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• Introduction: semi-leptonic decays in the SM and beyond

• Paths to extracting  Vud and Vus  

• Status of 1st row CKM unitarity test:  Cabibbo Angle Anomaly 

• Possible explanations within the Standard Model 

• BSM explanations in EFT language 

• Conclusions and outlook 
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Cabibbo-Kobayashi-Maskawa

Lepton universality

Cabibbo universality 

• In the SM, W exchange  ⇒  V-A currents,  universality relations
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• BSM effects ε~ (v/Λ)2,   
can spoil  universality.  
Precision in 0.1-0.01% 
probes Λ > 10 TeV
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• Extract Vij from semileptonic processes (beta decays, …)

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections
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• Extract Vij from semileptonic processes (beta decays, …)

Channel-dependent 
effective CKM element

Hadronic matrix 
element Radiative corrections

Calculable coefficients BSM effective couplings 



Paths to Vud and Vus
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Paths to Vud and Vus

• Nuclear decays:  Recent analysis of 
“inner” radiative corrections with 
dispersive methods (smaller errors).  
New structure-deep corrections 
pointed out (larger error)
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(Mirror transitions)

• “Golden modes” (V current):  normalization known in SU(2) [SU(3)] limit, 
corrections are 2nd order in SU(N) breaking. 2

Figure 1: Feynman diagrams corresponding to the amplitude
in (4) which contribute at order O(↵/⇡) to neutron � decay
and are sensitive to the hadronic scale.

We summarize in this Letter the essential features of our
analysis that lead us to these values, and defer details to
an upcoming longer paper [21].

Among the various contributions atO(↵/⇡) to the neu-
tron � decay amplitude, Sirlin established [22] that the
only one sensitive to the hadronic scale is the part in the
�W box amplitude (Fig. 1),
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p
2e2GFVud
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involving the nucleon matrix element of the product of
the electromagnetic (EM) and the axial part of the weak
charged current

Tµ⌫
V A =
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2
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After inserting the nucleon matrix element parametrized
in terms of the P -odd invariant function Tµ⌫
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i✏µ⌫↵�p↵q�

2p·q T3 into the amplitude (4), the correction to the

tree level amplitude is expressed as [22]

⇤V A
�W =

↵

8⇡

Z 1

0
dQ2 M2

W

M2
W +Q2

⇥

Z i
p

Q2

�i
p

Q2

d⌫

⌫

4(Q2 + ⌫2)3/2

⇡MQ4
T3(⌫, Q

2) (6)

where after Wick rotation the azimuthal angles of the
loop momentum have been integrated over and the re-
maining integrals have been expressed in terms of Q2 =
�q2 and ⌫ = (p · q)/M . With negligible error, we assume
a common nucleon massM in the isospin symmetric limit
and we work in the recoil-free approximation. This con-
tributes to the nucleus-independent EWRC as

�V
R = 2⇤V A

�W + . . . , (7)

where the ellipses denote all other corrections insensitive
to the hadronic scale.

Marciano and Sirlin estimate ⇤V A
�W by phenomenolog-

ically treating the ⌫-integral FM.S.(Q2) ⌘
R
d⌫ . . . in the

second line of (6) as a function of Q2, and parametriz-
ing it piecewise over three domains: in the short distance
domain Q2 > (1.5 GeV)2, the leading term in the OPE
corrected by high order perturbative QCD is used; in
the long distance domain Q2 < (0.823 GeV)2, the elas-
tic nucleon with dipole form factors is used with a 10%
uncertainty; and at intermediate scales (0.823 GeV)2 <
Q2 < (1.5 GeV)2, an interpolating function inspired by
VMD is used and is assigned a generous 100% uncer-
tainty. Performing the integration over Q2 in (6) yields
their value of �V

R quoted above.
Our evaluation of ⇤V A

�W begins by first separating the
invariant amplitude T3 with respect to isosinglet and

isotriplet components of the EM current T3 = T (0)
3 +T (3)

3 .

