dsrxL+8YSoDx8tolKSSRHj5UJAyKGNYdAHHlBMs2VwRhDlVWSGeIo6wVI3VVAlfP4X/k965YbWM1k2z3r4s66iCY3ACzoAFbNAG16ADugCDDDyAJ/Cs3WuP2ov2uhytaOXOIfgB7e0T38SWwg==</latexit>

ūs

<latexit sha1_base64="ApzEi63bAM+Wu0REv61/B13Ddc8=">AAAB/nicdVBLSwMxGMzWV62vVfHkJVgET0u2tWu9Fb14rGBboVtKNpttQ7MPkqxQlgX/ihcPinj1d3jz35htK6joQMgw831kMl7CmVQIfRilpeWV1bXyemVjc2t7x9zd68o4FYR2SMxjcethSTmLaEcxxeltIigOPU573uSy8Ht3VEgWRzdqmtBBiEcRCxjBSktD88D1Yu7LaaivzPWwyNLcz4dmFVnntYbj1CGy6g5q2g1NUK1poya0LTRDFSzQHprvrh+TNKSRIhxL2bdRogYZFooRTvOKm0qaYDLBI9rXNMIhlYNsFj+Hx1rxYRALfSIFZ+r3jQyHskioJ0OsxvK3V4h/ef1UBc1BxqIkVTQi84eClEMVw6IL6DNBieJTTTARTGeFZIwFJko3VtElfP0U/k+6Nct2LOf6tNq6WNRRBofgCJwAG5yBFrgCbdABBGTgATyBZ+PeeDRejNf5aMlY7OyDHzDePgHZGJa+</latexit>

ūd

C.Alexandrou et al. (ETMC), PRL 132 (2024)
A.Evangelista et al. (ETMC), PRD 108 (2023)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.261901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074513
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<latexit sha1_base64="FSeodkMbUiO40ALDGvhyDRP+Adc=">AAACFXicbVDLSgMxFM3UV62vqks3wSK40DJTRbsRim5cVrAP6NSSSdM2NJkZkjtCmfYn3Pgrblwo4lZw59+YaYto64HAyTn3cu89Xii4Btv+slILi0vLK+nVzNr6xuZWdnunqoNIUVahgQhU3SOaCe6zCnAQrB4qRqQnWM3rXyV+7Z4pzQP/FgYha0rS9XmHUwJGamWPhtWWKwn0lIyj0fCu8PMTBGB07OALXMgXXc27krSyOTtvj4HniTMlOTRFuZX9dNsBjSTzgQqidcOxQ2jGRAGngo0ybqRZSGifdFnDUJ9Ippvx+KoRPjBKG3cCZZ4PeKz+7oiJ1HogPVOZrKxnvUT8z2tE0Ck2Y+6HETCfTgZ1IoEhwElEuM0VoyAGhhCquNkV0x5RhIIJMmNCcGZPnifVQt45y5/cnOZKl9M40mgP7aND5KBzVELXqIwqiKIH9IRe0Kv1aD1bb9b7pDRlTXt20R9YH98wPZ7L</latexit>

|Vu|2latt � 1 = 2.8�
<latexit sha1_base64="xEGoTglp+aB7ll/VrsMztsI4IXo=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpoi6LbtxZwT6gjWEynbRDZyZhZiKUNOCvuHGhiFu/w51/47TNQlsPXDiccy/33hPEjCrtON9WYWl5ZXWtuF7a2Nza3rF395oqSiQmDRyxSLYDpAijgjQ01Yy0Y0kQDxhpBcPrid96JFLRSNzrUUw8jvqChhQjbSTfPhg3/WT8UPXTbjxAQkc8vc0y3y47FWcKuEjcnJRBjrpvf3V7EU44ERozpFTHdWLtpUhqihnJSt1EkRjhIeqTjqECcaK8dHp+Bo+N0oNhJE0JDafq74kUcaVGPDCdHOmBmvcm4n9eJ9HhpZdSESeaCDxbFCYM6ghOsoA9KgnWbGQIwpKaWyEeIImwNomVTAju/MuLpFmtuOeV07uzcu0qj6MIDsEROAEuuAA1cAPqoAEwSMEzeAVv1pP1Yr1bH7PWgpXP7IM/sD5/APrvlig=</latexit>

|Vu|2
<latexit sha1_base64="FJWYrp1BFBa169PCTKzM2BcPvmw="></latexit>

|Vu|2f+,Hardy20
� 1 = 3.1�

<latexit sha1_base64="xEGoTglp+aB7ll/VrsMztsI4IXo=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpoi6LbtxZwT6gjWEynbRDZyZhZiKUNOCvuHGhiFu/w51/47TNQlsPXDiccy/33hPEjCrtON9WYWl5ZXWtuF7a2Nza3rF395oqSiQmDRyxSLYDpAijgjQ01Yy0Y0kQDxhpBcPrid96JFLRSNzrUUw8jvqChhQjbSTfPhg3/WT8UPXTbjxAQkc8vc0y3y47FWcKuEjcnJRBjrpvf3V7EU44ERozpFTHdWLtpUhqihnJSt1EkRjhIeqTjqECcaK8dHp+Bo+N0oNhJE0JDafq74kUcaVGPDCdHOmBmvcm4n9eJ9HhpZdSESeaCDxbFCYM6ghOsoA9KgnWbGQIwpKaWyEeIImwNomVTAju/MuLpFmtuOeV07uzcu0qj6MIDsEROAEuuAA1cAPqoAEwSMEzeAVv1pP1Yr1bH7PWgpXP7IM/sD5/APrvlig=</latexit>

|Vu|2
<latexit sha1_base64="lnKLpim0D6N5g835hDsE0L4JdSA=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi8uuivUiFL14rGA/oLuUbJq2oUl2SbJCWfo3vHhQxKt/xpv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKK6tr6xvFzdLW9s7uXnn/oKnjVBHaIDGPVTvCmnImacMww2k7URSLiNNWNLqb+q0nqjSL5aMZJzQUeCBZnxFsrBSc+Te+Ww00GwjcLVc815sBLRM/JxXIUe+Wv4JeTFJBpSEca93xvcSEGVaGEU4npSDVNMFkhAe0Y6nEguowm908QSdW6aF+rGxJg2bq74kMC63HIrKdApuhXvSm4n9eJzX96zBjMkkNlWS+qJ9yZGI0DQD1mKLE8LElmChmb0VkiBUmxsZUsiH4iy8vk+a561+5Fw+XldptHkcRjuAYTsGHKtTgHurQAAIJPMMrvDmp8+K8Ox/z1oKTzxzCHzifP1UwkJg=</latexit>�1 = 1.7�

