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The measurements of the Cabibbo-Kobayashi-Maskawa (CKM) elements can be contaminated by new-
physics effects. We point out that purely leptonic operators at the high scale can influence semileptonic K
decays and nuclear beta decay through renormalization group (RG) running, and hence can influence the
measurements of Vus. Interestingly, through this mechanism, a single six-dimensional effective operatorOll

at the high scale can alleviate the tension due to the Cabibbo angle anomaly, by generating the desired
operators at the low scale through RG running. When generated as a result of a Z0 model, the nonuniversal
leptonic couplings of this operator can also contribute to the lepton flavor universality violating ratios such as
RKð�Þ , which would act as stringent constraints on such scenarios. By performing a global fit of the Z0 model,
we find that it is essential to have nonuniversal couplings of such aZ0 boson to all three generations of leptons.
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I. INTRODUCTION

The standard model (SM) of particle physics encodes our
current understanding of fundamental interactions in
nature. Since the advent of this theory in the mid-1970s,
a large number of experiments have tested its several
aspects. The SM has successfully accounted for most of
the experimental measurements within its domain, giving
us confidence in its foundations. However, it cannot be a
complete theory, as it fails to explain the observed baryon
asymmetry in the Universe, the nature of dark matter and
dark energy, and gravitational interactions. The exploration
of physics beyond SM is carried out via two modes—direct
searches where new heavy particles may be produced at
high-energy particle colliders, and indirect searches,
where the effects of these heavy particles may be detected
through the quantum corrections they give rise to, even at
energies lower than their masses. The latter is the preferred
mode of operation of flavor physics, wherein precision

measurements can probe for effects of particles much
heavier than energies accessible at present-day colliders.
In the absence of any concrete clue about the kind of new

physics (NP) at high energies, one may use the Standard
Model effective field theory (SMEFT) framework, where
the SM is extended with a series of higher-dimensional
operators Oi, while keeping its gauge symmetries intact
[1,2]. This allows the introduction of NP in a model-
agnostic way. Limiting ourself to dimension-six operators,
one may write the SMEFT Lagrangian as

LSMEFT
eff ¼ LSM þ

X
i

CiOi þ � � � : ð1Þ

Here, the Ci’s are known as Wilson coefficients (WCs) that
can be calculated perturbatively. Note that the WCs are
scale dependent quantities, whose values at a given scale
may be calculated using renormalization group running
equations [3,4]. In our analysis, we use the Warsaw-down
basis in the WCxf conventions [5].
One of the precision observables that has shown signs of

NP is the measurement of the element Vus of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix which describes the
mixing of quarks. The measurement of this quantity (also
called the Cabibbo angle) from different processes like
nuclear beta decay [6–11], kaon decay [12–18], tau decay
[19], and the global fit [20] to all elements of the CKM
matrix give slightly incompatible values. This discrepancy
is known as the “Cabibbo angle anomaly” (CAA).
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The element jVusj can be determined from semileptonic
kaon decays K → πlν (Kl3), where l is either an electron
or muon. Using the vector form factor at zero momentum
fþð0Þ from lattice QCD with Nf ¼ 2þ 1þ 1 flavors [21],

one gets, jVKl3
us j ¼ 0.22306� 0.00056 [18]. The ratio of

decay rates of K → μνðγÞ and π → μνðγÞ can be used to
determine jVus=Vudj, using the lattice QCD results for the
decay constants, fK=fπ . The value of this ratio is deter-
mined to be jVus=Vudj ¼ 0.23131� 0.00051 [18] which
gives jVK=π

us j ¼ 0.2252� 0.0004.
Another way of determining jVusj is through the CKM

unitarity relation jVudj2 þ jVusj2 ≈ 1.0000 and the meas-
urement of Vud. The determination of jVudj from super-
allowed β decays involves corrections due to nuclear
structure and nucleus independent electroweak radiative
effects (ΔV

R). Over the last few years, there has been
significant progress in the determination of ΔV

