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CKM matrix and 1st row unitarity
• SM coupling of quarks and leptons to :W

|Vij
CKM | =

0.974 0.224 0.004
0.225 0.973 0.042
0.009 0.041 0.9991

|Vud |2 + |Vus |2 + |Vub |2 = 1

∴ Δu
CKM = |Vud |2 + |Vus |2 + |Vub |2 − 1 = 0

Single gauge 
coupling, g

Unitary CKM 
matrix • Unitarity condition for 1st row:

[PDG 2025]

|Vud |2 ≈ 0.949
|Vus |2 ≈ 0.05

|Vub |2 ≈ 2 × 10−5

∴ Δu
CKM ≊ |Vud |2 + |Vus |2 − 1 = 0

small

Focus on measurements of  and Vud Vus

g

2
W+

α (ULVCKMγαDL + ēLγανeL + μ̄LγανμL + τ̄LγαντL) + h.c.

VCKM =
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtd

https://pdg.lbl.gov/2025/web/viewer.html?file=../reviews/rpp2024-rev-ckm-matrix.pdf
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CKM 1st row as a problem for new physics
• SM coupling of quarks and leptons to :W

∴ Δu
CKM = |Vud |2 + |Vus |2 + |Vub |2 − 1 = 0

Single gauge 
coupling, g

Unitary CKM 
matrix

• Most precise test of CKM unitarity, 
unitarity of for 1st row:

|Vub |2 ≈ 2 × 10−5

g

2
W+

α (ULVCKMγαDL + ēLγανeL + μ̄LγανμL + τ̄LγαντL) + h.c.

• Universality: is the coupling the same for quarks and leptons?

G2
ℓ =

gegμ

m4
W

G2
CKM =

(gqgℓ)2( |Vud |2 + |Vus |2 )
m4

W
≟

[Moulson, CKM23]
[Rosa, WIFAI 24]

https://indico.cern.ch/event/1184945/contributions/5540813/attachments/2717802/4721036/CKM%202023.pdf
https://agenda.infn.it/event/41047/contributions/246990/attachments/128124/193617/WIFAI_IlariaRosa.pdf
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 Measurement|Vus |
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 from  decays|Vus | Kℓ3
u s

W

Vus

• Where  and .   .  

•  : universal Short-Distance EW correction

K ∈ [K+, K0] ℓ ∈ [e, μ] C2
K = {0.5 for K+

1 for K0

SEW = 1.0232
Experimental inputs 

•  : decay rates with well-determined 
radiative decay treatment: 

• ,  Branching ratios 

• Kaon lifetimes   

•  : integral of form factor over phase-space.  

•  terms parameterise  evolution. 

•  : only  (or  , ),  : need  and 

Γ(K → πℓν(γ))

K± KL,S

IKL
(λKℓ)
λ t
Ke3 λ+ λ′￼+ λ′￼′￼+ Kμ3 λ+ λ0

Theoretical inputs 

•  : hadronic metric element (form 
factor) at 0 momentum transfer (t=0) 

•  : Form-factor correction for 
 breaking 

•  : Form-factor correction for Long-
Distance EM effects.

fK0π−

+ (0)

ΔSU(2)
K

SU(2)
ΔEM

Kℓ

Γ(K → πℓν(γ)) = |Vus |2 C2
KG2

Fm5
K

192π3
SEW | fK0π−

+ (0) |2 IKL
(λKℓ)(1 + 2ΔSU(2)

K + 2ΔEM
Kℓ )

[PDG 2025]

https://pdg.lbl.gov/2025/web/viewer.html?file=../reviews/rpp2024-rev-ckm-matrix.pdf
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KLOE/KLOE-2 : ℬ(KS → πℓν)

• [PLB 804 (2020) 135378]  First measurement of BR: , based on .  

• [JHEP 02 (2023) 098] recent result:   [0.8% unc.], based on . 

• Both normalised to  [also measured by KLOE]. Used to extract measurements of  (see later).