<latexit sha1_base64="xEGoTglp+aB7ll/VrsMztsI4IXo=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpoi6LbtxZwT6gjWEynbRDZyZhZiKUNOCvuHGhiFu/w51/47TNQlsPXDiccy/33hPEjCrtON9WYWl5ZXWtuF7a2Nza3rF395oqSiQmDRyxSLYDpAijgjQ01Yy0Y0kQDxhpBcPrid96JFLRSNzrUUw8jvqChhQjbSTfPhg3/WT8UPXTbjxAQkc8vc0y3y47FWcKuEjcnJRBjrpvf3V7EU44ERozpFTHdWLtpUhqihnJSt1EkRjhIeqTjqECcaK8dHp+Bo+N0oNhJE0JDafq74kUcaVGPDCdHOmBmvcm4n9eJ9HhpZdSESeaCDxbFCYM6ghOsoA9KgnWbGQIwpKaWyEeIImwNomVTAju/MuLpFmtuOeV07uzcu0qj6MIDsEROAEuuAA1cAPqoAEwSMEzeAVv1pP1Yr1bH7PWgpXP7IM/sD5/APrvlig=</latexit>

|Vu|2

Different tensions in the                 plane:
<latexit sha1_base64="o9NDsf2+FmkXs/vAJc3dI6tkGXg="></latexit>

Vus-Vud

FLAG Review 2024, [arXiv:2411.04268]

The Cabibbo anomaly

M.Moulson, PoS CKM2016 (2017) 
PDG, PTET 2022 (2022)

<latexit sha1_base64="41pdsdPuMMJtMplhfvotkLWhgbc="></latexit>

|Vus| |fK0⇡�

+ (0)| = 0.21654(41)

<latexit sha1_base64="UK2wYPBIzs/QwpSc1BB50Iq/gVI="></latexit>

|Vus|
|Vud|

fK±

f⇡±
= 0.27599(41)



• Yet another puzzle: lower value of  

• Inclusive                             result in HFLAV plot 
obtained using truncated OPE 

• Exclusive channels give results larger than 
 but smaller than that obtained 

imposing CKM unitarity

|Vus | τ-incl

|Vus | τ-incl

Inclusive hadronic  decaysτ
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Provide an alternative precise determinations of |Vus |

<latexit sha1_base64="8YunbShpJ6TXzVno/ycxrP3H5gg=">AAACAHicbVC7SgNBFL3rM8ZX1MLCZjAIVmFXJFoGbSwjmAdkl2V2MpsMmZ1d5iGEZRt/xcZCEVs/w86/cfIoNPHAwOGce7lzTpRxprTrfjsrq2vrG5ulrfL2zu7efuXgsK1SIwltkZSnshthRTkTtKWZ5rSbSYqTiNNONLqd+J1HKhVLxYMeZzRI8ECwmBGsrRRWjn2NDfJ1irphblThCxNOpLBSdWvuFGiZeHNShTmaYeXL76fEJFRowrFSPc/NdJBjqRnhtCj7RtEMkxEe0J6lAidUBfk0QIHOrNJHcSrtExpN1d8bOU6UGieRnUywHqpFbyL+5/WMjq+DnInMaCrI7FBsOLJ5J22gPpOUaD62BBPJ7F8RGWKJibadlW0J3mLkZdK+qHn1Wv3+stq4mddRghM4hXPw4AoacAdNaAGBAp7hFd6cJ+fFeXc+ZqMrznznCP7A+fwB3n2WnA==</latexit>

⌧ ! Xus⌫⌧

3.7 σ

2.1 σ

2.6 σ

2.5 σ

3.5 σ

<latexit sha1_base64="Sy4LswzG7SFiAqDj6aE7Djtl8HE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXiMYB6QrGF2MpuMmZ1dZnqFsOQfvHhQxKv/482/cfI4aGJBQ1HVTXdXkEhh0HW/ndzK6tr6Rn6zsLW9s7tX3D9omDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cS1EbG6x1HC/Yj2lQgFo2ilRgdp+nDWLZbcsjsFWSbenJRgjlq3+NXpxSyNuEImqTFtz03Qz6hGwSQfFzqp4QllQ9rnbUsVjbjxs+m1Y3JilR4JY21LIZmqvycyGhkzigLbGVEcmEVvIv7ntVMMr/xMqCRFrthsUZhKgjGZvE56QnOGcmQJZVrYWwkbUE0Z2oAKNgRv8eVl0jgve5Vy5e6iVL2ex5GHIziGU/DgEqpwCzWoA4NHeIZXeHNi58V5dz5mrTlnPnMIf+B8/gBE+o7y</latexit>