R
which involve calculations of γW box diagrams using
different approaches. Calculations by three groups—Seng,
Gorchtein, Patel, Ramsey-Musolf (SGRM) [6,7],
Czarnecki, Marciano, Sirlin (CMS) [8] and Shiells,
Bluden, Melnitchouk (SBM) [11]—lead to slightly differ-
ent results: jVudjSGRM¼ 0.97369�0.00014, jVudjCMS ¼
0.97389� 0.00018, and jVudjSBM ¼ 0.97368� 0.00013.
Using unitarity, this leads to jVβ

usjSGRM ¼ 0.22782�
0.00062, jVβ

usjCMS ¼ 0.22699� 0.00078 and jVβ
usjSBM ¼

0.22782� 0.00062. Further nuclear corrections in 0þ →
0þ transitions [22] would leave the central values of jVβ

usj
unchanged, but would increase the uncertainties.
Inclusive and exclusive τ decays can also be used to

determine jVusj. Inclusive τ decays to final states involving
strange quarks give jVτ

usj ¼ 0.2195� 0.0019 [19]. This
extraction of jVusj depends upon the calculation of correc-
tions due to finite quark masses and nonperturbative QCD
effects [23,24]. The determination of jVτ

usj from the ratio of
decay rates Γðτ → KνÞ=Γðτ → πνÞ is 0.2236� 0.0015,
while that from τ → Kν decays is 0.2234� 0.0015 [19].
It is evident that the above measurements of jVusj from

different decay modes are incompatible with each other.
Compared to the CKM unitarity prediction of 0.2245�
0.0008 [25], the jVτ

usj value from the inclusive τ decays is
smaller by ∼2.9σ, while the average from inclusive and
exclusive τ decays, jVτ

usj ¼ 0.2221� 0.0013 is smaller by
∼2σ [25]. The β decay measurements, on the other hand,
yield jVβ

usj values that are higher than the unitarity
prediction, the level of inconsistency depending upon the
radiative corrections scheme. Using the latest prediction of
jVudj ¼ 0.9737� 0.00030 which includes the nuclear
structure uncertainties [26], the unitarity relation gives
jVudj2 þ jVusj2 − 1 ¼ −0.0021� 0.0006, which indicates
an apparent anomaly in the top row CKM unitarity at the
level of 3.2σ [18].
The CAAmay be quantified through the measurement of

the ratio

RðVusÞ≡ jVK
usj=jVβ

usj; ð2Þ

where jVK
usj is the value obtained from semileptonic decays

of K, while jVβ
usj is the value obtained from nuclear beta

decays and the unitarity relation jVudj2 þ jVusj2 ≈ 1.0000.
The measured value of this ratio is [27]

RðVusÞ ¼ 0.9891� 0.0033; ð3Þ

which is more than 3σ away from the expected value
of unity.
The CAA has been interpreted as a possible sign for the

violation of the CKM unitarity [28–32], which is one of the
pillars of the SM. However, it can also be resolved keeping
the CKM unitarity intact, provided lepton flavor univer-
sality (LFU) violating NP couplings ofW bosons to leptons
are invoked [27,33]. The latter resolution, in its simplest
form, is in tension with the electroweak precision (EWP)
observables [34], since the SUð2ÞL symmetry of SM also
mandates NP couplings to the Z boson. The most natural
way to alleviate this tension is to have additional sources of
gauge-invariant couplings of the Z boson to the left-handed
leptons [35]. The connection between CAA and other
observables has been studied in Refs. [36–39].
Ameasurement of the ratioBRðK → πμν̄Þ=BRðK → μν̄Þ,

possible at the NA62 experiment, can help to determine
whether the current tensions are due to possible physics
beyond the SM or experimental issues [40]. Future improve-
ments in the calculations of nuclear corrections can also
impact the extent of CAA [22,26,41].
In this work, we address the CAA in the SMEFT

framework, specifically focusing on the pure leptonic
operators at the NP scale. We systematically study the
impact of these operators on CAA through the SMEFT
renormalization-group running effects. As an example, we
also study models involving a Z0 boson. With nonuniversal
leptonic couplings, a Z0 can give rise to leptonic SMEFT
operators at the NP scale after it has been integrated out.
Such a Z0 model having minimal couplings to the leptons,
bottom and strange quarks is well known to be able to
address the B anomalies [42,43]. Therefore, Z0 models
have potential to address the CAA and B-anomalies
simultaneously.1

This work is organized as follows. In Sec. II, we use the
effective field theory language and derive a general expres-
sion for the observableRðVusÞ in terms of SMEFToperators
at the electroweak scale. We also study how pure leptonic
operators cangenerate the operators that contribute toRðVusÞ
through RG running effects. In Sec. III, we show that the
model with a Z0 boson is a viable candidate for such an

1Note that the latest LHCb results suggest that the lepton flavor
universality violating observables RKð�Þ [44] are consistent with
the SM. However, the other B-anomalies in the branching
fractions and angular observables still exist [45].
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explanation, and that such a model may also be able to
account for b → sμþμ− data at the same time. We present
constraints from experimental measurements on such a
generic Z0 model and present our fit results in Sec. IV. We
summarize our findings in Sec. V.

