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1.   Introduction and Motivation 



1.1   τ-physics 

•  τ lepton discovered in 1976 by M. Perl  
et al. (SLAC-LBL group) 
 

–  Mass : 

–  Lifetime :  

•  The only lepton heavy enough    
to decay into hadrons :  
lots of semileptonic decays ! 

•  Very rich phenomenology but 
–  Precise measurements needed 
–  Have the hadronic uncertainties under control 

 Tests of QCD and EW interactions 

 
 
 

 

 

  mτ = 1.77686(12) GeV
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  τ τ = 2.903(5) ⋅10−13 s

ud usd V d V sθ = +

Overview 
of τ physics

Swagato 
Banerjee

Introduction to τ decays
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Including QED &
QCD corrections:

Naive prediction:

•  A lot of progress in tau physics since its discovery on all the items described 
before         important experimental efforts from  
LEP, CLEO,	B	factories:	Babar,	Belle,		
BES,	VEPP-2M,	LHCb,	neutrino	experiments,… 
 

         More to come from LHCb,	BES,		
	VEPP-2M,	Belle	II,	CMS,	ATLAS	

 
 

•  But τ physics has still potential  
“unexplored frontiers” 

 deserve future exp. & th. efforts 
 
 
 

•  In the following, some selected examples and the conference will give more! 
 

 

 
 
 

 

 

1.3  τ   lepton as a unique probe of new physics 

Experiment Number of τ  pairs 

LEP ~3x105 

CLEO ~1x107 

BaBar ~5x108 

Belle ~9x108 

Belle II ~1012 
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1.1 τ-physics 

•  τ lepton discovered in 1976 by M. Perl  
et al. at SLAC-LBL 
 

–  Mass : 

–  Lifetime : 

•  The only lepton heavy enough    
to decay into hadrons :  
lots of semileptonic decays ! 

 Very rich phenomenology  
 Test of QCD and EW interactions 

 
•  For the tests: 

–  Precise measurements needed 
–  Hadronic uncertainties under control 

  

•  Very rich phenomenology but 
–  Precise measurements needed 
–  Have the hadronic uncertainties under control 

 Tests of QCD and EW interactions 

 
 
 

 

 

  mτ = 1.77686(12) GeV
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PDG’14 

PDG’20 

  τ τ = 2.903(5) ⋅10−13 s
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1.2  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 
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( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα
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1.2  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 

 
 

•  τ decays: tool to search for New Physics in inclusive and exclusive decays :  
 

   Unitarity test, CPV, lepton universality, LFV, EDMs, etc. 
 

 

Emilie Passemar 

( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα

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

0+à0+   
β decays 

Kl3 decays 
or τ decays  

Negligible  
(B decays) 

Test of unitarity 
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1.2  Test of QCD and EW interactions 

•  Inclusive τ-decays : full hadron spectra, perturbative tools: OPE… 
          fundamental SM parameters:  
          QCD studies 

 

•  Exclusive τ-decays : specific hadron spectrum, non perturbative tools 
        Study of ffs, resonance parameters (MR, ΓR) 
        Hadronization of QCD currents 

 
 

•  τ-decays: tool to search for New Physics in inclusive and exclusive decays :  
 

   Unitarity test, CPV, LFV, EDMs, etc. 
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+
SUSY loops, 
Leptoquarks, 
Z’, Charged Higgs, 
Right-Handed 
Currents,…. 

τ

u

,d s

τν

W

( ),ud us ττ ν→

( ), , ...PP PPP ττ ν→

( ) ,  ,  S us sm V mτα
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•  A lot of progress in tau physics since its discovery on all the items described 
before         important experimental efforts from  
LEP, CLEO	and	B	factories:	Babar,	Belle… 
        More to come from Belle	II,	SτcF?	
								See talk by	X.	Zhou, V.	Vorobyev,	A.Lusiani	
	

•  Interesting to have a new machine with  
completely different settings, systematics 
 

•  Luminosity important (Belle II) but also  
the systematics (SτcF) 

•  Possible advantages to run at threshold 
       to be investigated 
–  Ability to measure backgrounds (running below threshold) 
–  Free of heavy quark backgrounds? 
–  Single-Tagging         Precise measurement of absolute branching fractions  
–  Differential branching fractions for radiative decays 
–  Monochromatic spectra for two-body decays (π, K)  
–  Longitudinal beam polarization 

 
 
 

 
 

 
 
 

 

 

1.3  B factories vs. SτcF to study the τ   lepton 
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Experiment Number of τ  pairs 
LEP ~3.3 x 105 

CLEO ~1 x 107 

BaBar ~5 x 108 

Belle ~9 x 108 

Belle II ~4.6 x 1010 

SτcF ~2.1 x 1010 



1.3  B factories vs. SτcF to study the τ   lepton 
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A. Pich                                                                                            τ  Physics                                                                                                  4 

τ+τ−  
Thr. 

Measure  
τ backgr. 

Calibration 
Highest  σ(τ+τ−)   
below open c 

Highest  σ(τ+τ−)  

σ(e+e−
 → τ+τ−)  

From T. Pich 



2.   First Row CKM Unitarity 



2.1  Introduction: Cabibbo angle anomaly  
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Flavor in the News! 
Several lingering unconfirmed flavor anomalies

• Muon g-2 (~3+ σ)
• Lepton universality in B decays (R(K),R(D),R(D*)~3σ)
• Unitarity of CKM first row(~2-3 σ)

V. Cirigliano

Tensions in 
Vud and Vus

Possible connections 
between LFU and CKM 
unitarity.

Crivellin and  Hoferichter 2020

2

Results from Kaon 
decays and nuclear 
0+ à 0+ beta 
decays  
         discrepancy  

with CKM  
unitarity at  
4.8 σ ! 

Plot from V. Cirigliano 
Moulson, E.P.@Kaon’19 



2.1  Introduction: Cabibbo angle anomaly  
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Flavor in the News! 
Several lingering unconfirmed flavor anomalies

• Muon g-2 (~3+ σ)
• Lepton universality in B decays (R(K),R(D),R(D*)~3σ)
• Unitarity of CKM first row(~2-3 σ)

V. Cirigliano

Tensions in 
Vud and Vus

Possible connections 
between LFU and CKM 
unitarity.

Crivellin and  Hoferichter 2020

2

Results from Kaon 
decays and nuclear 
0+ à 0+ beta 
decays  
         discrepancy  

with CKM  
unitarity at  
4.8 σ 

Can tau physics help? 

Plot from V. Cirigliano 
Moulson, E.P.@Kaon’19 



2.2  Path to Vud and Vus 
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ud usd V d V sθ = +

•  From kaon, pion, baryon and nuclear decays 

 
 
 
 
 
 
 
 
 
 

•  From τ decays (crossed channel) 
 

 
 
 
 

  
 
 

 

 

5.1  Introduction: Paths to Vud and Vus  

Vud  τ          ππντ τ               πντ τ             hNSντ 

Vus τ           Kπντ τ               �ντ 
τ              hSντ 
(inclusive) 

Vud 

 0+     0+ 

π±      π0eνe 
n      peνe π     lνl   

Vus K      π�νl Λ      peνe  K       lνl   
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W

 

• From W decays (crossed channel) 
 

 
 
 

 
 
 
 

  

• Possibility to determine Vud, Vus from inclusive W decays 
¾ Use OPE to calculate the inclusive BRs 
 

¾ Different test of BSM operators inclusive vs. exclusive 
 

 
 

 
 

 

1.2  Paths to Vud and Vus  
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Vud W o SQW W o hNSQW 

Vus W o KSQW W o KQW 
W o hSQW 
(inclusive) 
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 τ            ππντ 

2.2  Path to Vud and Vus 



•    
 
 

Ø        : Long-distance radiative corrections 
 

 
 
 
 

Ø  BRs from HFLAV’19 
 

 
Ø  fK/ fπ  from lattice average:                                           FLAG’19 

 

 
Ø  Vud : 
 
 
 

            1σ away from unitarity 
  

 
 
 
 

  
 
 

 

 

2.2   Vus from τ      Kντ / τ       π ντ  

  

Γ τ → Kν γ⎡⎣ ⎤⎦( )
Γ τ → πν γ⎡⎣ ⎤⎦( ) =

1 − m
K ±
2 mτ

2( )2

1 − m
π ±
2 mτ

2( )2

fK
2

fπ
2

Vus

2

Vud

2 1 + δLD( )

LDδ

 δLD = −0.0040 ± 0.0035

  Vud = 0.97370(14)

  Vus = 0.2241 ± 0.0016

Towner & Hardy@Ahmerst’19 
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fK

fπ
= 1.1967 ± 0.0018

16 

N.B.: New Update 
 
  Vud = 0.97373(31)
Towner & Hardy’20 



1.1   Introduction: Lattice results for fK/fπ 

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

Lattice evaluations of fK/fπ

38

Nf = 
2+1+1

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

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

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

ETM 14E
TwM, 3sp, mπ = 210-450 MeV

Nf  = 
2+1

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

Clover, 4sp, mπ � 220 MeV
BMW16: 

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

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

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

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

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

1.14 1.18 1.22 1.26

Nf = 2

Nf = 2+1+1

Nf = 2+1

FLAG ’19 averages:FLAG ’19
1902.08191

Emilie Passemar 



1.1   Introduction: Lattice results for fK/fπ 

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

Lattice results for fK/fπ

39

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

Nf = 2+1+1  fK/fπ = 1.1967(18)

FNAL/MILC17 1.1980(+13
−19)

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

Nf = 2+1  fK/fπ = 1.1946(34)*

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

Correlated uncertainties

Uncorrelated uncertainty

*MILC10 omitted from average because unpublished
Emilie Passemar 



Vus from Tau decays, New Vud  
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0.21

0.21

0.22

0.22

0.23

0.23

0.24

0.24

0.25

0.25

Vus

τ -> Kν absolute (+ fK)

τ -> Kπν
τ 
decays (+ f+(0), FLAG)

τ  branching fraction ratio

Kl2 /πl2 decays (+ fK/f
π
)

τ -> s inclusive 

Our result from Belle BR

τ decays

Kaon and hyperon decays

Kl3 decays (+ f+(0))

Hyperon decays

τ -> Kν / τ -> πν (+ fK/f
π
)
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From Unitarity 
  Vud = 0.97370(14)

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

HFLAV update: Vus from τ decays
A. Lusiani, CKM 2018

55

ΔCKM = −3σ from inclusive τ decays
No significant changes since the first HFLAV fit in 2010

HFLAV inclusive τ w/ BABAR
δRτth = 0.242(32)
for ms(mτ) = 95 ± 5 MeV
as per Gamiz et al. 2006

HFLAV from τK2/τπ2 w/ BABAR
fK/fπ = 1.1930(30)
FLAG 2016 Nf = 2+1+1



2.3  τ      Kπντ : Introduction 

•  Master formula for τ       Kπντ : 

 
 
 
 

 
 
 
 
 
 
 
 

Hadronic matrix element: Crossed channel from K → πlνl 

 
      
 
 
 
 
 

 
      Use a dispersive parametrization to fit the form factors 

 

 
 
