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1.1  The Standard Model 
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•  Particle and Nuclear Physics           
–  extract fundamental parameters of Nature on the smallest scale 
–  test our understanding of Laws of Nature  
 
 

 
 

 

 
 
 

    
 

     
 

 
 

 



1.1  Precise test of the Standard Model 

5 Emilie Passemar 

•  Particle and Nuclear Physics           
–  extract fundamental parameters of Nature at Quantum Level 
–  test our understanding of Laws of Nature  

•  In Chemistry our knowledge summarized by Mendeleev table of chemical 
elements 
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1.1  The Standard Model 
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•  Particle and Nuclear Physics           
–  extract fundamental parameters of Nature at Quantum Level 
–  test our understanding of Laws of Nature  

•  In particle physics a simpler table made of leptons and quarks 
 
 

 
 

 

 
 
 

     
 

     
 

 
 

 

These fundamental particles are the building blocks of matter as shown on Fig. 1, right. The
protons and neutrons as all states containing quarks are called hadrons. They are the baryons
containing three quarks like the proton and neutron and the mesons which are made of a quark
and an anti-quark. An example of these states is the pion or the kaon. These states interact by
the so-called strong interaction. This is the interaction that bounds the quark together inside
protons and neutrons as the one that bounds proton and neutron inside nucleus. They also
interact through the electromagnetism or the weak force. The electromagnetic force is the most
well known one expressing how charge particles attract or repel each other. The weak force is
less known because its range is small (⇠ 10�18 m). One needs to be in a quantum world to
observe it. This force is for instance responsible for the change of a neutron into a proton (a
so-called decay, n ! pe

�
⌫̄e) in radioactive processes.

The electron as well as its more massive brothers the muon (µ) and the tau (⌧) particle are
called leptons and are fundamental particles or constituents of matter. They do not interact
through the strong interaction but through the electromagnetic interaction or the weak interac-
tion. The electromagnetic interaction is described with exquisite precision with a theory known
as Quantum Electrodynamics (QED). This theory is so successful in part because the interactions
are relatively weak and their strength decreases with distance. It is characterized by a dimen-
sionless quantity, the fine structure constant, that is much less than 1: ↵ ⇠ e

2
/4⇡ ⇠ 1/137, with

e the elementary electric charge. As a result, it is possible to write predictions in terms of power
series in this quantity, where successive terms rapidly decrease in size (so-called perturbation
expansions).

To this picture should be added the neutrinos as fundamental constituants of matter. They
also belong to the leptons but contrary to the electrons they do not interact through electro-
magnetism. They are neutral. They interact only through the weak force and we have three
species associated to every charged lepton. They were discovered much later than the other
fundamental particles because they interact only through the weak force and are therefore much
more di�cult to detect.

Figure 1: Left: From crystals to quarks and leptons. Figure from Ref. [1]. Right: Building
blocks of the Standard Model. Picture adapted from Ref. [2]

.

The Standard Model of particles physics describes how the three fundamental interactions
(the electromagnetic force, the strong force and the weak force) act between the constituents
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1.1  The Standard Model 

7 Emilie Passemar 

•  In particle physics a simpler table made of leptons and quarks: the degrees of 
freedom 

•  3 forces: electromagnetic, weak and strong forces 
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1.1  The Standard Model 
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 H
The mediators of weak interaction (W, Z) become massive through the Higgs 
Mechanism       one scalar particle remains in the spectrum: H 



1.2  Challenges 

10 Emilie Passemar 

•  Searching physics beyond the Standard Model: 
–  Are there new forces besides the 3 gauge group? 
–  Are there new particles? 
–  A more profound understanding of the origin of this 

table?  
–  Origin of matter/anti-matter asymmetry 
–  Origin of dark matter 

•  One type of new physics already discovered: neutrino 
masses 
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•  In this quest it is essential to have a robust understanding 
of Hadronic Physics  
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•  Searching physics beyond the Standard Model: 
–  Are there new forces besides the 3 gauge group? 
–  Are there new particles? 
–  A more profound understanding of the origin of this 

table?  
–  Origin of matter/anti-matter asymmetry 
–  Origin of dark matter 

•  One type of new physics already discovered: neutrino 
masses 

 
 
 

 
 

 

 
 
 

    
 

     
 

 
 

 

•  In this quest it is essential to have a robust understanding 
of Hadronic Physics  

•  This is true for quarks and leptons and even for neutrinos! 

 
 

 

 
 
 

    
 

     
 

 
 

 



2.   Why hadronic physics matters?  
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2.1  Quark masses 
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•  Let us consider the proton: it is not a fundamental particle, but a bound state 
of 3 quarks 

 
 
 

     
 
 

     
 

 
 

 

Quarks Proton Contrary to naïve expectation, most of its  
mass comes from strong force 
 
Only 1% of its mass comes from the quark  
masses (Coupling of the quarks to the Higgs 
boson) 
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•  Let us consider the proton: it is not a fundamental particle, but a bound state 
of 3 quarks 

•  How can we access the quark masses?  

 
 
 

     
 
 

     
 

 
 

 

Quarks Proton Contrary to naïve expectation, most of its  
mass comes from strong force 
 
Only 1% of its mass comes from the quark  
masses (Coupling of the quarks to the Higgs 
boson) 
 



Strong interaction 

•  Problem: quarks and gluons are not free particles: they are bound inside 
hadrons 
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Strong interaction 

•  Problem: quarks and gluons are not free particles: they are bound inside 
hadrons 

 

 
 

 
     
      
•  Two properties: 

–  Confinement 
–  Asymptotic freedom  : The interaction decreases at high energies 

Nobel Prize in 2004 for Frank Wilczek and David Gross and David 
Politzer  
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2.1  Quark masses 
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•  Let us consider the proton: it is not a fundamental particle, but a bound state 
of 3 quarks 

•  How can we access the quark masses?  
 

•  In principle a theory          Quantum ChromoDynamics  

 
 
 

     
 
 

     
 

 
 

 

Quarks Proton Contrary to naïve expectation, most of its  
mass comes from strong force 
 
Only 1% of its mass comes from the quark  
masses (Coupling of the quarks to the Higgs 
boson) 
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Formulation of QCD 

•  SU(3)C QCD invariant Lagrangian 

•  Different parts to describe the interactions 
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Formulation of QCD 

•  SU(3)C QCD invariant Lagrangian 

•  Different parts to describe the interactions 
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Formulation of QCD 

•  SU(3)C QCD invariant Lagrangian 

•  Different parts to describe the interactions 
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Formulation of QCD 

•  Different parts to describe the interactions 
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Formulation of QCD 

•  SU(3)C QCD invariant Lagrangian 

Ø One single universal coupling :                        strong coupling constant 

Ø  It is not a constant, depends on the energy ! 
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Strong interaction 

•  Problem: quarks and gluons are bound inside hadrons 
 
 

 
 
•  High energies, short distance:  

αS  small         Asymptotic freedom 
 
Perturbative QCD 
Theory “easy” to solve 
 

     Order-by-order expansion in   
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•  Looking for new physics in hadronic processes       not direct access to 
quarks due to confinement  
 
 
 
 
 
 

Ø  Low energy (Q <~1 GeV), long  
distance: αS becomes large ! 
 
 
A perturbative expansion in the usual  
sense fails  

            Use of alternative approaches,  
             expansions… 
 

      
          

Strong interaction 

Non-perturbative QCD 

Confinement 

Quarks Proton 
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PDG’12 
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•  Looking for new physics in hadronic processes      not direct access to 
quarks due to confinement  
 
 
 
 
 
 

Ø  Non-perturbative methods: 
‒  Numerical simulations on  

the lattice 
 

 
      
          

Strong interaction 

Confinement 

Quarks Proton 
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Lattice QCD 

•  Principle: Discretization of the space time and solve QCD on the 
lattice numerically 
–  All quark and gluon fields  

of QCD on a 4D-lattice 
–  Field configurations by 

Monte Carlo sampling 
      

 
•  Important subtleties due to the  

discretization, should come back  
to the continuum, formulation  
of the fermions on the lattice… 
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•  Looking for new physics in hadronic processes      not direct access to 
quarks due to confinement  
 
 
 
 
 
 

Ø  Non-perturbative methods: 
‒  Numerical simulations on  

the lattice 
 

–  Analytical methods:  
Effective field theory           
 Ex: ChPT for light quarks 
Dispersion relations 
Synergies with lattice QCD 

 
 
 

 
 

 
      
          

Strong interaction 

Confinement 

Quarks Proton 
PDG’12 
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2.1  Quark masses 
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•  Strong force:  If mu~ md: Mn ~ Mp isospin symmetry  
 

Countless experiments have shown that strong force obeys isospin symmetry 
Results are the same if we interchange neutrons and protons (or up and 
down quarks) 

 
 

 
 
 

     
 
 

     
 

 
 

 

Quarks Proton Neutron 

Heisenberg’60 

vs. 

  Mn = 939.57 MeV   M p = 938.27 MeV
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•  Strong force:  If mu~ md: Mn ~ Mp isospin symmetry  

 

Countless experiments have shown that strong force obeys isospin symmetry 
Results are the same if we interchange neutrons and protons 

 
 

•  Electromagnetic energy: one obvious difference between a neutron and a 
proton is their electric charges:   

 
 

 
 
 

     
 
 

     
 

 
 

 

Quarks Proton Neutron 

Heisenberg’60 

vs. 

  QP = 1   Qn = 0and 
  
Ee ∝

Q2

R
Since Mp > Mn ? 
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Countless experiments have shown that strong force obeys isospin symmetry 
Results are the same if we interchange neutrons and protons 

 
 

•  Electromagnetic energy: one obvious difference between a neutron and a 
proton is their electric charges:   

 
 
 
 

 Terrible consequences : Proton would decay into neutrons and there       
 will be no chemistry and we would not be there in this room! 
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Heisenberg’60 

vs. 

  QP = 1   Qn = 0and 
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•  Strong force:  If mu~ md: Mn ~ Mp isospin symmetry  

 
 
 
 

•  Electromagnetic energy: 

•  This is not the case:  
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Heisenberg’60 

vs. 

Mp > Mn 
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•  Strong force:  If mu~ md: Mn ~ Mp isospin symmetry  

 
 
 
 

•  Electromagnetic energy: 

•  This is not the case:  

•  Another small effect in addition to e.m. force:  

 
different fundamental quark masses 

 Different coupling to Higgs field 

 
 

 
 
 

     
 
 

     
 

 
 

 

Quarks Proton Neutron 

Heisenberg’60 

vs. 

Mp > Mn 

Why? 

 md ≠ mu
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Particle Data Group’22 

  md − mu = 4.7 − 2.2 = 2.5 MeV

Quarks Proton Neutron 

−

Neutrons can decay in 
protons!  

Quark mass difference more  
important than e.m. effect 
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  md − mu = 4.7 − 2.2 = 2.5 MeV

Quarks Proton Neutron 

−

Neutrons can decay in 
protons!  

