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Cabibbo angle in the SM

Within the SM paradigm, the Cabibbo anomaly signifies that some unresolved systematics is 
plaguing a subset of the measurements.


In this case, a naive combination of the different inputs does not describe the uncertainty about 
the real value of the Cabibbo angle. 


An ad hoc but practical approach is then to combine the inputs a-la PDG with errors inflated by a 
scale factor, such that the overall goodness of fit becomes acceptable (1 unit of /dof)χ2
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Cabibbo angle beyond the SM

Beyond the SM, the observables never measure the Cabibbo angle, but instead they probe a 
combination of the Cabibbo angle and new physics parameters. Moreover, different 

observables measure in general different combinations. 

The Cabibbo anomaly can then be interpreted as new physics contributions to a subset of the 

measurements.

Disentangling these non-standard pieces, various measurements of the Cabibbo angle 

become consistent with each other  
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Relevant EFT interactions for this talk

Physics beyond the SM characterised by 30 
parameters  describing effects of heavier 
non-standard particles (W', WR, leptoquarks ) 

coupled to light quarks and leptons
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V-A

V+A

Tensor

Scalar

Pseudoscalar

Assumption: lack of non-SM degrees of 
freedom lighter than ~2 GeV



EFT Lagrangian
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+ϵDℓ
R ℓ̄γμPLνℓ ⋅ ūγμ(1 + γ5)D
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SM parameters are the Fermi scale v = 246.22 GeV (determined from muon decay) 
 and the Cabibbo angle  (  is not independent, but instead connected to the Cabibbo angle by the 

unitarity relation  )

Vus Vud

V2
ud ≈ 1 − V2

us

The main goal will be to determine simultaneously the SM parameter Cabibbo angle  
and as many as possible new physics parameters  in the most general way 

without assuming any of them vanishes, or assuming any underlying flavor structure 
ϵDℓ

X



1 GeV

2 GeV

100 GeV

EFT for 
light SM 
particles  
(WEFT) 

1 MeV

10 TeV?

EFT for 
Hadrons 

(ChPT etc)

EFT for 
SM particles 

(SMEFT)

“Fundamental” 
BSM model

NR EFT for 
nucleons

ℒWEFT ⊃ − ∑
D=d,s

∑
ℓ=e,μ,τ

VuD

v2 {
(1+ϵDℓ

L ) ℓ̄γμPLνℓ ⋅ ūγμ(1 − γ5)D
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Then WEFT can be matched to SMEFT at the scale of 100 GeV. 

One can then show that new physics corrections 
 to the V+A currents are lepton-flavor universal

up to corrections from dimension-8 operators. 


This leads to the relation:

Additional assumption: lack of non-SM 
degrees of freedom lighter than ~100 GeV

EFT Lagrangian

ϵqe
R = ϵqμ

R = ϵqτ
R ≡ ϵq

R



EFT Lagrangian
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Observables never probe directly the CKM elements  or  . Instead, they always probe certain 
combination of CKM elements and new physics parameters  . It is therefore convenient to define the 

"polluted" CKM elements: 

Vud Vus
ϵDℓ

X

̂VuD = (1 + ϵDe
L + ϵD

R ) VuD

The point is that vector currents depend only on  and not on other parameters, 

therefore it is more straightforward to extract this particular combination from the data 

̂VuD

Note that  in the presence of general new physicŝV2
ud + ̂V2

us ≠ 1
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Table 8. Data from superallowed decays used in the fits [59].

Parent Ft [s] hme/Eei

10C 3075.7± 4.4 0.619
14O 3070.2± 1.9 0.438

22Mg 3076.2± 7.0 0.308
26mAl 3072.4± 1.1 0.300

26Si 3075.4± 5.7 0.264
34Cl 3071.6± 1.8 0.234
34Ar 3075.1± 3.1 0.212
38mK 3072.9± 2.0 0.213
38Ca 3077.8± 6.2 0.195
42Sc 3071.7± 2.0 0.201
46V 3074.3± 2.0 0.183

50Mn 3071.1± 1.6 0.169
54Co 3070.4± 2.5 0.157
62Ga 3072.4± 6.7 0.142
74Rb 3077± 11 0.125

values are copied from Table XVI of Ref. [59]. The central values take into account both
the �0

R
correction and the effects pointed out in Refs. [23, 58], however the errors do not

include the associated theoretical uncertainties as they are strongly correlated between the
decays. The fits carried out in the present work do take into account those correlated errors
following Eq. (3.4). The hme/Eei values are calculated using Eq. (2.6).

Table 9. Inputs from neutron decay used in the fits.

