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Constraints on a sub-eV scale sterile neutrino from nonoscillation
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Anomalies in several short-baseline neutrino oscillation experiments suggest the possible existence of
sterile neutrinos at about the eV scale that have appreciable mixing with the three known neutrinos. We find
that if such a light sterile neutrino exists, through a combined study of the leptonic decays of y~, 7=, 7, and
K™, some semileptonic decays of 7~ and the invisible decay width of the Z boson, it is possible to constrain
the relevant mixing matrix elements. Furthermore, we compare the constraints, derived by using the method
presented here, with the experimental results obtained from short-baseline neutrino oscillation experiments.
We find that a single light sterile neutrino cannot satisty the existing short-baseline neutrino oscillation
constraints and explain the anomalies mentioned above. Along the way we provide a number of
experimentally clean observables which can be used to directly study the light sterile neutrino independently

of the neutrino oscillation experiments.
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I. INTRODUCTION

Sterile neutrinos, first hypothesized by Pontecorvo [1],
are electrically neutral fermions of either Dirac or Majorana
nature with no standard weak interaction albeit mixing with
the existing active neutrinos. Mathematically, sterile neu-
trinos are singlets under the gauge symmetry of the
standard model (SM) of particle physics. The theoretical
studies of sterile neutrinos deal with many diverse new
physics scenarios which may include a multitude of sterile
neutrinos with masses ranging from below the eV scale to
close to the Planck mass scale. In this paper we shall focus
only on light sterile neutrinos which have masses near the
eV scale and we discuss how information from non-
oscillation experiments can be used to constrain the mixing
matrix elements of active-sterile neutrino mixing.1

The existence of one or more light sterile neutrinos near
the eV scale can help resolve some of the intriguing
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“anomalies” observed in short-baseline (SBL) neu-
trino oscillation experiments, such as the LSND [4],
MiniBooNE [5], and Gallium [6] anomalies.” In this paper
we assume that there exists only one light sterile neutrino v
in addition to the three known active neutrinos (v,, Uy v,),
all of which can be written as linear combinations of four
neutrino mass eigenstates (v, v, V3, Uy):

Va:ZVaiyiv (1)

where a = e, u, 7, s. We assume that the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [1,12], the 3 x 3 matrix
that deals with the mixing of v,, v,, v, with v, v, v3,
remains unitary in the presence of the sterile neutrino v,
while the 4 x 4 mixing matrix V (which might be unrelated
to any seesaw mechanism for generating neutrino mass)
can be, in general, nonunitary [13]. In this case, the effects
of sterile neutrinos will become manifest in the observables
associated to charged-current interactions of leptons [here
repeated labels indicate summation, £ =e, u, 7, and

?/l = J//l(l - 75)],

“It should be noted that the previously known reactor neutrino
anomaly [7] may not require any explanation in terms of light
sterile neutrinos in view of the recent paper from the Daya Bay
collaboration [8]. However, other experiments such as NEOS [9]
and DANSS [10] still suggest the presence of this reactor neutrino
anomaly. For a global analysis of these SBL results we refer the
reader to Ref. [11].
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as well as in neutral-current Z-boson decays into neutrinos,
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where g is the weak coupling constant and Oy, is the weak
mixing angle. The above expression follows from the
unitarity of the 3 x 3 PMNS matrix. It is important to note
that to keep our discussion general we consider the 4 x 4
mixing matrix to be nonunitary. In some new physics
scenarios the sterile neutrino can have a different origin
than the active neutrinos, leading to the nonunitarity of the
mixing matrix (for a specific model realizing this scenario
see, for instance, Ref. [13]). This violation of unitarity,
if observed, would imply the presence of unknown new
physics.

Taking the Lagrangians of Egs. (2) and (3) into account,
we shall explore the effects of this hypothetical light sterile
neutrino in some precision observables and try to set
constraints on its mixing with the known flavor eigenstates.
Our purpose is to identify observables that turn out to be the
most sensitive ones and present a clean way to determine
the mixing matrix elements. Given the lightness of this
sterile neutrino, its effects on the different observables
considered in this analysis will manifest as an overall
normalization factor. Ratios of decay rates turn out to be
very useful since they are independent of weak couplings,
quark mixings, and hadronic form factors. The effects of
the sterile neutrino do not cancel in such ratios as long as
they do not satisfy lepton universality, which in our case
implies |Ve4| # |V/44| # |Vr4|'

