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1.1   Introduction: 1.1  Test of New Physics : Vus 

•  Extraction of the Cabibbo-Kobayashi-Maskawa matrix element Vus 

Ø  Fundamental parameter of the Standard Model 
 
Description of the weak interactions: 

Ø  Check unitarity of the first row of the CKM matrix:  
 

 

 

 
 
 
 
 

 
 
 

 

 

   
LEW = g

2
Wα

+ DLVCKMγ
αU L + eLγ

αν eL
+ µLγ

αν µL
+ τ Lγ

αντ L
( ) + h.c.

Unitary 
matrix 

Cabibbo Universality: 

1.1   The Standard Model  

•  Theory that describes the strong and electroweak interactions 
!  Degrees of Freedom:  

" Quarks and Leptons  
" The gauge bosons:  

   W+/-, Z and A 
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Particle physics

Central question of QFT-based particle physics

L =?

i.e. which degrees of freedom, symmetries, scales ?

H Hi
gg

s

3 générations

SM best answer up to now, but
neutrino masses
dark matter
dark energy
baryon asymmetry of the
universe
hierarchy problem

S. Descotes-Genon (LPT) Heavy flavours 20/01/14 3

3 generations 
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?2 2 2 1ud us ubV V V+ + =

Negligible ~2x10-5  
     (B decays) 
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1.1  Test of  the Standard Model: Vus and CKM unitarity 
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1.1   Introduction: 1.2  Constraining New Physics 

 

•  In the SM, W exchange ⇒ V-A currents, universality 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

Ø  BSM: sensitive to tree-level and loop effects of a large class of models 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Ø  Look for new physics by comparing the extraction of Vus from different 
processes: helicity suppressed Kµ2, helicity allowed Kl3, hadronic τ decays 
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2 2 2 1ud us CKMubV V V + Δ+ + =
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1.2  Constraining New Physics 

Matthew Moulson & Emilie Passemar 

SUSY, Z’, 
Charged Higgs 
Leptoquarks… + 

Semileptonic processes: SM and beyond

• In the SM,  W exchange  ⇒  V-A currents,  universality

1/Λ2  GF ~ g2Vij/Mw2 ~1/v2

,τ

WR, H+, 
leptoquarks, 
Z’, SUSY,…

• Broad sensitivity to BSM scenarios

• Experimental and theoretical precision at or approaching 0.1% level 
Probe effective scale Λ in the 5-10 TeV range

SUSY analyses:  

Bauman, Erler, 
Ramsey-Musolf,  
arXiv:1204.0035, 

… 
Kurylov & 

Ramsey-Musolf 
hep-ph/0109222.  

… 
Hagiwara et 

al1995 
… 

Barbieri et al 
1985 

…  Vud

2
+ Vus

2
+ Vub

2
= 1 + ΔCKM
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1.1   Introduction: 1.1  Test of New Physics : Vus 

Ø  BSM: sensitive to tree-level and loop effects of a large class of models 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

         BSM effects :  
 

 

 
 
 

 

 

2 2 2 1ud us CKMubV V V + Δ+ + =★ Only V-A structure

★ Universality relations 

Lepton 
universality

Cabibbo 
universality 

★ Sensitivity to BSM scale: Λ~1-10 TeV

€ 

Δ ~
cn

g
2

MW

2

Λ
2

≤ 10
−2
−10

−3

Semi-leptonic decays 
• Mediated by W exchange in the SM
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1.1   Introduction: 1.2  Constraining New Physics 
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1.3  Some history 
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•  2002  Old K → πlνl data gave 
 
 

                    PDG 2004: a 2.3σ hint of unitarity violation? 

 
 

•  2003: BNL E865 measured:  
 
 

        Value of Vus consistent with unitarity 
 

•  2004 – present: Many new measurements from KTeV, ISTRA+, KLOE, NA48  
 

Ø BRs, lifetimes, form-factors 
 

Ø Much higher statistics than older measurements 
 

Ø Proper account of correlations between measurements 
 

 Isospin breaking, radiative corrections start to matter:  
 computed within ChPT  

 

•  2008 – beyond: Progress in the computation of hadronic elements from lattice 
QCD as well as isospin breaking and EM effects 

 

 

 
 
 

     
 
 

     
 

 
 

 

  ΔCKM = 1 − Vud

2
− Vus

2
= 0.0035(15)
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  BR K + →π 0e+ν e( ) = 5.13(10)%



1.4  Experiment, Theory & Evaluation 

9 

 

•  Vus from Kl3 & Kl2:  
Ø  ~100 measurements of ~10 experimental parameters 

 

Ø  40+ lattice results for 2 hadronic matrix elements  

Ø  Radiative and SU(2) breaking corrections computed using ChPT 

 
 
 
 

•  Corresponding effort to synthesize results from lattice QCD: 
Flavor Lattice Averaging Group (FLAG) 
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1.1   Introduction: 

Matthew Moulson & Emilie Passemar 

1.4  Experiment, Theory & Evaluation 

~100 measurements of ~10 experimental parameters
50+ (and counting!) lattice results for 2 hadronic matrix elements 
Radiative and SU(2)-breaking corrections, ChPT results, etc.

Vus from
Kℓ3 & Kℓ2

Experimental averages, fits, etc
Selection of results (experiments, corrections)
Evaluation, discussion and intepretation
Final report: EPJC 69 (2010) 399
This talk is an attempt at an update to 2018

2006-2010 (EU 6FP)

Corresponding effort to synthesize results from lattice QCD:

Flavor Lattice 
Averaging Group 
(FLAG):
http://itpwiki.unibe.ch/flag

Participation by all major lattice collaborations
Biannual review of lattice results for π, K, B, D physics
2013 review: EPJC 74 (2014) 2890
2016 review: EPJC77 (2017) no.2, 112
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50+ (and counting!) lattice results for 2 hadronic matrix elements 
Radiative and SU(2)-breaking corrections, ChPT results, etc.

Vus from
Kℓ3 & Kℓ2

Experimental averages, fits, etc
Selection of results (experiments, corrections)
Evaluation, discussion and intepretation
Final report: EPJC 69 (2010) 399
This talk is an attempt at an update to 2018

2006-2010 (EU 6FP)

Corresponding effort to synthesize results from lattice QCD:

Flavor Lattice 
Averaging Group 
(FLAG):
http://itpwiki.unibe.ch/flag

Participation by all major lattice collaborations
Biannual review of lattice results for π, K, B, D physics
2013 review: EPJC 74 (2014) 2890
2016 review: EPJC77 (2017) no.2, 112

Experimental averages, fits, etc 
Selection of results (experiments, corrections) 
Evaluation, discussion and intepretation 

Here update based on  
Moulson & Passemar@CKM’2018 
Moulson@UMass, Amherst’2019 
  

FLAG Review 2019: arXiv 1902.08191  



2.  Vus from Kl3 decays 
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Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!

2.1  Vus from Kl3 decays 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

 
 
 
 

 
 
 
 
 

            Integral of form factor over  
              phase space:   s parametrize 
             evolution in t=q2 
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Experimental inputs: 
 

                            Rates with well-determined  
              treatment of radiative decays 

•  Branching ratios 
•  Kaon lifetimes 

  Γ Kl 3( )

 IKl λKl( )
λ

Inputs from theory: 
 

                                Universal short distance  
 EW corrections  

 
                 Hadronic matrix element  

 (form factor) at zero  
 momentum transfer (t=0) 

 
 Form-factor correction for  
 long-distance EM effects 

 
 Form-factor correction for 
 SU(2) breaking   

 SEW
K

  f+
K 0π −

(0)

  δEM
Kl

  δ SU(2)
Kπ

  
Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )*τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + δEM
Kl + δ SU(2)

Kπ( )2
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 ) / τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

  ΔEM
Kl

  ΔSU(2)
Kπ

2.1  Vus from Kl3 : Master Formula 



BR(K−e3/π−π0) = 0.2423(15)(37) (1.6%)
• Claimed to be fully inclusive for Ke3γ 

• No mention of radiative corrections 
• Many cuts, mainly topological 
•  3 different selections, at least 1 may be largely 

inclusive  
•  Included in PDG ’15 fit 
•  Treated as preliminary here (not in K± BR fit) 

2.2  Updates: K± BRs and lifetimes 

KLOE-2
PLB 738 (2014)

BR(π+π+π−) = 0.05565(31)(25) (0.7%) 
• No good measurements of BR(π+π+π−) in 2010 fit 
• Reconstruct 2 tracks in small fiducial volume near 

interaction region; evaluate missing mass for 3rd track 
•  Fully inclusive of radiation, but radiative corrections 

handled differently from other KLOE measurements 
•  Significant impact on value of BR(µν) from fit 

Correlation between BR(µν), BR(π+π+π−) = −0.75  

ISTRA+
PAN 77 (2014)  

Emilie Passemar 12 
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1.1   Introduction: 2.1  Vus from Kl3 decays 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 
 
 
 
 
 

Hadronic matrix element:  
 

 
 

•  Phase space integrals:  
 
 
 
 

 
•  In Ke3 decays: only vector FF 

 

•  In K3 decays, also need the scalar FF:  

 
•  For Vus, need integral over phase space of squared matrix element: Parameterize form 

factors and fit distributions in t (or related variables)  
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )

τ
= CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + δEM
Kl + δ SU(2)

Kπ( )2
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Sirlin’82 

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!

