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

in the Standard Model:
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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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M.Dalla Brida et al., Nature, 652 328-334 (2026)

The strong coupling constant  runs with the energy αs(Q2) Q

• At high energies   
the coupling is small: 
‣ perturbative expansion 
‣ asymptotically free quarks 

• At small energies  
the coupling is strong: 
‣ non-perturbative 
‣ confined quarks

Q ∼ mZ

Q ∼ ΛQCD

➜  Lattice QCD



Lattice QCD
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Novel frontiers

•  Lattice QCD calculations are mature for standard local hadronic matrix elements:
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•  Beyond local matrix elements: long-distance processes
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Multi-hadron interactions
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Cabibbo-Kobayashi-Maskawa matrix
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0+ → 0+ β
πℓ2 , πe3

 
 decays

Kℓ2 , Kμ3 ,
τ

D → ℓνℓ ,
D → πℓνℓ

Ds → ℓνℓ ,
D → Kℓνℓ

B → τντ ,
 semilept.B

 semilept.B

meson mixing / rare decays / ...



5

Cabibbo-Kobayashi-Maskawa matrix
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1. Cabibbo anomalyIn this talk...



2. Neutral D-meson mixing
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Cabibbo-Kobayashi-Maskawa matrix
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1. Cabibbo anomaly
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FLAG Review 2024, [arXiv:2411.04268]

The Cabibbo "anomaly"

M.Moulson, PoS CKM2016 (2017) 
PDG, PTET 2022 (2022)
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Lattice inputs 
(Nf = 2+1+1)

Such level of precision requires careful treatment 
of QED and strong isospin-breaking effects!

unitarity



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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‣ results currently quoted in the PDG come from 𝜒PT                            

‣ non-perturbative and structure-dependent quantities 

‣ first-principles lattice calculations are possible
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Lattice QCD + QED
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Computing QED corrections on a finite-sized lattice is challenging:

‣ long-range interactions don't like finite volumes with periodic 
boundary conditions

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

‣ logarithmic infrared divergences arise in virtual/real decay rates
V.Lubicz et al., PRD 95 (2017)

M.Hayakawa & S.Uno, PTP 120 (2008) / Z.Davoudi & M.Savage, PRD 90 (2014) / S.Borsanyi et al., Science 347 (2015)

Problems well studied. Different lattice QED formulations proposed and used. 
Analytical calculations of finite-volume effects possible in many cases.



Leptonic decays of hadrons
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MDC et al., PRD 100 (2019) 



Leptonic decays of pseudoscalar mesons
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In the PDG convention, the tree-level decay rate takes the form

with the non-perturbative dynamics encoded in the decay constant
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IR divergences appear in intermediate steps of the calculation 
 
 
 

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

F. Bloch & A. Nordsieck, PR 52 (1937)  
N. Carrasco et al., PRD 91 (2015)
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MDC et al., PRD 100 (2019) 
M.Gorbahn et al., JHEP 01 (2023) / F.Moretti et al., [arXiv:2510.27648] / P.A.Boyle et al., [arXiv:2606.04729]
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The decay constant   becomes an ambiguous and unphysical quantity: 
a scheme is required to give a meaning to "QCD"
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When including radiative corrections, a number of subtleties arise:
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Current calculations have been performed in the electro-quenched approximation (sea quarks electrically neutral). 
 

Work in progress to compute the remaining diagrams by different collaborations. 
 

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

G.M.de Divitiis et al. [RM123], PRD 87 (2013)

Correlation functions in RM123 approach
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X. Tuo et al. (2025)

RBC-UKQCD (2023)

RM123S (2019)

�PT (2011)

�0.016 �0.012 �0.008 �0.004 0

�RK⇡

PRELIMINARY

MDC et al.,  
PRD 100 (2019) 

V.Cirigliano et al.,  
PLB 700 (2011)

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

• RBC-UKQCD result highlights the crucial 
importance of finite-volume effects 
Work in progress to improve the result  

• Errors on  from theoretical inputs 
can become comparable with experimental ones

|Vus | / |Vud |
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Hadronic decays of leptons

MDC et al., [arXiv:2603:29016]



Yet another puzzle: 

• Inclusive decays give results smaller than 
that obtained imposing CKM unitarity 

• Exclusive channels give results larger than 
inclusive, but smaller than CKM unitarity

Inclusive hadronic  decaysτ
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Provide an alternative precise determination of |Vus |
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HFLAV, [2411.18639]

… underestimated exp. uncertainties?       
... missing isospin-breaking effects?

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
https://arxiv.org/abs/2411.18639


Yet another puzzle: 

• Inclusive decays give results smaller than 
that obtained imposing CKM unitarity 

• Exclusive channels give results larger than 
inclusive, but smaller than CKM unitarity

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

HFLAV, [2411.18639]

… underestimated exp. uncertainties?       
... missing isospin-breaking effects?

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

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
https://arxiv.org/abs/2411.18639
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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C.Alexandrou et al. (ETMC), PRL 132 (2024)
A.Evangelista et al. (ETMC), PRD 108 (2023)Inclusive decay rate in QCD

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


Inclusive decay rate in QCD+QED
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C.Alexandrou et al. (ETMC), PRL 132 (2024)
A.Evangelista et al. (ETMC), PRD 108 (2023)Inclusive decay rate in QCD

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


Hadronic  decays and the muon g-2τ
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In the absence of isospin-breaking corrections,  decays (in ud channel) 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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Given the weak effective Hamiltonian

then the inclusive decay rate in QCD+QED is obtained as

<latexit sha1_base64="pBSxDQyMr3XGmMCFY6wMTnMEw8c="></latexit>
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Our goal:  extract            from Euclidean lattice correlators
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|X(p)i = hadrons + photons
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Defining the Euclidean correlator
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<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>

�����!
Z 1

0

d!

2⇡
e�!t |A(!)|2

With any IR regulator, the ratio of such traced correlators for large time separations gives

We plan to follow two parallel approaches: 
1. Full QCD+QED simulation (RC* ensembles) 
2. Perturbative "RM123" expansion (ETMC ensembles)
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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

<latexit sha1_base64="3+cu1yyokes4niCOhTFPrS/11No="></latexit>

O(↵)
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<latexit sha1_base64="8xZaiX9WYXVai7Yc0876ZvdOFYo="></latexit>

R(t) =

Z 1

0

d!

2⇡
e�!t |A(!)|2

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

|A(m⌧ )|2 =

Z 1

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⌧ ) ⇡
X

t

gt(�,m⌧ ) e
�!t

• Use an optimisation strategy (e.g. HLT method) 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) 
M.Bruno, L.Giusti, M.Saccardi, PRD 111 (2025) 

. . .

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

|A(m⌧ )|2 ⇡ lim
�!0

X

t

gt(�,m⌧ )R(t)

<latexit sha1_base64="5Kv8R95MnzqVepSU2TJBBsuic5I="></latexit>

� =
G2

FSEW

4m⌧
|A(m⌧ )|2

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
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.094515
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<latexit sha1_base64="qk0wbu7t0UK3auhRL49kv4eSPtY="></latexit>

|A(m⌧ )|2lep =
m6

⌧

(8⇡2)2

Z 1

0
ds

⇥
�KT(s)⇢T(s) + �KL(s)⇢L(s)

⇤

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

|A(m⌧ )|2fact =
m6

⌧

8⇡2

Z 1

0
ds

⇥
KT(s)⇢

full
T (s) +KL(s)⇢

full
L (s)

⇤

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

|A(m⌧ )|2non-fact =
Z 1

0
d! �(! �m⌧ ) |A(!)|2non-fact

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

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

RM123 approach
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<latexit sha1_base64="qk0wbu7t0UK3auhRL49kv4eSPtY="></latexit>

|A(m⌧ )|2lep =
m6

⌧

(8⇡2)2

Z 1

0
ds

⇥
�KT(s)⇢T(s) + �KL(s)⇢L(s)

⇤

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

|A(m⌧ )|2fact =
m6

⌧

8⇡2

Z 1

0
ds

⇥
KT(s)⇢

full
T (s) +KL(s)⇢

full
L (s)

⇤

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

|A(m⌧ )|2non-fact =
Z 1

0
d! �(! �m⌧ ) |A(!)|2non-fact

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

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

RM123 approach

✔

✔

MDC et al., [arXiv:2603:29016]
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✦ non-factorisable diagram

✦ QCD+QED renormalisation of the correlator

<latexit sha1_base64="juplywwYjIuLm1miFkkqg0OO7Ew="></latexit>⇥
R(t)

⇤
non-fact

= e⌧ Re

Z
d3x

⇥
S⌫(t,x, 0)

⇤
ij

⇥
Kji(t,x)

⇤
non-fact

the weak Hamiltonian requires a QCD+QED renormalization.
Electroweak matching with the SM studied in W-mass and  scheme.MS

<latexit sha1_base64="QG1Y266B4xfHLA4EGn1fiwwAFYg=">AAACIXicbZDLSgMxFIYzXmu9VV26CRahgpQZkdqNUOymO6vYC3TGIZNm2tAkMyQZoQx9FTe+ihsXinQnvozpZaGtPwR+vnMOOecPYkaVtu0va2V1bX1jM7OV3d7Z3dvPHRw2VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0goG1Um99USkopF40MOYeBz1BA0pRtogP1d2OdJ9jFhaG/kteA2rj1MieXo/Krg8OYPuObz1nUXs5/J20Z4KLhtnbvJgrrqfG7vdCCecCI0ZUqrj2LH2UiQ1xYyMsm6iSIzwAPVIx1iBOFFeOr1wBE8N6cIwkuYJDaf090SKuFJDHpjOyZpqsTaB/9U6iQ7LXkpFnGgi8OyjMGFQR3ASF+xSSbBmQ2MQltTsCnEfSYS1CTVrQnAWT142zYuiUyqW7i7zlZt5HBlwDE5AATjgClRADdRBA2DwDF7BO/iwXqw369Maz1pXrPnMEfgj6/sH0lGisQ==</latexit>

HW = C
R(µ)OR

1 (µ)

