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1.1   Introduction: 1.1  Test of New Physics : Vus 

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

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

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

1.1   The Standard Model  

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

" Quarks and Leptons  
" The gauge bosons:  

   W+/-, Z and A 
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Particle physics

Central question of QFT-based particle physics

L =?

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

H Hi
gg

s

3 générations

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

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

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

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

In the SM: W exchange           V – A structure only     

  Vud = cosθC   Vus = sinθCand 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

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

 
 
 
 

         BSM effects :  
 

 

 
 
 

 

 

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

★ Universality relations 

Lepton 
universality

Cabibbo 
universality 

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

€ 

Δ ~
cn

g
2

MW

2

Λ
2

≤ 10
−2
−10

−3

Semi-leptonic decays 
• Mediated by W exchange in the SM
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1.2  Constraining New Physics 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

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

 
 
 

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

Grossman, E.P., Schacht’20 



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

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

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

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

implying �
CKM

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

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

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

✓
A⌧

Aµ

◆

⌧

=

s

R⌧
⌧/µ

⌧µ
⌧⌧

m2

µ

m3

⌧

(1 + �W )(1 + ��) . (24)

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

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

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

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

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

numbers of ⌧ pairs.

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

Eq. (22) [95] and Eq. (23) [96], while only CLEO performed the measurement according
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f+(0) = 0.9698(17),  fK/fπ = 1.1967(18)

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

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

Vud

Vus

unitarity
fit

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

Vus and CKM unitarity: All data

36

Fit results, no constraint

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

−2.7σ

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

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

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

Vus/V
ud

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.6

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

Vud

Vus

unitarity
fit

Vud

  Vud

2
+ Vus

2
+ Vub

2
= 1 + ΔCKM

Negligible ~2x10-5 
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Bryman, Cirigliano,  
Crivellin, Inguglia’22 

Moulson & 
E.P.@CKM2021 



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

 

 
 Vud 

 0+     0+ 

π±      π0eνe 
n      peνe π     lνl   

Vus K      π�νl Λ      peνe  K       lνl   

Cabibbo universality tests

4

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

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

Recent progress on 1) Hadronic matrix elements from lattice QCD  
                                 2) Radiative corrections from dispersive methods + Lattice QCD 

Seng, Gorchtein, Patel, Ramsey-Musolf’18,’19  



2.  Why this anomaly? 
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2.1  Changes on Vus and Vud since 2011 
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•  Almost no change on the experimental side since 2011 

 

 
 

 

 

Flavianet Kaon WG: Antonelli et al’11   
 

Cabibbo universality tests

4

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

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

2.1  Changes on Vus and Vud since 2011 
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•  Almost no change on the experimental side since 2011 

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

Vus and Vus/Vud extraction from Kaon decays 
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•  Almost no change on the experimental side since 2011 

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

Vus and Vus/Vud extraction from Kaon decays 

 
–  Radiative corrections from dispersive methods for Vud extraction 

 
 

 

 

Flavianet Kaon WG: Antonelli et al’11   
 

Cabibbo universality tests

4

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

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

2.1  Changes on Vus and Vud since 2011 



 
2.2  f+(0) from lattice QCD 

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

 

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

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

FLAG 21 = 0.9698(17)

0.18% uncertainty 

to be compared to  

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

FLAG16 = 0.9704(32)

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

  
f+ (0)N f =2+1

2010 = 0.959(50)

Lattice uncertainties  
at the same level as exp.  

-3.2σ	away	from	unitarity!	 
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Vus/Vud from Kl2/	l2

 
 
 

 
 
•  Recent progress on radiative corrections computed on lattice: 

 
 
•  Main input hadronic input: fK/fπ

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

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

 
 

 

Di Carlo et al.’19  

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

 

 

 
 

 
 

 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

2.2  fK/fπ from lattice QCD 

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

  fK + f
π + = 1.1932(21)

0.18% uncertainty 

  fK fπ = 1.1967(18)

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

In 2011:   fK fπ = 1.193(6)

Emilie Passemar 
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Changes on Vus and Vud since 2011 
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Moulson & E.P.@CKM2021 
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1.1   Introduction: 2.3  |Vud|from �������superallowed �decays  

 

 

 

 
 

                Use of a data driven dispersive approach 
 
 

     
 
 

     
 

 
 

 

See Talk by Misha Gorshteyn 
@CKM2021 

Figure adapted  
from J. Hardy 
 

Recent improvement on the theoretical RCs +Nuclear Structure Corrections  
Seng et al.’18’19, Gorshteyn’18 
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Vud shift 



3. Prospects with studying Tau 
physics 



ud usd V d V sθ = +

•  From kaon, pion, baryon and nuclear decays 

 
 
 
 
 
 
 
 
 
 

•  From τ decays (crossed channel) 
 

 
 
 
 

  
 
 

 

 

3.1    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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3.2  Exclusive decays for Vus 

 

 

 
 

 

–   
 

 
 
 
 
 

•   
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Vud  τ          ππντ τ               πντ τ             hNSντ 

Vus τ           Kπντ τ               �ντ 
τ              hSντ 
(inclusive) 

•  From τ decays (crossed channel) 

[ ]( )
[ ]( )

( )
( ) ( )

22 2 2

LD222 2

1
1

1
K usK

ud

m mK Vf
fm m V

τ

πτπ

τ ν γ
δ

τ πν γ
±

±

−Γ →
= +

Γ → −

Main input hadronic input: fK/fπ as for Kaon physics 

From Tau physics: Vus/Vud = 0. 2289(18)exp(4)lat  
 
to be compared to Vus/Vud = 0. 2311(3)exp(4)lat                Need important exp. improvement ! 

-2.1σ	away	from	unitarity	 HFLAV’23 



3.3   Inclusive determination of  Vus 

 
•  With	QCD	on:		

 
 
 
 
 
 

•  Use OPE: 

 
 
 
 
 
 

•  	
												computed	using	OPE	

 

 
 
 

 
 

  

Vus

2

Vud

2 =
Rτ

S

Rτ
NS +O α S( )

M. González-Alonso /23 

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

(Inclusive) Hadronic tau decays 

Tau physics 

In
te

ns
it

y 
F

ro
nt

ie
r 

20
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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 = 0.0238(33) Gamiz	et	al’07,	Maltman’11		

  Rτ ,S = 0.1615(28)

  Rτ ,NS = 3.4650(84)

HFLAV’23		
	

  Vud = 0.97373(31)

  Vus = 0.2184 ± 0.0018exp ± 0.0010th

-3.7σ	away	from	unitarity!	 

23 A.	Lusiani@Tau’23	
	

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( )



•  Calculation of Rτ: 

	
	
	
	

•  Analyticity: Π is analytic in the entire complex plane except for s real positive 
 

                     Cauchy Theorem 

	
	
	

•  We are now at sufficient energy to use OPE: 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

Calculation of the QCD corrections 
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Braaten,	Narison,	Pich’92	( ) ( ) ( ) ( )
2 2

1 02
2 2 2

0

( ) 12 1 1 2 Im Im
m

EW
ds s sR m S s i s i
m m m

τ

τ τ
τ τ τ

π ε ε
⎡ ⎤⎛ ⎞ ⎛ ⎞

= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

   
Rτ (mτ

2 ) = 6iπ SEW
ds
mτ

2 1 − s
mτ

2

⎛

⎝⎜
⎞

⎠⎟

2

1 + 2 s
mτ

2

⎛

⎝⎜
⎞

⎠⎟
Π 1( ) s( ) + Π 0( ) s( )⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥s =mτ

2!∫

( ) ( )
2

0,2,4... dim

1( ) ( , ) ( )
( )

JJ
DD

D O D
s s O

s
µ µ

= =
Π =

−∑ ∑ C

Wilson	coefficients	 Operators	
μ:	separation scale between               
 short and long distances 



 
 

	 

	
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

Operator Product Expansion 
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( ) ( )
2

0,2,4... dim

1( ) ( , ) ( )
( )

JJ
DD

D O D
s s O

s
µ µ

= =

P =
-å å C

separation scale
between short and 
long distances

µ

Wilson coefficients Operators

• D=0: Perturbative contributions

• D=2: Quark mass corrections

• D=4: Non perturbative physics operators,

• D=6: 4 quarks operators,  

• D³8: Neglected terms, supposed to be small…

similar for              and 

,s GGa
p j iim q q

1 2i j j iq q q qG G

2 (0) ( )
, 0 ,

2,4..