Our paper is organized as follows. In Sec. II we provide a
comprehensive analysis of the relevant weak decays, with
particular attention to the constraints on active-sterile
neutrino mixing matrix elements. We do a combined study
of the leptonic decays of y=, 77, n~, and K~, some
semileptonic decays of 77, as well as the invisible decay
of the Z boson. We provide all of the observables that can
be used to constrain the mentioned mixing matrix elements.
In Sec. III we perform a numerical study using all available
experimental data and also look for further predictions that
can be tested in oscillation and nonoscillation experiments.
Finally, we conclude in Sec. IV, emphasizing the results and
the uniqueness of our approach.

II. PROBING |V, VIA WEAK DECAYS

Lepton flavor is an absolutely conserved quantum
number in the SM with massless neutrinos. In this limit,
we can identify the flavor of neutrinos (or antineutrinos)
produced in processes induced by charged weak currents
by identifying the flavor of the associated charged lepton,
as in the case, for example, of y~ — 70,1, decay. However,
if neutrinos are massive particles, lepton-flavor-violating
(LFV) processes like y~ — e"v,v, are possible via a Z
penguin or box diagram at the one-loop level. Strictly
speaking, the observable process when neutrinos are massive
is 4~ — e~ + “missing” because the flavor of neutrinos is
not identified.> In general, since the light sterile neutrinos
(like the active ones) remain undetected at their place of
production, any weak decay of the type X — Y + av, + bvy
is practically X — Y + “missing”, where X and Y are some
initial and final particle(s), respectively, £,¢’ = e, u, 7, and
a, b =0, 1. We shall assume that the unobserved neutral
fermions produced in such weak decays under consideration
are either active or sterile neutrinos (or antineutrinos). As we
shall show, this allows us to set bounds on the mixing matrix
elements |V 4|, provided the more sensitive observables to
these effects are conveniently chosen.

A. Leptonic decays of 4~ and 7~

Let us first consider the leptonic u~ decay as the
reference process. In the presence of a single sterile
neutrino, there are four possible contributions to muon
decay: yu~ — e U,v,,e Uy, e yv,, and e Uyuy, all of
which contribute to u~ — e~ + “missing”. The corre-
sponding rate for the = — e~ + “missing” is given by

_ (Gp)?
n 1927 3 Pue®pe- (4)

We have defined

Pre = My f (mg /mi) f (m,) fo (my,). (5)

where m, denotes the mass of the charged lepton #, G% is
the Fermi constant if we were to assume no sterile neutrino,
fx) = 18x+8x* —x* = 12x%Inx, fy(m,) =1+3/5
(my/my)? is the finite W mass correction stemming from
the W-boson propagator, and f.,(m,) are the remaining
radiative corrections to the decay rate. Including the effects
of the finite mass of the electron and the O(a?) radiative
corrections, numerically we have f., (m,) = 0.995802
[14]. The effect of the sterile neutrino is encoded in the
factor %,

’In practice, the LFV contribution to the muon rate is
unobservably small.
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Z/le = (1 + |Ve4|2)(1 + ‘Vﬂ4|2>‘ (6)

The measured value of the effective Fermi constant is
given by G = G‘};(Ew)'/2 = 1.1663787(6) x 107> GeV~2
[14], obtained from a comparison of the muon decay rate in
Eq. (4) and the measured muon lifetime 7, = 1/I,. As can
be realized, it is not possible to quantify the effect of the
sterile neutrino from I', measurements alone without an
independent and precise measurement of GY.

A similar expression holds for the decay rates of 7~ —
£~ + “missing” decays (with £ = e, u), which in the
presence of an additional sterile neutrino becomes

GO 2
Ff = %pnﬂzr% (7)
with
P = mgf(mz%/mz)fW(mr)fefw(m‘r)’ (8)

where we have a similar expression for the X, factor as
in Eq. (6), under the corresponding replacement of flavor
indices. The numerical values of the radiative corrections
are f¢,(m;) = 0.995722 and fhy(m,) = 0.995960 [14]. If
we compute the ratio between Eqs. (4) and (7), we obtain

Fu Pue zue '

Ff Pt Zn”
== )

If we take the ratio of I'¢ and I'; using Eq. (7), we get

e 2

= (o) (Feve) (10

I Pru 1+ ‘Vﬂ4|
It is clear from Egs. (9) and (10) that if there is no lepton
universality, i.e., |V,4| # |V 4| # [V |, we can find some
observables that can probe the active-sterile mixing, with-
out being worried about the extraction of the Fermi
constant GY%. Since all the mixing matrix elements |V »4|*
are positive and do not exceed unity, we have 1/2 <
2o/ Zher Loe/ Zey < 2. In practice, given the good agree-
ment of the SM with experimental data for the leptonic
decays of 7z, we would expect to have X,/%,, very close
to 1.

