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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: 
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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
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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: 

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

Cabibbo Universality: 
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?2 2 2 1ud us ubV V V+ + =

Negligible ~2x10-5  
     (B decays) 
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1.1  Test of  the Standard Model: Vus and CKM unitarity 
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1.1   Introduction: 1.1  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? 
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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!
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Physics beyond the Standard Model can break gauge universality:!

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

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

?"="
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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  
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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 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

         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
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Semi-leptonic decays 
• Mediated by W exchange in the SM

Emilie Passemar 8 

1.2  Constraining New Physics 



Emilie Passemar 9 

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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1.2  Constraining New Physics 
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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

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

Vus and CKM unitarity: All data

36
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ΔCKM = −0.0018(6)
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Paths to Vud and Vus  
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•  From kaon, pion, baryon and nuclear decays 
 

 

 
 Vud 

 0+     0+ 

π±      π0eνe 
n      peνe π     lνl   

Vus K      πlνl Λ      peνe  K       lνl   

Cabibbo universality tests

4

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

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

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  
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•  At the moment discrepancy between: 
 
–             ,                            ,          and CKM unitarity 
 

–               and  
 
 
–               and  
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2.   Statistical Assessment 



2.1   CKM unitarity test 

•  2 types of tests: 
–  Universality test of Cabibbo angle within the SM 

Assess the goodness of fit of the one-parameter null hypothesis 

 
 for n different experimental determinations of the Cabbibo angle  
 with different observables 

 
 
 
–  CKM unitarity test: use 2 parameters Vus and ΔCKM 

 
 
 
Test the null-hypothesis ΔCKM = 0 against the general case ΔCKM ≠ 0 

      

Note that in a general model beyond the SM (BSM) n different processes that we use

as measurements of the Cabibbo angle could result in n different values, giving a perfect

description of the data in any case. The number of the degrees of freedom of the comparison

of the universality of the Cabibbo angle with the data is the number of different observables

described by the Cabibbo angle in the SM, minus the one parameter. However, tests of

CKM unitarity involve only two parameters, namely Vus and the violation of unitarity � (see

Eq. (8) below). In that case we compare a one-parameter fit to a two-parameter fit only. No

matter how many measurements are available, the degree of freedom of the CKM unitarity

test is always fixed. In the past, when only two out of three measurements in Eqs. (1)–(3)

showed a tension between each other, this difference was not significant. However, when

tensions between all three measurements are present, as is the current situation, one gets

sensitive to the fact that in general the significances for the rejection of the SM via the

entailed universality of the Cabibbo angle and CKM unitarity are different.

The point that there is more to test in the measurements of Vus and Vud than CKM

unitarity was made in specific cases before [5, 25, 38]. Our aim here is to generalize this

observation and give a universal methodology for SM tests with an arbitrary number of

measurements of ✓C .

We emphasize that the point in this paper is only about the methodology of testing the

SM with data on Vus and Vud. We do not advocate any of the extractions of Vud, which we

use as examples, and are agnostic about the validity of the used models. Especially, we do

not claim that the SM is excluded at or beyond 5 �.

In Sec. II we analyze the difference between testing the SM and CKM unitarity. Subse-

quently, in Sec. III we present our likelihood ratio tests of the SM and CKM unitarity with

current data. In Sec. IV we discuss a specific NP model. In Sec. V we conclude.

II. GENERAL TESTING FORMALISM

A. SM test: Universality test of the Cabibbo angle

In order to test the universality of the Cabibbo angle within the SM, we assess the

goodness-of-fit of the one-parameter null hypothesis

✓C = ✓1 = ✓2 = · · · = ✓n , (6)

3

n 1 2 � 3

�2
SM test 0 �2 �2 > ��2

unitarity test

⌫SM test 0 1 n� 1 � 2

pSM test 1 p 6= punitarity test

zSM test 0 z 6= zunitarity test

��2
unitarity test 0 �2 < �2

SM test

�2
min, unitary 0 �2 �2

�2
min, non-unitary 0 0 > 0

⌫unitarity test 1 1 1

punitarity test 1 p 6= pSM test

zunitarity test 0 z 6= zSM test

TABLE I. General comparison of the Cabibbo angle universality SM test and the CKM unitarity

test, showing that the test results are different starting from three observables.