3( ) 1
2

ud D
V EW ud V

D
R s V St d d

=

æ ö
= + +ç ÷

è ø
å , 0( )AR st , 0( )SR st



•        : quark mass corrections, neglected for                         but not for 
 

 known up to               for both J=L and J=L+T 
 
 
 
•         : fully included , e.g 

 
•         : estimated (VSA) to be of order or smaller than errors on D=4 

 

•  D ≥ 8 : Neglected terms, expected to be small… 

 
 

Calculation of�R
,theo  

26 

  
δ Rτ ≡

Rτ ,V +A

Vud

2 −
Rτ ,S

Vus

2
( ) ( )

2
-D D

C EW ud us
D

N S δ δ
≥

⎡ ⎤≈ ⎣ ⎦∑

(2)
ijδ

  
δ Rτ ≈ 24

ms
2(mτ

2 )
mτ

2 Δ α S( )

( ) ,NS
u dR m mτ ∝ ( ) s

SR mτ ∝

Chetyrkin, Gorishry, Kataev, Larin, Sugurladze; Baikov, Chetyrkin,Kuehn 
            Becchi, Narison, de Rafael; Bernreuther, Wetzel 

4
j iim q q mτ

(4)
ijδ 4 4

jm mτ

( )3SO α

(6)
ijδ



Results 

 
 
 
 
•    δRτ,theo determined from OPE (L+T) + phenomenology 
 
 
 
 
 

Input : ms                                                                         Nf=2+1+1 lattice average  
 
 
 

•   Tau data :                             and 

 
•   Vud :  
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2 ,

,
,2

S
us

V A
th

ud

R
V

R
R

V

τ

τ
τδ+

=
−

  Rτ ,S = 0.1615(28)   Rτ ,NS = 3.4650(84) HFLAV�23	

  Vud = 0.97373(31) Towner	&	Hardy�08	

( ) ( ) 2
, 0.1544 0.0037 9.3 3.4 (0.0034 0.0028)th sR mτδ = ± + ± + ±

Gamiz,	Jamin,	Pich,	Prades,	Schwab�07,	Maltman�11		

  
ms 2 GeV, MS( ) = 93.9 ±1.1

FLAG’21	

J=0 
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3.4   Vus: summary 
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Status and plans of tau fits for HFLAV/PDG

|Vus | from tau measurements

0.22 0.225

|
us

|V

 = 2+1+1
f

, Nl3 KusV

 0.0005±0.2233 

 = 2+1+1
f

, Nl2 KusV

 0.0005±0.2250 

ub & V
ud

CKM unitarity & V

 0.0011±0.2272 

νs X→  τ

 0.0010± 0.0018 ±0.2184 

νπ → τ / ν K→  τ

 0.0010± 0.0016 ±0.2229 

ν K→  τ

 0.0008± 0.0015 ±0.2223 

  exclusive averageτ

 0.0017±0.2224 

  averageτ

 0.0014±0.2208 

HFLAV
2023 prelim

I |Vud | and |Vub| from
PDG 2023 reviews

I |Vus | from Kaons from
Cirigliano et al. PLB
838 (2023) 137748

I there are other
determinations of |Vus |
from tau inclusive (by
Kim Maltman et al.,)
however they cannot be
used in a simple way as
the procedure by Gamiz,
Pich et al.: this is the
reason why HFLAV Tau
continues to use the
original calculation
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•  With B-factories new measurements : 

 

3.5   Prospects : τ strange Spectral functions 

•  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
= 0.2176 ± 0.0019exp ± 0.0010thexp thold

0.2214 0.0031 0.0010usV = ± ±

  
Rτ

S

new
= 0.1615(28)

New measurements are needed ! 



3.5   Prospects : τ strange BRs 

30 

•  Very interesting quantity to extract Vus: QCD part completely independent  
from form factors or decay constants         Use OPE 

 
•  Experimentally very challending since all Brs need to be measured  

 

Status and plans of tau fits for HFLAV/PDG

|Vus | from fi ! Xs⌫fi uncertainties budget

ı�K̄02ı0⌫fi (ex. K0) 0.3933
K�2ı0⌫fi (ex. K0) 0.3789
K�3ı0⌫fi (ex. K0; ”) 0.3715
K̄0h�h�h+⌫fi 0.3452
K�ı0⌫fi 0.2561
K�ı�ı+ı0⌫fi (ex. K0; !; ”) 0.2438
ı�K̄0⌫fi 0.2373
ı�K̄0ı0⌫fi 0.2201
K�⌫fi 0.1646
K�!⌫fi 0.1573
K�⌫fi 0.1453
K�ı�ı+⌫fi (ex. K0; !) 0.1148
ı�K̄0”⌫fi 0.0254
K�ı0”⌫fi 0.0198
K�”⌫fi 0.0137
K��⌫fi (� ! K+K�) 0.0136
K��⌫fi (� ! K0

SK
0
L) 0.0094

K�2ı�2ı+⌫fi (ex. K0) 0.0021
K�2ı�2ı+ı0⌫fi (ex. K0) 0.0010
fi ! non-strange 0.0855
Buniv
e 0.0044

theory 0.4863

I to be updated, but negligible changes in HFLAB 2023
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4.   New Physics Interpretations 



•  See also  

4.1   Right-handed currents 

Antonelli et al.’09 
 

Alioli, Cirigliano, Dekens, de Vries, Mereghetti’17 
 

T. Kitahara@HC2NP 2019  
 

of the neutrinos. In the standard gauge (s.g.), see section 2.4, we have (using the notation
of [11])

iΣ†DµΣ
s.g.
=

e

2cs

{

Zµτ
3 +

√
2c
(

W+
µ τ

+ +W−
µ τ

−
)

}

, (3.4)

where s and c are the sine and cosine of the Weinberg angle

s =
g′

√

g2 + g′2
, c =

g
√

g2 + g′2
. (3.5)

It is convenient to write the explicit form of the operators appearing in the Lagrangian in
matrix notation with U = (u, c, t)T ,D = (d, s, b)T ,N = (νe, νµ, ντ )T ,L = (e, µ, τ)T . We
then have

OL(q)
s.g.
= −ξ2

e

2cs

{

ŪLγ
µZµUL − D̄Lγ

µZµDL +
√
2c
(

ŪLγ
µW+

µ DL + h.c.
)

}

.(3.6)

Ou,u
R (q)

s.g.
= η2

e

2cs
ŪRγ

µZµUR . (3.7)

Od,d
R (q)

s.g.
= −η2

e

2cs
D̄Rγ

µZµDR . (3.8)

Ou,d
R (q)

s.g.
= η2

e√
2s

(

ŪRγ
µW+

µ DR + h.c.
)

. (3.9)

The operators for the leptons can be obtained by substituting U #−→ N , D #−→ L.
For convenience, we will now rewrite the Lagrangian up to NLO directly in terms of

effective couplings to the photon, to Z and toW . Since the symmetry U(1)Q is unbroken,
the coupling to the photon is unchanged with respect to the SM and is given by

Lγ = eJµAµ . (3.10)

The Lagrangian describing neutral current interactions reads

LZ =
e(1− ξ2ρL)

2cs
Zµ

{

N̄Lγ
µNL + ϵνN̄Rγ

µNR + (−1 + 2s̃2)L̄Lγ
µLL + (−ϵe + 2s̃2)L̄Rγ

µLR

+(1 + δ −
4

3
s̃2)ŪLγ

µUL + (ϵu −
4

3
s̃2)ŪRγ

µUR

+(−(1 + δ) +
2

3
s̃2)D̄Lγ

µDL + (−ϵd +
2

3
s̃2)D̄Rγ

µDR

}

, (3.11)

and for the charged current we have

LW =
e(1− ξ2ρL)√

2s

{

N̄LVMNSγ
µLL + (1 + δ)ŪLVLγ

µDL + ϵŪRVRγ
µDR

}

W+
µ + h.c .