Note that we can always express the partial decay rates
of the decays of 7z~ in terms of branching ratios [denoted
by Br(z~ — £~ + “missing”)] and the mean lifetime of
7~ (denoted by 7,): I/ = Br(r~ — £~ + “missing”) /z,.
In this way we obtain the following observables, which
are ratios involving the mixing matrix elements |V z4:

R 1+ |V4l*  Br(r = p+ “missing”) 7, pye

/e

1+ |Vul> Br(u— e+ “missing”) 7, p,,
(11a)

_ 1+ |V4*  Br(r > e+ “missing”) 7, pye
e 1+ ‘Vy4|2 B Br(ﬂ —> e+ “missing”) T, Pre ’

(11b)

_ 1+ |Va|* _ Br(z = e+ “missing”) pr,
M1+ |Vl Br(z > g+ “missing”) py,
(Ilc)

These three observables are not independent, by definition,
since R./.R,/, = R./,. Therefore, only two out of these
three ratios would be useful for our numerical analysis and
we would need some extra independent observable(s) in
order to constrain the three active-sterile mixing matrix
elements.

It is important to note that the ratio observables R/,
R, and R/, actually probe the unitarity of the 4 x 4
mixing matrix. If we were to relax the assumption that the
3 x 3 PMNS matrix is unitary, the ratio observables take
the form

Roye = (Z var) / (Z Vor). a2

where £ # ¢ and £,¢' = e, pu, 7. It is clear from Eq. (12)
that Ry/» =1 only when both > 1, |V,[*=1 and

4_1|Vejl* = 1. Tt should be noted that if one were to
consider an n x n active-sterile mixing matrix with n > 4
in some new physics model, then the summations in
Eq. (12) would run from 1 to n. Thus, Rz, can also
probe the unitarity of such an active-sterile mixing matrix
in the most general scenario.”

B. Semileptonic decays of 7~ and leptonic
decays of #~ and K~

Ratios of semileptonic decays of 7~ and leptonic decays
of z~ and K~ can also be useful to constrain the mixings of
a light sterile neutrino. Let us consider the 7~ — P7v, and
P~ — ¢, decays (P =z or K mesons and £ = e or u),
which are the most precisely measured processes of this
type. In the presence of a light sterile neutrino, the decay
rates of these processes are given by

2

2 .3 1 mp 26P 1 \% 2
meT 2 T( +| 14| )7
(13)

L (Gl
t—Pv — 167

“It is important to note that here we are not considering the
possibility of any sterile neutrinos being kinematically inacces-
sible to our decay modes under consideration. If such heavy
sterile neutrinos are experimentally found to exist, it is beyond the
scope of our analysis and R,/ cannot probe the unitarity of the
full active-sterile neutrino mixing matrix.
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and

(GP) Vgl mz\?
Lpopy = Tuq pmpmp | 1 _m_g Sp(1+1Veul).

(14)

In the above expressions, fp denotes the decay constant
of the P~ meson which can be calculated from lattice
QCD, V,, [with g = d(s) for P = z(K) mesons] is the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element, and
oF (or 51{;) denotes the radiative corrections to 7 — Pv
(or P — ¢v) decay.

The ratio of the these decays,

Toopy _ m (m%—mfa)Z(g) (1+|V,4|2> (15)
Cpopy,  2mem, \mp—m2) \85) \1+ |Vz|?

is independent of the parameters related to the hadronic
vertex and can provide clean information about the active-
sterile mixing matrix elements provided there is no lepton

universality. Furthermore, the ratio of electron and muon
channels in P-meson decays,

FP—»ev m% Wl%, — m% : 5;‘ 1+ |Ve4|2

== |- | = ||l ———5 ], (16)
s o) (&) (Fowie)
can also be used to study the active-sterile mixing matrix
elements since it is independent of hadronic inputs and
common terms of radiative corrections also cancel in
the ratio.