II. CABIBBO ANGLE ANOMALY IN SMEFT

The determination of RðVusÞ depends on the measure-
ments ofK decay and nuclear β decay. The six-dimensional
SMEFT operators that are relevant for these measurements
are

½Oll�ijmn ≡ ðliγ
μljÞðlmγμlnÞ; ð4Þ

½Oð3Þ
lq �ijmn ≡ ðliγμljÞðq̄mγμqnÞ; ð5Þ

½Oð3Þ
ϕq �mn ≡ ðϕ†iD

↔
I
μϕÞðq̄mτIγμqnÞ; ð6Þ

½Oð3Þ
ϕl �mn ≡ ðϕ†iD

↔
I
μϕÞðlmτ

IγμlnÞ: ð7Þ

Here, i, j, m, n are fermion generation indices. The

corresponding Wilson coefficients are ½Cll�ijmn, ½Cð3Þ
lq �ijmn,

½Cð3Þ
ϕq �mn, and ½Cð3Þ

ϕl �mn, respectively, and the relevant dimen-
sionless parameters are defined as ½ϵ� ¼ v2½C�. We take all
WCs to be real, for the sake of simplicity.
In the presence of NP, the measured value of RðVusÞmay

be written as

RðVusÞ ¼ 1þ ϵð0Þ þ ϵð1Þ

λ
þ ϵð2Þ

λ2
; ð8Þ

where λ≡ Vus=Vud, and

ϵð0Þ ¼ −½ϵð3Þϕl �11 þ ½ϵð3Þϕq �22 − ½ϵð3Þlq �2222 þ
1

2
½ϵll�1221; ð9Þ

ϵð1Þ ¼ ½ϵð3Þϕq �21 þ ½ϵð3Þϕq �12 − ½ϵð3Þlq �2212 − ½ϵð3Þlq �1121; ð10Þ

ϵð2Þ ¼ −½ϵð3Þϕl �22 þ ½ϵð3Þϕq �11 − ½ϵð3Þlq �1111 þ
1

2
½ϵll�1221: ð11Þ

Here, the ϵð1Þ term is enhanced by a single power of
ð1=λÞ ≈ 5, and the ϵð2Þ term is enhanced by ð1=λÞ2 ≈ 25, as
compared to ϵð0Þ. It is obvious that in general the effect on
RðVusÞ is not only through the modification of the Fermi

constant GF which would come from ½ϵll�1221 and ½ϵð3Þϕl �22,
but also from the other quantities, viz. ½ϵð3Þϕq �21, ½ϵð3Þlq �2222,
½ϵð3Þlq �1111, ½ϵð3Þlq �2212, and ½ϵð3Þlq �1121.
We consider a situation where all NP WCs are zero at a

high scale Λ, except for ½Cll�1111; ½Cll�2222, and ½Cll�1122.
This scenario is possible if a new particle couples with the

first two generations of leptons with diagonal couplings in
the flavor basis. Below the scale Λ, renormalization group
(RG) evolution would generate new operators of the type

½Oð3Þ
ϕl �; ½Oð3Þ

ϕq �; ½Oð3Þ
lq �, as well as other elements of ½Oll�.

With the boundary conditions described above, the RG
equations [3], at the leading order, are

16π2
μdϵð0;2Þ

dμ
≈ 6g22½ϵll�1122; ð12Þ

16π2
μdϵð1Þ

dμ
≈ 0: ð13Þ

Since ϵð0;1;2Þ themselves are zero at the scale Λ, this ensures
that ϵð1Þ does not get produced by RG evolution, and
ϵð0ÞðμÞ ¼ ϵð2ÞðμÞ. The value of RðVusÞ, which is unity at the
high scale, becomes

RðVusÞ ≈ 1þ
�
1þ

�
Vud

Vus

�
2
�
ϵð2ÞðμEWÞ ð14Þ

at the low scale μEW. In the leading log-approximation, the
solutions to Eq. (12) give