Observable Value S factor hme/Eei References
⌧n (s) 879.75(76) 1.9 0.655 [77–86]
Ãn �0.11958(21) 1.2 0.569 [5, 54, 87–91]
B̃n 0.9805(30) 0.591 [92–95]
�AB �1.2686(47) 0.581 [96]
an �0.10426(82) [15, 55, 56]
ãn �0.1090(41) 0.695 [97]

The input from neutron decay used in the fits is shown in Table 9. When multiple
references are given, the value is a Gaussian average of several experimental results. For
the neutron lifetime, due to mutually inconsistent measurements, the error is inflated by the
scale factor S = 1.9 following the standard PDG procedure [5]. Contrary to the latest PDG
edition [5], we do not discard the beam measurements [78, 82] following the arguments of

– 28 –

Beta decays

Observable Value hme/Eei References
⌧n (s) 879.75(76) 0.655 [52–61]
Ãn �0.11958(18) 0.569 [45, 62–66]
B̃n 0.9805(30) 0.591 [67–70]
�AB �1.2686(47) 0.581 [71]
an �0.10426(82) [46, 72, 73]
ãn �0.1090(41) 0.695 [74]

In the cases where multiple references are given, the value is a Gaussian average of several
experimental results. For the neutron lifetime, due to mutually inconsistent measurements,
the error is inflated by the scale factor S = 1.9 following the standard PDG procedure.
Unlike the prior analyses in the literature, in the combination of the �-asymmetry mea-
surements Ãn we do not inflate the error, again following the PDG procedure to the letter.
For the ⌧n measurement, hme/Eei is calculated using Eq. (2.6); for the remaining measure-
ments we use the effective hme/Eei values calculated in Ref. [4], which take into account
the experimental conditions.

Finally, we include in our analysis the following correlations measured in pure Fermi
and pure Gamow-Teller decays:

Parent Ji Jf Type Observable Value hme/Eei Ref.
6He 0 1 GT/�� a �0.3308(30) [75]
32Ar 0 0 F/�+ ã 0.9989(65) 0.210 [76]
38mK 0 0 F/�+ ã 0.9981(48) 0.161 [77]
60Co 5 4 GT/�� Ã �1.014(20) 0.704 [78]
67Cu 3/2 5/2 GT/�� Ã 0.587(14) 0.395 [79]
114In 1 0 GT/�� Ã �0.994(14) 0.209 [80]
14O/10C F-GT/�+ PF /PGT 0.9996(37) 0.292 [81]
26Al/30P F-GT/�+ PF /PGT 1.0030 (40) 0.216 [82]

See [4] for more details about the input values displayed above.
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ãn �0.1090(41) 0.695 [74]

In the cases where multiple references are given, the value is a Gaussian average of several
experimental results. For the neutron lifetime, due to mutually inconsistent measurements,
the error is inflated by the scale factor S = 1.9 following the standard PDG procedure.
Unlike the prior analyses in the literature, in the combination of the �-asymmetry mea-
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Neutron decay

Parent Spin � [MeV] hme/Eei fA/fV Ft [s] Correlation

17F 5/2 2.24947(25) 0.447 1.0007(1) 2292.4(2.7) [47] Ã = 0.960(82) [12, 48]
19Ne 1/2 2.72849(16) 0.386 1.0012(2) 1721.44(92) [44] Ã0 = �0.0391(14) [49]

Ã0 = �0.03871(91) [42]
21Na 3/2 3.035920(18) 0.355 1.0019(4) 4071(4) [45] ã = 0.5502(60) [39]
29P 1/2 4.4312(4) 0.258 0.9992(1) 4764.6(7.9) [50] Ã = 0.681(86) [51]
35Ar 3/2 5.4552(7) 0.215 0.9930(14) 5688.6(7.2) [13] Ã = 0.430(22) [14, 52, 53]
37K 3/2 5.63647(23) 0.209 0.9957(9) 4605.4(8.2) [43] Ã = �0.5707(19) [38]

B̃ = �0.755(24) [41]

Table 1. Mirror beta decays used in this analysis. The quantity hme/Eei is calculated via
Eq. (2.6), using the endpoint energy listed in the table. The latter are taken from AME2016 [46],
except that of 21Na [45]. The values of fA/fV come from Ref. [32, 40]. We also used the notation
Ã0 ⌘ Ã(me).

The measurement of the total �-asymmetry (i.e. the asymmetry integrated over the
energy of the beta particle) only gives us access to Ã. However, it is clear that measuring
the energy dependence of the �-asymmetry makes possible to extract separately A and the
Fierz term b, cf. Eq. (2.13). We encourage experimental groups to carry out such analyses
in order to extract all the information contained in the data. Such measurements of the �-
asymmetry as a function of the energy have already been performed, see e.g. Refs. [38, 42],
but not analyzed with a two-parameter fit.

3.2 Fermi, Gamow-Teller and neutron decays

For pure Fermi, pure GT, and neutron decay, we use the same data set included in the
global fit of Ref. [4] (total rates and asymmetries) with some updates that we explain in
this section. The complete list of observables and references is collected in Appendix B.

The measurement of the �-asymmetry in neutron decay by the PERKEO-III collabora-
tion [54] represents a major change, not only because it is the most precise to date, but also
because after its inclusion in the global data set and using the PDG criteria for averaging
various measurements [5], the scale factor S inflating the error has decreased considerably.
The numerical change is very significant:

Ãn = �0.11869(99) (S = 2.6, pre PERKEO-III) , (3.1)
Ãn = �0.11958(21) (S = 1.2, post PERKEO-III) . (3.2)

We also include the aSPECT’19 measurement, an = �0.10430(84) [15]. The new average
of an is

an = �0.10426(82) , (3.3)

– 10 –

Mirror decays
Various asymmetries
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Beta decays

̂Vud

ϵd
R

ϵde
S

ϵde
T

=

0.97382(42)
−0.012(12)
0.0002(10)

−0.0006(12)

ρ =

1 0.01 0.78 0.69
1 0.01 0.