Crossing symmetry implies T (0)
3 is odd under ⌫ ! �⌫

while T (3)
3 is even. Since the ⌫ integration measure in

(6) is odd, only T (0)
3 contributes to ⇤V A

�W . We then

write a dispersion relation in ⌫ for T (0)
3 , taking into ac-

count the physical sheet singularities. Poles at ⌫B =
±Q2/(2M) correspond to the elastic single-nucleon in-
termediate state, and branch points at ⌫⇡ = ±(m2

⇡ +
2Mm⇡ + Q2)/(2M) correspond to single pion produc-

tion thresholds. We identify the discontinuity of T (0)
3

across the cut as the �W -interference structure function,
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where F (0)
3 contains both the elastic and inelastic contri-

butions. No subtraction constant appears since T (0)
3 is an

odd function of ⌫. Only I = 1/2 intermediate states con-
tribute because the EM current is isoscalar. After insert-
ing (8) into (6), performing the ⌫-integral, and changing
the integration variable ⌫0 ! Q2/(2Mx) we obtain
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where M (0)
3 (1, Q2) is the first Nachtmann moment of the

structure function F (0)
3 [23, 24]

M (0)
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(1 + r)2
F (0)
3 (x,Q2), (10)

and r =
p
1 + 4M2x2/Q2. To estimate ⇤V A

�W , we require

the functional form of F (0)
3 depending on x and Q2, or

equivalently, W 2 = M2 + (1� x)Q2/x and Q2.
We draw attention to the fact that (9) relates [MS]’s

phenomenological function to the first Nachtmann mo-
ment

FM.S.(Q
2) =

12

Q2
M (0)

3 (1, Q2) , (11)

Survey by 

Hardy-Towner, PRC 2020

Czarnecki-Marciano-Sirlin

1907.06737

Seng et al,  1807.10197

Seng et al,  1812.03352

Gorchtein 1812.042296
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(Mirror transitions)

• “Golden modes” (V current):  normalization known in SU(2) [SU(3)] limit, 
corrections are 2nd order in SU(N) breaking. 

• Kaon decays:  

• New analysis of radiative corrections based on Sirlin’s 
formalism + lattice. Compatible with older ChPT 
analysis, but order-of-magnitude smaller uncertainty.  

• Lattice calculations of  <π|V|K> keep improving (0.2%)

• Expt. input has received small updates since 2010

Seng et al,  1910.13209, 
2103.00975. 2103.4843.  
2107.14708. 2203.05217


Ma et al. 2102.12048 

FLAG 21, Aoki et al., 
2111.09849

VC, Giannotti, Neufeld 0807.4607 

Flavianet WG,  1005.2323 

Moulson 1704.04104  
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(Mirror transitions)

• “Golden modes” (V current):  normalization known in SU(2) [SU(3)] limit, 
corrections are 2nd order in SU(N) breaking. 

• Pion beta decay:  

• Theory in great shape: calculation of radiative 
corrections with input on γ-W box from lattice QCD  

• Expt. needs order-of-magnitude improvement in 
precision in order to be competitive.  First steps with 
PIONEER experiment

Feng, Gorchtein, Jin, Ma, Seng , 
2003.09798

PIONEER
2203.01908
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Paths to Vud and Vus

• Both V and A currents contribute: need experimental input on <A>

• Neutron decay: 

• Recent advances in lifetime and β asymmetry measurement (gA)  
make neutron’s  δVud much closer to that of nuclear decays

• Theoretically “cleaner” — no nuclear structure

• Mirror transitions:  Vud uncertainty is >3 greater than the one in 
0+→0+ 

• Hyperon decays: currently lower expt.  and theoretical precision 
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(Mirror transitions)

Falkowski et 
al. 2110.13797

Gonzalez et al, 
2106.10375

Maerkish et al, 
1812.04666
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Paths to Vud and Vus

• A current transitions: most precise constraint on Vus/Vud

• Lattice QCD calculations of FK/Fπ have reached <0.2% 

• First calculation of radiative and isospin-breaking 
corrections in Lattice QCD have appeared.                
Compatible with ChPT but factor of ~2 more precise

• Expt. input hasn’t changed since 2010
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(Mirror transitions)

Flavianet WG,  1005.2323 
Moulson 1704.04104  

FLAG 21, Aoki et al., 
2111.09849

Di Carlo et al., 
1904.08731

VC-Neufeld, 
1102.0563
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Paths to Vud and Vus

• Use OPE to calculate inclusive BRs —  very different theory “systematics” 

• Information from both inclusive and exclusive modes 

• Currently less competitive than K decays in the precision on Vus
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(Mirror transitions)

See HFLAG  WG (1909.12524)   and references therein
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CKM unitarity test

χ2/dof = 2.8, S=1.67

Bryman, VC, Crivellin, Inguglia  2111.05338

Marciano, 

hep-ph/0402299

Czarnecki, Marciano, Sirlin

1911.04685
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CKM unitarity test

χ2/dof = 2.8, S=1.67

Bryman, VC, Crivellin, Inguglia  2111.05338

Marciano, 

hep-ph/0402299

Czarnecki, Marciano, Sirlin
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Is this a hint of new physics?
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Standard Model explanations?