  
π − ( p)  sγ µu K 0(P) = f+

K 0π −

(0) P + p( )µ f+
K 0π −

(t) + P − p( )µ f−
K 0π −

(t)⎡
⎣

⎤
⎦

  f+
K 0π −

(t)
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this expression imply a large deviation from Dashen’s
limit, (�

K

0
K

+ + �
⇡

+
⇡

0)EM = �1.5�
⇡

+
⇡

0 , which im-
plies Q = 20.7 ± 1.2 (Kastner and Neufeld, 2008). Such
a small value of Q [compared to Q = 22.7± 0.8 given by
Leutwyler (1996)] was also supported by other studies
[Q = 22.0±0.6 in Bijnens and Prades (1997) and Q ' 20
in Amorós et al. (2001)]. It should be noted, however,
that the rather large value Q = 23.2 was obtained from
an analysis of ⌘ ! 3⇡ at two loops (Bijnens and Ghor-
bani, 2007a). On the other hand, the non-lattice deter-
minations of the second input parameter m

s

/bm ⇠ 24
have remained rather stable over the last years. Com-
bining Q = 20.7± 1.2 with m

s

/bm = 24.7± 1.1, Kastner
and Neufeld (2008) found R = 33.5 ± 4.3 and finally

�K
±
⇡

0

SU(2) = 0.058± 0.008.
It is worth stressing that the present precision of the

decay rates and of the radiative corrections permits also
an “experimental” determination of �K

±
⇡

0

SU(2) , which can be
used as a constraint on the quark mass ratio Q via the
formula (4.43). Combining recent K

`3 data (Antonelli
et al., 2010b) with the expression

�K
±
⇡

0

SU(2) =
2�

K

+
`3

�
K

0
`3

I
K

0
`

I
K

+
`

✓
M

K

0

M
K

+

◆5

� 1 �
⇣
�K

+
`

EM � �K
0
`

EM

⌘
,

(4.46)

one obtains �K
±
⇡

0

SU(2) exp = 0.054 ± 0.008, in perfect agree-
ment with the value obtained from quark mass ratios.

Alternatively, one may use the N
f

= 2 + 1 lattice av-
erage (Colangelo et al., 2011) m

s

/bm = 27.4 ± 0.4 being
considerably larger than the values obtained with non-
lattice methods. Combined with Q = 22.8 ± 1.2 from
the same data compilation, Eq. (4.43) yields �K

±
⇡

0

SU(2) =
0.048±0.006, still consistent with the experimentally de-
termined result.

3. Form factors and phase space integrals

Calculation of the phase space integrals I
K`

requires
knowing the momentum dependence of the form factors.
The vector form factor fK⇡

+ (t) defined in Eq. (4.38) re-
presents the p-wave projection of the crossed-channel ma-
trix element h0|s̄�µu|K⇡i whereas the s-wave projection
is described by the scalar form factor

f0(t) = f+(t) +
t

M2
K

�M2
⇡

f
�

(t). (4.47)

It is convenient to normalize all the form factors to
fK

0
⇡

�

+ (0) (denoted f+(0) in the following). In terms
of the normalized form factors f̄

i

(t) ⌘ f
i

(t)/f+(0), the
phase space integrals read

I
K`

=
2

3

Z
t0

m

2
`

dt

M8
K

�̄3/2

✓
1 +

m2
`

2t

◆ ✓
1� m2

`

2t

◆2

⇥
✓
f̄2
+(t) +

3m2
`

�2
K⇡

(2t+m2
`

)�̄
f̄2
0 (t)

◆
, (4.48)

with �̄ = (t� (M
K

+M
⇡

)2)(t� (M
K

�M
⇡

)2).
Traditionally, a polynomial parametrization has been

used for the form factors,

f̄+,0(t) = 1+ �0

+,0

t

M2
⇡

+

+
1

2
�00

+,0

✓
t

M2
⇡

+

◆2

+ . . . , (4.49)

where �0

+,0 and �00

+,0 are the slope and curvature, re-
spectively. Fits to the experimental distributions of K

`3

decays allow to extract the parameters �0

+, �
00

+, and �0

0.
The resulting uncertainty on the phase space integrals is
at the level of 0.12% for I

Ke

and 0.30% for I
Kµ

(Antonelli
et al., 2010b). This a↵ects the extraction of V

us

at the
level of 0.06% (K

e3) and 0.15% (K
µ3).

Other form factor parametrizations have been pro-
posed, in which, by using physical inputs, specific rela-
tions between the slope, the curvature and all the higher-
order terms of the Taylor expansion (4.49) are imposed.
This allows to reduce the correlations between the fit-
ted slope parameters: only one parameter is fitted for
each form factor. Explicit examples used to analyze data
include the pole parametrization, dispersive parametriza-
tions (Abouzaid et al., 2010; Bernard et al., 2006, 2009),
and the so-called z-parametrization (Hill, 2006).

4. The K`3 scalar form factor

SM predictions for the slope parameter �0

0 of the scalar
form factor of K

`3 decays were obtained by using di↵er-
ent approaches. In the isospin limit, the combination
of a two-loop result in chiral perturbation theory (Bij-
nens and Talavera, 2003) with an updated estimate of
the relevant p6 low-energy couplings based on Cirigliano
et al. (2005) and Cirigliano et al. (2003b) gave the result
�0

0 = (13.9+1.3
�0.4±0.4)⇥10�3 (Kastner and Neufeld, 2008).

Dispersive methods were employed by several authors.4

Typical numbers for the resulting scalar slope parameter
are: �0

0 = (14.7 ± 0.4) ⇥ 10�3, (Jamin et al., 2006), and
�0

0 = 13.71⇥ 10�3 (Bernard et al., 2011).
The low-energy theorem of Callan and Treiman

(Callan and Treiman, 1966; Dashen and Weinstein, 1969)
predicts the size of the scalar K

`3 form factor at the (un-
physical) momentum transfer t = �

K⇡

,

f0(�K⇡

) = F
K

/F
⇡

+�CT, (4.50)

with a correction term of O(m
u

,m
d

, e2). In the isospin
limit (m

u

= m
d

, e = 0), and at first non-leading order,
the tiny value �CT = �3.5 ⇥ 10�3 was computed by
Gasser and Leutwyler (1985b). A discussion of higher-
order e↵ects on this quantity can be found in Bijnens and

4 See for instance Jamin et al. (2002), Jamin et al. (2004), Jamin
et al. (2006), Bernard et al. (2006), Bernard and Passemar
(2008), Bernard et al. (2009), Bernard et al. (2011), Abbas et al.
(2010).

  
f0(t) = f+ (t) + t

mK
2 − mπ

2 f− (t)

2.3  Updates on Phase Space Integrals  

  
Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )*τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

Kµ3 decays, also need the scalar FF      

  
Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )

τ
= CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )
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Kπ  form factor parametrizations 

•  Parametrizations based on Taylor expansion: 
 
 
 
 
Very simple parametrization but limited in energy range and not physically 
motivated: many parameters and strong correlations between them 
         unstable fits 

•  Physically motivated parametrizations: 
–  Pole parametrization 

 
 
 

–  Dispersive parametrization         

 
 
 
 

 
 
 
 
 

        
 
 
 
 

 
 

  
f + ,0 (t) = 1 + λ+ ,0

t
m

π ±
2

⎛

⎝
⎜

⎞

⎠
⎟ f + ,0 (t) = 1+ λ+ ,0

' t
m

π ±
2

⎛

⎝
⎜

⎞

⎠
⎟ + λ+ ,0

'' t
m

π ±
2

⎛

⎝
⎜

⎞

⎠
⎟

2

or 

f + ,0 (t) =
MV ,S

2

MV ,S
2 − t

⎛

⎝
⎜

⎞

⎠
⎟

Well motivated for the vector (K* resonance) 
But for the scalar MS? 

  
f + (t) = exp

t
mπ

2  Λ + − H(t)( )⎡

⎣
⎢

⎤

⎦
⎥ and 

  
f 0(t) = exp

t
mK

2 − mπ
2  lnC −G(t)( )⎡

⎣
⎢

⎤

⎦
⎥

Bernard, Oertel, E.P., Stern’06,’09 

Kπ scattering phase Emilie Passemar 14 



Kℓ3 form factor data 
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•  Form-factor parameter measurements in FlaviaNet 2010 fit: 
 
 

 

•  Even if not in the original publications, all experiments have: 
•  Obtained results for Taylor, pole, and dispersive parameterizations 
•  Supplied parameter correlation coefficients 

KL: KTeV, KLOE, NA48 (Ke3 only) 
K−: ISTRA+ 

NA48/2
JHEP 1810 (2018)

Updating 2012 preliminary
K+ and K− simultaneously acquired in 
dedicated minimum-bias run 
Taylor, pole, and dispersive fits with 
complete investigation of systematics 

2.3 × 106 K±
µ3 

4.4 × 106 K±
e3 

New measurements:

OKA
JETPL 107 (2018)

Extraordinarily high precision claimed, 
esp. for λ+′, λ+″ 
Rudimentary discussion of systematics 
Not yet included in updated Ke3 fit 

5.25 × 106 K+
e3 

Emilie Passemar 
See talk by Gianluca Lamanna   



Fit to Ke3 form-factor slopes: 2010 
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I(K0
e3) = 0.15463(21) 

I(K+
e3) = 0.15900(22) 

λ'+ x 103

λ’’
+ x

 1
03

Slope parameters x 103

λ'+ = 25.15 ± 0.87 

λ’’+ = 1.57 ± 0.38
ρ(λ’+, λ’’+) = −0.941
χ2/ndf = 5.3/6 (51%)

68% CL contours

2010 Review

Excellent compatibility 
Significance of λ’’+ > 4σ

Slopes from KTeV KLOE ISTRA+ NA48 2010 fit

Emilie Passemar 



Fit to Ke3 form-factor slopes: Update 
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I(K0
e3) = 0.15463(21) 

I(K+
e3) = 0.15900(22) 

Slopes from 

λ'+ x 103

λ’’
+ x

 1
03

68% CL contours

Preliminary
update

KTeV KLOE ISTRA+ NA48 UpdateNA48/2

Excellent compatibility 
Very small change in λ’+ 

Slope parameters x 103

λ'+ = 25.17 ± 0.70
λ'+ = 1.49 ± 0.29

ρ(λ’+, λ’’+) = −0.929
χ2/ndf = 6.4/10 (61%)
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Slopes from 

λ'+ x 103

λ’’
+ x

 1
03

68% CL contours

Preliminary
update

KTeV KLOE ISTRA+ NA48 UpdateNA48/2

Not included in the fit 
•  If included: χ2/ndf ➞ 45/10      

(P ~ 10−6)

OKA
JETPL 107 (2018)

Slope parameters x 103

λ'+ = 25.17 ± 0.70
λ'+ = 1.49 ± 0.29

ρ(λ’+, λ’’+) = −0.929
χ2/ndf = 6.4/10 (61%)
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λ’’
+ x