ℬ(KS → π0μν) = (4.56 ± 0.20) × 10−4 1.6 fb−1

ℬ(KS → π0eν) = (7.153 ± 0.037stat ± 0.044syst) × 10−4 1.6 fb−1

ℬ(KS → π+π−) |Vus | f+(0)

[Di Domenico, CERN Seminar, 22]

• DA NE -factory at LNF:  : tag  from “crash” interaction in calorimeter. 

• Select signal with kinematic BDT & time-of-flight  assignment: fit to .

Φ ϕ e+e− → ϕ → KSKL KL

πℓ m2
ℓ = (EKS

− Eπ − pmiss)2 − p2
ℓ

KS → πμν KS → πeν
Nπμν = 7223 ± 180 Nπeν = 49647 ± 316

https://inspirehep.net/literature/1770439
https://inspirehep.net/literature/2138787
http://www.apple.com/uk
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Fits to  and  rate data : input data vs fit KL K±

•  FitKL

[Moulson, CKM23]

 FitK±
Γ(K → πℓν(γ)) = |Vus |2 C2

KG2
Fm5

K

192π3
SEW | fK0π−

+ (0) |2 IKL
(λKℓ)(1 + 2ΔSU(2)

K + 2ΔEM
Kℓ )

See backups for details of inputs.

https://indico.cern.ch/event/1184945/contributions/5540813/attachments/2717802/4721036/CKM%202023.pdf
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 Form factorsKℓ3

• Form factor parameterisations 
, . 

• Current fit: 

f̃+(t) = exp [ t
m2

π(Λ+ − H(t)) ] f̃0(t) = exp [ t
m2

K − m2
π(ln C − G(t)) ]

Γ(K → πℓν(γ)) = |Vus |2 C2
KG2

Fm5
K

192π3
SEW | fK0π−

+ (0) |2 IKL
(λKℓ)(1 + 2ΔSU(2)

K + 2ΔEM
Kℓ )

[Moulson, CKM23]

https://indico.cern.ch/event/1184945/contributions/5540813/attachments/2717802/4721036/CKM%202023.pdf
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 and  from world data|Vus | f+(0) f+(0)

Γ(K → πℓν(γ)) = |Vus |2 C2
KG2

Fm5
K

192π3
SEW | fK0π−

+ (0) |2 IKL
(λKℓ)(1 + 2ΔSU(2)

K + 2ΔEM
Kℓ )

[FLAG 2024,  arXiv:2411.04268]

[EPJC 69 (2010) 399, Moulson, CKM23]

http://flag.itp.unibe.ch/2024/V(ud)%20and%20V(us)
http://flag.itp.unibe.ch/2024/V(ud)%20and%20V(us)
https://arxiv.org/abs/2411.04268
https://inspirehep.net/literature/855741,
https://indico.cern.ch/event/1184945/contributions/5540813/attachments/2717802/4721036/CKM%202023.pdf
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 Measurement
|Vus |
|Vud |
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 from  and  decays|Vus |
|Vud |

K± → μ±ν π± → μ±ν
|Vus |
|Vud |

fK
fπ

= (
ΓKμ2(γ)

mπ±

Γπμ2(γ)
mK± )

1
2 1 −

m2
μ

m2
π±

1 −
m2

μ

m2
K±

(1 −
1
2

δEM −
1
2

δSU(2))
Experimental inputs 

•  and  : decay rates. 

• Branching ratios  and 
 plus lifetimes  and  . 

• Use  info from fits.  

• Use  info from PDG.

Γ(Kμ2) Γ(πμ2)
ℬ(Kμ2)

ℬ(πμ2) τK± τπ±

K±

π±

Theoretical inputs 

•  : ratio of decay constants, 
lattice-scale uncertainties cancel. 

•  : Long-Distance EM corrections 
for  breaking. 

•  : Strong isospin breaking 
 .

fK /fπ

δEM
SU(2)

δSU(2)
fK /fπ → fK±/fπ±

|Vus |
|Vud |

fK
fπ

= 0.27683(29)exp(20)th
[FLAG 2024]

http://flag.itp.unibe.ch/2024/V(ud)%20and%20V(us)
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Summary :  and  from Kaon decays|Vus | |Vus |
|Vud |

• From  :   [total frac. unc. = 0.24%] 

• With  . 