(3.12)

VMNS is the mixing matrix in the lepton sector, and the two matrices VL and VR describe
chiral quark flavor mixing. They arise from the diagonalisation of the quark mass matrices:

VL = ΩU
LΩ

D†
L (3.13)

VR = ΩU
RΩ

D†
R ,

– 18 –
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4.1   Right-handed Currents 
the mixing angle and the RH couplings as [24]

V Kl3
us = |sin ✓C + "s| , (18)

✓
Vus

Vud

◆Kl2

=

����
sin ✓C � "s
cos ✓C � "ns

���� , (19)

V �
ud = |cos ✓C + "ns| . (20)

Note that "s and "ns are in general complex. However, to keep things simple for our purposes

it is enough to study the real case here. The SM is obtained in the limit

"s = "ns = 0 . (21)

Considering Eqs. (18)–(20) it is not clear how one could rephrase this parametrization in

order to perform a CKM unitarity test.

Fitting the general model of right handed currents Eqs. (18)–(20), we obtain a perfect

description of the data with �2
min,RH = 0. Moving to a different model, in case we switch off

the down-quark right handed currents "ns = 0 we have a more constrained fit. We perform

a likelihood ratio test comparing only strange RH currents with the more general case of

strange and down RH currents and define

��2 ⌘ �2
min,RH strange � �2

min,RH . (22)

We consider only toy NP fits to the SGPRM data set as only for that data set there is a

tension with the universality of the Cabibbo angle beyond 5 �, and compare the toy model

with RH strange quark currents to a more general toy model that includes both strange and

down quark RH currents. The relatively fixed number of parameters is always one. For any

two observables out of Eqs. (1)–(3), we obtain a vanishing ��2. However, once we take all

observables Eqs. (1)–(3) into account, we get ��2
= 25.2 and a significance of rejection of

z = 5.0 �. This example makes it completely obvious that it is very important to include all

available data for any test for NP.

While the CKM unitarity test is a smoking gun for the presence of new physics, it is not

clear how to relate it to the considered model with RH currents. The above procedure on the

other hand is completely unambiguous. Furthermore, the CKM unitarity test is included in

the SM test as outlined in Sec. II A. Both tests are however of course subject to the caveat of

possible statistical fluctuations. In general, by using relations between the several Cabibbo

10

Vector s quark 

Vector no s quark 

Axial 

•  The SM is obtained in the limit εs =εns =0. 

•   Perfect fit to data  

•  Not obvious how to define CKM unitarity test in this case 
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a likelihood ratio test comparing only strange RH currents with the more general case of
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min,RH . (22)
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two observables out of Eqs. (1)–(3), we obtain a vanishing ��2. However, once we take all

observables Eqs. (1)–(3) into account, we get ��2
= 25.2 and a significance of rejection of

z = 5.0 �. This example makes it completely obvious that it is very important to include all

available data for any test for NP.

While the CKM unitarity test is a smoking gun for the presence of new physics, it is not

clear how to relate it to the considered model with RH currents. The above procedure on the

other hand is completely unambiguous. Furthermore, the CKM unitarity test is included in

the SM test as outlined in Sec. II A. Both tests are however of course subject to the caveat of

possible statistical fluctuations. In general, by using relations between the several Cabibbo
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Note: October 19, 2022

Vus, Vud and right-handed currents

1 Vus from K`3

|Vus + ✏us|K`3
= 0.22326± 0.00058 (1)

2 Vus/Vud from K`2/⇡`2

|Vus � ✏us|
|Vud � ✏ud|K`2

= 0.231294± 0.00045 (2)

3 Vud from nuclear � decays

|Vud + ✏ud|0+!0+ = 0.97370± 0.00014 (3)

4 Vus/Vud from ⌧ ! K⌫⌧/⌧ ! ⇡⌫⌧

|Vus � ✏us|
|Vud � ✏ud| ⌧!P⌫⌧

= (4)

✓
Vus

Vud

◆K`3

=

����
sin ✓C + ✏s
cos ✓C + ✏ns

���� (5)

1

Vector 
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• Right-handed currents (in the ‘ud’ and ‘us' sectors)

Relevant for RV

Relevant for RA

Grossman-Passemar-Schacht  
1911.07821 JHEP 

Alioli et al 1703.04751, JHEP

• RV,  RA ,  Vud and  Vus bands  shift in correlated way,  can resolve all tensions!

←

↔

ΔCKM and R-handed currents

20

4.1   Right-handed Currents 

From V. Cirigliano 

Note: October 19, 2022

Vus, Vud and right-handed currents
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4 Vus/Vud from ⌧ ! K⌫⌧/⌧ ! ⇡⌫⌧
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= (4)

✓
Vus

Vud
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=

����
sin ✓C + ✏s
cos ✓C + ✏ns

���� (5)

✏ns = �0.07% (6)

✏s = �0.6% (7)

✏ns (8)

✏s � ✏ns (9)
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4.1   Right-handed Currents 

SM limit: Cabibbo angle anomaly Anomaly removed by turning on the εR couplings 

 (εR)d =-0.07% 
 (εR)s = -0.6% 
(εL)sτ =-1.8% 

• Global fit to CC processes involving light quarks and all lepton families 

• SM hypothesis (εi=0) disfavored (p-value 0.3%)

21

Simplified scenario

VC, Diaz-Calderon, Falkowski, Gonzalez-Alonso, Rodriguez-Sanchez 2112.02087

ΔCKM and R-handed currents

Figure 6: The Cabibbo angle beyond the SM. Black error bars show the determination of Vus using
di↵erent subsets of experimental data, see the caption of Fig. 5 for details. Left: Determination
of Vus in the presence of new physics characterized by the Wilson coe�cients ✏

de
L = �7.5 ⇥ 10�4

and ✏

s⌧
L = �1.7 ⇥ 10�2, with the remaining ✏

D`
X set to zero. Such a configuration partly improves

compatibility between di↵erent datasets, removing the largest tensions present in the SM fit.
However, some tensions remain, notably between semileptonic and leptonic kaon decays. Right:
The same in the presence of three new physics Wilson coe�cients: ✏

d
R = �6.8 ⇥ 10�4, ✏

s
R =

�5.9⇥ 10�3, and ✏

s⌧
L = �1.8⇥ 10�2. In a relatively simple scenario where these 3 parameters are

generated by new physics, all the datasets point to perfectly compatible values of the Cabibbo
angle, with the combined value Vus = 0.22432(36).

7 Conclusions and outlook

In this paper we studied hadronic tau decays in the framework of an EFT for light SM degrees of
freedom. This EFT describes the low-energy dynamics of the SM, as well as e↵ects of hypothetical
non-SM particles with masses larger than 2 GeV. Focusing on the charged-current interactions
between light quarks and leptons, the leading non-standard e↵ects are parametrized by a set of
Wilson coe�cients ✏q`X , cf. Eq. (2.1). The main new result of this paper is Eq. (6.1) summarizing
the constraints on ✏

q`
X from a large set of hadronic tau observables, which include the 2-body

⌧ ! ⇡(K)⌫, 3-body ⌧ ! ⇡⇡⌫, and inclusive ⌧ ! ⌫ūd(s) decays. There we quote percent level
marginalized constraints on six linear combinations of ✏D⌧

X , D = d, s, and we provide the correlation
matrix in Eq. (6.2). These bounds reach the per mille level when only one operator is present.

The 2-body channels are theoretically simple, involving only the non-perturbative meson decay
constants f⇡± and fK± and calculable radiative corrections. For this reason they have been com-
monly used in the literature for constraining new physics or the CKM elements. On the other hand,
the multi-body and inclusive channels are theoretically more challenging, and the present paper
provides the most comprehensive discussion to date of the resulting constraints on new physics.
Compared to Ref. [20], we extend the analysis to include strange decays (⌧ ! K⌫, ⌧ ! K⇡⌫,
⌧ ! ūs⌫). We also update and improve the analysis of the remaining channels with the most
recent theoretical and experimental input, and we provide the details of theoretical calculations
that allow us to determine the new physics dependence of hadronic tau observables.