C. Comparison of SM test and CKM unitarity test

The null hypothesis fits of the test of the SM through Cabibbo angle universality and

the CKM unitarity test are equivalent. They are both one-parameter fits and lead to the

same �2 :

�2
SM test = �2

min, unitary . (10)

However, for the SM test we assess the goodness-of-fit of the Cabibbo angle universality

hypothesis, while the CKM unitarity test is a comparison of the hypotheses of unitary vs.

non-unitary. The two tests have a different number of degrees of freedom. For the CKM

unitarity test the difference of dimensionality of the two theory spaces that we compare is

always fixed to

⌫unitarity test = 1 . (11)

For the goodness-of-fit test we have

⌫SM test = n� 1 . (12)

5
  Vud = 1 −Vus

2 − ΔCKM
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for n different experimental determinations of the mixing angle with different observables.

We assume here for simplicity that measurements of the same observable by different exper-

iments are already averaged. Beyond the SM, the analysis of n different observables could

in principle result in n different mixing angles of the first two generations.

The number of degrees of freedom of the test of the goodness-of-fit is therefore always one

less than the total number of observables. Consequently, we calculate the two-sided p-value

and the significance z of the rejection of the SM as (see e.g. Refs. [7, 39, 40])

z =

p
2Erf

�1
(1� p) , p = 1� P⌫/2(�

2/2) . (7)

Here, P⌫/2(�2/2) is the regularized lower incomplete gamma function, ⌫ = ⌫SM test = n � 1

the number of degrees of freedom and �2 the minimal �2
SM test of the one-parameter fit of

the Cabibbo angle to the data in the SM.

We note that it is inevitable that possible fluctuations of experimental measurements

enter the hypothesis test, making it necessary to utilize a high threshold before rejecting

the SM. For example in such a case it is necessary to identify a realistic concrete NP model

that has the ability to explain the data.

B. CKM unitarity test

In order to test CKM unitarity with n observables one uses two parameters Vus and �,

the latter of which is used as a measure for the deviation from unitarity. We choose to

employ � for the parametrization of Vud in the form

Vud =

p
1� V 2

us +� . (8)

We test the null hypothesis � = 0 against the general case including � 6= 0, which is

effectively the same as varying Vus and Vud freely. We use the � notation in order to

make completely clear that the two models that we compare are nested. We denote the

corresponding minimal �2 values as �2
unitary and �2

non-unitary, respectively, and define for the

CKM unitarity test

��2
unitarity test ⌘ �2

min, unitary � �2
min, non-unitary . (9)

Note that �2
min, non-unitary is not necessarily zero, so that it can in principle happen that both

the SM and the non-unitary model give a bad fit of the data.

4



•                                                       BUT 
 
 
•  For SM test            assess the goodness-of-fit of the Cabibbo angle 

universality hypothesis  
 

•  For CKM unitarity test        comparison of the hypotheses of unitary 
vs. non-unitary.  
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2.2  Comparison of SM test and CKM unitarity test  

n 1 2 � 3

�2
SM test 0 �2 �2 > ��2

unitarity test

⌫SM test 0 1 n� 1 � 2

pSM test 1 p 6= punitarity test

zSM test 0 z 6= zunitarity test

��2
unitarity test 0 �2 < �2

SM test

�2
min, unitary 0 �2 �2

�2
min, non-unitary 0 0 > 0

⌫unitarity test 1 1 1

punitarity test 1 p 6= pSM test

zunitarity test 0 z 6= zSM test

TABLE I. General comparison of the Cabibbo angle universality SM test and the CKM unitarity

test, showing that the test results are different starting from three observables.

C. Comparison of SM test and CKM unitarity test

The null hypothesis fits of the test of the SM through Cabibbo angle universality and

the CKM unitarity test are equivalent. They are both one-parameter fits and lead to the

same �2 :

�2
SM test = �2

min, unitary . (10)

However, for the SM test we assess the goodness-of-fit of the Cabibbo angle universality

hypothesis, while the CKM unitarity test is a comparison of the hypotheses of unitary vs.

non-unitary. The two tests have a different number of degrees of freedom. For the CKM

unitarity test the difference of dimensionality of the two theory spaces that we compare is

always fixed to

⌫unitarity test = 1 . (11)

For the goodness-of-fit test we have

⌫SM test = n� 1 . (12)

5

Different number of dofs 
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zunitarity test 0 z 6= zSM test

TABLE I. General comparison of the Cabibbo angle universality SM test and the CKM unitarity

test, showing that the test results are different starting from three observables.