1 0.64
1

• The underlying process is , thus beta decay probe  and new physics in the down-electron 
sector parametrized by  

• Sub-permille constraints on the polluted matrix element  

• Permille level constraints on scalar and tensor interactions  

• Percent level constraint on V+A down sector currents (weaker, because they rely on the lattice 
determination of the axial nucleon coupling )   

• Effects of pseudoscalar interactions are very suppressed in beta decay (they enter in the subleading 
order in the non-relativistic EFT expansion), and we do not display here the resulting bounds  

u → deν ̂Vud
ϵde

X

̂Vud

gA

AA, Gonzalez-Alonso, Naviliat-Cuncic 

2010.13797 + updates



Pion decays

Process Observable Value
⇡ ! µ⌫ �(⇡ ! µ⌫) 2.52806(49)⇥ 10�17 GeV

⇡ ! e±⌫ �(⇡!e⌫)
�(⇡!µ⌫) 1.2327(23)⇥ 10�4

⇡ ! e⌫� fT ✏deT 1.2(5.6)⇥ 10�4

⇡+ ! ⇡0e+⌫ V̂ud 0.9729(30)

Combining the pion decay constraints with the nuclear fit from the previous subsec-
tion I get 0

BBBBBB@

V̂ud

✏dR
✏deS
✏deT
✏deP
✏dµLP

1

CCCCCCA
=

0

BBBBBB@

0.97386(40)
�0.012(12)
0.00032(99)
�0.0003(11)

3.9(4.3)⇥ 10�6

�0.021(24)

1

CCCCCCA
, (5.10)

with the correlation matrix
0

BBBBBB@

1 0.01 0.75 0.64 0.01 �0.01
1 0.01 0. �0.96 0.96

1 0.6 0.01 �0.01
1 0.01 �0.01

1 �0.999
1

1

CCCCCCA
. (5.11)

6 Grand combination

6.1 e/µ constraints

Here we combine the constraints on ud and us interactions with electron and muons,
which come from kaon, pion, and nuclear decays discussed in the previous sections.
Basically, I combine the inputs discussed there. The only di↵erence is that I replace the
the ⇡ ! µ⌫ width observable with the ratio K ! µ⌫ and ⇡ ! µ⌫:

�(K ! µ⌫)

�(⇡ ! µ⌫)
=

V̂ 2
us

V̂ 2
ud

mK±

m⇡±

f 2
K±

f 2
⇡±

�
1+�K/⇡µ

�
1+2✏sµ/eL �2✏sµR �2✏seR�2✏sµP

m2
K±

mµ(mu +ms)
�2✏dµLP+2✏dµR +2✏deR

�
,

(6.1)
where the radiative correction to the ratio is [13]

�K/⇡µ = �0.0069(17). (6.2)

The motivation for this replacement is that the error on the radiative correction to the
ratio is a tad smaller than the analogous error on the individual widths. The exper-
imental value of the ratio (calculated from measured �(K ! µ⌫) and �(⇡ ! µ⌫))
is

�(K ! µ⌫)

�(⇡ ! µ⌫)
= 1.3367(31). (6.3)

We first parametrize the CKM elements in terms of the Cabibbo angle �:

Vud =
p
1� �2, Vus = �, (6.4)

11

Probes one linear combination of ϵdμ
X

Gives access to pseudoscalar coupling ϵde
P

Probe same parameters as  decay

but with less precision 

β

Updating the analysis of 
 Camalich, Gonzalez-Alonso


1605.07114



Pion decays

Beta decay + pion constraints together

̂Vud

ϵd
R

ϵde
S

ϵde
T

ϵde
P

ϵdμ
L − ϵde

L − ϵdμ
P

m2
π

mμ(mu + md)

=

0.97386(40)
−0.012(12)
0.00032(99)
−0.0003(11)

3.9(4.3) × 10−6

−0.021(24)

1 0.01 0.75 0.64 0.01 −0.01
1 0.01 0. −0.96 0.96

1 0.6 0.01 −0.01
1 0.01 −0.01

1 −0.999
1

• Very strong constraints on pseudoscalar interactions, thanks to chiral enhancement:  

by   for   and by  for   

As a result, for some BSM models, pion decays can probe new particles with masses well above 
the LHC reach


• Currently impossible to resolve all coupling in the down-muon sector, . We need more precision 
observables probing that sector,  e.g. low-energy muon scattering or muon capture on nuclei  
 


• No hint of new physics here

m2
π

me(mu + md)
ϵde

P
m2

π

mμ(mu + md)
ϵdμ

P

ϵdμ
X

Cirigliano, Diaz, AA, Gonzalez-Alonso, Rodriguez-Sanchez

to appear



Kaon decays

|VusfK
+ (0)| Correlation Matrix

KLe 0.21617(46)exp(10)IK (3)δEM 1 0.021 0.025 0.510 0.003 0.012

KSe 0.21530(122)exp(10)IK (3)δEM 1 0.009 0.009 0.000 0.005

K+e 0.21714(88)exp(10)IK (21)δSU(2)
(5)δEM 1 0.012 0.001 0.869

KLµ 0.21664(50)exp(16)IK (24)δEM 1 0.029 0.047

KSµ 0.21265(466)exp(16)IK (23)δEM 1 0.006

K+µ 0.21703(108)exp(16)IK (21)δSU(2)
(26)δEM 1

Average 0.21635(38)K (3)HO

Table I: Individual values and weighted average of |VusfK
+ (0)|, with independent uncertainties

displayed separately. Notice that the uncertainties from the BR and ΓK are generally correlated,

so we display only their combined uncertainty as “exp”.

