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Zürich Phenomenology Workshop 2025 
Particle physics from low to high energies
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A

Flavour physics offers opportunities to test the Standard Model and probe new physics effects

in the Standard Model:
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|Vud|2 + |Vus|2 + |Vub|2 = 1

Flavour physics

3 mixing angles + 1 CPV phase

Matrix elements can be extracted e.g. from leptonic and semileptonic decays of hadrons
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The strong coupling constant
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PDG, PRD 110 (2024) 3

• The strong coupling constant  
runs with the energy  

• At high energies  the 
coupling is small: 

‣ perturbative expansion 

‣ quarks are asymptotically free 

• At small energies  the 
coupling is strong: 

‣ non-perturbative 

‣ quarks are confined

αs(Q2)
Q

Q ∼ mZ

Q ∼ ΛQCD

see A.Ramos talk



Key points

Lattice QCD
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• A regularisation of QCD:  
  > the lattice spacing  is the UV cutoff 

• Finite-sized Euclidean spacetime 
  > rigorous and computable definition of path 
    integrals using Monte Carlo methods 

• Allows for first-principle numerical calculations 
  > physical results obtained by taking continuum and 
    infinite-volume limits

a

Precise predictions    good control of statistical & systematic uncertainties↔

M.C. Escher, "Cubic space division" (1953)

L
a



Flavour physics on the lattice
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A

Cabibbo anomaly CPV in neutral mesons

The plan of this talk:



Flavour physics on the lattice
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A

Cabibbo anomaly CPV in neutral mesons

see M.Bordone talkThe plan of this talk:
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Experimental and theoretical control of these quantities 
is of crucial importance to solve the issue

Different tensions in the            plane:
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Vus-Vud

FLAG Review 2024, [arXiv:2411.04268]

The Cabibbo anomaly

M.Moulson, PoS CKM2016 (2017) 
PDG, PTET 2022 (2022)
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         and            determined from  
lattice QCD with sub percent precision!
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Lattice QCD inputs



Current level of precision requires the inclusion of isospin-breaking  
corrections due to 

strong effects 

electromagnetic effects

QED and isospin-breaking effects
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↵ 6= 0

‣ results currently quoted in the PDG come from 𝜒PT                            

‣ fully non-perturbative (structure dependent) quantities 

‣ first-principle lattice calculations are possible!
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V.Cirigliano & H.Neufeld, PLB 700 (2011)
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Lattice QCD + QED
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A conceptual challenge:  how to define QED in a finite periodic box?

‣ need to circumvent Gauss' law: no charged states in a periodic box

‣ finite-volume effects can be sizeable and power-like

‣ logarithmic infrared divergences arise when studying decays

Problems well studied. Different lattice QED formulations proposed and used.
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“iso” =

(
mu = md

↵em = 0

RM123 approach: G.M.de Divitiis et al. [RM123], PRD 87 (2013)
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Hadron mass splitting

Pioneering work on neutron-proton mass difference  BMW Collaboration, Science 347 (2015) 

Pion & kaon mass splittings now computed by different collaborations —> u & d quark masses

https://inspirehep.net/literature/1300659
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P+

`0+
`0�

`+
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q1

q2

virtual photon emission 
leptonic decays

P+

`+

⌫`

q1

q2

leptonic decays

N.Carrasco et al., PRD 91 (2015) 
V.Lubicz et al., PRD 95 (2017) 
N.Tantalo et al., [1612.00199v2] 
D.Giusti et al., PRL 120 (2018) 
MDC et al., PRD 100 (2019) 
MDC et al., PRD 105 (2022) 
P.Boyle, MDC et al., JHEP 02 (2023) 
N.Christ et al., [2304.08026]

G.M.de Divitiis et al., [1908.10160] 
C.Kane et al., [1907.00279 & 2110.13196] 
R.Frezzotti et al., PRD 103 (2021) 
A.Desiderio et al., PRD 102 (2021) 
D.Giusti et al., [2302.01298] 
R.Frezzotti et al., [2306.05904]

G.Gagliardi et al., Phys. Rev. D 105 (2022) 
R.Frezzotti et al., [2306.07228]

K0 ⇡�

`+

⌫`

semileptonic decays

C.Sachrajda et al., [1910.07342] 
N.Christ et al., PRD 108 (2023) 
N.Christ et al., [2402.08915]