C. Comparison of SM test and CKM unitarity test

The null hypothesis fits of the test of the SM through Cabibbo angle universality and

the CKM unitarity test are equivalent. They are both one-parameter fits and lead to the

same �2 :

�2
SM test = �2

min, unitary . (10)

However, for the SM test we assess the goodness-of-fit of the Cabibbo angle universality

hypothesis, while the CKM unitarity test is a comparison of the hypotheses of unitary vs.

non-unitary. The two tests have a different number of degrees of freedom. For the CKM

unitarity test the difference of dimensionality of the two theory spaces that we compare is
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For the goodness-of-fit test we have

⌫SM test = n� 1 . (12)
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TABLE I. General comparison of the Cabibbo angle universality SM test and the CKM unitarity

test, showing that the test results are different starting from three observables.

C. Comparison of SM test and CKM unitarity test

The null hypothesis fits of the test of the SM through Cabibbo angle universality and

the CKM unitarity test are equivalent. They are both one-parameter fits and lead to the

same �2 :

�2
SM test = �2

min, unitary . (10)

However, for the SM test we assess the goodness-of-fit of the Cabibbo angle universality

hypothesis, while the CKM unitarity test is a comparison of the hypotheses of unitary vs.

non-unitary. The two tests have a different number of degrees of freedom. For the CKM

unitarity test the difference of dimensionality of the two theory spaces that we compare is

always fixed to

⌫unitarity test = 1 . (11)

For the goodness-of-fit test we have

⌫SM test = n� 1 . (12)

5

and 

for n different experimental determinations of the mixing angle with different observables.

We assume here for simplicity that measurements of the same observable by different exper-

iments are already averaged. Beyond the SM, the analysis of n different observables could

in principle result in n different mixing angles of the first two generations.

The number of degrees of freedom of the test of the goodness-of-fit is therefore always one

less than the total number of observables. Consequently, we calculate the two-sided p-value

and the significance z of the rejection of the SM as (see e.g. Refs. [7, 39, 40])

z =

p
2Erf

�1
(1� p) , p = 1� P⌫/2(�

2/2) . (7)

Here, P⌫/2(�2/2) is the regularized lower incomplete gamma function, ⌫ = ⌫SM test = n � 1

the number of degrees of freedom and �2 the minimal �2
SM test of the one-parameter fit of

the Cabibbo angle to the data in the SM.

We note that it is inevitable that possible fluctuations of experimental measurements

enter the hypothesis test, making it necessary to utilize a high threshold before rejecting

the SM. For example in such a case it is necessary to identify a realistic concrete NP model

that has the ability to explain the data.

B. CKM unitarity test

In order to test CKM unitarity with n observables one uses two parameters Vus and �,

the latter of which is used as a measure for the deviation from unitarity. We choose to

employ � for the parametrization of Vud in the form

Vud =

p
1� V 2

us +� . (8)

We test the null hypothesis � = 0 against the general case including � 6= 0, which is

effectively the same as varying Vus and Vud freely. We use the � notation in order to

make completely clear that the two models that we compare are nested. We denote the

corresponding minimal �2 values as �2
unitary and �2

non-unitary, respectively, and define for the

CKM unitarity test

��2
unitarity test ⌘ �2

min, unitary � �2
min, non-unitary . (9)

Note that �2
min, non-unitary is not necessarily zero, so that it can in principle happen that both

the SM and the non-unitary model give a bad fit of the data.

4
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2.2  Comparison of SM test and CKM unitarity test  

n 1 2 � 3

�2
SM test 0 �2 �2 > ��2

unitarity test

⌫SM test 0 1 n� 1 � 2

pSM test 1 p 6= punitarity test

zSM test 0 z 6= zunitarity test

��2
unitarity test 0 �2 < �2

SM test

�2
min, unitary 0 �2 �2

�2
min, non-unitary 0 0 > 0

⌫unitarity test 1 1 1

punitarity test 1 p 6= pSM test

zunitarity test 0 z 6= zSM test

TABLE I. General comparison of the Cabibbo angle universality SM test and the CKM unitarity

test, showing that the test results are different starting from three observables.

