
MeV sterile neutrino in light of the Cabibbo-angle anomaly

Teppei Kitahara 1,2,* and Kohsaku Tobioka 3,4,†

1CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics,
Chinese Academy of Sciences, Beijing 100190, China

2Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University,
Nagoya 464–8602, Japan

3Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
4KEK Theory Center, IPNS, KEK, Tsukuba 305–0801, Japan

(Received 20 September 2023; accepted 6 December 2023; published 26 December 2023)

A modified neutrino sector could imprint a signature on precision measurements of the quark sector
because many such measurements rely on the semileptonic decays of the charged currents. Currently,
global fits of the determinations of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements point to a
3σ-level deficit in the first-row CKM unitarity test, commonly referred to as the Cabibbo-angle anomaly.
We find that a MeV sterile neutrino that mixes with the electron-type neutrino increases the extracted jVudj,
accommodating the Cabibbo-angle anomaly. This MeV sterile neutrino affects the superallowed nuclear β
decays and neutron decay, but it barely modifies the other measurements of the CKM elements. While
various constraints may apply to such a sterile neutrino, we present viable scenarios within an extension of
the inverse seesaw model.
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I. INTRODUCTION

While precision measurements have largely confirmed
the predictions of the standard model (SM), there are now
unignorable deviations. Notably, certain observables, such
as the lepton flavor universality in meson decays [1], have
begun to diverge from SM predictions. Against this back-
drop, the neutrino sector, often considered a relatively
unexplored domain in direct determinations, offers in-
triguing possibilities. Many of these anomalies seemingly
in the quark sector could be actually due to new physics
(NP) of the neutrino sector, given that the relevant mea-
surements heavily rely on the semileptonic decays involv-
ing neutrinos.
In this paper, we consider, as one such example, the

unitarity relation of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix VV† ¼ I3 [2,3]. A deficit has been observed
in the first-row CKM unitarity test [4–17]. According to a
recent review in Ref. [16], we obtain

ðVV†Þ11 ≡ jVudj2 þ jVusj2 þ jVubj2 ¼ 1þ Δglobal
CKM ; ð1Þ

with

Δglobal
CKM ¼

�
−1.51ð53Þ×10−3 ðw=bottle UCNbestÞ;
−2.34ð62Þ×10−3 ðw=in-beam bestÞ; ð2Þ

which deviate from the unitarity relation (Δglobal
CKM ¼ 0) at a

significance of −2.8σ and −3.8σ, respectively. Here, all
available data from the kaon, pion, tau lepton, hyperon
decays, and various types of β decays are used in the global
fit [16], and all the decays involve neutrinos. The difference
in Eq. (2) comes from the two different input data of the
neutron decays:

jVud;nj ¼ 0.97413ð43Þ ðbottle UCN bestÞ; ð3Þ

based on the single most precise bottle ultracold neutron
(UCN) lifetime data τbottlen ¼ 877.75ð36Þ sec [18], while

jVud;nj ¼ 0.96866ð131Þ ðin-beam bestÞ; ð4Þ

based on the in-beam one τbeamn ¼ 887.7ð2.2Þ sec [19].
Here, the single most precise data of the nucleon isovector
axial charge gA=gV [20] and an updated radiative correction
ΔR [15] are used in both cases. It is found that the beam
neutron data provides a little bit larger significance in the
deficit. Note that as discussed in the following, jVudj is
mostly determined by the data of the superallowed nuclear
β decays.
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Since the size of jVubj2 is significantly smaller than
uncertainties of the other components [21,22], the deficit is
essentially inherent in the two-generation Cabibbo angle.
Hence, it is referred to as the Cabibbo angle anomaly
(CAA) [6,7]. On the other hand, the ordinary CKM
unitarity triangle (in B-meson decays) corresponds to
ðV†VÞ31 ¼ 0, which is currently consistent with the SM
prediction within the experimental errors [22]. The repre-
sentative measurements specific to the ðVV†Þ11 unitarity
test are: the superallowed nuclear β decay and the neutron
decay for jVudj; the kaon decays such as K → πlν,
K → μν, and tau hadronic decays for jVusj and their ratio
jVus=Vudj. The recent global fit of them and assessment
of the deficit of ðVV†Þ11 have been performed in
Refs. [15,16].
There have been several attempts to resolve this anomaly