ϵð2ÞðμEWÞ ≈ −
3g22
8π2

½ϵll�1122 log
�

Λ
μEW

�
: ð15Þ

The deviation of RðVusÞ from unity may be accounted for
by a nonzero value of ½ϵll�1122 corresponding to

½Cll�1122ðΛÞ ¼ 0.47� 0.14 TeV−2; ð16Þ

where we have taken Λ ¼ 1 TeV and μEW ≃ 91 GeV. This
value of ½Cll�1122 is found to be consistent with the LEP
constraints [46] within 2σ, even though the best fit point
may be disfavored.
Note that the WCs ½Cll�1111 and ½Cll�2222 have played

no part in the above, given our analytic approximations. So
in principle, the presence of only nonzero ½Cll�1122 of an
appropriate value at the high scale Λ is sufficient for
generating RðVusÞ. Thus, this is a one-parameter solution
for resolving the CAA.
We confirm our analytic solution, and the negligible

effect of approximations employed therein, by solving the
relevant sets of RG evolution equations [3] numerically
using the WILSON package [47]. The RG evolutions of
terms contributing to ϵð2ÞðμÞ are shown in Fig. 1. From this
figure, it is evident that there is no net effect of ½Cll�1111ðΛÞ
and ½Cll�2222ðΛÞ on the NP parameter ϵð2ÞðμÞ. Indeed, their
effects on the component terms are seen to cancel.2 On the
other hand, nonzero ½Cll�1122ðΛÞ gives rise to nonzero

2Similar cancellations also take place in the 1-loop SMEFT
contributions to other electroweak parameters [48].
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ϵð2ÞðμÞ, and hence can account for RðVusÞ. This indicates
that the resolution of the CAA necessarily requires NP in
the electron as well as muon sector. This is contrary to the

earlier solutions proposed in terms of the operator ½Oð3Þ
ϕl �, in

which NP only in the muon sector was indicated
[34,35,49,50].
One important prediction of this scenario is a shift in the

value of the bare Fermi constant due to nonzero value of
½Cll�1221. In SMEFT,3 at the EW scale we have [3]

δGF

Gð0Þ
F

¼ v2
�
−
1

2
½Cll�1221ðμEWÞ þ ½Cð3Þ

Hl�11ðμEWÞ

þ ½Cð3Þ
Hl�22ðμEWÞ

�
; ð17Þ

where the δGF can be defined through effective Fermi
constant in SMEFT

GSMEFT
F ¼ Gð0Þ

F

�
1þ δGF

Gð0Þ
F

�
; ð18Þ

and we have defined the bare Fermi constant to be

Gð0Þ
F ¼ 1=ð ffiffiffi

2
p

v2Þ. In the definition of GSMEFT
F through

the Eqs. (17) and (18), we have neglected the higher order
SMEFT power corrections due to dimension-six contribu-
tions to vacuum expectation value (v). At the best-fit point

in Eq. (16), we obtain δGF=G
ð0Þ
F ≈ 5 × 10−4. Thus, our

SMEFT scenario predicts4 that the value of the bare Fermi

constant Gð0Þ
F , as determined through RðVusÞ, is less by

0.05% than that measured through the muon decay. That is,

in SMEFFT Gð0Þ
F ¼ 1=ð ffiffiffi

2
p

v2Þ ¼ 1.1659 × 10−5 GeV−2,
whereas GðμÞ

F ¼ 1.1664 × 10−5 GeV−2.
Note that even though ½Cll�1111 and ½Cll�2222 do not

contribute to RðVusÞ, it is quite difficult to come up with a
high-scale theory that can give rise to ½Cll�1122 without also
generating ½Cll�1111 and ½Cll�2222 at the same time.

III. THE Z0 MODEL

The simplest extension of the SM that would give rise to
nonzero ½Cll�1122ðΛÞ is the model with a heavy Z0 boson.
The Lagrangian of such a model may be written as

LZ0 ¼ −glijliγ
μljZ0

μ − gqijq̄iγ
μqjZ0

μ; ð19Þ

where i, j are fermion generation indices. We take the
leptonic couplings to be diagonal. Since the off-diagonal
leptonic couplings are severely constrained by the lepton-
flavor violating (LFV) observables [35], postulating them
to be vanishing would be a justified approximation. This
would allow all WCs of the form ½Cll�iijj to be nonzero at
the high scale Λ. However, this does not affect Eqs. (8)–
(13), so our model-independent analysis above does not
change. Such a model will also not give rise to any

½Cð3Þ
ϕl �; ½Cð3Þ

ϕq �, or ½Cð3Þ
lq � WCs at the scale Λ.