              
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

Γ τ → Kπντ γ⎡⎣ ⎤⎦( ) = GF
2mτ

5

96π 3 CK
2 SEW

τ Vus
2
f+
K 0π −

(0)
2
IK
τ 1+ δEM

Kτ + δ!SU(2)
Kπ⎛

⎝
⎞
⎠

2

  
Kπ  sγ µu 0 = pK − pπ( )µ −

ΔKπ

s
pK + pπ( )µ

⎡

⎣
⎢

⎤

⎦
⎥  f+ (s) +

ΔKπ

s
pK + pπ( )µ  f0(s)

vector scalar 
2 2( )Ks q p pπ= = +with                              , 

  
f 0,+ (s) =

f0,+ (s)
f+ (0)

( )0 , ( ), ( )KI ds F s f s f sτ
+= ∫
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2.3  Experimental Situation 

•  τ       Kπντ : Brs measured by Belle and BaBar as well as spectrum  
but only Belle one publicly available 
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Study of τ
− → K 0

SX
−
ντ decays at Belle

S. RYU et al. [BELLE], PHYS. REV. D 89, 072009 (2014)

Data sample of
R

Ldt = 669 fb−1 with Nττ = 616× 106 was used to study inclusive
decay τ− → K 0

SX
−ντ as well as 6 exclusive modes (1-prong tag):
π−K 0

Sντ K−K 0
Sντ π−K 0

SK
0
Sντ

π−K 0
Sπ

0ντ K−K 0
Sπ

0ντ π−K 0
SK

0
Sπ

0ντ

)τν
0

K-π→
-
τ(Β

0.2 0.4 0.6 0.8 1

L3 95’
 0.060) %±0.150 ±(0.950 

CLEO 96’
 0.072) %±0.041 ±(0.704 

ALEP 98’
 0.066) %±0.117 ±(0.855 

ALEP 98’
 0.034) %±0.045 ±(0.928 

OPAL 00’
 0.049) %±0.068 ±(0.933 

Belle 07’
 0.026) %±0.004 ±(0.808 

 0.016) %±0.002 ±(0.831 

x 10-2

Belle 14’

e− e
τ

τ+

−
+

ν

ντ

τ

+

CMS
frame

π−
π+

π−
π0

γ
γ

5.29 GeV 5.29 GeV

µ

K0
S

νµ

≈ 144000 signal events with efficiency εdet ≃ 7%
B(τ −

→ K 0
Sπ

−
ντ ) = (4.16± 0.01± 0.08) × 10−3

B(τ −
→ K 0

SX−
ντ ) = (9.14± 0.01± 0.22) × 10−3

SCTF-2019 Workshop, Moscow Search for CPV in τ → Kπν at e+e− colliders, effect of the polarized electron beam D. Epifanov (BINP, NSU) 9/25

Introduction

Event selection

MC corrections

Results

Summary

results from this analysis, HFLAV, and previous results (by A.
Lusiani)

NOTE: HFLAV averages contain more input than shown here

0.6 0.7 0.8

) [%]τν 
-

 K→ -τB(

CLEO 1994
 0.090± 0.070 ±0.660 

DELPHI 1994
 0.180±0.850 

ALEPH 1999
 0.014± 0.025 ±0.696 

OPAL 2001
 0.029± 0.027 ±0.658 

BaBar 2010
 0.010± 0.006 ±0.692 

HFLAV Spring 2017
 0.010±0.696 

this work
 0.021± 0.003 ±0.717 

0.4 0.5 0.6

) [%]
τ

ν 0π 
-

 K→ -τB(

CLEO 1994
 0.070± 0.100 ±0.510 

ALEPH 1999
 0.024± 0.026 ±0.444 

OPAL 2004
 0.023± 0.059 ±0.471 

BaBar 2007
 0.018± 0.003 ±0.416 

HFLAV Spring 2017
 0.015±0.433 

this work
 0.015± 0.002 ±0.505 

0 5 10

]-410×)) [0 (ex. K
τ

ν 0π 2
-

 K→ -τB(

CLEO 1994
 3.000± 10.000 ±9.000 

ALEPH 1999
 1.500± 2.000 ±5.600 

HFLAV Spring 2017
 2.204±6.398 

this work
 0.338± 0.117 ±6.151 

2 4 6

]-410×)) [η,0 (ex. Kτν 0π 3
-

 K→ -τB(

ALEPH 1999
 1.100± 2.100 ±3.700 

HFLAV Spring 2017
 2.161±4.284 

this work
 0.238± 0.164 ±1.246 

0.9 1 1.1 1.2

)) [%]0 (ex. K
τ

ν 0π 3-
π → -τB(

ALEPH 05C
 0.058± 0.069 ±0.977 

HFLAV Spring 2017
 0.075±1.029 

this work
 0.038± 0.006 ±1.168 

0.1 0.15

)) [%]η,0 (ex. Kτν 0π 4-π → -τB(

ALEPH 2005
 0.035± 0.037 ±0.112 

HFLAV Spring 2017
 0.039±0.110 

this work
 0.007± 0.004 ±0.090 

14 / 15

Babar’18	
@Tau’18 
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2.3  Experimental Situation 

•  τ       Kπντ : Brs measured by Belle and BaBar as well as spectrum  
but only Belle one publicly available 
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Study of τ → Kπν at BABAR

B. AUBERT et al. [BABAR], PHYS. REV. D 76, 051104 (2007).
B. AUBERT et al. [BABAR], NUCL. PHYS. PROC. SUPPL. 189, 193 (2009).

τ− → K−
π0ντ

)2 (GeV/c0π -KM
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

)
-3

 (x
10

2
Ev

en
ts

/0
.0

2 
G

eV
/c

-310

-210

-110

1

10

τ− → K 0
Sπ−ντ

 mass distribution  [GeV]      -π0
SK

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Ev
en

ts
  (

lo
g 

sc
al

e)
   

1

10

210

310

410

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

1

10

210

310

410
    Sample

Data
Signal

L
0 K-π S

0 K→ -τ
0π -π S

0 K→ -τ
-π +π -π → -τ

Other
-eventsτNon 

B(τ −
→ K−

π
0
ντ ) = (0.416 ± 0.003(stat.) ± 0.018(syst.))%

B(τ −
→ K 0

Sπ
−

ντ ) = (0.420±0.002(stat.)±0.012(syst.))% (preliminary)
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Study of τ → Kπν at BABAR

B. AUBERT et al. [BABAR], PHYS. REV. D 76, 051104 (2007).
B. AUBERT et al. [BABAR], NUCL. PHYS. PROC. SUPPL. 189, 193 (2009).

τ− → K−
π0ντ

)2 (GeV/c0π -KM
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

)
-3

 (x
10

2
Ev

en
ts

/0
.0

2 
G

eV
/c

-310

-210

-110

1

10

τ− → K 0
Sπ−ντ

 mass distribution  [GeV]      -π0
SK

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Ev
en

ts
  (

lo
g 

sc
al

e)
   

1

10

210

310

410

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

1

10

210

310

410
    Sample

Data
Signal

L
0 K-π S

0 K→ -τ
0π -π S

0 K→ -τ
-π +π -π → -τ

Other
-eventsτNon 

B(τ −
→ K−

π
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ντ ) = (0.416 ± 0.003(stat.) ± 0.018(syst.))%

B(τ −
→ K 0
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ντ ) = (0.420±0.002(stat.)±0.012(syst.))% (preliminary)
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Babar’07	 Babar’07	
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2.3  Experimental Situation 

•  τ       Kπντ : Brs measured by Belle and BaBar as well as spectrum  
but only Belle one publicly available 
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Belle’07 

K ∗
0 (800) + K ∗(892) + K ∗(1410) model

The K ∗(892) alone is not sufficient to describe the K 0
Sπ spectrum

10
-1

1

10

10 2

10 3

10 4

0.8 1 1.2 1.4 1.6
√s, GeV/c2

N
EV

EN
TS

Signal
KSKLπ
KSππ

0

KSK
3π
non-ττ

MK∗(892) = 895.47± 0.20 MeV/c2

ΓK∗(892) = 46.19± 0.57 MeV

|a(K∗(1410))| = (75± 6) × 10−3

arg(a(K∗(1410))) = 1.44± 0.15

|a(K∗
0 (800))| = 1.57± 0.23

χ2/Ndf = 90.2/84, P(χ2) = 30%

We take K∗
0 (800) parameters:

MK∗
0 (800) = (878± 23± 60)MeV/c2 , ΓK∗

0 (800) = (499± 52± 71) MeV/c2 from:
M. ABLIKIM et al., [BES COLLABORATION], PHYS. LETT. B 633, 681 (2006).
There is large systematic uncertainty in the near K 0

Sπ production threshold part of the
spectrum due to the large background from the τ− → K 0

Sπ−K 0
L ντ decay, whose

dynamics is not precisely known. Careful study of the τ− → K 0
Sπ−ντ near the K 0

Sπ
production threshold is needed.

SCTF-2019 Workshop, Moscow Search for CPV in τ → Kπν at e+e− colliders, effect of the polarized electron beam D. Epifanov (BINP, NSU) 11/25
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    Fit to the τ     Kπντ  decay data + Kl3 constraints

    Bernard, Boito, E.P.’11 

1  K
events tot w

K

dN N b
d s

π

π

Γ
∝

Γ

Antonelli, Cirigliano, Lusiani, E.P.’13 

  
f 0(s) = exp P2(s) +

s2 s − ΔKπ( )
π

ds'
s'2

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

∞

∫
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
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f + (s) = exp P '

2 (s) + s3

π
ds'
s'3

φ+ (s')
s'− s − iε( )mK +mπ( )2

∞

∫
⎡

⎣
⎢

⎤

⎦
⎥
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From Unitarity 
  Vud = 0.97370(14)

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

HFLAV update: Vus from τ decays
A. Lusiani, CKM 2018
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ΔCKM = −3σ from inclusive τ decays
No significant changes since the first HFLAV fit in 2010

HFLAV inclusive τ w/ BABAR
δRτth = 0.242(32)
for ms(mτ) = 95 ± 5 MeV
as per Gamiz et al. 2006

HFLAV from τK2/τπ2 w/ BABAR
fK/fπ = 1.1930(30)
FLAG 2016 Nf = 2+1+1



  
•                                               parton	model	predic.on		

 
 
 

•     

•    
 
 

  
 
 
 
 
 

 
 

 
 
      

 
 

2.4 Extracting Vus from inclusive τ 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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  Rτ = Rτ
NS + Rτ

S ≈ Vud

2
NC + Vus

2
NC
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  Extraction$of$αS$and$Vus.$The$idea$is$simple:$

(Inclusive) Hadronic tau decays 
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QCD switch 

(αS=0) 
€ 

Rτ ≡
Γ τ →ντ + hadrons( )
Γ τ →ντ  e

−  ν e( )
≈ NC

€ 

Rτ = Rτ
S=0 + Rτ

S≠0 ≈ NC Vud
2

+ NC Vus
2
≈ 2.85 + 0.15

€ 

Vus
2

Vud
2 ≈

Rτ
S≠0

Rτ
S=0

€ 

Vus
2

11 

  

Vus

2

Vud

2 =
Rτ

S

Rτ
NS  Vus

González Alonso’13 

ud usd V d V sθ = +



2.4  Inclusive determination of  Vus 

 
•  With	QCD	on:		

 
 
 
 
 
 

•  Use OPE: 

 
 
 
 
 
 

•  	
												computed	using	OPE	
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€ 

Rτ = Rτ
S=0 + Rτ

S≠0 ≈ NC Vud
2

+ NC Vus
2
≈ 2.85 + 0.15

€ 

Vus
2

Vud
2 ≈

Rτ
S≠0

Rτ
S=0

€ 

Vus
2

The complication is here! 

