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CKM unitarity

Benchmarks numbers for CKM tests from PDG “12. CKM

Quark-Mixing Matrix”

first row: |Vud|2 + |Vus|2 + |Vub|2 = 0.9985(7)

second row: |Vcd|2 + |Vcs|2 + |Vcb|2 = 1.001(12)

first column: |Vud|2 + |Vcd|2 + |Vtd|2 = 0.9972(20)

second column: |Vus|2 + |Vcs|2 + |Vts|2 = 1.004(12)

▶ International Workshop on the CKM Unitarity Triangle
(CKM 2023)

▶ WG1 also studies CKM unitarity tests involving only |Vij |
↪→ CKM Unitarity Circles
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Tension in first-row unitarity
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Vud

V
us

Ciriglino, Crivellin, Hoferichter, Moulson 2023

▶ Three bands from
▶ Kℓ3 = K → πℓνℓ
▶ πℓ2/Kℓ2

▶ β decays (superallowed,
neutron)

▶ Tensions

∆CKM = |Vud|2 + |Vus|2 − 1

∆Kℓ2–Kℓ3

CKM = −0.016(6) [2.6σ]

∆Kℓ2–β
CKM = −0.0010(6) [1.7σ]

∆Kℓ3–β
CKM = −0.0018(6) [3.1σ]

∆global
CKM = −0.0018(6) [2.8σ]

▶ Need to improve Vud, Vus!
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Vud determinations

1. Superallowed β decays (0+ → 0+ nuclear transitions) Talk by

M. Gorchtein

▶ +: many isotopes to average
▶ −: nuclear uncertainties

2. Neutron decay (n → pe+ν̄e) Talks by W. Dekens, B. Märkisch,

U. Schmidt

▶ +: no nuclear uncertainties
▶ −: need neutron lifetime τn and decay asymmetry λ = gA/gV

3. Pion β decay (π+ → π0e+ν̄e) Talk by M. Hoferichter

▶ +: theoretically pristine
▶ −: experimentally challenging
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Superallowed β decays Talk by M. Gorchtein

▶ New method to compute nuclear-structure corrections using
dispersion relations

▶ Modern ab-initio nuclear-structure methods being applied
to selected transitions

▶ Nuclear charge radii to help constrain nuclear-structure
calculations
↪→ experimental program at PSI, FRIB, ISOLDE, . . .
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EFT for neutron decay Talk by W. Dekens

EFT framework

▶ Explicit separation
of scales

▶ Resum large
logarithms

▶ Systematically
improvable
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Neutron decay asymmetry Talks by B. Märkisch, U. Schmidt

▶ Uncertainty in decay asymmetry λ dominant

|V n, best
ud | = 0.97402(2)∆f

(13)∆R
(35)λ(20)τn [42]total

↪→ already close to superallowed β decays

▶ But: assumes PERKEO III vs. aSPECT to be resolved!
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PIONEER Talk by M. Hoferichter

A next-generation rare PION dEcay ExpeRiment
▶ Physics goals

▶ (Phase I) Lepton flavor universality at 10−4 in

Re/µ =
Γ[π+ → e+νe(γ)]

Γ[π+ → µ+νµ(γ)]

▶ (Phase II+III) CKM unitarity Vud at 3× 10−4 from
π+ → π0e+ν̄e

▶ In both cases: factor 10 improvement to match theory errors
▶ Searches for exotics (heavy neutrinos, . . .)

▶ Status
▶ Approved to run at PSI 2203.01981
▶ R&D ongoing, Phase I to start in 2029
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Determination of Vus from kaon decays
Talk by M. Moulson:

B. Chakraborty A. Gilman M. Hoferichter M. Koval

WG1 Summary



12/24

Vud, Vus, and First-Row Unitarity Vcd, Vcs, and (semi)-leptonic D decays

New KLOE measurement of KS → πℓν

KLOE: analysis of the data sample (1.63 fb−1) collected in 2004-05, measured ratio:

Average (M. Moulson):
 

𝑽𝒖𝒔 𝒇+ 𝟎 = 𝟎. 𝟐𝟏𝟔𝟓𝟔(𝟑𝟓)