The radiative corrections can be split into short-distance
(SD) and long-distance (LD) parts: 6 = 6(SD) + 6(LD).
The dominant contribution to SD corrections in 7 and
P-meson decays is given by

Y(SD) = 1 +2“1n<mz>. (17)

T my

The computation of the LD parts are more difficult to
evaluate, since they depend on the details of the strong
interactions in the transition regime (1-2 GeV), which
involves using phenomenological models including con-
tributions from possible resonances as well as scalar QED,
so that one can consider the meson-photon interactions
beyond the point-meson approximation [15-17]. For
numerical analysis we shall use the ratio of radiative
corrections in the semileptonic z decays as given in
Ref. [16]:

for P=n",

oF 1.0016 £ 0.0014,
= (18)
for P = K~.

& 1 1.0090 £ 0.0022,

Similarly, the ratio of O(a) radiative corrections for
P-meson decays is given by [17]

for P ==,

5 0.9625 + 0.0001,
o= (19)
for P =K.

5»  10.9642 + 0.0004,

Once again, by rewriting the partial decay rates in terms
of branching ratios and lifetimes, we can define [using
Egs. (15) and (16)] the equivalent ratio observables as in
Eq. (15):

. = P et (w5

Br(P - ev)r, mp \mi-m3) \&F

Ry = ore = PR 20 (M0 2V (90 g
Br(P—-uv)z, myp &;

m? —m3
_ Br(P > ev)m; (m% - mﬁ)2 (5’})

‘" Br(P — w) m2 \m3 —m2) \&

(20c)

It must be noted that each ratio defined above has two
values: one corresponding to P =z and the other to
P = K. Even though we did not get any extra observables
here, we can probe the same observables from a different
set of decays than the purely leptonic decays of y and =
as given in Eq. (11). In fact, if we consider only those
decays that are mediated by charged-current interactions,
we shall be constrained to consider decays of the type
X—>Y+avy,+ boy, with £, = e, u, r and £ # ¢, a,
b =0, 1, and X, Y are appropriate particles. From such
decays we can only extract the ratios R./,, R;/,, and R,
unless we use some other independent information, such
as GY%, hadronic form factors, or CKM matrix elements.
For this reason, considering the weak neutral-current
processes can be useful.

C. Invisible width of the Z boson and the number
of light active neutrinos

In the presence of a light sterile neutrino, the contribu-
tions to the “invisible” decay width of the Z gauge boson
that stem from Eq. (3) are Dyvy, Upvy, Usvy, and Dyuy.
Therefore, the invisible width of Z is given by

0,3
- _ Gpmy
mv —
12v27 4.

(14 [Veal?), (21)

where m, denotes the mass of the Z boson. It is interesting
to note that the Fermi constant used in Eq. (21) is extracted
from the muon decay, which under our assumption of one
sterile neutrino leads to Eq. (4). Therefore, in terms of the
measured Fermi constant G, the invisible width of Z is
given by

GFm% 1
= — L4+ |Val)? (22
VS avar VR HZW( [Veal?) (22)
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If we consider V4 =0, we get the expression for Flsnl\f

which is the invisible width of the Z boson in the SM. It is
well known that the number of light neutrinos (N,) is
extracted from the observed invisible width of the Z boson
by using the expression

sz _ lﬂinv

3 M

mv

(23)

Thus, we can express N, in terms of the active-sterile
mixing matrix elements as follows:

N, =—= S+ Va2 (24)

He f=eu,t

It is clear that N, can now be used in conjunction with the
ratio operators R/, R;/,, and R, to constrain the active-
sterile mixing matrix elements. From Refs. [14,18], the
number of light neutrinos is N, = 2.9840 4 0.0082.

D. Energy spectrum of the charged lepton
in leptonic tau decay

Until now we have considered fully phase-space-
integrated partial decay rates for some well chosen decays
as a means to constrain the active-sterile mixing. It is
interesting to ask whether differential partial decay rates or
distributions can be used to look for signatures of the sterile
neutrino. In the presence of one light sterile neutrino,
the energy distribution of the final charged lepton # in the
decay 7 — ¢ + “missing” is modified as follows:

dl'(z = £ + “missing” 32m, .
( ) < > (BE, B — pi2 —22)