K ⇡

⇡

hadronic decays

R.Abbott et al., PRD 102 (2020) 
Z.Bai et al., PRL 115 (2015) 
N.Christ et al., PRD 106 (2022) 
N.Christ & X.Feng, EPJ Web Conf. 175 (2018) 
Y.Cai & Z.Davoudi, [1812.11015]

rare FCNC decays

R.Frezzotti et al., [2402.03262]

Weak decays — some recent works



Leptonic decays of pseudoscalar mesons
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1/a ⌧ mW

Can be studied in an effective Fermi theory with the W-boson 
integrated out and the local interaction described by

<latexit sha1_base64="ioDoJi6GQsEyIAENPc9NjbS2t9s="></latexit>

He↵ =
GF
p
2
V ⇤
q1q2

⇥
q̄2 �µ(1� �5) q1
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µ(1� �5) `
⇤
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P
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mP

⇥
fP,0

⇤2
= K |L|2

|L0|2

✓
mP

mP,0

◆2

|M0|2

In the PDG convention, the tree-level decay rate takes the form

with the non-perturbative dynamic encoded in the decay constant
<latexit sha1_base64="+TWcaaLB2Fkzyid2t1G/VFeD7Mw="></latexit>

Z0h0|q̄2 �0�5 q1|P,0i(0) = imP,0 fP,0
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IR divergences appear in intermediate steps of the calculation 
 
 
 

UV divergences: need to include QED corrections to the renormalization of the weak Hamiltonian

F. Bloch & A. Nordsieck, PR 52 (1937) 54 
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�

IR divergent IR divergentIR finite

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)

Leptonic decay rate at 
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The decay constant   becomes an ambiguous and unphysical quantityfP,0



Defining the isospin symmetric world
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m̂�(g)

• The full QCD+QED theory is unambiguously defined 
after matching a set of observables to the real world

• The definition of QCD or isoQCD requires a prescription, 
i.e. some renormalization conditions to fix the bare 
parameters of the action
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j = 1, . . . , Nf
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, . . . )
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, . . . )

Leptonic decay rate at 
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FLAG 2024 now includes a discussion on this topic where a reference scheme is proposed.
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IR divergent IR divergentIR finite

N. Carrasco et al., PRD 91 (2015) 
       D. Giusti et al., PRL 120 (2018) 

     MDC et al., PRD 100 (2019) 
P.Boyle, MDC et al., JHEP 02 (2023)

The RM123+Soton approach

Leptonic decay rate at 
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in perturbation theory

on the lattice

on the lattice

enough for Kµ2 and 𝛑µ2 relevant for Ke2 and 𝛑e2  
& decays of heavier mesons

leading finite-volume scaling well studied
V.Lubicz et al., PRD 95 (2017)   N.Tantalo et al., [1612.00199v2] 
                      MDC et al., PRD 105 (2022)

G.M. de Divitiis et al., [1908.10160]    C. Kane et al., [1907.00279 & 2110.13196] 
              R. Frezzotti et al., PRD 103 (2021)           D. Giusti et al., [2302.01298] 
             A. Desiderio et al., PRD 102 (2021)         R.Frezzotti et al., [2306.05904]

The RM123+Soton approach

Leptonic decay rate at 
<latexit sha1_base64="3+cu1yyokes4niCOhTFPrS/11No="></latexit>

O(↵)



P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

IB corrections to the decay amplitude

P+

`+

⌫`

q1

q2

P+

`+

⌫`

q1

q2

16

P+

`+

⌫`

q1

q2

(a)

P+

`+

⌫`

q1

q2

(b)

P+

`+

⌫`

q1

q2

(c)

(a) (b) (c)

P+

`+

⌫`

q1

q2

(d)

P+

`+

⌫`

q1

q2

(e)

P+

`+

⌫`

q1

q2

(f)

Current calculations have been performed in the electro-quenched approximation (sea quarks electrically neutral). 
 

Work is in progress to compute the remaining diagrams.

RM123 perturbative method: expand lattice path-integral around isosymmetric point

G.M.de Divitiis et al. [RM123], PRD 87 (2013)
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↵ = mu �md = 0

T.Harris et al., PoS LATTICE 2022 (2023) 013



Results for 

17

<latexit sha1_base64="FmiIIHEosINVYHrAIMoppNO/yv0="></latexit>

�RK⇡ MDC et al., PRD 100 (2019) 
V.Cirigliano et al., PLB 700 (2011)

(w/o FVE)

RBC-UKQCD (2023)

RM123S (2019)

�PT (2011)

�0.016 �0.012 �0.008 �0.004 0

�RK⇡

P.Boyle, MDC et al., JHEP 02 (2023) 
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• Good evidence that          can be computed from first 
principles non-perturbatively on the lattice! 