⌧�

<latexit sha1_base64="7w6jB6dsQF9yQsV1fi1Bcs7l7ko=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gOaUDbbTbt0s4m7s0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZelAmu0fO+ncLa+sbmVnG7tLO7t39QPjxq6dQoypo0FanqREQzwSVrIkfBOpliJIkEa0ej25nffmJK81Q+4DhjYUIGksecErRSJ5CmFyAxvXLFq3pzuKvEz0kFcjR65a+gn1KTMIlUEK27vpdhOCEKORVsWgqMZhmhIzJgXUslSZgOJ/N7p+6ZVfpunCpbEt25+ntiQhKtx0lkOxOCQ73szcT/vK7B+DqccJkZZJIuFsVGuJi6s+fdPleMohhbQqji9laXDokiFG1EJRuCv/zyKmldVP1atXZ/Wanf5HEU4QRO4Rx8uII63EEDmkBBwDO8wpvz6Lw4787HorXg5DPH8AfO5w809ZAZ</latexit>⌫⌧
<latexit sha1_base64="8BERiCjb1FMJxnw1/1S5KmUQXsk=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBC8GHZFosegF8FLRPOAZA2zk9lkyOzsMtMrhCWf4MWDIl79Im/+jZPHQRMLGoqqbrq7gkQKg6777Swtr6yurec28ptb2zu7hb39uolTzXiNxTLWzYAaLoXiNRQoeTPRnEaB5I1gcD32G09cGxGrBxwm3I9oT4lQMIpWur99PO0Uim7JnYAsEm9GijBDtVP4andjlkZcIZPUmJbnJuhnVKNgko/y7dTwhLIB7fGWpYpG3PjZ5NQRObZKl4SxtqWQTNTfExmNjBlGge2MKPbNvDcW//NaKYaXfiZUkiJXbLooTCXBmIz/Jl2hOUM5tIQyLeythPWppgxtOnkbgjf/8iKpn5W8cql8d16sXM3iyMEhHMEJeHABFbiBKtSAQQ+e4RXeHOm8OO/Ox7R1yZnNHMAfOJ8/wxCNeQ==</latexit>

K�
<latexit sha1_base64="+ancwB/Za5voXPNs/hYX6OHIUEE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBi2VXpHosehG8VLAf0G5LNs22oUl2TbJCWfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLqZ+s0nqjSL5IMZx9QXeCBZyAg2Vmrddc86Meu6vWLJLbszoGXiZaQEGWq94lenH5FEUGkIx1q3PTc2foqVYYTTSaGTaBpjMsID2rZUYkG1n87unaATq/RRGClb0qCZ+nsixULrsQhsp8BmqBe9qfif105MeOWnTMaJoZLMF4UJRyZC0+dRnylKDB9bgoli9lZEhlhhYmxEBRuCt/jyMmmcl71KuXJ/UapeZ3Hk4QiO4RQ8uIQq3EIN6kCAwzO8wpvz6Lw4787HvDXnZDOH8AfO5w8vko9u</latexit>

K�⇡0

<latexit sha1_base64="ivqI6VjrEArPpU1T1Y0rsxFyT44=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgxjIjpbosuhHcVLAPaKclk2ba0ExmTDKFMvQ73LhQxK0f486/MZ3OQlsP3MvhnHvJzfEizpS27W8rt7a+sbmV3y7s7O7tHxQPj5oqjCWhDRLyULY9rChngjY005y2I0lx4HHa8sa3c781oVKxUDzqaUTdAA8F8xnB2kjufe+iG7GenbZ+sWSX7RRolTgZKUGGer/41R2EJA6o0IRjpTqOHWk3wVIzwums0I0VjTAZ4yHtGCpwQJWbpEfP0JlRBsgPpSmhUar+3khwoNQ08MxkgPVILXtz8T+vE2v/2k2YiGJNBVk85Mcc6RDNE0ADJinRfGoIJpKZWxEZYYmJNjkVTAjO8pdXSfOy7FTL1YdKqXaTxZGHEziFc3DgCmpwB3VoAIEneIZXeLMm1ov1bn0sRnNWtnMMf2B9/gClBpFj</latexit>

K�⇡0⇡0

<latexit sha1_base64="xseO2nFB41OLNR+Ssz/TtGn1d9Y=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHcWGZEqsuiG8FNBfuAzrRk0kwbmkmGJCMMQ/0VNy4UceuHuPNvzLSz0NYDgcM593BvThAzqrTjfFsrq2vrG5ulrfL2zu7evn1w2FYikZi0sGBCdgOkCKOctDTVjHRjSVAUMNIJJje533kkUlHBH3QaEz9CI05DipE20sCueMLYeTq7m/YdL6b9s4FddWrODHCZuAWpggLNgf3lDQVOIsI1ZkipnuvE2s+Q1BQzMi17iSIxwhM0Ij1DOYqI8rPZ8VN4YpQhDIU0j2s4U38nMhQplUaBmYyQHqtFLxf/83qJDq/8jPI40YTj+aIwYVALmDcBh1QSrFlqCMKSmlshHiOJsDZ9lU0J7uKXl0n7vObWa/X7i2rjuqijBI7AMTgFLrgEDXALmqAFMEjBM3gFb9aT9WK9Wx/z0RWryFTAH1ifP6KIlMU=</latexit>

K
0
⇡�

<latexit sha1_base64="9W50iEn8qsFFA8QZcNnOwXpLdZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Qe0oWy2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAqujed9O4W19Y3NreJ2aWd3b/+gfHjU1EmmGDZYIhLVDqlGwSU2DDcC26lCGocCW+Hodua3nlBpnshHM04xiOlA8ogzaqz04Lpur1zxXG8Oskr8nFQgR71X/ur2E5bFKA0TVOuO76UmmFBlOBM4LXUzjSllIzrAjqWSxqiDyfzUKTmzSp9EibIlDZmrvycmNNZ6HIe2M6ZmqJe9mfif18lMdB1MuEwzg5ItFkWZICYhs79JnytkRowtoUxxeythQ6ooMzadkg3BX355lTQvXL/qVu8vK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBPdo0t</latexit>...