by TeV-scale new physics models [5,7,8,10–17,23–35]. In
this article, we develop deeper the extensions of neutrino
sector concerning the anomaly. Our findings uniquely
suggest that the CAA might be pointing to an inter-
mediate mass scale for new particles, specifically, a
sterile neutrino at the MeV scale that mixes with the
electron-type neutrino [36,37]. This scenario could arise
because all the relevant precision measurements use
(semi)leptonic decays and involve neutrinos, considering
that theoretical and experimental uncertainties of these
decays are well managed. As we will show, the MeV
sterile neutrino could be the underlying cause of the
anomaly seemingly in the quark sector quantities. It is
worth noting that several studies have indicated that the
CAA is not easily resolved by heavy or massless sterile
neutrinos [7,26,35].
In the next section, we delve into the contributions of

sterile neutrinos to the observables for the CAA. In Sec. III,
we summarize and discuss the current constraints on the
favored parameter region, and conclude in Sec. IV.

II. STERILE NEUTRINO IN LIGHT OF CAA

This section outlines how a sterile neutrino might resolve
the CAA. We initially examine two simple limits: very
heavy and massless sterile neutrinos and show that they
cannot accommodate the CAA. On the other hand, a
MeV-scale sterile neutrino presents a potential solution
by influencing the jVudj determinations. To ascertain this
solution, we conduct global fits in search of the optimal
parameter space. (Discussions on experimental constraints
and underlying models will be presented in Sec. III.)
Typically, a sterile neutrino’s characteristics in most

models can be effectively captured by its mass, mν4, and
its mixing angles with the SM neutrinos, Ul4. Below the
electroweak scale, the SM neutrinos from the weak
doublets, νl, split into two pieces in the mass eigenbasis,

νl ≃ cosUl4ν
0
l þ sinUl4ν4 for l ¼ e; μ; τ; ð5Þ

where ν0l are the SM-like neutrinos, often called active
neutrinos. For the active neutrinos, the mixing (cosUl4 ≲ 1)
results in the coupling reduction of the weak interaction, and
the deficit gives the sterile neutrino a feeble coupling
(sinUl4 ≪ 1) to the SM. These couplings alter observables
primarily governed by the weak interaction, i.e., all the
measurements relevant to the CAA are potentially affected,
see Fig. 1. The sign of the modification depends on the mass
scale of the sterile neutrino, pinpointing a specific scale.

A. Sterile neutrino above GeV

If the sterile neutrino mass exceeds Oð1Þ GeV, it would
not be kinematically permissible in the relevant measure-
ments. In this case, an important modification occurs in the
Fermi constant measurement via the muon decay. The
observed value, Gobs

F , deviates from the true value, GF, as
described by

Gobs
F ¼ GF cosUe4 cosUμ4: ð6Þ

This relationship is pivotal in all the measurements
employed in the CKM determinations. The CKM element
Vud is obtained by the superallowed nuclear β decay
and neutron decay associated with ν0e, and we have
Vobs
ud G

obs
F ¼ VudGF cosUe4 which leads to

Vobs
ud ¼ Vud= cosUμ4: ð7Þ

Other elements Vus and its ratio Vus=Vud are derived from
the measurements involving ν0μ.

1 Analogous to Eq. (7), the
relationships between the observed and true values are
given by

Vobs
us ¼ Vus= cosUe4; ð8Þ

ðVus=VudÞobs ¼ Vus=Vud: ð9Þ

FIG. 1. Neutrino energy Eν of each channel relevant to the
first-row CKM unitarity test is summarized. The sterile neutrino
channel is open when mν4 < Eν.

1Vus is also determined from the electronmode,K → πeνe (with
better precision than the muon mode), which leads to Vobs

us ¼
Vus= cosUμ4. But, combining Eq. (7), ΔCKM > 0 is predicted in
either way.
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Now one can check the unitarity relation, for example,
combining Eq. (7) with (8),

1þΔCKM¼jVobs
ud j2þjVobs

us j2¼
jVudj2
cos2Uμ4

þ jVusj2
cos2Ue4

: ð10Þ

Given the inherent CKM unitarity, represented by
jVudj2 þ jVusj2 ≃ 1, it follows ΔCKM > 0, which is in
contrast to the experimental fits presented in Eq. (2).2

Similarly, combining Eqs. (7) and (9) draws the same
conclusion.