QCD switch 

(αS≠0) 

[exp: ~3.628(9)] 

€ 

Rτ ≡
Γ τ →ντ + hadrons( )
Γ τ →ντ  e

−  ν e( )
≈ NC

[exp: ~3.467(8) + 0.161(3)] 

+ corr. 

€ 

Rτ
S=0 ≈ NC Vud

2
+O(α s)

€ 

α s

11 

  
δ Rτ ≡

Rτ ,NS

Vud

2 −
Rτ ,S

Vus

2

  Rτ
NS mτ

2( ) = NC  SEW Vud

2
1 + δ P + δ NP

ud( )

  Rτ
S mτ

2( ) = NC  SEW Vus

2
1 + δ P + δ NP

us( )

Vus
2
=

Rτ ,S

Rτ ,NS

Vud
2 − δRτ ,th

SU(3)	breaking	quan.ty,	strong	
dependence	in	ms		computed	from	
OPE	(L+T)	+	phenomenology	
	
   
δ Rτ ,th = 0.0242(32) Gamiz	et	al’07,	Maltman’11		

  Rτ ,S = 0.1633(28)

  Rτ ,NS = 3.4718(84)

HFLAV’19		
	

  Vud = 0.97370(14)

  Vus = 0.2195 ± 0.0016exp ± 0.0010th

2.9σ	away	from	unitarity!	 
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NB:	BRs	measured	by	B	factories	are	systema.cally		
smaller	than	previous	measurements	



•  With B-factories new measurements : 

 

2.4  Prospects : τ strange Brs 

•  Experimental measurements of the strange spectral functions not very precise 
 
 
 
 
 

 
 
 
 
 
 
 

 
•  Before B-factories 

 

Smaller τ        K branching ratios          smaller                  smaller  
 

 
 

,SRτ usV

old
0.1686(47)SRτ =

  Vus new
= 0.2195 ± 0.0016exp ± 0.0010thexp thold

0.2214 0.0031 0.0010usV = ± ±

  
Rτ

S

new
= 0.1615(28)

New measurements are needed ! 



3.   CP violation in Tau physics 



3.1  EDM of the Tau 
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•  Probe to test new sources of CP violation 

 
 
 

•  CPV in tau pair production  
(e+e- → τ+τ-)          EDM 

•  Very challenging  
measurement for τ�

•  Measured using spin  
correlations of decay product 
of taus 

•  Help of polarized beams? 

d
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G0(x, y, cos ✓, r)

M. Passera   TAU2012   Nagoya   Sep 18 2012

 The tau g-2 via its radiative leptonic decays: a proposal

Tau radiative leptonic decays at LO:

Add the contribution  of  the effective 
coupling and the QED corrections: 

Measure d3Γ precisely and get  ãτ !                        

G0 ! G0 + ã⌧Ga +
↵

⇡
GRC

x =
2El

M⌧
, y =

2E�

M⌧
, r =

ml

M⌧

14

�(⌧� ! e� ⌫̄e ⌫⌧ �)
�

total

����
E�>10MeV

= 1.823% vs 1.75(18)%

�(⌧� ! µ� ⌫̄µ ⌫⌧ �)
�

total

����
E�>10MeV

= 0.364% vs 0.361(38)%
CLEO 2000

Kinoshita & Sirlin PRL2(1959)177; Kuno & Okada, RMP73(2001)151

20

EDMs as probes of new physics
1. Essentially free of SM “background” (CKM) *1

*1 Observation would signal new physics or a tiny QCD  θ-term (< 10-10).                     
Multiple measurements can disentangle the two effects 

EDMs and T(CP) violation                      
in the LHC era

P and T violation:  

d ∝ J
→ →

EDMs and T(CP) violation                      
in the LHC era

P and T violation:  

d ∝ J
→ →

No SM background 
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From V. Cirigliano 

Motivation of the search

The electric dipole moment interaction

Hi = ie F⌧

2m⌧
 ̄�µ⌫�5 Fµ⌫

is the lowest dimension gauge invariant T odd operator that couple the
photon (Z0) with the ⌧ current.
SM generates such interaction only at a very high order of the
perturbative expansion (i.e. F⌧ ⌧ 1).
Possibility for the “New Physics” to stay on the stage.

PDG 2004 e, µ

de = (0.07±0.07)⇥ 10�26e cm

dµ = (3.7 ±3.4)⇥ 10�19e cm

PDG 2004 ⌧

< (d⌧ ) = (�0.22 to0.45)⇥10�16 cm
= (d⌧ ) = (�0.25 to0.01)⇥10�16 cm

E. Paoloni (Università di PISA & INFN ) LNF Mar. 2006 3 / 15
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•  The squared spin density matrix for e+(p) e-(-p) → γ* → τ+(k,S+) τ-(-k,S-) 

 
 
 

•  Study of spin momentum correlations:  

  

 

�

•  Polarized beams will help since the decay products of only one tau could 
be studied   Bernabeu, Gonzalez-Sprinberg, Vidal’04,’07 

 
 

•  Radiative decay possibility  
Eidelman, Epifanov, Fael, Mercolli, Passera’16 
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unpolarized electron beam, one could access the imaginary part of the form factor by measuring
the polarization of the normal to the scattering plane of a single ⌧ , while the real part requires
to measure the correlations between the decay products of both ⌧ . Using polarized beams o↵ers
the possibility to study the polarization of only one ⌧ , the real part being in this case determined
by studying the transverse and longitudinal polarizations of a single ⌧ .

A study has already been done for a future flavour factory showing that with 1010 ⌧+⌧�

pairs the estimated sensitivity is of order 10�6 [15].

0.0.2 Electric Dipole Moment of the ⌧

Since CP violation has been discovered in the 1960s, there has been experimental e↵orts to
try to measure the electric dipole moments (EDMs) of leptons, neutron, atoms and molecules.
As EDMs violate both parity and time reversal symmetries, their values yield a mostly model-
independent measure (assuming CPT symmetry is valid) of CP-violation in nature. Therefore,
values for these EDMs place strong constraints upon the scale of CP-violation that extensions of
the SM may allow. New sources of CP violation is one essential ingredient to lead to a successful
electroweak baryogenesis to account for the baryon asymmetry of the universe. Hence EDMs are
very interesting quantities to study since if they are observed, that would be a clear indication
of the existence of new sources of CP violation [17], the SM prediction being at an unobservable
rate. Indeed, a fundamental EDM in the SM can only be generated at three loop level [20].

While strong experimental limits have been placed on the electron [18] and muon [19] EDMs
giving stringent constraints on ND [17, 21], the measurement of the tau EDM su↵ers the same
di�culty as the measurement of its anomalous magnetic moment: the tau lifetime is too short!
The best current limit comes from the Belle collaboration that has searched for CP violating
e↵ects in the process e+e� ! �⇤ ! ⌧+⌧� using triple momentum and spin correlations of the
decay products.

Indeed the matrix element for the process e+e� ! �⇤ ! ⌧+⌧� is given by the following sum:

M2 = M2
SM +Re(d⌧ )M2

Re + Im(d⌧ )M2
Im + |d⌧ |2M2

d2 , (2)

withM2
SM the SM contribution,M2

d2 the squared EDM contribution and Re(d⌧ )M2
Re, Im(d⌧ )M2

Im
the interference between them with Re(d⌧ ) the real part of the ⌧ EDM and Im(d⌧ ), the imag-
inary part. These interference terms contain the following combinations of spin-momentum
correlations:

M2
Re / (S+ ⇥ S�) · k̂, (S+ ⇥ S�) · p̂, (3)

M2
Im / (S+ � S�) · k̂, (S+ � S�) · p̂,

where S± is a ⌧± spin vector, and k̂ and p̂ are the unit vectors of the ⌧� and e� momenta in
the center of mass of the system respectively. These terms are CP-odd since they change sign
under a CP-transformation. Using this method the following limit at 95% confidence level is
obtained [23]:

�0.22 < Re (d⌧ ) < 0.45 (10�16e · cm) , � 0.25 < Im (d⌧ ) < 0.08 (10�16e · cm) (4)

The limit on the real part of d⌧ comes from a CP-odd and T-odd observable, while for con-
straining the imaginary part of d⌧ a CP-odd and T-even observable is used. Having a polarized
beam will allow in the same way as for a⌧ to set limits on these observables using only the decay
products of a single polarized ⌧ .
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•  Use an e− beam with tunable longitudinal polarization P  
       e+(p+) e-(p-) → γ* → τ+τ- 

 
 
 
 
 

•  Under CP: 

•  Measure the mean value of the CP odd observables: 
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Ananthanarayan & Rindani’95 
Bernabeu, Gonzalez-Sprinberg,  
Vidal’04,’07 
   τ

− → HA q−( ) +ντ  ,  τ
+ → HB q+( ) +ντ

  p+ ↔ − p− ,  q+ ↔ −q−

  O1 = p̂+ ⋅ q+ × q−( ) ∝ Re dτ( ) ,   O2 = p̂+ ⋅ q+ + q−( ) ∝ Im dτ( )
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•  Use an e− beam with tunable longitudinal polarization P  
       e+(p+) e-(p-) → γ* → τ+τ- 

 
 
 
 
 

•  Under CP: 

•  Measure the mean value of the CP odd observables: 
 

•  Compare ⟨O1⟩ measured with opposite polarizations P 

  
 

Emilie Passemar 

Ananthanarayan & Rindani’95 
Bernabeu, Gonzalez-Sprinberg,  
Vidal’04,’07 

  τ
− → HA q−( ) +ντ  ,  τ

+ → HB q+( ) +ντ

  p+ ↔ − p− ,  q+ ↔ −q−

  O1 = p̂+ ⋅ q+ × q−( ) ∝ Re dτ( ) ,   O2 = p̂+ ⋅ q+ + q−( ) ∝ Im dτ( )

  
Re dτ( ) = O1 P

− O1 −P
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•  Use an e− beam with tunable longitudinal polarization P  
       e+(p+) e-(p-) → γ* → τ+τ- 

 
 
 
 
 

•  Under CP: 

•  Measure the mean value of the CP odd observables: 
 

•  Compare ⟨O1⟩ measured with opposite polarizations P 

      Most of the systematics should cancel in the difference 
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Ananthanarayan & Rindani’95 
Bernabeu, Gonzalez-Sprinberg,  
Vidal’04,’07 

  τ
− → HA q−( ) +ντ  ,  τ

+ → HB q+( ) +ντ

  p+ ↔ − p− ,  q+ ↔ −q−

  O1 = p̂+ ⋅ q+ × q−( ) ∝ Re dτ( ) ,   O2 = p̂+ ⋅ q+ + q−( ) ∝ Im dτ( )

  
Re dτ( ) = O1 P

− O1 −P

Paoloni’06 
With 1010 τ  pairs  

   dτ ∼ 10−20 e.cm
4 orders of magnitude! 