JHEP 02 (2023) 098Talk by A. Passeri:
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Vus/Vud and Kℓ2 decays
Talk by M. Moulson:
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Vus/Vud from lattice
Talk by F. Erben:

Final result:

New work: Prospects for a lattice calculation of the rare decay Σ+ → 𝑝 ℓ+ℓ−, [F. Erben et al., JHEP 04 (2023) 108]
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Vus and Vus/Vud from kaons, first-row fit

Summary for 𝑽𝒖𝒔 
from kaon decays

and first-row global fit
(M. Moulson)

Prospects for 𝑽𝒖𝒔 from kaon decays :
• New measurement of 𝐾𝜇3/𝐾𝜇2 at NA62

• Precision measurements at proposed HIKE 
High Intensity Kaon Experiments:
• Phase I, 𝐾+ beam
• Phase II, 𝐾𝐿  beam

Fit results:
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Charmed Hadron Lifetimes from BelleII (A. Schwartz)
τDs

A. J. Schwartz   Charm lifetimes, semileptonic decays at Belle II  CKM 2023   5

Belle
Ds
+ lifetime (207 fb-1) arXiv:2306.00365, submitted to PRL
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i) + (1 − fsig) Pbkg(t
i|τ, σt

i) Pbkg(σt
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BelleII PDG2020
D0 410.5± 1.1± 0.8 410.3± 1.0
D+ 1030.4± 4.7± 3.1 1033± 5

D+
s 499.5± 1.7± 0.9 504± 4

Λ+
c 203.20± 0.89± 0.77 210.5± 2.7

BelleII LHCb 2022
Ω0

c 243± 48± 11 276.5± 13.4± 4.4± 0.7

•D+
s , Λ+

c precision improved by
∼ 2x over world average
•Long Ω0

c lifetime confirmed
by BelleII
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New D Form Factors from the Lattice (W. Jay)

Lattice QCD with Heavy Quarks 
A challenging multi-scale problem

12W.I. Jay — MIT

10 MeV 100 MeV 1 GeV 10 GeV

1/L ≈ 30 MeV
M! = 140 MeV mb = 4.2 GeV

mc = 1 GeV

Heavy quarks are hard: lattice artifacts grow like 
powers (amh)n — especially tricky for masses near 
or above the cutoff

1/a ≳ 4.7 GeV
a ≲ 0.04 fm
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New D Form Factors from the Lattice (W. Jay)

31

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 
D-meson Semileptonic Decays 

 and |Vcd|, |Vcs|D(s) → K/π ℓν

W.I. Jay — MIT

HPQCD 
PRD 104 (2021) 3, 034505


arXiv:2104.09883

ETMC 
PRD 96 (2017) 5, 054514


arXiv:1706.03017
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33

D-meson Semileptonic Decays 
Second-row unitarity tests

W.I. Jay — MIT

Fermilab-MILC [WJ] 
PRD 107 (2023) 9, 094516


arXiv:2212.12648 

|Vcd |2 + |Vcs |2 + |Vcb |2 − 1 = − 0.0286(44)EXP(78)QCD[194]QED(28)EW

|Vcd |

|Vcs ||Vcs |

|Vcd |

ETMC 
PRD 96 (2017) 5, 054514


arXiv:1706.03017

• Consistent with unitarity at ≈1σ
• Uncertainty still dominated by theory
• QCD uncertainty subdominant to QED
• |Vcd|/|Vcs|: qualitatively similar arrangement to what was seen by ETMC 2017

Without QED 
With QED

With BESIII D → K/πℓν
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New D+
s → ℓν from BESIII (T.J. Wang)

▶ ∼ 1.4% precision on |Vcs| from BESIII D+
s → µν

▶ Many new measurements D+
s → τν in a variety of τ final states

▶ BESIII average determination of |Vcs| = 0.9774± 0.0056± 0.0072

▶ Sub-percent level precision, further reductions from improved D+
s

lifetime measured at BelleII

B. Chakraborty A. Gilman M. Hoferichter M. Koval
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Inclusive c → Xℓν (from M. Prim)