Quark mass difference more  
important than e.m. effect 

Neutron lifetime experiments 

Particle Data Group’22 
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Particle Data Group’22 

  md − mu = 4.7 − 2.2 = 2.5 MeV

Quarks Proton Neutron 

−

To determine these  
fundamental parameters 
need to know how to  
disentangle them from QCD 
          treat strong interactions 
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Particle Data Group’22 

  md − mu = 4.7 − 2.2 = 2.5 MeV

Quarks Proton Neutron 

−

Can also be determined 
from η à 3π 



2.2  Oscillations of Kaons 
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•  Let us consider simplest hadrons: the mesons. They are quark-anti-quark 
bound states. They interact with strong, electromagnetic and weak forces 

 

 

 
 

 
 

 

 
 
 

     
 
 

     
 

 
 

 

1.1   The Standard Model 
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 H
The mediators of weak interaction (W, Z) become massive through the Higgs 
Mechanism       one scalar particle remain in the spectrum: H

  π
+ :  ud

  π
− :  ud

,   π
0 :  uu  or dd  

-  The simplest one is the pion: 
 
 
 
 
 
 
 
The pions mediate strong force in nuclei 
It is ubiquitous in hadronic collisions 
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•  Let us consider simplest hadrons: the mesons. They are quark-anti-quark 
bound states. They interact with strong, electromagnetic and weak forces. 
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 H
The mediators of weak interaction (W, Z) become massive through the Higgs 
Mechanism       one scalar particle remain in the spectrum: H

  π
+ :  ud

  π
− :  ud

,   π
0 :  uu  or dd  

-  The simplest one is the pion: 

-  The ones containing a s quark  
are the kaons  
 

 
 

  K
+ :  us ,

  K
− :  us

  K
0 :  ds , K 0 : sd  

Discovered in cosmic ray experiments 



•  Discovered in 1964 by Christenson, Cronin, Fitch and Turlay 
 

                    Nobel Prize in 1980 for Cronin and Fitch 

•  Start with a                  after some time it transforms into a 

•  The rate of this oscillation is suppressed but measurable in the Standard 
Model 
 

                        goes through weak interactions   ~ GF 
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through weak interaction 
Short distance effect 

  K 0   K 0

Historic Example: Beta Decay

GF

n
p

e
ν̄e

effective low energy description
of nuclear beta decay by a
4 fermion contact interaction

the interaction strength is given by
the Fermi constant

GF ≃ 1.17× 10−5 GeV−2

this defines an energy scale

Λ = (GF
√
2)−1/2 ≃ 246 GeV

Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 28 / 40
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•  Discovered in 1964 by Christenson, Cronin, Fitch and Turlay 
 

                    Nobel Prize in 1980 for Cronin and Fitch 

•  Start with a                  after some time it transforms into a 

•  The rate of this oscillation is very suppressed in the Standard Model 
 

                        goes through weak interactions   ~ GF  

•  How can we understand the oscillation rate?  
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•  Process described using the  
bag parameter BK 
Fundamental hadronic quantity 
proportional to matrix element 
 

         determined using lattice QCD 
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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 

2.2  Oscillations of Kaons 

 

 

 
 

 
 

 

 
 
 

     
 
 

     
 

 
 

 

•  Since process is suppressed in the Standard Model: 
 

                    very sensitive to new physics: new degrees of freedom and symmetries 

 
 
 

•  If measured with very good precision 
provided the SM contribution is known  
 

         stringent constraints on new physics   
             models 
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•  Similar tests with other mesons           Beauty mesons contain a b-quark 

 
 
 
 
 
 
 
 
 

 

 
 

 
 

 

 
 
 

     
 
 

     
 

 
 

 

Oscillations of B mesons 
1.1   The Standard Model 

6Emilie Passemar

 H
The mediators of weak interaction (W, Z) become massive through the Higgs 
Mechanism       one scalar particle remain in the spectrum: H

•  B meson physics have been studied 
extensively at BaBar, Belle, CDF, 
D0@Tevatron and now Belle-II, LHCb, 
CMS and ATLAS@LHC 
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•  Similar tests with other mesons           Beauty mesons contain a b-quark 

•  Similar tests with D mesons 

 
 
 
 
 
 
 
 
 

 

 
 

 
 

 

 
 
 

     
 
 

     
 

 
 

 

Oscillations of B mesons 
1.1   The Standard Model 
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 H
The mediators of weak interaction (W, Z) become massive through the Higgs 
Mechanism       one scalar particle remain in the spectrum: H

•  B meson physics have been studied 
extensively at BaBar, Belle, CDF, 
D0@Tevatron and now Belle-II, LHCb, 
CMS and ATLAS@LHC 
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•  Similar tests with other mesons 

 
 
 
    
 
 
 
 

•  Stringent constraints on new physics  models provided hadronic matrix 
elements known 
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  B0   B0

1.1   The Standard Model 
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 H
The mediators of weak interaction (W, Z) become massive through the Higgs 
Mechanism       one scalar particle remain in the spectrum: H
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  B0   B0
+ 

•  B-B measured by BaBar and Belle’01 

•  BS-BS mixing observed by CDF’06 and 
       LHCb’11 

 
 CP violation in B decays  

  

LHCb’13 

CP violation in D decays  LHCb’19 & ’21 
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Oscillations of B mesons 



New Physics and Flavour sector  
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•  Very sensitive to New Physics 
 

 
 

 
 

 

 
 
 

     
 
 

     
 

 
 

 

High Sensitivity to New Physics

Wolfgang Altmannshofer The Flavor Puzzle June 26, 2014 30 / 40

W. Altmannshofer 



•  Exciting discrepancies reported recently in B physics sector : 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 
 

 

 
 
 

     
 
 

     
 

 
 

 

Anomalies in Flavour Physics 

New Physics in the Flavour Sector 

Page 5 Andreas Crivellin 

“Popular 
news” 

New Physics in the Flavour Sector 

Page 5 Andreas Crivellin 

“Popular 
news” 
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Went away in  
December 2022 LHCb’22 



•  Cabibbo Angle Anomaly:  
 

     Description of the weak interactions : 

 
 
•  Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 

eigenstates in Standard Model  
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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 

Emilie Passemar 

?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 unitarityq 

In the SM: W exchange           V – A interactions only     

  Vud = cosθC   Vus = sinθCand 

University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

The CKM Mechanism

The CKM Mechanism source of ChargeParityViolation in SM
• Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 

eigenstates in Standard Model

• Fully parametrized by four parameters if unitarity holds: three real parameters 
and one complex phase that if non-zero results in CPV

• Unitarity can be visualized using triangle equations, e.g. 

14
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s0

b0

1

A =
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Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1
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0
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d
s
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1

A

Weak Eigenstates Mass EigenstatesCKM Matrix

VCKMV †
CKM = 1 ! V ⇤

ubVud + V ⇤
cbVcd + V ⇤

tbVtd = 0



•  Cabibbo Angle Anomaly:  
 

      

 
 

•  Check the unitarity of the first row of the CKM matrix:  
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University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

The CKM Mechanism

The CKM Mechanism source of ChargeParityViolation in SM
• Unitary 3x3 Matrix, parametrizes rotation between mass and weak interaction 

eigenstates in Standard Model

• Fully parametrized by four parameters if unitarity holds: three real parameters 
and one complex phase that if non-zero results in CPV

• Unitarity can be visualized using triangle equations, e.g. 
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1
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b

1

A

Weak Eigenstates Mass EigenstatesCKM Matrix

VCKMV †
CKM = 1 ! V ⇤

ubVud + V ⇤
cbVcd + V ⇤

tbVtd = 0
We will come back to 
this later 

  Vud = cosθC   Vus = sinθCand 
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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:  
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Cabibbo Universality: 
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•  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) 

5 Emilie Passemar 

1.1  Test of  the Standard Model: Vus and CKM unitarityq 

In the SM: W exchange           V – A interactions only     

  Vud = cosθC   Vus = sinθCand 

-3σ away from unitarity!  



•  These anomalies have generated a lot of excitement and theoretical papers 
to try to explain them using new physics models 

•  This requires a good understanding of hadronic physics  

•  New measurements are planned at ATLAS,  
CMS (dedicated B physics run), LHCb  
Belle II and NA62 

•  Better precision within the next decade          
       match the level of precision theoretically  
      with hadronic physics 

•  Can we try to escape considering leptons?  
          Do not interact through  
           strong interactions 
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1.1   The Standard Model 

6Emilie Passemar

 H
The mediators of weak interaction (W, Z) become massive through the Higgs 
Mechanism       one scalar particle remain in the spectrum: H



2.3  Anomalous magnetic moment of the muon 

 
•  The gyromagnetic factor of the muon is modified by loop contribution 
 
•  Predicted by Dirac to be 2 

•  Schwinger computed the first order   correction 
 
�
�
 

45 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

•  In lowest order, where mass effects appear, contributions 

from heavy virtual particles scale as m2
e /µ  :  

 aµ should be roughly 50 times more sensitive to NP than ae ! 

γ 

µ ? •  Loose about a factor of 800 in experimental precision 

The experimental precision for aµ will be worse than for ae, so why do it ? 

aτ even more sensitive, but insufficient experimental accuracy Emilie Passemar 53 

46 Seminar, LAPP-Annecy, 2011 Andreas Hoecker   –   Charged-Lepton Flavour Physics 

Loop contributions: 
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... or some unknown 
type of new physics ? 
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Hadronic 

h

γ

µ
γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h

µ
γ

γ

µ µ

γ

γµ

µ µ

h

γ

µ
γ γ

µ ν µ

W W

γ
µ µ

γ

µ Z

h

µ
γ

γ

µ µ

γ

γµ

µ µ

“Light-by-light 
scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 

Anomalous magnetic moment of elementary fermions 

ae = 1159652180.73(28) × 10−12 (0.24 × 10−9)
PRL 100, 120801 (2008)

QED test or αem determination

aμ = 116592091(63) × 10−11 (0.54 × 10−6)
E821, PRD 73, 072003 (2006)

Sensitive test of the Standard Model

aτ = −0.018(17) or − 0.052 < aτ < 0.013 95%CL
(DELPHI), EPJC 35, 159 (2004)

Theory: 117721(5) × 10−8, Eidelman, Passera, MPL A 22, 159 (2007)

aμ much more sensitive to NP than ae ∼ (mμ/me)2 ≈ 4.3 · 104

Single non trivial parameter coming from loops in QFT

QED:



2.3  Anomalous magnetic moment of the muon 
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aµ(SM) = 0.00116591810(43) à 368 ppb

• Individual tension 
with SM
– BNL: 3.7s
– FNAL: 3.3s

aµ(Exp) - aµ(SM) = 0.00000000251(59) à 4.2s

à 3.7s

à 3.3s

FNAL g-2  
Chris Polly’19 



Confronting measurement and prediction 

QCD!Sector:!Muon!magne8c!moment!gµA2!!

George!Lafferty!!!!!!!!!!!!!!!!!!!!!!!

University!of!Manchester!

13th!Interna8onal!Workshop!on!Tau!

Lepton!Physics! 23!

…!or!…!

Let’s!agree!on!“about!3¾”!

Uncertainty!dominated!by!hadronic!vacuum!

polariza8on!and!lightAbyAlight!scarering,!both!of!

which!need!experimental!input!from!tau!and!e+eA!

Conserved!vector!current!(CVC)!relates!lowA

energy!e+eA!scarering!to!hadronic!¿!decays!
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Hadronic*Contribu2on*

µ 

γ 

γ 

h
a
d 

had 

γ 
  

aµ
had,LO =

α2

3π 2
ds

m
π0
2

∞

∫    K(s)
s

   R(s)

  

12π Im∏γ (s) = σ
(0)[e+e− →hadrons]
σ (0)[e+e− → µ+µ− ]

≡R(s)

 Im[                   ] ∝ |                 had |2 

•  Cannot be computed from first principles due to low-energy hadronic effects 

•  Fortunately, one can benefit from analyticity and unitarity to obtain real part of photon 
polarisation function from dispersion relation over total hadronic cross section data 

•  Theoretical Prediction:  
 
 
 
 
 
 
 
 
 
 
 
 
•  Important contribution comes from  

virtual hadrons in the loop!  