On integrating out the heavy Z0 boson, new dimension-

six effective operators ½Oll�iijj and ½Oð1Þ
lq �iimn, with

½Oð1Þ
lq �ijmn ¼ ðliγ

μljÞðq̄mγμqnÞ; ð20Þ

are generated at the tree-level. At the NP scale, the WCs of
these operators are

½Cll�iijjðΛÞ ¼ −f
gliig

l
jj

M2
Z0

; ð21Þ

½Cð1Þ
lq �iimnðΛÞ ¼ −

gliig
q
mn

M2
Z0

; ð22Þ

FIG. 1. The RG evolution of the effective NP parameter ϵð2ÞðμÞ,
and terms contributing to it. The top, middle, and bottom panels
correspond to the scenarios where ½Cll�1111ðΛÞ, ½Cll�2222ðΛÞ,
and ½Cll�1122ðΛÞ are nonzero, respectively.

3It is worth reminding that the ½Cll�2112 contribution is omitted
as compared to Ref. [3] since we are in the nonredundant flavor
basis.

4The GSMEFT
F ¼ 1.1664 × 10−5 GeV−2 in SMEFT can be

extracted through muon decay. Whereas the WCs
½Cll�1221ðμEWÞ is fixed by RðVusÞ and a combination of these
two provides us Gð0Þ

F within SMEFT as given by Eq. (18). On the
other hand in the SM Gð0Þ

F ¼ 1.1664 × 10−5 GeV−2 can be
extracted solely from muon decay.
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where f ¼ 1=2 for i ¼ j and f ¼ 1 otherwise. Note
that WCs of the form ½Cll�iiii and ½Cll�iijj are related
through ð½Cll�iijjÞ2 ¼ 4½Cll�iiii · ½Cll�jjjj. While nonzero
½Cll�1122ðΛÞ can help to resolve the CAA, nonzero

½Cð1Þ
lq �2223ðΛÞ can help us in resolving another set of

longstanding b → sμþμ− anomalies.
The current b → sμþμ− data such as the branching ratio

of Bs → ϕμþμ− and the optimized observable P0
5 exhibit

some tension with the SM predictions [51–54]. These can
be accommodated by NP in the form of vector and axial-
vector operators [45,55–71]:

Obsμμ
9 ≡ ðs̄γμPLbÞðlγμlÞ; ð23Þ

Obsμμ
10 ≡ ðs̄γμPLbÞðlγμγ5lÞ: ð24Þ

It is observed that one of the NP solutions preferred by the
data is the one with the WCs related by Cbsμμ

9 ¼ −Cbsμμ
10 . In

the context of the Z0 model, the operator ½Oð1Þ
lq �2223, after the

EW symmetry breaking, gives rise to the low-energy
effective operators Obsμμ

9 and Obsμμ
10 with

Cbsμμ
9 ðμEWÞ ¼ −Cbsμμ

10 ðμEWÞ ¼ N
½Cð1Þ

lq �2223ðμEWÞ
Λ2

: ð25Þ

In the basis used in FLAVIO [5,72], we have
N ¼ πv2=ðαVtbV�

tsÞ. The relation Cbsμμ
9 ¼ −Cbsμμ

10 is thus
obtained automatically [73].

IV. EXPERIMENTAL CONSTRAINTS
AND FIT RESULTS

The LFU is deeply embedded in the symmetry structure of
the SM. The LHCb collaboration, in 2014, reported the
measurement of the ratio RK≡ΓðBþ →Kþμþμ−Þ=ΓðBþ→
Kþeþe−Þ in the “low-q2” range (1.0 GeV2 ≤ q2 ≤
6.0 GeV2), where q2 is the invariant mass-squared of the
lepton pair [74]. This measurement deviated from the SM
value of ≃1 by 2.6σ, and was the first strong indication of
LFU violation in b → slþl− decays. This was later cor-
roborated by themeasurement of the corresponding ratioRK�

inB0 → K�0lþl− decays [75]. InMoriond 2021, the LHCb
collaboration reported an updatedmeasurement ofRK [76] to
be 0.846þ0.044