We expect the constraints from hadronic tau decays to be further improved in the near future.
On the experimental front, the old LEP measurements of the spectral functions should be im-
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•  Global fit to CC processes involving light quarks and all lepton families 
•  SM hypothesis (εs =εns =0) disfavored (p-value 0.3%)  
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4 Vus/Vud from ⌧ ! K⌫⌧/⌧ ! ⇡⌫⌧

|Vus � ✏us|
|Vud � ✏ud| ⌧!P⌫⌧

= (4)

✓
Vus

Vud

◆K`3

=

����
sin ✓C + ✏s
cos ✓C + ✏ns

���� (5)

✏ns = �0.07% (6)

✏s = �0.6% (7)

✏ns (8)

✏s � ✏ns (9)

1
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4.2   Other New Physics Models 

•  4th quark b’  
•  Gauge horizontal family symmetry 
•   Turn on only vertex corrections to leptons 
              Shift the location of  
              the Vud,us bands but  
              do not solve the  

  tension between ratios 
 
And many more…. 
  

           

Belfatto, Beradze, Berezhiani’19  

ΔCKM and LFUV
• ‘Turn on’ only vertex corrections to leptons 

Relevant for RV

Relevant for RA µ﹣

νµ
_

←

←

19

From V. Cirigliano 

Crivellin & Hoferichter’21 
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4.2   Other New Physics Models 

•  4th quark b’  
•  Gauge horizontal family symmetry 
•   Turn on only vertex corrections to leptons 
              Shift the location of  
              the Vud,us bands but  
              do not solve the  

  tension between ratios 
 
Connection with π→eν/ π→µν  
 
(and other LFU probes)  
 
And many more…. 
  

           

Belfatto, Beradze, Berezhiani’19  

Crivellin & Hoferichter’21 

ΔCKM and LFUV
• ‘Turn on’ only vertex corrections to leptons 

Relevant for RV

Relevant for RA

• Connection with π→eν/ π→μν

Crivellin-Hoferichter 2002.07184, PRL

(and other LFU probes)19

ΔCKM and LFUV
• ‘Turn on’ only vertex corrections to leptons 

Relevant for RV

Relevant for RA

• Connection with π→eν/ π→μν

Crivellin-Hoferichter 2002.07184, PRL

(and other LFU probes)19
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5.   Conclusion and Outlook 



Conclusion and Outlook 

39 

•  Recent precision determinations of Vus and Vud enable unprecedented tests 
of the SM and constraints on possible NP models  

•  Tensions in unitarity of 1st row of CKM matrix have reappeared! 
 

•  We need to work hard to understand where they come from: 
–  On experimental side:  

For Vus we have a unique opportunity measuring hadronic tau decays 
from Belle II and STCFs? especially for inclusive Tau decays 

–   From hyperon decays: Ex: Λ  à peνe ? 
  

–  On theory side:  
Calculate very precisely radiative corrections, isospin breaking effects 
and matrix elements 
Be sure the uncertainties are under control 

–  If  these tensions are confirmed          what do they tell us?  
 

•  Interesting time ahead of us! 

 

 

 
 

 



6.   Back-up 



3.2  Theoretical Prospects for Vus 

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

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

 

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

 
 
 
 

 

 
 

 

Aim: Per mille level within 10 years
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3.2  Exclusive decays for Vus 

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

/K → ππ 

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

 

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

 

•  Vus from Tau decays at Belle II: 

 

 
 

 

 
 
 
 

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

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

HFLAV’21		
	

Cirigliano et al’22 
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Vus from Hyperon decays 

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

•  Possibilities at LHCb? 

 
 
 

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

 
 

 

Università
di CagliariA glimpse into LHCb possibilities

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

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

• Countless channels to be probed

Channel R ✏
L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

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

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

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

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

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

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

µ

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

µ

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

µ

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

Channel R ✏
L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

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

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

L

✏
D

�
L

(MeV/c2) �
D

(MeV/c2)
K0

S

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

L

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

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

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

A
lves

et
al.

JH
E
P
05(2019)048

Talk by Dettori@FPCP20 
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•  From neutron decays : very impressive progress recently 

•  From pion β decay π+ → π0e+ν : PIONEER experiment 
44 

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

Figure adapted  
from J. Hardy 
 



 

 

 

 
                

     
 
 

     
 

 
 

 

•  From neutron decays 

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

Figure adapted  
from J. Hardy 
 



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

•  Present result: PIBETA Experiment (2004)  

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

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

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

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

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

 

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

  Vud = 0.9739(28)exp(1)th

Czarnecki, Marciano, Sirlin’20 

Feng et al’20 

|Vud| from pion β decay: π+ → π0e+ν  

to be compared to  
  Vud = 0.97373(31)

CKM Unitarity: Vud, Vus/Vud
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� �
� � � �

� �

u

-8
stat sys 2

0
d

0
t e

Present result:  PIBETA Ex

N

periment (20
: Theoretically cleane

M

st method to obtain V
04) 0.64

.

N

%

0.97

1.036 0 004 0.004 0.003 ) x10

EXT GEN

0

ERATIO  P

39 28 1

.

R

B( )

X E

( 6%

E I

ud exp th
V

e

e S

S S Q

S S Q

� �

� � rr

r

 

 

r

o

ro

� �%ENT GOAL: 0.06r

0

0

( ) : Theoretically clean method to obtain 
( )

I

.

mprove B( ) pre

Offers a new complemetary con a

cisi

 

on by

 

 >3x  

str int in the  pl e

0.2

a

%

n

us

ud

us

ud

us ud

VB K l
B e V

V
e

V
V V

S Q
S S Q

S S Q

� �

� �

o
o

o o � r

�

Czarnecki,  Marciano , Sirlin (2020)

4

EW Rad. Corr. cancel 

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

•  Lepton Flavor Universality test in  
 
 

           

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

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

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

15 x worse than theory

4
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Cirigliano & Rosell’07 

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

 
Ø  Exceptional precision of the  

SM prediction using ChPT 

 
 
 

Ø  World average  
(mainly PIENU at TRIUMF):  
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Goal of PIONEER: reduce unc. by a factor of 10 !         by far most precise test of LFU    



PIONEER (Phase-I)  
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Charged pion decays

E. Goudzovski / Cincinnati, 16 May 2022

v Lepton universality test: Rµe=BR(p+®e+n)/BR(p+®µ+n):
ü Early insight into the V−A structure of weak interactions.
ü Exceptional precision of the SM prediction: Rµe=1.2352(1)×10−4.
ü World average (mainly PIENU at TRIUMF): Rµe= 1.2327(23)×10−4.

v PIONEER (Phase-I) approved at PSI, physics starting in ~2029.
ü Goal: matching the SM precision on Rµe; 1 PeV scale new physics.
ü Stopped p+ at high rate (300 kHz), focus on reduction of systematics.
ü Detectors: highly-segmented LGAD active target,

positron tracker, LXe calorimeter.
ü Collection of 2×108 p+®e+n

events in three years.
ü Key point: control of the

p+®e+n signal tail in the
calorimeter to a 10−4 precision.

v PIONEER Phase II,III: Vud from p+®p0e+n
decays to a 0.02% level. Signal

Normalisation

PIENU Ecalo spectrum

PIONEER (Phase-I) approved at PSI, physics starting in ~2029 
Ø  Goal: matching the SM precision on Re/µ 

       Test of New Physics at 1 PeV scale 

Ø  Stopped π+ at high rate (300 kHz), focus on reduction of systematics. 

Ø   Detectors: highly-segmented LGAD active target,  
 positron tracker, LXe calorimeter 

Ø  Collection of 2×108  π+       e+νe 
     events in three years. 
 

Ø  Key point: control of the  

     π+       e+νe signal tail in the  
     calorimeter to a 10−4 precision 
 

PIONEER Phase II,III:  
Vud from π+          π0e+νe  
decays to a 0.02% level 

           

Emilie Passemar 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

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

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

Ø  Universality: Is GF from µ decay equals to GF from π, K, nuclear β decay? 

 

 

 
 
 
 
 

 
 
 

 

 

   
LEW = g

2
Wα

+ DLVCKMγ
αU L + eLγ

αν eL
+ µLγ

αν µL
+ τ Lγ

αντ L
( ) + h.c.

Gauge 
coupling 

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

Vus, CKM unitarity, gauge universality "

2!