• K-π vector form factor normalization:  f+K(0): 0.970(2) → 0.961(4)

Czarnecki, 
Marciano, Sirlin


1911.04685,  PRD

It would amount to a ~25% effect on the computed SU(3) 
breaking correction f+(0)-1.  Not likely, in my opinion 

1. Hadronic matrix elements 

• Similarly,  uncertainty estimate on FK/Fπ  would have to be off by 
several theoretical “standard deviations” 

13



Standard Model explanations?

• K →πeν,  K →πμν:  partially rely on lattice QCD (γ-W box); improvable

• Neutron decay: need lattice QCD calculation 

• Nuclear decays: improvable with EFT + ab-initio calculations, which provide 
a way to quantify uncertainty  

• RA :  RC + isospin breaking in ChPT and LQCD agree. Only full-fledged 
LQCD calculation of radiative corrections so far 

• Pion beta decay:  RC with input from LQCD (γ-W box) 

2. Radiative corrections

14



Standard Model explanations?

• K →πeν,  K →πμν:  partially rely on lattice QCD (γ-W box); improvable

• Neutron decay: need lattice QCD calculation 

• Nuclear decays: improvable with EFT + ab-initio calculations, which provide 
a way to quantify uncertainty  

• RA :  RC + isospin breaking in ChPT and LQCD agree. Only full-fledged 
LQCD calculation of radiative corrections so far 

• Pion beta decay:  RC with input from LQCD (γ-W box) 

2. Radiative corrections

The frontier is: 
QCD+QED on the lattice for meson and neutron decay

EFT+ ab-initio calculations in nuclei: good prospects for 10C and 14O decays
14



BSM explanations?

Elements of the 
unitary CKM matrix

Channel-dependent, 
extracted CKM elements

Known 
coefficients

BSM effective 
coupligs 

Find set of ε’s so that Vud and Vus bands meet on the unitarity circle

15



Low-energy effective Lagrangian (1)
VC,  Gonzalez-Alonso, Jenkins  0908.1754, NPB

µ﹣
νµµ﹣

νµ

 εi ~(v/Λ)2 

Vertex corrections 4-fermion contact interaction

Leptonic interactions

           VC, Graesser, Gonzalez-Alonso  1210.4553,  JHEP
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Low-energy effective Lagrangian (2)

Semi-leptonic interactions

 εi ~(v/Λ)2 

           VC, Graesser, Gonzalez-Alonso  1210.4553,  JHEPVC,  Gonzalez-Alonso, Jenkins  0908.1754, NPB

Vertex + contact 4-Fermi W-lepton and W-quark 
vertex corrections17



Low-energy effective Lagrangian (2)

Semi-leptonic interactions

 εi ~(v/Λ)2 

           VC, Graesser, Gonzalez-Alonso  1210.4553,  JHEPVC,  Gonzalez-Alonso, Jenkins  0908.1754, NPB

Beta decays sensitive to 
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Low-energy effective Lagrangian (2)

Semi-leptonic interactions

 εi ~(v/Λ)2 

           VC, Graesser, Gonzalez-Alonso  1210.4553,  JHEPVC,  Gonzalez-Alonso, Jenkins  0908.1754, NPB

 εS,T,P  and εL(c) are constrained by other probes (including LHC) to levels that make 
them unlikely source of the Cabibbo angle anomaly  

18



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

Relevant for RV

Relevant for RA µ﹣

νµ
_

19



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

Relevant for RV

Relevant for RA

• Shift the location of  the Vud,us bands:                    
non-zero value of (εWl)μμ

• No resolution of Kl3 vs Kl2 and RV vs RA tension

µ﹣

νµ
_

←

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

Relevant for RV

Relevant for RA

• Shift the location of  the Vud,us bands:                    
non-zero value of (εWl)μμ