 
 
 

•    

 
 
 

•  Experimental measurement : 

•  CP violation in the tau decays should be of opposite sign compared to the 
one in D decays in the SM 
 
 

BaBar measurement: Rate asymmetry 
BaBar measures the CP rate asymmetry in the decay    
 
 
Observable 
Selection 

   one Ks, one charged track not identified as Kaon 
    up to 3 T0’s, tag-side is e or Q��

Observed level asymmetry 
 
 
 
 
 
Correction 1 

The asymmetry arises from the different K0 and anti-K0 nuclear cross section 
The asymmetry is corrected by –(0.07 +/- 0.01) % 
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0 0( 0 )SK WW S S Qr ro t

Tag-mode N(T+Ks) N(T-Ks) Aobs 

e-tag 99,222  ev. 99,842     ev. (-0.32+/-0.23)% 

Q�tag 70,233  ev. 70,369     ev. (-0.05+/-0.27)% 

0 0

0 0

( ) ( )
( ) ( )

S S
Cp

S S

K K
A

K K
W W

W W

W S Q W S Q
W S Q W S Q

� � � �

� � � �

* o � * o
{
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3.3   τ → Kπντ CP violating asymmetry

36 

  
AQ =

Γ τ + →π +KS
0ντ( ) − Γ τ − → π −KS

0ντ( )
Γ τ + →π +KS

0ντ( ) + Γ τ − → π −KS
0ντ( )

00 0
SK p K q K= +

00 0
LK p K q K= −

   KL KS = p
2
− q

2
! 2Re ε K( )

2 2= -p q ( )0.36 0.01 %≈ ±
Bigi & Sanda’05 
in the SM 

Grossman & Nir’11 

  
AQ exp = -0.36 ± 0.23stat ± 0.11syst( )%  2.8σ from the SM! 

BaBar’11 

Grossman & Nir’11 

  
AD =

Γ D+ →π +KS
0( ) − Γ D− → π −KS

0( )
Γ D+ →π +KS

0( ) + Γ D− → π −KS
0( )  = -0.41 ± 0.09( )% Belle, Babar,  

CLEO, FOCUS 

Emilie Passemar PDG’19 

 
≥ 0π 0( )



3.3  τ → Kπντ CP violating asymmetry

 

•  New physics? Charged Higgs, WL-WR mixings, leptoquarks, tensor 
interactions (Devi, Dhargyal, Sinha’14, Cirigliano, Crivellin, Hoferichter’17)?    								

	
	
	
	
•  Need to investigate how large can be the prediction in realistic new physics 

models: it looks like a tensor interaction can explain the effect  
but in conflict with bounds from neutron EDM and DD mixing           	

	
 
                 light BSM physics?  

 
 

Bigi’Tau12 

Very difficult to explain!  
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Cirigliano, Crivellin, Hoferichter’17 



  
Kπ  sγ µu 0 = pK − pπ( )µ +

ΔKπ

s
pK + pπ( )µ

⎡

⎣
⎢

⎤

⎦
⎥  f+ (s) −

ΔKπ

s
pK + pπ( )µ  f0(s)

3.3  τ → Kπντ CP violating asymmetry
	

•  In this measurement, need to know hadronic part          form factors 
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vector scalar with 
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  s = Q2 = ( pK + pπ )2

  ΔKπ = MK
2 − Mπ

2( )



( ) ( ) ( ) 0K  s u 0 =  ( )  ( )K K
K K Kp p p p f s p p f s

s s
π π

µ π π πµ µ µ
π γ +

Δ Δ⎡ ⎤− + + − +⎢ ⎥⎣ ⎦

3.4  τ → Kπντ FB asymmetry
	

•  In this measurement, need to know hadronic part          form factors 
 
	
	
	
	
	
	
	
	
	
	

	
	

	
•  Up to now know from decay spectrum but difficult to disentangle scalar and 

vector form factor         consider the FB asymmetry instead  

•  Formula: can disentangle scalar and vector FF easily 
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vector scalar with 

( ) ( )
( ) ( )FB

cos -cos
cos -cos

d d
A

d d
θ θ
θ θ

Γ − Γ
=

Γ + Γ
Beldjoudi & Truong’94 
Moussallam, B2TIP 
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Never done before: 
Feasible at SτcF? 

K0 

K0 K0 

K0 

K K 

K 

K0 
K 

  s = Q2 = ( pK + pπ )2

 
cos δ1

1/2 − δ 0
1/2( )



3.5  τ → Kπντ angular CP violating asymmetry

40 

 

•  Measurement of the angular CP asymmetry from Belle:  

–                                : kinematic factors 

–  Angles:  
in Kπ rest frame 

•  β: angle between kaon and e+e- CMS frame 
•  Ψ: angle between τ and CMS frame 
 

in τ rest frame 
•  θ: angle between τ direction in CMS and  

direction of Kπ system (dependence with Ψ) 

 
 
  
 

 
 

CP violating term 
S-P interference    A(Q2 ),  B(Q2 ),  C(Q2 )

   

dΓ τ - → Kπ −ντ( )
d Q2 d cosθ  d cosβ

= A(Q2 ) − B(Q2 ) 3cos2ψ −1( ) 3cos2 β −1( )⎡⎣ ⎤⎦ f+ (s)
2

                                     + mτ
2 !f0(s)

2
−C(Q2 )cosψ cosβ Re f+ (s) !f0

*(s)( )
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dΓ τ - → Kπ −ντ( )
d Q2 d cosθ  d cosβ

= A(Q2 ) − B(Q2 ) 3cos2ψ −1( ) 3cos2 β −1( )⎡⎣ ⎤⎦ f+ (s)
2

                                     + mτ
2 !f0(s)

2
−C(Q2 )cosψ cosβ Re f+ (s) !f0

*(s)( )

3.5  τ → Kπντ angular CP violating asymmetry
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•  Measurement of the angular CP asymmetry from Belle:  

–                                  : kinematic factors 

 
 
  
 

 
 

CP violating term 
S-P interference    A(Q2 ),  B(Q2 ),  C(Q2 )

+

   
!f0(s) = f0(s) + η 2

mτ
2 fH (s) with 0( ) ( )H

u s

sf s f s
m m

=
−

Khün & Mirkes’05 

Charged Higgs contribution 
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Belle (Conti.) 

Result 

2014/10/31 30-31, October, 2014, B2TIP, KEK, Japan 11 

3 2(1.8 2.1 1.4) 10 1.0CPA x at W Q GeV� r r  |

Phys. Rev. Lett.  
107,131801 (2011) 

3.5  τ → Kπντ CP violating asymmetry: results

•  Measurement of the direct contribution of NP in the angular CP violating 
asymmetry done by CLEO and Belle 
						Belle does not see any asymmetry at the 0.2 - 0.3% level  
 
 
 
 
 
 
 
 
 
 
 

•  Problem with BaBar measurement?            It would be great to have other 
experimental measurements from Belle II or SτcF 

Belle’11	
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3. Three hadron system 
References: 
 
 
e.g: 

 
Possible Jp states for 0-+0-+0-  system 

      0-,  1+,  1-   
4 Hadronic Form Factors 

Axial Vector   F1(Q2,s1,s2): K*f,  F2(Q2,s1,s2); h K           B1,B2  
Vector           F3(Q2,s1,s2)                           B3 

Pseudo-Scalar  F4(Q2,s1,s2)                         B4 

 
 

 
2014/10/31 30-31, October, 2014, B2TIP, KEK, Japan 17 

 K. Kiers,K.Little,A. Datta, D. London et al., 
Phys. Rev. D78, 113008 (2008). 
Tau2012 proceeding by K. Kiers 
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3.6  Three body CP asymmetries 

43 

 
 

•  Ex:	τ → Kππντ 
 
 
 
 
 
•  A variety of CPV observables can be studied :  

τ → Kππντ, τ → πππντ rate, angular asymmetries,  
triple products,….     
 

Same principle as in charm, see Bevan’15 
 
Difficulty : Treatement of the hadronic part 
Hadronic final state interactions have to be taken into account! 
          Disentangle weak and strong phases 

	
•  More form factors, more asymmetries to build but same principles as for 2 

bodies 

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
 

 
 
 
 
 

e.g., Choi, Hagiwara and 
Tanabashi’98 
Kiers, Little, Datta,  
London et al.,’08 
Mileo, Kiers and, Szynkman’14 
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4.   Exclusive 3 body-decays: τ → πππντ �
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4.1  Introduction: Why τ → πππντ ? 

•  τ  decays ~20% of the time in 3π
not negligible 

 
•  Use for the tau mass measurement 

•  Use to reconstruct the tau spin:  
        EDM 

 
 

•  Input for LbL g-2 of the muon 

•  Spectroscopy: determine the  
a1(1260) resonance 

             discrepancy between hadronic  
             determination  πN  → 3πN and  

 tau determination: τ →3πντ  
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PDG’14 

S. Paul 
Bernreuther, Nachtmann, Overmann’93 



a1 mass and width determination
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

a1(1260) IG (JPC ) = 1−(1 + +)

See also our review under the a1(1260) in PDG 06, Journal of
Physics G33G33G33G33 1 (2006).

a1(1260) MASSa1(1260) MASSa1(1260) MASSa1(1260) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1230 ±40 OUR ESTIMATE1230 ±40 OUR ESTIMATE1230 ±40 OUR ESTIMATE1230 ±40 OUR ESTIMATE

1299 +12
−28

1299 +12
−281299 +12
−28

1299 +12
−28 46M 1 AGHASYAN 18B COMP 190 π−p →

π−π+π− p
• • • We do not use the following data for averages, fits, limits, etc. • • •

1195.05± 1.05± 6.33 894k AAIJ 18AI LHCB D0 → K∓π±π±π∓

1209 ± 4 +12
− 9

2 MIKHASENKO 18 RVUE τ− → π−π+π− ντ

1225 ± 9 ±20 7k 3 DARGENT 17 RVUE D0 → π−π+π−π+

1255 ± 6 + 7
−17 420k 4 ALEKSEEV 10 COMP 190 π−Pb →

π−π−π+Pb′

1243 ±12 ±20 5 AUBERT 07AU BABR 10.6 e+ e− →
ρ0 ρ±π∓ γ

1230–1270 6360 6 LINK 07A FOCS D0 → π−π+π−π+

1203 ± 3 7 GOMEZ-DUM...04 RVUE τ+ → π+π+π− ντ
1330 ±24 90k SALVINI 04 OBLX pp → 2π+2π−