•  Tackled using : 
-  Models 
-  Dispersion Relations 
-  Lattice QCD 
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Loop contributions: 
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scattering” 

… or no effect on aµ, 
but new physics at the 
LHC? That would be 
interesting as well !! 
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4.0 693.1 
-8.59 7 

9.2 1.8 

81.0 4.3 

Colangelo et al. 
Snowmass 2022 



2.3  Anomalous magnetic moment of the muon 
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Hartmut	Wittig
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SM	predic$on:	White	Paper	of	“ 	Theory	Ini$a$ve”	(2020)	
• Overall	precision	of	 	
• Error	dominated	by	hadronic	vacuum	polarisa$on	(HVP)	and	
light-by-light	scaVering	(HLbL)	

• HVP	evaluated	using	“data-driven”	approach	based	on	dispersion	
integrals	and	hadronic	cross	sec$ons

g − 2
0.37 ppm [Aoyama	et	al.,	Phys.	Rep.	887	(2020)	1]

HVP HLbL
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prediction
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1.5 σ2.1 σ

• Since	2010:	LaYce	QCD	calcula$ons	with	increasing	precision	
• Single	laYce	result	for	HVP	(BMWc)	with	comparable	precision

•  Since 2019: Progress in many fronts: Lattice QCD   

 
 
 
 
 
 
 
 
 
 
 

•  Also experimentally and analytically in SM predictions 
 
 See talks tomorrow morning by A. Denig, B.Kubis and D. G. Melo Porras 

H. Wittig@Moriond 2023 



•  Since 2019: Progress in many fronts: New result released on 
August 10 2023 by Muon g-2 experiment 

 
 
 
 
 
 
 
 
 
 
 

2.3  Anomalous magnetic moment of the muon 
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https://news.fnal.gov/2023/08/muon-g-2-doubles-down-with-latest-
measurement/ 



2.4  Neutrino Physics 

•  What about neutrino physics?  
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We should be fine!  



2.4  Neutrino Physics 

•  What about neutrino physics?  
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We should be fine!    Really?  



2.4  Neutrino Physics 

•  What about neutrino physics?  
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We need to detect the neutrinos! 
 
By detecting the final state leptons and all the product  
to reconstruct the neutrino energy unknown   
 
Make them interact on Nucleus 

1.4  Cross section : different regions 

13 Emilie Passemar 

Compute Cross Section 
 
Hadronic Physics 

From R. Hill 



3.   Precision Hadronic Physics : selected 
examples 

Emilie Passemar 



3.1  Cabibbo angle anomaly 

Emilie Passemar 62 

11

Vus

Vud
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 K→
 μν

 / π
→ μν

  

(0.22%)

K→ πlν (0.27%)
unitarity

 K→
 πlν

 / π
+→π

0 e+ν  

(0.38%)

0+ → 0+ (0.030%)
Neutron (0.050%)

τ decays 
(0.58%)

FIG. 1. Summary of constraints on Vud and Vus (assuming the Standard Model hypothesis) from

nuclear, nucleon, meson, and ⌧ lepton decays. For each constraint, the one-sigma uncertainty on

Vus or Vud is given in parenthesis (see text for details). The one-sigma ellipse from a global fit

(with �2/d.o.f. = 2.8), depicted in yellow, corresponds to Vud = 0.97357(27) and Vus = 0.22406(34),

implying �
CKM

= |Vud|2 + |Vus|2 � 1 = (�19.5± 5.3)⇥ 10�4.

where h = ⇡, K. An alternative method to test ⌧ � µ universality, similar to the µ� e case,

compares the electronic and muonic decay rates and can be expressed as

✓
A⌧

Aµ

◆

⌧

=

s

R⌧
⌧/µ

⌧µ
⌧⌧

m2

µ

m3

⌧

(1 + �W )(1 + ��) . (24)

In the above equations me,µ,⌧ are the masses of e, µ, and ⌧ , ⌧⌧,h are the lifetimes of the

particles ⌧ and h, and �h,W,� are the weak and electromagnetic radiative corrections (see

Ref. [94] and references therein for details). Experimentally, these tests have been carried

out at B-factories where, at the nominal center-of-mass energy of 10.58 GeV/c2, thanks to

a cross section of 0.919 nb, these machines are ”⌧ -Factories” de facto that produce large

numbers of ⌧ pairs.

Both the BaBar and the CLEO Collaborations performed the LFU tests according to

Eq. (22) [95] and Eq. (23) [96], while only CLEO performed the measurement according

Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

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

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2241(10)

Vud

Vus

unitarity
fit

Vud
Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

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

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2241(10)

Vud

Vus

unitarity
fit

Vud

  Vud

2
+ Vus

2
+ Vub

2
= 1 + ΔCKM

Negligible ~2x10-5 

     (B decays) 

Vus 

Bryman, Cirigliano,  
Crivellin, Inguglia’22 

Moulson & 
E.P.@CKM2021 



Paths to Vud and Vus  
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•  From kaon, pion, baryon and nuclear decays 
 

 

 
 Vud 

 0+     0+ 

π±      π0eνe 
n      peνe π     lνl   

Vus K      πlνl Λ      peνe  K       lνl   

Cabibbo universality tests

4

• Extract Vij from semileptonic processes (beta decays, …)

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections



•  For Kl3 decays: Kπ  form factors 

 
 
 
 

 
 
 
 
 
 
 

 
Ø  Normalization f+(0) determined from lattice QCD 

Ø  Shape of the Kπ  form factors obtained from a fit to the data using a 
dispersive parametrization   

•  For Kl2/πl2 : the decay constant ratio: fK/fπ
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1.1   Introduction: Key hadronic inputs 

  
π ( pπ )  sγ µu K( pK ) = pK + pπ( )µ −

ΔKπ

t
pK − pπ( )µ

⎡

⎣
⎢

⎤

⎦
⎥  f+ (t) +

ΔKπ

t
pK − pπ( )µ  f0(s)

vector scalar 

  t = q2 = ( pK − pπ )2with                              , 
  
f 0,+ (s) =

f0,+ (s)
f+ (0)

Bernard, Oertel, E.P., Stern’08,’10 



•  Advantage of a dispersive approach:  
Ø Based on analyticity and unitarity ⇒ model independence 
Ø Summation of rescattering 
Ø Connect different energy regions 
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1.1   Introduction: Dispersive parametrization for Kπ  form factors  



•  Unitarity           the discontinuity of the form factor is known:  
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1.1   Introduction: Dispersive parametrization for Kπ  form factors  

  

1
2i

disc FPP (s) = Im FPP (s) = FPP→n
n
∑ Tn→PP( )*

Only one channel n = PP  (elastic region) 
 
 
 
 

 
 
 

P 

P P 

P P 

P 
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1
2i

disc FI (s) = Im FI (s) = FI (s) sinδ I (s)e− iδ I (s)

Watson’s  theorem 

PP scattering phase  
known from experiment 



•  Analiticity : Knowing the discontinuity of               write a dispersion relation 
for it 

•  Cauchy Theorem and Schwarz reflection principle 

  
 

     
 

•  If       does not drop off fast enough for                        
         subtract the DR 

 

Dispersive parametrization for Kπ  form factors  

s →∞

  
F(s) = Pn−1(s) + sn

π
ds'
s'n

Im F(s')⎡⎣ ⎤⎦
s'− s − iε( )MPP

2

∞

∫ Pn-1(s) polynomial 

F

F
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  sth ≡ MPP
2

   
F(s) = 1

π
F(s')
s'− s!∫  ds'

  

1
2iπ

disc F(s')⎡⎣ ⎤⎦
s'− s − iε

MPP
2

∞

∫  ds'



Dispersive parametrization for Kπ  form factors  

•  Solution: Use analyticity to reconstruct the form factor in the entire space 
 

 Omnès representation : 
 
 
 
 
 

 
•  Omnès function : 

 
 
 

•  Polynomial: PI(s) not known but determined from a matching to experiment 
or to ChPT at low energy 

Emilie Passemar 

(( ) ( )) II IP sF s sΩ=

polynomial Omnès function 

  
Ω I (s) = exp

s
π

ds'
s'

δ I (s')
s'− s − iεsth

∞

∫
⎡

⎣
⎢

⎤

⎦
⎥



Dispersive parametrization for Kπ  form factors  

•  Scalar Kπ  form factor obtained from a twice subtracted Dispersion Relation: 

One Subtraction in s=0 and another one in s = ΔKπ = (mK+mπ)2 at the Callan-
Treiman point  where a low energy theorem exists 
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f 0(s) = exp

s
ΔKπ

 lnC +
s − ΔKπ( )

π
ds'
s'

φ0(s')
s'− ΔKπ( ) s'− s − iε( )mK +mπ( )2

∞

∫
⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  lnC ≡ f 0(ΔKπ )
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Flavianet Kaon WG: Antonelli et al’11   
 

Changes on Vus and Vud since 2011 

0.224

0.226

0.228

0.972 0.974 0.976

Vud

V us

0.224

0.226

0.228

0.972 0.974 0.976

Vud (0+ → 0+)

Vus/Vud (Kµ2)

Vus (Kl3)

fit with
unitarity

fit

unitarity
Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

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

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2241(10)

Vud

Vus

unitarity

fit

Vud

Moulson & E.P.@CKM2021 

What happened? 
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•  Almost no change on the experimental side since 2011 

•  Changes in theoretical inputs:  
–  Impressive progress on hadronic matrix element computations from lattice QCD for 

Vus and Vus/Vud extraction from Kaon decays 

 
 

 

 

Flavianet Kaon WG: Antonelli et al’11   
 

Cabibbo universality tests

4

• Extract Vij from semileptonic processes (beta decays, …)

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

Changes on Vus and Vud since 2011 



Emilie Passemar 72 

•  Almost no change on the experimental side since 2011 

•  Changes in theoretical inputs:  
–  Impressive progress on hadronic matrix element computations from lattice QCD for 

Vus and Vus/Vud extraction from Kaon decays 

 
–  Radiative corrections from dispersive methods for Vud extraction 

 
 

 

 

Flavianet Kaon WG: Antonelli et al’11   
 

Cabibbo universality tests

4

• Extract Vij from semileptonic processes (beta decays, …)

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

Changes on Vus and Vud since 2011 

e.g. Seng, Gorchtein, Patel, Ramsey-Musolf’18,’19 



 
f+(0) from lattice QCD 

•  Recent progress on Lattice QCD for determining f+(0) 
 
 

 

2011: Vus = 0.2254(5) exp(11)lat    à  Vus = 0. 2231(4)exp(4)lat    

  
f+ (0)N f =2+1+1

FLAG 21 = 0.9698(17)

0.18% uncertainty 

to be compared to  

  
f+ (0)N f =2+1+1

FLAG16 = 0.9704(32)

Uncertainty divided by ~2 w/ 
2016 and by 25 w/ 2011!  

  
f+ (0)N f =2+1

2010 = 0.959(50)

Lattice uncertainties  
at the same level as exp.  

-3.2σ	away	from	unitarity!	 
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Vus/Vud from Kl2/πl2

 
 
 

 
 
•  Recent progress on radiative corrections computed on lattice: 
 
                                                                                        Boyle et al.’23 
         
•  Main input hadronic input: fK/fπ

•  In 2011: Vus/Vud = 0.2312(4) exp(12)lat  

•  In 2021: Vus/Vud = 0. 2311(3)exp(4)lat the lattice error is reducing by a factor 
of 3 compared to 2011! It is now of the same order as the experimental 
uncertainty.  

