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CKM matrix and New Physics

•  Cabibbo-Kobayashi-Maskawa (CKM) matrix is unitary in the SM

• Each component of the CKM matrix is measured without assuming unitarity

• Testing the CKM unitarity → New Physics (NP) exploring

One-loop QED Corrections to Leptonic Ds decays and CKM 
Unitarity Test @KEK-PH2026

SM : 𝑉𝐶𝐾𝑀
† 𝑉𝐶𝐾𝑀 = 𝑉𝐶𝐾𝑀𝑉𝐶𝐾𝑀

† = 𝟏

NP : 𝑉𝐶𝐾𝑀
† 𝑉𝐶𝐾𝑀 ≠ 𝟏, 𝑉𝐶𝐾𝑀𝑉𝐶𝐾𝑀

† ≠ 𝟏
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2026/2/17 1



|𝑉𝑐𝑠| and Radiative Corrections

• |𝑉𝑐𝑠| is determined by 𝐷𝑠 → ℓ𝜈, 𝐷 → ഥ𝐾ℓ𝜈 (PDG)

• Radiative correction for D meson decays : not fully calculated

• Recently uncertainties from lattice form factors become small

→ Theoretical precise calculation is getting more important

•  meson decays : short-distance (SD) and long-distance (LD) corrections
One-loop QED Corrections to Leptonic Ds decays and CKM 
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Short-Distance corrections to 𝑐 → 𝑠ℓ𝜈
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• 𝒪(𝛼) short-distance correction is common in (semi) leptonic decays

• 2nd column Unitarity →

(van Dyk, et al. arXiv 2407.06145)

(Sirlin,et al. 1982), (Sirlin,et al. 1993) Brod, Gorbahn, 0805.4119  etc.

https://arxiv.org/pdf/2407.06145
https://arxiv.org/pdf/2407.06145
https://arxiv.org/pdf/2407.06145
https://www.sciencedirect.com/science/article/abs/pii/0550321382903030
https://www.sciencedirect.com/science/article/abs/pii/0550321382903030
https://www.sciencedirect.com/science/article/abs/pii/0550321382903030
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.71.3629
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.71.3629
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.71.3629
https://arxiv.org/pdf/0805.4119
https://arxiv.org/pdf/0805.4119
https://arxiv.org/pdf/0805.4119
https://arxiv.org/pdf/0805.4119
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Short-Distance corrections to 𝑐 → 𝑠ℓ𝜈
•  SD correction is given by Wilson coefficient (high energy)

• Matching full theory and 4-Fermi EFT 

High energy

Low energy
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photon box

4-Fermi

photon box

4-Fermi

IR div, scattering angle, invariant mass dependences all cancel !

UV div → 𝑀𝑆 renormalization
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Short-Distance corrections to 𝑐 → 𝑠ℓ𝜈

• Fermi coupling constant is derived from muon lifetime, includes only LD

• Similarly to 𝑐 → 𝑠ℓ𝜈, SD correction to 𝜇 → 𝑒 ҧ𝜈𝜈 is needed

                                               

• Result :

Kinoshita and Sirlin, 1959

https://journals.aps.org/pr/abstract/10.1103/PhysRev.113.1652
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• long-distance correction → Scalar QED (low energy)

• soft photon emission diagrams : exclusive (depend on photon energy 𝐸𝑚𝑎𝑥)

• Contributions of virtual corrections

Long-Distance corrections to 𝐷𝑠 → ℓ𝜈

Final-State-Radiation



Long-Distance corrections to 𝐷𝑠 → ℓ𝜈
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There are renormalization scheme 
dependence 𝜅𝑖, this dependence cancel 
accidentally in total !
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Long-Distance corrections to 𝐷𝑠 → ℓ𝜈

• Formula of 𝑉𝑐𝑠 Short-Distance (Wilson Coefficient)

Long-Distance

Tree level

𝐸𝑚𝑎𝑥  dependence

Multi-photon resummation
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Determination of 𝐸𝑚𝑎𝑥

Energy cut

more than maximum photon energy → inclusive

→ exclusive
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Determination of |𝑉𝑐𝑠|

For 𝐷 → ഥ𝐾ℓ𝜈,

• LD is hard to perform
→ We use estimation of 
lattice, as 1% uncertainty

|𝑉𝑐𝑠| values of each decay mode and average

Unitarity Test
Global Fit : 

FLAG2024, 2411.04268, 
Bozavov et al, 2212.12648

https://arxiv.org/pdf/2411.04268
https://arxiv.org/pdf/2212.12648


Form Factors of Lattice Groups
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(van Dyk, et al. arXiv 2407.06145)

• Form factor tension 
between lattice groups

• Nominal : Assume that 
ETM is outlier

• Scale factor : study the 
impact of removing the 
ETM result

https://arxiv.org/pdf/2407.06145
https://arxiv.org/pdf/2407.06145
https://arxiv.org/pdf/2407.06145
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CKM Unitarity Test
•  CKM Unitarity →

(van Dyk, et al. arXiv 2407.06145)only SD

+ LD corrections etc.

CKM Unitarity recovers → No NP or Constrain on NP ? 

https://arxiv.org/pdf/2407.06145
https://arxiv.org/pdf/2407.06145
https://arxiv.org/pdf/2407.06145


Summary

Rowe and  Zwicky, 2404.07648

• Unitarity recovers by consider long-distance corrections for 
𝐷𝑠 → ℓ𝜈 (and 𝐷 → 𝐾ℓ𝜈 as a 1% uncertainty from the lattice 
estimation)

• By incorporating the structure-dependent QED and 𝐷 → ഥ𝐾ℓ𝜈
long-distance correction, one can perform more accurate CKM 
unitarity test (future work)         (Rowe and  Zwicky, 2404.07648)

https://arxiv.org/pdf/2404.07648


Back up
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Renormalization Scheme
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• Naive dimensional regularization (NDR) : anti-commutates with 𝛾5

• ‘t Hooft-Veltman scheme (HV) : commutates with 𝛾5

𝑑 = 4 − 2𝜖When we use dimensional regularization :



Back up
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Determination of 𝐸𝑚𝑎𝑥



• Correspondence with PHOTOS, which is experimental analysis tool

→ subtract final-state-radiation from theoretical calculation
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PHOTOS

Final-State-Radiation

Red : NDR
Blue : HV
Black : tree level
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Structure-Dependent QED

(Rowe and  Zwicky, 2404.07648)New contribution

tree

virtual radiation          etc…

radiation

virtual

https://arxiv.org/pdf/2404.07648
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