B. Light sterile neutrino

Given that a heavy sterile neutrino cannot address the
anomaly, it is instructive to examine the opposite scenario
where the sterile neutrino mass is significantly smaller
than Eν, the maximum energy of neutrino in the relevant
processes. Intriguingly, under these conditions, experimen-
tal observations align with the SM predictions. This is
because the processes involving ν4 are kinematically
allowed and must be summed incoherently. To illustrate,
consider the muon decay where we account for four
processes,

X
νi¼ν0μ;ν4;ν̄j¼ν̄0e;ν̄4

Γðμ → eνiν̄jÞ

≃ ðcos2Ue4 þ sin2Ue4Þðcos2Uμ4 þ sin2Uμ4ÞΓSM

¼ ΓSM: ð11Þ

Similarly, other processes reproduce the SM predictions.
Hence, ΔCKM is expected to be zero, which is again
incompatible with the current data.

C. MeV sterile neutrino interacting with electron

The above discussion tells the CAA may suggest an
intermediate mass scale of the sterile neutrino. If the mass
is in the MeV scale, the coupling reduction of the weak
interaction remains in the neutron/nuclear decays, while
other observables, especially the Fermi constant, stay
almost the same as in the SM as seen in the Eq. (11).
Consequently, only Vud is modified,

Vobs
ud ¼ Vud cosUe4: ð12Þ

The other quantities, Gobs
F , Vobs

us , and ðVus=VudÞobs, are the
same as the SM ones because the corresponding Eν is much
larger than MeV. This realizes the experimentally favored
value,

1þ ΔCKM ¼ jVudj2cos2Ue4 þ jVusj2 < 1: ð13Þ

From the size of the anomaly ΔCKM ≈ 10−3, we can infer
that the favored mixing-angle-squared is U2

e4 ≈ 10−3, and
U2

μ4 is not necessary.3

The sterile neutrino mass can be in the same order of Eν

of the neutron/nuclear decays relevant to Vud measure-
ments. In the following, we evaluate the sterile mass
dependence in the neutron and nuclear decays, and we
focus on the mixing with the electron neutrino.

1. Superallowed nuclear β decay

The measurements of Vud in nuclear physics have been
conducted through so-called superallowed 0þ → 0þ
nuclear β decay, and the latest survey was given by
Ref. [39]. A heavy nucleus of JP ¼ 0þ decay to another
nucleus of 0þ with a significant wave function overlap
(superallowed), emitting eþνe (βþ decay). Also, only the
vector current of the quark weak interaction can contribute
(Fermi decay). There are 15 transitions utilized to deter-
mine jVudj [39], and the released energy in these transitions
varies according to the specific process. Note that the
determination of Vud is significantly dominated by a single
transition, 26mAl → 26Mg [40,41]. While a sterile neutrino
might be absent in some processes, it could emerge in
others with larger released energy, and the effect is sup-
pressed by the phase space as well as the small mixing
angle sin2Ue4.
Let us explore how Vud is measured and the impact of the

massive sterile neutrino. The decay width for both the
active and sterile neutrinos is given by

dΓ0þ

dEe
¼

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
e −m2

e

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
ν −m2

ν

p
EeEν

16π3

� jMj2
EeEνMM0 ; ð14Þ

where the parenthesis comes from the phase space calcu-
lation. The outgoing neutrino (positron) energy is EνðeÞ, and
MðM0Þ is the mass of the parent (daughter) nucleus. δM
denotes the nucleus mass difference, which is δM≡
M −M0 ¼ QEC −me neglecting the electron binding
energy of Oð10Þ eV [42]. The electron-capture (EC)
Q-value QEC is the experimentally measured quantity
summarized in Table I of Ref. [39]. For example,
QECð26mAl → 26MgÞ ¼ 4.23 MeV. The nucleus recoil
energy Erecoil can be ignored because it is much smaller
than the typical electron and nuclear energy. Thus the
energy conservation is approximately held as δM≃EνþEe,
leading to me≤Ee≤ δM−mν. This approximation greatly
simplifies the calculation, and is valid until the precision

2The mW anomaly seen at the CDF experiment [38] can be
resolved in this framework, because the modification goes in the
right direction. Modification of GF is essential in this case. See
also Ref. [35].