1331 ±10 ± 3 37k 8 ASNER 00 CLE2 10.6 e+ e− → τ+ τ−,
τ− → π−π0π0 ντ

1255 ± 7 ± 6 5904 9 ABREU 98G DLPH e+ e−

1207 ± 5 ± 8 5904 10 ABREU 98G DLPH e+ e−

1196 ± 4 ± 5 5904 11,12 ABREU 98G DLPH e+ e−

1240 ±10 BARBERIS 98B 450 pp →

pf π+π−π0ps
1262 ± 9 ± 7 9,13 ACKERSTAFF 97R OPAL Eee

cm= 88–94, τ →

3πν
1210 ± 7 ± 2 10,13 ACKERSTAFF 97R OPAL Eee

cm= 88–94, τ →

3πν

1211 ± 7 +50
− 0

10 ALBRECHT 93C ARG τ+ → π+π+π− ν

1121 ± 8 14 ANDO 92 SPEC 8 π− p → π+π−π0n

1242 ±37 15 IVANOV 91 RVUE τ → π+π+π− ν

1260 ±14 16 IVANOV 91 RVUE τ → π+π+π− ν

1250 ± 9 17 IVANOV 91 RVUE τ → π+π+π− ν

1208 ±15 ARMSTRONG 90 OMEG 300.0pp →

ppπ+π−π0

1220 ±15 18 ISGUR 89 RVUE τ+ → π+π+π− ν

1260 ±25 19 BOWLER 88 RVUE

1166 ±18 ±11 BAND 87 MAC τ+ → π+π+π− ν

1164 ±41 ±23 BAND 87 MAC τ+ → π+π0π0 ν

1250 ±40 18 TORNQVIST 87 RVUE

1046 ±11 ALBRECHT 86B ARG τ+ → π+π+π− ν

HTTP://PDG.LBL.GOV Page 1 Created: 8/2/2019 16:42
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

a1(1260) IG (JPC ) = 1−(1 + +)

See also our review under the a1(1260) in PDG 06, Journal of
Physics G33G33G33G33 1 (2006).

a1(1260) MASSa1(1260) MASSa1(1260) MASSa1(1260) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1230 ±40 OUR ESTIMATE1230 ±40 OUR ESTIMATE1230 ±40 OUR ESTIMATE1230 ±40 OUR ESTIMATE

1299 +12
−28

1299 +12
−281299 +12
−28

1299 +12
−28 46M 1 AGHASYAN 18B COMP 190 π−p →

π−π+π− p
• • • We do not use the following data for averages, fits, limits, etc. • • •

1195.05± 1.05± 6.33 894k AAIJ 18AI LHCB D0 → K∓π±π±π∓

1209 ± 4 +12
− 9

2 MIKHASENKO 18 RVUE τ− → π−π+π− ντ

1225 ± 9 ±20 7k 3 DARGENT 17 RVUE D0 → π−π+π−π+

1255 ± 6 + 7
−17 420k 4 ALEKSEEV 10 COMP 190 π−Pb →

π−π−π+Pb′

1243 ±12 ±20 5 AUBERT 07AU BABR 10.6 e+ e− →
ρ0 ρ±π∓ γ

1230–1270 6360 6 LINK 07A FOCS D0 → π−π+π−π+

1203 ± 3 7 GOMEZ-DUM...04 RVUE τ+ → π+π+π− ντ
1330 ±24 90k SALVINI 04 OBLX pp → 2π+2π−

1331 ±10 ± 3 37k 8 ASNER 00 CLE2 10.6 e+ e− → τ+ τ−,
τ− → π−π0π0 ντ

1255 ± 7 ± 6 5904 9 ABREU 98G DLPH e+ e−

1207 ± 5 ± 8 5904 10 ABREU 98G DLPH e+ e−

1196 ± 4 ± 5 5904 11,12 ABREU 98G DLPH e+ e−

1240 ±10 BARBERIS 98B 450 pp →

pf π+π−π0ps
1262 ± 9 ± 7 9,13 ACKERSTAFF 97R OPAL Eee

cm= 88–94, τ →

3πν
1210 ± 7 ± 2 10,13 ACKERSTAFF 97R OPAL Eee

cm= 88–94, τ →

3πν

1211 ± 7 +50
− 0

10 ALBRECHT 93C ARG τ+ → π+π+π− ν

1121 ± 8 14 ANDO 92 SPEC 8 π− p → π+π−π0n

1242 ±37 15 IVANOV 91 RVUE τ → π+π+π− ν

1260 ±14 16 IVANOV 91 RVUE τ → π+π+π− ν

1250 ± 9 17 IVANOV 91 RVUE τ → π+π+π− ν

1208 ±15 ARMSTRONG 90 OMEG 300.0pp →

ppπ+π−π0

1220 ±15 18 ISGUR 89 RVUE τ+ → π+π+π− ν

1260 ±25 19 BOWLER 88 RVUE

1166 ±18 ±11 BAND 87 MAC τ+ → π+π+π− ν

1164 ±41 ±23 BAND 87 MAC τ+ → π+π0π0 ν

1250 ±40 18 TORNQVIST 87 RVUE

1046 ±11 ALBRECHT 86B ARG τ+ → π+π+π− ν

HTTP://PDG.LBL.GOV Page 1 Created: 8/2/2019 16:42
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

1056 ±20 ±15 RUCKSTUHL 86 DLCO τ+ → π+π+π− ν

1194 ±14 ±10 SCHMIDKE 86 MRK2 τ+ → π+π+π− ν

1255 ±23 BELLINI 85 SPEC 40 π−A →
π−π+π−A

1240 ±80 20 DANKOWY... 81 SPEC 8.45 π− p → n3π

1280 ±30 20 DAUM 81B CNTR 63,94 π−p → p3π

1041 ±13 21 GAVILLET 77 HBC 4.2 K− p → Σ 3π

1 Statistical error negligible.
2 From the pole position. Using an amplitude analysis based on approximate three-body
unitary of τ data from SCHAEL 05C.

3 Reanalysis of CLEO data using Breit-Wigner parameterization.
4 Superseded by AGHASYAN 2018B.
5The ρ±π∓ state can be also due to the π(1300).
6Using the Breit-Wigner parameterization; strong correlation between mass and width.
7Using the data of BARATE 98R.
8 From a fit to the 3π mass spectrum including the K K∗(892) threshold.
9Uses the model of KUHN 90.

10Uses the model of ISGUR 89.
11 Includes the effect of a possible a′1 state.
12Uses the model of FEINDT 90.
13 Supersedes AKERS 95P.
14Average and spread of values using 2 variants of the model of BOWLER 75.
15Reanalysis of RUCKSTUHL 86.
16Reanalysis of SCHMIDKE 86.
17Reanalysis of ALBRECHT 86B.
18 From a combined reanalysis of ALBRECHT 86B, SCHMIDKE 86, and RUCKSTUHL 86.
19 From a combined reanalysis of ALBRECHT 86B and DAUM 81B.
20Uses the model of BOWLER 75.
21Produced in K− backward scattering.

a1(1260) WIDTHa1(1260) WIDTHa1(1260) WIDTHa1(1260) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

250 to 600 OUR ESTIMATE250 to 600 OUR ESTIMATE250 to 600 OUR ESTIMATE250 to 600 OUR ESTIMATE

420 ± 35 OUR AVERAGE420 ± 35 OUR AVERAGE420 ± 35 OUR AVERAGE420 ± 35 OUR AVERAGE

380 ± 80 46M 1 AGHASYAN 18B COMP 190 π− p →

π−π+π− p

430 ± 24 ± 31 DARGENT 17 RVUE D0 → π−π+π−π+

• • • We do not use the following data for averages, fits, limits, etc. • • •

422.01± 2.10± 12.72 894k AAIJ 18AI LHCB D0 → K∓π±π±π∓

576 ± 11 + 89
− 20

2 MIKHASENKO 18 RVUE τ− → π−π+π− ντ

367 ± 9 + 28
− 25 420k 3 ALEKSEEV 10 COMP 190 π−Pb →

π−π−π+Pb′

410 ± 31 ± 30 4 AUBERT 07AU BABR 10.6 e+ e− →
ρ0 ρ±π∓γ

520–680 6360 5 LINK 07A FOCS D0 → π−π+π−π+

480 ± 20 6 GOMEZ-DUM...04 RVUE τ+ → π+π+π− ντ
580 ± 41 90k SALVINI 04 OBLX pp → 2π+2π−

460 ± 85 205 7 DRUTSKOY 02 BELL B → D (∗)K−K∗0

HTTP://PDG.LBL.GOV Page 2 Created: 8/2/2019 16:42



3. Three hadron system 
References: 
 
 
e.g: 

 
Possible Jp states for 0-+0-+0-  system 

      0-,  1+,  1-   
4 Hadronic Form Factors 

Axial Vector   F1(Q2,s1,s2): K*f,  F2(Q2,s1,s2); h K           B1,B2  
Vector           F3(Q2,s1,s2)                           B3 

Pseudo-Scalar  F4(Q2,s1,s2)                         B4 
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 K. Kiers,K.Little,A. Datta, D. London et al., 
Phys. Rev. D78, 113008 (2008). 
Tau2012 proceeding by K. Kiers 
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4.2  τ → πππντ , definitions 

49 

 
 

•  τ → πππντ

�

•  3-body: form factors functions of one variable q2=s          amplitude function  
of s and cosθ or t & u and Q2  
 

 
 
 
 
      Hµ: restricted to axial vector current Aµ by G-parity  
 
 

 
 
 
 
 

Emilie Passemar 

Basic definitions

More information encoded in structure functions WX (Kühn, Mirkes, 1992)

τ

ντ

W

π

M ∝ LµHµ, Hµ = ⟨πππ|Vµ − Aµ|0⟩

Hµ: restricted to axial vector current Aµ by G-parity

helicity amplitudes Aλ = ϵµ(λ)Hµ: simple partial wave expansion

ϵµ(λ): polarization vector of final state system with helicity λ = ±, 0, t

WX : linear combinations of Hλλ′

= AλA†
λ′

Basic definitions

More information encoded in structure functions WX (Kühn, Mirkes, 1992)

τ

ντ

W

π

M ∝ LµHµ, Hµ = ⟨πππ|Vµ − Aµ|0⟩

Hµ: restricted to axial vector current Aµ by G-parity

helicity amplitudes Aλ = ϵµ(λ)Hµ: simple partial wave expansion

ϵµ(λ): polarization vector of final state system with helicity λ = ±, 0, t

WX : linear combinations of Hλλ′

= AλA†
λ′

with 

Q2  
  
s = p

π − + p
π1

+( )2

,
  
t = p

π1
+ + p

π 2
+( )2

,

  
u = p

π + + p
π +( )2

  s + t + u = Q2 + 3M
π ±
2

3. Three hadron system 
References: 
 
 
e.g: 

 
Possible Jp states for 0-+0-+0-  system 

      0-,  1+,  1-   
4 Hadronic Form Factors 

Axial Vector   F1(Q2,s1,s2): K*f,  F2(Q2,s1,s2); h K           B1,B2  
Vector           F3(Q2,s1,s2)                           B3 

Pseudo-Scalar  F4(Q2,s1,s2)                         B4 
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 K. Kiers,K.Little,A. Datta, D. London et al., 
Phys. Rev. D78, 113008 (2008). 
Tau2012 proceeding by K. Kiers 
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3.4  Three body CP asymmetries 
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•  Ex:	τ � Kππντ 
 
 
 
 
 
•  A variety of CPV observables can be studied :  

τ → Kππντ, τ → πππντ rate, angular asymmetries,  
triple products,….     
 