A.Sirlin, NPB 196 (1982) 
E.Braaten & C.S.Li, PRD 42 (1990) 
M.Gorbahn et al., JHEP 01 (2023) 
F.Moretti et al., [arXiv:2510.27648]

✦ Physical extrapolations
<latexit sha1_base64="AAXdA4vx/crLDyvEonvj5dxhh2s=">AAACG3icbVDNS8MwHE3n15xfVY9egkPwNNoh0+PQiwcPE9wHrKWkWbqFJWlJUqGU/R9e/Fe8eFDEk+DB/8Zsq6CbDwIv7/1+JO+FCaNKO86XVVpZXVvfKG9WtrZ3dvfs/YOOilOJSRvHLJa9ECnCqCBtTTUjvUQSxENGuuH4aup374lUNBZ3OkuIz9FQ0IhipI0U2HWPUR7knqJDjjwdQ2cC59KNuXlURDr7UQo/sKtOzZkBLhO3IFVQoBXYH94gxiknQmOGlOq7TqL9HElNMSOTipcqkiA8RkPSN1QgTpSfz7JN4IlRBjCKpTlCw5n6eyNHXKmMh2aSIz1Si95U/M/rpzq68HMqklQTgecPRSmDJuO0KDigkmDNMkMQltT8FeIRkghrU2fFlOAuRl4mnXrNbdQat2fV5mVRRxkcgWNwClxwDprgGrRAG2DwAJ7AC3i1Hq1n6816n4+WrGLnEPyB9fkNmiChxg==</latexit>
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`

<latexit sha1_base64="UuXcZOR+TUvZtdBO0r9pFtY0InQ="></latexit>⌫`

Semi-leptonic decays of hadrons

<latexit sha1_base64="Mds0ZrALO2Up1aPrGlVDaOYTj8M=">AAACIHicbVDLSsNAFJ3UV62vqks3wSK4kJCUkuqu6KbLCvYBSSiT6aQdOpmEmYlQQj7Fjb/ixoUiutOvcdJG0NYDwxzOPffOnePHlAhpmp9aaW19Y3OrvF3Z2d3bP6geHvVElHCEuyiiER/4UGBKGO5KIikexBzD0Ke4709v8nr/HnNBInYnZzH2QjhmJCAISiUNq013PsPhY99LTcNu1Ot1+8I0zDlyYl/ZDTtz/YiOxCxUV9oeWtmwWvsx6avEKkgNFOgMqx/uKEJJiJlEFArhWGYsvRRySRDFWcVNBI4hmsIxdhRlMMTCS+fLZfqZUkZ6EHF1mNTn6u+OFIYiX045QygnYrmWi//VnEQGl15KWJxIzNDioSChuoz0PC19RDhGks4UgYgTtauOJpBDJFWmFRWCtfzlVdKrG5Zt2LeNWuu6iKMMTsApOAcWaIIWaIMO6AIEHsATeAGv2qP2rL1p7wtrSSt6jsEfaF/fu2CfrA==</latexit>

H1

<latexit sha1_base64="dIlIcKyd2FCqd6CyUvXMzj1tE64="></latexit>

H2
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K0 ⇡�

`+

⌫` Additional difficulties arise compared to leptonic decays: 

• integration over three-body phase-space 

• problems of analytical continuation when intermediate 
on-shell states are lighter than external ones 
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�
�
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< 0

Ωπ = ω2
π + 2 pπ ⋅ k + k2 − ωπ

ΩK = m2
K + k2 − mK

Ωπ

−ΩK
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H(k) =

Z
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�
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An inclusive approach?
A.De Santis et al. (ETMC), PRD 112 (2025)
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⇡,K
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⇡,Kpions

Application to Ds mesons:

• possible approach for an inclusive semileptonic Kl3 decay rate?

https://arxiv.org/pdf/2504.06063
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An inclusive approach?
A.De Santis et al. (ETMC), PRD 112 (2025)

<latexit sha1_base64="RsGWdqJiXpARu5z3pqAAOnLzLgo=">AAACInicbVDLSsNAFJ34rPVVdekmWAQXJSSlRLsruhHcVLAPSEKZTKbt0EkmzEyEEvItbvwVNy4UdSX4MU7aCNp6YJjDuefeuXP8mBIhTfNTW1ldW9/YLG2Vt3d29/YrB4ddwRKOcAcxynjfhwJTEuGOJJLifswxDH2Ke/7kKq/37jEXhEV3chpjL4SjiAwJglJJg0rTnc1w+Mj3UtOwG/V63a6ZhjlDTuym3bAz12c0ENNQXakbk9pNNqhUf2z6MrEKUgUF2oPKuxswlIQ4kohCIRzLjKWXQi4Jojgru4nAMUQTOMKOohEMsfDS2XqZfqqUQB8yrk4k9Zn6uyOFocjXU84QyrFYrOXifzUnkcMLLyVRnEgcoflDw4Tqkul5XnpAOEaSThWBiBO1q47GkEMkVaplFYK1+OVl0q0blm3Yt41q67KIowSOwQk4AxY4By1wDdqgAxB4AE/gBbxqj9qz9qZ9zK0rWtFzBP5A+/oGakeglA==</latexit>

⇡,K
<latexit sha1_base64="RsGWdqJiXpARu5z3pqAAOnLzLgo=">AAACInicbVDLSsNAFJ34rPVVdekmWAQXJSSlRLsruhHcVLAPSEKZTKbt0EkmzEyEEvItbvwVNy4UdSX4MU7aCNp6YJjDuefeuXP8mBIhTfNTW1ldW9/YLG2Vt3d29/YrB4ddwRKOcAcxynjfhwJTEuGOJJLifswxDH2Ke/7kKq/37jEXhEV3chpjL4SjiAwJglJJg0rTnc1w+Mj3UtOwG/V63a6ZhjlDTuym3bAz12c0ENNQXakbk9pNNqhUf2z6MrEKUgUF2oPKuxswlIQ4kohCIRzLjKWXQi4Jojgru4nAMUQTOMKOohEMsfDS2XqZfqqUQB8yrk4k9Zn6uyOFocjXU84QyrFYrOXifzUnkcMLLyVRnEgcoflDw4Tqkul5XnpAOEaSThWBiBO1q47GkEMkVaplFYK1+OVl0q0blm3Yt41q67KIowSOwQk4AxY4By1wDdqgAxB4AE/gBbxqj9qz9qZ9zK0rWtFzBP5A+/oGakeglA==</latexit>

⇡,Kpions

Application to Ds mesons:

• possible approach for an inclusive semileptonic Kl3 decay rate?

https://arxiv.org/pdf/2504.06063
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An inclusive approach?
A.De Santis et al. (ETMC), PRD 112 (2025)

Application to Ds mesons:

• possible approach for an inclusive semileptonic Kl3 decay rate?

<latexit sha1_base64="/2LX7HSkpXy9CrKV5Mdt8Xbp+VM=">AAACInicbVDLSsNAFJ34rPUVdekmWARBKUko0e6KblxWsA9oYplMJu3QyYOZiVBCvsWNv+LGhaKuBD/GSRpBWw8Mczj33Dt3jhtTwoWufypLyyura+uVjerm1vbOrrq33+VRwhDuoIhGrO9CjikJcUcQQXE/ZhgGLsU9d3KV13v3mHEShbdiGmMngKOQ+ARBIaWh2rSLGQM2cp1Ur1sN0zStM72uF8iJ1bQaVma7EfX4NJBXasfk7jQbqrUfm7ZIjJLUQIn2UH23vQglAQ4FopDzgaHHwkkhEwRRnFXthOMYogkc4YGkIQwwd9JivUw7loqn+RGTJxRaof7uSGHA8/WkM4BizOdrufhfbZAI/8JJSRgnAodo9pCfUE1EWp6X5hGGkaBTSSBiRO6qoTFkEAmZalWGYMx/eZF0zbph1a2bRq11WcZRAYfgCJwAA5yDFrgGbdABCDyAJ/ACXpVH5Vl5Uz5m1iWl7DkAf6B8fQOF06Cm</latexit>

⇡+
<latexit sha1_base64="OpJ21kvMcoI68+wFLTlfsuUhyOo=">AAACInicbVDLSsNAFJ3UV62vqEs3wSK4kJCUEu2u6MZlBfuAJJbJZNoOnTyYmQgl5Fvc+CtuXCjqSvBjnKQRtPXAMIdzz71z53gxJVwYxqdSWVldW9+obta2tnd299T9gx6PEoZwF0U0YgMPckxJiLuCCIoHMcMw8Cjue9OrvN6/x4yTKLwVsxi7ARyHZEQQFFIaqi2nmGGzseemhm41G42GdWboRoGcWC2raWWOF1GfzwJ5pU5M7oxsqNZ/bNoyMUtSByU6Q/Xd8SOUBDgUiELObdOIhZtCJgiiOKs5CccxRFM4xrakIQwwd9NivUw7kYqvjSImTyi0Qv3dkcKA5+tJZwDFhC/WcvG/mp2I0YWbkjBOBA7R/KFRQjURaXlemk8YRoLOJIGIEbmrhiaQQSRkqjUZgrn45WXSa+impVs3zXr7soyjCo7AMTgFJjgHbXANOqALEHgAT+AFvCqPyrPypnzMrRWl7DkEf6B8fQONbKCr</latexit>

⇡0
<latexit sha1_base64="/2LX7HSkpXy9CrKV5Mdt8Xbp+VM=">AAACInicbVDLSsNAFJ34rPUVdekmWARBKUko0e6KblxWsA9oYplMJu3QyYOZiVBCvsWNv+LGhaKuBD/GSRpBWw8Mczj33Dt3jhtTwoWufypLyyura+uVjerm1vbOrrq33+VRwhDuoIhGrO9CjikJcUcQQXE/ZhgGLsU9d3KV13v3mHEShbdiGmMngKOQ+ARBIaWh2rSLGQM2cp1Ur1sN0zStM72uF8iJ1bQaVma7EfX4NJBXasfk7jQbqrUfm7ZIjJLUQIn2UH23vQglAQ4FopDzgaHHwkkhEwRRnFXthOMYogkc4YGkIQwwd9JivUw7loqn+RGTJxRaof7uSGHA8/WkM4BizOdrufhfbZAI/8JJSRgnAodo9pCfUE1EWp6X5hGGkaBTSSBiRO6qoTFkEAmZalWGYMx/eZF0zbph1a2bRq11WcZRAYfgCJwAA5yDFrgGbdABCDyAJ/ACXpVH5Vl5Uz5m1iWl7DkAf6B8fQOF06Cm</latexit>

⇡+

• channels where only a single intermediate state is allowed?

https://arxiv.org/pdf/2504.06063
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An inclusive approach?
A.De Santis et al. (ETMC), PRD 112 (2025)

Application to Ds mesons:

• possible approach for an inclusive semileptonic Kl3 decay rate?
• channels where only a single intermediate state is allowed?