• From  :  [total frac. unc. = 0.22%]  

• With  

• Are these results consistent with unitarity? : 

• Unitarity test:   ? 

• Find:   i.e.  .

Kℓ3 |Vus | = 0.22330(35)exp(39)lat(8)IB
f+(0) = 0.9698(17)

Kμ2/πμ2
|Vus |
|Vud |

= 0.23108(23)exp(42)lat(16)IB

fK /fπ = 1.1978(22)

Δ(3)
CKM = 0

Δ(3)
CKM = − 0.0164(63) −2.6σ

Δ(3)
CKM = |Vus |2

(Kℓ3)
1

|Vus/Vud |2
(Kμ2)

+ 1 − 1

Hint of anomaly only from  vs Kμ2 Kμ3
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 from  and  decaysVus τ → Kν τ → πν
• Experimental measurements of  decay rates can also be 

used to measure  

• + Lattice QCD calculations of inclusive and exclusive  
decay rates. 

• Not as precise as determination from Kaons, but 
consistent picture of tension wrt. CKM unitarity.

τ
|Vus |

τ

13

[arxiv:2411.18639], [PoS ICHEP2024 (2025) 483]

See ICHEP2024 
poster [A Lusiani]:

https://arxiv.org/pdf/2411.18639
http://www.apple.com/uk
https://indico.cern.ch/event/1291157/contributions/5896342/attachments/2896312/5078218/alusiani-hflav-tau-ichep24.pdf
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1st row CKM Unitarity
∴ Δu

CKM ≊ |Vud |2 + |Vus |2 − 1 = 0

From  :  K → π0μν |Vus | = 0.22330(35)exp(39)lat(8)IB

From  : K → μν/π → μν
|Vus |
|Vud |

= 0.23108(23)exp(42)lat(16)IB
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Determinations of |Vud |
•  from super-allowed  nuclear beta decays [MOST PRECISE] 

• e.g.   

• Measure half-lives and Q-values, determine decay rate factors and then .  

• Using 15 most precisely measured decays [Phys.Rev.C 102 (2020) 4, 045501] and up-
to-date set of radiative corrections [PLB 838 (2023) 137748]: 

 

•  from neutron lifetime  and axial-vector/vector coupling ,  
(recent precision measurements avoiding inconsistencies [PLB 838 (2023) 137748]): 

•  

• Good agreement, use average: 

|Vud | 0+ → 0+

14O(14,8) →14 N(14,7) + e+ + ν̄e

|Vud |

|Vud |β = 0.97367(11)exp(13)Rad.Cor.(27)Nucl.Struc.

|Vud | τn gA = GA/GV

|Vud |n = 0.97413(13)Rad.Cor.(35)gA
(20)τn

|Vud | = 0.97384(26)

Fractional uncertainty: σ|Vud|/ |Vud | = 3.3 × 10−4

Fractional uncertainty: σ|Vud|/ |Vud | = 4.4 × 10−4

Fractional uncertainty: σ|Vud|/ |Vud | = 2.7 × 10−4

u d

W

Vud

[PDG 2025]

https://inspirehep.net/literature/1821327
https://inspirehep.net/literature/2141742
https://inspirehep.net/literature/2141742
https://pdg.lbl.gov/2025/web/viewer.html?file=../reviews/rpp2024-rev-ckm-matrix.pdf
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•  defines a circle [dotted 
line] 

• Just from kaon decays:  discrepancy

 

• Include  from  decays:  discrepancy 

• From fit (yellow blob) without constraint: 
[ ] 

•  

•  ,  

• With scale factor : 

•  , 

∴ |Vud |2 + |Vus |2 ≊ 1

−2.6σ

Δ(3)
CKM = |Vus |2

(Kℓ3)
1

|Vus/Vud |2
(Kμ2)

+ 1 − 1 = − 0.0164(63)

|Vud | β −2.8σ

χ2/ndf = 6.4/2 (4.1%)
Δu

CKM = − 0.0018(6)
Vud = 0.97378(26) Vus = 0.22422(36)

S = 2.6
Vud = 0.9737(8) Vus = 0.2242(10)

Status of 1st row unitarity test
[HIKE proposal, CERN-SPSC-2023-031]Δu

CKM ≊ |Vud |2 + |Vus |2 − 1 = 0

• Discrepancy between measurements constitutes a  deficit 
in 1st row CKM unitarity : Cabibbo angle anomaly.

