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Abstract
The first row of the Cabibbo-Cobayashi-Maskawa (CKM) matrix shows a discrepancy of ∼3 σ with uni-
tarity, known as the ”Cabibbo Angle Anomaly” (CAA). This tension can be explained via modified W
couplings to leptons, but in order to consistently assess the validity, a global fit including the electroweak
(EW) precision constraints and the low energy tests of lepton flavour universality (LFU) is necessary. Per-
forming such a fit for gauge-invariant dimension-6 operators, we find that even when assuming LFU,
including the CKM elements Vus and Vud into the electroweak fit has a relevant impact, shifting the best
fit point significantly. Vector-like leptons (VLLs) are prime candidates for a corresponding UV completion
since they can affect the W and Z couplings to leptons already at tree-level. Studing each pattern of new
physics (NP) given by the six possible representations of VLLs (under the SM gauge group) we find that
any single representation describes experimental data at most slighlty better than the SM hypothesis. How-
ever, allowing for several representations of VLLs at the same time, we find a simple scenario consisting of
a singlet, N, coupling to electrons and a triplet, Σ1, coupling to muons which not only explains the CAA
but also improves the electroweak fit in such a way that its best fit point is preferred by more than 4 σ with
respect to the SM.
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1. INTRODUCTION
In the recent years, even though no new particle has been discovered, after the Higgs boson, at the LHC, intriguing hints for new
physics in the flavour sector have been collected. The long standing tension in the anomalous magnetic moment of the muon,
recently confirmed by the g− 2 experiment at Fermilab, as well as global fits to b → s`+`− and b → cτν data, convincingly point
towards new physics (NP) with a significance of≈ 4.2 σ [1, 2, 3], >5 σ [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15] and >3 σ [16, 17, 18, 19, 20],
respectively.

In addition, there is the deficit in first row CKM unitarity, known as the Cabibbo Angle Anomaly (CAA) [21, 22, 23] which has
been recently studied as a possible sign of LFU violation [23, 24, 25, 26, 27] and lepton flavour violation (LFV) [27, 28] opening
the road for interesting connections to other anomalies in the flavour sector, such as Z → b̄b [30], τ → µνν [30], the aforemen-
tioned b → s`` [30, 29] and the recent CMS observations in dilepton final state searches [31]. In particular, it has been shown in
Ref [23, 25] that modified couplings of gauge bosons to neutrinos provide a solution to the CAA satisfying the bounds from EW
precision measurements and from the low-energy observables testing LFU. Due to SU(2)L invariance, it is difficult to build a UV
complete model which modfies only the W and Z couplings to neutrinos and it seems more natural to modify the gauge boson
couplings to neutrinos and charged leptons simultaneously. In this context, vector-like leptons (VLL) are prime candidates since
they modify the gauge boson couplings to leptons already at tree-level.

VLLs appear in several extensions of the SM, such as Grand Unified Theories [32, 33, 34], composite models or models with
extra dimensions [35, 36, 37, 38, 39, 40, 41, 42] and, last but not least, are involved in the type I [43, 44] and type III [45] seesaw mech-
anisms. LEP [46] and LHC [47, 48]1 searches allow for VLLs with masses far below the TeV scale and therefore, it is well possible
that VLLs are the lightest states within a NP model superseding the SM, thus providing the dominant NP effects in the EW sector
of the SM. Note, that just adding VLLs to the SM results in a consistent UV complete (renormalizable and anomaly free) extension
of it, that can thus be studied on its own. Interestingly, it has already been shown that VLLs can solve the tension in the anomalous
magnetic moment of the muon, (g− 2)µ [53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63] and in b→ s`+`− via loop effects [64, 65, 59, 63, 66],
suggesting possible correlations once the viability of this solution for the CAA is assessed.

In this proceedings we follow Ref. [67] and discuss in Section 2 the SMEFT operators which directly modify gauge boson cou-
plings to leptons, while in Section 3 we present the VLL representations under the SM gauge groups and the pattern of Wilson
coefficient they generate. Then, in Section 4 we review all the observables included in the global fits, discuss our results in Section 5
and conclude in Section 6.