• RBC-UKQCD error dominated by a large systematic 
uncertainty related to finite-volume effects (!) 
Work in progress to improve the result.  

• Errors on  from theoretical inputs could 
become comparable with those from experiments
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<latexit sha1_base64="jwfuAV5yrdkpbMuXFt1amrmyrmM=">AAAB9XicbVC7SgNBFJ2NrxhfUUubwSBYhV2RaBm0EWwimAdk1zA7mU2GzGOZhxKW/IeNhSK2/oudf+Mk2UITD1zu4Zx7mTsnThnVxve/vcLK6tr6RnGztLW9s7tX3j9oaWkVJk0smVSdGGnCqCBNQw0jnVQRxGNG2vHoeuq3H4nSVIp7M05JxNFA0IRiZJz0cBsaGXIbCttzrVeu+FV/BrhMgpxUQI5Gr/wV9iW2nAiDGdK6G/ipiTKkDMWMTEqh1SRFeIQGpOuoQJzoKJtdPYEnTunDRCpXwsCZ+nsjQ1zrMY/dJEdmqBe9qfif17UmuYwyKlJriMDzhxLLoJFwGgHsU0WwYWNHEFbU3QrxECmEjQuq5EIIFr+8TFpn1aBWrd2dV+pXeRxFcASOwSkIwAWogxvQAE2AgQLP4BW8eU/ei/fufcxHC16+cwj+wPv8AcTtkrU=</latexit>

K ! µ⌫µ



Some comments on light mesons…
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Theory uncertainties on  leptonic decays can become comparable with experimental ones 

Current kaon experiments: NA62 (CERN) & KOTO (J-PARC) 

Proposal for high intensity kaon program at CERN (HIKE) was not approved [March '24],  
so the future of kaon measurements is a bit unclear… 

New analyses of old datasets possible?

K/π

Lattice QCD+QED calculations of D and Ds mesons decays are under study 

B-meson decays require very fine lattices, but exploratory work on 
radiative decay  is ongoingB+ → μ+ν̄γ

P+

`+

⌫`

q1

q2

<latexit sha1_base64="xNGKKHGMF5/gAiuDKdsgLuvwrN0=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJUhLIrUj0W9eCxgv2Qdi3ZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgpgzbVz321laXlldW89t5De3tnd2C3v7DR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4fXEbz5RpVkk780opr7AfclCRrCx0sPN42k3LemTcbdQdMvuFGiReBkpQoZat/DV6UUkEVQawrHWbc+NjZ9iZRjhdJzvJJrGmAxxn7YtlVhQ7afTg8fo2Co9FEbKljRoqv6eSLHQeiQC2ymwGeh5byL+57UTE176KZNxYqgks0VhwpGJ0OR71GOKEsNHlmCimL0VkQFWmBibUd6G4M2/vEgaZ2WvUq7cnRerV1kcOTiEIyiBBxdQhVuoQR0ICHiGV3hzlPPivDsfs9YlJ5s5gD9wPn8AzjCPxw==</latexit>

D+
(s)

<latexit sha1_base64="ExPOFqwgX7g7fJydxXWEELr0MCc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqsH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4AyfeM8g==</latexit>c

<latexit sha1_base64="u5TuCqLGOJmjITDv43ZOhRyAkkY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseiF48V7Ae0oWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dtbWNza3tks75d29/YPDytFxR8epIrRNYh6rXoA15UzStmGG016iKBYBp91gcpf73SeqNIvlo5km1Bd4JFnECDa5FNb0xbBSdevuHGiVeAWpQoHWsPI1CGOSCioN4Vjrvucmxs+wMoxwOisPUk0TTCZ4RPuWSiyo9rP5rTN0bpUQRbGyJQ2aq78nMiy0norAdgpsxnrZy8X/vH5qohs/YzJJDZVksShKOTIxyh9HIVOUGD61BBPF7K2IjLHCxNh4yjYEb/nlVdK5rHuNeuPhqtq8LeIowSmcQQ08uIYm3EML2kBgDM/wCm+OcF6cd+dj0brmFDMn8AfO5w9lSo3V</latexit>

d(s)