C. Comparison of SM test and CKM unitarity test

The null hypothesis fits of the test of the SM through Cabibbo angle universality and

the CKM unitarity test are equivalent. They are both one-parameter fits and lead to the

same �2 :

�2
SM test = �2

min, unitary . (10)

However, for the SM test we assess the goodness-of-fit of the Cabibbo angle universality

hypothesis, while the CKM unitarity test is a comparison of the hypotheses of unitary vs.

non-unitary. The two tests have a different number of degrees of freedom. For the CKM

unitarity test the difference of dimensionality of the two theory spaces that we compare is

always fixed to

⌫unitarity test = 1 . (11)

For the goodness-of-fit test we have

⌫SM test = n� 1 . (12)

5

Test results are different starting from 3 observables 



•  Two-sided p-value:  

•  Significance of rejection of the SM:  

•  Toy example for comparison of significances of the rejection of the SM 
and CKM unitarity for fixed                              and   
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2.2  Comparison of SM test and CKM unitarity test  

for n different experimental determinations of the mixing angle with different observables.

We assume here for simplicity that measurements of the same observable by different exper-

iments are already averaged. Beyond the SM, the analysis of n different observables could

in principle result in n different mixing angles of the first two generations.

The number of degrees of freedom of the test of the goodness-of-fit is therefore always one

less than the total number of observables. Consequently, we calculate the two-sided p-value

and the significance z of the rejection of the SM as (see e.g. Refs. [7, 39, 40])

z =

p
2Erf

�1
(1� p) , p = 1� P⌫/2(�

2/2) . (7)

Here, P⌫/2(�2/2) is the regularized lower incomplete gamma function, ⌫ = ⌫SM test = n � 1

the number of degrees of freedom and �2 the minimal �2
SM test of the one-parameter fit of

the Cabibbo angle to the data in the SM.

We note that it is inevitable that possible fluctuations of experimental measurements

enter the hypothesis test, making it necessary to utilize a high threshold before rejecting

the SM. For example in such a case it is necessary to identify a realistic concrete NP model

that has the ability to explain the data.

B. CKM unitarity test

In order to test CKM unitarity with n observables one uses two parameters Vus and �,

the latter of which is used as a measure for the deviation from unitarity. We choose to

employ � for the parametrization of Vud in the form

Vud =

p
1� V 2

us +� . (8)

We test the null hypothesis � = 0 against the general case including � 6= 0, which is

effectively the same as varying Vus and Vud freely. We use the � notation in order to

make completely clear that the two models that we compare are nested. We denote the

corresponding minimal �2 values as �2
unitary and �2

non-unitary, respectively, and define for the

CKM unitarity test

��2
unitarity test ⌘ �2

min, unitary � �2
min, non-unitary . (9)

Note that �2
min, non-unitary is not necessarily zero, so that it can in principle happen that both

the SM and the non-unitary model give a bad fit of the data.
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FIG. 1. Toy example for the comparison of significances of the rejection of the SM and CKM

unitarity for fixed ��2
SM test = 20 and ��2

unitarity test = 10 as a function of ⌫SM test � 2. Note that

⌫unitarity test = 1 always and ⌫SM test = n � 1 for n observables, see Eq. (12). Of course in reality

��2
SM test and ��2

unitarity test would in general also change when ⌫SM test does. However, we can see

from this example that in principle either significance can be larger than the other one.

Cabibbo angle entailed by the SM. Like in the Higgs search we compare this background-only

hypothesis to the signal which is observed and assess the goodness-of-fit of the background-

only hypothesis by comparison to the data. The signal in our case would be the deviation

of at least one of the observables from the Cabibbo angle universality hypothesis. If that

was observed at � 5� the SM would be rejected.

III. APPLICATION OF FORMALISM TO CURRENT DATA

Current data provides n = 3 precision determinations of the Cabibbo angle

sin ✓Kl3
= V Kl3

us = Vus , (13)

cos ✓� = V �
ud =

���
p
1� V 2

us +�

��� , (14)

tan ✓Kl2
=

✓
Vus

Vud

◆Kl2

=

Vus���
p
1� V 2

us +�

���
, (15)

where ✓Kl3
, ✓Kl2

and ✓� could all be different in BSM models. On the right hand side of

Eqs. (13)–(15) we write also the expressions in terms of the parametrization for the CKM

unitarity test. In the SM, all of these extractions should be equal up to corrections of
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2.3   Flaw of unitarity tests 

•  When using CKM unitarity tests        only 2 parameters Vus and ΔCKM 
 
Comparison of a one-parameter fit to a two-parameter fit only 
No matter how many measurements #d.o,f of the CKM unitarity test is 
always fixed 