3σ

https://cds.cern.ch/record/2878543/files/SPSC-P-368.pdf
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1st row unitarity tests

Δ(1)
CKM = |Vud |2

(β) + |Vus |2
(Kℓ3)

− 1 = − 0.00176(56) [−3.1σ]

Δ(2)
CKM = |Vud |2

(β) [1 + |Vus/Vud |2
Kμ2 ] − 1 = − 0.00098(58) [−1.7σ]

Δ(3)
CKM = |Vus |2

(Kℓ3) ( |Vus/Vud |−2
(Kμ2) + 1) − 1 = − 0.0164(63) [−2.6σ] Not using any inputs 

from  decaysβ

[PLB 838 (2023) 137748]

Δu
CKM ≊ |Vud |2 + |Vus |2 − 1 = 0

•
3 observables:  ,  and  , and 2 unknowns  and  . 

•  Therefore construct 3 tests (each  if unitarity holds…)

|Vus |2
(Kℓ3)

Vus

Vud

2

(Kμ2)

|Vud |(β) Vud Vus

Δ(i)
CKM = 0

https://inspirehep.net/literature/2141742
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• In SM  only couples to Left-Handed chiral fermion states. 

• BSM physics with couplings to Right-Handed currents could explain deficits in 1st row unitarity 
and  difference. 

• Define: 

W

Kℓ3 − Kμ2

1st row non-unitarity: BSM with RH currents?

Δ(1)
CKM = 2ϵR + 2ΔϵR |Vus |2

Δ(2)
CKM = 2ϵR − 2ΔϵR |Vus |2

Δ(3)
CKM = 2ϵR + 2ΔϵR(2 − |Vus |2 )

[PLB 838 (2023) 137748]

• Where: 

• RH currents in u,d sector 

• RH currents in strange sector

ϵR =
ΔϵR =

• From current fit: 

•  

•  

•  excluded with  significance.

ϵR = − 0.69(27) × 10−3 (2.5σ)
ΔϵR = − 3.9(1.6) × 10−3 (2.4σ)
ϵR = ΔϵR = 0 3.1σ

https://inspirehep.net/literature/2141742
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The NA62 Experiment at CERN
• Primary goal: measurement of  

• New Technique:  decay-in-flight 

• Results: [PLB 791 (2019) 156] [JHEP 11 (2020) 042] [JHEP 06 (2021) 093][JHEP 02 (2025) 191] 

• Broader physics programme: 
• Precision Measurements (KAON25: M. Koval, Z. Hives, A. Romano) 

• Rare  decays (talks @ KAON25 by M. Tomczak) 
• LNV/LFV decays (talks @ KAON25 by E. Goudzovski) 

• Exotics (talks @ KAON25 by J. Schubert, M. Raggi) 

• Data taking 
• 2016 Commissioning + Physics run (45 days). 
• 2017 Physics run (160 days). 
• 2018 Physics run (217 days). 
• 2021 Physics run (85 days [10 beam dump]). 
• 2022 Physics run (215 days). 
• 2023 Physics run (150 days [10 beam dump]). 
• 2024 Physics run (204 days [12 dump, 7 low Intensity]). 
• 2025 Physics run (WIP: 211 days [10 dump, 7 low int.])

ℬ(K+ → π+νν̄)
K+

K+

19

~200 collaborators from ~30 institutions.