… and heavy ones



Charmed QCD decay constants
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<latexit sha1_base64="yLVittoJ9f53pVFvjeAihSe5G6E=">AAACEXicbVDLSsNAFJ34rPUVdekmWIS6CUmR1o1Q1IUboYJ9QBPCZDpph04yYWYilBA/wY2/4saFIm7dufNvnLRZaOuFYQ7n3Ms99/gxJUJa1re2tLyyurZe2ihvbm3v7Op7+x3BEo5wGzHKeM+HAlMS4bYkkuJezDEMfYq7/vgy17v3mAvCojs5ibEbwmFEAoKgVJSnVx2f0YGYhOpLA+/qvGbXTKtqmY2TByeEcsTD9AZ3sszTK5ZpTctYBHYBKqColqd/OQOGkhBHElEoRN+2YummkEuCKM7KTiJwDNEYDnFfwQiGWLjp9KLMOFbMwAgYVy+SxpT9PZHCUOSmVWduUsxrOfmf1k9kcOamJIoTiSM0WxQk1JDMyOMxBoRjJOlEAYg4UV4NNIIcIqlCLKsQ7PmTF0GnZtp1s357WmleFHGUwCE4AlVggwZogmvQAm2AwCN4Bq/gTXvSXrR37WPWuqQVMwfgT2mfP7I+nFM=</latexit>

fD = 212.0(0.7) MeV
<latexit sha1_base64="4hOJtxKKxHs+5OnsZsmge63X7X0="></latexit>

fDs = 249.9(0.5) MeV
<latexit sha1_base64="hDkhn/jJUGHWavMeI0r2erMvR2g="></latexit>

fDs/fD = 1.1783(0.0016)



Inclusive hadronic  decaysτ
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Alternative determinations of  can be obtained from inclusive hadronic  decays|Vus | τ

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

⌧ ! Xus⌫⌧

• And yet another puzzle: lower value of  

• Inclusive                    result in HFLAV plot obtained 
using truncated operator product expansion (OPE) 

• Exclusive channels give results larger than  
but smaller than that obtained imposing CKM unitarity

|Vus |τ−incl.

|Vus |τ−incl.

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



Inclusive hadronic  decaysτ
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Recent calculation obtains inclusive decay rate using smeared spectral densities reconstructed from 
finite-volume Euclidean lattice correlators

<latexit sha1_base64="MXuGB8PRlJAWLAkmgCM6b5P0Wv4="></latexit>

⇢(!) = h⌧�|Hus
w (2⇡)�(H� !)Hus

w |⌧�i

<latexit sha1_base64="3wsP4u4vLVIZZ3gF4m7L5aIUqBA="></latexit>

⇢̂L(E, ✏) =

Z 1

0

d!

2⇡
�✏(E,!) ⇢L(!)

=
TX

t=0

gt(E, ✏)CL(t)

> Next step: inclusion of QED and strong isospin-breaking effects

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

<latexit sha1_base64="+9DoTmsGX7VDaNS+IMnb+HJDLkw="></latexit>

) �(⌧ ! Xus⌫⌧ ) = lim
✏!0
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L!1

⇢̂L(m⌧ , ✏)

2m⌧

M.Hansen, A.Lupo & N.Tantalo, PRD 99 (2019)

s

u

⌧ ⌧

↵�

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


CP violation in neutral kaons
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Neutral mesons can mix because the flavour 
eigenstates are different from the weak eigenstates

• "Indirect" CP violation in the mixing

flavour eigenstates

weak eigenstates

CP eigenstates

• "Direct" CP violation in the decay

<latexit sha1_base64="qT603HJazifR8kGswdopUFZcZg8="></latexit>
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�
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�

<latexit sha1_base64="CgfZElEpGxso7zmrZGk1hQBWVCs="></latexit>
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<latexit sha1_base64="drtkADz0dB2MKqM9VXfMUZu7UN8="></latexit>

|✏| = (2.228± 0.011)⇥ 10�3

<latexit sha1_base64="rx3GwM4M2ORJyJ6DsZpcJfv/6LQ="></latexit>

Re(✏0/✏) = (1.66± 0.23)⇥ 10�3 PDG, PTET 2022 (2022)

PDG, PTET 2022 (2022)