• No resolution of Kl3 vs Kl2 and RV vs RA tension

• Connection with π→eν/ π→μν

Crivellin-Hoferichter 2002.07184, PRL

(and other LFU probes)19



• 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

uR

dR

uR

sR

ΔCKM and R-handed currents
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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



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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• Intriguing hints ⇒ guidance for BSM model-building  [Many papers]

• Can match from LEFT to SMEFT and look at collider and precision EW 
constraints on the BSM couplings that are (dis)favored by the Cabibbo anomaly  
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the multi-body and inclusive channels are theoretically more challenging, and the present paper
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• Explanations of MW anomaly in SMEFT (beyond oblique corrections) 
are in tension with current CKM unitarity   

Connection with MW?

OHWB H†⌧ IHW I
µ⌫B

µ⌫

OHD

��H†DµH
��2

O
(3)
Hl

�
H†i

$
DI

µH
� �

l̄p⌧ I�µlr
�

O
(3)
Hq

�
H†i

$
DI

µH
� �

q̄p⌧ I�µqr
�

Oll

�
l̄p�µlr

� �
l̄s�µlt

�

O
(3)
lq

�
l̄p⌧ I�µlr

� �
q̄s⌧ I�µqt

�

Table 1. List of the most relevant SMEFT dimension-six operators that are involved in this analysis.

Calculated at linear order in SMEFT, the shift to W mass from the SM prediction due to
dimension-six operators is given by [23, 24]

�m2
W

m2
W

= v2
swcw

s2w � c2w


2CHWB +

cw
2sw

CHD +
sw
cw

⇣
2C(3)

Hl
� Cll

⌘�
, (2.2)

where v ' 246 GeV is the vacuum expectation value of the Higgs field, sw = sin ✓w and
cw = cos ✓w. The Weinberg angle ✓w is fixed by the electroweak input parameters {GF ,mZ ,↵EW }

[25]. Here we define �m2
W

= m2
W
(SMEFT)�m2

W
(SM). The mass of the W boson receives cor-

rections from four Wilson coefficients, namely CHWB, CHD, C(3)
Hl

, and Cll. For the corresponding
operators, see Tab. 1.

CHWB and CHD are related to the oblique parameters S and T [10]. They have been
thoroughly studied for constraining ’universal’ theories [11, 26] with electroweak precision ob-
servables as well as in light of the W -boson mass anomaly [5–8]. The linear combination of
Wilson coefficients shown in Eq. (2.2),

⇣
2C(3)

Hl
� Cll

⌘
, is related to the shift to Fermi constant

in SMEFT.

3 EWPO fits and CKM unitarity

Under the assumption of flavor universality, 10 operators affect the EWPO at tree level, but
only 8 linear combinations can be determined by data [12]. Following Ref. [12], these linear
combination are written with Ĉi notation and given by Ĉ(1)

Hf
= C(1)

Hf
� (Yf/2)CHD, where f runs

over left-handed lepton and quark doublets and right-handed quark and lepton singlets, and
Ĉ(3)
Hf

= C(3)
Hf

+ (cw/sw)CHWB + (c2w/4s
2
w)CHD where f denotes left-handed lepton and quark

doublets, and Ĉll = (Cll)1221. Here Yf is the hypercharge of the fermion f .
Ref. [12] reported the results of their fits including the correlation matrix from which we can

reconstruct the �2. For concreteness we use their ‘standard average’ results but our point would
hold for the ‘conservative average’ as well. To investigate the consequences of CKM unitarity
on the fit, we will assume the flavor structures of the operators follow Minimal Flavor Violation
(MFV) [27, 28]. That is, we assume the operators are invariant under a U(3)q⇥U(3)u⇥U(3)d⇥

– 3 –

U(3)l ⇥U(3)e flavor symmetry. In addition, we slightly change the operator basis and trade the
Wilson coefficient Ĉll for the linear combination

C� = 2
h
C(3)
Hq

� C(3)
Hl

+ Ĉll

i
. (3.1)

We then refit the Wilson coefficients to the EWPO and obtain the results in the second column
of Table 2. In particular, we obtain

C� = � (0.19± 0.09) TeV�2 . (3.2)