2016 2017 2018 2019 2020 2021 2022 2023 2024

LS2 (upgrades) LS3
2025 2026

https://inspirehep.net/literature/1704548
https://inspirehep.net/literature/1807490
https://inspirehep.net/literature/1854186
https://inspirehep.net/literature/2860356
https://indico.cern.ch/event/1485702/contributions/6585018/
https://indico.cern.ch/event/1485702/contributions/6585023/
http://www.apple.com/uk
https://indico.cern.ch/event/1485702/contributions/6584990/
https://indico.cern.ch/event/1485702/contributions/6585026/
https://indico.cern.ch/event/1485702/contributions/6585027/
http://www.apple.com/uk
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NA62 Low Intensity Data-taking,  & CKMVus
• Special low-intensity (~1% of nominal) data-taking with minimum bias triggers 

collected in 2024 (& planned for 2025) [NA62 SPSC report 2025]. 

• Sample size ensures minimal statistical uncertainties (0.1%). 

• Stable low-I min-bias conditions for minimal systematic uncertainties. 

• This allows key new investigations of the 6 main  decays including: 

•  : global kaons fit is currently dominated by KLOE measurement.  

•  and  : new inputs for . 

• : where  arise 
from  decays-in-flight.  

• Add several new ratios to over-constrain fits with good control of systematics. 

• Use single analysis framework, data-set …

K+

K+ → μ+ν
K+ → π0μ+ν K+ → π0e+ν ℬ(Kℓ3) ∝ |Vus |2 f+(0)2

ℬ(K+ → μ+ν)/ℬ(π+ → μ+ν) ∝ |Vus |2 / |Vud |2 ( fK /fπ)2 π+

K+ → π+π0

20

https://cds.cern.ch/record/2931958?ln=en
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e.g. NA62 and CKM 1st row unitarity : Kμ3/Kμ2
• NA62 is ideally placed to make a high precision (0.5%) measurement of 

 , with many systematics cancelling. 

• This single measurement can have a significant impact:  where: 

RKμ3/Kμ2 =
ℬ(K+ → π0μ+ν)
ℬ(K+ → μ+ν)

(RKμ3/Kμ2)−1/2 ∝ r

r ≡ ( 1 + Δ2
CKM

1 − Δ(3)
CKM )

−1/2

=

Vus

Vud

2

(Kμ2)

|Vus |2
(Kℓ3)

/ |Vud |(β)

= 1 − 2ΔϵR

• Uses input from  decays, but provides a qualified 
statement about consistency of data set. 

• Sensitive search for right-handed currents 
( ).

β

ΔϵR ≠ 0

[PLB 838 (2023) 137748]

[NA62 SPSC report 2025]

https://inspirehep.net/literature/2141742
https://cds.cern.ch/record/2931958?ln=en
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• PIONEER experiment at PSI [arxiv:2504.06375]
[proposal, 2203.01981] Approved - starting data-
taking in ~5 years. Focusing on  in 
phases 2 and 3. 

• Phase1: LFU test  , 0.1% precision, stopped 

pions, positrons from  or  . 

• Phase2: measure  with 0.2% 
precision, looking for back-to-back  from 
stopped pions, normalising to  [same 
concept as PIBETA]. 

• Thus improve  and  precision 
(using ratio ) by factor ~3.

π+ → π0e+νe

Re/μ =
Γ(π+ → e+ν(γ))
Γ(π+ → μ+ν(γ))

π+ → e+ν π+ → μ+ν, μ+ → e+νν̄

ℬ(π+ → π0e+νe)
γγ

π+ → e+ν

|Vud | |Vud /Vus |

Challenging long-term goal: reach precision of 0.02% on  
(competitive with super-allowed  decays) by end of phase 3.

|Vud |
β

Normalise to: 
(Exp):

(Theory):

CKM constraints from  (“pion beta decay”)π+ → π0e+νe

https://arxiv.org/pdf/2504.06375
https://inspirehep.net/literature/2046439
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Future for neutral kaons
• KOTO currently running at J-PARC, will be followed by KOTO-II [arXiv:2501.14827]. 

• Bespoke, highly specialised, design to study . 

• Current design has limited precision for other  decays, but modifications may 
be possible (e.g. synergistic with study of ?)