dEf p;m’l'ﬂ
p)
X \/ E2—m2 (;”), (25)
‘e

where pl, = m,f(mZ/m2) and EF* = (m? + m2)/2m,,
with Z = e, p. This expression does not contain the effects
of radiative corrections to the lepton spectrum. It is
important to note that this is not a normalized distribution
since in that case the effect of sterile neutrinos will cancel
during normalization. In Fig. 1 we plot the energy dis-
tribution of the muon in 7= — y~ + “missing” decays. We
have chosen 0.9 <X, /%, < 1.1 as an example for the
range of the free parameter. The effect of the sterile neutrino
is the same over the whole spectrum although it is more
discernible at the end point of the energy spectrum. It is
important to note that in order to get a prediction for the
effect of the sterile neutrino on the energy spectrum as per
the present data, we must first constrain the individual
mixing matrix elements using our set of observables.

10
o No sterile neutrino --------
é 1.1
=
N Rq/e 1.0
on
g
IR
.
NE
X
T
I
*
—
<
0 ¢ i : .
0 m, 025 0.5 0.75 mﬁ +m?2 1

E u (GeV) 2m;

FIG. 1. Muon energy spectrum in 7~ — y~ + “missing” decays
for values of R/, = X, /%, in the range (0.9,1.1) using Eq. (25).
We have considered lepton nonuniversality here, i.e., |V 4| #
[V,al # |Vo4|, as otherwise R, = 1 even for the case of one
sterile neutrino.

E. Analytical solutions for |V4|? in terms
of observables

We have four observables (RT/e, R,/ﬂ, Re/ﬂ, and N,)
which can be defined in terms of three active-sterile mixing
matrix elements (|V4[%, |V,4/%, and [V4|?), as shown in
Egs. (11) and (24). Since the three ratio observables of
Eq. (11) are not independent, we can always consider N,
and any two out of the three ratios to solve for the mixing
matrix elements. This gives rise to three closely related
schemes of analytical solutions. In Sec. III we shall present
our numerical analysis following all three schemes.

Scheme A: In this scheme we shall use R, s Rejus and N,
to solve for the mixing matrix elements. From Egs. (6),
(11b), and (11c) it is straightforward to get

Z;w = Re//t(l + |V/44|2)27 (263)
|V'r4|2 = R‘L’/ﬂ(l + |V/44|2) -1, (26b)
|Ve4|2 = Re/ﬂ(l + |Vﬂ4|2) -1 (26C)

Substituting Eq. (26) into Eq. (24) and simplifying, we get

2 Nyy/Repu
Vil = =1, (27)
1+ Re//t + RT/M
Finally, substituting Eq. (27) into Eqgs. (26b) and (26c¢),

we get

2 _ NoRejuy/Reju
|VT4| -1,

= (28a)
14+ R2 et Rg/ﬂ
R3/2
Vaup=— e 28b
| e4| 1 + Rg/ﬂ + Rg/ﬂ ( )
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Thus, Egs. (27) and (28) express the active-sterile mixing
matrix elements in terms of the observables Ry Repus
and N,.

Scheme B: In this scheme we shall use the observables
R.es R./ys and N,. The expressions for the active-sterile
mixing matrix elements in this scheme are obtained
from Egs. (27) and (28) by making use of the identity

R, = R;/.R,/,. Thus, in this scheme we have

T/ e/u

N R3/2
v

_ e/u
T1+R2, (1+R? )_1’
e/u 7/e

|Vedl (29a)

N,./R
|Vul* = T o 5y b
1+Re//4<1 +R1/e)

(29b)

32
Vil = lteRete .

1+R§/M(1 +R§/e)

(29¢)

Scheme C: In this scheme we shall use the observables
R.., R.),, and N,. The expressions for the active-sterile
mixing matrix elements in this scheme are obtained from
Egs. (27) and (28) by making use of the identity R,/, =
R./,/R/.. Thus, in this scheme we have

3/2
NL,RT/M1 /RT/e

Vsl = -1, (30a)

R}, + R}, +R; R,

3/2
2 NVRT/E V RT/M

Vul =—% o~ (0

7/e T/u /e v t/u

N R2R3?

V2= et 1. (30c)

Rr/e + Rr/y + R':/eRT/y

It is important to note that the ratio observables can be
determined by using either Eq. (11) or Eq. (20). In the
numerical analysis ahead in Sec. III we shall consider both
of these options. Once we know the values of |V 4|? it
would be interesting to know their impact on short-baseline
neutrino oscillation experiments.