Therefore, we choose to display it only in the weighted average, i.e. the last row in Table I.

Finally, the 2020 website update of the FLAG review quoted [79]:

|fK
+ (0)| = 0.9698(17) Nf = 2 + 1 + 1

|fK
+ (0)| = 0.9677(27) Nf = 2 + 1

|fK
+ (0)| = 0.9560(57)(62) Nf = 2 . (41)

We will choose the most precise value from Nf = 2+1+1 for numerical applications. With

that we obtain:

|Vus|K!3
= 0.22309(40)K(39)lat(3)HO . (42)

Let us discuss the results above. First, both the central value and the total uncertainty

in the weighted average of |VusfK
+ (0)| experience no significant change compared to those

in previous reviews (e.g. 0.21654(41) in Ref. [49]), but not the composition of uncertainties

in each channel. In our latest analysis, the combined experimental uncertainty from the

kaon lifetime and BRs are by far the dominant source of uncertainty in all channels. This

is quite different from a few years ago, wherein some channels (e.g. K+e) the theory and

experimental uncertainties are comparable. Such changes are mainly due to the improved

theory precision in δK"
SU(2) and δKe

EM.

We may also review the status of the top-row CKM unitarity. The best extraction of |Vud|

comes from superallowed 0+ → 0+ beta decays, but its precise value depends on the theory
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Finally, we also include the constraints from the axial coupling of the hyperon g1.
Analogously to gA for the neutron, the measured value of g1 and the one calculated on
the lattice in absence of new physics are related by

gmeasured
1 = glattice1 (1� 2✏sR) (3.28)

Here we assumed the SMEFT relation ✏seR = ✏sµR ⌘ ✏sR, because hyperons beta-decay to
both electrons and muons, and I reckon that gmeasured

1 dumps together both.1 Using the
measured value g1/f1 = 0.718(15), and the lattice value glattice1 = 0.72(7), this translates
into a constraint

✏sR = 0.001± 0.050. (3.29)

Process Observable Value
K ! µ⌫ �(K ! µ⌫) 3.3793(79)⇥ 10�17 GeV

K ! e⌫ �(K!e⌫)
�(K!µ⌫) 2.488(9)⇥ 10�5

K� ! ⇡0µ�⌫ fT/f+(0) -0.0007(74)
K ! ⇡µ⌫ logC 0.1985(70)

hyperon decay g1/f1 0.72(7)

4 Global fit to kaon data

4.1 Roll call

Let us first count the parameters and constraints. Assuming the SMEFT UV completion
and treating decay constants and form factors as known, we have the following unknown
parameters entering the kaon observables:

V̂us, ✏sµ/eL , ✏sR, ✏sµS , ✏sµP , ✏seP , ✏sµT , (4.1)

where ✏sµ/eL ⌘ ✏sµL � ✏seL , and ✏sR = ✏seR = ✏sµR . We have take into account that ✏seS and ✏seT
do not enter in practice, because their e↵ects are suppressed by the tiny electron mass.
Thus we have 7 parameters to fit.

What about observables.

• The leptonic 2 body decays constrain two combinations of ✏sµ/eL , ✏sR, ✏
sµ
P , ✏seP .

• The semileptonic 3-body decays to electrons constrain V̂us.

• The semileptonic 3-body decays to muons constrain V̂us and one linear combination
of ✏sµ/eL and ✏sµT .

• The add-ons constrain ✏sµT , ✏sµS and ✏seR .

All in all we have 7 constrains for 7 parameters - perfect.

1
It would be interesting to disentangle separate hyperon constraints on ✏seR and ✏sµR , as this would

allow for a simultaneous model-independent constraint on both in the non-SMEFT WEFT framework.
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Kaon decays give us access to  and strange Wilson coefficients  and   ̂Vus ϵse
X ϵsμ

X

Comparison of phenomenological and theoretical 

scalar form factor in semileptonic kaon decay gives access to ϵsμ

S

Comparison of measured and lattice  

hyperon axial coupling gives access to ϵs

R

Spectrum shape in semileptonic kaon decay 

allows one to constrain ϵsμ

T

Leptonic kaon decays mostly probe

pseudoscalar couplings  and ϵse

P ϵsμ
P

Width of electronic semileptonic kaon decays

directly probes polluted CKM element ̂Vus

Width of muonic semileptonic kaon decays probes

 combination of , ,  ,  and 


which allows us to disentangle 

̂Vus ϵs
R ϵsμ

S ϵsμ
T ϵsμ

L − ϵse
L

ϵsμ
L − ϵse

L

 Camalich, Gonzalez-Alonso

1605.07114

Updating the analysis of 



ℒWEFT ⊃ − ∑
D=d,s

∑
ℓ=e,μ,τ

VuD

v2 {
(1+ϵDℓ

L ) ℓ̄γμPLνℓ ⋅ ūγμ(1 − γ5)D

+ϵD
R ℓ̄γμPLνℓ ⋅ ūγμ(1 + γ5)D

+ϵDℓ
T

1
4

ℓ̄σμνPLνℓ ⋅ ūσμν(1 − γ5)D

+ϵDℓ
S ℓ̄PLνℓ ⋅ ūD

−ϵDℓ
P ℓ̄PLνℓ ⋅ ūγ5D} + hc

Kaon decays

• One can resolve all Lorentz structures in the strange-muon sector, , because of interplay of width 
and differential distribution observables 