<latexit sha1_base64="1s3puLjbHs10RUHCY4s9WE17EpI="></latexit>

⌘00 =
h⇡0⇡0

|Hw|KLi
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= ✏� 2✏0

<latexit sha1_base64="+gCCaiLdYPAf8lrA9EgHM62ShGc="></latexit>
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|Hw|KLi
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<latexit sha1_base64="6zaZERtdjdjwHcHvJGuoKjYtjN0="></latexit>

|KL,Si =
1p

1 + |✏̄|2
�
✏̄ |K±i+ |K⌥i

�

https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097


•  also at 40% precision (RBC-UKQCD).  
Errors of ~10% can be achieved on the long term 

• Lattice inputs to  can be computed with high precision, 
but overall uncertainty is dominated by   

• -puzzle affects the SM prediction for 

(ϵK)LD

(ϵK)SD
|Vcb |

|Vcb | |ϵK |
23

R.Abbott et al., PRD 102 (2020)

CP violation in neutral kaons

<latexit sha1_base64="4/sauyVDuowNHMxOgoWZtGFM7rU="></latexit>

Re(✏0/✏) = 21.7 (2.6)stat.(8.0)sys.lattice:

experiments:
<latexit sha1_base64="EVRbr1KMN+oVIPESb5xdzuvUH9k=">AAACGHicbVBNSwMxFMzWr1q/Vj16CRaxBWl3rVQvQtGLRxVbhe5SsulrG8xmlyQrlKU/w4t/xYsHRbx689+YrRXUOhAYZt7jZSaIOVPacT6s3Mzs3PxCfrGwtLyyumavb7RUlEgKTRrxSN4ERAFnApqaaQ43sQQSBhyug9vTzL++A6lYJK70MAY/JH3BeowSbaSOXfVCogcyTC9hVPIgVoxHYrf6zcr4GLv1Sh17e7i0X6mVO3bRqThj4GniTkgRTXDesd+9bkSTEISmnCjVdp1Y+ymRmlEOo4KXKIgJvSV9aBsqSAjKT8fBRnjHKF3ci6R5QuOx+nMjJaFSwzAwk1kM9dfLxP+8dqJ7R37KRJxoEPTrUC/hWEc4awl3mQSq+dAQQiUzf8V0QCSh2nRZMCW4fyNPk9Z+xVRXuzgoNk4mdeTRFtpGJeSiQ9RAZ+gcNRFF9+gRPaMX68F6sl6tt6/RnDXZ2US/YL1/AmjSnWQ=</latexit>

Re(✏0/✏) = 16.6 (2.3)
<latexit sha1_base64="USRtPDAN1NyO7AjxvEUAWcVGr9s=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxItlVoh6JXjxiIo8EFjI7zMKE2UdmejVkw3948aAxXv0Xb/6NA+xBwUo6qVR1p7vLi6XQaNvfVm5ldW19I79Z2Nre2d0r7h80dJQoxusskpFqeVRzKUJeR4GSt2LFaeBJ3vRGt1O/+ciVFlH4gOOYuwEdhMIXjKKRuh0UAdfEsbvpWWXSK5bssj0DWSZORkqQodYrfnX6EUsCHiKTVOu2Y8foplShYJJPCp1E85iyER3wtqEhNcvcdHb1hJwYpU/8SJkKkczU3xMpDbQeB57pDCgO9aI3Ff/z2gn6124qwjhBHrL5Ij+RBCMyjYD0heIM5dgQypQwtxI2pIoyNEEVTAjO4svLpHFedi7LF/eVUvUmiyMPR3AMp+DAFVThDmpQBwYKnuEV3qwn68V6tz7mrTkrmzmEP7A+fwBX95HE</latexit>

⇥10�4

<latexit sha1_base64="USRtPDAN1NyO7AjxvEUAWcVGr9s=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxItlVoh6JXjxiIo8EFjI7zMKE2UdmejVkw3948aAxXv0Xb/6NA+xBwUo6qVR1p7vLi6XQaNvfVm5ldW19I79Z2Nre2d0r7h80dJQoxusskpFqeVRzKUJeR4GSt2LFaeBJ3vRGt1O/+ciVFlH4gOOYuwEdhMIXjKKRuh0UAdfEsbvpWWXSK5bssj0DWSZORkqQodYrfnX6EUsCHiKTVOu2Y8foplShYJJPCp1E85iyER3wtqEhNcvcdHb1hJwYpU/8SJkKkczU3xMpDbQeB57pDCgO9aI3Ff/z2gn6124qwjhBHrL5Ij+RBCMyjYD0heIM5dgQypQwtxI2pIoyNEEVTAjO4svLpHFedi7LF/eVUvUmiyMPR3AMp+DAFVThDmpQBwYKnuEV3qwn68V6tz7mrTkrmzmEP7A+fwBX95HE</latexit>