 1
03

λ0 x 103

λ’’
+ x

 1
03

λ'+ x 103

λ0 x 103

λ' +
 x

 1
03

Update: χ2 = 13.4/11 (P = 26.8%)2010: χ2 = 12.1/8 (P = 14.5%)

Preliminary
update

Preliminary
update

Preliminary
update

KTeV KLOE ISTRA+ NA48/2 Update2010 fit

68% CL contours

68% CL contours

68% CL contours

NA48 Ke3 data included in fits but not shown
2010 fit
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KTeV KLOE ISTRA+ NA48/2 2010 fit UpdateKℓ3 avgs from 
NA48 Ke3 data included in fits but not shown

Λ+ x 103
 = 25.55 ± 0.38

ln C = 0.1992(78)
ρ(Λ+, ln C) = −0.110

χ2/ndf = 7.5/7 (38%)

Λ+ x 103

ln
 C

 

Integrals
Mode Update 2010
K0

e3 0.15470(15) 0.15476(18)
K+

e3 0.15915(15) 0.15922(18)
K0

µ3 0.10247(15) 0.10253(16)
K+

µ3 0.10553(16) 0.10559(17)

Only tiny changes in central values 

Preliminary
update

68% CL contours

2010 fit
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KTeV KLOE ISTRA+ NA48/2 2010 fit UpdateKℓ3 avgs from 
NA48 Ke3 data included in fits but not shown

Λ+ x 103
 = 25.55 ± 0.38

ln C = 0.1992(78)
ρ(Λ+, ln C) = −0.110

χ2/ndf = 7.5/7 (38%)

Λ+ x 103

ln
 C

 Preliminary
update

68% CL contours

With parameterization 
uncertainty

Fit results include common 
uncertainty from H(t), G(t): 
σparam(Λ+) = 0.3 x 10−3

σparam(ln C) = 0.0040  
 

KTeV, Bernard et al.’09

Confidence ellipses shown without 
common uncertainty (except as 
indicated)

2010 fit

Emilie Passemar 
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2.4  Electromagnetic and isospin breaking corrections 

•  Master formula for 
 
 
 
 
 

•  Short distance electroweak correction  

•  Long distance EM corrections:          Computed in ChPT at O(p2e2) 
 
 
 
 

•  Isospin breaking : 
 
 
Computed in ChPT at O(p4):   
 
Inputs from lattice QCD and from η → 3π analysis for Q    

 

 

 
 
 

 
 
 
 

 
 
 
 
 

        
 
 
 
 

 
 

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

For Vus, need integral over phase space of squared matrix element:"
Parameterize form factors and fit distributions in t (or related variables)"

Kµ3 decays: Also need scalar form factor:!

2.4  Electroweak corrections 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

 
 
 
 

 
 
 
 
 

        
 
 
 
 

 
 

2.1  Vus from Kl3 decays 

•  Master formula for K → πlνl: K = {K+,K0}, l={e,µ} 

•  Sew : Short distance electroweak correction 
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Sew = 1 + 2α
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Vus from K→ πlν  decays 

Short distance 
electroweak correction:

Sirlin ‘82
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Input on Q 

Continuing progress on lattice
E.g. BMW ’16  PRL 117

Nf  = 2+1 QCD, 5sp, mπ phys
Partially quenched QED
Q = 23.4(4)st(3)sy(4)QED
but some tension

Recent dispersion relation 
analyses of η → 3π Dalitz plot
e.g. Colangelo, Lanz, Leutwyler, E.P’18 
 

1.6 fb−1 KLOE ’04 -’05 data

Continuing progress + systematic 
review of existing results for light-
quark masses may help 

Previous to new results on Q, uncertainty on ΔSU(2) leading contributor to uncertainty 
on Vus from K± decays —can it be reduced?

20 21 22 23 24

Q

χPT O(p4) (Gasser, Leutwyler’85)

η → 3π

χPT O(p6) (Bijnens, Ghorbani’07)

dispersive (Anisovich et al.’96)

dispersive (Kambor et al.’96)

dispersive (Kampf et al.’11)

dispersive (Albaladejo et al.’17)

dispersive (Guo et al., JPAC’15’17)

dispersive (Colangelo et al.’18)

Weinberg’77

kaon mass splitting

Kastner, Neufeld’08

Nf = 2

lattice, FLAG’19

Nf = 2 + 1

Nf = 2 + 1 + 1
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2.8  Isospin breaking corrections 

Strong isospin breaking
Quark mass differences, η-π0 mixing in K+π0 channel

Test by evaluating Vus from K± and K0 data with no corrections:
Equality of Vus values would require ΔSU(2) = 2.82(38)%   

= +2.61(17)% Calculated using

χp4 = 0.252
NLO in strong interaction
O(e2p2) term εEM(4) ~ 10−6 

Q = 22.1(7) MK = 494.2(3)
^ Mπ = 134.8(3)ms/m = 27.43(13)(27)

Isopsin-limit
meson masses

•  Calculation scheme of Kastner & Neufeld ’08, Cirigliano et al. ’02
•  LECs from Bijnens & Ecker ’14

Q = 22.1(7)MK = 494.2(3)
Mπ = 134.8(3)

^ ms/m = 27.43(13)(27)

•  Isopsin-limit meson masses •  Quark masses 
η � 3π analysis  

Colangelo, Lanz, Leutwyler, E.P’17’18 

FLAG’19 Gasser & Leutwyler’85  

Emilie Passemar 
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Average: |Vus| f+(0) = 0.2163(5)      χ2/ndf = 0.77/4 (94%)

% err BR τ Δ Int

KLe3 0.2163(6) 0.26 0.09 0.20 0.11 0.06

KLµ3 0.2166(6) 0.29 0.15 0.18 0.11 0.08

KSe3 0.2155(13) 0.61 0.60 0.03 0.11 0.06

K±e3 0.2160(11) 0.52 0.31 0.09 0.40 0.06

K±µ3 0.2158(14) 0.63 0.47 0.08 0.39 0.08

Approx. contrib. to % err from:|Vus| f+(0) 
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% err BR τ Δ Int

KLe3 0.2164(6) 0.26 0.09 0.20 0.11 0.05

KLµ3 0.2167(6) 0.29 0.15 0.18 0.11 0.07

KSe3 0.2156(13) 0.61 0.60 0.02 0.11 0.05

K±e3 0.2169(8) 0.35 0.27 0.06 0.21 0.05

K±µ3 0.2167(11) 0.50 0.45 0.06 0.21 0.07

Approx. contrib. to % err from:|Vus| f+(0) 

Average: |Vus| f+(0) = 0.21652(41)      χ2/ndf = 0.98/4 (91%)
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2.6  Determination of  f+(0)   

    
     
 
 
 

 
 
 
 

 
 

•  SU(3) breaking in f+(0) 
–  CVC + Ademollo-Gatto theorem: 

 
 

•  fp4
:   

 

à One loop graph :  
 
à First order in mq, 2nd order in (ms – mu) 
 
à No local operators, UV finite, free of uncertainties 
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SU(3) breaking in f+(0) 
• CVC + Ademollo-Gatto theorem:  

chiral expansion

Large and positive  chiral loop contributions
@  µ = M"  

LECs not fixed by chiral symmetry: 
rely on quark model, large-Nc estimates, LQCD

Bijnens Talavera 2003

SU(3) breaking in f+(0) 
• CVC + Ademollo-Gatto theorem:  

chiral expansion

Large and positive  chiral loop contributions
@  µ = M"  

LECs not fixed by chiral symmetry: 
rely on quark model, large-Nc estimates, LQCD

Bijnens Talavera 2003

SU(3) breaking in f+(0) 
• CVC + Ademollo-Gatto theorem:  

• One-loop graphs in EFT

• 1st order in mq, 2nd order in (ms-mu) 

• No local operators, UV finite, free of uncertainty

⇒

 Gasser-Leutwyler‘85

chiral expansion

Gasser & Leutwyler’85 
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Bijnens Talavera 2003Bijnens & Talavera’02 

chiral expansion 
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Bijnens & Talavera’02  

LECs not fixed by chiral symmetry: 
quark model, large-Nc estimates, LQCD  
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Nf  = 2+1 f+(0) = 0.9636(+62
-65)  PRD96 (2017) 

JLQCD: Overlap, mπ → 300 MeV
Exact chiral symmetry, one lattice spacing

Nf = 2+1+1 f+(0) = 0.9709(44)(9)(11) PRD 93 (2016)
ETM 16: TwMW, 3sp, mπ → 210 MeV
Full q2 dependence of f+, f0 

f+(0) = 0.9696(15)(11) PRD 99 (2019)
FNAL/MILC update 13E

Nf  = 2+1 f+(0) = 0.9677(27)
Uncorrelated average of:
RBC/UKQCD 15A: DWF, mπ → 139 MeV
FNAL/MILC 12I: HISQ, mπ ~ 300 MeV

Nf = 2+1+1 f+(0) = 0.9704(32)
FNAL/MILC 13E: HISQ, mπ → 135 MeV

1.1   Introduction: 2.6   Determination of  f+(0)   

29 

Recent updates:

FLAG ’19 averages:

ChPT:
Nf  = 2+1 f+(0) = 0.970(8)      Chiral Dynamics 15

Ecker 15: According to Bijnens 03
New LECs from Bijnens, Ecker 14

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Evaluations of f+(0) 

31

ChPT, etc.