Standard-model coupling of quarks and leptons to W:!

Single gauge 
coupling!

Unitary 
matrix!

+" ⋅⋅⋅!

s,d ν 

ℓ u 

W+ 

s,d ν 

ℓ u 

H+ 

s,d ν 

ℓ u 

W+ 

Z′ 

Physics beyond the Standard Model can break gauge universality:!

Universality: Is GF from µ decay equal to GF from π, K, nuclear β decay?!

Most precise test of CKM unitarity"
≈ 2×10−5"

?"="

6 Emilie Passemar 

1.1  Test of  the Standard Model: Vus and CKM unitarity 
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1.1   Introduction: 1.1  Test of New Physics : Vus 

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

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

 

 
 
 
 
 
 

•  Look for new physics 
Ø  In the Standard Model : W exchange          only V-A structure  

 
 
 

 

 

   
LEW = g

2
Wα

+ DLVCKMγ
αU L + eLγ

αν eL + µLγ
αν µL + τ Lγ

αντ L( ) + h.c.

7 Emilie Passemar 

1.2  Constraining New Physics 



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

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

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

Kµ3 decays: Also need scalar form factor:!

2.2  Vus from Kl3 (K � πlνl) 

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

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

Theoretically 
•  Update on long-distance EM corrections for Ke3 

 
•  Improvement on Isospin breaking evaluation due to more precise dominant 

input: quark mass ratio from η � 3π  

•  Progress from lattice QCD on the K → π FF 
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 ) / τ = CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

Seng et al.’21 

Colangelo et al.’18 

2.5  Kπ form factors 2.1  Vus from Kl3 decays 

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

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

               see later 
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Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )

τ
= CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + δEM
Kl + δ SU(2)

Kπ( )2

Emilie Passemar 

Sirlin’82 

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

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

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

Kµ3 decays: Also need scalar form factor:!

  
π − ( p)  sγ µu K 0(P) = f+

K 0π −

(0) P + p( )µ f+
K 0π −

(t) + P − p( )µ f−
K 0π −

(t)⎡
⎣

⎤
⎦

23 Emilie Passemar 



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

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

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

Kµ3 decays: Also need scalar form factor:!

2.2  Vus from Kl3 (K � πlνl) 

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

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

Theoretically 
•  Update on long-distance EM corrections for Ke3 

 
•  Improvement on Isospin breaking evaluation due to more precise dominant 

input: quark mass ratio from η � 3π  

•  Progress from lattice QCD on the K → π FF 

 

 

 

Emilie Passemar 52 

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

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + 2ΔEM
Kl + 2ΔSU(2)

Kπ( )

Seng et al.’21 

Colangelo et al.’18 

2.5  Kπ form factors 2.1  Vus from Kl3 decays 

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

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

               see later 

 
 
 
 

 
 
 
 
 

      
 
 
 
 

 
 

23 

  
Γ K →π lν γ⎡⎣ ⎤⎦( ) = Br(Kl 3 )

τ
= CK

2 GF
2 mK

5

192π 3 SEW
K Vus

2
f+

K 0π −

(0)
2

IKl 1 + δEM
Kl + δ SU(2)

Kπ( )2

Emilie Passemar 

Sirlin’82 

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

K(P) π(p) 

ℓ"

ν 

Kℓ3 form factors"

17!

Ke3 decays: Only vector form factor:"

t = (P − p)2 

Hadronic matrix element:!

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

Kµ3 decays: Also need scalar form factor:!

  
π − ( p)  sγ µu K 0(P) = f+

K 0π −

(0) P + p( )µ f+
K 0π −

(t) + P − p( )µ f−
K 0π −

(t)⎡
⎣

⎤
⎦

23 Emilie Passemar 



 
2.3   Vus/Vud from Kl2/	l2

 
 
 

 
•  Recent progress on radiative corrections computed on lattice: 

 
 
 

 

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

Vus/Vud and Kℓ2 decays
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Giusti et al. 
PRL 120 (2018)

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

δSU(2) + δEM = −0.0122(16)
• Uncertainty from quenched QED included (0.0006)

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

Di Carlo et al. 
PRD 100 (2019)

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

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

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

Vus/Vud and Kℓ2 decays

32

Giusti et al. 
PRL 120 (2018)

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

δSU(2) + δEM = −0.0122(16)
• Uncertainty from quenched QED included (0.0006)

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

Di Carlo et al. 
PRD 100 (2019)

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

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

Di Carlo et al.’19  

Giusti et al.’18  
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2.1  Vus from Kl3  

Progress since 2018: 
•  First experimental measurement of BR of KS → πµν 
      BR(KS → πµν) = (4.56 ± 0.20) ×10−4 
 

•  Theoretically update on long-distance EM corrections: 

Up to now computation at fixed order e2p2 + model estimate for the LECs 
 
 
New calculation of complete EW RC using hybrid current algebra and ChPT 
(Sirlin’s representation) with resummation of largest terms to all chiral orders 
–  Reduced uncertainties at O(e2p4) 
–  Lattice evaluation of QCD contributions to γW box diagrams 
 

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

KLOE-2
PLB 804 (2020)

Matthew Moulson,  
Chien Yeah Seng 

34

Master formula:

Long-distance electromagnetic RC

Cirigliano et al., 2008 JHEP

Sirlin’s representation + ChPT + lattice QCD:
~10-4 error CYS, Galviz, Gorchtein and Meißner, 2021 PLB 

CYS, Galviz, Gorchtein and Meißner, 2103.04843 

ChPT calculations at O(e2p2) + model estimation
of the LECs: ~10-3 error 

Kaon semileptonic decays (K
l3
)

K

p

l+

n

V
us

Cirigliano et al. ’08  

Seng et al.’21 



55 

2.1  Vus from Kl3  

Progress since 2018: 
•  First experimental measurement of BR of KS → πµν 
      BR(KS → πµν) = (4.56 ± 0.20) ×10−4 
 
 
 

•  Theoretically update on long-distance EM corrections: 

 

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

KLOE-2
PLB 804 (2020)

Matthew Moulson,  
Chien Yeah Seng 

34

Master formula:

Long-distance electromagnetic RC

Cirigliano et al., 2008 JHEP

Sirlin’s representation + ChPT + lattice QCD:
~10-4 error CYS, Galviz, Gorchtein and Meißner, 2021 PLB 

CYS, Galviz, Gorchtein and Meißner, 2103.04843 

ChPT calculations at O(e2p2) + model estimation
of the LECs: ~10-3 error 

Kaon semileptonic decays (K
l3
)

K

p

l+

n

V
us

Only Ke3 at present 
For Kµ3 modes 
continue to use 
Cirigliano et al. ’08

Cirigliano et al. ’08 Seng et al. ’21

ΔEM(K0e3) [%] 0.50 ± 0.11 0.580 ± 0.016
ΔEM(K+e3) [%] 0.05 ± 0.13 0.105 ± 0.024
ρ +0.081 −0.039
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2.1  Vus from Kl3  

Progress since 2018: 
•  Theoretical progress on isospin breaking correction  

 

 

 
 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Matthew Moulson 

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

Test by evaluating Vus from K± and K0 data with no corrections:
Equality of Vus values would require ΔSU(2) = 2.86(34)%   

= +2.61(17)% Calculated using:

χp4 = 0.252
NLO in strong interaction
O(e2p2) term εEM

(4) ~ 10−6

Q = 22.1(7) Colangelo et al. ’18, avg. from η→ 3π

ms/m = 27.23(10) FLAG ’20, Nf = 2+1+1 avg.
MK = 494.2(3)
Mπ = 134.8(3)

^

Isospin-limit meson masses from FLAG ’17

Cirigliano et al., ’02; Gasser & Leutwyler, ’85
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1.1   Introduction: 2.1  Vus from Kl3  

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Lattice results for Q somewhat 
higher than analytical results
But, lattice results have finite 
correction to LO expectation:

Low-energy theorem: Q has no 
correction at NLO

Reference value of Q from 
dispersion relation analyses of 
η→ 3π Dalitz plots

Colangelo et al., ’18
Q = 22.1 � 0.7

Previous to recent results for Q, uncertainty on ΔSU(2) was leading contributor 
to uncertainty on Vus from K± decays