⇥10�4

                       P.A.Boyle et al. PRD 110 (2024)  (dominates)

                       Z.Bai et al. PRD 109 (2024)

<latexit sha1_base64="SQOaWKTKGgHWrLGk3TBj/d8wiJY="></latexit>
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•  currently at 40% precision (RBC-UKQCD). 
Significant improvements expected in next couple of years -> QED?
Re(ϵ′ /ϵ)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.054509
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.034501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.054501
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The muon anomalous magnetic moment
The picture in 2020-2021

Standard Model prediction based 
on the White Paper of the Muon 
g-2 Theory Initiative
Aoyama et al., 2006.04822

https://arxiv.org/pdf/2006.04822
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The muon anomalous magnetic moment
The picture in 2024

Standard Model prediction based 
on the White Paper of the Muon 
g-2 Theory Initiative
Aoyama et al., 2006.04822

The situation is now more 
complicated…
Boccaletti et al. [BMW], 2407.10913

https://arxiv.org/pdf/2006.04822
https://inspirehep.net/literature/2807716
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The muon anomalous magnetic moment
The picture in 2024

D.Djukanovic et al. [Mainz/CLS], 2411.07969

https://inspirehep.net/literature/2847412


Conclusions
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• Flavour physics offers unique opportunities for indirect searches of New Physics 

• Lattice QCD is at a mature stage on many flavour observables and is now in the precision era: 
   towards physical pion masses, QED & isospin-breaking effects, physical b quarks, … 

• Progress expected on various flavour observables in next years  
   Maybe some of the tensions will be clarified? 

• Developments of new techniques & algorithmic advances make it possible to study long-distance 

observables considered before unaccessible 

• The muon g-2 effort teaches us that the lattice calculations can get precise impactful results. 

    What will be the next "g-2"?



Thank you

This work has received funding from the European Union’s Horizon Europe research and innovation 
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Semileptonic kaon decays
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K0 ⇡�

`+

⌫`
To go beyond current precision, we need to include isospin-breaking 

effects computed from first principles lattice QCD+QED. 

Significant additional difficulties compared to leptonic decays: 

• integration over three-body phase-space 

• problems of analytical continuation from Euclidean to Minkowski 
when intermediate on shell -  states are lighter than external ones 

Proper finite-volume QED formalism is still missing, but solutions are 
under study by different groups. 

Recent QED  proposal: N.Christ et al., PRD 108 (2023) & PoS LATTICE2023 (2024) 266
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<latexit sha1_base64="TaTtCogmbXajSUukpX0tDDMP/ro=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9lVqR6LXgQvFeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmG33oK0PBh7vzTAzL4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG8yv/1ElWaRfDCTmPoCDyULGcHGSo93/bQnEnQ+7ZcrbtWdAS0TLycVyNHol796g4gkgkpDONa667mx8VOsDCOcTku9RNMYkzEe0q6lEguq/XR28BSdWGWAwkjZkgbN1N8TKRZaT0RgOwU2I73oZeJ/Xjcx4ZWfMhknhkoyXxQmHJkIZd+jAVOUGD6xBBPF7K2IjLDCxNiMSjYEb/HlZdI6q3q1au3+olK/zuMowhEcwyl4cAl1uIUGNIGAgGd4hTdHOS/Ou/Mxby04+cwh/IHz+QNCDpAS</latexit>

Kµ3

https://doi.org/10.1103/PhysRevD.108.014501
https://doi.org/10.22323/1.453.0266
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(      isospin)