−0.041 . However, according to the latest LHCb
update in 2022, these ratios are measured to be consistent
with the SM [44]. Nevertheless, the RKð�Þ remains an
important measurement, whether for identifying LFU-vio-
lating new physics or for constraining the extent of LFU
violation.
The ATLAS and CMS collaborations have recently

announced constraints on the mass and couplings of the
Z0 boson, based on its nonobservation in the dimuon
channel, with ∼140 fb−1 integrated luminosity in each

experiment [77,78]. Due to the smallness of the bsZ0
coupling and the small fraction of b and s quarks inside
the colliding protons, the data allowMZ0 values as low as a
few hundred GeV [79,80]. However, we choose MZ0 ¼
1 TeV to ensure a cleaner separation of the scale of NP
from the EW scale, and hence, the validity of the EFT.
The Z0 model we consider is called the mixed-up muon

(MUM) model (as defined in [79]), in which the Z0 only
couples to the b and s quarks and is produced via s̄bþ
b̄s → Z0 channel at the LHC. In this model, for gbs in the
range [0.001–0.1], the constraint from Bs mixing covers
most of the region excluded by ATLAS dimuon searches
[see Fig. 4(b) of [79]]. However, the value of gbs required to
explain CAA and b → sll anomalies is much smaller:
gbs ∼ 10−4, and for such small values there are currently no
exclusion limits from ATLAS.
The search capabilities of current and future experiments

are highly model-dependent. For generic gbs couplings of
Oð0.01Þ, for example, the projected sensitivity of the
3 ab−1 HL-LHC to the parameter space of the Mixed-
Down Muon “MDM” model is up to MZ0 ¼ 5 TeV
whereas it has no sensitivity to the MUM model [81].
The proposed 27 TeV, 10 ab−1 HE-LHC could probe Z0
masses in the MUM model up to 12 TeV. The predicted
sensitivity for this model at FCC is up to MZ0 ¼
23 TeV [80,82].
We perform a global fit to RðVusÞ and b → slþl−

observables including the latest measurements of RKð�Þ ,
EWP observables (see [35] for the list of observables), LFU
violating observables (see [35]), and neutrino trident
production in the Z0 model, with gl11, g

l
22, and gl33 as free

parameters, keeping fixed values for MZ0 ¼ 1 TeV and
gq23 ¼ −2 × 10−4. Note that because of the relatively larger
value of gl22 required to account for CAA, the values of gq23
needed to accommodate the b → slþl− data are quite
small. As a result, the constraints from ΔMs are not
significant. We have employed FLAVIO and WILSON tools
for the theoretical estimates of the observables and RG
running, respectively. The fit yields

gl11 ¼ −0.17� 0.10; gl22 ¼ þ1.50� 0.40;

gl33 ¼ −1.80� 0.90; ð26Þ

with Nobs ¼ 135, χ2SM ¼ 172.4, and χ2NP ≃ 154.3. The fit is
thus a significant improvement over the SM. At the best-fit
point, we get RðVusÞ ¼ 0.9941, which is well within 1.5σ
of the experimental value 0.9891� 0.0033 [6].
Our fit thus prefers a nonzero coupling of electrons as

well as muons to Z0. Further, a nonzero value of gl33 is
needed to account for the τ → μνν̄ data. The measured
value of Aðτ → μννÞ=Aðμ → eννÞ is 1.0029� 0.0014
[19,83], which differs from unity by about 2σ. Since μ →
eνν defines the “measured” Fermi constant, the explanation
of the anomaly in the above ratio needs a nonzero value for
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gl33. The ratio is simply 1þ ½ϵð3Þϕl �33 − ½ϵð3Þϕl �11, so no fine
tuning is needed for this. Thus, Z0 should couple to all three
generations of the leptons. Note that it has also been argued
recently [84] that Z0 couplings to all three flavors are
needed in generic Z0 models that address the b → slþl−

anomalies and neutrino mixing pattern simultaneously.
In Fig. 2 (left panel), we show the region in the parameter

space of ðgl11; gl22Þ indicated by the data on RðVusÞ. It
clearly prefers opposite signs for gl11 and gl22. In RðVusÞ,
this corresponds to positive ½Cll�1122 [see Eq. (21)].
The figure also shows the results of our separate fits to
the global b → slþl− data (including RKð�Þ), and to the
combined data from EWP observables, LFU violating
observables, and neutrino trident production [85,86]. For
gl22 > 0, as strongly preferred by the latter set of observ-
ables, a nonzero and negative gl11 is needed to fit RðVusÞ.
However, the global fit to the current b → slþl− data
prefers the best fit in the first quadrant of ðgl11; gl22Þ
parameter space. This implies that the future improvements
in the b → slþl− measurements have the potential to test
the viability of our scenario.
Note that the best-fit point preferred by our model is in