E. Passemar, CD 2021

Matthew Moulson 



Vus from Tau decays 

 
 
 
 
 
 
 
 
 
 
 
 
 

•  Belle II with 50 ab-1 and ~4.6 x 1010 τ pairs will improve Vus extraction 
•  Inclusive measurement is an opportunity to have a complete independent 

measurement of Vus            not easy as you have to measure many 
channels 

 

 
 

 

Tau physics Swagato Banerjee

Summary of |Vus| results

24

• |Vus| from kaon and tau falls short of CKM unitarity value by ~3σ 
• |Vus| from inclusive tau decays independent of Lattice errors used for kaons 
• New physics affecting 3rd generation only affects |Vus| from taus 
• Tau decays at Belle II offers unique and complementary insight

-3.7σ

-2.1σ

-2.6σ

-2.5σ

-3.5σ

-3.2σ

-2.7σ

 [Preliminary]

M. Moulson, E. Passemar
CKM2021

Cabibbo-angle anomaly



Vus from Tau decays 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

 

Tau physics Swagato Banerjee

|Vus| from inclusive strange decays

22

fractions similarly to the kaon case, using the same lattice QCD estimates, in order to check the overall experimental
consistency.

In the following Sections 5.1 and 5.2 we update the CKM coefficient |V
us

| determinations that were shown in the
previous report using the 2015 determination of |V

ud

| [73] and the updated averages from HFAG 2016 and PDG
2015 for the other quantities.

5.1 |V
us

| from B(⌧ ! X
s

⌫)

The ⌧ hadronic partial width is the sum of the ⌧ partial widths to strange and to non-strange hadronic final states,
�

had

= �
s

+ �
VA

. The suffix “VA” traditionally denotes the sum of the ⌧ partial widths to non-strange final states,
which proceed through either vector or axial-vector currents.

Dividing any partial width �
x

by the electronic partial width, �
e

, we obtain partial width ratios R

x

(which are equal
to the respective branching fraction ratios B

x

/B
e

) for which R

had

= R

s

+ R

VA

. In terms of such ratios, |V
us

| is
measured as [72]

|V
us

|⌧s

=

s

R

s

/


R

VA

|V
ud

|2 � �R
theory

�
,

where �R
theory

can be determined in the context of low energy QCD theory, partly relying on experimental low energy
scattering data. The literature reports several calculations [72, 74, 75]. In this report we use Ref. [72], whose
estimated uncertainty size is in between the two other ones. We use the information in that paper and the PDG 2015
value for the s-quark mass m

s

= 95.00 ± 5.00 MeV [8] to calculate �R
theory

= 0.242 ± 0.032.

We proceed following the same procedure of the 2012 HFAG report [2], using the universality improved B

uni

e

=
(17.815 ± 0.023)% (see Section 4) to compute the R

x

ratios, and using the sum of the ⌧ branching fractions to
strange and non-strange hadronic final states to compute R

s

and R

VA

, respectively.

Using the ⌧ branching fraction fit results with their uncertainties and correlations (Section 2), we compute B

s

=
(2.909±0.048)% (see also Table 13) and B

VA

= B

hadrons

�B

s

= (61.85±0.10)%, where B

hadrons

is equal to �
hadrons

defined in section 4. PDG 2015 averages are used for non-⌧ quantities, including |V
ud

| = 0.97417 ± 0.00021, which
comes from Ref. [76] like for the previous HFAG report.

We obtain |V
us

|⌧s

= 0.2186 ± 0.0021, which is 3.1� lower than the unitarity CKM prediction |V
us

|
uni

= 0.22582 ±
0.00091, from (|V

us

|
uni

)2 = 1 � |V
ud

|2. The |V
us

|⌧s

uncertainty includes a systematic error contribution of 0.47%
from the theory uncertainty on �R

theory

. There is no significant change with respect to the previous HFAG report.

5.2 |V
us

| from B(⌧ ! K⌫)/B(⌧ ! ⇡⌫) and from B(⌧ ! K⌫)

We follow the same procedure of the HFAG 2012 report to compute |V
us

| from the ratio of branching fractions
B(⌧ ! K

�⌫⌧ )/B(⌧ ! ⇡�⌫⌧ ) = (6.438 ± 0.094) · 10�2 from the equation

B(⌧ ! K

�⌫⌧ )
B(⌧ ! ⇡�⌫⌧ )

=
f

2

K

|V
us

|2

f

2

⇡ |Vud

|2

�
1 � m

2

K

/m2

⌧

�
2

(1 � m

2

⇡/m
2

⌧ )
2

R⌧K/⌧⇡

We use f

K

/f⇡ = 1.1930 ± 0.0030 from the FLAG 2016 Lattice averages with N

f

= 2 + 1 + 1 [77].

The ratio of radiative corrections R⌧K/⌧⇡ is estimated as R⌧K/⌧⇡ = R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫)·
R(K�!µ�⌫ /⇡�!µ�⌫), where R(⌧�!K

�⌫/K�!µ�⌫) /R(⌧�!⇡�⌫/⇡�!µ�⌫) = [1 + (0.90 ± 0.22)%] / [1 +
(0.16 ± 0.12)%] [78] and R(K�!µ�⌫ /⇡�!µ�⌫) = 0.9930 ± 0.0035 [79, 80].

We compute |V
us

|⌧K/⇡ = 0.2231 ± 0.0018, 1.3� below the CKM unitarity prediction.

We determine |V
us

| from the branching fraction B(⌧� ! K

�⌫⌧ ) using

B(⌧� ! K

�⌫⌧ ) =
G

2

F

f

2

K

|V
us

|2m3

⌧ ⌧⌧
16⇡ �

h

✓
1 � m

2

K

m

2

⌧

◆
2

S

EW

.

We use f

K

= 155.6 ± 0.4 MeV from FLAG 2016 with N

f

= 2 + 1 + 1 [77] and the radiative correction S

EW

=
1.02010 ± 0.00030 [81]. We obtain |V

us

|⌧K

= 0.2223 ± 0.0016, which is 1.9� below the CKM unitarity prediction.
The physical constants have been taken from PDG 2015 (which uses CODATA 2014 [82]).
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Bs = (2.908 ± 0.048)%

To get R, we normalize by
(Be)univ = (17.812 ± 0.022)%

The error on Be is improved using lepton 
universality & improved measurements 

of mass (mτ) and lifetime (ττ).

BVA =  Bhadrons - Bs = (61.83 ± 0.10)%

 [Preliminary]

⇒ |Vus| = (0.2184 ± 0.0021)

Dominant contribution to error on |Vus| 
comes from error on the measured Bs. 

δRtheory contributes to Δ|Vus| = 0.0011.

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC

parton	model	predic?on		

  
δ Rτ ≡

Rτ ,NS

Vud

2 −
Rτ ,S

Vus

2

SU(3) breaking quantity, strong 
dependence in ms computed from 
OPE (L+T) + phenomenology 
	
   δ Rτ ,th = 0.0242(32)

Gamiz	et	al’07,	
	Maltman’11		

Vus
2
=

Rτ ,S

Rτ ,NS

Vud
2 − δRτ ,th

  Vus = 0.2184 ± 0.0018exp ± 0.0011th

2.9σ	away	from	unitarity!	 

HFLAV’21		
	



60 

1.1   Introduction: |Vud| from Neutrons 

WG1 Summary, CKM 2018, Sep 21st, 2018

|Vud| from Neutrons

�9

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

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

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

 UCNτ lifetime confirms bottle value.

Alexander Saunders

20 September 2018
CKM Workshop

Neutron Decay Parameters

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

• Just two free parameters in SM
– CKM mixing matrix element
– Ratio of weak coupling constants
– Uncertainty comes from radiative 

corrections

eepn ν++→ −

VA gg=λ

( )22 31
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corrections
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Vud

2
= 5024.7s
τ n 1 + 3λ 2( ) 1 + ΔR( )

 λ = gA gV
Lifetime 

•  Master Formula: 

 
 
 
 

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

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

–  Tension with aSPECT result:  
             

 

 

 

 
 
 

     
 
 

     
 

 
 

 

Breakthrough result in neutron lifetime

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

Ratio of axial-vector and vector coupling

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

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

Matrix element Vud from neutrons competitive!