If isospin-symmetry is conserved, then the CP violation parameters can be expressed as
<latexit sha1_base64="u3hSieF8iZ+ISSzx8RopQzI2ydw=">AAACH3icbVDLSgMxFM3Ud31VXboJFqFuyoxKdVPwtai4UbQP6NQhk962oZnMkGSEMvZP3PgrblwoIu76N6a1C209JHA451ySe/yIM6Vte2ClZmbn5hcWl9LLK6tr65mNzYoKY0mhTEMeyppPFHAmoKyZ5lCLJJDA51D1u+dDv/oAUrFQ3OleBI2AtAVrMUq0kbxM4dS7xEXsciLaHHDOjZg5e0Z8xCWvep+4F8A1wbdFp2+kK1eOgl4ma+ftEfA0ccYki8a49jJfbjOkcQBCU06Uqjt2pBsJkZpRDv20GyuICO2SNtQNFSQA1UhG+/XxrlGauBVKc4XGI/X3REICpXqBb5IB0R016Q3F/7x6rFvHjYSJKNYg6M9DrZhjHeJhWbjJJFDNe4YQKpn5K6YdIgnVptK0KcGZXHmaVPbzTiF/cHOYPTkb17GIttEOyiEHHaETVELXqIwoekIv6A29W8/Wq/Vhff5EU9Z4Zgv9gTX4BiAJoJo=</latexit>

AI = h(⇡⇡)I |H�S=1
W |Ki

 scattering phase shiftsππ
<latexit sha1_base64="YbhhciLAk5/C6LzhNFASVe8bLq0=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqBch6EVvEcwDkyXMznaSIbOzy0yvEJb8hRcPinj1b7z5N04eB00saCiquunuChIpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dROnmkONxzLWzYAZkEJBDQVKaCYaWBRIaASDm7HfeAJtRKwecJiAH7GeEl3BGVrpsR2CRNa5o1edYsktuxPQReLNSInMUO0Uv9phzNMIFHLJjGl5boJ+xjQKLmFUaKcGEsYHrActSxWLwPjZ5OIRPbJKSLuxtqWQTtTfExmLjBlGge2MGPbNvDcW//NaKXYv/UyoJEVQfLqom0qKMR2/T0OhgaMcWsK4FvZWyvtMM442pIINwZt/eZHUT8reefn0/qxUuZ7FkScH5JAcE49ckAq5JVVSI5wo8kxeyZtjnBfn3fmYtuac2cw++QPn8we/BZBR</latexit>

�I =
<latexit sha1_base64="Ecjuj7UQZzVgWZqxiq4rMSVVqng=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZI0RLsQim50V8E+oA1lMp20Q2cmYWYilNBfcONCEbf+kDv/xiStoKIHLhzOuZd77wliRpW2rA+jtLK6tr5R3qxsbe/s7lX3DzoqSiQmbRyxSPYCpAijgrQ11Yz0YkkQDxjpBtOr3O/eE6loJO70LCY+R2NBQ4qRzqUbeAGH1ZplOg3PbriwIK7rFcRx6h60TatADSzRGlbfB6MIJ5wIjRlSqm9bsfZTJDXFjMwrg0SRGOEpGpN+RgXiRPlpcescnmTKCIaRzEpoWKjfJ1LElZrxIOvkSE/Uby8X//L6iQ7P/ZSKONFE4MWiMGFQRzB/HI6oJFizWUYQljS7FeIJkgjrLJ5KFsLXp/B/0nFM2zPrt26tebmMowyOwDE4BTY4A01wDVqgDTCYgAfwBJ4NbjwaL8brorVkLGcOwQ8Yb59L5o3G</latexit>

I =

1. RBC-UKQCD performed first calculation of  in 2015 

2. Improved result in 2020:  3.5x more statistics + improved systematics

ϵ′ Z.Bai et al., PRL 115 (2015)

R.Abbott et al., PRD 102 (2020)

<latexit sha1_base64="CSJNzptr7yn3DPoWMPwpvA4vBXQ="></latexit>
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<latexit sha1_base64="4/sauyVDuowNHMxOgoWZtGFM7rU="></latexit>

Re(✏0/✏) = 21.7 (2.6)stat.(8.0)sys.lattice:

experiments:
<latexit sha1_base64="EVRbr1KMN+oVIPESb5xdzuvUH9k=">AAACGHicbVBNSwMxFMzWr1q/Vj16CRaxBWl3rVQvQtGLRxVbhe5SsulrG8xmlyQrlKU/w4t/xYsHRbx689+YrRXUOhAYZt7jZSaIOVPacT6s3Mzs3PxCfrGwtLyyumavb7RUlEgKTRrxSN4ERAFnApqaaQ43sQQSBhyug9vTzL++A6lYJK70MAY/JH3BeowSbaSOXfVCogcyTC9hVPIgVoxHYrf6zcr4GLv1Sh17e7i0X6mVO3bRqThj4GniTkgRTXDesd+9bkSTEISmnCjVdp1Y+ymRmlEOo4KXKIgJvSV9aBsqSAjKT8fBRnjHKF3ci6R5QuOx+nMjJaFSwzAwk1kM9dfLxP+8dqJ7R37KRJxoEPTrUC/hWEc4awl3mQSq+dAQQiUzf8V0QCSh2nRZMCW4fyNPk9Z+xVRXuzgoNk4mdeTRFtpGJeSiQ9RAZ+gcNRFF9+gRPaMX68F6sl6tt6/RnDXZ2US/YL1/AmjSnWQ=</latexit>

Re(✏0/✏) = 16.6 (2.3)
<latexit sha1_base64="USRtPDAN1NyO7AjxvEUAWcVGr9s=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxItlVoh6JXjxiIo8EFjI7zMKE2UdmejVkw3948aAxXv0Xb/6NA+xBwUo6qVR1p7vLi6XQaNvfVm5ldW19I79Z2Nre2d0r7h80dJQoxusskpFqeVRzKUJeR4GSt2LFaeBJ3vRGt1O/+ciVFlH4gOOYuwEdhMIXjKKRuh0UAdfEsbvpWWXSK5bssj0DWSZORkqQodYrfnX6EUsCHiKTVOu2Y8foplShYJJPCp1E85iyER3wtqEhNcvcdHb1hJwYpU/8SJkKkczU3xMpDbQeB57pDCgO9aI3Ff/z2gn6124qwjhBHrL5Ij+RBCMyjYD0heIM5dgQypQwtxI2pIoyNEEVTAjO4svLpHFedi7LF/eVUvUmiyMPR3AMp+DAFVThDmpQBwYKnuEV3qwn68V6tz7mrTkrmzmEP7A+fwBX95HE</latexit>

⇥10�4

<latexit sha1_base64="USRtPDAN1NyO7AjxvEUAWcVGr9s=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxItlVoh6JXjxiIo8EFjI7zMKE2UdmejVkw3948aAxXv0Xb/6NA+xBwUo6qVR1p7vLi6XQaNvfVm5ldW19I79Z2Nre2d0r7h80dJQoxusskpFqeVRzKUJeR4GSt2LFaeBJ3vRGt1O/+ciVFlH4gOOYuwEdhMIXjKKRuh0UAdfEsbvpWWXSK5bssj0DWSZORkqQodYrfnX6EUsCHiKTVOu2Y8foplShYJJPCp1E85iyER3wtqEhNcvcdHb1hJwYpU/8SJkKkczU3xMpDbQeB57pDCgO9aI3Ff/z2gn6124qwjhBHrL5Ij+RBCMyjYD0heIM5dgQypQwtxI2pIoyNEEVTAjO4svLpHFedi7LF/eVUvUmiyMPR3AMp+DAFVThDmpQBwYKnuEV3qwn68V6tz7mrTkrmzmEP7A+fwBX95HE</latexit>

⇥10�4

Direct CP violation in K → ππ
K ⇡

⇡
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Direct CP violation in K → ππ

• Intense work by RBC-UKQCD to reduce ~12% error due single lattice spacing (C.Kelly @Lattice2024) 
+ parallel ongoing project using different computational approach (M.Tomii @Lattice2024)

(from C.Kelly @Lattice2023)

• IB correction will soon become relevant! (but very tricky to compute on the lattice) 
Usually O(1%), but the "  rule" can give a ~20x enhancement in .ΔI = 1/2 ϵ′ /ϵ

V.Cirigliano et al., 
JHEP 02 (2020)

Systematic error budget



Indirect CP violation in kaon mixing
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The quantity  splits into a short and long distance partsM0̄0

On the lattice, we can compute both:
<latexit sha1_base64="SQOaWKTKGgHWrLGk3TBj/d8wiJY="></latexit>
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•                        e.g. P.A.Boyle et al. PRD 110 (2024)   <— dominating contribution

•                        Z.Bai et al. PRD 109 (2024)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.034501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.054501
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The muon anomalous magnetic moment
The picture in 2024

A.Bazavov et al. [Fermilab/HPQCD/MILC], 2412.18491

https://inspirehep.net/literature/2862618


Current accuracy on some QCD quantities
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plot by A.Jüttner
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