 
 

 

Di Carlo et al.’19  

-1.8σ	away	from	unitarity	 
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Progress since 2018:             new results from ETM’21 and CalLat’20 

 

 

 
 

 
 

 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

fK/fπ from lattice QCD 

Now Lattice collaborations  
include SU(2) IB corr.  
For Nf=2+1+1, FLAG2021 
 
 
 
 
Results have been stable  
over the years 
 
For average substract IB corr. 

  fK + f
π + = 1.1932(21)

0.18% uncertainty 

  fK fπ = 1.1967(18)

Vus/Vud = 0. 23108(29)exp(42)lat  

In 2011:   fK fπ = 1.193(6)
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Flavianet Kaon WG: Antonelli et al’11   
 

Changes on Vus and Vud since 2011 

0.224
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0.972 0.974 0.976

Vud (0+ → 0+)

Vus/Vud (Kµ2)

Vus (Kl3)

fit with
unitarity

fit

unitarity
Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

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

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2241(10)

Vud

Vus

unitarity

fit

Vud

Moulson & E.P.@CKM2021 
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1.1   Introduction: |Vud|from 0+→ 0+ superallowed βdecays  

 

 

 

 
 

                Use of a data driven dispersive approach 
 
 

     
 
 

     
 

 
 

 

See Talk by Misha Gorshteyn 
@CKM2021 

Figure adapted  
from J. Hardy 
 

Recent improvement on the theoretical RCs +Nuclear Structure Corrections  
Seng et al.’18’19, Gorshteyn’18 
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Flavianet Kaon WG: Antonelli et al’11   
 

Changes on Vus and Vud since 2011 
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fit with
unitarity

fit

unitarity
Vus from kaon decays – M. Moulson, E. Passemar – CKM 2021 – University of Melbourne, 22-26 Nov 2021

Vus and CKM unitarity: All data

36

Fit results, no constraint

Vud = 0.97365(30)
Vus = 0.22414(37)
χ2/ndf = 6.6/1 (1.0%)
ΔCKM = −0.0018(6)

−2.7σ

|Vud| = 0.97373(31)
|Vus| = 0.2231(6)

|Vus|/|Vud| = 0.2311(5)

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

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2241(10)

Vud

Vus

unitarity

fit

Vud

Moulson & E.P.@CKM2021 

Vud shift 



Prospects 
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•  From kaon, pion, baryon and nuclear decays 

 
•  Vus from Hyperon decays and from Tau physics 

•  Vud from  *neutron decays : very impressive progress recently 
                *pion β decay π+ → π0e+ν : PIONEER experiment 

 

•  Lattice Progress on hadronic matrix elements: decay constants, FFs  
  Full QCD+QED decay rate on the lattice 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

 
 

Vud 
 0+     0+ 

π±      π0eνe 
n      peνe π     lνl   

Vus K      πlνl Λ      peνe  K       lνl   



3.2   Search for a light scalar mixing with the Higgs 
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•  Motivation: relaxion, dark matter and inflation models, see e.g. Goudelis, 

Lebedev, Park’11,  
 

Blackstone, Tarrus Castella, E. P.,  
Zupan in preparation 

4. and, significantly and as yet unexamined, there exist di↵erent methods of matching

the solutions of the MO problem to the �PT expressions, which result in variations

of the final profiles.

The paper is structured as follows. In Section 2 we introduce the formalism followed

in this work and describe the MO problem at hand. Section 3 focuses on the particular

quagmire encountered in pursuit of matching to �PT, as well as an enumeration of the

uncertainty manifest in this pursuit (point 4 above). Section 4 comprises our results and

discussion. In this last section, we also apply the results to the decay of a light, Higgs-mixed

scalar.

2 Formalism

2.1 Interaction Lagrangian

For the e↵ective interaction Lagrangian of the light scalar � with the SM fields we use the

notation [4]

Le↵ = �
X

q

cq
mq

vW
q̄q��

X

`

c`
m`

vW
¯̀̀ �+ cg

↵s

12⇡vW
�Ga

µ⌫G
aµ⌫

(2.1)

where vW = 246GeV is the electroweak vev. The summation is over the q = u, d, s, c, b

quark flavors and charged leptons ` = e, µ, ⌧ , and we have assumed that flavor violation is

negligible. For a Higgs mixed scalar we have [JZ: Note: in the SM cg comes from the top

loop. For the on-shell Higgs cg ' 1.03, but for m� ⌧ mt it is just 1.]

cq = c` = cg = sin ✓, (2.2)

where ✓ parameterizes the mixing between the scalar � and the Standard Model Higgs.

Further generalizations to the lagrangian Eq. 2.1 in [4] are omitted from our analysis.

2.2 Muskelishvili-Omnès problem

The Muskelishvili-Omnès problem regards finding solutions to singular integral equations,

such as those obeyed by the physical quantities of scattering theory. These integral equa-

tions are the result of basic principles, analyticity and unitarity, and so govern the behavior

of these physical quantities beyond the context in which we know how to calculate them.

One uses these so-called dispersion relations to extend knowledge of a physical quantity to

di↵erent energy scales at which these principles remain applicable even though the original

means of calculation (�PT, perturbation theory, etc.) may not.

The formulation of these principles are cast as a sum over on-shell, intermediate states.

The normalization of the S and T matrices (in the basis of initial and final states) are chosen

such that

Sij = �ij + 2i�1/2
i Tij�

1/2
j ✓(s� 4M2

i )✓(s� 4M2
j ) (2.3)

or, in matrix form,

S = 1 + 2i⌃T⌃ (2.4)

– 3 –



Emilie Passemar 

Key hadronic inputs 

 

 
 
  

+
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couplings to the light quarks, ¯̀(1 ± �5)⌧ · q̄{1, �5}q. Finally, the diagram to the right, through

heavy-quarks in the loop generates gluonic operators of the type ¯̀(1±�5)⌧ ·GG and ¯̀(1±�5)⌧ ·GG̃.

When considering hadronic LFV decays such as ⌧ ! `⇡⇡ or ⌧ ! `P (P = ⇡, ⌘, ⌘0) one

needs the matrix elements of the quark-gluon operators in the hadronic states. In particular,

P-even operators will mediate the ⌧ ! `⇡⇡ decay and one needs to know the relevant two-

pion form factors. The dipole operator requires the vector form factor related to h⇡⇡|q̄�µq|0i
(photon converting in two pions). The scalar operator requires the scalar form factors related

to h⇡⇡|q̄q|0i. The gluon operator requires h⇡⇡|GG|0i, which we will reduce to a combination of

the scalar form factors and the two-pion matrix element of the trace of the energy-momentum

tensor h⇡⇡|✓µµ|0i via the trace anomaly relation:

✓µµ = �9
↵s

8⇡
Ga

µ⌫G
µ⌫
a +

X

q=u,d,s

mq q̄q . (2)

To impose robust bounds on LFV Higgs couplings from ⌧ ! `⇡⇡, we need to know the hadronic

matrix elements with a good accuracy. With this motivation in mind, we now discuss in detail

the derivation of the two-pion matrix elements.

3 Hadronic form factors for ⌧ ! `⇡⇡ decays

The dipole contribution to the ⌧ ! `⇡⇡ decay requires the matrix element

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�

1
2(ū�

↵u� d̄�↵d)
�

�0
↵ ⌘ FV (s)(p⇡+ � p⇡�)↵, (3)

with FV (s) the pion vector form factor. As for the scalar currents and the trace of the energy-

momentum tensor ✓µµ, the hadronic matrix elements are given by

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�muūu+mdd̄d
�

�0
↵ ⌘ �⇡(s) ,

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�mss̄s
�

�0
↵ ⌘ �⇡(s) ,

⌦

⇡+(p⇡+)⇡�(p⇡�)
�

�✓µµ
�

�0
↵ ⌘ ✓⇡(s) , (4)

with �⇡(s) and �⇡(s) the pion scalar form factors and ✓⇡(s) the form factor related to ✓µµ. Here

s is the invariant mass squared of the pion pair: s = (p⇡+ + p⇡�)2 = (p⌧ � p`)
2.

In what follows, we determine the form factors by matching a dispersive parameterization

(that uses experimental data) with both the low-energy form dictated by chiral symmetry and

the asymptotic behavior dictated by perturbative QCD. Numerical tables with our results are

available upon request.

3.1 Determination of the ⇡⇡ vector form factor

The vector form factor FV (s) has been measured both directly from e+e� ! ⇡+⇡� [31–35]

and via an isospin rotation from ⌧ ! ⇡�⇡0⌫⌧ [36, 37]. It has also been determined by several

theoretical studies [38–54].

6

  
s = p

π + + p
π −( )2

INDIANA UNIVERSITY BLOOMINGTON

Scalar Form Factors

Γ𝑃(𝑠) = 𝑃𝑃 𝑚𝑢𝑢𝑢 + 𝑚𝑑𝑑𝑑 0
Δ𝑝(𝑠) = 𝑃𝑃 𝑚𝑠𝑠𝑠 0
𝜃𝑃(𝑠) = 𝑃𝑃 𝜃𝜇

𝜇 0

𝐺𝑃 𝑠 =
2
9
𝜃𝑃(𝑠) +

7
9
Γ𝑃(𝑠) + Δ𝑃(𝑠)

Γ𝑃𝑃 ∝
𝑠𝜃
2 𝛽𝑃
𝑚𝜙

2
9
𝜃𝑃 +

7
9
Γ𝑃 + Δ𝑃

2

Scalar FF combination 
relevant for 𝜙𝑃𝑃 vertex. 

Donoghue, Gasser, Leutwyler
Nuc. Phys. B 343 2, 341-368 (1990)

Blackstone, Tarrus Castella, E. P.,  
Zupan in preparation 

  cq = cℓ = cg = sθwith 



 
•  No experimental data on the FFs          Coupled channel analysis  

up to √s ~1.4 GeV 
Inputs: I=0, S-wave ππ  and  KK data 

�

•  Unitarity: 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Determination of the form factors  
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  Donoghue, Gasser, Leutwyler’90 
          Moussallam’99 

π 

π π 

π π 

π 

π 

π 

+ 

π 

π 

 K

 K

 K

 K

            Donoghue, Gasser, Leutwyler’90 
                Moussallam’99 
Daub, Dreiner, Hanhart, Kubis, Meissner’12 
                               Celis, Cirigliano, E.P.’14 

               Winkler’19 
 

Form factors
•  Two channel unitarity condition (ππ, KK) (OK up to  √s ~ 1.4 GeV)

n  = ππ, KK

•  General solution:

Canonical solution falling as 1/s for large s 
(obey un-subtracted dispersion relation) 

Polynomials 
determined by 

matching to ChPT

•  Solved iteratively, using input on s-
wave I=0  meson meson scattering

  n = ππ , KK



•  Inputs : ππ → ππ, KK  
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

•  A large number of theoretical analyses Descotes-Genon et al’01, Kaminsky et al’01, 
Buttiker et al’03, Garcia-Martin et al’09, Colangelo et al.’11 and all agree 

•  3 inputs: δπ (s), δK(s), η from B. Moussallam           reconstruct T matrix 

Determination of the form factors 
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Garcia-Martin et al’09 
Buttiker et al’03 



 
•  General solution: 

 
•  Canonical solution found by solving the dispersive integral equations iteratively 

starting with Omnès functions 
 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Determination of the form factors  
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Polynomial determined from a  
matching to ChPT + lattice 

Canonical solution 

  X (s) = C(s), D(s)



 
 
 
 
 
 
 
 
 
 

 

 "σ "

0f

0f

Dispersion relations: 
Model-independent method,  
based on first principles  
that extrapolates ChPT  
based on data 
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2.4  Comparison with ChPT 

 
 
 

•  ChPT, EFT only valid at low energy for 
 

 It is not valid up to E = !  
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Results 
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Scalar Form Factors

Γ𝑃(𝑠) = 𝑃𝑃 𝑚𝑢𝑢𝑢 + 𝑚𝑑𝑑𝑑 0
Δ𝑝(𝑠) = 𝑃𝑃 𝑚𝑠𝑠𝑠 0
𝜃𝑃(𝑠) = 𝑃𝑃 𝜃𝜇

𝜇 0

𝐺𝑃 𝑠 =
2
9
𝜃𝑃(𝑠) +

7
9
Γ𝑃(𝑠) + Δ𝑃(𝑠)

Γ𝑃𝑃 ∝
𝑠𝜃
2 𝛽𝑃
𝑚𝜙

2
9
𝜃𝑃 +

7
9
Γ𝑃 + Δ𝑃

2

Scalar FF combination 
relevant for 𝜙𝑃𝑃 vertex. 