<latexit sha1_base64="Ji3+ib+q2YmOHP6DEVwss/fdjKA=">AAACHnicbVDLSsNAFJ34rPVVdekmWAQXEpJSo+6KblxWsA9oQplMJu3QySTMTIQS8iVu/BU3LhQRXOnfOEkjaOuBYQ7nnnvnzvFiSoQ0zS9taXlldW29slHd3Nre2a3t7XdFlHCEOyiiEe97UGBKGO5IIinuxxzD0KO4502u83rvHnNBInYnpzF2QzhiJCAISiUNa2dOMWPAR56bmobdbDQa9qlpmAVyYl/aTTtzvIj6YhqqK2XZsFb/seiLxCpJHZRoD2sfjh+hJMRMIgqFGFhmLN0UckkQxVnVSQSOIZrAER4oymCIhZsWq2X6sVJ8PYi4Okzqhfq7I4WhyFdTzhDKsZiv5eJ/tUEigws3JSxOJGZo9lCQUF1Gep6V7hOOkaRTRSDiRO2qozHkEEmVaFWFYM1/eZF0G4ZlG/Zts966KuOogENwBE6ABc5BC9yANugABB7AE3gBr9qj9qy9ae8z65JW9hyAP9A+vwGvgp8u</latexit>n
<latexit sha1_base64="6i8qwOsx4vHR6VZx2VW83POLolQ=">AAACHnicbVDLSsNAFJ34rPUVdekmWAQXEpJQo+6KblxWsA9oQplMJu3QyYOZiVBCvsSNv+LGhSKCK/0bJ2kEbT0wzOHcc+/cOV5CCReG8aUsLa+srq3XNuqbW9s7u+refpfHKUO4g2Ias74HOaYkwh1BBMX9hGEYehT3vMl1Ue/dY8ZJHN2JaYLdEI4iEhAEhZSG6plTzhiwkedmhm43LcuyTw3dKFEQ+9Ju2rnjxdTn01BeWZIP1caPRVskZkUaoEJ7qH44fozSEEcCUcj5wDQS4WaQCYIozutOynEC0QSO8EDSCIaYu1m5Wq4dS8XXgpjJEwmtVH93ZDDkxWrSGUIx5vO1QvyvNkhFcOFmJEpSgSM0eyhIqSZirchK8wnDSNCpJBAxInfV0BgyiIRMtC5DMOe/vEi6lm7aun3bbLSuqjhq4BAcgRNggnPQAjegDToAgQfwBF7Aq/KoPCtvyvvMuqRUPQfgD5TPb7KMnzA=</latexit>p

<latexit sha1_base64="Ji3+ib+q2YmOHP6DEVwss/fdjKA=">AAACHnicbVDLSsNAFJ34rPVVdekmWAQXEpJSo+6KblxWsA9oQplMJu3QySTMTIQS8iVu/BU3LhQRXOnfOEkjaOuBYQ7nnnvnzvFiSoQ0zS9taXlldW29slHd3Nre2a3t7XdFlHCEOyiiEe97UGBKGO5IIinuxxzD0KO4502u83rvHnNBInYnpzF2QzhiJCAISiUNa2dOMWPAR56bmobdbDQa9qlpmAVyYl/aTTtzvIj6YhqqK2XZsFb/seiLxCpJHZRoD2sfjh+hJMRMIgqFGFhmLN0UckkQxVnVSQSOIZrAER4oymCIhZsWq2X6sVJ8PYi4Okzqhfq7I4WhyFdTzhDKsZiv5eJ/tUEigws3JSxOJGZo9lCQUF1Gep6V7hOOkaRTRSDiRO2qozHkEEmVaFWFYM1/eZF0G4ZlG/Zts966KuOogENwBE6ABc5BC9yANugABB7AE3gBr9qj9qy9ae8z65JW9hyAP9A+vwGvgp8u</latexit>n

https://arxiv.org/pdf/2504.06063
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Cabibbo-Kobayashi-Maskawa matrix

<latexit sha1_base64="qB/gsMb4k0A2h8eVzyeY22Tqfbs="></latexit>

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="qB/gsMb4k0A2h8eVzyeY22Tqfbs="></latexit>

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A
<latexit sha1_base64="mUHtl2WA0Bj6jwJn01L9r1A1FiU="></latexit>

1� 1
2�

2 � A�3(⇢�i⌘)

�� 1� 1
2�

2 A�2

A�3(1�⇢�i⌘) �A�2 1

1. Cabibbo anomalyIn this talk...



v

2. Neutral D-meson mixing

<latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c <latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c

<latexit sha1_base64="bwIuAbHNYx7uzA4KPF9llyXaT5w=">AAAB+XicbVDNSgMxGPy2/tX6t+rRS7AIHqTsilSPRS8eK1hbaEvJZrNtaDZZkmyhLH0TLx4U8eqbePNtzLZ70NaBkGHm+8hkgoQzbTzv2ymtrW9sbpW3Kzu7e/sH7uHRk5apIrRFJJeqE2BNORO0ZZjhtJMoiuOA03Ywvsv99oQqzaR4NNOE9mM8FCxiBBsrDVy3F0ge6mlsryy80LOBW/Vq3hxolfgFqUKB5sD96oWSpDEVhnCsddf3EtPPsDKMcDqr9FJNE0zGeEi7lgocU93P5sln6MwqIYqkskcYNFd/b2Q41nk4OxljM9LLXi7+53VTE930MyaS1FBBFg9FKUdGorwGFDJFieFTSzBRzGZFZIQVJsaWVbEl+MtfXiVPlzW/Xqs/XFUbt0UdZTiBUzgHH66hAffQhBYQmMAzvMKbkzkvzrvzsRgtOcXOMfyB8/kD9waT5A==</latexit>

d, s

<latexit sha1_base64="bwIuAbHNYx7uzA4KPF9llyXaT5w=">AAAB+XicbVDNSgMxGPy2/tX6t+rRS7AIHqTsilSPRS8eK1hbaEvJZrNtaDZZkmyhLH0TLx4U8eqbePNtzLZ70NaBkGHm+8hkgoQzbTzv2ymtrW9sbpW3Kzu7e/sH7uHRk5apIrRFJJeqE2BNORO0ZZjhtJMoiuOA03Ywvsv99oQqzaR4NNOE9mM8FCxiBBsrDVy3F0ge6mlsryy80LOBW/Vq3hxolfgFqUKB5sD96oWSpDEVhnCsddf3EtPPsDKMcDqr9FJNE0zGeEi7lgocU93P5sln6MwqIYqkskcYNFd/b2Q41nk4OxljM9LLXi7+53VTE930MyaS1FBBFg9FKUdGorwGFDJFieFTSzBRzGZFZIQVJsaWVbEl+MtfXiVPlzW/Xqs/XFUbt0UdZTiBUzgHH66hAffQhBYQmMAzvMKbkzkvzrvzsRgtOcXOMfyB8/kD9waT5A==</latexit>

d, s

<latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c <latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c
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MDC, F.Erben & M.T.Hansen, JHEP 07 (2025)

https://arxiv.org/abs/2504.16189


• First evidence of D-meson mixing at Belle and Babar in 2007, 
later confirmed by CDF, LHCb, Belle II 

• Charm mixing is unique: D0 mesons are the only ones made of 
up-type quarks that can mix 

• Mixing and CP violation are suppressed in the Standard Model 
(GIM & CKM)       

• D-mixing amplitudes are dominated by long-distance effects, 
which are poorly known: theoretical estimates span few orders 
of magnitude!

Neutral D-meson mixing
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HFLAV Collaboration [2411.18639]
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�
%
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�
%
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� 0.90

��

no-mixing  
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Mixing parameters
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The mixing amplitude for the process              is given by the following S-matrix element:
<latexit sha1_base64="/YMWTMAkyOnVEWJvDEZ7gtUH9+Y="></latexit>

D0 ! sD0

Expanding to 2nd order in the weak Hamiltonian we get
<latexit sha1_base64="1EE+rzg6XQlHTReUkE1N89F33t0="></latexit>

MD0! sD0 = �h sD0,pD|Hw(0)|D
0,pDi+

i

2

Z
d4x h sD0,pD|T

�
Hw(x)Hw(0)

 
|D0,pDi

short-distance 
(          )

long-distance 
(          )<latexit sha1_base64="yHGp7nJKF9+Vt29SKjzDBmgzA1I="></latexit>

�C = 2
<latexit sha1_base64="MXVgzhEq7CSEGHuZj4F6Gl0UVf0="></latexit>

�C = 1
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h sD0,p0
D|S � 1|D0,pDi = h sD0,p0

D|T exp
n
�i

Z
d4xHw(x)

o
|D0,pDi
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h sD0,p0
D|S � 1|D0,pDi ⌘ (2⇡)4�4(PD0 � P sD0) iMD0! sD0

Mixing amplitude
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ETMC, PRD 92 (2015)
Fermilab/MILC, PRD 97 (2018)

https://doi.org/10.1103/PhysRevD.92.034516
https://doi.org/10.1103/PhysRevD.97.034513
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MD0! sD0 = MSD
D0! sD0 + lim

✏!0

Z
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0
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4
�(Ĥ � !)�3(P̂� pD)Hw(0) |D

0
,pDi
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mD ⇠ 13m⇡ ⇠ 3mK

(7+ pages of hadronic modes listed in the PDG...)
<latexit sha1_base64="JKlJkpon+UQrVT1uZeSyUNp3ES4="></latexit>

|n(pD)ihn(pD)|

Theoretical roadblock   
    Traditional lattice methods: compute the contribution of all states to the spectral density

Mixing amplitude

33



<latexit sha1_base64="kIPAn8awDlSiePwTclo8ff+sdQk="></latexit>

MLD
D0! sD0

<latexit sha1_base64="7DZ31YhVQSHO1E7F8GYNrZDi5EA="></latexit>

=
i

2

Z
d4x h sD0,pD|T

�
Hw(x)Hw(0)

 
|D0,pDi = lim

✏!0

Z
d!