1For a recent dedicated theoretical analysis of VLLs at colliders, see e.g. [49, 50, 51, 52].
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SU(3)c SU(2)L U(1)Y
` 1 2 -1/2
e 1 1 -1
φ 1 2 1/2
N 1 1 0
E 1 1 -1
∆1 = (∆0

1, ∆−1 ) 1 2 -1/2
∆3 = (∆−3 , ∆−−3 ) 1 2 -3/2
Σ0 = (Σ+

0 , Σ0
0, Σ−0 ) 1 3 0

Σ1 = (Σ0
1, Σ−1 , Σ−−1 ) 1 3 -1

TABLE 1: Representations of the SM leptons (`, e), the
SM Higgs Doublet (φ) and the VLLs under the SM
gauge group.

2. EFT APPROACH
At the dimension-6 level, disregarding magnetic operators whose effect vanishes at zero momentum transfer and which can only
be generated at the loop level, there are three operators (not counting flavour indices) in the SU(3)c × SU(2)L ×U(1)Y-invariant
SM EFT, which modify only the gauge boson couplings to leptons [68, 69]

L = LSM +
1

Λ2

(
C(1)ij

φ` Q(1)ij
φ` + C(3)ij

φ` Q(3)ij
φ` + Cij

φeQij
φe

)
, (2.1)

with

Q(1)ij
φ` = φ†i

↔
Dµφ ¯̀ i

Lγµ`
j
L ,

Q(3)ij
φ` = φ†i

↔
D

I
µφ ¯̀ i

Lτ Iγµ`
j
L ,

Qij
φe = φ†i

↔
Dµφ ēi

Rγµej
R ,

where Dµ = ∂µ + ig2Wa
µτa + ig1BµY, i and j are flavour indices and the Wilson coefficients C are dimensionless. These operators

result in the following modifications of the Z and W boson couplings to leptons after EW symmetry breaking

L`,ν
W,Z =

(
¯̀ f Γ`ν

f i γµPLνi Wµ + h.c.
)
+
[

¯̀ f γµ
(

Γ`L
f i PL + Γ`R

f i PR

)
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]
Zµ , (2.2)

with
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2cW
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1− 2s2
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v2
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(
C(1) f i
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2cW
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v2
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C(3) f i

φ` − C(1) f i
φ`

)]
, Γ`ν

f i = −
g2√

2

(
δ f i +

v2

Λ2 C(3) f i
φ`

)
,

(2.3)

where we used the convention v ≈ 246 GeV and the terms proportional to the Kronecker delta correspond to the (unmodified) SM
couplings.

3. VECTOR-LIKE LEPTONS
Vector-like leptons (VLLs) are fermionic singlets under SU(3)c, whose left- and right-handed components transform in the same
way under SU(2)L ×U(1)Y and interact with SM leptons and the Higgs doublet via Yukawa type interactions. The six representa-
tions of VLLs allowed by the SM gauge groups are shown in Table 1. Since these fermions are vectorial, they can have bare mass
terms (already before EW symmetry breaking) and interact with SM gauge bosons via the covariant derivative

LVLL = ∑
ψ

i ψ̄γµDµ ψ−Mψ ψ̄ψ , (3.1)

with ψ = N, E, ∆1, ∆3, Σ1, Σ3. Note that N and Σ0 can be Majorana fermions, i.e. NR = Nc
L or Σ0,R = Σc

0,L and in this case Eq. (3.1)
should be defined with a factor 1/2 to ensure a canonical normalisation. The interactions of the VLLs with the SM leptons are given
by

−Lint
NP = λi

N
¯̀ i φ̃ N + λi

E
¯̀ i φ E + λi

∆1
∆̄1 φ ei + λi

∆3
∆̄3 φ̃ ei + λi

Σ0
φ̃† Σ̄I

0 τ I `i + λi
Σ1

φ† Σ̄I
1 τ I `i + h.c. , (3.2)
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where i is a flavour index and τ I = σI/2 are the generators of SU(2)L. Interactions of two different VLLs with the Higgs give rise
only to dim-8 effects in the Z and W couplings, and are therefore neglected in the following. Integrating out the VLLs at tree-level,
we find the following expressions for the Wilson coefficients defined in Eq. (2.1)