Donoghue, Gasser, Leutwyler
Nuc. Phys. B 343 2, 341-368 (1990)
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adjusted quark masses [9] has been employed in [75,76]. In
Fig. 7 it can be seen that our sensitivity estimate approx-
imately reproduces the SHiP projection from [76] if we also
switch to the same spectator model. The same observation
is made in the case of NA62. We emphasize, however, that
our dispersive analysis provides a much more realistic
description of the scalar decay properties in the GeV range
compared to the spectator model.
We finally comment that the sensitivity of NA62 to light

scalars could be significantly improved: the present esti-
mate refers to the experiment running in dump mode. This
means that the beryllium target is lifted and the collimator is
closed such that it acts as dump for the proton beam. The
disadvantage of this layout is that most produced kaons are
absorbed in the thick collimator before they can decay. It
appears preferential to leave the (thin) beryllium target in
the beam line and keep the collimator closed. The latter
would then still filter hadronic backgrounds. But since it is
located 20 m downstream the target, a significant fraction
of the kaons created in the target could decay before
reaching the collimator. This would increase the number of
light scalars from kaon decay by a factor 10–100 compared
to dump mode.

D. Cosmology and astrophysics

Light scalars can also be constrained by requiring that
they do not spoil the cosmological evolution. In the hot
early universe, the light scalars are copiously produced in
the thermal bath. Due to their small coupling to SM matter,
their freeze-out abundance is significant. If their decay
happens after the onset of primordial nucleosynthesis

(BBN), the hadronic energy injection would have spoiled
the light element abundances. The resulting upper limit on
the scalar lifetime ranges from 1=100s − 1 s in the con-
sidered mass range [77].18 It was converted to a constraint
on sθ by using the decay rate from Fig. 4.
Finally, astrophysical processes can be affected by light

scalars. Most importantly, scalar emission could carry away
significant amounts of energy in supernova explosions
[78,79]. This would lead to a shortening of the neutrino
pulse which is constrained by observations of SN1987a.
We determine the corresponding exclusions on light scalars
following the treatment described in [24,51].
While accelerator searches exclude large mixing angles,

cosmology constrains sθ from below (see Fig. 8).
For mϕ ≲ 5 GeV, a window of sθ ∼ 10−3–10−5 and sθ ∼
10−4–10−8 remains viable below and above the two-muon
threshold respectively. In models, where the light scalar is
identified with the relaxion (Sec. II B) or the mediator
connecting to dark matter (Sec. II A), additional constraints
apply which close parts of this window. Nevertheless, there
remains an exciting discovery potential for the next gen-
eration of experiments.

V. CONCLUSION

We have reinvestigated the decay properties of a light
scalar boson mixing with the Higgs. A special focus was

FIG. 8. Constraints on light scalars mixing with the Higgs. The filled regions with solid boundaries correspond to model-independent
constraints. Sensitivity projections are indicated by the dashed boundary. The hatched regions refer to model-dependent exclusions
which apply to the relaxion model (cyan) and the dark matter model (red, ocher) discussed in Sec. II. Masses around the charmonium
resonances have been masked in some probes.

18The constraint mildly depends on the (model-dependent)
Higgs-scalar coupling and was shown for three different choices
in [77]. To be conservative we used the weakest of the three
constraints at each mass.
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4.1  Conclusion 
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•  Hadronic physics is crucial to understand fundamental laws of physics and 
new physics phenomena 

 
 

•  K, D and B mesons measurements more accurate           require inputs 
from hadronic physics   
  

•  To reach this quest, studying interactions of quarks, leptons and even 
neutrinos with high precision requires a precise knowledge of hadronic 
physics: directly for quark interactions or indirectly for leptons and neutrinos 

•  Hadronic physics relies on non-perturbative techniques to treat QCD at low 
energies:          synergies between lattice QCD and analytical methods: 
ChPT, dispersion relations, etc. 

•  We have enter a precision era in all domains of particle physics requiring 
an unprecedent effort in taming the hadronic uncertainties 

 



4.2  Outlook 
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•  To answer these new demands, we can use precision hadronic physics 
combining ChPT, dispersion relations with lattice results 

 
 

•  I showed two examples:  
–  Cabibbo Anomaly  
–  Constraints on a light scalar mixing with the Higgs 
 
 

•  Still some challenges which need to be addressed: 
–  Bridge the gap between dispersive analyses and Perturbative QCD 
–  Radiative corrections: Electromagnetic and Isospin Breaking 
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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:!

2.2  Vus from Kl3 (K → πlνl) 

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

 
Average and work by Flavianet Kaon WG  Antonelli et al’11  and then by  
M. Moulson, see e.g. Moulson.@CKM2021 
 
 
 

Theoretically 
•  Update on long-distance EM corrections for Ke3 

 
•  Improvement on Isospin breaking evaluation due to more precise dominant 

input: quark mass ratio from η → 3π  

•  Progress from lattice QCD on the K → π FF 
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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( )

Seng et al.’21 

Colangelo et al.’18 

2.5  Kπ form factors 2.1  Vus from Kl3 decays 

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

•  f+(0) : vector form factor at zero momentum transfer: 
 
Hadronic matrix element:  
 
 
 
 
f+(0) key hadronic quantity: In SU(3)V  limit (mu=md=ms), CVC         f+(0) = 1  
Need to compute corrections in second order in SU(3) breaking  

               see later 
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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

Emilie Passemar 

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)⎡
⎣

⎤
⎦

23 Emilie Passemar 



1.1   Introduction: 2.1  Vus from Kl3 decays 
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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 
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+ 

From V. Cirigliano 

 ΔR
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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+  
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5.2  New Radiative Corrections for 0+    0+  
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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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known with highest precision, all with comparable uncer-
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cal uncertainty. This result leads to the current value of
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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
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ud

| = 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
a more precise value of the nucleus-independent EWRC,
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= 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 
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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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|. Regardless, if
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The best determination of �V
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= 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
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ud
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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
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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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

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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(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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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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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

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-
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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.
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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
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atively clean. Beyond tree-level, however, electroweak ra-
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are not protected, and lead to a hadronic uncertainty
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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 | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s

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)

|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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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

!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)

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

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)

|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)
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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
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| to the superallowed nuclear � decay half-life is [2]:
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|2 =
2984.432(3) s

Ft(1 +�V
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)
, (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,
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R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,
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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
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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
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|2 =
2984.432(3) s

Ft(1 +�V
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)
, (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,
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= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,
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| = 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
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| to the superallowed nuclear � decay half-life is [2]:
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2984.432(3) s
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where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V
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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
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, 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,
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and therefore a new determination of |V
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4.4  New Radiative Corrections for 0+    0+  
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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

2} with W

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).

A. Elastic (Born) contribution

As clearly seen from Fig. 3 the elastic contribution is separated from inelastic one by a final gap. This picture
remains intact for any value of Q2, so it is natural to separate this piece out of the integral. To evaluate it, we need
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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.

�W box amplitude (Fig. 1),

M
V A

= 2
p
2e2G

F

V

ud

Z
d

4

q

(2⇡)4



ū
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involving the nucleon matrix element of the product of
the electromagnetic (EM) and the axial part of the weak
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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-
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where the ellipses denote all other corrections insensitive
to the hadronic scale.
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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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4.4  New Radiative Corrections for 0+    0+  
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FIG. 2: The contour in the complex ⌫ plane.
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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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4.4  New Radiative Corrections for 0+    0+  
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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
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and for the sake of a unified description, within F
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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 ⇠
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involving the nucleon matrix element of the product of
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1.1   Introduction: 2.8 |Vud| from Neutrons 

WG1 Summary, CKM 2018, Sep 21st, 2018

|Vud| from Neutrons

�9

Only two free parameters in the standard model: 
Decay asymmetry λ = gA/gV 
Lifetime τn 

Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s                                                 
to compete with 0+ ➞ 0+ transitions. 

Recent developments:  
UCNA final result confirms newer gA/gV. 
 Perkeo III preliminary result                                                               
confirms newer gA/gV. 
Progress in LQCD on gA/gV. 

 UCNτ lifetime confirms bottle value.

Alexander Saunders

20 September 2018
CKM Workshop

Neutron Decay Parameters

• Semi-leptonic decay
– Lifetime ~880 s
– Endpoint energy 782 keV

• Just two free parameters in SM
– CKM mixing matrix element
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•  Master Formula: 

 
 
 
 

•  Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s to compete with 0+ ➞ 0+ transitions. 
•  Theoretically, the radiative corrections are under control (same as for 0+ ➞ 0+) 
•  Recent progress : 

–  New Perkeo III result: PERKEO III result improves world-average of beta 
asymmetry by factor 5! Half of it is due to the reduction of the scale factor 

–  Tension with aSPECT result:  
             

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Breakthrough result in neutron lifetime

UCNτ halves the error on neutron lifetime: 𝜏𝑛 = 877.75 33 s
Bottle measurements (magnetic and material) mostly consistent: 𝜏𝑛 = 878.5 5 s, 𝑆 = 1.9
Tension with beam measurement remains: improved BL-2 measurement ongoing

Ratio of axial-vector and vector coupling

PERKEO III result improves world-average of beta asymmetry by factor 5,
𝐴 = −0.11958 21 , 𝑆 = 1.2 𝜆𝐴 = −1.2757(5)

Tension in particular with aSPECT result on electron-neutrino correlation: 
𝜆avg = −1.2754 13 , 𝑆 = 2.7

Matrix element Vud from neutrons competitive!

Beta asymmetry: 𝑉𝑢𝑑 = 0.97408 11 𝑅𝐶 28 𝜏 32 𝜆 = 0.97408(44)
All data: 𝑉𝑢𝑑 = 0.97427 11 𝑅𝐶 28 𝜏 82 𝜆 = 0.97427(88)

Nuclear decays 𝑉𝑢𝑑 = 0.97373(31)

20Bastian Märkisch (TUM) |  CKM 2021 | 23.11.2021

Neutron and Vud Summary and Outlook

Hardy & Towner, Phys. Rev. C 102, 045501 (2020)
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All data: 𝑉𝑢𝑑 = 0.97427 11 𝑅𝐶 28 𝜏 82 𝜆 = 0.97427(88)

Nuclear decays 𝑉𝑢𝑑 = 0.97373(31)
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1.1   Introduction: 2.8  |Vud| from Neutrons 
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•  Master Formula: 

 
 
 
 

•  Needs δλ/λ ≈ 3 × 10–4 and δτn ≈ 0.3 s to compete with 0+ ➞ 0+ transitions. 
•  Theoretically, the radiative corrections are under control (same as for 0+ ➞ 0+) 
•  Recent progress : 

–  New Perkeo III result: PERKEO III result improves world-average of beta 
asymmetry by factor 5! Half of it is due to the reduction of the scale factor 

–  New result for Lifetime from UCNτ  
               improvement by a factor of 2.25 compared to previous result 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Breakthrough result in neutron lifetime

UCNτ halves the error on neutron lifetime: 𝜏𝑛 = 877.75 33 s
Bottle measurements (magnetic and material) mostly consistent: 𝜏𝑛 = 878.5 5 s, 𝑆 = 1.9
Tension with beam measurement remains: improved BL-2 measurement ongoing

Ratio of axial-vector and vector coupling

PERKEO III result improves world-average of beta asymmetry by factor 5,
𝐴 = −0.11958 21 , 𝑆 = 1.2 𝜆𝐴 = −1.2757(5)

Tension in particular with aSPECT result on electron-neutrino correlation: 
𝜆avg = −1.2754 13 , 𝑆 = 2.7

Matrix element Vud from neutrons competitive!

Beta asymmetry: 𝑉𝑢𝑑 = 0.97408 11 𝑅𝐶 28 𝜏 32 𝜆 = 0.97408(44)
All data: 𝑉𝑢𝑑 = 0.97427 11 𝑅𝐶 28 𝜏 82 𝜆 = 0.97427(88)
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1.1   Introduction: Measurement of  neutron lifetime 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Effect Previous Reported Value (s) New Reported Value (s) Notes
𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 877.5 ± 0.7 877.58 ± 0.28 Uncorrected Value!