<latexit sha1_base64="vKnQ+yFqgG/LBEG1O8qTgnrSk9w=">AAAB73icbVBNTwIxEJ3iF+IX6tFLIzHxItk1Bj0SvXjERGATWEm3dKGh213brgnZ8Ce8eNAYr/4db/4bC+xBwZdM8vLeTGbmBYng2jjONyqsrK6tbxQ3S1vbO7t75f2Dlo5TRVmTxiJWXkA0E1yypuFGMC9RjESBYO1gdDP1209MaR7LezNOmB+RgeQhp8RYyfMeznpZqie9csWpOjPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Nrt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/yMyyQ1TNL5ojAV2MR4+jzuc8WoEWNLCFXc3orpkChCjY2oZENwF19eJq3zqlur1u4uKvXrPI4iHMExnIILl1CHW2hAEygIeIZXeEOP6AW9o495awHlM4fwB+jzB//rj/c=</latexit>

X�
us<latexit sha1_base64="WV4mJuvOXdhQ3zTxvR/vEllyiQg=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAILqRkSm3rrujGZQV7gelQMmnahmYyQ5IRyjBv4cZXceNCEbe6821Mp7PQ1gOBj/8/Jzn5vZAzpRH6tnJr6xubW/ntws7u3v5B8fCoo4JIEtomAQ9kz8OKciZoWzPNaS+UFPsep11vejP3uw9UKhaIez0LqevjsWAjRrA20qBY7qd3OHLsuTEqVxsVZFcuUBldNq4atgG7ZtcrKIGdQRypZFAsGS8tuAp2BiWQVWtQ/OoPAxL5VGjCsVKOjULtxlhqRjhNCv1I0RCTKR5Tx6DAPlVunO6UwDOjDOEokOYIDVP190SMfaVmvmc6fawnatmbi/95TqRHDTdmIow0FWTx0CjiUAdwHhIcMkmJ5jMDmEhmdoVkgiUm2kRZMCHYy19ehU7FZFeu3VVLzessjjw4AafgHNigDprgFrRAGxDwCJ7BK3iznqwX6936WLTmrGzmGPwp6/MHYhmbsA==</latexit>

Vus

HFLAV, PRD 107 (2023)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008


Inclusive hadronic  decaysτ
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C.Alexandrou et al. (ETMC), PRL 132 (2024)
A.Evangelista et al. (ETMC), PRD 108 (2023)

Result confirms a  tension 

between -inclusive and purely 

hadronic determinations of 

∼3σ
τ

|Vus |

Isosymmetric QCD

… underestimated exp. uncertainties?       
 

... missing isospin-breaking effects?

relative  
error 0.9 %

HFLAV, [2411.18639]

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.132.261901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074513
https://arxiv.org/abs/2411.18639
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008


Hadronic  decays and the muon g-2τ

7

In the absence of isospin-breaking corrections,  decays can be connected to the hadronic 
contributions to the muon g-2 by an isospin rotation:

τ

R.Alemany, M.Davier & A.Hocker, EPJC 2 (1998)

Inclusion of isospin breaking effects in the  channel is addressed in different ways: 

‣ chiral perturbation theory 

‣ dispersive methods 

‣ lattice QCD  

ππ

V.Cirigliano, G.Ecker & H.Neufeld, PLB 513 (2001) + JHEP 08 (2002)

see talk by M.Bruno (RBC/UKQCD) at IJCLab Orsay (2025)

see talks by S.Holz & M.Cottini at IJCLab Orsay (2025)

https://indico.ijclab.in2p3.fr/event/11652/contributions/39057/
https://indico.ijclab.in2p3.fr/event/11652/contributions/39057/
https://indico.ijclab.in2p3.fr/event/11652/contributions/39056/attachments/26152/38675/simon_holz_tauIB_bernupdate.pdf
https://indico.ijclab.in2p3.fr/event/11652/contributions/39059/attachments/26158/38682/pipi_MCottini.pdf


Inclusive decay rate in QCD+QED
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We are interested in determining the inclusive decay rate                                          including 
isospin-breaking corrections

<latexit sha1_base64="VDLiNROMPJYWiBgUJihI1ghYLbU="></latexit>

�
�
⌧ ! Xus⌫⌧ [�]

�

<latexit sha1_base64="IV/974llqlekAF4GdHWvrFSP79k="></latexit>

�
�
! ! X us " !

�
=

1
m!

Im
⇥
M (! ! ! )

⇤
QCD



Inclusive decay rate in QCD+QED
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We are interested in determining the inclusive decay rate                                          including 
isospin-breaking corrections

<latexit sha1_base64="VDLiNROMPJYWiBgUJihI1ghYLbU="></latexit>

�
�
⌧ ! Xus⌫⌧ [�]

�

<latexit sha1_base64="4PWgtDp6XcTnemPOp7YthbmoCXo="></latexit>

!
!
! ! X us " ! [#]

"
=

1
m!

Im
#
M (! ! ! )

$
QCD+QED



Inclusive decay rate in QCD+QED

9

Given the weak effective Hamiltonian

Then the inclusive decay rate is obtained as

<latexit sha1_base64="pBSxDQyMr3XGmMCFY6wMTnMEw8c="></latexit>

=
!

X

"
1
2

!

r

|! ! (r, p)|OW (0)|X (p)"|2
#

Our goal:  extract                    from Euclidean lattice correlators
<latexit sha1_base64="uC8sUCiVFbunh/wpfBQURjqjSHw=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCKkuVVKgwFlgYi0QfUhMix3Vaq3YS2Q5SlWbhV1gYQIiVz2Djb3DbDNBypCsdnXOv7r3HjxmVyrK+jcLK6tr6RnGztLW9s7tn7h+0ZZQITFo4YpHo+kgSRkPSUlQx0o0FQdxnpOOPbqZ+55EISaPwXo1j4nI0CGlAMVJa8syjicORGmLE0quswj1HoeRs8lDzzLJVtWaAy8TOSRnkaHrml9OPcMJJqDBDUvZsK1ZuioSimJGs5CSSxAiP0ID0NA0RJ9JNZw9k8FQrfRhEQleo4Ez9PZEiLuWY+7pzeq1c9Kbif14vUcGlm9IwThQJ8XxRkDCoIjhNA/apIFixsSYIC6pvhXiIBMJKZ1bSIdiLLy+Tdq1q16v1u/Ny4zqPowiOwQmoABtcgAa4BU3QAhhk4Bm8gjfjyXgx3o2PeWvByGcOwR8Ynz95dJZW</latexit>