C(1)ij
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Nλ
j†
N

4M2
N
−
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Eλ

j†
E

4M2
E

+
3
16

λi†
Σ0

λ
j
Σ0

M2
Σ0

− 3
16

λi†
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λ
j
Σ1

M2
Σ1

C(3)ij
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Nλ
j†
N

4M2
N
−
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E

4M2
E

+
1
16
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λ
j
Σ0

M2
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1
16

λ
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j
∆3

2M2
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4. OBSERVABLES
Modified gauge boson couplings to leptons induce relevant effects in several physical observables. Therefore, in order to properly
assess the possibility of the NP explaining the CAA, we need to take into acount all the relevant experimental constraints. Here, we
have EW precision observables, measured with high precision at LEP, and the low energy observables testing LFU, such as K, τ and
π decays. In the following we briefly review these observables and the induced modifications in terms of the Wilson coefficients
discussed in Section 2. We neglect off-diagonal couplings which are constrained only by lepton flavour violating processes and
do not lead to interference with the SM in the other observables. For a comprehensive analysis of flavour violating processes we
point the reader to Ref. [67]. Note that the constraints from lepton flavour violating processes can be avoided in models with VLLs,
assuming that each VLL couples to only one generation of SM leptons.

4.1. Electroweak Precision Measurements
The EW sector of the SM has been tested with very high precision at LEP, Tevatron and LHC [70, 71, 72, 73]. It can be completely
parameterised by only three Lagrangian parameters and we choose the set with the smallest experimental error, consisting of the
Fermi constant (GF = 1.1663787(6) × 10−5 GeV−2 [74]), the mass of the Z boson (mZ = 91.1875(21) [71]) and the fine structure
constant (αem = 7.2973525664(17)× 10−3 [74]). The operators Q(3)ee

φ` and Q(3)µµ
φ` modify the extraction of the Fermi constant from

muon decay, µ → eνν̄, leading to the following relation between the quantity appearing in the Lagrangian, GLF , and the measured
one

Gexp
F = GLF

(
1 + C(3)µµ

φ` + C(3)ee
φ`

)
. (4.1)

For the numerical analysis, we consider the full set of EW observables (see Ref. [67] for details) implemented in HEPfit [75] taking
into account the effects from Eq. (2.3) and Eq. (4.1). In addition, the Higgs mass (mH = 125.16± 0.13 GeV [76, 77]), the top mass
(mt = 172.80± 0.40 GeV [78, 79, 80]), the strong coupling constant (αs(MZ) = 0.1181± 0.0011 [74]) and the hadronic contribution
to the running of αem (∆αhad = 276.1(11)× 10−4 [74]) have been used as input parameters, since they enter the EW observables
indirectly via loop effects.

4.2. LFU tests
Strong constraints on the violation of LFU in the charged current, i.e. modifications of the W`ν couplings, are extracted from
ratios of W, kaon, pion and tau decays with different leptons in the final state, which exhibit reduced experimental and theoretical
uncertainties. Note that in all these ratios the dependence on g2, the Fermi constant, etc. drop out and only the modifications

induced by the operators Q(3)ii
φ` remain.

4.3. Cabibbo Angle Anomaly
As outlined in the introduction, the CAA is the discrepancy which recently emerged in the first row CKM unitarity. Using the
compilation of Ref. [81], the tension amounts to ∼ 3σ

|Vus|2 + |Vud|2 + |Vub|2 = 0.9985(5) . (4.2)

Here, the uncertainty of Vub is immaterial, therefore if there is a NP effect, it must be related to the extraction of Vus or/and Vud.
Note that a deviation from unitarity is also observed in the first column of the CKM matrix, strenghtening the idea of NP related
to Vud, whose effect will be anyway dominant since |Vud|2/|Vus|2 ≈ 20.
The most precise determination of Vud is currently the one from super-allowed β decays (Vβ

ud) [82], while Vus is given by the

average from semi-leptonic Kaon decays (VK`3
us ) and K → µν/π → µν (VKµ2

us ). The latter allows to measure very precisely the ratio
Vus/Vud and the effects of modified W couplings drop out in the ratio. Concerning Vβ

ud and VK`3
us , including the modified couplings
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FIGURE 1: Global fit with one generation of the VLL N coupling to electrons and one generation of the VLL Σ1 coupling to muons.
The red regions are preffered at the 68%, 95% and 99.7% C.L.

in Eq. (2.3) and the indirect effect of GF, we find

|VKµ3
us | '

∣∣∣∣VLus

(
1− v2

Λ2 C(3)ee
φ`

)∣∣∣∣ , |Vβ
ud| '

∣∣∣∣VLud

(
1− v2

Λ2 C(3)µµ
φ`

)∣∣∣∣ , (4.3)

where VLus and VLud are the elements of the (unitary) CKM matrix appearing in the Lagrangian.