Same principle as in charm, see Bevan’15 
 
Difficulty : Treatement of the hadronic part 
Hadronic final state interactions have to be taken into account! 
          Disentangle weak and strong phases 

	
•  More form factors, more asymmetries to build but same principles as for 2 

bodies 

 
      Belle does not see any asymmetry at the 0.2 - 0.3% level  
 

 
 
 
 
 

e.g., Choi, Hagiwara and 
Tanabashi’98 
Kiers, Little, Datta,  
London et al.,’08 
Mileo, Kiers and, Szynkman’14 
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d 

2

where Qµ = (p1 + p2 + p3)µ = (l2 − l1)µ, Tµν = gµν − QµQν

Q2 and where the form factors G and H

correspond to a JP = 1+ transition and F to JP = 0−. Similarly, a vector transition JP = 1− can

be described by a prefactor ϵµναβp1νp2αp3β . However, we first use a different decomposition of the matrix

element Eq. (6), into helicity amplitudes, since these have a simple expansion into partial waves. The partial

waves yield a simple form of the unitarity relations that we are interested in. The helicity amplitudes also

contain kinematical singularities that have to be removed, as shown below.

The form factors G,H,F or the general helicity amplitudes can be expressed in terms of the Mandelstam

variables s, t, u of the corresponding two-by-two scattering element ⟨π(p1)π(p2)|π(−p3)Aµ(p4)⟩, where

p4 = Qµ. For a decay these are often denoted as Dalitz plot invariants s1, s2 and s3.

s = (p1 + p2)
2 = (p4 − p3)

2,

t = (p2 + p3)
2 = (p4 − p1)

2,

u = (p1 + p3)
2 = (p4 − p2)

2. (7)

We note the relation

Q2 = s+ t+ u− 3M2
π . (8)

For a known momentum transfer by the axial vector current, only two of the invariants are independent and

we can work with e.g. s and t or s and t − u = K(s) cos θs. The general relations between the center-

of-mass scattering angle in each channel, θs, θt and θu, respectively, and the Kacser function K(s) can be

written

K(s) =
t− u

cos θs
= σπ(s)

√

λ(s,Q2,M2
π),

K(t) =
s− u

cos θt
= σπ(t)

√

λ(t,Q2,M2
π),

K(u) =
t− s

cos θu
= σπ(u)

√

λ(u,Q2,M2
π). (9)

The Källén function λ(a, b, c) = a2 + b2 + c2 − 2(ab+ bc+ ca) defines

λab(s) ≡ λ(s,M2
a ,M

2
b ) = [s− (Ma −Mb)

2][s− (Ma +Mb)
2] (10)

and the equal mass case gives

σa(s) =
λ1/2
aa (s)

s
=

√

1−
4M2

a

s
. (11)

With the definitions Lµν := LµL
†
ν and Hµν := HµH

†
ν of the leptonic and hadronic tensor the differential

decay rate is given by

dΓ(τ → ντ3π) =
1

2mτ
|M|2dΦ =

G2
F

4mτ
cos2 θCLµνH

µνdΦ, (12)
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•  A variety of CPV observables can be studied :  
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•  3-body: form factors functions of one variable q2=s          amplitude function  
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4.3   Analysis by CLEO 
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Fit results for a1 line shape 
March 14, 2017 Studies of a1(1260) in tau lepton decay 
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•  Publication by ALEPH of 3 pion invariant mass distribution in 2005 and 
2013 but not of the Dalitz distributions 
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Figure 59: Comparison of the corrected mass spectra for the 3π and π2π0 hadronic modes.

The results for the ππ0 spectral function from ALEPH, CLEO [58], and OPAL [70]
are compared in Fig. 61 in the ρ resonance region. For this comparison, each data
set is normalized to the weighted mean of the three measurements. The different
data are in agreement within their quoted uncertainties, when taking into account the
correlation between different mass bins, particularly the strong statistical correlation
between neighbouring points due to the unfolding procedure. It should be pointed out that
each spectral function is normalized to the world-average branching ratio for τ → ντππ0

that is dominated by the ALEPH result. Hence the present exercise should be understood
as a test of the shape of the spectral function. However, if the branching ratio determined
by each experiment (see Section 16.2.3) is used instead, the spectral functions are still in
agreement, albeit with larger uncertainties in the case of CLEO and OPAL. The two most
precise results from ALEPH and CLEO do agree well. The statistics is comparable in
the two cases, however due to a flat acceptance in ALEPH and a strongly increasing one
in CLEO, ALEPH data are more precise below the ρ peak, while CLEO is more precise
above.

15.5 Results on inclusive V , A and V ± A spectral functions

15.5.1 The vector spectral function

The inclusive τ vector spectral function with its most important contributions is shown
in Fig. 62. The dashed line depicts the naive parton model prediction while the massless

101

5

10
-4

10
-3

10
-2

10
-1

1

0 0.5 1 1.5 2 2.5 3 3.5
s (GeV2)

(1
/N

)d
N

/d
s

Old
New

ALEPH
ππ0

s (GeV2)

R
at

io
 O

ld
/N

ew

0.8

0.9

1

1.1

1.2

0.4 0.6 0.8 1

10
-4

10
-3

10
-2

10
-1

0 0.5 1 1.5 2 2.5 3 3.5
s (GeV2)

(1
/N

)d
N

/d
s

ALEPH π2π0

New
Old

s (GeV2)

R
at

io
 O

ld
/N

ew

0.8

0.9

1

1.1

1.2

1 1.2 1.4 1.6

10
-4

10
-3

10
-2

0.5 1 1.5 2 2.5 3
s (GeV2)

(1
/N

)d
N

/d
s

ALEPHπ3π0

New
Old

s (GeV2)

(1
/N

)d
N

/d
s

0.01

0.02

0.03

1.6 1.8 2 2.2 2.4

10
-4

10
-3

10
-2

10
-1

0 0.5 1 1.5 2 2.5 3 3.5
s (GeV2)

(1
/N

)d
N

/d
s

ALEPH 3π
New
Old

s (GeV2)

R
at

io
 O

ld
/N

ew

0.8

0.9

1

1.1

1.2

1 1.2 1.4 1.6

10
-4

10
-3

10
-2

10
-1

0.5 1 1.5 2 2.5 3
s (GeV2)

(1
/N

)d
N

/d
s

ALEPH3ππ0

New
Old

s (GeV2)

(1
/N

)d
N

/d
s

0.04

0.06

0.08

0.1

0.12

1 1.5 2 2.5
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•  What about BaBar & Belle ?  
They have impressively large samples !  
Some of it is published (3π mass & Dalitz Plot distributions). 
o Belle: M.J. Lee et al., Phys Rev D 81, 113007 (2010). 
o BaBar: I.M. Nugent, Ph.D. Thesis, U. Victoria (2008), SLAC-R-936.  
But so far no analysis presented similar in scope to CLEO analysis.  
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Fig. 4. Relative comparison between the ⌧� ! ⇡�⇡0⌫⌧ invariant mass-squared measurements from ALEPH,
CLEO, OPAL and Belle (data points) and the new combined result (shaded band). This figure supersedes Fig. 1
of [9].

are increased with the re-evaluation of the systematic uncertainties on the mass calibration and resolution,
and the new covariance matrix.

Parameter ALEPH 2005 This analysis

m⇢±(770) (MeV) 775.5± 0.7 775.5± 1.1
�⇢±(770) (MeV) 149.0± 1.2 151.4± 1.9

� 0.120± 0.008 0.120± 0.016
�� (degrees) 153± 7 177± 17
m⇢±(1450) (MeV) 1328± 15 1404± 29
�⇢(1450)(MeV) 468± 41 474± 84

� 0.023± 0.008 0.012± 0.022
m⇢±(1700) (MeV) [fixed] 1713 1713
�⇢(1700) (MeV) [fixed] 235 235

�2/DF 119/110 50.4/69

Table 1. Previous and new fit results of the ALEPH pion form factor in the ⌧ ! ⇡⇡0⌫⌧ channel using the
Gounaris-Sakurai (GS) parametrisation. The parameters m⇢±(1700) and �⇢(1700) are kept fixed to values obtained

from 2005 fits of e+e� data extending in mass-squared up to 3.6 GeV2 [3].

6 Update of the QCD analysis

We update the QCD analysis of Ref. [3] (and references therein) with the new spectral functions. Here
we follow the same notations and only briefly recall our method. A simultaneous fit of QCD predictions
is performed including perturbative and nonperturbative components to the measured ratio R⌧

R⌧ =
� (⌧� ! hadrons� ⌫⌧ )

� (⌧� ! e� ⌫̄e⌫⌧ )
, (3)

Davier, Hocker, Malaescu,Yuan, Zhang’13 
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•  Attempt to fit BaBar data with CLEO results using RChPT + large Nc 
framework 
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FIG. 1: The differential decay width of the τ−
→ π−π−π+ντ channel is plotted versus the invariant mass distribution of the

three pion system. The BaBar measurements [3] are represented by the data points, with the results from the RχL current as
described in the text (blue line) and the old tune from CLEO from Refs. [32, 33] (red-dashed line) overlaid. At the bottom of
the figure, ratio of new RχL prediction to the data is given. The parameters used in our new model are collected in Table I.
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FIG. 2: The τ−
→ π−π−π+ντ decay invariant mass distribution of the two-pion pairs. The BaBar measurements [3] are

represented by the data points, with the results from the RχL current as described in the text (blue line) and the old tune
from CLEO from Refs. [32, 33] (red-dashed line) overlaid. At the bottom of the figures ratio of new RχL prediction to the data
is given. The parameters used in our new model are collected in Table I.
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•  Attempt to fit BaBar data with CLEO results 

 
 
•  CLEO parametrization does not work to describe such precise data: 

 Need a new parametrization 
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is given. The parameters used in our new model are collected in Table I.
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See other approaches:   
Mikhasenko et al’18 [JPAC] 
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Calculating amplitudes
• Let us assume(!) that 

the full amplitude can 
be calculated as the 
sum of essentially 
independent two 
body processes. 

• Doing this results in 
the so-called “isobar” 
model.

M

1

2

3
R
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Three-body decays: V → 3π

Unitarity relation for F(s):
discF(s) = 2i
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Amplitude analyses

The traditional picture: isobar model / Breit–Wigner resonances
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Khuri-Treiman formalism  
 

Isobar model 
 

Developed originally for K → 3π    
Applied successfully to  
•  η → 3π  

 
 

•  γ*→ 3π Hoferichter et al.’14  
 

Anisovitch & Leutwyler’96, Kambor et al.’96 
Kampf et al.’11, Albalajedo & Moussallam’17,  
JPAC’17, Colangelo, Lanz, Leutwyler, E.P’18,’20 
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Conclusion and outlook 

•  Tau physics is a very rich field: test QCD and EW interactions 

•  I selected a few topics where inputs from tau physics would be crucial to 
test the Standard Model and the presence of New Physics: 
–  First Row CKM Unitarity test: a tension between the SM and Kaon 

results exist          Studying exclusive and inclusive hadronic τ  can help 

–  CP violation: τ  EDM : polarized beams at SτCF could help 
        There is a hint of new dynamics in CPV asymmetries in 

      the tau sector that needs to be investigated 
–  τ → πππντ : very clean laboratory to study 3 body dynamics 

•  Many other very interesting topics I did not talk about: 
–  Lepton universality tests, Michel parameters 
–  Lepton Flavour Violation 
–  αS extraction 
–  g-2 input 

Emilie Passemar 59 

See next talk by A. Lusiani  
And the talks in yesterday  
and today’s parallel sessions  

Great opportunity for a sτcF! 
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6.   Back-up 



1.2  τ   lepton as a unique probe of new physics 

•  In the quest of New Physics, can be sensitive to 
very high scale: 

–  Kaon physics:  
 
 
–  Tau Leptons:  
 
 
 
 

•  At low energy: lots of experiments e.g., 
BaBar, Belle, BESIII, LHCb           important 
improvements on measurements and bounds 
obtained and more expected (Belle II, τcF?) 
 

