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The Standard Model

Cabibbo-Kobayashi-Maskawa (CKM) Matrix

 |Vub|≪ |Vud|,|Vus| 

Vij is unitary in SM

● (Semi-)Leptonic Decays of Hadrons ⇒  Electroweak Precision Test of SM

Weak Effective Hamiltonian

d′ = d,s 
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Current Status of CKM First Row
● The ratio of leptonic Γ(Kμ 2)/Γ(πμ 2) (Kℓ 2) measures |Vus/Vud|=tan θC

● Experimental data dominated by KLOE and 
KLOE-2 

[FLAG ‘24] (Nf = 2+1+1 )

Decay constants from lattice QCD in Iso-symmetric 
limit

QED and Iso-spin breaking corrections from 
lattice QCD 

● δ RKπ  = -1.26(14)% [Di Carlo et al, 2019] 
● δ RKπ = -0.86(40)% [Boyle et al, 2023]
● Agreement with χPT  

δ RKπ = -1.12(21)% [Cirigliano, Neufeld, 2011]

[Moulson, 2017]
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Current Status of CKM First Row

● Semileptonic K→πℓνℓ (Kℓ 3) decays of Kaons measure |Vus| = sin θC 
(KL e3, KS e3, K±e3, KL μ3, KS μ3, K±μ3)

Short-distance universal EW 
corrections (Sirlin factor) f+(0)=0.9698(17) [FLAG ‘24] (Nf = 2+1+1 )

● Updated experimental and theoretical results yield [Seng et al, 2022]

● Unlike Kℓ2, no lattice complete lattice calculations of                    yet.
● Newly proposed method: [Christ et al, ‘24] (QED∞)
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Current Status of CKM First Row
● |Vud| determination from superallowed nuclear β-decays and free neutron decays

Experimental determination 
of neutron lifetime τn and 
λ =gA/gV 

●       are short-distance (transition independent, single-nucleon) universal radiative corrections 
(γ W  box diagrams) 

●    

● Marciano & Sirlin 2006:                                  
● Dispersive evaluation of box diagrams

● Updated analysis with reduced uncertaintied quotes
                                   [Seng et al, ‘18]

● Other recent studies find agreement [Cirigliano et al, ‘23]
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Superallowed Nuclear β Decays
● The most precise determination of         comes from superallowed nuclear beta-decays

Fermi transition: only vector coupling   

Outer corrections (depend on final Z and Ee)

Inner corrections:        nuclear effects in γW box diagrams 
       isospin-breaking corrections

[Seng et al., ‘18] [Gorchtein, ‘18]

●                                                                                       is the 
statistical rate function (depends on phase-space), t is the half-life

●      is the “corrected” value (transition independent)

Averaged over 15 transitions

[Hardy & Towner, ‘20]
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Current Status of CKM First Row

[Cirigliano et. al., ‘22]

● Three bands show
●

●

●

● Tensions in unitarity test

●

●

●



Francesco Moretti (KIT) |Vud| Determination And CKM Unitarity - Ulifest 9

(B?)SM

● In recent years many analyses explored possible Beyond Standard Model scenarios to 
explain these anomalies

Vector-like fermions (e.g. Belfatto et. al., JHEP10(2021)079), LFU Violation 
(e.g. Crivellin et. al., Phys. Rev. D 103) or SMEFT (e.g. Alok et. al., Phys. Rev. 
D. 108)

● Yet, in order to shed light on the nature of anomalies, more precise theoretical predictions 
are needed!

High-scale & low-scale higher-order effects
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Higher-order corrections to β decays
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EFT For Neutron Decays

Credits: Wouter Dekens @ CKM2023
[Cirigliano et. al., ‘23]

Match @ O(α,α αs  ) Λ ≃ MW 

Run @ O(α2, α αs
 2) 

Match @ O(α,α αs  ) Λ ≃ mN 
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High-scale Matching

Matching imposed at μW ≃ MW 

● At scales               , SM approximated by a Hamiltonian comprising a single charged 
current-current operator

Tree level Wilson Coefficient: 

● First corrections at            [Gambino & Haisch, 2001], [Brod & Gorbahn, 2008]

● We compute the two-loop             QEDxQCD EW corrections 
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Running of Wilson Coefficient CO 

●  

Arbitrary renormalisation scale μ 
Evolution Kernel

● Renormalisation Group Equation (RGE) 

●  

3-loop EFT renormalisation

Known up to 

Wilson coefficient at EW scale

Anomalous dimension (ADM)

The anomalous dimension is related to the 
single 1/ε poles in the renormalisation matrix
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         Description of Neutron Decay

●  

Heavy nucleon fields Nucleon velocity Isospin matrix

Nucleon SpingV  and gA are vector and axial coupling

● The vector coupling can be expressed as    [Cirigliano et al, ‘23] 

Matching coefficient between 
Weak EFT and χPT 

●      receives non-pertutbative contributions from γ W box diagrams

Enters 0+→ 0+ transitions
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Matching Beyond Leading-Log

● Isoscalar contributions to         : 

● We introduce intermediate scheme: subtraction of UV limit through OPE

● This form of OPE recorvers the correct 4-dimensional behaviour [Cirigliano et al, ‘23]

Shift q2 by a hard scale μ0 
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Matching Beyond Leading-Log

● Match to MS according to Inclusion of evanescent operator 

Main advantage of intermediate scheme – not needed at LL-QCD accuracy

●  

Agreement with [Cirigliano et al, ‘23]
New results – to be 
combined with 3L ADM 
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Renormalisation Group Improvement

●   

LL:NLL:
● We define scheme independent quantities 

 
●  

●  

●  

Cancellation of scheme and 
scale dependence can be 
checked at each order  

[Cirigliano et al., ‘23]
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Renormalisation Group Improvement
● We use lattice determination                                          [Ma et al., ‘23]  
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1st Row CKM Unitarity
Vus from Vud + unitarity
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Conclusions
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Conclusions

● Recent analyses have shown tensions up to 3σ in the unitarity test of the 1st row of CKM
More precise SM predictions are needed to shed light on the nature of these tensions.

● Improved matching between the SM and the Weak EFT ⟹ Extraction of Wilson 
Coefficient at O(α αs)

● Improved running of the renormalised Wilson Coefficient in the MS – 3 loop ADM 

● Higher-order QCD corrections to low-scale matchcing
   

● Updated value of universal radiative corrections ∆R
 V and analyses on the impact on the 

determination of Vud from nuclear decays – test of CKM unitarity 

Thank You! Happy Birthday, Uli!



Francesco Moretti (KIT) |Vud| Determination And CKM Unitarity - Ulifest 22

Back Up
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Non Perturbative Input

● Last ingredient to determine gV is given by

One-dimensional integral over Nachtmann 
moment [Seng et al., ‘18]

Split into two regions

Low Q2=-q2 High Q2=-q2

DIS
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Non Perturbative Input

[W. Marciano & A. Sirlin, 
Phys. Rev. Lett. 96]
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Non Perturbative Input
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