2⇡

⇢(!)

! � ED � i✏

Consider now this quantity at finite smearing parameter 𝜖 :
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Smeared spectral density
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KI
✏(!, !̄) =

✏

(! � !̄)2 + ✏2

... and apply the same method as in inclusive hadronic tau decays.
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<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c <latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c

<latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>

s9d

<latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>

s9d

<latexit sha1_base64="sMVr48cKxrOo+76hgE9QaXtZHzI=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4CknVWm9FLx4r2g9oQ9lsN+3SzSbsbsQS+hO8eFDEq7/Im//GbRpBRR8MPN6bYWaeH3OmtON8WAuLS8srq4W14vrG5tZ2aWe3paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDnz23dUKhaJWz2JqRfioWABI1gb6ea+7/RLZcc+ddzz6jFybCdDRmpupYbcXClDjka/9N4bRCQJqdCEY6W6rhNrL8VSM8LptNhLFI0xGeMh7RoqcEiVl2anTtGhUQYoiKQpoVGmfp9IcajUJPRNZ4j1SP32ZuJfXjfRQc1LmYgTTQWZLwoSjnSEZn+jAZOUaD4xBBPJzK2IjLDERJt0iiaEr0/R/6RVsd2qXb0+Kdcv8jgKsA8HcAQunEEdrqABTSAwhAd4gmeLW4/Wi/U6b12w8pk9+AHr7RNMC43V</latexit>x0
<latexit sha1_base64="sEzDQlxT/xLjHZgO/MCUeiOMyWo=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0iq1norevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8ydXc79xTqVgk7vQ0pl6IR4IFjGBtpNvpwBmUK4595rgXtRPk2E6GjNTdah25uVKBHM1B+b0/jEgSUqEJx0r1XCfWXoqlZoTTWamfKBpjMsEj2jNU4JAqL81OnaEjowxREElTQqNM/T6R4lCpaeibzhDrsfrtzcW/vF6ig7qXMhEnmgqyWBQkHOkIzf9GQyYp0XxqCCaSmVsRGWOJiTbplEwIX5+i/0m7ars1u3ZzWmlc5nEU4QAO4RhcOIcGXEMTWkBgBA/wBM8Wtx6tF+t10Vqw8pl9+AHr7RNNkY3W</latexit>y0

<latexit sha1_base64="RNXZ6YvebFHSXlyImDStSIpfWc0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0iq1norevHYgv2ANpTNdtOu3WzC7kaoob/AiwdFvPqTvPlv3LYRVPTBwOO9GWbm+TFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3746uZ376jUrFI3OhJTL0QDwULGMHaSI37frHk2GeOe1E5QY7tzDEnVbdcRW6mlCBDvV987w0ikoRUaMKxUl3XibWXYqkZ4XRa6CWKxpiM8ZB2DRU4pMpL54dO0ZFRBiiIpCmh0Vz9PpHiUKlJ6JvOEOuR+u3NxL+8bqKDqpcyESeaCrJYFCQc6QjNvkYDJinRfGIIJpKZWxEZYYmJNtkUTAhfn6L/SatsuxW70jgt1S6zOPJwAIdwDC6cQw2uoQ5NIEDhAZ7g2bq1Hq0X63XRmrOymX34AevtEysvjTQ=</latexit>z
<latexit sha1_base64="t6PW/lVHCPdjRtySq9B18bKOJkM=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mq1norevFYxX5AG8pmu2mXbjZhdyPU0H/gxYMiXv1H3vw3btMIKvpg4PHeDDPzvIgzpW37w8otLC4tr+RXC2vrG5tbxe2dlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXMb99RqVgobvUkom6Ah4L5jGBtpJv7w36xZJdPbee8eozssp0iJTWnUkNOppQgQ6NffO8NQhIHVGjCsVJdx460m2CpGeF0WujFikaYjPGQdg0VOKDKTdJLp+jAKAPkh9KU0ChVv08kOFBqEnimM8B6pH57M/Evrxtrv+YmTESxpoLMF/kxRzpEs7fRgElKNJ8Ygolk5lZERlhiok04BRPC16fof9KqlJ1quXp9UqpfZHHkYQ/24QgcOIM6XEEDmkDAhwd4gmdrbD1aL9brvDVnZTO78APW2yeLqY1l</latexit>

z0<latexit sha1_base64="NFucWCXCIJyrPDyNur3hY+EIOrY=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4Wnar1norevFYwT6gXUs2m21Ds8mSZNWy9H948aCIV/+LN/+N2W0FFR0IGWa+j0zGjxlV2nE+rMLC4tLySnG1tLa+sblV3t5pK5FITFpYMCG7PlKEUU5ammpGurEkKPIZ6fjji8zv3BKpqODXehITL0JDTkOKkTbSTd8XLFCTyFzp/XRQrjj2ieOe1Y6gYzs5clJ3q3XozpUKmKM5KL/3A4GTiHCNGVKq5zqx9lIkNcWMTEv9RJEY4TEakp6hHEVEeWmeegoPjBLAUEhzuIa5+n0jRZHKopnJCOmR+u1l4l9eL9Fh3UspjxNNOJ49FCYMagGzCmBAJcGaTQxBWFKTFeIRkghrU1TJlPD1U/g/aVdtt2bXro4rjfN5HUWwB/bBIXDBKWiAS9AELYCBBA/gCTxbd9aj9WK9zkYL1nxnF/yA9fYJlSuTPw==</latexit>x

<latexit sha1_base64="j0bP6GBqHdZkryDH/Y0ei/YGQGc=">AAAB+HicdVBPS8MwHE3nvzn/rOrRS3CInko7dc7b0IvHCW4TtjLSNN3C0rQkqTjLPokXD4p49aN489uYdhVU9EHI473fj7w8L2ZUKtv+MEoLi0vLK+XVytr6xmbV3NruyigRmHRwxCJx4yFJGOWko6hi5CYWBIUeIz1vcpH5vVsiJI34tZrGxA3RiNOAYqS0NDSrAy9ivpyG+krvDmZDs2ZbJ7Zz1jiCtmXnyEnTqTehUyg1UKA9NN8HfoSTkHCFGZKy79ixclMkFMWMzCqDRJIY4Qkakb6mHIVEumkefAb3teLDIBL6cAVz9ftGikKZZdOTIVJj+dvLxL+8fqKCpptSHieKcDx/KEgYVBHMWoA+FQQrNtUEYUF1VojHSCCsdFcVXcLXT+H/pFu3nIbVuDqutc6LOspgF+yBQ+CAU9ACl6ANOgCDBDyAJ/Bs3BuPxovxOh8tGcXODvgB4+0TcraToQ==</latexit>

x0

<latexit sha1_base64="LUpJBde6AbjW8TKVoPJJ46c904Y=">AAAB+HicdVDNS8MwHE3n15wfq3r0Ehyip9JOnfM29OJxgvuArYw0S7ewtClJKtSyv8SLB0W8+qd4878x7Sqo6IOQx3u/H3l5XsSoVLb9YZSWlldW18rrlY3Nre2qubPblTwWmHQwZ1z0PSQJoyHpKKoY6UeCoMBjpOfNrjK/d0eEpDy8VUlE3ABNQupTjJSWRmZ16HE2lkmgrzQ5mo/Mmm2d2c5F4wTalp0jJ02n3oROodRAgfbIfB+OOY4DEirMkJQDx46UmyKhKGZkXhnGkkQIz9CEDDQNUUCkm+bB5/BQK2Poc6FPqGCuft9IUSCzbHoyQGoqf3uZ+Jc3iJXfdFMaRrEiIV485McMKg6zFuCYCoIVSzRBWFCdFeIpEggr3VVFl/D1U/g/6dYtp2E1bk5rrcuijjLYBwfgGDjgHLTANWiDDsAgBg/gCTwb98aj8WK8LkZLRrGzB37AePsEdDyTog==</latexit>

y0

<latexit sha1_base64="DHl+FSlB25pAHjke6svYVkRem1M=">AAAB9XicdVDNS8MwHE39nPNr6tFLcAieSjt1ztvQi8cJ7gO2OtI03cLSpCSpMsr+Dy8eFPHq/+LN/8a0q6CiD0Ie7/1+5OX5MaNKO86HtbC4tLyyWlorr29sbm1XdnY7SiQSkzYWTMiejxRhlJO2ppqRXiwJinxGuv7kMvO7d0QqKviNnsbEi9CI05BipI10O/AFC9Q0Mlc6nQ0rVcc+ddzz+jF0bCdHThpurQHdQqmCAq1h5X0QCJxEhGvMkFJ914m1lyKpKWZkVh4kisQIT9CI9A3lKCLKS/PUM3holACGQprDNczV7xspilQWzUxGSI/Vby8T//L6iQ4bXkp5nGjC8fyhMGFQC5hVAAMqCdZsagjCkpqsEI+RRFibosqmhK+fwv9Jp2a7dbt+fVJtXhR1lMA+OABHwAVnoAmuQAu0AQYSPIAn8GzdW4/Wi/U6H12wip098APW2yeWsJNA</latexit>y