•  In many cases no SM background:  
e.g., LFV, EDMs 
 

•  For some modes accurate calculations of  
hadronic uncertainties essential, e.g. CPV in 
hadronic Tau decays 

 

 
 

 

The new physics flavor scale

K physics: ϵK

sdsd

Λ2
⇒ Λ ! 105 TeV

Charged leptons: µ → eγ, µ → e, etc.

µeff

Λ2
⇒ Λ ! 103 TeV

There is no exact symmetry that can forbid such
operators
All other bounds on NP, like proton decay, maybe due
to exact symmetry

Y. Grossman Charged lepton theory Lecce, May 6, 2013 p. 10

The new physics flavor scale

K physics: ϵK

sdsd

Λ2
⇒ Λ ! 105 TeV

Charged leptons: µ → eγ, µ → e, etc.

µeff

Λ2
⇒ Λ ! 103 TeV

There is no exact symmetry that can forbid such
operators
All other bounds on NP, like proton decay, maybe due
to exact symmetry

Y. Grossman Charged lepton theory Lecce, May 6, 2013 p. 10

[τ → µγ]  

[εK]  

E 

ΛNP 

ΛLE 

Tau leptons very important to look for New Physics! 62 
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3.6  τ → Kπντ CP violating asymmetry: new physics

63 

 

•  The angular CP asymmetry from Belle:  

•  When integrating on the angle the interference term between scalar and 
vector vanishes 

 
 
  
 

 
 

   

dΓ τ - → Kπ −ντ( )
d Q2 d cosθ  d cosβ

= A(Q2 ) − B(Q2 ) 3cos2ψ −1( ) 3cos2 β −1( )⎡⎣ ⎤⎦ f+ (s)
2

                                     + mτ
2 !f0(s)

2
−C(Q2 )cosψ cosβ Re f+ (s) !f0

*(s)( )
CP violating term 
S-P interference  

Phenomenology: Two hadron system 

Hadronic Current:                (Kp system will only arrow Jp=1- and 0+) 
 

Full differential cross section in Kprest frame. 

 
 
 

 
Integrated over angular distribution 
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3.7  τ → Kπντ CP violating asymmetry: new physics

64 

 

•  We need a tensor interaction to get some interference:  

 
 

•  When integrating the interference term between vector and tenson does not 
vanish:  

 
 
  
 

 
 

How to understand BaBar’s rate asymmetry 

A recent paper discuss the possibility about the tensor interaction 
(H.Devi, L.Dhargyal,N. Sinha, PRD 90,013016(2014). 
Effective Hamiltonian of Tensor int. 
 
 
G’ is an imaginary coupling 
 
The Vector-Tensor interference term does not vanish after 
angular integration. 
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FIG. 3: Diagrammatic representation of the electromagnetic
dipole operator contributing to the neutron EDM produced
by inserting the (τ̄σµνRτ )(ūσµνRu) operator (left), and the
contribution to D–D̄ mixing originating from the double in-
sertion of the operator (τ̄σµνRτ )(c̄σµνRu) (right, the second
permutation is omitted).

involving the τ and the up quark only. The renormaliza-
tion group evolution [41] of this operator then produces
an up-quark EDM du(µ),

LD = −
i

2
du(µ)ūσ

µνγ5uFµν , (31)

via the diagram shown in Fig. 3. Solving the RG follow-
ing [42–44] we find

du(µ) =
emτ

v2
V 2
us

π2
Im cT (µ) log

Λ

µ

≃ 3.0× Im cT (µ) log
Λ

µ
× 10−21 e cm. (32)

Using the 90% C.L. bound dn = guT (µ)du(µ) < 2.9 ×
10−26 e cm [45] and the recent lattice result [46] guT (µ =
2GeV) = −0.233(28) we obtain (µτ = 2GeV)

|Im cT (µτ )| ≤
4.4× 10−5

log Λ
µτ

<∼ 10−5, (33)

where the last inequality holds for Λ >∼ 100GeV. This
bound is based on the assumption that there are no other
contributions to the neutron EDM canceling the effect of
cT . However, for values of Im cT (µτ ) ∼ 0.1 required to
explain the tau CP asymmetry, the cT contribution alone
would predict a neutron EDM four orders of magnitude
larger than the current bound, requiring an extraordinary
cancellation at the level of one part in 104.
Such a cancellation could in principle occur with op-

erators related to the flavor structure C3311 in (28),
since the neutron EDM is sensitive to the combination
VudIm c11T + VusIm c21T , where c21T = cT and c11T is defined
analogously to (30). However, yet another combination
appears in D–D̄ mixing, which is very sensitive to the
imaginary part of the Wilson coefficients (as for example
defined in [47])

C′

2 =
1

2
C′

3 = 4G2
F
m2

τ

π2
log

Λ

µτ
V 2
us

(

Vcdc
11
T +Vcsc

21
T

)2
, (34)

where we have neglected the effect of external momenta,
i.e. the mass of the charm quark. Using the global fit
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-0.05

0.00

0.05

0.10

Im[cT21]
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[c
T11
]

nEDM
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|ACP,BSM|>10-3

FIG. 4: Allowed regions in the Im c21T –Im c11T plane from the
neutron EDM and D–D̄ mixing (for φ = ±π/4 and Λ =
1TeV), compared to the favored region from the τ → KSπντ
CP asymmetry. The exclusion regions for φ = ±π/4 differ
due to the asymmetric form of the fit result in [48].

of [48] and assuming the phase of Vcdc11T + Vcsc21T to be
equal to φ = ±π/4,3 this leads to the situation depicted
in Fig. 4. Since (34) requires the insertion of two effective
operators, the leading contribution here is of dimension 8,
while in an ultraviolet complete model there is in general
already a dimension-6 contribution, making the bounds
from D–D̄ mixing even stronger than the one shown in
Fig. 4. To evade all bounds, one would therefore not
only have to cancel the cT contribution to the neutron
EDM at the level of 10−4, but also tune the combination
Vcdc11T + Vcsc21T close to purely imaginary to evade the
constraint from D–D̄ mixing.

CONCLUSIONS

In this article we examined non-standard contributions
to the CP asymmetry in τ → KSπντ . We find that at the
dimension 6 level only the tensor operator can lead to di-
rect CP violation, with negligible QED corrections from
the scalar operator. However, the effect of the tensor
operator is much smaller than previously estimated as a
consequence of Watson’s final-state-interaction theorem.
Therefore, a very large imaginary part of the Wilson co-
efficient of the tensor operator would be required in order
to account for the current tension between theory and ex-
periment. In fact, we find in a model-independent analy-
sis that this is in general in conflict with the bounds from
the neutron EDM and D–D̄ mixing, making a BSM ex-
planation (realized above the electroweak breaking scale)

3 In general, the constraint is diluted by
√

| tan φ| and therefore
disappears for φ = ±π/2.

In conflict with bounds from  
neutron EDM and DD mixing  

How to understand BaBar’s rate asymmetry 

A recent paper discuss the possibility about the tensor interaction 
(H.Devi, L.Dhargyal,N. Sinha, PRD 90,013016(2014). 
Effective Hamiltonian of Tensor int. 
 
 
G’ is an imaginary coupling 
 
The Vector-Tensor interference term does not vanish after 
angular integration. 
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VudIm c11T + VusIm c21T , where c21T = cT and c11T is defined
analogously to (30). However, yet another combination
appears in D–D̄ mixing, which is very sensitive to the
imaginary part of the Wilson coefficients (as for example
defined in [47])
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where we have neglected the effect of external momenta,
i.e. the mass of the charm quark. Using the global fit
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of [48] and assuming the phase of Vcdc11T + Vcsc21T to be
equal to φ = ±π/4,3 this leads to the situation depicted
in Fig. 4. Since (34) requires the insertion of two effective
operators, the leading contribution here is of dimension 8,
while in an ultraviolet complete model there is in general
already a dimension-6 contribution, making the bounds
from D–D̄ mixing even stronger than the one shown in
Fig. 4. To evade all bounds, one would therefore not
only have to cancel the cT contribution to the neutron
EDM at the level of 10−4, but also tune the combination
Vcdc11T + Vcsc21T close to purely imaginary to evade the
constraint from D–D̄ mixing.

CONCLUSIONS

In this article we examined non-standard contributions
to the CP asymmetry in τ → KSπντ . We find that at the
dimension 6 level only the tensor operator can lead to di-
rect CP violation, with negligible QED corrections from
the scalar operator. However, the effect of the tensor
operator is much smaller than previously estimated as a
consequence of Watson’s final-state-interaction theorem.
Therefore, a very large imaginary part of the Wilson co-
efficient of the tensor operator would be required in order
to account for the current tension between theory and ex-
periment. In fact, we find in a model-independent analy-
sis that this is in general in conflict with the bounds from
the neutron EDM and D–D̄ mixing, making a BSM ex-
planation (realized above the electroweak breaking scale)

3 In general, the constraint is diluted by
√

| tan φ| and therefore
disappears for φ = ±π/2.
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in Fig. 4. Since (34) requires the insertion of two effective
operators, the leading contribution here is of dimension 8,
while in an ultraviolet complete model there is in general
already a dimension-6 contribution, making the bounds
from D–D̄ mixing even stronger than the one shown in
Fig. 4. To evade all bounds, one would therefore not
only have to cancel the cT contribution to the neutron
EDM at the level of 10−4, but also tune the combination
Vcdc11T + Vcsc21T close to purely imaginary to evade the
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to the CP asymmetry in τ → KSπντ . We find that at the
dimension 6 level only the tensor operator can lead to di-
rect CP violation, with negligible QED corrections from
the scalar operator. However, the effect of the tensor
operator is much smaller than previously estimated as a
consequence of Watson’s final-state-interaction theorem.
Therefore, a very large imaginary part of the Wilson co-
efficient of the tensor operator would be required in order
to account for the current tension between theory and ex-
periment. In fact, we find in a model-independent analy-
sis that this is in general in conflict with the bounds from
the neutron EDM and D–D̄ mixing, making a BSM ex-
planation (realized above the electroweak breaking scale)

3 In general, the constraint is diluted by
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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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first-row CKM unitarity |V
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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
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| rel-
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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
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| to the superallowed nuclear � decay half-life is [2]:
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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-
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, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
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less competitive in the extraction of |V
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|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
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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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based on dispersion relations which relate
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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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ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

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

!24

Universal correction

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

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

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

No net shift to the Ft central value ℱt = (3072.1 ± 0.7)s → ℱt = (3072 ± 2)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

Discrepancy with the unitarity mainly depends now on nuclear uncertainties

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

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

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

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

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

(Dated: August 22, 2018)

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

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

!24

Universal correction

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

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

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

Discrepancy with the unitarity mainly depends now on nuclear uncertainties

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

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

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

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

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

(Dated: August 22, 2018)

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

Unitarity in the top row

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

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

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

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

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

(Dated: August 22, 2018)

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

|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
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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
electromagnetic and weak vertices. The electromagnetic vertex is given by
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Figure 1: Feynman diagrams corresponding to the amplitude
in (4) which contribute at order O(↵/⇡) to neutron � decay
and are sensitive to the hadronic scale.
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involving the nucleon matrix element of the product of
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FIG. 2: The contour in the complex ⌫ plane.
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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 ⇠
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loop momentum have been integrated over and the re-
maining integrals have been expressed in terms of Q2 =
�q
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4.4  New Radiative Corrections for 0+    0+  
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Nucleus-independent 
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Vud from 0+→ 0+ nuclear β decays 
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FIG. 2: The contour in the complex ⌫ plane.