Recent measurements from BESIII
D+

s → Xeν Λc → Xeν

Lab-frameℬ(𝐷𝑠 → 𝑋𝑒 ҧ𝜈𝑒) – Result

9/19/2023 Markus Prim 23

• ℬ 𝐷𝑠 → 𝑋𝑒 ҧ𝜈𝑒 = 6.30 ± 0.13 ± 0.10 %

• Lepton momentum spectrum, extrapolated to 
zero-recoil with a sum-of-exclusive model
→In principle access to 𝐸ℓ moments

• ℬ 𝐷𝑠 → 𝑋𝑒 ҧ𝜈𝑒 − σ𝑖 ℬ 𝐷𝑠 → 𝑋𝑖𝑒 ҧ𝜈𝑒 = −0.04 ± 0.13 ± 0.20 %
Inclusive branching fraction saturated by sum of exclusive
→ In principle access to 𝑀𝑋 moments from sum-of-exclusive model

• Γ(𝐷𝑠→𝑋𝑒ഥ𝜈𝑒)
Γ(𝐷0→𝑋𝑒ഥ𝜈𝑒)

= 0.790 ± 0.016 ± 0.020
in agreement with prediction from an effective quark model, 
indicating non-spectator effects

ℬ(Λ𝑐 → 𝑋𝑒 ҧ𝜈𝑒) 
• Similar analysis strategy to the 
ℬ(𝐷𝑠 → 𝑋𝑒 ҧ𝜈𝑒) measurement

• But
• multiple single-tag channels used
• uses data taken at 𝑠 = 4.600, 4.612, 4.628, 4.640, 

4.661, 4.682, 4.698 GeV

• ℬ(Λ𝑐 → 𝑋𝑒 ҧ𝜈𝑒) = 4.06 ± 0.10 ± 0.09 %
with momentum spectrum

• Inclusive branching fraction not saturated by 
sum-of-exclusive decays

• Γ(Λ𝑐→𝑋𝑒ഥ𝜈𝑒)
Γ(𝐷→𝑋𝑒ഥ𝜈𝑒)

= 1.28 ± 0.05 
favors 1.2 from HQE and 
disfavors 1.67 from the effective-quark-method

9/19/2023 Markus Prim 25

ℬ(Λ𝑐 → 𝑋𝑒 ҧ𝜈𝑒)
• BES-III

Phys. Rev. D 107, 052005 (2023)

Lab-frame

▶ Lepton momentum spectra extrapolated to zero-recoil based
on sum-of-exclusive model

▶ In principle, access to HQE lepton energy moments

B. Chakraborty A. Gilman M. Hoferichter M. Koval
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Inclusive c → Xℓν (from K. Vos)

HQE for charm revisited

⇢ = m2
s /m2

c Fael, Mannel, KKV, hep-ph/1910.05234
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• RPI quantities (q2 moments) depend on reduced set

• Up to 1/m3
c only one extra HQE param

• Data required to test description

• Comparison of extracted HQE parameters with B decays

Key question: HQE indeed applicable to inclusive charm decays?

Keri Vos (Maastricht) Inclusive! 2023 28 / 30
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Extracting weak annihilation from data

Gambino, Kamenik [1004.0114]

• Extrapolate data to pe ! 0 and convert from lab frame to D meson rest frame

• Kinetic mass for charm at µ = 0.5 GeV threshold, HQE parameters as input

• Obtain strong bounds on weak annihilation (WA) contribution

• Max 2% WA contribution to B ! Xu`⌫

• My wish: Extract HQE and WA directly from q2 moments at BESIII

Keri Vos (Maastricht) Inclusive! 2023 29 / 30
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Future Prospects on D leptonic/semileptonic decays

▶ 20 fb−1 of D+ and D0 data from BESIII by 2024 (∼ 7x
current data )

▶ Exciting prospects from BelleII in D leptonic/semileptonic
▶ 10000 D+

s → µν decays from 20 ab−1, compared to 2500
from current BESIII data

▶ Inclusive c → Xℓν has strong prospects for tests of HQE

B. Chakraborty A. Gilman M. Hoferichter M. Koval
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Final Summary
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• QCD uncertainty subdominant to QED
• |Vcd|/|Vcs|: qualitatively similar arrangement to what was seen by ETMC 2017
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