3In the interest of the mW anomaly, this parameter space is not
necessarily favored, but it can be easily fixed if another heavy
sterile neutrino (ν5) affects GF by Uμ5. Then, Vud is modified as
Vobs
ud ≃ Vudð1 − U2

e4=2þ U2
μ5=2Þ.
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becomes as good as δM=M ∼ 10−4. With this accuracy, the
matrix element is given by

jMj2 ≃ CEeEνM2G2
FjVudj2; ð15Þ

where C is a numerical coefficient. Normally, one can
extract the combination ofG2

FjVudj2 based on theF t values
of each nuclear β decay, which will be described later,
under the assumption that the neutrinos are massless.
We present a simple formalism to account for the

modification due to the massive sterile neutrino. Given
the mass of neutrino barely modifies the matrix element
of Eq. (15), the massive neutrino effect appears through
the phase space. We define the modified phase space
integral as

Iðmν;δMÞ≡
Z

δM−mν

me

dEe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
e−m2

e

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
ν−m2

ν

q
EeEν; ð16Þ

where Ið0; δMÞ corresponds to the SM case (maximizes for
a given δM), and the kinematically forbidden neutrino
yields Iðmν > δM −me; δMÞ ¼ 0. A single decay mode is
given by the sum of the active and sterile neutrino channels.
To extract the modification factor depending on the sterile
neutrino mass and mixing angle, we normalize the decay
width by the one with mν4 ¼ 0,

Γ0þ

Γ0þ;mν4¼0

¼ cos2Ue4 þ
Iðmν4; δMÞ
Ið0; δMÞ sin2Ue4 ð17Þ

¼ 1 − ϵðmν4; δMÞsin2Ue4; ð18Þ

with

ϵðmν4; δMÞ≡ 1 −
Iðmν4; δMÞ
Ið0; δMÞ ; ð19Þ

where mν4 represents the sterile neutrino mass. We found
that Eq. (17) is consistent with a result of Ref. [36]. In
Fig. 2, the phase space modification factor ϵðmν4; δMÞ is
plotted for each superallowed channel. There, the charge
repulsion or attraction effect is included in accordance with
Ref. [43], which has little impact. The measured jVobs

ud;0þj
through the nuclear β decay is different from the value
in the presence of the MeV sterile neutrino, and, therefore,
we obtain

Γobs
0þ ∝ jVobs

ud;0þj2 ¼ ½1 − ϵðmν4; δMÞsin2Ue4�jVud;0þj2 ð20Þ

by using Eq. (18). This reproduces the concise expression
of Eq. (12) when mν4 > δM −me, corresponding to ϵ ¼ 1.
Thus, we expect U2

e4 ≈ Δglobal
CKM ≈ 10−3 to accommodate

the CAA.

2. Neutron decay

The neutron decay is currently the second-best probe
of Vud. The neutron lifetime (τn) measurements and the
theoretical calculations are put together to obtain Vud;n. It is
known that there are two different measurements for the
neutron lifetime, so-called neutron decays in the bottle or in
the beam, and these data indicate ≈4σ discrepancy [44].
Although they are controversial, both results imply the
violation of CKM unitarity, see details in the Introduction.
In our fit, we treat two methods separately and combine it
with other measurements. The sensitivity for Vud is still
dominated by the superallowed nuclear decay, but the
favored sterile neutrino mass changes a little depending on
the method of neutron lifetime measurements.
The effect of massive sterile neutrino is very similar to

the case of superallowed nuclear decay. The neutron decay
width is given by

Γn

Γn;mν4¼0

¼ 1 − ϵðmν4; δMnpÞsin2Ue4; ð21Þ

where δMnp is the mass difference between a neutron and a
proton. Hence, the observed Vobs

ud;n can be smaller than the
true value,

jVobs
ud;nj2 ¼ ½1 − ϵðmν4; δMnpÞsin2Ue4�jVud;nj2: ð22Þ

The phase space modification factor ϵðmν4; δMnpÞ is shown
in Fig. 2.
As we already addressed, the neutron lifetime measure-

ments are mutually inconsistent between the bottle UCN
and the beam methods. In this article, we treat them
separately rather than combining.
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FIG. 2. The phase space modification factors ϵðmν4; δMÞ are
shown for the ten most accurate superallowed decays (solid lines
and a dotted line) and the neutron decay (black dashed line).
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3. Statistical combinations