F. Impact of |V 4| on short-baseline neutrino oscillation

In SBL neutrino oscillation experiments, where the
active-sterile neutrino oscillations are easier to observe,
the effective probability of neutrino oscillations from an
initial flavor state v, to a final flavor state vy is given by

Amy L
PP |5, — sin*26,sin <7mSBL ) .31

o 4E

where L is the distance between the neutrino source and the
detector, E is the energy of the neutrino beam, AmZ2y; is the

new squared-mass difference corresponding to oscillations
between the sterile and active neutrinos, and the oscillation
amplitude is given by

$in* 20,5 = 4V s [*|8ap — [V pal*|. (32)

e» Sin?20,,, and sin®26,,
which can be easily constrained once we know |V,4?
and |VM4|2 by using our schemes A, B, and C, as discussed
before.

We are interested in sin® 26

III. NUMERICAL ANALYSIS AND DISCUSSION

In order to numerically estimate the active-sterile mixing
matrix elements using the expressions obtained in the
previous section with schemes A, B, and C, we have used
all of the precise experimental results for branching ratios,
lifetimes, masses, radiative corrections, and the number of
light neutrinos N, as reported by the Particle Data Group
[14]. In the numerical study we have used Egs. (11), (20b),
and (20c) for the ratio observables considering both P = =
and P = K. We have done a simple propagation of errors
following the method of quadrature. Our numerical calcu-
lations give the following values for the ratio observables:

R,/ = 1.00667 + 0.00293 [using Eq. (11a)],  (33a)
1.00290 +0.00287 [using Eq. (11b)],

0.99406+0.00594 [using Eq. (20b) for P =],

©/u =
0.97807+0.01443 [using Eq. (20b) for P =K],
(33b)
10 .
/':F\ S50
= —— One sterile neutrino
< ----No sterile neutrino
5
'E 51
- <
I:_ =
1
b
S
O f T T T
0 M 025 0.5 0.75 2 + m? 1
E, (GeV) 2m,

FIG. 2. The un-normalized muon energy distribution in the
decay 77 — p~ + “missing” considering ¥,,/%,, = R,/ from
Eq. (33).
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TABLE 1. Predicted values for |V,4|*> (with £ = e, u, 7) from weak decays following schemes A, B, and C. The pairs of ratio
observables used in these predictions are R, /, and R, , for scheme A, R/, and R, for scheme B, and R,/, and R, for scheme C. In all
of the schemes the observable N,, the number of light neutrinos, is used.

©/p

(a)
Predicted values for |V 4|
Scheme C
Re/y Rr/e
Eq. (20c)
Scheme A Eq. (11¢) P=nx P=K Eq. (11a)
R/, Eq. (11b) 0.01036 £ 0.00425 0.01067 £ 0.00428 0.00365 £ 0.00517 0.01036 £ 0.00276
Eq. (20b) P=nx 0.00450 £+ 0.00549 0.00481 + 0.00551 0.00222 + 0.00623 0.01186 + 0.00290
P=K 0.00614 + 0.01037 0.00583 + 0.01038 0.01288 +0.01079 0.01478 + 0.00386
Scheme B
R/, 0.01036 4+ 0.00277 0.01043 £+ 0.00277 0.00905 + 0.00283
(b)
Predicted values for |V ,|*
Scheme C
Resy Rye
Eq. (20c)
Scheme A Eq. (11c) P=nr P=K Eq. (11a)
R/, Eq. (11b) 0.00665 + 0.00337 0.00659 + 0.00337 0.00798 + 0.00342 0.00665 + 0.00361
Eq. (20b) P=rx 0.00076 + 0.00485 0.00070 + 0.00485 0.00214 + 0.00486 0.00067 + 0.00565
P=K 0.00992 + 0.01007 0.00998 + 0.01008 0.00848 + 0.01003 0.01403 £ 0.01244
Scheme B
R/, 0.00665 £ 0.00381 0.00634 + 0.00383 0.01336 £ 0.00480
(c)
Predicted values for |V 4|?
Scheme C
RL’/M Rr/e
Eq. (20c¢)
Scheme A Eq. (11c) P=nr P=K Eq. (11a)
R/, Eq. (11b) 0.00376 + 0.00294 0.00370 + 0.00294 0.00510 + 0.00300 0.00376 + 0.00278
Eq. (20b) P=nx 0.00670 £ 0.00342 0.00664 + 0.00342 0.00806 + 0.00349 0.00527 £ 0.00292
P=K 0.01222 4+ 0.00582 0.01216 £ 0.00582 0.01364 £+ 0.00589 0.00821 £ 0.00389
Scheme B
R./e 0.00376 + 0.00279 0.00382 + 0.00279 0.00244 + 0.00284
0.99626 +0.00320 [usingEq. (11¢)], This implies that the 4 x 4 mixing matrix is unitary irre-