• Less discriminating power in the strange-electron sector, because effects of  and   suppressed by 
the small electron mass 

• Sub-permille constraints on the polluted matrix element  

• Again very strong constraints on  pseudoscalar interactions (completely resolved this time) thanks to 
chiral enhancement 

• No hint of new physics here

ϵsμ
X

ϵse
S ϵse

T

̂Vus

̂Vus

ϵsμ
L − ϵse

L

ϵs
R

ϵsμ
S

ϵse
P

ϵsμ
P

ϵsμ
T

=

0.22306(56)
0.0008(26)
0.001(50)

−0.00026(44)
−0.3(2.0) × 10−5

−0.0006(41)
0.002(22)

ρ =

1 −0.11 0. −0.12 0.03 0.02 0.
1 0. 0. 0. 0.02 0.55

1 0. −0.997 −0.997 0.
1 −0.01 −0.01 0.

1 0.9996 0.
1 0.01

1

Cirigliano, Diaz, AA, Gonzalez-Alonso, Rodriguez-Sanchez

to appear



Hadronic tau decays

Inclusive 
 τ → d

Inclusive
 

 
τ → s

Two-body 
 τ → πν

Two-body 
 τ → Kν

3-body 
 τ → ππν

Nuclear 
and kaon 

 ̂VuD

ϵdτ
L − ϵde

L

ϵdτ
R

ϵdτ
P

ϵdτ
T

ϵsτ
L − ϵse

L − 2ϵs
R −

m2
K±

mτ(mu + ms)
ϵsτ

P

ϵsτ
L − ϵse

L + 0.08(1)ϵsτ
S − 0.39ϵsτ

P + 0.4(1)ϵsτ
T

=

2.2 ± 2.6
0.6 ± 1.4
0.4 ± 1.0

−2.8 ± 5.9
−0.2 ± 1.0
−1.2 ± 1.2

× 10−2

ℒWEFT ⊃ − ∑
D=d,s

∑
ℓ=e,μ,τ

VuD

v2 {
(1+ϵDℓ

L ) ℓ̄γμPLνℓ ⋅ ūγμ(1 − γ5)D

+ϵDℓ
R ℓ̄γμPLνℓ ⋅ ūγμ(1 + γ5)D

+ϵDℓ
T

1
4

ℓ̄σμνPLνℓ ⋅ ūσμν(1 − γ5)D

+ϵDℓ
S ℓ̄PLνℓ ⋅ ūD

−ϵDℓ
P ℓ̄PLνℓ ⋅ ūγ5D} + hc

ρ =

1 0.87 −0.24 −0.97 −0.04 −0.42
1 −0.63 −0.86 0.06 −0.57

1 0.24 −0.36 0.39
1 0.05 0.48

1 0.16
1

ϵdτ
S ∈ (−0.021,0.010)

3-body 
 τ → πην

• All Lorentz structures resolved in the down-tau sector,  

• Only two linear combinations probed in the strange-tau sector,  
Progress on the theory side needed to improve the situation 

• Percent level constraints on new physics Wilson coefficients 

• No hint of new physics here

ϵdτ
X

ϵsτ
X

Cirigliano, Diaz, AA, Gonzalez-Alonso, Rodriguez-Sanchez

to appear



Global fit



Kaons

Nuclear 
beta 

decay

Pions

Global fit

Tau



̂Vus ≡ Vus(1 + ϵse
L + ϵs

R)
ϵdse

L ≡ ϵde
L +

̂V 2
us

1 − ̂V 2
us

ϵse
L

ϵd
R

ϵde
S

ϵde
P

ϵde
T

ϵsμ
L − ϵse

L

ϵs
R

ϵse
P

ϵdμ
LP ≡ ϵdμ

L − ϵde
L − ϵdμ

P
m2

π±

mμ(mu + md)

ϵsμ
S

ϵsμ
P

ϵsμ
T

ϵdτ
L − ϵde

L

ϵdτ
P

ϵdτ
T

ϵsτ
LP ≡ ϵsτ

L − ϵse
L − ϵsτ

P
m2

K ±

mτ(mu + ms)

ϵsτ
LSPT ≡ ϵsτ

L − ϵse
L + 0.08(1)ϵsτ

S − 0.39ϵsτ
P + 0.4(1)ϵsτ

T

=

0.22306(56)
1.1(9.6)

−2.1(9.2)
3.1(9.9)
0.6(3.6)

−0.4(1.1)
0.8(2.2)
0.1(5.0)

−0.3(2.0)
−0.2(2.0)
−2.6(4.4)
−0.6(4.1)
0.2(2.2)
0.5(2.0)
8.1(8.8)
0.9(4.6)
0.0(1.0)