This combination of Wilson coefficients contributes to the violation of unitarity in the first
row of the CKM matrix tracked by �CKM ⌘ |Vud|

2 + |Vus|
2
� 1, where we neglected the tiny

|Vub|
2 corrections. Within the MFV assumption, we can write [29]

�CKM = v2
h
C� � 2C(3)

lq

i
. (3.3)

The C(3)
lq

operator that appears here does not affect EWPO and does not play a role in the fit
of Ref. [12]. If one assumes this coefficient to be zero, Eq. (3.2) causes a shift

�EWfit
CKM = �(0.012± 0.005) , (3.4)

implying large, percent-level, deviations from CKM unitarity.
Based on up-to-date theoretical predictions for 0+ ! 0+ transitions and Kaon decays [30–

36], the PDG average indicates that unitarity is indeed violated by a bit more than two standard
deviations [37]

�CKM = �0.0015(7) , (3.5)

but in much smaller amounts than predicted by Eq. (3.4). This exercise shows that global fits
to EWPO and the W mass anomaly that include BSM physics beyond the oblique parameters
S and T, such as the one of Ref. [12], are severely disfavored by �-decay data. While we did
not repeat the fits of Refs. [14, 17], the central values of their Wilson coefficients also indicate a
negative percent-level shift to �CKM, consistent with Eq. (3.4).

Indeed, combining the EWPO with �CKM, we find that the minimum �2 increases by 3.3

and Wilson coefficients are shifted, as shown in Tab. 2. Again this shows that the Cabibbo
universality test has a significant impact and should be included in EWPO analyses of the W -
boson mass anomaly. These statements are illustrated in Fig. 1, which shows the values of
�mW = mW � mSM

W
obtained by fitting EWPO alone or EWPO and �CKM for two single-

operator scenarios and the global analysis involving all operators.
Another way to proceed is to effectively decouple the CKM unitarity constraint from EWPO

by letting C(3)
lq

6= 0, which is consistent with the MFV approach. The �CKM observable is then
accounted for by a nonzero value

C(3)
lq

= �(0.082± 0.045)TeV�2 , (3.6)
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Figure 1. The resulting values of �mW = mW � mSM
W

when turning on Ĉ(3)
Hl

, Ĉll, and all Wilson
coefficients that are probed by EWPO. The red bars indicated the predicted �mW from the EWPO
fit, while the blue bars show the resulting �mW after inclusion of �CKM. The shown values of ��2,
denote the differences in the minimum �2 between the blue and red points. The SM prediction and world
average, taken from Ref. [12], are depicted by the green and orange bands, respectively.

Result Result with CKM
Ĉ(1)
'l

�0.007± 0.011 �0.013± 0.009

Ĉ(3)
'l

�0.042± 0.015 �0.034± 0.014

Ĉ'e �0.017± 0.009 �0.021± 0.009

Ĉ(1)
'q �0.0181± 0.044 �0.048± 0.04

Ĉ(3)
'q �0.114± 0.043 �0.041± 0.015

Ĉ'u 0.086± 0.154 �0.12± 0.11

Ĉ'd �0.626± 0.248 �0.38± 0.22

C� �0.19± 0.09 �0.027± 0.011

Table 2. Results from the dimension-six SMEFT fit of Ref. [12], before and after the inclusion of �CKM.
All Wilson coefficients are given in units of TeV�2.

while the values of the other Wilson coefficients return to their original value given in the second
column of Table 2. However, care must be taken that such values of C(3)

lq
are not excluded by

LHC constraints [38–42]. In particular, Ref. [43] analysed 8 TeV pp ! ll data from [44] in the
SMEFT at dimension-8. Limiting the analysis to MFV dimension-six operators, we find

C(3)
lq

= �(0.028± 0.028)TeV�2 (Single coupling, 95%C.L.) ,

C(3)
lq

= �(0.05± 0.1)TeV�2 (Global fit, 95%C.L.) , (3.7)

when in the first line only C(3)
lq

is turned on, while in second line seven operators were turned
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of Ref. [12]. If one assumes this coefficient to be zero, Eq. (3.2) causes a shift
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implying large, percent-level, deviations from CKM unitarity.
Based on up-to-date theoretical predictions for 0+ ! 0+ transitions and Kaon decays [30–

36], the PDG average indicates that unitarity is indeed violated by a bit more than two standard
deviations [37]
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but in much smaller amounts than predicted by Eq. (3.4). This exercise shows that global fits
to EWPO and the W mass anomaly that include BSM physics beyond the oblique parameters
S and T, such as the one of Ref. [12], are severely disfavored by �-decay data. While we did
not repeat the fits of Refs. [14, 17], the central values of their Wilson coefficients also indicate a
negative percent-level shift to �CKM, consistent with Eq. (3.4).