. spective of whether we consider the 3 x 3 PMNS matrix to be
Reju=q 0.99589+0.00324 [usingEq. (20c) for P =], unitary or not. Using the value of R/, from Eq. (33), with
1.004364+0.00479 [usingEq. (20c) for P =K]. Eq. (25) we can plot the un-normalized energy distribution of

the muon in the decay 7~ — y~ + “missing”, as shown in

(33¢) Fig. 2. It is clear from this distribution that the current data

from weak decays is consistent with the absence of light
It is quite clear from these results that all of the estimates  sterile neutrinos. Since the search for light sterile neutrinos is
for the ratio observables are consistent with 1 within 26.  traditionally done via short-baseline neutrino oscillation
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TABLE II.  Values for sin% 20

es

respectively] predicted from weak decays following schemes A, B, and C.

sin® 26, and sin” 20, predicted by using the values of |V 4|* and |V 4|* [see Tables I(a) and I(b),

(a)
Predicted values for sin® 26, = 4|V 4[|V .4|?
Scheme C
Ré’/ﬂ R‘r/e
Eq. (20c¢)
Scheme A Eq. (11c¢) P=nx P=K Eq. (11a)
R,  Eq. (11b) (276 £ 1.80) x 107 (281 £1.83)x10™*  (1.174+1.72) x 10™* (276 £1.67) x 107*
Eq. (20b) P=nx (0.14 4-0.89) x 107 (0.14 4+ 0.95) x 10~ (0.19 +0.68) x 107* (0.32 +2.68) x 10~
P=K (2444480)x10™*  (233+£477)x10™%  (436+6.33)x10*  (829+7.67)x107*
Scheme B
R/, (2.76 +1.74) x 10~ (2.64 4+ 1.75) x 107 (4.84 £2.30) x 107
(b)
Predicted values for sin®26,, = 4|V 4?|1 = |V 4[?|
Scheme C
Ré’/ﬂ R'r/e
Eq. (20c¢)
Scheme A Eq. (11c) P=n P=K Eq. (11a)
Ry, Eq. (11b) (4.10 £ 1.67) x 1072 (4.22 £1.67) x 1072 (1.46 £2.05) x 1072 (4.10 £ 1.08) x 1072
Eq. (20b) P=n (1.79 £2.18) x 1072 (1.92 4-2.18) x 1072 (0.88 =2.48) x 1072 (4.69 £ 1.14) x 1072
P=K (244+4.10)x 1072  (232+£4.10)x 1072 (5.08 £4.20) x 102 (5.82 £ 1.50) x 1072
Scheme B
R/, (4.10 £ 1.09) x 1072 (4.13 £ 1.09) x 1072 (3.59 £ 1.11) x 1072
(c)
Predicted values for sin’ 20, = 4|V 4|1 — |V 4|
Scheme C
Re/# R‘r/e
Eq. (20c)
Scheme A Eq. (11c) P=nx P=K Eq. (11a)
R, Eq. (11b) (2.64 4+ 1.33) x 1072 (2.62 4 1.33) x 1072 (3.17 £ 1.35) x 1072 (2.64 £1.43) x 1072
Eq. (20b) P=nx (0.3141.94) x 1072 (0.28 4-1.94) x 1072 (0.85+1.94) x 1072 (0.27 +2.26) x 1072
P=K (393+£395)x1072 (3954395 x1072  (3.36+£3.94) x 102 (553 +4.84)x 1072
Scheme B
R, (2.64 4+ 1.50) x 1072 (2.52 4+ 1.51) x 1072 (5.27+£1.87) x 1072

experiments, looking at the estimates of active-sterile mixing
matrix elements as well as the oscillation amplitude would
be very useful.