Nf = 2

Nf = 2+1+1

JLQCD17
RBC/UKQCD 15A

RBC/UKQCD 13
FNAL/MILC 12I

JLQCD 12
JLQCD 11

RBC/UKQCD 10
RBC/UKQCD 07

ETM 10D
ETM 09A

0.95 0.97 0.99

Kastner 08
Cirigliano 05
Jamin 04
Bijnens 03
L&R 84

Nf = 2+1

Recent updates:
Nf = 2+1+1 f+(0) = 0.9696(15)(11)   1809.02827

FNAL/MILC 18: HISQ, 5sp, mπ � 135 MeV,
new ensembles added to FNAL/MILC 13E 

Nf = 2+1+1 f+(0) = 0.9706(27)
Uncorrelated average of:
FNAL/MILC 13E: HISQ, mπ � 135 MeV
ETM 16: TwMW, 3sp, mπ � 210 MeV,

Full q2 dependence of f+, f0 

Nf  = 2+1 f+(0) = 0.9677(27)
Uncorrelated average of:
FNAL/MILC 12I: HISQ, mπ ~ 300 MeV
RBC/UKQCD 15A: DWF, mπ � 139 MeV

FLAG ’19 averages:FLAG ’19
1902.08191 FNAL/MILC 18

ETM16
FNAL/MILC 13E

FNAL//MILC 13C

ChPT:
Nf  = 2+1 f+(0) = 0.970(8)      Chiral Dynamics 15

Ecker 15: According to Bijnens 03,
with new LECs from Bijnens, Ecker 14



2019 averages for f+(0) 

Nf = 2+1+1
f+(0) = 0.9698(17)

FNAL/MILC18 preliminary replaces FNAL/MILC13E in FLAG average

ETM16 0.9709(44)(9)(11)ext

FNAL/MILC18 0.9696(15)(11)

Nf = 2+1
 f+(0) = 0.9677(27)

FLAG average, Nov 2016 update
JLQCD17 not included because only 1 lattice spacing used

FNAL/MILC12I 0.9667(23)(33)
RBC/UKQCD15A 0.9685(34)(14)

Emilie Passemar 30 



1.1   Introduction: 2.7  q2 dependence of  Kπ form factors  

31 

ETM
PRD 93 (2016)

Nf = 2+1+1  Twisted-mass Wilson fermions
3 lattice spacings, smallest mπ � 210 MeV
Results for full q2 dependence of f+, f0 

Fit synthetic data points with 
dispersive parameterization

•  Basic agreement with 
experimental results
•  Confirms basic correctness of 

lattice calculations for f+(0)
•  In the near future FF parameters 

will be obtained on lattice?

Λ+ = 24.22(1.16) × 10−3 ρ(Λ+, f+(0)) = −0.228
ρ(ln C, f+(0)) = −0.719
ρ(Λ+, ln C) = +0.376

ln C = 0.1998(138)

f+(0) = 0.9709(44)st(9)sy(11)ext

|V
us

| f
+,

0(0
) 

q2 [GeV] Λ+ × 103
ln

 C

Giusti et al.

KTeV

NA48/2 KLOE

ISTRA+

fit



•  Decay rate master formula 
 

•  Nf=2+1 
 

 
 
 

 
•  Nf=2+1+1 
 
 

     
 

      

 

 

 
 
 
 
 

2.8  Extraction of Vus 

  f+ 0( )Vus = 0.21652 ± 0.00041exp   Vus = 0.22375 ± 0.00043exp ± 0.00062lat

  f+ 0( ) = 0.9677 27( )

Emilie Passemar 

FLAG’19 
Nf = 2+1 

32 

  f+ 0( )Vus = 0.21652 ± 0.00041exp   Vus = 0.22326 ± 0.00043exp ± 0.00039lat

  f+ 0( ) = 0.9698 17( )

  
Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 ) / τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

FLAG’19 
Nf = 2+1+1 

−1.6σ with unitarity 

−2.2σ with unitarity 



3.   Vus/Vud from Kℓ2/πℓ2  decays 
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•  From Kl2/πl2: 

 
 
 

 
         Inputs needed :  

     à Experimental BRs from FlaviaNet kaon WG review Antonelli et al.’10 
 

    à FK/ Fπ  Lattice calculations  
 
à Electromagnetic and isospin breaking corrections 

 
 
 
 

  
 
 

 

 

2.2  Vus/Vud from Kl2/�l2 
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Γ K → µν γ⎡⎣ ⎤⎦( )
Γ π → µν γ⎡⎣ ⎤⎦( ) =

m
K ±

m
π ±

1 − mµ
2 m

K ±
2( )

1 − mµ
2 m

π ±
2( )

fK
2

fπ
2

Vus

2

Vud

2 1 + δEM( )

Emilie Passemar 

Marciano’04, Knecht et al.’99 

Inputs from theory:
Cirigliano, Neufeld ’11
δEM = −0.0069(17)

Long-distance EM corrections
δSU(2) = −0.0043(5)(11)

Strong isospin breaking
fK/fπ →  fK±/fπ± 

Lattice: fK/fπ
Cancellation of lattice-scale 
uncertainties from ratio
NB: Most lattice results already 
corrected for SU(2)-breaking: fK±/fπ±

Inputs from experiment:
Updated K± BR fit:

BR(K±
µ2(γ)) = 0.6358(11)

τK± = 12.384(15) ns
PDG:

BR(π±
µ2(γ)) = 0.9999

τπ± = 26.033(5) ns

|Vus/Vud| × fK±/fπ± =
 0.27599(37)

No SU(2)-breaking correction

3.1   Master formula for Vus/Vud from Kℓ2/πℓ2  decays  

Emilie Passemar 34 



1.1   Introduction: 3.2   Electromagnetic corrections  

35 

Giusti et al. 
PRL 120 (2018)

First lattice calculation of EM corrections to Pl2 decays
•  Ensembles from ETM
•  Nf = 2+1+1  Twisted-mass Wilson fermions

δSU(2) + δEM = −0.0122(16) 

•  Uncertainty from quenched QED included (0.0006)

Compare to ChPT result from Cirigliano, Neufeld ’11:
δSU(2) + δEM = −0.0112(21) 

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Vus/Vud and Kℓ2 decays

37

Giusti et al. 
PRL 120 (2018)

First lattice calculation of EM corrections to Pl2 decays
•  Ensembles from ETM
•  Nf = 2+1+1  Twisted-mass Wilson fermions

δSU(2) + δEM = −0.0122(16) 

•  Uncertainty from quenched QED included (0.0006)

Compare to ChPT result from Cirigliano, Neufeld ’11:
δSU(2) + δEM = −0.0112(21) 

Di Carlo et al. 
1904.08731

Update, extended description, and systematics of Giusti et al.
δSU(2) + δEM = −0.0126(14) 

|Vus/Vud| × fK/fπ = 0.27679(28)BR(20)corr 

Emilie Passemar 



1.1   Introduction: 3.3   Lattice results for fK/fπ 

36 The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Lattice evaluations of fK/fπ

38

Nf = 
2+1+1

fK±/fπ± = 1.1932(19)
Includes:
FNAL/MILC 17: 

HISQ, 4sp, mπ phys
Updates MILC 13A, FNAL/MILC 14A

HPQCD 13A
HISQ, 3sp, mπ phys, 
Same ensembles as FNAL/MILC 17

ETM 14E
TwM, 3sp, mπ = 210-450 MeV

Nf  = 
2+1

fK±/fπ± = 1.1917(37)
Recent measurements:
QCDSF/UKQCD 16: 

Clover, 4sp, mπ � 220 MeV
BMW16: 

Clover, 5sp, mπ � 139 MeV
RBC/UKQCD 14B: 

DWF, mπ = 139 MeV
fK and fπ separately (isospin limit)

FNAL/MILC 17
ETM 14 E
FNAL/MILC 14A
ETM 13F
HPQCD 13A
MILC 13A
MILC 11
ETM 10E

QCDSF/UKQCD 16
BMW16
RBC/UKQCD 14B
RBC/UKQCD 12
Laiho 11
MILC 10
JLQCD/TWQCD 10
RBC/UKQCD 10A
BMW 10
MILC 09A
MILC 09
Aubin 08
RBC/UKQCD 08
HPQCD/UKQCD 07
MILC 04

ETM 14D
ALPHA 13
ETM 10D
ETM 09
QCDSF/UKQCD 07

1.14 1.18 1.22 1.26

Nf = 2

Nf = 2+1+1

Nf = 2+1

FLAG ’19 averages:FLAG ’19
1902.08191
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1.1   Introduction: 3.3   Lattice results for fK/fπ 

37 The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Lattice results for fK/fπ

39

Recalculate FLAG averages for results without SU(2)-breaking
Isospin-limit results as reported in original papers

Nf = 2+1+1  fK/fπ = 1.1967(18)

FNAL/MILC17 1.1980(+13
−19)

HPQCD13A 1.1948(15)(18)
ETM14E 1.188(15)

Nf = 2+1  fK/fπ = 1.1946(34)*

QCDSF/UKQCD17 1.192(10)(13)
BMW16 1.182(10)(26)
RBC/UKQCD14B 1.1945(45) 
BMW10 1.192(7)(6)
HPQCD/UKQCD07 1.198(2)(7)

Correlated uncertainties

Uncorrelated uncertainty

*MILC10 omitted from average because unpublished
Emilie Passemar 



1.1   Introduction: 3.4  Vus from Kl2 + Vud (0+ → 0+)  

38 
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FLAG’16 

•  From Kl2/πl2: 
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Γ K → µν γ⎡⎣ ⎤⎦( )
Γ π → µν γ⎡⎣ ⎤⎦( ) =

m
K ±

m
π ±

1 − mµ
2 m

K ±
2( )

1 − mµ
2 m

π ±
2( )

fK
2

fπ
2

Vus

2

Vud

2 1 + δEM( )

Emilie Passemar 
Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

|Vus|(Kℓ2) and |Vud|(0+ → 0+): Update"

37!

 Choice of fK±/fπ±! Vus/Vud ΔCKM = Vud2[1 + (Vus/Vud)2] − 1 

Nf  = 2+1" 1.192(5)" 0.2315(10)! −0.0001(6)" = −0.2σ"

Nf = 2+1+1" 1.1960(25)" 0.2308(6)! −0.0004(5)  = −0.9σ 

|Vus/Vud| × fK±/fπ± = 0.2760(4) and |Vud| = 0.97417(21) !

Kℓ2 data and lattice results for fK±/fπ± give rather better agreement 
with unitarity than Kℓ3 data and lattice results for f+(0) 

Question: "
Assuming |Vud|, |Vus/Vud| × fK±/fπ±, and fK±/fπ± all correct, is the 

problem with the Kℓ3 data or lattice results for f+(0)?"