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

3

(⌫, Q2) (I = 0, 3)accounting for their singularities
in the complex ⌫ plane. These lie on the real axis: poles due to a single nucleon intermediate state in the s� and

u-channels at ⌫ = ±⌫

B

= ± Q

2

2M

, respectively, and unitarity cuts at ⌫ � ⌫
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and ⌫  �⌫

⇡
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+
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2)/(2M), m
⇡

being the pion mass. The contour is constructed such as to go around all these singularities, and is
closed at infinity, see Fig. 2. The discontinuity of the forward amplitude in the physical region (i.e. ⌫ > 0) is given
by the generalization of the DIS structure functions to the �W -interference in the standard normalization,
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and for the sake of a unified description, within F

(I)

i

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

discontinuities along the multi-particle cuts. The full function T

(I)

3

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

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

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

Putting together Eqs. (10,15) and performing the loop integral via Wick rotation we arrive at
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where we introduced the virtual photon three-momentum q =
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2. The vanishing of the isovector contribution
is the consequence of the crossing symmetry, as has already been noticed by Sirlin [5]. Thus from now onward we
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without causing any confusion.
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Figure 1: Feynman diagrams corresponding to the amplitude
in (4) which contribute at order O(↵/⇡) to neutron � decay
and are sensitive to the hadronic scale.
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involving the nucleon matrix element of the product of
the electromagnetic (EM) and the axial part of the weak
charged current
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After inserting the nucleon matrix element parametrized
in terms of the P -odd invariant function T
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into the amplitude (4), the correction to the

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

2 and ⌫ = (p · q)/M . With negligible error, we assume
a common nucleon massM in the isospin symmetric limit
and we work in the recoil-free approximation. This con-
tributes to the nucleus-independent EWRC as
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= 2⇤V A
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where the ellipses denote all other corrections insensitive
to the hadronic scale.
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where F (0)

3

contains both the elastic and inelastic contri-

butions. No subtraction constant appears since T (0)
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is an
odd function of ⌫. Only I = 1/2 intermediate states con-
tribute because the EM current is isoscalar. After insert-
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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
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Fit results, no constraint

Vud = 0.97368(14)
Vus = 0.22450(35)
χ2/ndf = 7.2/1 (0.7%)

ΔCKM = −0.00154(32)
−4.8σ

|Vud| = 0.97370(14)
|Vus| = 0.2233(6)

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

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

V us/V ud 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.7

With scale factor S = 2.7
Vud = 0.97368(38)

Vus = 0.2245(9)
Vud 

Vus 

unitarity
fit

Vud 
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5.2  New Radiative Corrections for 0+    0+  
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Reduced hadronic uncertainty in the determination of Vud
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

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

!24

Universal correction

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

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

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

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

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

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

less competitive in the extraction of |V
ud

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

R

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

R

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

ud

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

uating �V

R

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

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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

|Vud | = 0.97370(30)Ft(10)ΔV
R

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

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

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

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

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

ud

|2 + |V
us

|2 + |V
ub

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

Currently, the most precise determination of |V
ud

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

ud

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

ud

|.
The master formula relating the CKM matrix element

|V
ud

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

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

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

R

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

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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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
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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
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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

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

Chien-Yeah Senga, Mikhail Gorchteinb,⇤ Hiren H. Patelc, and Michael J. Ramsey-Musolfc,d
aINPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,

School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
bInstitut für Kernphysik, PRISMA Cluster of Excellence

Johannes Gutenberg-Universität, Mainz, Germany
cAmherst Center for Fundamental Interactions, Department of Physics,

University of Massachusetts, Amherst, MA 01003 and
dKellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA

(Dated: August 22, 2018)

We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

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)

MS 2006 + HT 2014-2018 Dispersion relations
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

ACFI-T18-12
MITP/18-070

Reduced hadronic uncertainty in the determination of Vud

Chien-Yeah Senga, Mikhail Gorchteinb,⇤ Hiren H. Patelc, and Michael J. Ramsey-Musolfc,d
aINPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,

School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
bInstitut für Kernphysik, PRISMA Cluster of Excellence

Johannes Gutenberg-Universität, Mainz, Germany
cAmherst Center for Fundamental Interactions, Department of Physics,

University of Massachusetts, Amherst, MA 01003 and
dKellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125 USA

(Dated: August 22, 2018)

We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

Marciano & Sirlin 2006 Dispersion relations

DR allowed to ~ halve the uncertainty in ΔRV due to the use of neutrino data

!24

Universal correction

ℱt = ft(1 + δ′�R)(1 − δC + δNS)
Nuclear corrections - E-dependent and independent

ℱ̃t = ft(1 + δ′�R)(1 − δC + δ̃NS + δE
NS)

New δNS uses QE estimate instead of the quenched Born estimate

δquenched Born
NS = − 0.058(14) % δQE

NS = − 0.11(3) %

δE
NS = 0 δQE

NS = + 0.05(5) %

No net shift to the Ft central value ℱt = (3072.1 ± 0.7)s → ℱt = (3072 ± 2)s

Marciano & Sirlin’06 
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

MS 2006 + HT 2014-2018 Dispersion relations

!25

|Vud | = 0.97420(10)Ft(18)ΔV
R

|Vud | = 0.97370(30)Ft(10)ΔV
R

ℱt = (3072 ± 2)sℱt = (3072.1 ± 0.7)s
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005 |Vud |2 + |Vus |2 + |Vub |2 = 0.9984 ± 0.0006

Unitarity in the top row

Substantial shift in the central value by two old sigmas (due to ΔRV) 

Discrepancy with the unitarity mainly depends now on nuclear uncertainties
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We analyze the universal radiative correction �V
R to neutron and superallowed nuclear � decay

by expressing the hadronic �W -box contribution in terms of a dispersion relation, which we identify
as an integral over the first Nachtmann moment of the �W interference structure function F (0)

3 . By
connecting the needed input to existing data on neutrino and antineutrino scattering, we obtain
an updated value of �V

R = 0.02467(22), wherein the hadronic uncertainty is reduced. Assuming
other Standard Model theoretical calculations and experimental measurements remain unchanged,
we obtain an updated value of |Vud| = 0.97366(15), raising tension with the first row CKM unitarity
constraint. We comment on ways current and future experiments can provide input to our dispersive
analysis.

The unitarity test of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix serves as one of the most important pre-
cision tests of the Standard Model. In particular, tests of
first-row CKM unitarity |V

ud

|2 + |V
us

|2 + |V
ub

|2 = 1 re-
ceive the most attention since these matrix elements are
known with highest precision, all with comparable uncer-
tainties. The good agreement with unitarity [1] serves as
a powerful tool to constrain New Physics scenarios.

Currently, the most precise determination of |V
ud

|
comes from measurements of half-lives of superallowed
0+ ! 0+ nuclear � decays with a precision of 10�4 [2]. At
tree-level, these decays are mediated by the vector part of
the weak charged current only, which is protected against
renormalization by strong interactions due to conserved
vector current (CVC), making the extraction of |V

ud

| rel-
atively clean. Beyond tree-level, however, electroweak ra-
diative corrections (EWRC) involving the axial current
are not protected, and lead to a hadronic uncertainty
that dominates the error in the determination of |V

ud

|.
The master formula relating the CKM matrix element

|V
ud

| to the superallowed nuclear � decay half-life is [2]:

|V
ud

|2 =
2984.432(3) s

Ft(1 +�V

R

)
, (1)

where the nucleus-independent Ft-value is obtained from
the experimentally measured ft-value by absorbing all
nuclear-dependent corrections, and where �V

R

represents
the nucleus-independent EWRC. Currently, an average
of the 14 best measured half-lives yields an extraordinar-
ily precise value of Ft = 3072.27(72) s. A similar mas-
ter formula exists for free neutron � decay [3] depend-
ing additionally on the axial-to-vector nucleon coupling
ratio � = g

A

/g

V

, and is free of nuclear-structure uncer-
tainties. But the much larger experimental errors in the
measurement of its lifetime and the ratio � [4] makes it

less competitive in the extraction of |V
ud

|. Regardless, if
first-row CKM unitarity is to be tested at a higher level
of precision, improvement in the theoretical estimate of
�V

R

by reducing hadronic uncertainties is essential.
The best determination of �V

R

= 0.02361(38) was ob-
tained in 2006 by Marciano and Sirlin [5] (in the fol-
lowing, we refer to their work as [MS]). They were able
to reduce the hadronic uncertainty by a factor of 2 over
their earlier calculation [6] by using high order pertur-
bative QCD corrections originally derived for the polar-
ized Bjorken sum rule to precisely estimate the short dis-
tance contribution. At intermediate distances, an inter-
polating function motivated by vector meson dominance
(VMD) was used to connect the long and short distances
and was identified as the dominant source of theoreti-
cal uncertainty. This result leads to the current value of
|V

ud

| = 0.97420(21) [1].
In this Letter, we introduce a new approach for eval-

uating �V

R

based on dispersion relations which relate
it to directly measurable inclusive lepton-hadron and
neutrino-hadron structure functions. Dispersion rela-
tions have proved crucial for evaluating the �Z-box cor-
rection to parity violating electron-hadron interaction in
atoms and in scattering processes [7–19]. It led to a sig-
nificant shift in the 1-loop SM prediction for the hadronic
weak charges, and ensured a correct extraction of the
weak mixing angle at low energy [20]. Using existing
data on neutrino and anti-neutrino scattering, we obtain
a more precise value of the nucleus-independent EWRC,

�V

R

= 0.02467(22) , (2)

and therefore a new determination of |V
ud

|,

|V
ud

| = 0.97366(15). (3)
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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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Vud = 0.97418(10)Ft (18)

ΔR
V   

Vud = 0.97370(10)Ft (11)
ΔR

V

~1.8σ smaller 

New Analysis    Vud = 0.97389(19) Czarnecki, Marciano, Sirlin’19 
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