KL → π0νν̄
KL

KL → π0ℓ+ℓ−

[Nanjo, Kaons@CERN23]

[arXiv:2501.14827]

Proposed extension to the Hadron Hall at J-PARC

https://arxiv.org/abs/2501.14827
https://indico.cern.ch/event/1300660/contributions/5510821/attachments/2713417/4712264/KOTOIIforKaonsAtCERN.pdf
https://arxiv.org/abs/2501.14827
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• Cabibbo angle anomaly: tension with 1st row 
unitarity [currently at ~ ]. 

• + tension in  vs   

• 1st row:  ,  and  . 

• Key results from combined fits of  &  data. 

• Is current tension experimental in nature? 

• NA62 can provide new, high-precision 
measurements: direct test of the tensions and can 
have significant impact on fits. 

• + Future pion experiments (PIONEER) may challenge 
 precision. 

• Is tension due to BSM physics? 
• Test for right-handed currents established, currently 

weakly favoured (exclude 0 RH currents at ~ )

3σ
Kμ3 Kμ2

|Vus |2
(Kℓ3)

Vus/Vud
2

(Kμ2)
|Vud |(β)

K π

|Vud |

3σ

[Ann.Rev.Nucl.Part.Sci. 72 (2022) 69]

ToDo: NA62 Low Intensity

ToDo: PIONEER

https://inspirehep.net/literature/1965153
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Fit to  rate dataKS

26

[Moulson, CKM23]

Fit inputs & constraints Fit results

• Constraint: ∑ ℬ(Ks) = 1

https://indico.cern.ch/event/1184945/contributions/5540813/attachments/2717802/4721036/CKM%202023.pdf


Joel Swallow
WIFAI23

Fit to  rate dataKL
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[Moulson, CKM23]

Fit inputs & constraints Fit results

• Constraint: ∑ ℬ(KL) = 1 • c.f. current PDG result (since 09): 
 (Prob = 0.30%)χ2/ndf = 37.4/17

https://indico.cern.ch/event/1184945/contributions/5540813/attachments/2717802/4721036/CKM%202023.pdf
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Fit to  rate dataK±

28

[Moulson, CKM23]

Fit inputs & constraints Fit results

• Constraint: ∑ ℬ(K±) = 1
• c.f. current PDG result (2016): 

 (Prob = 0.26%)χ2/ndf = 53/28

• Note: restricted set of inputs wrt 
PDG fit (35 inputs, 8 parameters). 

• Note: negligible change when 
including ISTRA+ measurements.

https://indico.cern.ch/event/1184945/contributions/5540813/attachments/2717802/4721036/CKM%202023.pdf
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 Form factorsKℓ3

• Hadronic matrix element:   

•  decays: only vector form factor  

•  decays: also need scalar form factor  

• Parameterise using dispersion relations , . 

• Where  and  are polynomials from  scattering data, contributing to (but not much) uncertainty in fits. 

• Evaluate Integral of form factors over phase-space:  [where  parameterises  evolution]

< π |Jα |K > = f(0)[f̃+(t)(P + p)α + f̃−(t)(P − p)α]
Ke3 f̃+(t)

Kμ3 f̃0(t) = f̃+ + f̃−
t

m2
K − m2

π

f̃+(t) = exp [ t
m2

π(Λ+ − H(t)) ] f̃0(t) = exp [ t
m2

K − m2
π(ln C − G(t)) ]

H(t) G(t) Kπ

IKL
(λKℓ) λ t

29

Γ(K → πℓν(γ)) = |Vus |2 C2
KG2

Fm5
K

192π3
SEW | fK0π−

+ (0) |2 IKL
(λKℓ)(1 + 2ΔSU(2)

K + 2ΔEM
Kℓ )
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 Form factorsKℓ3

• Form factor parameterisations 
, . 

• Current fit: 

f̃+(t) = exp [ t
m2

π(Λ+ − H(t)) ] f̃0(t) = exp [ t
m2

K − m2
π(ln C − G(t)) ]

30
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[Moulson, CKM23]

https://indico.cern.ch/event/1184945/contributions/5540813/attachments/2717802/4721036/CKM%202023.pdf