B(Kµ2)

τ±

fK/fπ EM

1

B(Kµ2)

τ±

fK/fπ EM

1

Moulson@CKM2014 

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2016, Mumbai, 1 December 2016

|Vus|(Kℓ2) and |Vud|(0+ → 0+): Update

34

 Choice of fK±/fπ± Vus/Vud ΔCKM = Vud2[1 + (Vus/Vud)2] − 1 

Nf  = 2+1 1.192(5) 0.2315(10) −0.00004(59) = −0.06σ

Nf = 2+1+1 1.1933(29) 0.2313(6) −0.00015(48) = −0.3σ 

|Vus/Vud| × fK±/fπ± = 0.27599(37) and |Vud| = 0.97420(21) 

Kℓ2 results give rather better agreement with 
unitarity via Vud than Kℓ3 results (−2σ)

Exercise:
•  Assume |Vud|, |Vus/Vud| × fK±/fπ±, and fK±/fπ± all correct
•  In Kℓ3 does the discrepancy arise from data or from 

lattice results for f+(0)?

M. Moulson@CKM’16 

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

|Vus|(Kℓ2) and |Vud|(0+ → 0+): Update

40

|Vus/Vud| × fK/fπ = 0.27679(34) and |Vud| = 0.97420(21)
δSU(2) + δEM = −0.0126(14) from Di Carlo et al. ’19 

Kℓ2 results give better agreement with 
unitarity via Vud than Kℓ3 results (−2σ)

Exercise:
•  Assume |Vud|, |Vus/Vud| × fK/fπ, and fK/fπ all correct
•  In Kℓ3 does the discrepancy arise from data or from 

lattice results for f+(0)?

Nf  = 2+1
fK/fπ = 1.1946(34)

Vus = 0.22573(28)exp(64)lat(05)ud
ΔCKM = +0.00003(13)exp(29)lat(43)ud = +0.1σ

Nf = 2+1+1
fK/fπ = 1.1967(18)

Vus = 0.22533(28)exp(34)lat(05)ud   
 ΔCKM = −0.00015(13)exp(15)lat(43)ud = −0.3σ 

Nf  = 2+1
fK/fπ = 1.1946(34)

Vus/Vud = 0.23170(29)exp(66)lat

Nf = 2+1+1
fK/fπ = 1.1967(18)

Vus/Vud = 0.23129(29)exp(35)lat   
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  Vud

2
+ Vus

2
+ Vub

2
= 1 + ΔCKM

3.4   Vus from Kl2 + Vud (0+    0+)  

Emilie Passemar 

|Vus/Vud| × fK±/fπ± = 0.27679(34) and |Vud| = 0.97418 (21)
δSU(2) + δEM = −0.0126(14) from Di Carlo et al. ’19 

Nf  = 2+1
fK/fπ = 1.1946(34)

Vus = 0.22572(28)exp(64)lat(05)ud

ΔCKM = +0.00003(13)exp(29)lat(43)ud = +0.1σ

Nf = 2+1+1
fK/fπ = 1.1967(18)

Vus = 0.22532(28)exp(34)lat(05)ud   
 ΔCKM = −0.00015(13)exp(15)lat(43)ud = −0.3σ 

Kℓ2 results give better agreement with 
unitarity via Vud than Kℓ3 results (−2σ)



4.   Vus and Unitarity of the CKM matrix 
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1.1   Introduction: 4.1  Vus and CKM unitarity: All data, Nf=2+1 

41 
Testing the Standard Model with kaon decays – M. Moulson (Frascati) – CIPANP – St. Petersburg, FL  – 30 May 2012!

Vus and CKM unitarity: World data!

27!

Use f+(0) = 0.959(5) and fK/fπ = 1.193(5)!
Fit to results for |Vud|, |Vus|, |Vus|/|Vud| !

Fit results, no constraint!

Vud = 0.97425(22)!
Vus = 0.2256(8)!
χ2/ndf = 0.01/1 (92%)!

ΔCKM = +0.0001(6)!

Fit results, unitarity constraint!

Vud = 0.97423(14)!
Vus = 0.2255(6)!
χ2/ndf = 0.03/2 (99%)!

Vus/Vud 

Vus!

fit!
fit with 
unitarity!

unitarity!

Vud 

V u
s 

Vud 

|Vud| = 0.97425(22)!
|Vus| = 0.2255(13)!

|Vus|/|Vud| = 0.2317(11)!

Status in 2010 
Emilie Passemar 



1.1   Introduction: 4.2  Vus and CKM unitarity: All data, “Conv.” Vud 

42 

Fit results, no constraint

Vud = 0.97414(21)
Vus = 0.22456(35)
χ2/ndf = 8.0/1 (0.5%)

ΔCKM = −0.00062(45)
−1.4σ

|Vud| = 0.97418(21)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

With scale factor S = 2.8
Vud = 0.97414(60)
Vus = 0.2246(10)

V us/V ud 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.8

Vud 

Vus 

unitarity
fit

Vud 

Update 
Emilie Passemar 



1.1   Introduction: 2.1  Vus from Kl3 decays 
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Vud from 0+     0+  

    
     
 
 
 

 
 
 
 

 
 

39 Emilie Passemar 

Coulomb distortion 
of wave-functions

Nucleus-dependent 
rad. corr. 

 (Z, Emax ,nuclear structure)

Nucleus-independent 
short distance rad. corr. 

Sirlin-Zucchini ‘86
Jaus-Rasche  ‘87 

Towner-Hardy
Ormand-Brown  

Marciano-Sirlin ‘06

Vud from 0+→ 0+ nuclear β decays 
2.  Total decay rates

For nuclei, rate traditionally written in terms of  “corrected FT values”

Nucleus-dependent radiative &                
Isospin Breaking correction

“Inner” radiative correction                  
ΔR V= (2.36 ± 0.04)%

[Marciano-Sirlin 2006]

How do we probe the εα?  (2)

4.3  Vud from 0+→ 0+ 



1.1   Introduction: 4.3  Vud from 0+    0+  
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Hardy@Amherst’19 

  Vud = 0.97418(21)Z of daughter nucleus 

Z of daughter nucleus 

Townwer-Hardy 2009 Vud =  0.97425 (22)

Towner-Hardy,  Sirlin-Zucchini, Marciano-Sirlin 

Vud from 0+→ 0+ nuclear β decays 

Z of daughter nucleus 

Z of daughter nucleus 

Townwer-Hardy 2009 Vud =  0.97425 (22)

Towner-Hardy,  Sirlin-Zucchini, Marciano-Sirlin 

Vud from 0+→ 0+ nuclear β decays 

Improvements over years : 
•  Survey of 150 measurements of  

13 different 0+ → 0+  β decays  
•  27 new ft measurements including  

Penning-trap measurements for QEC  
•  Improved EW radiative corrections  

Marciano & Sirlin’06 
•  New SU(2)-breaking corrections  

Towner & Hardy’08 
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4.4  New Radiative Corrections for 0+    0+  

Vud from 0+     0+  
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Coulomb distortion 
of wave-functions

Nucleus-dependent 
rad. corr. 

 (Z, Emax ,nuclear structure)

Nucleus-independent 
short distance rad. corr. 

Sirlin-Zucchini ‘86
Jaus-Rasche  ‘87 

Towner-Hardy
Ormand-Brown  

Marciano-Sirlin ‘06

Vud from 0+→ 0+ nuclear β decays 

M&S treatment
M&S notation of the !W-box correction: ⇤V A

�W =
↵

2⇡
[cB + cint + cDIS ] 6

17

22 )( qpW +=

2Q

0
2)( πmmN +

Regge

DIS

Res.
+B.GNπ

Dispersive Approach: Separation of Regions

Born

2
Nm

M&S
treatment

Interpolating
function

Born

)0(84.1
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FIG. 4:

continuum corresponding to multi-particle production that, depending on the value of Q

2, can be economically
described by t-channel Regge exchanges (low Q

2) or quasi-free quark knock-out in the deep-inelastic regime (high
Q

2). The structure is modified for a nuclear target, although mostly in the low-energy regime: the elastic nucleon
peak is broadened due to Fermi motion, and below that elastic absorption into the ground or excited nuclear states
is seen. In this section we focus on the free nucleon case, and the nuclear photoabsorption will be addressed later on.

We let the data guide us to evaluate the integral in Eq. (16): for a fixed value of Q2 one has to integrate over the
full spectrum in energy, and then sample all values of Q2 from 0 to 1. The strength is distributed di↵erently among
di↵erent energy regimes depending on Q

2. For low Q

2 the spectrum is heavily weighted towards lower part (elastic
peak and resonances). As Q

2 grows, these contributions are however suppressed by the respective form factors.
High-energy spectrum for slightly virtual and high-energy photons extends to asymptotically high energies and is
well-represented by Regge exchanges. Already at moderate Q2 ⇠ 1.5�2.5 GeV2 this picture fades away and smoothly
joins onto the partonic description which dominates the DIS regime. The regions corresponding to various physics
mechanisms are displayed on a plane {W 2

, Q
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2 = M

2 + 2M⌫ �Q

2 in Fig. 4. Breaking the full integration
region into areas with a dominant physics picture was e↵ectively used by Marciano and Sirlin who proposed to model
the function F (Q2) as follows: partonic description for Q

2 � 2.25 GeV2; only elastic term for Q

2 . 0.7 GeV2; a
simple interpolation form in between motivated by the Vector Dominance Model (VDM).
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Figure 1: Feynman diagrams corresponding to the amplitude
in (4) which contribute at order O(↵/⇡) to neutron � decay
and are sensitive to the hadronic scale.
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where after Wick rotation the azimuthal angles of the
loop momentum have been integrated over and the re-
maining integrals have been expressed in terms of Q2 =
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2 and ⌫ = (p · q)/M . With negligible error, we assume
a common nucleon massM in the isospin symmetric limit
and we work in the recoil-free approximation. This con-
tributes to the nucleus-independent EWRC as
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where the ellipses denote all other corrections insensitive
to the hadronic scale.
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is an
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which will prove useful when comparing their results with

ours. Furthermore, since F
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depends directly on on-
shell intermediate hadronic states, it provides better han-
dle on the physics that may enter at various scales. Fig.
2 depicts the domain in the W

2–Q2 plane over which
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has support: the single-nucleon elastic pole is at
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FIG. 2: The contour in the complex ⌫ plane.