 

•  When tension in 2 measurements among 3        no significant 
difference  

•  When tension in 3 measurements         the significances for the 
rejection of the SM via the Cabibbo angle and CKM unitarity are 
different 

 
           

18 Emilie Passemar 

Antonelli et al.’09,’11 
Gonzalez-Alonso &. Martin Camalich’16 
Grossman, E.P., Schacht’20 



 

 

2.4  Application to Kl3, Kl2 and superallowed β decays 

Emilie Passemar 19 

Fit n �2
SM test ⌫SM test pSM test zSM test ��2

unitarity test punitarity test zunitarity test

Kl3 +Kl2 2 8.5 1 0.0036 2.9 � 8.5 0.0036 2.9 �

Kl3 +Kl2 + � (SGPRM) 3 30.0 2 3.1 · 10�7 5.1 � 22.8 1.8 · 10�6 4.8 �

Kl2 + � (SGPRM) 2 11.6 1 0.00065 3.4 � 11.6 0.00065 3.4 �

Kl3 + � (SGPRM) 2 30.0 1 4.4 · 10�8 5.5 � 30.0 4.4 · 10�8 5.5 �

Kl3 +Kl2 + � (CMS) 3 16.5 2 0.00027 3.6 � 9.0 0.0027 3.0 �

Kl2 + � (CMS) 2 3.6 1 0.056 1.9 � 3.6 0.056 1.9 �

Kl3 + � (CMS) 2 15.1 1 0.00010 3.9 � 15.1 0.00010 3.9 �

TABLE III. Cabibbo angle universality SM test and CKM unitarity tests for different data sets.

zSM test is the significance of the rejection of Cabibbo angle universality and zunitarity test is the

significance of the CKM unitarity rejection.

IV. NEW PHYSICS MODELS

In this section, which is based on an idea first put forward in Refs. [12, 13], we demonstrate

the ability of a concrete BSM model to describe the data with �2
min, BSM = 0, while pointing

out that it is not even clear how to formulate the corresponding fit in terms of a CKM

unitarity test. We emphasize that this serves as a toy example for illustration only, that is,

we did not apply all the available constraints.

We employ the model and notation of Ref. [24] and show that BSM couplings of right-

handed (RH) quarks [17, 33, 44–52] to the W boson, i.e. RH currents, could remove the

tensions presented in Table III.

The above model serves only as an example. We are aware that models with sterile

neutrinos [53, 54] may have similar effects on the CKM extraction. Further BSM studies,

which also explore the connection of kaon and � decays to lepton flavor non-universality can

be found in Refs. [55, 56].

Following the notation of Ref. [24], we denote the respective coupling of RH strange

quarks by "s and the one of down quarks by "ns. Furthermore, the measured values of the

CKM matrix elements given in Table II are interpreted as effective ones and are related to

9

Sign of rejection of 
Cabibbo angle universality 

 

Sign of CKM  
unitarity rejection  

SGPRM: Seng, Gorchtein,  
Patel, Ramsey-Musolf’18,’19  
CMS: Czarnecki, Marciano,  
Sirlin’19 
 
 
  

Test results are different starting from n ≥ 3 



3.   New Physics Interpretations 



•  See also  

3.1   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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3.1   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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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%)
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Simplified scenario
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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
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⌧ ! ⇡(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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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)

✏ns = �0.07% (6)

✏s = �0.6% (7)

1

•  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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3.2   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
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4.   Conclusion and Outlook 



4.1  Conclusion 
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•  Recent precision determinations of Vus and Vud enable unprecedented tests 
of the SM and constraints on possible NP models like right-handed 
currents.  

•  A SM test via the test of the Cabibbo angle universality goes beyond just a 
test of CKM unitarity and gives different test results if more than two 
observables are taken into account.  

•  In a CKM unitarity test one compares a constrained fit with a fit of free 
floating Vus and Vud. The latter can not necessarily describe the data as well 
as a BSM model, in case the patterns go beyond just violating unitarity. 
This matters starting from three independent observables being taken into 
account.  
 

            Test the SM by testing for the universality of the Cabibbo angle 
  

•  If the anomaly persists         RHCs could explain it 
     

 

 

 
 

 



4.2  Experimental Prospects for Vus (Snowmass) 

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 



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
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