|A (m! )|2



Defining the Euclidean correlator

10

<latexit sha1_base64="JNYZYNc/iu8dPRkREiPvBbkBY5s=">AAAB+3icbVDLSgNBEJyNrxhfazx6GQxCJBh2RaIXIZiLxwjmAcmyzE5mkyGzD2Z6xbDkV7x4UMSrP+LNv3GS7EETCxqKqm66u7xYcAWW9W3k1tY3Nrfy24Wd3b39A/Ow2FZRIilr0UhEsusRxQQPWQs4CNaNJSOBJ1jHGzdmfueRScWj8AEmMXMCMgy5zykBLblmseH2gSRlcM8r4FbO8A12zZJVtebAq8TOSAllaLrmV38Q0SRgIVBBlOrZVgxOSiRwKti00E8UiwkdkyHraRqSgCknnd8+xadaGWA/krpCwHP190RKAqUmgac7AwIjtezNxP+8XgL+tZPyME6AhXSxyE8EhgjPgsADLhkFMdGEUMn1rZiOiCQUdFwFHYK9/PIqaV9U7Vq1dn9Zqt9mceTRMTpBZWSjK1RHd6iJWoiiJ/SMXtGbMTVejHfjY9GaM7KZI/QHxucPRz2SqQ==</latexit>

C! (t ! + t+ ) =
<latexit sha1_base64="4q++ejCJ7/VYlRDLrOTZNH7a2EI=">AAAB+XicbVDNSgMxGPy2/tX6t+rRS7AInsquSPUiFL14rGBtoV1KNpu2odlkSbKFsvRNvHhQxKtv4s23MdvuQVsHQoaZ7yOTCRPOtPG8b6e0tr6xuVXeruzs7u0fuIdHT1qmitAWkVyqTog15UzQlmGG006iKI5DTtvh+C732xOqNJPi0UwTGsR4KNiAEWys1HfdXih5pKexvbLkxpv13apX8+ZAq8QvSBUKNPvuVy+SJI2pMIRjrbu+l5ggw8owwums0ks1TTAZ4yHtWipwTHWQzZPP0JlVIjSQyh5h0Fz9vZHhWOfh7GSMzUgve7n4n9dNzeA6yJhIUkMFWTw0SDkyEuU1oIgpSgyfWoKJYjYrIiOsMDG2rIotwV/+8ip5uqj59Vr94bLauC3qKMMJnMI5+HAFDbiHJrSAwASe4RXenMx5cd6dj8VoySl2juEPnM8fvXGTvg==</latexit>

p = 0

<latexit sha1_base64="qh+eOrTXERBlkxazCZPLcucplbI=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQIsawKxK9CMFcPEYwD0iWZXYySYbMPpjpFcISvPgrXjwo4tWv8ObfOEn2oIkFDUVVN91dXiS4Asv6NjJLyyura9n13Mbm1vaOubvXUGEsKavTUISy5RHFBA9YHTgI1ookI74nWNMbVid+84FJxcPgHkYRc3zSD3iPUwJacs2Djk9gQIlIquMCuKdFKIJ7doKvsWvmrZI1BV4kdkryKEXNNb863ZDGPguACqJU27YicBIigVPBxrlOrFhE6JD0WVvTgPhMOcn0hTE+1koX90KpKwA8VX9PJMRXauR7unNysJr3JuJ/XjuG3pWT8CCKgQV0tqgXCwwhnuSBu1wyCmKkCaGS61sxHRBJKOjUcjoEe/7lRdI4L9nlUvnuIl+5SePIokN0hArIRpeogm5RDdURRY/oGb2iN+PJeDHejY9Za8ZIZ/bRHxifP8D7lbk=</latexit>

C(t+ , t, t ! ) =
<latexit sha1_base64="4q++ejCJ7/VYlRDLrOTZNH7a2EI=">AAAB+XicbVDNSgMxGPy2/tX6t+rRS7AInsquSPUiFL14rGBtoV1KNpu2odlkSbKFsvRNvHhQxKtv4s23MdvuQVsHQoaZ7yOTCRPOtPG8b6e0tr6xuVXeruzs7u0fuIdHT1qmitAWkVyqTog15UzQlmGG006iKI5DTtvh+C732xOqNJPi0UwTGsR4KNiAEWys1HfdXih5pKexvbLkxpv13apX8+ZAq8QvSBUKNPvuVy+SJI2pMIRjrbu+l5ggw8owwums0ks1TTAZ4yHtWipwTHWQzZPP0JlVIjSQyh5h0Fz9vZHhWOfh7GSMzUgve7n4n9dNzeA6yJhIUkMFWTw0SDkyEuU1oIgpSgyfWoKJYjYrIiOsMDG2rIotwV/+8ip5uqj59Vr94bLauC3qKMMJnMI5+HAFDbiHJrSAwASe4RXenMx5cd6dj8VoySl2juEPnM8fvXGTvg==</latexit>

p = 0
<latexit sha1_base64="4q++ejCJ7/VYlRDLrOTZNH7a2EI=">AAAB+XicbVDNSgMxGPy2/tX6t+rRS7AInsquSPUiFL14rGBtoV1KNpu2odlkSbKFsvRNvHhQxKtv4s23MdvuQVsHQoaZ7yOTCRPOtPG8b6e0tr6xuVXeruzs7u0fuIdHT1qmitAWkVyqTog15UzQlmGG006iKI5DTtvh+C732xOqNJPi0UwTGsR4KNiAEWys1HfdXih5pKexvbLkxpv13apX8+ZAq8QvSBUKNPvuVy+SJI2pMIRjrbu+l5ggw8owwums0ks1TTAZ4yHtWipwTHWQzZPP0JlVIjSQyh5h0Fz9vZHhWOfh7GSMzUgve7n4n9dNzeA6yJhIUkMFWTw0SDkyEuU1oIgpSgyfWoKJYjYrIiOsMDG2rIotwV/+8ip5uqj59Vr94bLauC3qKMMJnMI5+HAFDbiHJrSAwASe4RXenMx5cd6dj8VoySl2juEPnM8fvXGTvg==</latexit>

p = 0

Let us consider full QCD+QED theory and define the following two correlation functions:

<latexit sha1_base64="yUNCsRs/0pwe5mH8Sl6KBVT5d3A="></latexit>

R (t) ! 4m!
Tr[ C(t ! , t, t + ) ]
Tr[ C! (t ! + t+ )]