−0.7(5.2)

× 10∧

0
−3
−3
−4
−6
−3
−3
−2
−5
−2
−4
−3
−2
−2
−3
−2
−1
−2

Global fit

ρ =

1 0.02 0. 0. 0. 0. −0.11 0. 0.03 0. −0.12 0.02 0. 0. 0. 0. −0.02 −0.05
1 −0.95 0.01 0.89 0.01 0. −0.3 0.3 −0.89 0. 0.3 0. −0.76 0.53 0.79 −0.3 −0.22

1 0.03 −0.93 0.02 0. 0. 0. 0.93 0. 0. 0. 0.79 −0.56 −0.83 0. −0.08
1 −0.01 0.6 0. 0. 0. 0.01 0. 0. 0. 0.02 0. −0.03 0. 0.

1 0. 0. 0. 0.03 −0.999 0. 0.03 0. −0.66 0.73 0.68 −0.02 0.07
1 0. 0. 0. 0. 0. 0. 0. 0.01 0.01 −0.02 0. 0.

1 0. 0. 0. 0. 0.02 0.55 0. 0. 0. 0. 0.01
1 −0.997 0. 0. −0.997 0. 0. 0. 0. 0.99 0.98

1 −0.03 −0.01 0.9996 0. 0.01 0.04 −0.01 −0.997 −0.98
1 0. −0.03 0. 0.66 −0.73 −0.68 0.02 −0.07

1 −0.01 0. 0. 0. 0. 0.01 0.01
1 0.01 0.01 0.04 −0.01 −0.997 −0.98

1 0. 0. 0. 0. 0.
1 −0.03 −0.95 −0.01 −0.04

1 0.1 −0.04 0.05
1 0.01 0.07

1 0.98
1
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̂Vus ≡ Vus(1 + ϵse
L + ϵs

R)
ϵdse

L ≡ ϵde
L +

̂V 2
us

1 − ̂V 2
us

ϵse
L

ϵd
R

ϵde
S

ϵde
P

ϵde
T

ϵsμ
L − ϵse

L

ϵs
R

ϵse
P

ϵdμ
LP ≡ ϵdμ

L − ϵde
L − ϵdμ

P
m2

π±

mμ(mu + md)

ϵsμ
S

ϵsμ
P

ϵsμ
T

ϵdτ
L − ϵde

L

ϵdτ
P

ϵdτ
T

ϵsτ
LP ≡ ϵsτ

L − ϵse
L − ϵsτ

P
m2

K ±

mτ(mu + ms)

ϵsτ
LSPT ≡ ϵsτ

L − ϵse
L + 0.08(1)ϵsτ

S − 0.39ϵsτ
P + 0.4(1)ϵsτ

T

=

0.22306(56)
1.1(9.6)

−2.1(9.2)
3.1(9.9)
0.6(3.6)

−0.4(1.1)
0.8(2.2)
0.1(5.0)

−0.3(2.0)
−0.2(2.0)
−2.6(4.4)
−0.6(4.1)
0.2(2.2)
0.5(2.0)
8.1(8.8)
0.9(4.6)
0.0(1.0)

−0.7(5.2)

× 10∧

0
−3
−3
−4
−6
−3
−3
−2
−5
−2
−4
−3
−2
−2
−3
−2
−1
−2

Global fit

This result describes an  
18 parameter likelihood function


with all correlations taken into account. 

No specific flavor structure assumed.


All epsilon's can be present at the same time 
in completely arbitrary patterns


The likelihood can be applied to constraining

a broad class of new physics models  

as long as non-SM particles are heavy enough  



̂Vus ≡ Vus(1 + ϵse
L + ϵs

R)
ϵdse

L ≡ ϵde
L +

̂V 2
us

1 − ̂V 2
us

ϵse
L

ϵd
R

ϵde
S

ϵde
P

ϵde
T

ϵsμ
L − ϵse

L

ϵs
R

ϵse
P

ϵdμ
LP ≡ ϵdμ

L − ϵde
L − ϵdμ

P
m2

π±

mμ(mu + md)

ϵsμ
S

ϵsμ
P

ϵsμ
T

ϵdτ
L − ϵde

L

ϵdτ
P

ϵdτ
T

ϵsτ
LP ≡ ϵsτ

L − ϵse
L − ϵsτ

P
m2

K ±

mτ(mu + ms)

ϵsτ
LSPT ≡ ϵsτ

L − ϵse
L + 0.08(1)ϵsτ

S − 0.39ϵsτ
P + 0.4(1)ϵsτ

T

=

0.22306(56)
1.1(9.6)

−2.1(9.2)
3.1(9.9)
0.6(3.6)

−0.4(1.1)
0.8(2.2)
0.1(5.0)

−0.3(2.0)
−0.2(2.0)
−2.6(4.4)
−0.6(4.1)
0.2(2.2)
0.5(2.0)
8.1(8.8)
0.9(4.6)
0.0(1.0)

−0.7(5.2)

× 10∧

0
−3
−3
−4
−6
−3
−3
−2
−5
−2
−4
−3
−2
−2
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−2
−1
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Global fit

One additional linear combination of 

new physics Wilson coefficients 


constrained because we 

used the relation between 


polluted CKM matrix elements:

̂Vud = 1 − ̂V2
us[1 + ϵdse

L + ϵd
R +

̂V2
us

1 − ̂V2
us

ϵs
R]



̂Vus ≡ Vus(1 + ϵse
L + ϵs

R)
ϵdse

L ≡ ϵde
L +

̂V 2
us

1 − ̂V 2
us

ϵse
L

ϵd
R

ϵde
S

ϵde
P

ϵde
T

ϵsμ
L − ϵse

L

ϵs
R

ϵse
P

ϵdμ
LP ≡ ϵdμ

L − ϵde
L − ϵdμ

P
m2

π±

mμ(mu + md)

ϵsμ
S

ϵsμ
P

ϵsμ
T

ϵdτ
L − ϵde

L

ϵdτ
P

ϵdτ
T

ϵsτ
LP ≡ ϵsτ

L − ϵse
L − ϵsτ

P
m2

K ±

mτ(mu + ms)

ϵsτ
LSPT ≡ ϵsτ

L − ϵse
L + 0.08(1)ϵsτ

S − 0.39ϵsτ
P + 0.4(1)ϵsτ

T

=

0.22306(56)
1.1(9.6)

−2.1(9.2)
3.1(9.9)
0.6(3.6)

−0.4(1.1)
0.8(2.2)
0.1(5.0)
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−0.6(4.1)
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Global fit

Both nuclear beta decay and 

hadronic tau decay probe the


same new physics parameter   
with  similar precision. 


Constraints on V+A currents considerably

stronger in the global fit than in the 

individual fits


ϵd
R



̂Vus ≡ Vus(1 + ϵse
L + ϵs

R)
ϵdse

L ≡ ϵde
L +

̂V 2
us

1 − ̂V 2
us

ϵse
L

ϵd
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S

ϵde
P

ϵde
T

ϵsμ
L − ϵse
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π±
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mτ(mu + ms)
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LSPT ≡ ϵsτ
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L + 0.08(1)ϵsτ

S − 0.39ϵsτ
P + 0.4(1)ϵsτ

T

=

0.22306(56)
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Global fit

No hint of new physics here

The chi^2 difference between the SM fit 

 and the general EFT fit is

χ2
SM − χ2

WEFT = 37
with 17 additional degrees of freedom 

 in the EFT fit. This corresponds to  
2.9 sigma preference for new physics!



Lessons



SM fit

For the moment we assume the SM paradigm, that is to say, our EFT is UV-completed at the W mass scale 
by the Standard Model, rather than by the general SMEFT. This implies 

ϵDℓ
X = 0

In this limit the only unknown fundamental parameter in our effective Lagrangian 

is the Cabibbo angle, that is . Naively one obtainsVus

ℒWEFT ⊃ − ∑
D=d,s

∑
ℓ=e,μ,τ

VuD

v2 {
(1+ϵDℓ

L ) ℓ̄γμPLνℓ ⋅ ūγμ(1 − γ5)D

+ϵD
R ℓ̄γμPLνℓ ⋅ ūγμ(1 + γ5)D

+ϵDℓ
T

1
4

ℓ̄σμνPLνℓ ⋅ ūσμν(1 − γ5)D

+ϵDℓ
S ℓ̄PLνℓ ⋅ ūD

−ϵDℓ
P ℓ̄PLνℓ ⋅ ūγ5D} + hc

Vus = 0.22456 ± 0.00033
Naively, relative per-mille level precision on 


It follows that , that is precision better than 
Vus

Vud = 0.974453(77) 10−4



0.218 0.220 0.222 0.224 0.226 0.228
Vus

� Superallowed
� Neutron

K���
K���/����

K��l�
��K�/����

��s inclusive
Global(naive)

SM fit

Within the SM paradigm, it is absurd to say that the Cabibbo angle lies in the narrow interval suggested by 
the global fit. The internal inconsistency between the data sets suggests the existence of unaccounted for 

systematic effects,  such that some errors are underestimated



SM fit

An ad hoc procedure, routinely practised by PDG is to inflate democratically all errors, 

such that overall goodness of fit is acceptable. The inflated errors better reflect our current knowledge 

concerning the Cabibbo angle in the SM

Vus = 0.22456 ± 0.00072 S = 2.2

0.218 0.220 0.222 0.224 0.226 0.228
Vus

� Superallowed
� Neutron

K���
K���/����

K��l�
��K�/����

��s inclusive
Global (S=2.2)

It follows that Vud = 0.97445(17)



One-by-one BSM fit

We now assume new physics is well approximated by a  
single Wilson coefficient  in the EFT Lagrangian ϵDℓ

X

ℒWEFT ⊃ − ∑
D=d,s

∑
ℓ=e,μ,τ

VuD

v2 {
(1+ϵDℓ

L ) ℓ̄γμPLνℓ ⋅ ūγμ(1 − γ5)D

+ϵD
R ℓ̄γμPLνℓ ⋅ ūγμ(1 + γ5)D

+ϵDℓ
T

1
4

ℓ̄σμνPLνℓ ⋅ ūσμν(1 − γ5)D

+ϵDℓ
S ℓ̄PLνℓ ⋅ ūD

−ϵDℓ
P ℓ̄PLνℓ ⋅ ūγ5D} + hc

• Preference for  and   is highly correlated, that is a combination of the two adjusts to ease 
the tension between nuclear beta decay and kaon decay determinations of the Cabibbo angle


• Preference for  is independent of the above two, and in this case  adjusts to ease the tension  
between the inclusive  and kaon determinations of the Cabibbo angle


• In the 2-parameter scenario with  and  the chi^2 is improved by 18 compared to the SM fit,  
which corresponds to 3.8 sigma preference for such a scenario.