5. RESULTS
We perform a global analysis of all the observables discussed in Section 4 within a Bayesian framework, using the publicly available
HEPfit package [75], whose Markov Chain Monte Carlo determination of posteriors is powered by the Bayesian Analysis Toolkit
(BAT) [83]. With this setup we find an Information Criterion (IC) [84] value of ' 93 for the SM. In the following we briefly discuss
the results obtained and point the interested reader to Ref. [67], where details and discussions of the fits can be found.

5.1. Model Independent Analysis
We start performing a model independent analysis of the effective operators in Eq. (2.1). As a first step we assume LFU, supple-

menting the SM with three additional parameters: C(3)
φ` , C(1)

φ` and Cφe. Interestingly, even under this assumption, including the CAA

into the fit has a significant impact. In fact, the 68% C.L. regions for C(3)
φ` and C(1)

φ` , including Eq. (4.3), do not overlap with the 68%
C.L. regions for which the CAA is not considered. As already pointed out, this behaviour can be traced back to the fact that beta
decays have a sensitivity to modified Wµν couplings, which is enhanced by |Vud|2/|Vus|2. Next, we allow for LFU violation and
consider three different scenarios: the general case with six independent parameters, and two scenarios with three parameters:

C(1)
φ` = −C(3)

φ` ,already considered in Ref. [23], and C(3)ii
φ` only (we neglect Cφe which does not have a relevant impact on the fit). We

find that all these scenarios give a better fit to data than the SM, testified by the IC values, which are respectively 83, 76 and 88.

5.2. Vector-like Leptons Analysis
In a second step, using Eq. (3.3), we perform a global fit for the patterns of Wilson coefficients given by each representation of VLL.
We find that, individually, they can only describe data similarly well as the SM. This can be seen from the obtained IC values of 93,
99, 96, 98, 95 and 92 for N, E, ∆1, ∆3, Σ0 and Σ1, respectively. Therefore, in order to find a minimal model which is able to improve
the agreement with data, we allow for more than one VLL representation at the same time. Interestingly, we find that this can be
achieved with a singlet N coupling only to electrons and a triplet Σ1 coupling only to muons. The results of the corresponding
two-dimensional fit are depicted in Fig. 1, which shows that NP is preferred by more than 3 σ with respect to the SM ( shown by
the (0, 0) point of the plane) and exhibits an IC value of 73. Since this combination of VLLs describes experimental data so well, we
show the posteriors for the most relevant observables in Table 2.

4



Andromeda Proceedings BSM 2021, Online

Observable Measurement SM Posterior NP Posterior Pull

MW [GeV] 80.379(12) 80.363(4) 80.369(6) 0.56

R
[

K→µν
K→eν

]
0.9978± 0.0020 1 1.00168(39) −0.80

R
[π→µν

π→eν

]
1.0010± 0.0009 1 1.00168(39) 0.42

R
[

τ→µνν̄
τ→eνν̄

]
1.0018± 0.0014 1 1.00168(39) 1.2

|VKµ3
us | 0.22345(67) 0.22573(35) 0.22519(39) 0.77

|Vβ
ud| 0.97365(15) 0.97419(8) 0.97378(13) 2.52

TABLE 2: Posteriors for the observables with the largest pulls with respect
to the SM, in our model in which N mixes with electrons and Σ1 with
muons. Here, R(Y) = A[Y]

A[Y]SM
, where A is the amplitude, and it is defined

in such a way that in the limit without any mixing between the SM and the

VLLs, the ratios are unity. Note that |VKµ3
us | and |Vβ

ud| are the predictions for
these CKM elements as extracted from data assuming SM.

6. CONCLUSION
The CAA has recently taken its place in a established and coherent pattern of anomalies pointing to lepton flavour universality
violation, containing b → s``, (g− 2)µ, R(D(∗)), etc. In this work, we assessed how modified gauge boson couplings to leptons
can solve the tension in the CAA, satisfying all the constraints from EW precision data and low energy observables testing LFU.
Firstly, we perfomed a global fit to the SMEFT operators which directly modify the W and Z couplings to leptons at the dim-6
level, finding several patterns of Wilson coefficients which are able to solve the CAA and simultaneously improve the EW fit. Then,
we considered VLLs as a concrete UV complete extension of the SM since they induce the required coupling modifications at tree-
level. We found a very interesting simple model, consisting of a singlet N and a triplet Σ1 coupling only with electrons and muons,
respectively, which solves the tension in the CAA and strongly improves the global agreement with the data. This result not only
supports the idea of interpreting the CAA as a hint of LFU, but provides also an interesting starting point to study correlations
with other anomalies by finding combined explanations.
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