Basically we construct χ2 functions of mν4, sin2Ue4 ≃
U2

e4; jVudj, and jVusj, and impose the unitarity at the
truth level, jVudj2 þ jVusj2 ¼ 1, safely dropping jVubj2 ≃
1.4 × 10−5 for the uncertainty of ΔCKM [21,22]. Also, we
do not include the pion β decay πþ → π0eþν, which can
independently measure Vud without nuclear corrections, in
our analysis, because its current sensitivity is approxi-
mately ten times weaker than that of superallowed β
decay [15]. In this subsection, we omit the absolute value
notation for simplicity.
We combine the Vud measurements which depend on the

sterile neutrino mass less than 10 MeV and the mixing,
with Vus and Vus=Vud measurements which have negligible
shifts from the sterile neutrino, since U2

e4ðmν4=EνÞ≲ 10−4.
We adopt the following fitted values: Vus from the semi-
leptonic kaon decays (Kl3), inclusive-hadronic τ decays,
and hyperon semileptonic decays, and Vus=Vud from the
leptonic kaon-decay rate over the pion one (Kμ2=πμ2) [16]

Vus;fit ¼ 0.223 14ð51Þ; ð23Þ

ðVus=VudÞfit ¼ 0.231 08ð51Þ: ð24Þ

Then, we construct two χ2 functions,

χ2usðVudÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − V2
ud

q
− Vus;fit

�
2

ðδVusÞ2
; ð25Þ

χ2us=udðVudÞ ¼
h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − V2
ud

q
=Vud − ðVus=VudÞfit

i
2

½δðVus=VudÞ�2
; ð26Þ

where δVus represents the uncertainty of Vus;fit, and so
does δðVus=VudÞ.
For the Vud determination through the neutron lifetime,

we have to consider the effect of massive sterile neutrino,
and then we have

χ2nðmν4; U2
e4; VudÞ

¼
h
Vud

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵðmν4; δMnpÞU2

e4

q
− Vud;n

i
2

ðδVud;nÞ2
: ð27Þ

We have two different χ2n functions for the Vud;n ¼
0.97413ð43Þ at the bottle UCN experiment (3) and Vud;n ¼
0.96866ð131Þ in the beam (4). We do not combine them
due to their disagreement.
Next, we construct χ2 function for the superallowed

0þ → 0þ nuclear β decay, where the ten most accurate
nuclei data are used. Each superallowed transition is
characterized by its own ft value, where f is a dimension-
less constant that comes from an integral over phase space

and t is the half-lifetime of the 0þ → 0þ transition [45–47].
By subtracting the nuclear structure-dependent corrections
from each ft value, one can obtain each correctedF t value,
which is a nucleus-independent quantity according to the
conserved vector current hypothesis, and sensitive to
ðGobs

F Vobs
ud Þ−2. In the fit of ten superallowed nuclear decays,

one needs a common nuisance parameter α to account for
the total systematic uncertainty. With this consideration, χ2

functions from the superallowed transitions are given by

χ2
0þðmν4;U2

e4;Vud;αÞ

¼
X
i

�
F ti −

Kð1þΔV
RÞ−1ð1þ αÞ

2G2
FV

2
ud½1− ϵðmν4;δMiÞU2

e4�
�

2

=ðδF tiÞ2;

ð28Þ

χ2sysðαÞ ¼
α2

σ2ΔV
R
þ σ2δ0R

þ σ2δNS
; ð29Þ

where GF ¼ 1.1663788ð6Þ × 10−5 GeV−2, K ¼
8120.27648ð26Þ × 10−10 GeV−4 s, and the index i runs
10C, 14O, 26mAl, 34Cl, 34Ar, 38mK, 42Sc, 46V, 50Mn, and 54Co,
shown in Fig. 2. We use the transition-independent radi-
ative correction ΔV

R ¼ 2.467ð27Þ × 10−2 from Eq. (A.8)
of Ref. [15], giving σΔV

R
¼ δΔV

R=ð1þ ΔV
RÞ ¼ 2.63 × 10−4.

F ti values are obtained from Table XVI of Ref. [39].
We extract σδ0R ¼ 0.36 s=3072 s ¼ 1.17 × 10−4 and σδNS ¼
1.73 s=3072 s ¼ 5.63 × 10−4 from Eq. (22) of Ref. [39].
For a crosscheck of our statistical scheme of the

superallowed nuclear decays, when a sterile neutrino
decoupling limit (Ue4 → 0 or mν4 → 0) is examined with
ΔV

R ¼ 2.454ð19Þ × 10−2 given in Ref. [39], we obtained
Vud;0þ ¼ 0.97369ð32Þ, which well agrees with Vud;0þ ¼
0.97373ð31Þ of Ref. [39].
Finally, we combine all the χ2 functions using only one

neutron χ2 at a time,

χ2ðmν4;U2
e4;Vud;αÞ¼ χ2usþχ2us=udþχ2nþχ2

0þ þχ2sys: ð30Þ

We find the global minimum χ2min and search for the favored
parameter space of the sterile neutrino by evaluating