ϵde
L ϵs

R

ϵsτ
L ϵsτ

L
τ → s

ϵde
L ϵsτ

L

✏de
X

⇥ 103 ✏se
X

⇥ 103 ✏dµ
X

⇥ 103 ✏sµ
X

⇥ 103 ✏d⌧
X

⇥ 103 ✏s⌧
X

⇥ 103

L -0.79(25) -0.6(1.2) 0.40(87) 0.5(1.2) 5.0(2.5) -18.2(6.2)

R -0.62(25) -5.2(1.7) -0.62(25) -5.2(1.7) -0.62(25) -5.2(1.7)

S 1.40(65) -1.6(3.2) x -0.51(43) -6(16) -270(100)

P 0.00018(17) -0.00044(36) -0.015(32) -0.032(64) 1.7(2.5) 10.4(5.5)

T̂ 0.29(82) 0.035(70) x 2(18) 28(10) -55(27)

Table 1: Constraints on the Wilson coe�cients ✏D`

X
in units of 10�3, fitting one parameter at

a time. We highlighted in red color the entries where 3� or larger preference for new physics
is displayed. The cross signifies that this particular Wilson coe�cient is not constrained by our
analysis. Let us note again that we assume ✏De

R
= ✏Dµ

R
= ✏D⌧

R
, as predicted by the SMEFT at

dimension six.

confidence intervals for the latter. In the global case these confidence intervals are not particularly
revealing, because they are set by the lattice central values and errors. The situation changes
in the SM limit. Due to the limited number of free parameters, the meson decay constants are
themselves constrained by the experimental data. We find

0

@
f⇡± [MeV]
fK±/f⇡±

f+(0)

1

A =

0

@
130.54(34)
1.1958(35)
0.9668(28)

1

A , S = 2.0 . (6.13)

As indicated, both Eqs. (6.12)-(6.13) come from the same fit, where we have applied the same scale
factor S = 2.0. In spite of inflating the errors, the uncertainty on f⇡± is reduced by more than a
factor of two compared to the (face value) lattice result. Hadronic tau decays have a significant
impact on reducing the error. We stress that this more stringent constraint can only be used in
the SM context, and is not valid in the presence of new physics. For fK±/f⇡± and f+(0) the errors
are actually larger compared to the (face value) lattice results, reflecting the inflated uncertainty
due to the tensions in the global fit.

6.4 Simple new physics scenarios and perspective on Cabibbo anomaly

We move to studying the likelihood of Eq. (6.7) in simplified new physics scenarios. First, we will
assume that only a single Wilson coe�cient ✏D`

X
in Eq. (2.1) is present at a time. This exercise will

allow us to identify simple directions in the parameter space where the goodness of the fit can be
significantly improved compared to the SM limit.

The results are shown in Table 1. First thing to see is that our likelihood constrains almost
the complete set of ✏d`

X
and ✏s`

X
Wilson coe�cients. The typical accuracy is percent to per mille

level. The notable exception are ✏De

P
and ✏Dµ

P
where much larger accuracy is due to the chiral

enhancement of pseudoscalar interaction. Note that the constraints in Table 1 are often an order
of magnitude better than in Eq. (6.7), as in the latter case the true power of the constraints is
obscured by large correlations.

Furthermore, the fit shows a preference for non-zero values of several Wilson coe�cients. This
is a flip side of the Cabibbo anomaly discussed in the previous subsection. The preference is
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On LFUV

ϵse
L

ϵsμ
L − ϵse

L

ϵsτ
L − ϵse

L

=
−0.0145(52)
0.0004(12)

−0.0176(62)

Another simple BSM scenario: assume SM-like V-A interaction,  
but violating lepton flavor universality. 

There's a strong hint for lepton flavor universality violation in the strange-tau sector

Belfatto et al 1906.02714

Kirk 2008.03261


Belfatto Berezhiani 2103.05549

 Branco et al 2103.13409

For recent UV models addressing the Cabibbo anomaly see e.g. 



Summary



• Lots of high-quality precision data to probe  transitions,  
for all lepton flavors.  


• Individual datasets (nuclear, pion, kaon, tau) do not show a particular  
preference for new physics


• However a global combination of these shows a strong preference for  
new physics. This takes the form of the Cabibbo anomaly, that is different 
datasets point to a different value of the Cabibbo angle. 


• Note that the tension is more than "CKM unitarity problem", in particular  
different determinations of  (kaons, hadronic taus) are also in tension 
 with each other 


• As any hint of physics beyond the Standard Model,  
this is most likely a problem with underestimated systematics  
in experiment and/or in theory 


• However at face value the data point to lepton flavor universality  
violation in the strange quark sector, intriguingly adding to the hints  
of lepton flavor universality violation in the bottom quark sector

d(s) → uℓν

Vus

Summary