UCN Event Definition 0 ± 0.04 0 ± 0.13 Single photon analysis vs. 
Coincidence analysis

Normalization Weighting -- 0 ± 0.06 Previously unable to estimate

Depolarization 0 + 0.07 0 + 0.07
Uncleaned UCN 0 + 0.07 0 + 0.11

Heated UCN 0 + 0.24 0 + 0.08
Phase Space Evolution 0 ± 0.10 -- Now included in stat. uncertainty

Al Block -- 0.06 ± 0.05 Accidentally dropped into trap…

Residual Gas Scattering 0.16 ± 0.03 0.11 ± 0.06
Sys. Total 𝟎𝟎.𝟏𝟏𝟏𝟏−𝟎𝟎.𝟐𝟐+𝟎𝟎.𝟒𝟒 𝟎𝟎.𝟏𝟏𝟏𝟏−𝟎𝟎.𝟏𝟏𝟏𝟏+𝟎𝟎.𝟐𝟐𝟐𝟐

TOTAL 𝟖𝟖𝟏𝟏𝟏𝟏.𝟏𝟏± 𝟎𝟎.𝟏𝟏−𝟎𝟎.𝟐𝟐+𝟎𝟎.𝟒𝟒 𝟖𝟖𝟏𝟏𝟏𝟏.𝟏𝟏𝟕𝟕 ± 𝟎𝟎.𝟐𝟐𝟖𝟖−𝟎𝟎.𝟏𝟏𝟏𝟏+𝟎𝟎.𝟐𝟐𝟐𝟐

New Result: 𝜏𝜏𝑛𝑛 = 877.75 ± 0.28−0.16+0.22 s 

19
F. M. Gonzalez et al. Phys. Rev. Lett. 127 162501 (October 13, 2021)

Chen-Yu Liu 

See Talk by Chen Yu Liu this afternoon 
 



•  Theoretically cleanest method to extract Vud : corrections computed in SU(2) 
ChPT 

•  Present result: PIBETA Experiment (2004)  

 
•  Reduction of the theory error thanks to a new lattice calculation for RC 

 
•  Next generation experiment PIONEER Phase II and III measurement at 0.02% 

level          will be competitive with current 0+ à 0+ extraction 

•  Would be completely independent check! No nuclear correction and different RCs 
compared to neutron decay 

•  Opportunity to extract Vus/Vud from 
 
Improve precision on B(π+ → π0e+ν) by x3           Vus/Vud < ±0.2% 

 

CKM Unitarity: Vud, Vus/Vud
Tested in super-allowed β and K decays at precision O(10-4) 
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→  Uncertainty: 0.64%  

  Vud = 0.9739(28)exp(1)th

Czarnecki, Marciano, Sirlin’20 

Feng et al’20 

2.9  |Vud| from pion β decay: π+ → π0e+ν  

to be compared to  
  Vud = 0.97373(31)

CKM Unitarity: Vud, Vus/Vud
Tested in super-allowed β and K decays at precision O(10-4) 
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EW Rad. Corr. cancel 

Sirlin’78, Cirigliano et al.’03, Passera et al’11  
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Lattice  Results  for  BK 
^ 

Flavianet  Lattice  Averaging  Group 

	 
MS ˆ(2GeV) 0.557 0.007 , 0.763 20.010 1fK KB B N� o � o � �

43 Flavour  Physics  &  CP                                                                                                           A. Pich  –  CLASHEP  2017 



 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 
 

 

 
 
 

     
 
 

     
 

 
 

 

B → K*µ+µ- → Kπµ+µ- 
B0 → Κ∗0µ+µ− → Κ+π−µ+µ− 

2q sm m� ��

69 

Belle 1604.04042 
Descotes-Genon et al 
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Flavour  Physics  &  CP                                                                                                           A. Pich  –  CLASHEP  2017 

Flavor anomalies: P5’ & BRs
❖ Several angular observables measured as functions of q2

❖ Some, like P5’, are optimized to be insensitive to 
hadronic uncertainties:

The curious case of P5
n Most angular observables agree with SM
n Deviation in P5′ near q2=~6 GeV2

Exotic hadrons & flavor physics, May 2018 18

′
[Descotes-Genon, Matias, Ramon, Virto 2012]
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•  Build an observable the less  
sensitive possible to hadronic  
uncertainties          P5’ 
 

 
 
 
•  But new physics contributions  

involve hadronic physics! 

DHMV: Descotes-Genon et al.’15 
ASZB: . Altmannshofer et al. 
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Flavor anomalies: RK & RK*

RK(⇤) =
�(B̄ ! K̄(⇤)µ+µ�)

�(B̄ ! K̄(⇤)e+e�)

“The RK Anomaly”
LHCb 1406.6482

2.6� hint for violation of lepton flavor universality (LFU)

RK =
BR(B ! Kµ+µ�)[1,6]
BR(B ! Ke+e�)[1,6]

= 0.745+0.090
�0.074 ± 0.036

Wolfgang Altmannshofer (UC) Theoretical Advances in Flavor Physics January 14, 2016 21 / 34

� 2.2-2.4 ı in two bins

R(K*) = B→K*μ+μ-/B→K*e+e-

Page 14

LHCb 1705.05802
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•  Hadronic uncertainties cancel in the ratio 

•  Update from LHCb and Belle 
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❖ Original LHCb result (2.6σ):

❖ New result including data 
until 2016 (2.5σ):
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Figure 1: (Top) expected distributions of the opening angle between the two leptons, in the
laboratory frame, for the four modes in the double ratio used to determine RK . (Bottom) the
single ratio rJ/ relative to its average value

⌦
rJ/ 

↵
as a function of the opening angle.

in the double ratio. For each of the variables examined, no significant trend is observed.
Figure 1 shows the ratio as a function of the dilepton opening angle and other examples
are provided in the Supplemental Material [71]. Assuming the deviations that are observed
indicate genuine mismodelling of the e�ciencies, rather than fluctuations, and taking into
account the spectrum of the relevant variables in the nonresonant decay modes of interest,
a total shift on RK is computed for each of the variables examined. In each case, the
resulting variation is within the estimated systematic uncertainty on RK . The rJ/ ratio
is also computed in two- and three-dimensional bins of the considered variables. Again, no
trend is seen and the deviations observed are consistent with the systematic uncertainties
on RK . An example is shown in Fig. S7 in the Supplemental Material [71]. Independent
studies of the electron reconstruction e�ciency using control channels selected from the
data also give consistent results.

The results of the fits to the m(K+`+`�) and mJ/ (K+`+`�) distributions are shown
in Fig. 2. A total of 1943 ± 49 B+! K+µ+µ� decays are observed. A study of the
B+! K+µ+µ� di↵erential branching fraction gives results that are consistent with pre-
vious LHCb measurements [12] but, owing to the selection criteria optimised for the
precision on RK , are less precise. The B+! K+µ+µ� di↵erential branching fraction
observed is consistent between the 7 and 8TeV data and the 13TeV data.

The value of RK is measured to be

RK = 0.846 +0.060
� 0.054

+0.016
� 0.014 ,

7

is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+! J/ (! e+e�)K+ and B+! K+e+e� decays and
contributes a relative systematic uncertainty of 3% to the value of R

K

.
The e�ciency to select B+! K+µ+µ�, B+! K+e+e�, B+! J/ (! µ+µ�)K+ and B+!

J/ (! e+e�)K+ decays is the product of the e�ciency to reconstruct the final state particles.
This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining R

K

. Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of R

K

. The e�ciency associated with the hardware
trigger on B+! J/ (! e+e�)K+ and B+! K+e+e� decays depends strongly on the kinematic
properties of the final state particles and does not entirely cancel in the calculation of R

K

, due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B+ ! J/ (! e+e�)K+ and
B+! J/ (! µ+µ�)K+ candidates in the data, by comparing candidates triggered by the kaon
or leptons in the hardware trigger to candidates triggered by other particles in the event. The
largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B+! K+`+`� and B+! J/ (! `+`�)K+ decays is at the level of 3%, which is assigned as a
systematic uncertainty on R

K

. The veto to remove misidentification of kaons as electrons contains
a similar dependence on the chosen binning scheme and a systematic uncertainty of 0.6% on R

K

is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q2 < 6GeV2/c4 is also lower for
B+! K+`+`� decays than the e�ciency for the B+! J/ (! `+`�)K+ decays, due to the softer
lepton momenta in this q2 range.

The ratio of e�ciency-corrected yields of B+! K+e+e� to B+! J/ (! e+e�)K+ is deter-
mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. R

K

is measured to have a value of 0.72+0.09

�0.08

(stat)±0.04 (syst),
1.84+1.15

�0.82

(stat)± 0.04 (syst) and 0.61+0.17

�0.07

(stat)± 0.04 (syst) for dielectron events triggered by elec-
trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of R

K

and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives

R
K

= 0.745+0.090

�0.074

(stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B+ !
J/ (! e+e�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute
3% to the value of R

K

.
The branching fraction of B+! K+e+e� is determined in the region from 1 < q2 < 6GeV2/c4

by taking the ratio of the branching fraction from B+ ! K+e+e� and B+ ! J/ (! e+e�)K+

decays and multiplying it by the measured value of B(B+! J/ K+) and J/ ! e+e� [11]. The

7
❖ And there is more: exciting news from Belle …
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•  Hadronic uncertainties cancel in the ratio 

•  Update from LHCb and Belle 

Flavor anomalies: RK & RK*

RK(⇤) =
�(B̄ ! K̄(⇤)µ+µ�)

�(B̄ ! K̄(⇤)e+e�)

“The RK Anomaly”
LHCb 1406.6482

2.6� hint for violation of lepton flavor universality (LFU)

RK =
BR(B ! Kµ+µ�)[1,6]
BR(B ! Ke+e�)[1,6]

= 0.745+0.090
�0.074 ± 0.036

Wolfgang Altmannshofer (UC) Theoretical Advances in Flavor Physics January 14, 2016 21 / 34

� 2.2-2.4 ı in two bins

R(K*) = B→K*μ+μ-/B→K*e+e-
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in the double ratio. For each of the variables examined, no significant trend is observed.
Figure 1 shows the ratio as a function of the dilepton opening angle and other examples
are provided in the Supplemental Material [71]. Assuming the deviations that are observed
indicate genuine mismodelling of the e�ciencies, rather than fluctuations, and taking into
account the spectrum of the relevant variables in the nonresonant decay modes of interest,
a total shift on RK is computed for each of the variables examined. In each case, the
resulting variation is within the estimated systematic uncertainty on RK . The rJ/ ratio
is also computed in two- and three-dimensional bins of the considered variables. Again, no
trend is seen and the deviations observed are consistent with the systematic uncertainties
on RK . An example is shown in Fig. S7 in the Supplemental Material [71]. Independent
studies of the electron reconstruction e�ciency using control channels selected from the
data also give consistent results.

The results of the fits to the m(K+`+`�) and mJ/ (K+`+`�) distributions are shown
in Fig. 2. A total of 1943 ± 49 B+! K+µ+µ� decays are observed. A study of the
B+! K+µ+µ� di↵erential branching fraction gives results that are consistent with pre-
vious LHCb measurements [12] but, owing to the selection criteria optimised for the
precision on RK , are less precise. The B+! K+µ+µ� di↵erential branching fraction
observed is consistent between the 7 and 8TeV data and the 13TeV data.

The value of RK is measured to be

RK = 0.846 +0.060
� 0.054

+0.016
� 0.014 ,

7

is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+! J/ (! e+e�)K+ and B+! K+e+e� decays and
contributes a relative systematic uncertainty of 3% to the value of R

K

.
The e�ciency to select B+! K+µ+µ�, B+! K+e+e�, B+! J/ (! µ+µ�)K+ and B+!