Δχ2 ≡ χ2ðmν4; U2
e4; Vud; αÞ − χ2min; ð31Þ

where Vud, as well as α, is treated as the nuisance parameters
and thus minimized for a given set of ðmν4; U2

e4Þ.
The results are shown in Fig. 3. As expected, the favored

mixing angle squared is U2
e4 ≈ 10−3, and there is a plateau

once the sterile neutrino mass mν4 is heavier than
δM −me ≈ 3.2 MeV, which is the maximum neutrino
energy at the superallowed nuclear decay 26mAl → 26Mg,
see also Fig. 2.
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We show two panels depending on the neutron lifetime
measurements. In the left panel, we use the bottle meas-
urement to extract Vud, which is consistent with the one
from the superallowed nuclear decays. The original tension
of the CAA is at 2.8σ, and the pull in the presence of sterile
neutrino is 2.1σ at the best-fit point. On the other hand,
since the beam measurement prefers smaller Vud than the
superallowed nuclear decays, a significance of the CAA is
enhanced to be 3.8σ, and the sterile neutrino can relax it by
3.2σ at the best-fit point.

III. CONSTRAINTS OF MeV STERILE NEUTRINO

In the previous section, we identified the favored ranges
of the mass and mixing of the sterile neutrino for the given
anomaly. However, these parameter regions are subject to
constraints from the laboratory to the cosmology. In this
section, we list all the relevant bounds and show consistent
resolutions if exist.

A. Direct bounds

Therehave beenkink searches in theKurie plot, the emitted
electron energy spectrum measurements in the nuclear β
decays, to test the mass of sterile neutrino [48–51]. One
relevant measurement is the kink search in 20F decay which
coversmν4 ≲ 3 MeV [49]. The blue-shaded regions in Fig. 3
are excluded by the kink searches. This is a robust bound on
the sterile neutrino.
Furthermore, recently the BeEST experiment has set a

constraint on the sterile neutrino through the EC-β decay
using the superconducting quantum sensor [52]. This
bound is shown by the purple-shaded regions in Fig. 3,
which significantly improved the bound on the sterile

neutrino mixing Ue4 with mν4 ¼ 0.1 MeV–0.8 MeV.
This bound is also robust in our scenario.

B. 0νββ bound

Searches for the neutrinoless double beta decay (0νββ) are
sensitive to Majorana neutrino mass and mixing. See the
recent review [51,55]. If a 3þ 1 sterile neutrino scenario
(three active neutrinos plus one Majorana sterile neutrino) is
considered, the 0νββ rate is proportional to jU2

e4mν4j2. In
this simplest case, the current measurements [56,57] set the
upper limit onU2

e4 < 10−7 atmν4 ¼ Oð1Þ MeV [51], which
excludes the whole parameter region of Fig. 3.
However, it is known that the 0νββ bound can be

suppressed by a generalized B − L symmetry [58]. In
particular, the bound is totally suppressed within the inverse
seesaw model [59–61] in this category. In this scenario, the
left-handed singlet fermion S as well as the right-handed
neutrino N are introduced to the SM Lagrangian [62],

−L¼1

2
N̄cμNNþyL̄H̃Nþ1

2
S̄cμSSþ S̄MNNþH:c:; ð32Þ

where μN and μS are Majorana masses, which are small
lepton number violations and are technically natural. After
taking the mass eigenbasis, the active neutrino mass is

mν0l
≃
M2

D

M2
N
μS ≃ U2

e4μS; ð33Þ

where the mixing is U2
e4 ≃ ðMD=MNÞ2, while the sterile

neutrino becomes a pseudo-Dirac fermion with mass as

mν4 ≃MN � μS
2
: ð34Þ

FIG. 3. Favored parameter regions are shown. The red points represent the best-fit point with the pulls from the SM hypothesis. For the
neutron decay data, the most precise neutron lifetime results from the bottle UCN and the beam measurements are used in the left and
right panels, respectively. The blue and purple shaded regions are excluded by the nuclear β-decay kink searches [48–51] and the
EC-decay search [52], respectively. The regions above green dashed lines can be constrained by πþ → eþν measurements [36,53,54],
and the regions between dotted or dash-dotted green lines are allowed with the dimension-six operator. See more details in the text.
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Here, MN ≫ MD ¼ vy (v ≃ 174 GeV) is assumed. Note
that μN is an irrelevant parameter at the leading order.
The smallness of the active neutrino masses requires μS

to be suppressed in the inverse seesaw model, namely μs ≈
Oð1Þ eV in the parameter of our interest. Consequently,
the 0νββ rate, which has to pick up the Majorana mass μs,
is significantly smaller than in the 3þ 1 scenario and
contained well below the observed limit for mν4 ≲
Oð100Þ MeV [51].