We apply Cauchy’s theorem to the definite isospin amplitudes T (I)
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(⌫, Q2) (I = 0, 3)accounting for their singularities
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closed at infinity, see Fig. 2. The discontinuity of the forward amplitude in the physical region (i.e. ⌫ > 0) is given
by the generalization of the DIS structure functions to the �W -interference in the standard normalization,
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modulo possible subtractions which are needed to make the dispersion integral convergent. The form of the dispersion
relation depends on the crossing behavior, the relative sign ⇠

I between the contributions along the positive and
negative real ⌫ axis. It can be shown that the isoscalar amplitude is an odd function of ⌫, hence ⇠

0 = �1, while the
isovector amplitude is even. Correspondingly, the isoscalar requires no subtractions, while the isovector one may have
to be subtracted one time.
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Figure 1: Feynman diagrams corresponding to the amplitude
in (4) which contribute at order O(↵/⇡) to neutron � decay
and are sensitive to the hadronic scale.
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ours. Furthermore, since F
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depends directly on on-
shell intermediate hadronic states, it provides better han-
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2–Q2 plane over which
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FIG. 2: The contour in the complex ⌫ plane.

We apply Cauchy’s theorem to the definite isospin amplitudes T (I)

3

(⌫, Q2) (I = 0, 3)accounting for their singularities
in the complex ⌫ plane. These lie on the real axis: poles due to a single nucleon intermediate state in the s� and
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being the pion mass. The contour is constructed such as to go around all these singularities, and is
closed at infinity, see Fig. 2. The discontinuity of the forward amplitude in the physical region (i.e. ⌫ > 0) is given
by the generalization of the DIS structure functions to the �W -interference in the standard normalization,
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and for the sake of a unified description, within F

(I)

i

we keep both the �-functions at the nucleon poles, and the

discontinuities along the multi-particle cuts. The full function T
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(⌫, Q2) is reconstructed from a fixed-Q2 dispersion
relation
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modulo possible subtractions which are needed to make the dispersion integral convergent. The form of the dispersion
relation depends on the crossing behavior, the relative sign ⇠

I between the contributions along the positive and
negative real ⌫ axis. It can be shown that the isoscalar amplitude is an odd function of ⌫, hence ⇠

0 = �1, while the
isovector amplitude is even. Correspondingly, the isoscalar requires no subtractions, while the isovector one may have
to be subtracted one time.

Putting together Eqs. (10,15) and performing the loop integral via Wick rotation we arrive at
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where we introduced the virtual photon three-momentum q =
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2. The vanishing of the isovector contribution
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without causing any confusion.
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Figure 1: Feynman diagrams corresponding to the amplitude
in (4) which contribute at order O(↵/⇡) to neutron � decay
and are sensitive to the hadronic scale.
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involving the nucleon matrix element of the product of
the electromagnetic (EM) and the axial part of the weak
charged current
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After inserting the nucleon matrix element parametrized
in terms of the P -odd invariant function T

µ⌫
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into the amplitude (4), the correction to the

tree level amplitude is expressed as [8]
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where after Wick rotation the azimuthal angles of the
loop momentum have been integrated over and the re-
maining integrals have been expressed in terms of Q2 =
�q

2 and ⌫ = (p · q)/M . With negligible error, we assume
a common nucleon massM in the isospin symmetric limit
and we work in the recoil-free approximation. This con-
tributes to the nucleus-independent EWRC as

�V
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= 2⇤V A

�W
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where the ellipses denote all other corrections insensitive
to the hadronic scale.

Marciano and Sirlin estimate ⇤V A
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d⌫ . . . in the

second line of (6) as a function of Q2, and parametriz-
ing it piecewise over three domains: in the short distance
domain Q
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> (1.5 GeV)2, the leading term in the OPE
corrected by high order perturbative QCD is used; in
the long distance domain Q
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< (0.823 GeV)2, the elas-
tic nucleon with dipole form factors is used with a 10%
uncertainty; and at intermediate scales (0.823 GeV)2 <
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tainty. Performing the integration over Q
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where F (0)
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contains both the elastic and inelastic contri-

butions. No subtraction constant appears since T (0)
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is an
odd function of ⌫. Only I = 1/2 intermediate states con-
tribute because the EM current is isoscalar. After insert-
ing (8) into (6), performing the ⌫-integral, and changing
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where M (0)

3

(1, Q2) is the first Nachtmann moment of the

structure function F

(0)

3

[9, 10]

M

(0)

3

(1, Q2) =
4

3

Z
1

0

dx

1 + 2r

(1 + r)2
F

(0)

3

(x,Q2), (10)

and r =
p
1 + 4M2

x

2

/Q

2. To estimate ⇤V A

�W

, we require

the functional form of F (0)

3

depending on x and Q

2, or
equivalently, W 2 = M

2 + (1� x)Q2

/x and Q

2.
We draw attention to the fact that (9) relates [MS]’s

phenomenological function to the first Nachtmann mo-
ment

F

M.S.

(Q2) =
12

Q

2

M

(0)

3

(1, Q2) , (11)

which will prove useful when comparing their results with

ours. Furthermore, since F
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depends directly on on-
shell intermediate hadronic states, it provides better han-
dle on the physics that may enter at various scales. Fig.
2 depicts the domain in the W
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

DR allowed to ~ halve the uncertainty in ΔRV due to the use of neutrino data

!24

Universal correction

ℱt = ft(1 + δ′�R)(1 − δC + δNS)
Nuclear corrections - E-dependent and independent

ℱ̃t = ft(1 + δ′�R)(1 − δC + δ̃NS + δE
NS)

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

No net shift to the Ft central value ℱt = (3072.1 ± 0.7)s → ℱt = (3072 ± 2)s

Marciano & Sirlin’06 
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

Chien-Yeah Senga, Mikhail Gorchteinb,⇤ Hiren H. Patelc, and Michael J. Ramsey-Musolfc,d
aINPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,

School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
bInstitut für Kernphysik, PRISMA Cluster of Excellence

Johannes Gutenberg-Universität, Mainz, Germany
cAmherst Center for Fundamental Interactions, Department of Physics,

University of Massachusetts, Amherst, MA 01003 and
dKellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA

(Dated: August 22, 2018)

We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

DR allowed to ~ halve the uncertainty in ΔRV due to the use of neutrino data

!24

Universal correction

ℱt = ft(1 + δ′�R)(1 − δC + δNS)
Nuclear corrections - E-dependent and independent

ℱ̃t = ft(1 + δ′�R)(1 − δC + δ̃NS + δE
NS)

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

No net shift to the Ft central value ℱt = (3072.1 ± 0.7)s → ℱt = (3072 ± 2)s

Marciano & Sirlin’06 
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

DR allowed to ~ halve the uncertainty in ΔRV due to the use of neutrino data

!24

Universal correction

ℱt = ft(1 + δ′�R)(1 − δC + δNS)
Nuclear corrections - E-dependent and independent

ℱ̃t = ft(1 + δ′�R)(1 − δC + δ̃NS + δE
NS)

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

No net shift to the Ft central value ℱt = (3072.1 ± 0.7)s → ℱt = (3072 ± 2)s

Marciano & Sirlin’06 

Seng, Gorchtein, Patel & Ramsey-Musolf’18 

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

Chien-Yeah Senga, Mikhail Gorchteinb,⇤ Hiren H. Patelc, and Michael J. Ramsey-Musolfc,d
aINPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,

School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
bInstitut für Kernphysik, PRISMA Cluster of Excellence

Johannes Gutenberg-Universität, Mainz, Germany
cAmherst Center for Fundamental Interactions, Department of Physics,

University of Massachusetts, Amherst, MA 01003 and
dKellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA

(Dated: August 22, 2018)

We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

Chien-Yeah Senga, Mikhail Gorchteinb,⇤ Hiren H. Patelc, and Michael J. Ramsey-Musolfc,d
aINPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,

School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
bInstitut für Kernphysik, PRISMA Cluster of Excellence

Johannes Gutenberg-Universität, Mainz, Germany
cAmherst Center for Fundamental Interactions, Department of Physics,

University of Massachusetts, Amherst, MA 01003 and
dKellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA

(Dated: August 22, 2018)

We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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R
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R
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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|Vud | = 0.97370(30)Ft(10)ΔV
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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Fit results, no constraint

Vud = 0.97368(14)
Vus = 0.22450(35)
χ2/ndf = 7.2/1 (0.7%)

ΔCKM = −0.00154(32)
−4.8σ

|Vud| = 0.97370(14)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

V us/V ud 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.7

With scale factor S = 2.7
Vud = 0.97368(38)

Vus = 0.2245(9)
Vud 

Vus 

unitarity
fit

Vud 
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

DR allowed to ~ halve the uncertainty in ΔRV due to the use of neutrino data

!24

Universal correction

ℱt = ft(1 + δ′�R)(1 − δC + δNS)
Nuclear corrections - E-dependent and independent

ℱ̃t = ft(1 + δ′�R)(1 − δC + δ̃NS + δE
NS)

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

No net shift to the Ft central value ℱt = (3072.1 ± 0.7)s → ℱt = (3072 ± 2)s

Marciano & Sirlin’06 
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

Chien-Yeah Senga, Mikhail Gorchteinb,⇤ Hiren H. Patelc, and Michael J. Ramsey-Musolfc,d
aINPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,

School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
bInstitut für Kernphysik, PRISMA Cluster of Excellence

Johannes Gutenberg-Universität, Mainz, Germany
cAmherst Center for Fundamental Interactions, Department of Physics,

University of Massachusetts, Amherst, MA 01003 and
dKellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA

(Dated: August 22, 2018)

We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

DR allowed to ~ halve the uncertainty in ΔRV due to the use of neutrino data

!24

Universal correction

ℱt = ft(1 + δ′�R)(1 − δC + δNS)
Nuclear corrections - E-dependent and independent

ℱ̃t = ft(1 + δ′�R)(1 − δC + δ̃NS + δE
NS)