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r
<latexit sha1_base64="igjKFKxn1/vgvZHVYzXO8MkfvTE=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpQZ/1SmW34s5AlomXkzLkqPdKX91+zNKIK2SSGtPx3AT9jGoUTPJJsZsanlA2ogPesVTRiBs/m106IadW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp26QvNGcox5ZQpoW9lbAh1ZShDadoQ/AWX14mzYuKV61U7y/LtZs8jgIcwwmcgwdXUIM7qEMDGITwDK/w5oycF+fd+Zi3rjj5zBH8gfP5A0E0jTI=</latexit>

r0
<latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>

s9d

<latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>

s9d
<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="igjKFKxn1/vgvZHVYzXO8MkfvTE=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpQZ/1SmW34s5AlomXkzLkqPdKX91+zNKIK2SSGtPx3AT9jGoUTPJJsZsanlA2ogPesVTRiBs/m106IadW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp26QvNGcox5ZQpoW9lbAh1ZShDadoQ/AWX14mzYuKV61U7y/LtZs8jgIcwwmcgwdXUIM7qEMDGITwDK/w5oycF+fd+Zi3rjj5zBH8gfP5A0E0jTI=</latexit>

r0
<latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c <latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c

<latexit sha1_base64="sMVr48cKxrOo+76hgE9QaXtZHzI=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4CknVWm9FLx4r2g9oQ9lsN+3SzSbsbsQS+hO8eFDEq7/Im//GbRpBRR8MPN6bYWaeH3OmtON8WAuLS8srq4W14vrG5tZ2aWe3paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDnz23dUKhaJWz2JqRfioWABI1gb6ea+7/RLZcc+ddzz6jFybCdDRmpupYbcXClDjka/9N4bRCQJqdCEY6W6rhNrL8VSM8LptNhLFI0xGeMh7RoqcEiVl2anTtGhUQYoiKQpoVGmfp9IcajUJPRNZ4j1SP32ZuJfXjfRQc1LmYgTTQWZLwoSjnSEZn+jAZOUaD4xBBPJzK2IjLDERJt0iiaEr0/R/6RVsd2qXb0+Kdcv8jgKsA8HcAQunEEdrqABTSAwhAd4gmeLW4/Wi/U6b12w8pk9+AHr7RNMC43V</latexit>x0
<latexit sha1_base64="sEzDQlxT/xLjHZgO/MCUeiOMyWo=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0iq1norevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8ydXc79xTqVgk7vQ0pl6IR4IFjGBtpNvpwBmUK4595rgXtRPk2E6GjNTdah25uVKBHM1B+b0/jEgSUqEJx0r1XCfWXoqlZoTTWamfKBpjMsEj2jNU4JAqL81OnaEjowxREElTQqNM/T6R4lCpaeibzhDrsfrtzcW/vF6ig7qXMhEnmgqyWBQkHOkIzf9GQyYp0XxqCCaSmVsRGWOJiTbplEwIX5+i/0m7ars1u3ZzWmlc5nEU4QAO4RhcOIcGXEMTWkBgBA/wBM8Wtx6tF+t10Vqw8pl9+AHr7RNNkY3W</latexit>y0

<latexit sha1_base64="RNXZ6YvebFHSXlyImDStSIpfWc0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0iq1norevHYgv2ANpTNdtOu3WzC7kaoob/AiwdFvPqTvPlv3LYRVPTBwOO9GWbm+TFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3746uZ376jUrFI3OhJTL0QDwULGMHaSI37frHk2GeOe1E5QY7tzDEnVbdcRW6mlCBDvV987w0ikoRUaMKxUl3XibWXYqkZ4XRa6CWKxpiM8ZB2DRU4pMpL54dO0ZFRBiiIpCmh0Vz9PpHiUKlJ6JvOEOuR+u3NxL+8bqKDqpcyESeaCrJYFCQc6QjNvkYDJinRfGIIJpKZWxEZYYmJNtkUTAhfn6L/SatsuxW70jgt1S6zOPJwAIdwDC6cQw2uoQ5NIEDhAZ7g2bq1Hq0X63XRmrOymX34AevtEysvjTQ=</latexit>z

<latexit sha1_base64="t6PW/lVHCPdjRtySq9B18bKOJkM=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mq1norevFYxX5AG8pmu2mXbjZhdyPU0H/gxYMiXv1H3vw3btMIKvpg4PHeDDPzvIgzpW37w8otLC4tr+RXC2vrG5tbxe2dlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXMb99RqVgobvUkom6Ah4L5jGBtpJv7w36xZJdPbee8eozssp0iJTWnUkNOppQgQ6NffO8NQhIHVGjCsVJdx460m2CpGeF0WujFikaYjPGQdg0VOKDKTdJLp+jAKAPkh9KU0ChVv08kOFBqEnimM8B6pH57M/Evrxtrv+YmTESxpoLMF/kxRzpEs7fRgElKNJ8Ygolk5lZERlhiok04BRPC16fof9KqlJ1quXp9UqpfZHHkYQ/24QgcOIM6XEEDmkDAhwd4gmdrbD1aL9brvDVnZTO78APW2yeLqY1l</latexit>

z0

<latexit sha1_base64="LUpJBde6AbjW8TKVoPJJ46c904Y=">AAAB+HicdVDNS8MwHE3n15wfq3r0Ehyip9JOnfM29OJxgvuArYw0S7ewtClJKtSyv8SLB0W8+qd4878x7Sqo6IOQx3u/H3l5XsSoVLb9YZSWlldW18rrlY3Nre2qubPblTwWmHQwZ1z0PSQJoyHpKKoY6UeCoMBjpOfNrjK/d0eEpDy8VUlE3ABNQupTjJSWRmZ16HE2lkmgrzQ5mo/Mmm2d2c5F4wTalp0jJ02n3oROodRAgfbIfB+OOY4DEirMkJQDx46UmyKhKGZkXhnGkkQIz9CEDDQNUUCkm+bB5/BQK2Poc6FPqGCuft9IUSCzbHoyQGoqf3uZ+Jc3iJXfdFMaRrEiIV485McMKg6zFuCYCoIVSzRBWFCdFeIpEggr3VVFl/D1U/g/6dYtp2E1bk5rrcuijjLYBwfgGDjgHLTANWiDDsAgBg/gCTwb98aj8WK8LkZLRrGzB37AePsEdDyTog==</latexit>

y0

<latexit sha1_base64="DHl+FSlB25pAHjke6svYVkRem1M=">AAAB9XicdVDNS8MwHE39nPNr6tFLcAieSjt1ztvQi8cJ7gO2OtI03cLSpCSpMsr+Dy8eFPHq/+LN/8a0q6CiD0Ie7/1+5OX5MaNKO86HtbC4tLyyWlorr29sbm1XdnY7SiQSkzYWTMiejxRhlJO2ppqRXiwJinxGuv7kMvO7d0QqKviNnsbEi9CI05BipI10O/AFC9Q0Mlc6nQ0rVcc+ddzz+jF0bCdHThpurQHdQqmCAq1h5X0QCJxEhGvMkFJ914m1lyKpKWZkVh4kisQIT9CI9A3lKCLKS/PUM3holACGQprDNczV7xspilQWzUxGSI/Vby8T//L6iQ4bXkp5nGjC8fyhMGFQC5hVAAMqCdZsagjCkpqsEI+RRFibosqmhK+fwv9Jp2a7dbt+fVJtXhR1lMA+OABHwAVnoAmuQAu0AQYSPIAn8GzdW4/Wi/U6H12wip098APW2yeWsJNA</latexit>y

<latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>

s9d <latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>

s9d<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r
<latexit sha1_base64="igjKFKxn1/vgvZHVYzXO8MkfvTE=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpQZ/1SmW34s5AlomXkzLkqPdKX91+zNKIK2SSGtPx3AT9jGoUTPJJsZsanlA2ogPesVTRiBs/m106IadW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp26QvNGcox5ZQpoW9lbAh1ZShDadoQ/AWX14mzYuKV61U7y/LtZs8jgIcwwmcgwdXUIM7qEMDGITwDK/w5oycF+fd+Zi3rjj5zBH8gfP5A0E0jTI=</latexit>

r0

<latexit sha1_base64="sMVr48cKxrOo+76hgE9QaXtZHzI=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4CknVWm9FLx4r2g9oQ9lsN+3SzSbsbsQS+hO8eFDEq7/Im//GbRpBRR8MPN6bYWaeH3OmtON8WAuLS8srq4W14vrG5tZ2aWe3paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDnz23dUKhaJWz2JqRfioWABI1gb6ea+7/RLZcc+ddzz6jFybCdDRmpupYbcXClDjka/9N4bRCQJqdCEY6W6rhNrL8VSM8LptNhLFI0xGeMh7RoqcEiVl2anTtGhUQYoiKQpoVGmfp9IcajUJPRNZ4j1SP32ZuJfXjfRQc1LmYgTTQWZLwoSjnSEZn+jAZOUaD4xBBPJzK2IjLDERJt0iiaEr0/R/6RVsd2qXb0+Kdcv8jgKsA8HcAQunEEdrqABTSAwhAd4gmeLW4/Wi/U6b12w8pk9+AHr7RNMC43V</latexit>x0
<latexit sha1_base64="sEzDQlxT/xLjHZgO/MCUeiOMyWo=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0iq1norevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8ydXc79xTqVgk7vQ0pl6IR4IFjGBtpNvpwBmUK4595rgXtRPk2E6GjNTdah25uVKBHM1B+b0/jEgSUqEJx0r1XCfWXoqlZoTTWamfKBpjMsEj2jNU4JAqL81OnaEjowxREElTQqNM/T6R4lCpaeibzhDrsfrtzcW/vF6ig7qXMhEnmgqyWBQkHOkIzf9GQyYp0XxqCCaSmVsRGWOJiTbplEwIX5+i/0m7ars1u3ZzWmlc5nEU4QAO4RhcOIcGXEMTWkBgBA/wBM8Wtx6tF+t10Vqw8pl9+AHr7RNNkY3W</latexit>y0