C. Meson decay bounds

The sterile neutrino bounds from meson leptonic decays
have been discussed in Ref. [63]. Within the SM, πþ →
eþν decay is helicity-suppressed by the electron mass
(m2

e=m2
πþ). On the other hand, when the sterile neutrino

is heavier than the electron, the branching ratio is signifi-
cantly modified. Strong constraints come from the e-μ
universality measurements in the two-body leptonic decays
of πþ and Kþ [63–68],

RM
e=μ ¼

BRðMþ → eþνðγÞÞ
BRðMþ → μþνðγÞÞ ; for M ¼ π; K: ð35Þ

In Fig. 3, the areas above the green dashed lines are excluded
by the latest analysis of Rπ

e=μ at the PiENu experiment
[36,53,54] (the bound from RK

e=μ is weaker [69]). In the
minimal scenario of the sterile neutrino with the mass and
mixing to the weak interaction, this bound excludes the
significant part of the favored parameter space for the CAA.4

However, if there are some higher dimensional operators
that contain the sterile neutrino and induce πþ → eþν4,
they can reduce πþ → eþν4 while keeping the nuclear and
neutron β decay unaffected. This is because the SM-like
amplitude of the pion decay is actually suppressed by the
lepton mass, so its electron mode is sensitive to new physics
contributions. Even with new physics of Oð10Þ TeV scale,
the Rπ

e=μ bound can be easily compensated by small
modification due to the higher dimensional operators.
For example, RM

e=μ is sensitive to a dimension-six scalar
operator ðūRVuidiLÞðēLNÞ, which can destructively inter-
fere with the mixing contribution of Eq. (5), and we
introduce

Leff ¼
1

Λ2
½ūRðVuddL þ VussLÞ�ðēLNÞ þ H:c:: ð36Þ

In Fig. 3, we show that modified allowed regions of RM
e=μ

for the cases of Λ ¼ 20 TeV and 30 TeV by the green

dash-dotted and dotted lines, respectively. It is found that
the RM

e=μ bound is significantly sensitive to the operator of
Eq. (36), and the CAA favors the dimension-six operator
with Λ ¼ 20–30 TeV.

D. Long-lived sterile neutrino and cosmology

When the sterile neutrino lifetime is determined by
the weak decay, the reactor [70,71] and Borexino experi-
ments [72] use ν4 → eþe−ν0e decay mode to probe the range
of 1 MeV < mν4 < 14 MeV [51]. These bounds poten-
tially exclude the favored regions of Fig. 3. However, the
bounds are not applied if the lifetime is shorter by a factor
of Oð10–100Þ due to the additional decay modes.
The decay of sterile neutrino to three active neutrinos

becomes significant in the presence of a real scalar
mediator ϕ described by

−L ¼ m2
ϕ

2
ϕ2 þ

�
λ

2
ϕS̄cSþ H:c:

�
: ð37Þ

If the effective interaction scale satisfies λ2=m2
ϕ ≳

10U−2
e4GF ∼ 0.1=GeV2, the decay of the sterile neutrino

is short enough. We find, when mϕ ≃ 0.5 GeV–30 GeV,
this condition is compatible with the bounds, such as the
meson decays, studied in Ref. [73] since the mediator
interactions with the active-neutrino are suppressed by the
mixing angle as 1

2
λU2

e4ϕν̄
c
eνe; λUe4ϕS̄cνe.