Indeed, combining the EWPO with �CKM, we find that the minimum �2 increases by 3.3

and Wilson coefficients are shifted, as shown in Tab. 2. Again this shows that the Cabibbo
universality test has a significant impact and should be included in EWPO analyses of the W -
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not repeat the fits of Refs. [14, 17], the central values of their Wilson coefficients also indicate a
negative percent-level shift to �CKM, consistent with Eq. (3.4).

Indeed, combining the EWPO with �CKM, we find that the minimum �2 increases by 3.3

and Wilson coefficients are shifted, as shown in Tab. 2. Again this shows that the Cabibbo
universality test has a significant impact and should be included in EWPO analyses of the W -
boson mass anomaly. These statements are illustrated in Fig. 1, which shows the values of
�mW = mW � mSM

W
obtained by fitting EWPO alone or EWPO and �CKM for two single-

operator scenarios and the global analysis involving all operators.
Another way to proceed is to effectively decouple the CKM unitarity constraint from EWPO

by letting C(3)
lq

6= 0, which is consistent with the MFV approach. The �CKM observable is then
accounted for by a nonzero value

C(3)
lq

= �(0.082± 0.045)TeV�2 , (3.6)
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Connection with MW?

Figure 2. The 1� constraints from EWPO in green, a global (single-coupling) analysis of LHC measure-
ments in (dashed) red, and low-energy beta decays in blue.

on: C(1)
lq

, C(3)
lq

, Cqe, Clu, Cld, Ceu, and Ced.
The resulting constraints from EWPO, �CKM, and the LHC are shown in Fig. 2. As men-

tioned above, a simultaneous explanation of mW and �CKM requires a nonzero value of C(3)
lq

,
which implies effects in collider processes. The single-coupling bound from pp ! ll in Eq. (3.7) is
already close to excluding the overlap of the EWPO and �CKM regions, while a global fit allows
for somewhat more room. Nevertheless, should the current discrepancy in the EWPO fit hold,
the preference for a nonzero C(3)

lq
could be tested by existing 13 TeV pp ! ll [45] and pp ! l⌫

data [46], and, in the future, at the HL-LHC.

4 Conclusion

In this note we have pointed out that global analyses of EWPO (beyond oblique parameters)
in the general SMEFT framework, while explaining the W -boson mass anomaly tend to predict
a large, % level, violation of Cabibbo universality, parameterized by �CKM. This result is not
consistent with precision beta decay and meson decay phenomenology and calls for the inclusion
of first-row CKM unitarity test in the set of EWPO, which is not commonly done. The inclusion
of �CKM also requires adding O(3)

lq
to the set of SMEFT operators usually adopted in EWPO

analyses. We have illustrated this and shown that in this case Cabibbo universality can be
recovered at the 0.1% level while still explaining the W mass anomaly. This extended scenario
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• Decouple by turning on Clq(3): 
but constraints from Drel- Yan at 
LHC are catching up and will 
test this scenario

• Explanations of MW anomaly in SMEFT (beyond oblique corrections) 
are in tension with current CKM unitarity   
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Table 1. List of the most relevant SMEFT dimension-six operators that are involved in this analysis.

Calculated at linear order in SMEFT, the shift to W mass from the SM prediction due to
dimension-six operators is given by [23, 24]
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⇣
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where v ' 246 GeV is the vacuum expectation value of the Higgs field, sw = sin ✓w and
cw = cos ✓w. The Weinberg angle ✓w is fixed by the electroweak input parameters {GF ,mZ ,↵EW }

[25]. Here we define �m2
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W
(SM). The mass of the W boson receives cor-

rections from four Wilson coefficients, namely CHWB, CHD, C(3)
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, and Cll. For the corresponding
operators, see Tab. 1.