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

Nuclear decays 𝑉𝑢𝑑 = 0.97373(31)

20Bastian Märkisch (TUM) |  CKM 2021 | 23.11.2021

Neutron and Vud Summary and Outlook

Hardy & Towner, Phys. Rev. C 102, 045501 (2020)

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

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

–  New result for Lifetime from UCNτ  
               improvement by a factor of 2.25 compared to previous result 
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Tension in particular with aSPECT result on electron-neutrino correlation: 
𝜆avg = −1.2754 13 , 𝑆 = 2.7

Matrix element Vud from neutrons competitive!

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

Nuclear decays 𝑉𝑢𝑑 = 0.97373(31)

20Bastian Märkisch (TUM) |  CKM 2021 | 23.11.2021

Neutron and Vud Summary and Outlook

Hardy & Towner, Phys. Rev. C 102, 045501 (2020)

Improved experiments running or under construction, 
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1.1   Introduction: Measurement of  neutron lifetime 

 

 

 

 
 
 

     
 
 

     
 

 
 

 

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

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

Normalization Weighting -- 0 ± 0.06 Previously unable to estimate

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

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

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

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

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

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

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

Chen-Yu Liu 



3.3  Example: Constraints on Heavy Neutral Leptons 

62 

•  Strongest |Ue4|2 limits below 400 MeV: K+, π+ à e+N from NA62 & PIENU. 
•  Also important limits on |Uµ4|2 from E949, NA62 and PIENU. 
•  NA62/E949 limits are complementary to HNL decay searches at T2K. 
•  Next-generation K+ and p+ experiments (NA62++, PIONEER) to improve by up 

to factor 10, reaching the seesaw bound.  
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A hidden-sector example: HNL

18

|Uℓ4|
2 limits vs mHNL from production & decay  searches

v Strongest |Ue4|2 limits below 400 MeV: K+,p+®e+N from NA62 & PIENU.
v Also important limits on |Uµ4|2 from E949, NA62 and PIENU.
v NA62/E949 limits are complementary to HNL decay searches at T2K.
v Next-generation K+ and p+ experiments (NA62++, PIONEER)

to improve by up to factor 10, reaching the seesaw bound.
v A related NA62 result: BR(K+®µ+nnn)<1.0×10−6 at 90% CL,

and similar limits on BR(K+®µ+nX), with X=invisible. [PLB 816 (2021) 136259]

Electron coupling Muon coupling

NA62
NA62

[arXiv:2201.07805]

E. Goudzovski / Cincinnati, 16 May 2022



 
 
 
 
 
 
•  Quantity of interest : 

 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

Inclusive τ-decays  
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Braaten,	Narison,	Pich’92	

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( )



•  Calculation of Rτ: 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.2  Calculation of the QCD corrections 
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Braaten,	Narison,	Pich’92	

( ) ( ) ( ) ( )
2 2

1 02
2 2 2

0

( ) 12 1 1 2 Im Im
m

EW
ds s sR m S s i s i
m m m

τ

τ τ
τ τ τ

π ε ε
⎡ ⎤⎛ ⎞ ⎛ ⎞

= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

[7]

[8]

[6]

+
V V A A

J



•  Calculation of Rτ: 

 
 
 
 
 

•   Spectral functions:  

  

 
•  ALEPH and OPAL at LEP measured  

with precision not only the total BRs  
but also the energy distribution of the  
hadronic system  

 mix of non-perturbative and  
 perturbative effects 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

3.2  Calculation of the QCD corrections 
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Braaten,	Narison,	Pich’92	

(0 1)
1 ,v ( ) 2 Im ( )ud Vs sS � 3

(0 1)
1 ,a ( ) 2 Im ( )ud As sS � 3

Davier et al, 1312.1501 

SPECTRAL  FUNCTIONS 

BF  data 
needed 

A. Pich                                                                                      Leptons & QCD                                                                                            5 

Zhiqing Zhang (zhang@lal.in2p3.fr, LAL, Orsay) /13 3 Tau 2014, Aachen, Sept. 15-19, 2014 

Theoretically, Rτ can be expressed in terms of vacuum polarization functions as 

R⌧,V +A = 12⇡SEW

Z m2
⌧

0

ds

m2
⌧

✓
1� s

m2
⌧

◆2 ✓
1 + 2

s

m2
⌧

◆
Im⇧(1)(s + i") + Im⇧(0)(s + i")

�

with ⇧(J) = |Vud|2
⇣
⇧(J)

ūd,V + ⇧(J)
ūd,A

⌘

Im⇧(1)
ūd,V/A(s) =

1
2⇡

v1/a1(s), Im⇧(0)
ūd,A =

1
2⇡

a0(s)

Therefore, Rτ is a weighted integral of spectral functions 
 Basis for comparing measurements with theoretical predictions 

similar in e+e- 
annihilation 
into hadrons: 

 Im[                    ]  ∝  |                     hadrons |2 

BNP, NPB373 (1992) 581 

( ) ( ) ( ) ( )
2 2

1 02
2 2 2

0

( ) 12 1 1 2 Im Im
m

EW
ds s sR m S s i s i
m m m

τ

τ τ
τ τ τ

π ε ε
⎡ ⎤⎛ ⎞ ⎛ ⎞

= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫



Measurements 
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Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) = ?•    

 
 
 

•   Decomposition as a function of observed and separated final states:  
  
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

,, ,V A SR R RRt tt t= + +

,VRt , 0v shtt n-
=® +

,ARt , 0A shtt n-
=® +

,SRt , 1V A shtt n-
+ =® +

(even number of pions)

(odd number of pions)



Measurements 
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Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) = ?•    

 
 
 

•   Decomposition as a function of observed and separated final states:  
  
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

, , ,V SARR R Rtt t t= + +

,VRt , 0v shtt n-
=® +

,ARt , 0A shtt n-
=® +

,SRt , 1V A shtt n-
+ =® +

(even number of pions)

(odd number of pions)



Measurements 
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Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) = ?•    

 
 
 

•   Decomposition as a function of observed and separated final states:  
  
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

, , ,V SAR R R Rt tt t= + +

,VRt , 0v shtt n-
=® +

,ARt , 0A shtt n-
=® +

,SRt , 1V A shtt n-
+ =® +

(even number of pions)

(odd number of pions)



•  Calculation of Rτ: 

	
	
	

•  We are in the non-perturbative region:  
we do not know how to compute! 

 
 
 

•  Trick: use the analytical properties of Π! 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

3.2  Calculation of the QCD corrections 
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Braaten,	Narison,	Pich’92	

( ) ( ) ( ) ( )
2 2

1 02
2 2 2

0

( ) 12 1 1 2 Im Im
m

EW
ds s sR m S s i s i
m m m

τ

τ τ
τ τ τ

π ε ε
⎡ ⎤⎛ ⎞ ⎛ ⎞

= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

Non-Perturba^ve 

Perturba^ve 



•  Calculation of Rτ: 

	
	
	
	

•  Analyticity: Π is analytic in the entire complex plane except for s real positive 
 

                     Cauchy Theorem 

	
	
	

•  We are now at sufficient energy to use OPE: 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.2  Calculation of the QCD corrections 
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Braaten,	Narison,	Pich’92	( ) ( ) ( ) ( )
2 2

1 02
2 2 2

0

( ) 12 1 1 2 Im Im
m

EW
ds s sR m S s i s i
m m m

τ

τ τ
τ τ τ

π ε ε
⎡ ⎤⎛ ⎞ ⎛ ⎞

= − + Π + + Π +⎢ ⎥⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫

   
Rτ (mτ

2 ) = 6iπ SEW
ds
mτ

2 1 − s
mτ

2

⎛

⎝⎜
⎞

⎠⎟

2

1 + 2 s
mτ

2

⎛

⎝⎜
⎞

⎠⎟
Π 1( ) s( ) + Π 0( ) s( )⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥s =mτ

2!∫

( ) ( )
2

0,2,4... dim

1( ) ( , ) ( )
( )

JJ
DD

D O D
s s O

s
µ µ

= =
Π =

−∑ ∑ C

Wilson	coefficients	 Operators	
μ:	separation scale between               
 short and long distances 



 
 

	 

	
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	
  

 
 
 
 
 

 
 

 
 
      

 
 

3.3  Operator Product Expansion 
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( ) ( )
2

0,2,4... dim

1( ) ( , ) ( )
( )

JJ
DD

D O D
s s O

s
µ µ

= =

P =
-å å C

separation scale
between short and 
long distances

µ

Wilson coefficients Operators

• D=0: Perturbative contributions

• D=2: Quark mass corrections

• D=4: Non perturbative physics operators,

• D=6: 4 quarks operators,  

• D³8: Neglected terms, supposed to be small…

similar for              and 

,s GGa
p j iim q q

1 2i j j iq q q qG G

2 (0) ( )
, 0 ,

2,4..