Using the values of the ratio observables as shown
in Eq. (33) we can predict the values for |V |* (with
¢ = e, u, t) following schemes A, B, and C. The pre-
dictions for |V,4|% |V,4|*, and |V 4|* are tabulated in
Tables I(a), I(b), and I(c), respectively. Taking the average
of these determined values, we get

Va2 = (853 +£5.36) x 1073, (34a)
Va2 = (6.73 +5.94) x 1072, (34b)
Vol = (6.62 +3.65) x 1073, (34¢)

Once again these values are consistent with 0, i.e., with
no active-sterile mixing, within 2¢. The upper limits for
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[Veal?, [V,4]? and |V 4|* at the 90% confidence level are
1.73 x 1072, 1.65 x 1072, and 1.26 x 1072, respectively.
From the SBL global fits [11] we find the following:
() |V.4]* ~0.010 £ 0.003, which is compatible with our
estimate; (ii) depending on the value of the squared-mass
difference Amj,, the upper limit of |V ,4|* at the 90% C.L.
varies in the range [0.004, 0.007], which is smaller than our
estimate; and (iii) |V 4> < 0.13 (at the 90% C.L.), which is
larger than our estimate. Nevertheless, we also compute
the values for sin® 26,,, sin” 20,,, and sin* 26,,,, which are
listed in Table II. Taking the average of the predicted values
of Table II, we get

Sin226), |, = (253 £277) x 107, (35)
sin? 20, |, = (3.38 £2.11) x 1072, (35b)
sin? 20, g = (2.67 £2.34) x 1072 (35¢)

These results are consistent with 0 within 26. The upper
limits for sin*26,,, sin®20,,, and sin*26,, at the 90%

H
confidence level are 7.07 x 107*, 6.84 x 1072, and
6.50 x 1072, respectively. Thus, the presence of sterile
neutrinos cannot be inferred from the existing data on
charged-current weak decays and the invisible decay width
of the Z boson. Nevertheless, it is very interesting to note
that the 2018 MiniBooNE result [5] hints at the possibility
that there might exist a light sterile neutrino with appreci-
able mixing with light active neutrinos with a best-fit value
of sin?260 = 0.894. This value is far above the value
predicted in Eq. (35). Thus, our prediction directly contra-
dicts the MiniBooNE result. On the other hand, if the
MiniBooNE result were correct we should observe the
effect of the sterile neutrino in the weak decays we have
discussed. We can also compare our estimates with the
best-fit values given by SBL global fit results [11]:

6.97 x 1073
6.31 x 1073

(DaR),

sin?20 :{
e (DiF),

where DaR and DiF denote the fact that the global fit

includes neutrinos and antineutrinos produced from z

decay at rest and z decay in flight, respectively. These

values are larger than our estimates.

IV. CONCLUSION

In conclusion, we would like to emphasize that the
approach we elaborated in this paper can provide an

independent and robust probe of active-sterile neutrino
mixing in addition to the traditional approach of using
short-baseline neutrino oscillation experiments. Using the
precision measurements of the low-energy charged-current
processes—namely, leptonic decays of u, 7, z, and K, and
semileptonic decays of 7—we defined three ratio observ-
ables. Along with these three ratio observables, which can
be easily studied experimentally, we also used the number
of light neutrinos from the invisible decay of the Z boson
which is also a very precise measurement. These four
quantities form the basis of our methodology. There are
three numerical schemes for finding all three active-sterile
mixing matrix elements, viz., |V 4| for £ = e, u, 7. If there
exists a sterile neutrino having appreciable mixing with
active neutrinos, it would affect the precision measure-
ments used in our approach. Our approach, therefore, can
be used not only to discover a sterile neutrino, but also to
study the mixing very precisely. It is also important to note
that our approach is strictly valid if the 4 x 4 neutrino
mixing matrix is not unitary and if lepton universality is not
imposed a priori. Both assumptions are not in conflict with
currently existing experimental data. If one considers the
4 x 4 neutrino mixing matrix to be unitary, then the
nonoscillation observables considered in our approach
become redundant and do not constrain those mixings
and the sterile neutrino hypothesis cannot be tested with our
method. However, as is evident from our numerical results,
the 4 x 4 mixing matrix is consistent with being a unitary
matrix. Finally, we must note that our numerical analysis
considering the existing data is consistent with the no-
sterile-neutrino hypothesis. Nevertheless, in the event of
any future claim of the discovery of sterile neutrinos from
short-baseline neutrino oscillation experiments, it would
be necessary to test the claim with the method we have
presented here.
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