<latexit sha1_base64="RNXZ6YvebFHSXlyImDStSIpfWc0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0iq1norevHYgv2ANpTNdtOu3WzC7kaoob/AiwdFvPqTvPlv3LYRVPTBwOO9GWbm+TFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3746uZ376jUrFI3OhJTL0QDwULGMHaSI37frHk2GeOe1E5QY7tzDEnVbdcRW6mlCBDvV987w0ikoRUaMKxUl3XibWXYqkZ4XRa6CWKxpiM8ZB2DRU4pMpL54dO0ZFRBiiIpCmh0Vz9PpHiUKlJ6JvOEOuR+u3NxL+8bqKDqpcyESeaCrJYFCQc6QjNvkYDJinRfGIIJpKZWxEZYYmJNtkUTAhfn6L/SatsuxW70jgt1S6zOPJwAIdwDC6cQw2uoQ5NIEDhAZ7g2bq1Hq0X63XRmrOymX34AevtEysvjTQ=</latexit>z
<latexit sha1_base64="t6PW/lVHCPdjRtySq9B18bKOJkM=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mq1norevFYxX5AG8pmu2mXbjZhdyPU0H/gxYMiXv1H3vw3btMIKvpg4PHeDDPzvIgzpW37w8otLC4tr+RXC2vrG5tbxe2dlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXMb99RqVgobvUkom6Ah4L5jGBtpJv7w36xZJdPbee8eozssp0iJTWnUkNOppQgQ6NffO8NQhIHVGjCsVJdx460m2CpGeF0WujFikaYjPGQdg0VOKDKTdJLp+jAKAPkh9KU0ChVv08kOFBqEnimM8B6pH57M/Evrxtrv+YmTESxpoLMF/kxRzpEs7fRgElKNJ8Ygolk5lZERlhiok04BRPC16fof9KqlJ1quXp9UqpfZHHkYQ/24QgcOIM6XEEDmkDAhwd4gmdrbD1aL9brvDVnZTO78APW2yeLqY1l</latexit>

z0
<latexit sha1_base64="LUpJBde6AbjW8TKVoPJJ46c904Y=">AAAB+HicdVDNS8MwHE3n15wfq3r0Ehyip9JOnfM29OJxgvuArYw0S7ewtClJKtSyv8SLB0W8+qd4878x7Sqo6IOQx3u/H3l5XsSoVLb9YZSWlldW18rrlY3Nre2qubPblTwWmHQwZ1z0PSQJoyHpKKoY6UeCoMBjpOfNrjK/d0eEpDy8VUlE3ABNQupTjJSWRmZ16HE2lkmgrzQ5mo/Mmm2d2c5F4wTalp0jJ02n3oROodRAgfbIfB+OOY4DEirMkJQDx46UmyKhKGZkXhnGkkQIz9CEDDQNUUCkm+bB5/BQK2Poc6FPqGCuft9IUSCzbHoyQGoqf3uZ+Jc3iJXfdFMaRrEiIV485McMKg6zFuCYCoIVSzRBWFCdFeIpEggr3VVFl/D1U/g/6dYtp2E1bk5rrcuijjLYBwfgGDjgHLTANWiDDsAgBg/gCTwb98aj8WK8LkZLRrGzB37AePsEdDyTog==</latexit>

y0

<latexit sha1_base64="DHl+FSlB25pAHjke6svYVkRem1M=">AAAB9XicdVDNS8MwHE39nPNr6tFLcAieSjt1ztvQi8cJ7gO2OtI03cLSpCSpMsr+Dy8eFPHq/+LN/8a0q6CiD0Ie7/1+5OX5MaNKO86HtbC4tLyyWlorr29sbm1XdnY7SiQSkzYWTMiejxRhlJO2ppqRXiwJinxGuv7kMvO7d0QqKviNnsbEi9CI05BipI10O/AFC9Q0Mlc6nQ0rVcc+ddzz+jF0bCdHThpurQHdQqmCAq1h5X0QCJxEhGvMkFJ914m1lyKpKWZkVh4kisQIT9CI9A3lKCLKS/PUM3holACGQprDNczV7xspilQWzUxGSI/Vby8T//L6iQ4bXkp5nGjC8fyhMGFQC5hVAAMqCdZsagjCkpqsEI+RRFibosqmhK+fwv9Jp2a7dbt+fVJtXhR1lMA+OABHwAVnoAmuQAu0AQYSPIAn8GzdW4/Wi/U6H12wip098APW2yeWsJNA</latexit>y<latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c <latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c

<latexit sha1_base64="fcdRpYnVOCXQIFnbg1HuXBlioLo=">AAAB83icbVBNS8NAEN34WetX1aOXYBHqpSQi1WPVi8cK9gOaUDbbSbt0swm7E7GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSATX6Djf1srq2vrGZmGruL2zu7dfOjhs6ThVDJosFrHqBFSD4BKayFFAJ1FAo0BAOxjdTv32IyjNY/mA4wT8iA4kDzmjaCSv4iE8oWbZ9eSsVyo7VWcGe5m4OSmTHI1e6cvrxyyNQCITVOuu6yToZ1QhZwImRS/VkFA2ogPoGippBNrPZjdP7FOj9O0wVqYk2jP190RGI63HUWA6I4pDvehNxf+8borhlZ9xmaQIks0XhamwMbanAdh9roChGBtCmeLmVpsNqaIMTUxFE4K7+PIyaZ1X3Vq1dn9Rrt/kcRTIMTkhFeKSS1Ind6RBmoSRhDyTV/JmpdaL9W59zFtXrHzmiPyB9fkDtuiRfg==</latexit>

(A) <latexit sha1_base64="AglXrSt6I8brhZPUt11i+TG7OCk=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBDiJeyKRI8hXjxGMA/ILmF20psMmX0w0yuGJb/hxYMiXv0Zb/6Nk2QPmljQUFR1093lJ1JotO1va219Y3Nru7BT3N3bPzgsHR23dZwqDi0ey1h1faZBighaKFBCN1HAQl9Cxx/fzvzOIygt4ugBJwl4IRtGIhCcoZHciovwhJpnjelFv1S2q/YcdJU4OSmTHM1+6csdxDwNIUIumdY9x07Qy5hCwSVMi26qIWF8zIbQMzRiIWgvm988pedGGdAgVqYipHP190TGQq0noW86Q4YjvezNxP+8XorBjZeJKEkRIr5YFKSSYkxnAdCBUMBRTgxhXAlzK+UjphhHE1PRhOAsv7xK2pdVp1at3V+V6408jgI5JWekQhxyTerkjjRJi3CSkGfySt6s1Hqx3q2PReualc+ckD+wPn8AuG6Rfw==</latexit>

(B)

<latexit sha1_base64="YP9M0mKjf4WPxrEensfEQUdI7ZA=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBDiJeyKRI/BXDxGMA/ILmF20psMmX0w0yuGJb/hxYMiXv0Zb/6Nk2QPmljQUFR1093lJ1JotO1va219Y3Nru7BT3N3bPzgsHR23dZwqDi0ey1h1faZBighaKFBCN1HAQl9Cxx83Zn7nEZQWcfSAkwS8kA0jEQjO0EhuxUV4Qs2zxvSiXyrbVXsOukqcnJRJjma/9OUOYp6GECGXTOueYyfoZUyh4BKmRTfVkDA+ZkPoGRqxELSXzW+e0nOjDGgQK1MR0rn6eyJjodaT0DedIcORXvZm4n9eL8XgxstElKQIEV8sClJJMaazAOhAKOAoJ4YwroS5lfIRU4yjialoQnCWX14l7cuqU6vW7q/K9ds8jgI5JWekQhxyTerkjjRJi3CSkGfySt6s1Hqx3q2PReualc+ckD+wPn8AufSRgA==</latexit>

(C)
<latexit sha1_base64="590gp/OcCoyK6qMyq+3H/md1tPM=">AAAB83icbVBNS8NAEN34WetX1aOXYBHqpSQi1WNRDx4r2A9oQtlsJ+3SzSbsTsQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IBFco+N8Wyura+sbm4Wt4vbO7t5+6eCwpeNUMWiyWMSqE1ANgktoIkcBnUQBjQIB7WB0M/Xbj6A0j+UDjhPwIzqQPOSMopG8iofwhJplt5OzXqnsVJ0Z7GXi5qRMcjR6pS+vH7M0AolMUK27rpOgn1GFnAmYFL1UQ0LZiA6ga6ikEWg/m908sU+N0rfDWJmSaM/U3xMZjbQeR4HpjCgO9aI3Ff/zuimGV37GZZIiSDZfFKbCxtieBmD3uQKGYmwIZYqbW202pIoyNDEVTQju4svLpHVedWvV2v1FuX6dx1Egx+SEVIhLLkmd3JEGaRJGEvJMXsmblVov1rv1MW9dsfKZI/IH1ucPu3qRgQ==</latexit>

(D)

<latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>

s9d
<latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>

s9d

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="igjKFKxn1/vgvZHVYzXO8MkfvTE=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6KolI9Vj04rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpQZ/1SmW34s5AlomXkzLkqPdKX91+zNKIK2SSGtPx3AT9jGoUTPJJsZsanlA2ogPesVTRiBs/m106IadW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfSm4n9eJ8Xw2s+ESlLkis0XhakkGJPp26QvNGcox5ZQpoW9lbAh1ZShDadoQ/AWX14mzYuKV61U7y/LtZs8jgIcwwmcgwdXUIM7qEMDGITwDK/w5oycF+fd+Zi3rjj5zBH8gfP5A0E0jTI=</latexit>

r0

<latexit sha1_base64="sMVr48cKxrOo+76hgE9QaXtZHzI=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4CknVWm9FLx4r2g9oQ9lsN+3SzSbsbsQS+hO8eFDEq7/Im//GbRpBRR8MPN6bYWaeH3OmtON8WAuLS8srq4W14vrG5tZ2aWe3paJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/fDnz23dUKhaJWz2JqRfioWABI1gb6ea+7/RLZcc+ddzz6jFybCdDRmpupYbcXClDjka/9N4bRCQJqdCEY6W6rhNrL8VSM8LptNhLFI0xGeMh7RoqcEiVl2anTtGhUQYoiKQpoVGmfp9IcajUJPRNZ4j1SP32ZuJfXjfRQc1LmYgTTQWZLwoSjnSEZn+jAZOUaD4xBBPJzK2IjLDERJt0iiaEr0/R/6RVsd2qXb0+Kdcv8jgKsA8HcAQunEEdrqABTSAwhAd4gmeLW4/Wi/U6b12w8pk9+AHr7RNMC43V</latexit>x0
<latexit sha1_base64="sEzDQlxT/xLjHZgO/MCUeiOMyWo=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0iq1norevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btMIKvpg4PHeDDPz/JgzpR3nwyosLa+srhXXSxubW9s75d29tooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8ydXc79xTqVgk7vQ0pl6IR4IFjGBtpNvpwBmUK4595rgXtRPk2E6GjNTdah25uVKBHM1B+b0/jEgSUqEJx0r1XCfWXoqlZoTTWamfKBpjMsEj2jNU4JAqL81OnaEjowxREElTQqNM/T6R4lCpaeibzhDrsfrtzcW/vF6ig7qXMhEnmgqyWBQkHOkIzf9GQyYp0XxqCCaSmVsRGWOJiTbplEwIX5+i/0m7ars1u3ZzWmlc5nEU4QAO4RhcOIcGXEMTWkBgBA/wBM8Wtx6tF+t10Vqw8pl9+AHr7RNNkY3W</latexit>y0

<latexit sha1_base64="RNXZ6YvebFHSXlyImDStSIpfWc0=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0iq1norevHYgv2ANpTNdtOu3WzC7kaoob/AiwdFvPqTvPlv3LYRVPTBwOO9GWbm+TFnSjvOh5VbWl5ZXcuvFzY2t7Z3irt7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3746uZ376jUrFI3OhJTL0QDwULGMHaSI37frHk2GeOe1E5QY7tzDEnVbdcRW6mlCBDvV987w0ikoRUaMKxUl3XibWXYqkZ4XRa6CWKxpiM8ZB2DRU4pMpL54dO0ZFRBiiIpCmh0Vz9PpHiUKlJ6JvOEOuR+u3NxL+8bqKDqpcyESeaCrJYFCQc6QjNvkYDJinRfGIIJpKZWxEZYYmJNtkUTAhfn6L/SatsuxW70jgt1S6zOPJwAIdwDC6cQw2uoQ5NIEDhAZ7g2bq1Hq0X63XRmrOymX34AevtEysvjTQ=</latexit>z

<latexit sha1_base64="t6PW/lVHCPdjRtySq9B18bKOJkM=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mq1norevFYxX5AG8pmu2mXbjZhdyPU0H/gxYMiXv1H3vw3btMIKvpg4PHeDDPzvIgzpW37w8otLC4tr+RXC2vrG5tbxe2dlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98eXMb99RqVgobvUkom6Ah4L5jGBtpJv7w36xZJdPbee8eozssp0iJTWnUkNOppQgQ6NffO8NQhIHVGjCsVJdx460m2CpGeF0WujFikaYjPGQdg0VOKDKTdJLp+jAKAPkh9KU0ChVv08kOFBqEnimM8B6pH57M/Evrxtrv+YmTESxpoLMF/kxRzpEs7fRgElKNJ8Ygolk5lZERlhiok04BRPC16fof9KqlJ1quXp9UqpfZHHkYQ/24QgcOIM6XEEDmkDAhwd4gmdrbD1aL9brvDVnZTO78APW2yeLqY1l</latexit>

z0

<latexit sha1_base64="LUpJBde6AbjW8TKVoPJJ46c904Y=">AAAB+HicdVDNS8MwHE3n15wfq3r0Ehyip9JOnfM29OJxgvuArYw0S7ewtClJKtSyv8SLB0W8+qd4878x7Sqo6IOQx3u/H3l5XsSoVLb9YZSWlldW18rrlY3Nre2qubPblTwWmHQwZ1z0PSQJoyHpKKoY6UeCoMBjpOfNrjK/d0eEpDy8VUlE3ABNQupTjJSWRmZ16HE2lkmgrzQ5mo/Mmm2d2c5F4wTalp0jJ02n3oROodRAgfbIfB+OOY4DEirMkJQDx46UmyKhKGZkXhnGkkQIz9CEDDQNUUCkm+bB5/BQK2Poc6FPqGCuft9IUSCzbHoyQGoqf3uZ+Jc3iJXfdFMaRrEiIV485McMKg6zFuCYCoIVSzRBWFCdFeIpEggr3VVFl/D1U/g/6dYtp2E1bk5rrcuijjLYBwfgGDjgHLTANWiDDsAgBg/gCTwb98aj8WK8LkZLRrGzB37AePsEdDyTog==</latexit>

y0

<latexit sha1_base64="DHl+FSlB25pAHjke6svYVkRem1M=">AAAB9XicdVDNS8MwHE39nPNr6tFLcAieSjt1ztvQi8cJ7gO2OtI03cLSpCSpMsr+Dy8eFPHq/+LN/8a0q6CiD0Ie7/1+5OX5MaNKO86HtbC4tLyyWlorr29sbm1XdnY7SiQSkzYWTMiejxRhlJO2ppqRXiwJinxGuv7kMvO7d0QqKviNnsbEi9CI05BipI10O/AFC9Q0Mlc6nQ0rVcc+ddzz+jF0bCdHThpurQHdQqmCAq1h5X0QCJxEhGvMkFJ914m1lyKpKWZkVh4kisQIT9CI9A3lKCLKS/PUM3holACGQprDNczV7xspilQWzUxGSI/Vby8T//L6iQ4bXkp5nGjC8fyhMGFQC5hVAAMqCdZsagjCkpqsEI+RRFibosqmhK+fwv9Jp2a7dbt+fVJtXhR1lMA+OABHwAVnoAmuQAu0AQYSPIAn8GzdW4/Wi/U6H12wip098APW2yeWsJNA</latexit>y
<latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c <latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c

<latexit sha1_base64="NFucWCXCIJyrPDyNur3hY+EIOrY=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4Wnar1norevFYwT6gXUs2m21Ds8mSZNWy9H948aCIV/+LN/+N2W0FFR0IGWa+j0zGjxlV2nE+rMLC4tLySnG1tLa+sblV3t5pK5FITFpYMCG7PlKEUU5ammpGurEkKPIZ6fjji8zv3BKpqODXehITL0JDTkOKkTbSTd8XLFCTyFzp/XRQrjj2ieOe1Y6gYzs5clJ3q3XozpUKmKM5KL/3A4GTiHCNGVKq5zqx9lIkNcWMTEv9RJEY4TEakp6hHEVEeWmeegoPjBLAUEhzuIa5+n0jRZHKopnJCOmR+u1l4l9eL9Fh3UspjxNNOJ49FCYMagGzCmBAJcGaTQxBWFKTFeIRkghrU1TJlPD1U/g/aVdtt2bXro4rjfN5HUWwB/bBIXDBKWiAS9AELYCBBA/gCTxbd9aj9WK9zkYL1nxnF/yA9fYJlSuTPw==</latexit>x

<latexit sha1_base64="j0bP6GBqHdZkryDH/Y0ei/YGQGc=">AAAB+HicdVBPS8MwHE3nvzn/rOrRS3CInko7dc7b0IvHCW4TtjLSNN3C0rQkqTjLPokXD4p49aN489uYdhVU9EHI473fj7w8L2ZUKtv+MEoLi0vLK+XVytr6xmbV3NruyigRmHRwxCJx4yFJGOWko6hi5CYWBIUeIz1vcpH5vVsiJI34tZrGxA3RiNOAYqS0NDSrAy9ivpyG+krvDmZDs2ZbJ7Zz1jiCtmXnyEnTqTehUyg1UKA9NN8HfoSTkHCFGZKy79ixclMkFMWMzCqDRJIY4Qkakb6mHIVEumkefAb3teLDIBL6cAVz9ftGikKZZdOTIVJj+dvLxL+8fqKCpptSHieKcDx/KEgYVBHMWoA+FQQrNtUEYUF1VojHSCCsdFcVXcLXT+H/pFu3nIbVuDqutc6LOspgF+yBQ+CAU9ACl6ANOgCDBDyAJ/Bs3BuPxovxOh8tGcXODvgB4+0TcraToQ==</latexit>

x0

<latexit sha1_base64="NFucWCXCIJyrPDyNur3hY+EIOrY=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4Wnar1norevFYwT6gXUs2m21Ds8mSZNWy9H948aCIV/+LN/+N2W0FFR0IGWa+j0zGjxlV2nE+rMLC4tLySnG1tLa+sblV3t5pK5FITFpYMCG7PlKEUU5ammpGurEkKPIZ6fjji8zv3BKpqODXehITL0JDTkOKkTbSTd8XLFCTyFzp/XRQrjj2ieOe1Y6gYzs5clJ3q3XozpUKmKM5KL/3A4GTiHCNGVKq5zqx9lIkNcWMTEv9RJEY4TEakp6hHEVEeWmeegoPjBLAUEhzuIa5+n0jRZHKopnJCOmR+u1l4l9eL9Fh3UspjxNNOJ49FCYMagGzCmBAJcGaTQxBWFKTFeIRkghrU1TJlPD1U/g/aVdtt2bXro4rjfN5HUWwB/bBIXDBKWiAS9AELYCBBA/gCTxbd9aj9WK9zkYL1nxnF/yA9fYJlSuTPw==</latexit>x