tension with the LEP constraints on the four-fermion
contact interactions as obtained in [46,87]. However, as
can be seen in Fig. 2 (right-panel), the 95% CL allowed
regions in the ðgl11; gl22Þ plane allowed by all constraints do
have an overlap with the LEP constraints.
Finally, it should be noted that in our fit we have used

mW ¼ 80.387� 0.016 GeV. The recent CDF measure-
ment of the W-mass [88], which is higher than the earlier

W mass measurements, has not been included. There have
been attempts [89–91] to address this new anomaly in the
SMEFT framework. These indicate that the value of
½Cll�1221 (or equivalently ½Cll�1122 at the high scale as
used in our scenario) required to explain CAA decreases
the value of W-mass as compared to the SM [92], and
worsens the overall fit [91]. Therefore, if the W-mass
anomaly also has to be resolved along with the CAA and B
anomalies, then additional SMEFToperators would need to
be invoked.

V. CONCLUSIONS

In this article, we have proposed a new way to account
for the CAA in the SMEFT framework, where we have
used only purely leptonic operators at the high scale. We
have shown that

(i) Pure leptonic four-fermion operators can affect the
extraction of the CKM element Vus by contributing
to the Fermi constant through operator mixing
arising from RG evolution. The CAA, quantified
through the ratio RðVusÞ, may be partly resolved by
the introduction of a single nonzero NP operator
½Oll�1122 at a high scale Λ, and generating the
required WCs at the low scale through RG running.
The operators ½Oll�1111 and ½Oll�2222 at the high
scale do not contribute to the RG running of WCs
relevant for the resolution of the CAA.

(ii) It is possible to generate nonzero values for ½Cll�iijj
at the high scale, while keeping the WCs of other

operators, ½Oð3Þ
ϕl �; ½Oð3Þ

lq �; ½Oð3Þ
ϕq �, to be vanishing at the

FIG. 2. In the left panel, we show regions in the ðgl11; gl22Þ parameter space indicated by the CAA anomaly (green). Also shown are the
bounds from the b → slþl− data (including RKð�Þ 2023 LHCb update, black), combination of EWP observables, LFU violating
observables, and neutrino trident production (dark blue). In the right panel, we show the LEP constraints (light blue) on the contact
interactions. All the regions correspond to 95% confidence level (CL), except the combined fit (RðVusÞ, b → slþl−, EWP observables,
LFU-violating observables, neutrino trident) in red color, which is shown at 95% CL (dashed) as well as at 68% CL (solid) in both
panels.
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high scale. This may be achieved, for example,
through the extension of the SM with a heavy Z0
gauge boson having nonuniversal leptonic cou-
plings. In addition, in the Z0 model, the operator

½Oð1Þ
lq �kk23 at the high scale can generate Cbsll

9 ¼
−Cbsll

10 at the EW scale, thus helping the resolution
of the b → sμþμ− anomalies.

(iii) Our model-independent scenario predicts that the
value of Gð0Þ

F ≡ 1=ð ffiffiffi
2

p
v2Þ in SMEFT is smaller than

that in SM by≈0.05%, though the muon decay rate is
the same. Therefore, it can be tested by precision
measurements of the bare Fermi constant through
CKM unitarity measurements and electroweak pre-
cision observables. Our scenario can also be tested by
direct measurements of effective eeμμ coupling at
future electron-positron collider such as FCC-ee or a
muon collider. In the context of the Z0 model, the
desired values of gl11 and gl22 should be negative and
positive, respectively. This prediction would be tested
by precision measurements of RKð�Þ in the future.

The future of CAA hinges predominantly on the
advancements in precision calculations of the nuclear
corrections in beta decays. Moreover, progress on the
experimental front, facilitated by measurements such as

the ratio BRðK → πμν̄Þ=BRðK → μν̄Þ possible at the
NA62 experiment, would help to clarify if indeed the
current tensions lead to unambiguous signals of NP. It will
be exciting to see if the pattern of anomalies observed in
multiple channels at the low scale is actually pointing us to
a NP scenario at the high scale that is currently beyond the
direct search capabilities of particle colliders.
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