J/ (! e+e�)K+ decays is the product of the e�ciency to reconstruct the final state particles.
This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining R

K

. Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of R

K

. The e�ciency associated with the hardware
trigger on B+! J/ (! e+e�)K+ and B+! K+e+e� decays depends strongly on the kinematic
properties of the final state particles and does not entirely cancel in the calculation of R

K

, due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B+ ! J/ (! e+e�)K+ and
B+! J/ (! µ+µ�)K+ candidates in the data, by comparing candidates triggered by the kaon
or leptons in the hardware trigger to candidates triggered by other particles in the event. The
largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B+! K+`+`� and B+! J/ (! `+`�)K+ decays is at the level of 3%, which is assigned as a
systematic uncertainty on R

K

. The veto to remove misidentification of kaons as electrons contains
a similar dependence on the chosen binning scheme and a systematic uncertainty of 0.6% on R

K

is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q2 < 6GeV2/c4 is also lower for
B+! K+`+`� decays than the e�ciency for the B+! J/ (! `+`�)K+ decays, due to the softer
lepton momenta in this q2 range.

The ratio of e�ciency-corrected yields of B+! K+e+e� to B+! J/ (! e+e�)K+ is deter-
mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. R

K

is measured to have a value of 0.72+0.09

�0.08

(stat)±0.04 (syst),
1.84+1.15

�0.82

(stat)± 0.04 (syst) and 0.61+0.17

�0.07

(stat)± 0.04 (syst) for dielectron events triggered by elec-
trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of R

K

and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives

R
K

= 0.745+0.090

�0.074

(stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B+ !
J/ (! e+e�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute
3% to the value of R

K

.
The branching fraction of B+! K+e+e� is determined in the region from 1 < q2 < 6GeV2/c4

by taking the ratio of the branching fraction from B+ ! K+e+e� and B+ ! J/ (! e+e�)K+

decays and multiplying it by the measured value of B(B+! J/ K+) and J/ ! e+e� [11]. The
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largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B+! K+`+`� and B+! J/ (! `+`�)K+ decays is at the level of 3%, which is assigned as a
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. The veto to remove misidentification of kaons as electrons contains
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is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q2 < 6GeV2/c4 is also lower for
B+! K+`+`� decays than the e�ciency for the B+! J/ (! `+`�)K+ decays, due to the softer
lepton momenta in this q2 range.

The ratio of e�ciency-corrected yields of B+! K+e+e� to B+! J/ (! e+e�)K+ is deter-
mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. R
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is measured to have a value of 0.72+0.09
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(stat)±0.04 (syst),
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(stat)± 0.04 (syst) and 0.61+0.17
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(stat)± 0.04 (syst) for dielectron events triggered by elec-
trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of R
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and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives
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= 0.745+0.090

�0.074

(stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B+ !
J/ (! e+e�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute
3% to the value of R
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The branching fraction of B+! K+e+e� is determined in the region from 1 < q2 < 6GeV2/c4
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Flavor anomalies: RD & RD*

Enhanced B→D(*)τν decay rates
❖ Puzzling observation of enhanced semileptonic decay rates for third-

generation leptons (~22% of B→D*τν events due to new physics):
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If WA is correct, 22% of the D*tn events are mediated by new physics!

http://www.slac.stanford.edu/xorg/hfag/semi/index.html
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One Leptoquark to Rule Them All:
A Minimal Explanation for RD(⇤), RK and (g � 2)µ

Martin Bauera and Matthias Neubertb,c
aInstitut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany

bPRISMA Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany
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We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

R
D

(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of R

D

⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

R
K

=
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20–22]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [23–26].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
R

D

(⇤) and the R
K

anomalies with a low mass M
�

⇠
1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the R

K

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing R

K

with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to B

s

�B̄
s

mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0 ! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and e
R

u
R

, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and � are assigned opposite parity.
The leptoquark interactions follow from the Lagrangian

L
�

= (D
µ

�)†D
µ

�� M2
�

|�|2 � g
h�

|�|2|�|2
+ Q̄c�Li⌧2L�

⇤ + ūc

R

�Re
R

�⇤ + h.c. ,
(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of
a right-handed sbottom, and the couplings proportional
to �L can be reproduced from the R-parity violating su-
perpotential. The above Lagrangian refers to the weak
basis. Switching to the mass basis for quarks and charged
leptons, the couplings to fermions take the form

L
�

3 ūc

L

�L

ue

e
L

�⇤�d̄c
L

�L

d⌫

⌫
L

�⇤+ūc

R

�R

ue

e
R

�⇤+h.c. , (4)

where

�L

ue

= UT

u

�LU
e

, �L

d⌫

= UT

d

�L , �R

ue

= V T

u

�
R

V
e

, (5)
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LEPTON UNIVERSALITY VIOLATION?
➤ Deviations in B→ D(*)τν 

decays found in multiple 
measurements over the last 6 
years, almost 4σ disagreement 
with SM prediction  

➤ Other hints of lepton 
universality violations in 
other decay modes R(D)
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R(J/ )|
exp

=
BR(B

c

! J/ ⌧ ⌫)

BR(B
c

! J/ ` ⌫)
= 0.71± 0.17± 0.18
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Is it New Physics? Interesting BSM interpretations → see talks in later sessions
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RD, RD* : update from Belle in 2019 

109 Emilie Passemar 

Recent update from Belle (03/19)
Recent update from Belle 

19/40 Johannes Albrecht 
G. Caria, Moriond EW, March 19 

8. Mai 2019 

(Belle 2019: 1.2σ)

Significance reduced from 4.1 to 3.1σ  !
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3.1  Experimental Prospects for Vus 

On Kaon side 
•  NA62 could measure several BRs: Kµ3/Kµ2, K → 3π, Kµ2

/K → ππ 

•  Note that the high precision measurement of BR(Kµ2) (0.3%) comes only 
from a single experiment: KLOE. It would be good to have another 
measurement at the same level of accuracy 

 

•  LHCb : could measure BR(KS → πµν) at the < 1% level?   
KS → πµν measured by KLOE-II but not competitive 
τS known to 0.04% (vs 0.41% for τL, 0.12% for τ±) 

 

•  Vus from Tau decays at Belle II: 

 

 
 

 

 
 
 
 

Belle II with 50 ab-1 and ~4.6 x 1010 τ pairs will improve Vus extraction from 
τ decays 
Inclusive measurement is an opportunity to have a complete independent 
extraction of Vus            not easy as you have to measure many channels 
 
 
 

  Vus = 0.2184 ± 0.0018exp ± 0.0011th
To be competitive theory error  
will have to be improved as well 

HFLAV’21		
	

Cirigliano et al’22 
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Vus from Hyperon decays 

Vus can be measured from Hyperon decays: 
•  Λ      peνe Possible measurement at BESIII, Super τ-Charm factory? 

•  Possibilities at LHCb? 

 
 
 

 
 
•  To be able to extract Vus one needs to compute form factors precisely  
               Lattice effort from RBC/UKQCD 

 
 

 

Università
di CagliariA glimpse into LHCb possibilities

• Dedicated paper with some of us + theorists to explore future possibilities

• Approximate simulations (validated on published ones) to get sensitivities

• Countless channels to be probed

Channel R ✏
L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

S ! µ+µ� 1 1.0 (1.0) 1.8 (1.8) ⇠ 3.0 ⇠ 8.0
K0

S ! ⇡+⇡� 1 1.1 (0.30) 1.9 (0.91) ⇠ 2.5 ⇠ 7.0
K0

S ! ⇡0µ+µ� 1 0.93 (0.93) 1.5 (1.5) ⇠ 35 ⇠ 45
K0

S ! �µ+µ� 1 0.85 (0.85) 1.4 (1.4) ⇠ 60 ⇠ 60
K0

S ! µ+µ�µ+µ� 1 0.37 (0.37) 1.1 (1.1) ⇠ 1.0 ⇠ 6.0
K0

L ! µ+µ� ⇠ 1 2.7 (2.7) ⇥10�3 0.014 (0.014) ⇠ 3.0 ⇠ 7.0
K+ ! ⇡+⇡+⇡� ⇠ 2 9.0 (0.75) ⇥10�3 41 (8.6) ⇥10�3 ⇠ 1.0 ⇠ 4.0
K+ ! ⇡+µ+µ� ⇠ 2 6.3 (2.3) ⇥10�3 0.030 (0.014) ⇠ 1.5 ⇠ 4.5
⌃+ ! pµ+µ� ⇠ 0.13 0.28 (0.28) 0.64 (0.64) ⇠ 1.0 ⇠ 3.0
⇤ ! p⇡� ⇠ 0.45 0.41 (0.075) 1.3 (0.39) ⇠ 1.5 ⇠ 5.0
⇤ ! pµ�⌫̄

µ

⇠ 0.45 0.32 (0.31) 0.88 (0.86) � �
⌅� ! ⇤µ�⌫̄

µ

⇠ 0.04 39 (5.7) ⇥10�3 0.27 (0.09) � �
⌅� ! ⌃0µ�⌫̄

µ

⇠ 0.03 24 (4.9) ⇥10�3 0.21 (0.068) � �
⌅� ! p⇡�⇡� ⇠ 0.03 0.41(0.05) 0.94 (0.20) ⇠ 3.0 ⇠ 9.0
⌅0 ! p⇡� ⇠ 0.03 1.0 (0.48) 2.0 (1.3) ⇠ 5.0 ⇠ 10
⌦� ! ⇤⇡� ⇠ 0.001 95 (6.7) ⇥10�3 0.32 (0.10) ⇠ 7.0 ⇠ 20

Channel R ✏
L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

S ! ⇡+⇡�e+e� 1 1.0 (0.18) 2.83 (1.1) ⇠ 2.0 ⇠ 10
K0

S ! µ+µ�e+e� 1 1.18 (0.48) 2.93 (1.4) ⇠ 2.0 ⇠ 11
K+ ! ⇡+e�e+ ⇠ 2 0.04 (0.01) 0.17 (0.06) ⇠ 3.0 ⇠ 13
⌃+ ! pe+e� ⇠ 0.13 1.76 (0.56) 3.2 (1.3) ⇠ 3.5 ⇠ 11
⇤ ! p⇡�e+e� ⇠ 0.45 < 2.2⇥ 10�4 ⇠ 17 (< 2.2) ⇥10�4 � �
Channel R ✏

L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

S

! µ+e� 1 1.0 (0.84) 1.5 (1.3) ⇠ 3.0 ⇠ 8.0
K0

L

! µ+e� 1 3.1 (2.6) ⇥10�3 13 (11) ⇥10�3 ⇠ 3.0 ⇠ 7.0
K+ ! ⇡+µ+e� ⇠ 2 3.1 (1.1) ⇥10�3 16 (8.5)⇥10�3 ⇠ 2.0 ⇠ 8.0

R = ratio of
production
✏ = ratio of
e�ciencies

F. Dettori Strange-hadrons results from LHCb FPCP2020 20/23

A
lves

et
al.