<latexit sha1_base64="j0bP6GBqHdZkryDH/Y0ei/YGQGc=">AAAB+HicdVBPS8MwHE3nvzn/rOrRS3CInko7dc7b0IvHCW4TtjLSNN3C0rQkqTjLPokXD4p49aN489uYdhVU9EHI473fj7w8L2ZUKtv+MEoLi0vLK+XVytr6xmbV3NruyigRmHRwxCJx4yFJGOWko6hi5CYWBIUeIz1vcpH5vVsiJI34tZrGxA3RiNOAYqS0NDSrAy9ivpyG+krvDmZDs2ZbJ7Zz1jiCtmXnyEnTqTehUyg1UKA9NN8HfoSTkHCFGZKy79ixclMkFMWMzCqDRJIY4Qkakb6mHIVEumkefAb3teLDIBL6cAVz9ftGikKZZdOTIVJj+dvLxL+8fqKCpptSHieKcDx/KEgYVBHMWoA+FQQrNtUEYUF1VojHSCCsdFcVXcLXT+H/pFu3nIbVuDqutc6LOspgF+yBQ+CAU9ACl6ANOgCDBDyAJ/Bs3BuPxovxOh8tGcXODvgB4+0TcraToQ==</latexit>

x0

<latexit sha1_base64="NFucWCXCIJyrPDyNur3hY+EIOrY=">AAAB9XicdVBLSwMxGMzWV62vqkcvwSJ4Wnar1norevFYwT6gXUs2m21Ds8mSZNWy9H948aCIV/+LN/+N2W0FFR0IGWa+j0zGjxlV2nE+rMLC4tLySnG1tLa+sblV3t5pK5FITFpYMCG7PlKEUU5ammpGurEkKPIZ6fjji8zv3BKpqODXehITL0JDTkOKkTbSTd8XLFCTyFzp/XRQrjj2ieOe1Y6gYzs5clJ3q3XozpUKmKM5KL/3A4GTiHCNGVKq5zqx9lIkNcWMTEv9RJEY4TEakp6hHEVEeWmeegoPjBLAUEhzuIa5+n0jRZHKopnJCOmR+u1l4l9eL9Fh3UspjxNNOJ49FCYMagGzCmBAJcGaTQxBWFKTFeIRkghrU1TJlPD1U/g/aVdtt2bXro4rjfN5HUWwB/bBIXDBKWiAS9AELYCBBA/gCTxbd9aj9WK9zkYL1nxnF/yA9fYJlSuTPw==</latexit>x

<latexit sha1_base64="j0bP6GBqHdZkryDH/Y0ei/YGQGc=">AAAB+HicdVBPS8MwHE3nvzn/rOrRS3CInko7dc7b0IvHCW4TtjLSNN3C0rQkqTjLPokXD4p49aN489uYdhVU9EHI473fj7w8L2ZUKtv+MEoLi0vLK+XVytr6xmbV3NruyigRmHRwxCJx4yFJGOWko6hi5CYWBIUeIz1vcpH5vVsiJI34tZrGxA3RiNOAYqS0NDSrAy9ivpyG+krvDmZDs2ZbJ7Zz1jiCtmXnyEnTqTehUyg1UKA9NN8HfoSTkHCFGZKy79ixclMkFMWMzCqDRJIY4Qkakb6mHIVEumkefAb3teLDIBL6cAVz9ftGikKZZdOTIVJj+dvLxL+8fqKCpptSHieKcDx/KEgYVBHMWoA+FQQrNtUEYUF1VojHSCCsdFcVXcLXT+H/pFu3nIbVuDqutc6LOspgF+yBQ+CAU9ACl6ANOgCDBDyAJ/Bs3BuPxovxOh8tGcXODvgB4+0TcraToQ==</latexit>

x0

<latexit sha1_base64="zeGZxC1X8PPA+Lh6iPCqyhCWFYg="></latexit>
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L.Giusti, T.Harris, A.Nada and S.Schaefer, EPJC 79 (2019)
s-d structure greatly simplifies the calculation and allows for variance reduction techniques

Lattice correlation functions
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https://link.springer.com/article/10.1140/epjc/s10052-019-7049-0


First lattice calculation

<latexit sha1_base64="s3ECEp+7UXXivZfSYH+bSoUTwhM=">AAAB9HicbVBNSwMxFHxbv2r9qnr0EiyCp7IrUj0WvXisYGuhXUo2zbahSXZNsoVl6e/w4kERr/4Yb/4bs+0etHUgMMy8x5tMEHOmjet+O6W19Y3NrfJ2ZWd3b/+genjU0VGiCG2TiEeqG2BNOZO0bZjhtBsrikXA6WMwuc39xylVmkXywaQx9QUeSRYygo2V/L7AZqxEFo9TPRtUa27dnQOtEq8gNSjQGlS/+sOIJIJKQzjWuue5sfEzrAwjnM4q/UTTGJMJHtGepRILqv1sHnqGzqwyRGGk7JMGzdXfGxkWWqcisJN5SL3s5eJ/Xi8x4bWfMRknhkqyOBQmHJkI5Q2gIVOUGJ5agoliNisiY6wwMbanii3BW/7yKulc1L1GvXF/WWveFHWU4QRO4Rw8uIIm3EEL2kDgCZ7hFd6cqfPivDsfi9GSU+wcwx84nz+YRpKo</latexit>

phys
<latexit sha1_base64="RHC6S0m1j25pL0rJ+HHbiv8+0wE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi1WXRjcsK9gFNKJPptB06mYSZG6GE/oYbF4q49Wfc+TdO2iy0emDgcM693DMnTKQw6LpfTmltfWNzq7xd2dnd2z+oHh51TJxqxtsslrHuhdRwKRRvo0DJe4nmNAol74bT29zvPnJtRKwecJbwIKJjJUaCUbSS70cUJzrKJMX5oFpz6+4C5C/xClKDAq1B9dMfxiyNuEImqTF9z00wyKhGwSSfV/zU8ISyKR3zvqWKRtwE2SLznJxZZUhGsbZPIVmoPzcyGhkzi0I7mWc0q14u/uf1UxxdB5lQSYpcseWhUSoJxiQvgAyF5gzlzBLKtLBZCZtQTRnamiq2BG/1y39J56LuNeqN+8ta86aoowwncArn4MEVNOEOWtAGBgk8wQu8Oqnz7Lw578vRklPsHMMvOB/fp26SGw==</latexit>

lat

<latexit sha1_base64="XktDWqFIC9JHC6MwW6wvWu2+xjQ=">AAAB+HicbVBNT8JAEN3iF+IHVY9eNhITT6QlBj0SvXjExAIJVLJdprBhu212tyTY8Eu8eNAYr/4Ub/4bF+hBwZdM8va9mezMCxLOlHacb6uwsbm1vVPcLe3tHxyW7aPjlopTScGjMY9lJyAKOBPgaaY5dBIJJAo4tIPx7dxvT0AqFosHPU3Aj8hQsJBRoo3Ut8u9CZGQKMbNy3us9e2KU3UWwOvEzUkF5Wj27a/eIKZpBEJTTpTquk6i/YxIzSiHWamXKkgIHZMhdA0VJALlZ4vFZ/jcKAMcxtKU0Hih/p7ISKTUNApMZ0T0SK16c/E/r5vq8NrPmEhSDYIuPwpTjnWM5yngAZNANZ8aQqhkZldMR0QSqk1WJROCu3ryOmnVqm69Wr+/rDRu8jiK6BSdoQvkoivUQHeoiTxEUYqe0St6s56sF+vd+li2Fqx85gT9gfX5A8jgky8=</latexit>
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<latexit sha1_base64="cszS59j8tMapGDLWWxY642t6ljE="></latexit>

O(�b)
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|⇠12|

270 MeVmπ ≃• Strategy proposed in recent publication 
MDC, F.Erben & M.T.Hansen, JHEP 07 (2025)  

• Exploratory calculation ongoing: 
‣ 4 ensembles 
‣ 2 lattice spacings 
‣ 3 volumes 

• Even away from the physical point we can 
obtain info on physical mixing parameters: 
 

• Use of chiral domain-wall fermions essential 
for renormalisation of the weak operators

<latexit sha1_base64="CysqWzfEhi3KQY2u+SmeLC4htxc="></latexit>

|M12|, |�12| / "2U = (ms �md)
2
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A first look at the data
<latexit sha1_base64="geaWDag9a1Hto6n3QqbgFZeL8Fo="></latexit>

C4(⌧, t1,�t) = h�D(�t)Hw(t1 + ⌧)Hw(t1)�D(0)i

PRELIMINARY
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A long road ahead...
• Feasibility study ongoing at unphysical masses 

• Planned extension to physical point ensembles 

• Study of CP violating phase  will require including 
penguin operators: more correlation functions & more 
involved renormalisation mixing 
 
 

• The same method can be applied also to kaon mixing, 
offering an alternative to traditional approaches

ϕ12
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d
N.H.Christ et al., PRD 88 (2013) 

Z.Bai et al., PRL 113 (2014) 
Z.Bai et al., PRD 109 (2024)
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Conclusions
Long-distance hadronic dynamics becomes essential for precision flavour phenomenology

Lattice QCD is moving beyond local matrix elements:

• The Cabibbo "anomaly" calls for controlled isospin-breaking effects and lattice QCD+QED 
calculations of weak decay amplitudes are possible

QED corrections

• Novel spectral reconstruction approaches allow calculations of inclusive decay rates with 
multi-particle final states in QCD+QED

inclusive rates

• The same techniques pave the way for calculations previously considered unfeasible like long-
distance effects in neutral D-meson mixing amplitude

mixing amplitudes
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Future prospects
QED corrections to weak decays

Neutral D-meson mixing

• complete the first exploratory calculation at unphysical masses 
• move towards physical-point ensembles 
• include ingredients needed to access CP-violating phase 
• explore application to kaon mixing
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<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c <latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u
<latexit sha1_base64="iTjQk2kyE8tHG8r5An4iL87APzA="></latexit>
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<latexit sha1_base64="2GI/NM7ZVARtFZF4IYacvu+GYYg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqpP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB5T+NBA==</latexit>u

<latexit sha1_base64="JsyDtTIjDMV4McyhW4JNFBbQT8E=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+S1kXVq1Vr95eV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AB+KjRw=</latexit>c

• improve control of finite-volume effects in leptonic decays 
• extend lattice QCD+QED calculations to inclusive  decays 
• investigate inclusive strategies for semileptonic decay rates
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