<latexit sha1_base64="bViJ/VIfmvFTObGvS8R9n+xkpqs=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0HwIGFWYpKTBL14jGAekF2W2ckkGTL7YKZXDCG/4sWDIl79EW/+jZNkQY0WNBRV3XR3BYkUGgj5tFZW19Y3NnNb+e2d3b19+6DQ0nGqGG+yWMaqE1DNpYh4EwRI3kkUp2EgeTsYXc/89j1XWsTRHYwT7oV0EIm+YBSM5NsF8N0kxO5ggMkZdjFcEt8uklL1olauEExKZI5v4mSkiDI0fPvD7cUsDXkETFKtuw5JwJtQBYJJPs27qeYJZSM64F1DIxpy7U3mt0/xiVF6uB8rUxHgufpzYkJDrcdhYDpDCkO97M3E/7xuCv2aNxFRkgKP2GJRP5UYYjwLAveE4gzk2BDKlDC3YjakijIwceVNCM7yy39J67zkVEqV23KxfpXFkUNH6BidIgdVUR3doAZqIoYe0CN6Ri/W1HqyXq23ReuKlc0col+w3r8AjVmS2A==</latexit>

t ± ! 0, t > 0
<latexit sha1_base64="SKLstpB3hi2cAoyeh/ek4TA5Wlg="></latexit>

!!!!!"
! !

0

d!
2"

e" ! t |A (! )|2

With any infrared regulator (think e.g. to a photon mass ) the ratio of such traced 
correlators for large time separations gives

mγ



Computing the Euclidean correlator
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We plan to follow two parallel approaches: 

1. Full QCD+QED simulation 

2. Perturbative expansion at first order in αem

<latexit sha1_base64="YXMUB13yVfleR6yS19reVm4DUgY="></latexit>

! 2

! eq ! e!
R (t)

!
!
e=0

1.      

2.      we use the perturbative "RM123" approach and take derivatives of the correlator, 

e.g.                                      , computed using ETMC (QCD) gauge ensembles

we plan to employ QCD+QED gauge ensembles by the RC* Collaboration 

and evaluate directly the correlator ratio
<latexit sha1_base64="YyKs/62zzPF5vDdPZ0h3Ruua/+Y="></latexit>

R (t)



Expansion of the correlators at 𝒪(α)
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RM123 approach

Taking derivatives with respect to the (lepton & quarks) electric charges gives:

<latexit sha1_base64="G45lWe7qUtuxmJGltiS/ZddOcB0="></latexit>

R (t) =
!
R(t)

"
lep +

!
R(t)

"
fact +

!
R(t)

"
non-fact

Note that the 3 contributions are separately infrared finite



Expansion of the correlators at 𝒪(α)
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Electro-unquenching

<latexit sha1_base64="G45lWe7qUtuxmJGltiS/ZddOcB0="></latexit>

R (t) =
!
R(t)

"
lep +

!
R(t)

"
fact +

!
R(t)

"
non-fact

Clearly, a full QCD+QED calculation requires evaluating also e.m. effects involving sea quarks



Expansion of the squared amplitude at 𝒪(α)
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<latexit sha1_base64="qk0wbu7t0UK3auhRL49kv4eSPtY="></latexit>

|A (m! )|2lep =
m6

!

(8! 2)2

! !

0
ds

"
"KT (s)#T (s) + "KL (s)#L (s)

#

<latexit sha1_base64="Kc8GI1D3wKHkPCeCIYI2HGis61k="></latexit>

|A (m! )|2fact =
m6

!

8! 2

! !

0
ds

"
KT (s)" full

T (s) + KL (s)" full
L (s)

#

<latexit sha1_base64="KHIy+NU3CZlHYyq+S6/PTZ70iiA="></latexit>

|A (m! )|2non-fact =
! !

0
d! " (! ! m! ) |A (! )|2non-fact

<latexit sha1_base64="jxi3I6ZnLXuUDMAdGagoCeFYYYI="></latexit>

|A (m! )|2 = |A (m! )|2lep + |A (m! )|2fact + |A (m! )|2non-fact



Spectral reconstruction
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<latexit sha1_base64="8xZaiX9WYXVai7Yc0876ZvdOFYo="></latexit>

R (t) =
! !

0

d!
2"

e" ! t |A (! )|2
<latexit sha1_base64="s5DJX57UDqflo9Aun5N59gDZyTo="></latexit>

! =
G2

F

4m!
|A (m! )|2

•  Start from the relation
<latexit sha1_base64="SmfexoyjBndK/iom1rJOKcRJ7/s="></latexit>

|A (m! )|2 =
! !

0

d!
2"

[2"# (! ! m! )] |A (! )|2

•  Define a smeared kernel such that 
<latexit sha1_base64="oXlM8YpE3/SPyVx6kHryqkpljBY="></latexit>

lim
! ! 0

! ! (! , m" ) = 2 " # (! ! m" )

• Approximate kernel as sum of exponentials
<latexit sha1_base64="nZK5MEsa9t5By8Dn9IxJhIn+lM0="></latexit>

! ! (! , m" ) !
!

t

gt (" , m" ) e! # t

• Use an optimisation strategy, e.g. HLT, to obtain the coefficients
<latexit sha1_base64="gQZl2EWEzLNgR/BCWjoY+JVbtbY=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSxCBSmJSPVY9OKxgv2AJoTNdtsu3U3C7kQoof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0wE1+A431ZhbX1jc6u4XdrZ3ds/sA+P2jpOFWUtGotYdUOimeARawEHwbqJYkSGgnXC8e3M7zwypXkcPcAkYb4kw4gPOCVgpMAuDwOoepoPJTmXgQckPcOBXXFqzhx4lbg5qaAczcD+8voxTSWLgAqidc91EvAzooBTwaYlL9UsIXRMhqxnaEQk0342P36KT43Sx4NYmYoAz9XfExmRWk9kaDolgZFe9mbif14vhcG1n/EoSYFFdLFokAoMMZ4lgftcMQpiYgihiptbMR0RRSiYvEomBHf55VXSvqi59Vr9/rLSuMnjKKJjdIKqyEVXqIHuUBO1EEUT9Ixe0Zv1ZL1Y79bHorVg5TNl9AfW5w+xYJQq</latexit>

gt (! , m! )

J.Barata, K.Fredenhagen, CMP 138 (1991) 
. . . 