JH
E
P
05(2019)048

Talk by Dettori@FPCP20 
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3.2  Theoretical Prospects for Vus 

•  Lattice Progress on hadronic matrix elements: decay constants, 
FFs 

•  Full QCD+QED decay rate on the lattice,for  Leptonic decays of 
kaons and pions          Inclusion of EM and IB corrections : 
•  Perturbative treatment of QED on lattice established    
•  Formalism for Kl2 worked out                      

 

•  Application of the method for semileptonic Kaon (Kl3) and Baryon 
decays

 
 
 
 

 

 
 

 

Aim: Per mille level within 10 years
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•  From neutron decays : very impressive progress recently 

•  From pion β decay π+ → π0e+ν : PIONEER experiment 
114 

1.1   Introduction: 3.3  Prospects for |Vud| 
See Talk by Misha Gorshteyn 
@CKM2021 

Figure adapted  
from J. Hardy 
 



 

 

 

 
                

     
 
 

     
 

 
 

 

•  From neutron decays 

•  From pion β decay π+ → π0e+ν : PIONEER experiment 
             (Phase-I) approved at PSI, physics starting in ~2029 
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1.1   Introduction: 3.3  Prospects for |Vud| 
See Talk by Misha Gorshteyn 
@CKM2021 

Figure adapted  
from J. Hardy 
 



•  Theoretically cleanest method to extract Vud : corrections computed in SU(2) 
ChPT 

•  Present result: PIBETA Experiment (2004)  

 
•  Reduction of the theory error thanks to a new lattice calculation for RC 

 
•  Next generation experiment PIONEER Phase II and III measurement at 0.02% 

level          will be competitive with current 0+ à 0+ extraction 

•  Would be completely independent check! No nuclear correction and different RCs 
compared to neutron decay 

•  Opportunity to extract Vus/Vud from 
 
Improve precision on B(π+ → π0e+ν) by x3           Vus/Vud < ±0.2% 

 

CKM Unitarity: Vud, Vus/Vud
Tested in super-allowed β and K decays at precision O(10-4) 
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→  Uncertainty: 0.64%  

  Vud = 0.9739(28)exp(1)th

Czarnecki, Marciano, Sirlin’20 

Feng et al’20 

|Vud| from pion β decay: π+ → π0e+ν  

to be compared to  
  Vud = 0.97373(31)

CKM Unitarity: Vud, Vus/Vud
Tested in super-allowed β and K decays at precision O(10-4) 
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EW Rad. Corr. cancel 

Sirlin’78, Cirigliano et al.’03, Passera et al’11  
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Pion decays and LFU tests  

•  Lepton Flavor Universality test in  
 
 

           

Physics Case 1: Test LFUV at precision of theory
• Lepton Flavor Universality test in

This just demands to be tested better!  A clean generic way to look 
for new physics.    Theory vs Experiment in high precision test.

Will be (by far) the most precise test of Lepton Flavor Universality

15 x worse than theory
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Cirigliano & Rosell’07 

Ø  Early insight into the V−A  
 structure of weak interactions 

 
Ø  Exceptional precision of the  

SM prediction using ChPT 

 
 
 

Ø  World average  
(mainly PIENU at TRIUMF):  
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This just demands to be tested better!  A clean generic way to look 
for new physics.    Theory vs Experiment in high precision test.

Will be (by far) the most precise test of Lepton Flavor Universality

15 x worse than theory

4

Current Expt. Avg.

SM Theory

Goal of PIONEER

exp 4
/

exp
/

Current Result (PDG):  R (1.2327 0.0023) 10  ( 0.19%)

( 0.09%

)

0.9990 0.0009

PEN, PIENU goals ( R

)

0.1%

e

e

e

x

g
g

m

m

m

� r

d r

r

r r

(dominated by PIENU expt.)

Goal of PIONEER: reduce unc. by a factor of 10 !         by far most precise test of LFU    



2.6   Why a new dispersive analysis? 

 

•  Several new ingredients:  
–  New inputs available: extraction ππ phase shifts has improved 

 
 
 

 
–  New experimental programs, precise Dalitz plot measurements 
 
 
 
 
 
–  Many improvements needed in view of very precise data: inclusion of  

‒  Electromagnetic effects (O(e2m)) 

 

‒  Isospin breaking effects 
 
 
 
 
 

 

 

Ditsche, Kubis, Meissner’09 
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Kaminsky et al’01, Garcia-Martin et al’09 

Ananthanarayan et al’01, Colangelo et al’01 
Descotes-Genon et al’01 

CBall-Brookhaven, CLAS, GlueX (JLab), KLOE I-II (Frascati) 
     

TAPS/CBall-MAMI (Mainz), WASA-Celsius (Uppsala), WASA-Cosy (Juelich) 

BES III (Beijing) 
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2.7  Method

•  S-channel partial wave decomposition  
 
 
 
 
 

 
•  One truncates the partial wave expansion :         Isobar approximation 
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2.7  Method

•  S-channel partial wave decomposition  
 
 
 
 

 
•  One truncates the partial wave expansion :         Isobar approximation 

 
 
 
 
 
 
 
 
 
 
 
 

  
 
 

•   Use a Khuri-Treiman approach or dispersive approach 
        Restore 3 body unitarity and take into account the final state interactions     

             in a systematic way 
 
 

 
120 

5

Three Pions
1

2

3

+

2

1

3

1

2

3

+

P. Guo and I. Danilkin

A�(s, t) =
1X

J

(2J + 1)dJ�,0(✓s)fJ(s)

✓s, s

5

Three Pions
1

2

3

+

2

1

3

1

2

3

+

Rescattering effets

Isobar approximation 
violation of unitarity

Khuri-Treiman equations

Application to 

⌘ ! ⇡+⇡�⇡0

! ! ⇡+⇡�⇡0

P. Guo and I. Danilkin

A�(s, t) =
1X

J

(2J + 1)dJ�,0(✓s)fJ(s)

A�(s, t) =
J
maxX

J

(2J + 1)dJ�,0(✓s)fJ(s)

+
J
maxX

J

(2J + 1)dJ�,0(✓t)fJ(t)

+
J
maxX

J

(2J + 1)dJ�,0(✓u)fJ(u)

✓s, s

✓t, t

✓u, u

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

M2
/

+
/
−

M
2 /0 /

−

 

 

M
q
2

M
t
2

M2
d

Emilie Passemar 

A�(s, t) =
1X

J

(2J + 1)dJ�,0(✓s)AJ(s)



•  Decomposition of the amplitude as a function of isospin states  

 
 

Ø         isospin I rescattering in two particles  
Ø  Amplitude in terms of S and P waves        exact up to NNLO (O(p6)) 
Ø  Main two body rescattering corrections inside MI 
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Fuchs, Sazdjian & Stern’93 

Anisovich & Leutwyler’96 
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2.8  Representation of the amplitude 



•  Decomposition of the amplitude as a function of isospin states  

 
 

 
 

•  Unitarity relation:  
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2.8  Representation of the amplitude 

12

Discontinuity relations

Consider(J=1(only

π

ππ

π

π
V

DiscF (s) = t⇤(s) ⇢(s)F (s)

⇡⇡ ! ⇡⇡
0.4 0.6 0.8 1.0 1.2

0

50

100

150

200

Energy

d 1
,1
,p
p-
>
pp

Roy analysis 2011  
R. Garcia-Martin at.al. 

inp
ut

12

Discontinuity relations
Consider(J=1(only

π

π
π

π

π

V DiscF (s) = t⇤(s) ⇢(s)F (s)

⇡⇡ ! ⇡⇡

0.4 0.6 0.8 1.0 1.2

0

50

100

150

200

Energy

d 1
,1
, p
p-
>
pp

Roy analysis 2011  R. Garcia-Martin at.al. 

inpu
t

Roy analysis  
Colangelo et al.’01 

   
disc Mℓ
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From unitarity to integral equation

Unitarity relation for F(s):
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−iδ11(s)

• inhomogeneities F̂(s): angular averages over the F(s)
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2.4  ω/φ  → 3π	

•  Simple system: restricted to odd partial waves  
        P wave interactions only (neglecting F- and higher)  

•  Amplitude: 

 
 
 

•  F(s) function of one variable with only a right-hand cut 
 

•  Unitarity relation: 

•  Relation of dispersion to reconstruct the amplitude everywhere: 
 
 
 
 
 
 
 
 
 

ω(s): conformal map of inelastic contributions: 
        Coefficients ai play the role of improved  
        subtraction constants in alternative approaches:  
        e.g, Niecknig, Kubis, Schneider‘12 

•    
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•  Decomposition of the amplitude as a function of isospin states  

 
 
 

•  Unitarity relation:  

 
 
 

•  Relation of dispersion to reconstruct the amplitude everywhere: 

•  PI(s) determined from a fit to NLO ChPT + experimental Dalitz plot 
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2.8  Representation of the amplitude 
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2.9  η → 3π  Dalitz plot 

•  In the charged channel: experimental data from WASA, KLOE, BESIII 

•  New data expected from CLAS and GlueX with very different systematics 
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FIG. 7: (Color online) The experimental background
subtracted Dalitz plot distribution represented by the
two dimensional histogram with 371 bins. Only bins
used for the Dalitz parameter fits are shown. The

physical border is indicated by the red line.

TABLE V: Summary of the systematic errors for the
asymmetries.

syst. error (⇥105) �ALR �AQ �AS

EGmin ±1 ±0 ±4

BkgSub ±5 ±3 ±16

✓+� , ✓�� cut +2
�0

+0
�2

+2
�0

�te cut +49
�92

+48
�22

+ 7
�15

�te ��t⇡ cut +0
�2

+3
�0

+0
�1

✓⇤�� cut + 1
�57

+3
�4

+0
�8

MM +0
�4

+0
�1

+1
�2

ECL ±9 ±0 ±25

TOTAL + 50
�109

+48
�23

+31
�35

These results confirm the tension with the theoretical
calculations on the b parameter, and also the need for
the f parameter. In comparison to the previous mea-
surements shown in Tab. I, the present results are the
most precise and the first including the g parameter.
The improvement over KLOE(08) analysis comes from
four times larger statistics and improvement in the sys-
tematic uncertainties which are in some cases reduced
by factor 2 � 3. The major improvement in the system-
atic uncertainties comes from the analysis of the e↵ect of
the Event classification with an unbiased prescaled data
sample.

The final values of the charge asymmetries are all con-
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FIG. 8: (Color online) The experimental background
subtracted Dalitz plot data, Ni, (points with errors),

compared to set #4 fit results (red lines connecting bins
with the same Y value). The row with lowest Ni values

corresponds to the highest Y value (Y = +0.75).
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FIG. 9: (Color online) Distribution of the normalized
residuals, ri, for fit #4.
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•  The amplitude along the line s = u :  

 

2.10  Results: Amplitude for η→ π+ π- π0 decays  
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•  The amplitude along the line t = u :  

 

2.10  Results: Amplitude for η→ π+ π- π0 decays  
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•  The amplitude squared in the neutral channel is  

2.11  Z distribution for η→ π0 π0 π0 decays  

The agreement is excellent between  
our prediction and the data! 
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2.12  Comparison of results for α
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Intro mu − md η → 3π and Q η → 3π disp. Summary iso-breaking Fits to data

Dalitz plot in the neutral channel: value of α

Comparison with other determinations:

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
α

ChPT O(p4)

ChPT O(p6)

Kambor et al.

Kampf et al.

NREFT, Schneider et al.

JPAC, Guo et al.

KT-elastic, AM

KT-coupled, AM

Dispersive, fit to charged KLOE

GAMS-2000 (1984)

Crystal Barrel@LEAR (1998)

Crystal Ball@BNL (2001)

SND (2001)

WASA@CELSIUS (2007)

WASA@COSY (2008)

Crystal Ball@MAMI-B (2009)

Crystal Ball@MAMI-C (2009)

KLOE (2010)

PDG average

128  α = −0.0302 ± 0.0011



2.13  Quark mass ratio 
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  Q = 22.1 ± 0.7

•  No systematics taken into account         collaboration with experimentalists 

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)

disp, single-channel (Albaladejo et al.’17)

disp, coupled-channel (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



 
 
 
 
 
 

•  Smaller values for Q        smaller values for ms/md and mu/md than LO ChPT  
  

 

2.14  Light quark masses 
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  Q = 22.1 ± 0.7
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2.14  Light quark masses 
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Dispersive approach 

•  Dispersion Relations: extrapolate ChPT at higher energies 

•  Important corrections in the physical region taken care of by the dispersive 
treatment! 
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Good convergence 

ChPT NLO 

ChPT LO 

 ChPT

Dispersion relations 

Dispersive Re M 

s in units of Mπ

Anisovich & Leutwyler’96  