3( ) 1
2

ud D
V EW ud V

D
R s V St d d

=

æ ö
= + +ç ÷

è ø
å , 0( )AR st , 0( )SR st



•  Calculation of	Rτ: 

 
 
•  Electroweak corrections: 

•   Perturbative part (D=0):		
	

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

Perturbative Part 
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Braaten,	Narison,	Pich’92	

( ) ( )2  1C EW P NPR m N Sτ τ δ δ= + +

1.0201(3)EWS = Marciano &Sirlin’88, Braaten & Li’90, Erler’04 

2 3 45.20 26 127 ... 20%P a a a aτ τ τ τδ = + + + + ≈ Baikov, Chetyrkin, Kühn’08 

( )s ma τ
τ

α
π

=



•  Calculation of	Rτ: 

 
 
•  Electroweak corrections: 

•   Perturbative part (D=0): 

•  D=2: quark mass corrections, neglected for                       but not for 

•  D ≥ 4: Non perturbative part, not known, fitted from the data 
             Use of weighted distributions 
 
Ex: In the non-strange sector: 

   
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

Non-perturbative part 
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Braaten, Narison, Pich’92 

( ) ( )2  1C EW P NPR m N Sτ τ δ δ= + +

1.0201(3)EWS = Marciano &Sirlin’88, Braaten & Li’90, Erler’04 

2 3 45.20 26 127 ... 20%P a a a aτ τ τ τδ = + + + + ≈ Baikov, Chetyrkin, Kühn’08 

( )s ma τ
τ

α
π

=

( ) ,NS
u dR m mτ ∝ ( ) s

SR mτ ∝

  δ NP
NS = −0.0064(13) Davier et al.’14 



•  	D ≥ 4: Non perturbative part, not known, fitted from the data 
           Use of weighted distributions 
 

Exploit shape of the spectral functions  
to obtain additional experimental  
information 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
	
	
	

	

  
 
 
 
 
 

 
 

 
 
      

 
 

Non-Perturbative part 
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Le	Diberder&Pich’92	

( ) s
SR mτ ∝

Zhiqing Zhang (zhang@lal.in2p3.fr, LAL, Orsay) /13 5 Tau 2014, Aachen, Sept. 15-19, 2014 

Exploit shape of SFs to obtain additional  
experimental information: Le Diberder-Pich,                

PL B289, 165 (1992) 

Weighting factor suppresses the region where  
OPE fails and we have small statistics. 

 with corresponding perturbative and nonperturbative OPE terms 

  Theory prediction very similar to Rτ: 

  Because of the strong correlations, only four moments are used. 

 Five experimental inputs (Rτ + 4 moments) for four unknowns  

R⌧ ⌘ R00
⌧

Zhiqing Zhang (zhang@lal.in2p3.fr, LAL, Orsay) /13 5 Tau 2014, Aachen, Sept. 15-19, 2014 

Exploit shape of SFs to obtain additional  
experimental information: Le Diberder-Pich,                

PL B289, 165 (1992) 

Weighting factor suppresses the region where  
OPE fails and we have small statistics. 

 with corresponding perturbative and nonperturbative OPE terms 

  Theory prediction very similar to Rτ: 

  Because of the strong correlations, only four moments are used. 

 Five experimental inputs (Rτ + 4 moments) for four unknowns  

R⌧ ⌘ R00
⌧

Zhang’Tau14	



•                                                 

 
 
 
 

•  Use OPE: 
 
 
 
 
 
 
 
 
 
 

•  Extraction of the strong coupling constant :  

 
 
 
 
 
	
	
	
	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.4  Determination of �S 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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  Rτ
NS = Vud

2
NC +O α S( )

measured calculated 

Sα

ud usd V d V sθ = +

  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( )

M. González-Alonso /23 

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

(Inclusive) Hadronic tau decays 

Tau physics 

In
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20
13

 

€ 

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 



•                                                 

 
 
 
 

•  Use OPE: 

•  From the measurement of  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
	
	
	
	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.3  Determination of Vus 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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ud usd V d V sθ = +

  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( )

M. González-Alonso /23 

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

(Inclusive) Hadronic tau decays 

Tau physics 
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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)
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α s

11 

 Rτ
S

 Vus



•                                                 

 
 
 
 

•  Use OPE: 

•  From the measurement of 
 
 
 

•  Use instead : 

             SU(3) breaking quantity: the flavour independent piece:                 
   

 
 
 
 
 
 
 
 
 

 
 
 
 
 
	
	
	
	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.3  Determination of  Vus 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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ud usd V d V sθ = +

  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( )

M. González-Alonso /23 

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

(Inclusive) Hadronic tau decays 

Tau physics 
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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 

 Rτ
S

 Vus

  
δ Rτ ≡

Rτ ,NS

Vud

2 −
Rτ ,S

Vus

2

   δ P ∼ 20% cancels! 



•                                                 

 
 
 
 

•  Use OPE: 

 
 

 

 
   

 
 
 
 
 
 
 
 
 

 
 
 
 
 
	
	
	
	

  
 
 
 
 
 

 
 

 
 
      

 
 

3.3  Determination of Vus 

  
Rτ ≡

Γ τ − →ντ + hadrons( )
Γ τ − →ντe

−ν e( ) ≈ NC
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ud usd V d V sθ = +
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NS mτ

2( ) = NC  SEW Vud
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1 + δ P + δ NP

ud( )
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1 + δ P + δ NP

us( )

M. González-Alonso /23 

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

(Inclusive) Hadronic tau decays 

Tau physics 
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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. 
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Rτ
S=0 ≈ NC Vud
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+O(α s)
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δ Rτ ≡

Rτ ,NS

Vud

2 −
Rτ ,S

Vus

2



•        : quark mass corrections, neglected for                         but not for 
 

 known up to               for both J=L and J=L+T 
 
 
 
•         : fully included , e.g 

 
•         : estimated (VSA) to be of order or smaller than errors on D=4 

 

•  D ≥ 8 : Neglected terms, expected to be small… 

 
 

Calculation of�R
,theo  

79 

  
δ Rτ ≡

Rτ ,V +A

Vud

2 −
Rτ ,S

Vus

2
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C EW ud us
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δ Rτ ≈ 24
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2 Δ α S( )

( ) ,NS
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SR mτ ∝

Chetyrkin, Gorishry, Kataev, Larin, Sugurladze; Baikov, Chetyrkin,Kuehn 
            Becchi, Narison, de Rafael; Bernreuther, Wetzel 

4
j iim q q mτ
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Results 

 
 
 
 
•    δRτ,theo determined from OPE (L+T) + phenomenology 
 
 
 
 
 

Input : ms                                                                         Nf=2+1+1 lattice average  
 
 
 

•   Tau data :                             and 

 
•   Vud :  
 
 
 
  

80 

2 ,

,
,2

S
us

V A
th

ud

R
V

R
R

V

τ

τ
τδ+

=
−

  Rτ ,S = 0.1646(23)   Rτ ,NS = 3.4721(77) HFLAV�16	
+	BaBar@ICHEP18	

0.97425(22)udV = Towner	&	Hardy�08	

( ) ( ) 2
, 0.1544 0.0037 9.3 3.4 (0.0034 0.0028)th sR mτδ = ± + ± + ±

Gamiz,	Jamin,	Pich,	Prades,	Schwab�07,	Maltman�11		

  
ms 2 GeV, MS( ) = 93.9 ±1.1

FLAG’16	

J=0 
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