M.T.Hansen, H.Meyer, D.Robaina, PRD 96 (2017) 
S.Hashimoto, PTEP 2017 (2017) 

M.Hansen, A.Lupo, N.Tantalo, PRD 99 (2019) 
J.Bulava, M.T.Hansen, PRD 100 (2019) 

P.Gambino, S.Hashimoto PRL 125 (2020) 
. . . 

J.Bulava et al., JHEP 07 (2022) 
R.Frezzotti et al., PRD 108 (2023) 

A.Patella, N.Tantalo, JHEP 01 (2025)

<latexit sha1_base64="mXbJMX4Iji9VV3/2VNM5f7zjbp8="></latexit>

|A (m! )|2 ! lim
" ! 0

!

t

gt (! , m! ) R(t)

https://link.springer.com/article/10.1007/BF02102039
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.094513
https://academic.oup.com/ptep/article/2017/5/053B03/3798720?login=true
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.094508
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.034521
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.032001
https://link.springer.com/article/10.1007/JHEP07(2022)034
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074510
https://link.springer.com/article/10.1007/JHEP01(2025)091
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When leptonic and hadronic parts can be factorised, the correlator           can be manipulated 
integrating out the neutrino and obtaining analytical kernels which are combined with 
simpler hadronic correlators:

<latexit sha1_base64="+0y3ZTdnUNYYkofnmUXhvAFiK0w="></latexit>

|A (m! )|2fact =
m3

!

2!
lim
" ! 0

!

t

"
g(T)

t (" , m! ) H full
00 (t, 0) +

1
3

g(L)
t (" , m! )

!

i

H full
ii (t, 0)

#

<latexit sha1_base64="YNshyfmKJICfGu81i4zDBoYVpoU="></latexit>

H full
!" (t, 0) =

!
d3x T !0|j ! (t, x )j  

" (0)|0"QCD+QED

<latexit sha1_base64="khLgExDP5CMkDCAlvcDgWkwpT/I=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkWom5KIVJdFNy6r2Ae0sUym03boZBJmbpQS+h9uXCji1n9x5984abPQ1gMDh3Pu5Z45fiS4Rsf5tnIrq2vrG/nNwtb2zu5ecf+gqcNYUdagoQhV2yeaCS5ZAzkK1o4UI4EvWMsfX6d+65EpzUN5j5OIeQEZSj7glKCRHroBwRElIrmblvG0Vyw5FWcGe5m4GSlBhnqv+NXthzQOmEQqiNYd14nQS4hCTgWbFrqxZhGhYzJkHUMlCZj2klnqqX1ilL49CJV5Eu2Z+nsjIYHWk8A3k2lKveil4n9eJ8bBpZdwGcXIJJ0fGsTCxtBOK7D7XDGKYmIIoYqbrDYdEUUomqIKpgR38cvLpHlWcauV6u15qXaV1ZGHIziGMrhwATW4gTo0gIKCZ3iFN+vJerHerY/5aM7Kdg7hD6zPHzWZklY=</latexit>

R (t)

<latexit sha1_base64="tIXRICXkGNCdqP2DRDq1kOWwABs=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARWpCSiFSXRTeCLirYCzSxTKaTdujkwsxEWkK2bnwVNy4UcesbuPNtnKRZaOsPAx//OYc553dCRoU0jG+tsLS8srpWXC9tbG5t7+i7e20RRByTFg5YwLsOEoRRn7QklYx0Q06Q5zDSccaXab3zQLiggX8npyGxPTT0qUsxksrq63BiHUNoeUiOMGLxdXKfMffiyk01qUyqfb1s1IxMcBHMHMogV7Ovf1mDAEce8SVmSIieaYTSjhGXFDOSlKxIkBDhMRqSnkIfeUTYcXZJAo+UM4BuwNXzJczc3xMx8oSYeo7qTNcU87XU/K/Wi6R7bsfUDyNJfDz7yI0YlAFMY4EDygmWbKoAYU7VrhCPEEdYqvBKKgRz/uRFaJ/UzHqtfntablzkcRTBATgEFWCCM9AAV6AJWgCDR/AMXsGb9qS9aO/ax6y1oOUz++CPtM8fDzSZUA==</latexit>

x K (L) (x)

<latexit sha1_base64="qhH41rpfe/yY1p1fpPTaVBL/LlQ=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARWpCSiFSXRTeCmwq9QRPLZDpph04uzEykJWTrxldx40IRt76BO9/GSZqFtv4w8PGfc5hzfidkVEjD+NYKK6tr6xvFzdLW9s7unr5/0BFBxDFp44AFvOcgQRj1SVtSyUgv5AR5DiNdZ3Kd1rsPhAsa+C05C4ntoZFPXYqRVNZAh1PrFELLQ3KMEYtvk/uMuRdXWtWkMq0O9LJRMzLBZTBzKINczYH+ZQ0DHHnEl5ghIfqmEUo7RlxSzEhSsiJBQoQnaET6Cn3kEWHH2SUJPFHOELoBV8+XMHN/T8TIE2LmOaozXVMs1lLzv1o/ku6lHVM/jCTx8fwjN2JQBjCNBQ4pJ1iymQKEOVW7QjxGHGGpwiupEMzFk5ehc1Yz67X63Xm5cZXHUQRH4BhUgAkuQAPcgCZoAwwewTN4BW/ak/aivWsf89aCls8cgj/SPn8AG3yZWA==</latexit>

x K (T) (x)

<latexit sha1_base64="PMoeshYxewPk1bp1bqdUsU4vYOE="></latexit>

x K (L) (x) = (1 ! x2)2 ! (1 ! x)

<latexit sha1_base64="/7h6O/zDb2GHtQ1jI1F/A5s6BUc="></latexit>

x K (T) (x) = (1 + 2 x2)(1 ! x2)2 ! (1 ! x)



When leptonic and hadronic parts can be factorised, the correlator           can be manipulated 
integrating out the neutrino and obtaining analytical kernels which are combined with 
simpler hadronic correlators:

<latexit sha1_base64="687ozn6+hy+279BClVz8mvP61PA="></latexit>

|A (m! )|2lep =
e2

! m3
!