CHWB and CHD are related to the oblique parameters S and T [10]. They have been
thoroughly studied for constraining ’universal’ theories [11, 26] with electroweak precision ob-
servables as well as in light of the W -boson mass anomaly [5–8]. The linear combination of
Wilson coefficients shown in Eq. (2.2),

⇣
2C(3)

Hl
� Cll

⌘
, is related to the shift to Fermi constant

in SMEFT.

3 EWPO fits and CKM unitarity

Under the assumption of flavor universality, 10 operators affect the EWPO at tree level, but
only 8 linear combinations can be determined by data [12]. Following Ref. [12], these linear
combination are written with Ĉi notation and given by Ĉ(1)
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2
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doublets, and Ĉll = (Cll)1221. Here Yf is the hypercharge of the fermion f .
Ref. [12] reported the results of their fits including the correlation matrix from which we can

reconstruct the �2. For concreteness we use their ‘standard average’ results but our point would
hold for the ‘conservative average’ as well. To investigate the consequences of CKM unitarity
on the fit, we will assume the flavor structures of the operators follow Minimal Flavor Violation
(MFV) [27, 28]. That is, we assume the operators are invariant under a U(3)q⇥U(3)u⇥U(3)d⇥
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U(3)l ⇥U(3)e flavor symmetry. In addition, we slightly change the operator basis and trade the
Wilson coefficient Ĉll for the linear combination
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h
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� C(3)
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+ Ĉll

i
. (3.1)

We then refit the Wilson coefficients to the EWPO and obtain the results in the second column
of Table 2. In particular, we obtain

C� = � (0.19± 0.09) TeV�2 . (3.2)

This combination of Wilson coefficients contributes to the violation of unitarity in the first
row of the CKM matrix tracked by �CKM ⌘ |Vud|

2 + |Vus|
2
� 1, where we neglected the tiny

|Vub|
2 corrections. Within the MFV assumption, we can write [29]

�CKM = v2
h
C� � 2C(3)

lq

i
. (3.3)

The C(3)
lq

operator that appears here does not affect EWPO and does not play a role in the fit
of Ref. [12]. If one assumes this coefficient to be zero, Eq. (3.2) causes a shift

�EWfit
CKM = �(0.012± 0.005) , (3.4)

implying large, percent-level, deviations from CKM unitarity.
Based on up-to-date theoretical predictions for 0+ ! 0+ transitions and Kaon decays [30–

36], the PDG average indicates that unitarity is indeed violated by a bit more than two standard
deviations [37]

�CKM = �0.0015(7) , (3.5)

but in much smaller amounts than predicted by Eq. (3.4). This exercise shows that global fits
to EWPO and the W mass anomaly that include BSM physics beyond the oblique parameters
S and T, such as the one of Ref. [12], are severely disfavored by �-decay data. While we did
not repeat the fits of Refs. [14, 17], the central values of their Wilson coefficients also indicate a
negative percent-level shift to �CKM, consistent with Eq. (3.4).

Indeed, combining the EWPO with �CKM, we find that the minimum �2 increases by 3.3

and Wilson coefficients are shifted, as shown in Tab. 2. Again this shows that the Cabibbo
universality test has a significant impact and should be included in EWPO analyses of the W -
boson mass anomaly. These statements are illustrated in Fig. 1, which shows the values of
�mW = mW � mSM

W
obtained by fitting EWPO alone or EWPO and �CKM for two single-

operator scenarios and the global analysis involving all operators.
Another way to proceed is to effectively decouple the CKM unitarity constraint from EWPO

by letting C(3)
lq

6= 0, which is consistent with the MFV approach. The �CKM observable is then
accounted for by a nonzero value

C(3)
lq

= �(0.082± 0.045)TeV�2 , (3.6)
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• The Cabibbo angle anomaly is one of few low-energy “cracks” in the SM, 
probing new physics up to Λ ~ 20 TeV  — big deal if confirmed! 

• A number of explanations are currently possible

• SM ‘deficiencies’: need controlled radiative corrections!                
Lattice QCD, EFT, and ab-initio nuclear structure are the way to go

• BSM explanations: most likely “vertex corrections” in the EFT language

• Experimental input? 

• New precision measurements in K, π,  and neutron decay are very 
desirable,  and will shed light on the anomaly as these systems are 
theoretically simpler than nuclei 

Conclusions & Outlook
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