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

No net shift to the Ft central value ℱt = (3072.1 ± 0.7)s → ℱt = (3072 ± 2)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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the experimentally measured ft-value by absorbing all
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represents
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= 0.02361(38) was ob-
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to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
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| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V
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based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
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�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
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|,
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ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

Chien-Yeah Senga, Mikhail Gorchteinb,⇤ Hiren H. Patelc, and Michael J. Ramsey-Musolfc,d
aINPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,

School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
bInstitut für Kernphysik, PRISMA Cluster of Excellence

Johannes Gutenberg-Universität, Mainz, Germany
cAmherst Center for Fundamental Interactions, Department of Physics,

University of Massachusetts, Amherst, MA 01003 and
dKellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA

(Dated: August 22, 2018)

We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

DR allowed to ~ halve the uncertainty in ΔRV due to the use of neutrino data

!24

Universal correction

ℱt = ft(1 + δ′�R)(1 − δC + δNS)
Nuclear corrections - E-dependent and independent

ℱ̃t = ft(1 + δ′�R)(1 − δC + δ̃NS + δE
NS)

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

No net shift to the Ft central value ℱt = (3072.1 ± 0.7)s → ℱt = (3072 ± 2)s

Marciano & Sirlin’06 
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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Vud = 0.97418(10)Ft (18)

ΔR
V   

Vud = 0.97370(10)Ft (11)
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V

~1.8σ smaller 

New Analysis    Vud = 0.97389(19) Czarnecki, Marciano, Sirlin’19 
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Fit results, no constraint

Vud = 0.97386(19)
Vus = 0.22452(35)
χ2/ndf = 7.5/1 (0.6%)

ΔCKM = −0.00119(41)
−2.9σ

|Vud| = 0.97389(19)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

V us/V ud 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.7

With scale factor S = 2.7
Vud = 0.97368(53)
Vus = 0.2245(10)

Vud 

Vus 

unitarity
fit

Vud 
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•  With new calculation of radiative corrections: 2.9σ - 4.8σ discrepancy with 
unitarity            calculations need to be checked and model dependence 
understood 

•  Can we extract Vud differently?  
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•  With new calculation of radiative corrections: 2.9σ - 4.8σ discrepancy with 
unitarity            calculations need to be checked and model dependence 
understood 

•  Can we extract Vud differently?  
Yes but for the neutron decay same radiative correction to evaluate!  
And also life time experiments (bottle vs. beam) do not agree!  
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•  With new calculation of radiative corrections: 2.9σ - 4.8σ discrepancy with 
unitarity            calculations need to be checked and model dependence 
understood 

•  If this disagreement correct, what does it tell us?  
Several studies:  
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•  We have reviewed the different extractions of Vus and  Vud  
 We have entered a precision era 

 

•  On experimental side many new measurements on kaon decays from 
KLOE, NA48, KTeV, ISTRA+ and more to come NA62, OKA, KLOE II, 
LHCb, TREK E36 
 

•  On theoretical side: small effects start to matters: radiative corrections, e.m. 
effects, isospin breaking etc 
Many of these effects can now be computed on the lattice in addition to 
matrix elements 

 
 

•  With new lattice data: tension towards a discrepancy in unitarity of the first 
row of CKM matrix 

 
 

•  On Vud side: an incredible precision has been achieved on extracting Vud 
from nuclear beta decays but new radiative corrections  

 

•  Experimentalists working hard to extract Vud from neutron side 



5.2  Outlook 
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•  Tensions in unitarity of 1st row of CKM matrix have reappeared! 
 
 

•  We need to work hard to understand where they come from: 
–  On experimental side:  

For Vus, new measurements in kaons but mainly in tau decays, 
hyperons 
For Vud, understand the situation of the proton lifetime, beta decay of 
pion? 

–  On theory side:  
Calculate very precisely radiative corrections, isospin breaking effects 
and matrix elements 
Be sure the uncertainties are under control 
 

•  If these tensions are confirmed          what do they tell us?  
 
 

•  Interesting time ahead of us! 

 



6.   Back up 
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1.1   Introduction: Vud from neutron decay 

58 

Impact of neutrons
• Independent extraction of  Vud @ 0.02%  requires:

   δτn ~ 0.35 s  
  δτn/τn ~ 0.04 %

       δgA/gA ~0.15%  → 0.03%         
          (δa/a , δA/A ~ 0.14%) 

UCNτ @ LANL  [τn~ 877.7(7)(3)s]         
is almost there, will reach δτn ~ 0.2 s 

δA/A < 0.2%  can be reached 
by  PERC,  UCNA+
δa/a ~ 0.1% at Nab1707.01817

Czarnecki, 
Marciano, Sirlin 

1802.01804 

•  Need to measure neutron lifetime τn and 

•  λ = gA/gV: determined through measurement of the neutron β-decay asymmetry 
parameter A which defines the correlation between the spin of the neutron and 
the momentum of the emitted electron 

      
  

 
 

 

 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 

 

 

Marciano, Sirlin’06 
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1.1   Introduction: Vud from neutron decay 

•  Or take gA from lattice QCD determination: 

      
  

 
 

 

 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 

 

 

What is know on the Axial Form Factor?
❖ Recently very significant progress on two fronts:

• Lattice QCD results on                          and  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 see talk by M. Constantinou

Hill, Kammel, Marciano, and Sirlin’18  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1.1   Introduction: Neutron lifetime measurements : two techniques 

60 
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1.1   Introduction: Bottle Experiment 

•  Lifetime 

•  Data points fit to an 
exponential decay 
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1.1   Introduction: Beam experiment 

62 

Only the decay rate to  
protons is measured 

Emilie Passemar 



1.1   Introduction: Neutron lifetime measurements : results 

63 

Snapshot of the field
• Experimental precision between ~0.01% and few % 

Gonzalez-Alonso, Naviliat-Cuncic, Severijns, 1803.08732  &  M. Gonzalez-Alonso slides

Historical 
Discrepancy! 

NIST 

UCNτ @LANL 

Emilie Passemar 



1.1   Introduction: Neutron lifetime measurements : Interpretation 

64 

Czarnecki, Marciano, Sirlin’18 

Impact of neutrons
• Independent extraction of  Vud @ 0.02%  requires:

   δτn ~ 0.35 s  
  δτn/τn ~ 0.04 %

       δgA/gA ~0.15%  → 0.03%         
          (δa/a , δA/A ~ 0.14%) 

UCNτ @ LANL  [τn~ 877.7(7)(3)s]         
is almost there, will reach δτn ~ 0.2 s 

δA/A < 0.2%  can be reached 
by  PERC,  UCNA+
δa/a ~ 0.1% at Nab1707.01817

Czarnecki, 
Marciano, Sirlin 

1802.01804 

•  Input Vud from 0+ à 0+:  
Blue line  

•  UCN lifetime and post-2002  
gA consistent with SM  

Emilie Passemar 



1.1   Introduction: Neutron lifetime measurements : Interpretation 
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•  Remaining 1% : 

Fornal & Grinstein’18 

Emilie Passemar 



1.1   Introduction: Neutron lifetime measurements : Interpretation 

•  Remaining 1% : 

Fornal & Grinstein’18 

Problem with neutron stars Baym, Beck, Shelton, Geltenbort’18 
McKeen, Nelson, Reddy, Zhou’18 

Motta, Guichon, & A.W. Thomas’18 
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1.1   Introduction: Vud from neutron decay : prospects to reach 0.02%  

67 

Impact of neutrons
• Independent extraction of  Vud @ 0.02%  requires:

   δτn ~ 0.35 s  
  δτn/τn ~ 0.04 %

       δgA/gA ~0.15%  → 0.03%         
          (δa/a , δA/A ~ 0.14%) 

UCNτ @ LANL  [τn~ 877.7(7)(3)s]         
is almost there, will reach δτn ~ 0.2 s 

δA/A < 0.2%  can be reached 
by  PERC,  UCNA+
δa/a ~ 0.1% at Nab1707.01817

Czarnecki, 
Marciano, Sirlin 

1802.01804 

Impact of neutrons
• Independent extraction of  Vud @ 0.02%  requires:

   δτn ~ 0.35 s  
  δτn/τn ~ 0.04 %

       δgA/gA ~0.15%  → 0.03%         
          (δa/a , δA/A ~ 0.14%) 

UCNτ @ LANL  [τn~ 877.7(7)(3)s]         
is almost there, will reach δτn ~ 0.2 s 

δA/A < 0.2%  can be reached 
by  PERC,  UCNA+
δa/a ~ 0.1% at Nab1707.01817

Czarnecki, 
Marciano, Sirlin 

1802.01804 

Czarnecki, Marciano,  
Sirlin’18 
Cirigliano@Amherst’18 



0.21

0.21

0.22

0.22

0.23

0.23

0.24

0.24

0.25

0.25

Vus

τ -> Kν absolute (+ fK)

τ -> Kπντ decays (+ f+(0), FLAG)

τ  branching fraction ratio

Kl3 analyses

Kl2 /πl2 decays (+ fK/fπ)

τ -> s inclusive 

Our result from Belle BR

τ decays

Kaon and hyperon decays

Kl3 decays (+ f+(0))

Hyperon decays

τ -> Kν / τ -> πν (+ fK/fπ)

From Unitarity 
Flavianet  

Kaon WG’10 
  update by M.Moulson 

CKM’18 

BaBar & Belle 
HFAG 

 update by A.Lusiani 
Tau’18 
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Determination of Vus 

0.22 0.225
|us|V

, PDG 2016l3K
 0.0010±0.2237 

, PDG 2016l2K
 0.0007±0.2254 

CKM unitarity, PDG 2016
 0.0009±0.2258 

 s incl., HFLAV Spring 2017→ τ
 0.0021±0.2186 

 s incl.→ τ
 0.0019±0.2195 

νπ → τ / ν K→ τ
 0.0016±0.2241 

 averageτ
 0.0014±0.2222 

A.L. elab.
CKM 2018
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Callan-Treiman Low Energy Theorem 

Very precisely known  
from Br(Kl2/Sl2), *(Ke3) and      

¾ Callan-Treiman (CT) theorem : 
 

 
 

 
 
 
 
 
 

– In the Standard Model : 
 

– In presence of new physics, new couplings : 
 

 

1.1   Test of New Physics : Callan-Treiman theorem 

6 

0

V 1( ) V  
(0) V (0) V

us
K udK

K CT CTud us

FFC f
F f F

r
fS

S S� �

 '  � '  � '

udV

2 2
Km mS�

1r  � �ln 0.2141(73)SMC  

1r z

Bernard, Oertel, E.P., Stern’06 

Callan-Treiman Low Energy Theorem 

27 Emilie Passemar 

•  Callan-Treiman theorem:  

 
 
 
 
 
 

•  In the Standard Model :  
 
 
 
 
 

•  In presence of new physics, new couplings : 

•  Ex:   

 

Bernard, Oertel, E.P., Stern’06, ‘08 

  Bexp = 1.2446(41)

1r = ( )ln 0.2141(73)SMC =

1r ≠

3( 3.5 8).10CT
−Δ = − ±

NLO value + large  
error bars in  
agreement with  
Bijnens&Ghorbani’07 
Kastner & Neufeld’08 
 

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

Vus, CKM unitarity, gauge universality "

2!