16! 3 lim
" ! 0

!

t

"
"g(T)

t (#, m! ) H00(t, 0) +
1
3

"g(L)
t (#, m! )

!

i

H ii (t, 0)
#
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<latexit sha1_base64="HKWKIDWGNjn1PGBLBqIsHQC3COM="></latexit>

H !" (t, 0) =
!

d3x T !0|j ! (t, x )j  
" (0)|0"QCD

<latexit sha1_base64="yd5eawBVpTUKABo6H4sbEvRTHeI=">AAACD3icbZDLSsNAFIYnXmu9RV26GSxKC1ISkeqy6EbQRQV7gSaWyWTaDp1cmJlIS8gbuPFV3LhQxK1bd76NkzQLbf1h4OM/5zDn/E7IqJCG8a0tLC4tr6wW1orrG5tb2/rObksEEcekiQMW8I6DBGHUJ01JJSOdkBPkOYy0ndFlWm8/EC5o4N/JSUhsDw182qcYSWX19KOxdQyh5RImkeUhOcSIxdfJfcbci8s3laQ8rvT0klE1MsF5MHMogVyNnv5luQGOPOJLzJAQXdMIpR0jLilmJClakSAhwiM0IF2FPvKIsOPsngQeKseF/YCr50uYub8nYuQJMfEc1ZmuKWZrqflfrRvJ/rkdUz+MJPHx9KN+xKAMYBoOdCknWLKJAoQ5VbtCPEQcYakiLKoQzNmT56F1UjVr1drtaal+kcdRAPvgAJSBCc5AHVyBBmgCDB7BM3gFb9qT9qK9ax/T1gUtn9kDf6R9/gDfxZvy</latexit>

x ! K (L) (x)

<latexit sha1_base64="GHNwUjvMAJzxBjzab9bXp9HoX64=">AAACD3icbZDLSsNAFIYnXmu9RV26GSxKC1ISkeqy6EZwU6E3aGKZTKbt0MmFmYm0hLyBG1/FjQtF3Lp159s4SbPQ1h8GPv5zDnPO74SMCmkY39rS8srq2npho7i5tb2zq+/tt0UQcUxaOGAB7zpIEEZ90pJUMtINOUGew0jHGV+n9c4D4YIGflNOQ2J7aOjTAcVIKquvn0ysUwgtlzCJLA/JEUYsvk3uM+ZeXG5WkvKk0tdLRtXIBBfBzKEEcjX6+pflBjjyiC8xQ0L0TCOUdoy4pJiRpGhFgoQIj9GQ9BT6yCPCjrN7EnisHBcOAq6eL2Hm/p6IkSfE1HNUZ7qmmK+l5n+1XiQHl3ZM/TCSxMezjwYRgzKAaTjQpZxgyaYKEOZU7QrxCHGEpYqwqEIw509ehPZZ1axVa3fnpfpVHkcBHIIjUAYmuAB1cAMaoAUweATP4BW8aU/ai/aufcxal7R85gD8kfb5A+wNm/o=</latexit>
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Renormalization of the correlator at 𝒪(α)
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A.Sirlin, NPB 196 (1982) 

E.Braaten & C.S.Li, PRD 42 (1990)

• perturbative @ 2 loops in QCD+QED

• non-perturbative in lattice QCD+QED
MDC et al., PRD 100 (2019)

When including QED corrections, additional UV divergences appear and the weak effective 
Hamiltonian requires a non-perturbative renormalization.

Electroweak matching with the SM usually done perturbatively in the "W-regularization" 
scheme introduced by Sirlin (i.e. using a Pauli-Villars regulated photon):

More recent works provide electroweak matching of lattice momentum schemes to MS
M.Gorbahn et al., JHEP 01 (2023)



Chiral symmetry & operator mixing
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O5 = " µ ! (1 + ! 5) " " µ ! (1 + ! 5)

O6,…,10 = O1,…,5 (γ5 ↔ − γ5)

Chiral symmetry breaking on the lattice induces mixing 
among operators of different chirality



Operator mixing with a twisted-mass  τ
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However, using spurious symmetries of the Twisted-Mass action, one can show that 

averaging over the values of the Wilson parameter   of the , reduces the mixing at  
from 5 to 2 operators!

rτ τ 𝒪(α)
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OR
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Z1k Ok = Z11 O1 + Z12 O2 + Z13 O3 + Z14 O4 + Z15 O5

odd functions of rτ
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= Sr (p) =
! i /÷p + ir ! 5M (p) + µ

÷p2 + M (p)2 + µ2 = A(p) + ir ! 5B (p)

even functions of rτ

We plan to use Twisted Mass fermions, whose action contains a Wilson term that breaks  
chiral symmetry at finite lattice spacing
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A sneak peek of the data
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Outlooks and conclusions
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! implementation of the "non-factorizable" diagram 

! computation of sea-sea and sea-valence effects (electrounquenching) 

! non-perturbative renormalisation in QCD+QED of the weak Hamiltonian

The project started recently and we are making progress in setting up the calculation. 

There are still a number of important steps...

I've shown the roadmap to a first-principle determination of  from inclusive hadronic 
 decays, including isospin breaking corrections.

|Vus |
τ
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Kernels
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[these kernels assume a tau renormalisation constant  defined in the W-mass scheme]Zτ



Operator mixing with a twisted-mass  τ
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Using spurious symmetries of the TM action, one can show that averaging over the values of 

the Wilson parameter   of the , reduces the mixing at  from 5 to 2 operators!rτ τ 𝒪(α)

‣ We can understand this intuitively by looking at the  propagator (in the twisted basis)τ

and the electromagnetic vertex (local, for simplicity)
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‣ And hence the average gives:
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