The cosmological observations typically constrain the
MeV scale sterile neutrino. However, with the required
mediator-interaction, the sterile neutrino decoupling from
the SM thermal bath occurs together with the active
neutrinos decoupling at T ∼ 2 MeV. As a result, the
remaining bound is from the effective number of neutrinos,
Neff . As the sterile neutrinos are not completely non-
relativistic at the decoupling temperature, they would
increase the effective number of neutrinos by ΔNeff ≃
1.0–0.25 for mν4 ¼ 5–10 MeV. Although ΔNeff ≳ 0.3 is
constrained by the CMB observations [74], additional
well-motivated particles, such as heavy axions with a
lifetime of about 0.1–1 sec, can consistently compensate
ΔNeff [75,76].
In the absence of additional long-lived particles affecting

Neff , a different set of mediator interactions,

−Lϕ ¼ m2
ϕ

2
ϕ2 þ ϕ

4Λγ
FμνFμν þ ðλ0ϕS̄LN þ H:c:Þ; ð38Þ

can lead to another consistent scenario. In this case, the
sterile neutrino decay is predominantly ν4→ϕð�Þν0e→ γγν0e
which dismisses the reactor and Borexino bounds. The
thermal history is modified such that the sterile neutrino
interaction with the photons determines the decoupling
from the thermal bath. The temperature when the entire
neutrino sector decouples can be lower to 1(0.75) MeV,

4The introduction of the muon-neutrino mixing (Uμ4) does not
ameliorate the situation. It is because the effect to RM

e=μ from U2
e4

is chirality enhanced by a factor ofm2
ν4=m

2
e. In contrast, the effect

fromU2
μ4 is diminished, being suppressed bym2

ν4=m
2
M forM ¼ π,

K [36].
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which is about the temperature of neutron decoupling.
The sterile neutrino at this temperature is nonrelativistic
enough such that ΔNeff ≃ 0.3–9 × 10−3ð0.1–6 × 10−4Þ for
mν4 ¼ 5–10 MeV is allowed by the CMB. This scenario
requires λ0=ðm2

ϕÞΛ≳ 0.03=GeV3. Considering the bounds
involving neutrino [73] and photon [77,78], we find that the
mediator is allowedwhenmϕ ≃ 0.5 GeV–4 GeV and λ0 ≳ 1.

E. PMNS unitarity test

The Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [79,80] is a unitary matrix relating the mass
eigenstates of neutrinos to the charged-lepton flavor eigen-
states. Although the PMNSmatrix is usually defined within
three active neutrinos, the presence of sterile neutrinos
extends the matrix and makes the 3 × 3 sub-matrix non-
unitary. Hence, the unitarity test on the submatrix with
consideration of neutrino oscillation data constraints the
mixing elements due to the sterile neutrinos [81–85]. The
recent global analysis suggests jUe4j2 ≲ 0.03 at 2σ [85],
which is sufficiently weaker than the size of jUe4j2 favored
by the CAA within our scenario.

F. Summary of the constraints

Given the potential constraints for the parameter space
favored by the CAA, the inverse seesaw models with a
mediator ϕ and a higher dimensional operator emerge as
viable scenarios. Even in the presence of the additional
decay modes of the sterile neutrino via the mediator, it
remains effectively stable in most laboratory experiments, in
particular, measurements of neutron and nuclear β decays.

IV. CONCLUSIONS

Currently, it is reported that the first-row CKM unitarity
test is violated at the 2.8σ level, referred to as the Cabibbo
angle anomaly (CAA). This violation is worse when the
neutron lifetime data of the in-beam experiment is used in
the global fit. In this article, we point out that the MeV

sterile neutrino that mixes the electron-type neutrino with
U2

e4 ≈ 10−3 can decrease the value of extracted jVobs
ud j from

the superallowed nuclear β decays and the neutron decay
relative to its true value, without modifying other observ-
ables relevant to the CKM determinations. As a result, it is
found that the MeV sterile neutrino can alleviate the CAA.
The parameter space of the sterile neutrino favored as the
solution of the CAA is typically subject to various con-
straints. Although the nuclear β decay bounds are robust,
we show that the sterile neutrino in the inverse seesaw
models with the dimension-six operators can evade the
laboratory constraints, and the neutrino mediator is favored
by the cosmology bounds.
While we highlighted the sterile neutrino resolving the

anomaly of the unitarity test, this type of scenario where
new physics primarily in the neutrino sector gives apparent
deviations in the precision measurements on the quark
sector could be interesting in a broader context.

Note added. After completing this work, a new lattice
calculation [86] reported ΔV

R ¼ 0.02439ð19Þ. If we adopt
this result for the global fit of the superallowed nuclear β
decays, significance of the tension is reduced by about
0.5σ, and correspondingly, the improvement of CAA (the
pull with respect to the SM) due to the sterile neutrino is
reduced by about 0.5σ.
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