Standard-model coupling of quarks and leptons to W:!

Single gauge 
coupling!

Unitary 
matrix!

+" ⋅⋅⋅!

s,d ν 

ℓ u 

W+ 

s,d ν 

ℓ u 

H+ 

s,d ν 

ℓ u 

W+ 

Z′ 

Physics beyond the Standard Model can break gauge universality:!

Universality: Is GF from µ decay equal to GF from π, K, nuclear β decay?!

Most precise test of CKM unitarity"
≈ 2×10−5"

?"="



Very precisely known  
from Br(Kl2/Sl2), *(Ke3) and      

¾ Callan-Treiman (CT) theorem : 
 

 
 

 
 
 
 
 
 

– In the Standard Model : 
 

– In presence of new physics, new couplings : 
 

 

1.1   Test of New Physics : Callan-Treiman theorem 

6 

0

V 1( ) V  
(0) V (0) V

us
K udK

K CT CTud us

FFC f
F f F

r
fS

S S� �

 '  � '  � '

udV

2 2
Km mS�

1r  � �ln 0.2141(73)SMC  

1r z

Bernard, Oertel, E.P., Stern’06 

4.2  Looking for New Physics with Kl2 and Kl3 
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•  Callan-Treiman theorem:  

 
 
 
 

•  In the Standard Model :  
 
 

•  In presence of new physics, new couplings :  

 

Experiment Ke3+Kµ3 ln C 

NA48’07 (Kµ3 alone)  0.144(14) 

KLOE’08 0.204(25) 

KTeV’10 0.192(12) 

NA48 (preliminary) ? 

Bernard, Oertel, E.P., Stern’06, ‘08 

  Bexp = 1.2446(41)

1r = ( )ln 0.2141(73)SMC =

1r ≠

3( 3.5 8).10CT
−Δ = − ±

NLO value + large  
error bars in  
agreement with  
Bijnens&Ghorbani’07 
Kastner & Neufeld’08 
 



1.1   Introduction: Vus and CKM unitarity: All data, Nf=2+1 

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Vus and CKM unitarity: All data

42

Nf = 2+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9677(27),  fK/fπ = 1.1946(34) 

Fit results, no constraint

Vud = 0.97418(21)
Vus = 0.2248(5)
χ2/ndf = 3.7/1 (6%)

ΔCKM = −0.0004(5)
−0.9σ

With scale factor S = 1.9
Vud = 0.97418(40)
Vus = 0.2248(10)

Vus

fit
fit with 

unitarity

unitarity

Vud 

Vus 

Vud 

|Vud| = 0.97420(21)
|Vus| = 0.2238(8)

|Vus|/|Vud| = 0.2317(7)
68%CL ellipse
Without scaling S = 1.9
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1.1   Introduction: 5.5  Vus and CKM unitarity: All data, Nf=2+1 

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Vus and CKM unitarity: All data

42

Nf = 2+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9677(27),  fK/fπ = 1.1946(34) 

Fit results, no constraint

Vud = 0.97418(21)
Vus = 0.2248(5)
χ2/ndf = 3.7/1 (6%)

ΔCKM = −0.0004(5)
−0.9σ

With scale factor S = 1.9
Vud = 0.97418(40)
Vus = 0.2248(10)

Vus

fit
fit with 

unitarity

unitarity

Vud 

Vus 

Vud 

|Vud| = 0.97420(21)
|Vus| = 0.2238(8)

|Vus|/|Vud| = 0.2317(7)
68%CL ellipse
Without scaling S = 1.9

Only kaons:  

Vud = 0.9657(44) 

Vus = 0.2238(8) 

Courtesy of M. Jung 

74 



1.1   Introduction: Vus and CKM unitarity: All data, Nf=2+1, New Vud 

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Vus and CKM unitarity: All data

42

Nf = 2+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9677(27),  fK/fπ = 1.1946(34) 

Fit results, no constraint

Vud = 0.97418(21)
Vus = 0.2248(5)
χ2/ndf = 3.7/1 (6%)

ΔCKM = −0.0004(5)
−0.9σ

With scale factor S = 1.9
Vud = 0.97418(40)
Vus = 0.2248(10)

Vus

fit
fit with 

unitarity

unitarity

Vud 

Vus 

Vud 

|Vud| = 0.97420(21)
|Vus| = 0.2238(8)

|Vus|/|Vud| = 0.2317(7)
68%CL ellipse
Without scaling S = 1.9

Vud=0.9657(44) Vud=0.9657(36) 

Vus = 0.2233(6) 

Courtesy of M. Jung 
  ΔCKM = −0.0014(4)

 −3.9σ 
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1.1   Introduction: Vus and CKM unitarity: All data, Nf=2+1+1 

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Vus and CKM unitarity: All data

43

Fit results, no constraint

Vud = 0.97416(21)
Vus = 0.22457(35)
χ2/ndf = 8.0/1 (0.5%)

ΔCKM = −0.0005(4)
−1.3σ

|Vud| = 0.97420(21)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.8

With scale factor S = 2.8
Vud = 0.97416(60)
Vus = 0.2240(10)

Vud 

Vus 

unitarity
fit

Vud 
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1.1   Introduction: Vus and CKM unitarity: All data, Nf=2+1+1 

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Vus and CKM unitarity: All data

43

Fit results, no constraint

Vud = 0.97416(21)
Vus = 0.22457(35)
χ2/ndf = 8.0/1 (0.5%)

ΔCKM = −0.0005(4)
−1.3σ

|Vud| = 0.97420(21)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.8

With scale factor S = 2.8
Vud = 0.97416(60)
Vus = 0.2240(10)

Vud 

Vus 

unitarity
fit

Vud 

Only kaons:  

Vud=0.9657(36) 

Vus = 0.2233(6) 

Courtesy of M. Jung 
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1.1   Introduction: Vus and CKM unitarity: All data, Nf=2+1+1, New Vud 

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Vus and CKM unitarity: All data

43

Fit results, no constraint

Vud = 0.97416(21)
Vus = 0.22457(35)
χ2/ndf = 8.0/1 (0.5%)

ΔCKM = −0.0005(4)
−1.3σ

|Vud| = 0.97420(21)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.8

With scale factor S = 2.8
Vud = 0.97416(60)
Vus = 0.2240(10)

Vud 

Vus 

unitarity
fit

Vud 

Only kaons:  

Vud=0.9657(36) 

  ΔCKM = −0.0016(3)

 −4.3σ 

Courtesy of M. Jung 
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1.1   Introduction: Vus and CKM unitarity: All data, Nf=2+1+1  

The status of Vus – V. Cirigliano, M. Moulson – Status of First-Row CKM Unitarity – UMass Amherst, 17 May 2019

Vus and CKM unitarity: All data

43

Fit results, no constraint

Vud = 0.97416(21)
Vus = 0.22457(35)
χ2/ndf = 8.0/1 (0.5%)

ΔCKM = −0.0005(4)
−1.3σ

|Vud| = 0.97420(21)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.8

With scale factor S = 2.8
Vud = 0.97416(60)
Vus = 0.2240(10)

Vud 

Vus 

unitarity
fit

Vud 

Only kaons:  

Vud=0.9657(36) 

Courtesy of M. Jung 
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Vud from Marciano & Sirlin’19 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

•  Extraction of the Cabibbo-Kobayashi-Maskawa matrix element Vus 

Ø  Fundamental parameter of the Standard Model 
 
Description of the weak interactions: 

Ø  Universality: Is GF from µ decay equals to GF from π, K, nuclear β decay? 

 

 

 
 
 
 
 

 
 
 

 

 

   
LEW = g

2
Wα

+ DLVCKMγ
αU L + eLγ

αν eL
+ µLγ

αν µL
+ τ Lγ

αντ L
( ) + h.c.

Gauge 
coupling 

Experimental determination of Vus from kaon decays – M. Moulson (Frascati) – CKM 2014, Vienna, 8 September 2014"

Vus, CKM unitarity, gauge universality "

2!

Standard-model coupling of quarks and leptons to W:!

Single gauge 
coupling!

Unitary 
matrix!

+" ⋅⋅⋅!

s,d ν 

ℓ u 

W+ 

s,d ν 

ℓ u 

H+ 

s,d ν 

ℓ u 

W+ 

Z′ 

Physics beyond the Standard Model can break gauge universality:!

Universality: Is GF from µ decay equal to GF from π, K, nuclear β decay?!

Most precise test of CKM unitarity"
≈ 2×10−5"

?"="
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Test of  the Standard Model: Vus and CKM unitarity 



Updates: K± BRs and lifetimes 

BR(K±     π0eν)

BR(K±     µν)

BR(K±     ππ0)

BR(K±     πππ)

PDG ’04

FlaviaNet ’10

Update

PDG ’10

PDG ’04

FlaviaNet ’10

Update

PDG ’10

PDG ’04

FlaviaNet ’10

Update

PDG ’10

PDG ’04

FlaviaNet ’10

Update

PDG ’10

Emilie Passemar 81 


