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The decay of neutrino mass eigenstates leads to a change of the conversion and survival probability of
neutrino flavor eigenstates. Exploiting the recent results released by the long-baseline OPERA experiment
we perform the statistical investigation of the neutrino invisible decay hypothesis in the νμ → ντ appearance
channel. We find that the neutrino decay provides an enhancement of the expected tau appearance signal
with respect to the standard oscillation scenario for the long-baseline OPERA experiment. The increase of
the νμ → ντ conversion probability by the decay of one of the mass eigenstates is due to a reduction
of the “destructive interference” among the different massive neutrino components. Despite data showing a
very mild preference for invisible decays with respect to the oscillations only hypothesis, we provide an
upper limit for the neutrino decay lifetime in this channel of τ3=m3 ≳ 1.3 × 10−13 s=eV at the
90% confidence level.
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I. INTRODUCTION

Nowadays, the three neutrino oscillation picture is
established on a rather firm basis. Results from solar,
reactor, atmospheric and accelerator experiments provide
compelling evidence for the existence of in flight con-
versions between neutrinos of different flavors caused by
nonzero neutrino masses and mixing angles [1].
Nevertheless, nonvanishing neutrino masses indicate the

possibility that besides oscillating, neutrinos can decay.
Historically, the neutrino decay scenario was the first
mechanism proposed for explaining the solar neutrino
problem [2,3]. At present, the possibility of neutrino decay
is constrained by many experimental observations. The
Standard Model neutrino decays both through radiative and
nonradiative processes are well constrained by the high
precision measurement of the cosmic microwave back-
ground [1,4]. Processes involving beyond Standard Model
(BSM) physics as

νi → νþ X; ð1Þ

are much less constrained. Here νi (i ¼ 1, 2, 3) is a neutrino
mass eigenstate with massmi, while ν and X are particles in
the final state. Actually, ν can correspond to one or more
neutrinos and X can correspond to one or more non-
observable particles, typically identified as scalar or pseu-
doscalar fields. The BSM decay in Eq. (1) can be classified
as (i) visible decay, in which at least one neutrino in the
final state is active; (ii) invisible decay, in which all ν and X
are nonobservable particles. In this last case, the final state
neutrino particles are identified as sterile neutrinos νs.
Focusing on invisible decay, we expect that a beam of

(relativistic) νi-neutrinos having lifetime, τi, is depleted due
to the invisible neutrino decay by the factor

DiðL;EÞ ¼ exp ð−αi × L=EÞ; ð2Þ

where E is the neutrino energy, L is the distance between
the source and the detector and

αi ¼
mi

τi
ð3Þ

is the decay parameter. It is evident that, for a given ratio
L=E, the neutrino decay is only sensitive to decay
parameter.
Limits on αi have been derived by different neutrino

sources. For electron antineutrinos, the most favorable
combination is provided by the SN1987A (L ¼ 50 kpc,
E ∼ 20 MeV): the observation of electron antineutrinos in
Kamiokande-II [5] and IMB [6] yields the lower limit
α1 ∼ α2 ≲ 10−5 eV=s [7,8]. Other bounds are less stringent.
As a leading example, the strongest model-independent
limits on ν2 nonradiative decays are obtained from solar
neutrinos for which E ∼ 1 MeV and L ¼ 1.5 × 108 km; in
this case α2 ≲ 104 eV=s [9,10]. For the visible decay
modes, a stringent limit α2 ≲ 103 eV=s is obtained by
the nonobservation of solar ν̄e appearance in Kamland [11].
Independent and highly competitive limits can be also
obtained by the observation of high-energy cosmic neu-
trinos as recently provided by the IceCube detector [12]. In
this case due to the long baseline, the dependence on the
lifetime parameters τi disappears and the main information
for discriminating the presence of nonradiative neutrino
decays is the observed flavor ratios of neutrinos [13]. The
ν3 lifetime can be bounded by atmospheric and long-
baseline neutrino data obtaining [14]*giulia.pagliaroli@lngs.infn.it

PHYSICAL REVIEW D 93, 113011 (2016)

2470-0010=2016=93(11)=113011(5) 113011-1 © 2016 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.93.113011
http://dx.doi.org/10.1103/PhysRevD.93.113011
http://dx.doi.org/10.1103/PhysRevD.93.113011
http://dx.doi.org/10.1103/PhysRevD.93.113011


α3 ≲ 0.3 × 1010 eV=s ð4Þ

at 90% C.L., whereas the analysis using only long-baseline
data provides less stringent limits [15,16] α3 ≲ 0.3 ÷ 0.5 ×
1012 eV=s at 90% C.L. In both cases, let us stress that the
analysis regards how the α3 decay parameter changes the
νμ → νμ survival probability.
In the present manuscript, we exploit the recent results

released by the long-baseline OPERA experiment [17] to
perform the first investigation, to the best of our knowl-
edge, of α3 using the νμ → ντ appearance channel. The
OPERA experiment [18,19], located at the Gran Sasso
Underground Laboratory of INFN, is designed to inves-
tigate the ντ appearance channel on an event-by-event basis
by using an artificial beam Cern Neutrino to Gran Sasso
(CNGS) [20]] produced at CERN and mainly composed by
νμ. We show that the presence of a decay channel increases
the νμ → ντ conversion probability Pμτ, for the OPERA
values of L=E. This differs from the behavior in the typical
L=E range values of Minos and T2K experiments, for
which the neutrino decay leads to a decrease of Pμτ. In the
case of the OPERA experiment, the enhancement is
produced by the following mechanism: due to the exper-
imental setup, the “destructive interference” of different
mass eigenstates occurs and the decay of one mass
eigenstate can partially wash out this interference increas-
ing the Pμτ with respect to the pure oscillations case. On the
other hand, for the experimental setups of Minos and T2K,
the decay of one mass eigenstate reduces the “constructive
interference” of the different mass eigenstates decreasing
Pμτ with respect to the standard oscillations case. This
effect causes a very mild (less than 1σ) preference of the
OPERA data [17] for the model where invisible decays is
also included with respect to the oscillations only hypoth-
esis. The upper limit value for α3 that we obtain from this
analysis is also weakened by this effect and is in agreement
but not competitive with respect to the one already provided
by the combined analysis of SK, Minos and T2K. The
present paper is organized as follows. In Sec. II we discuss
the νμ to ντ conversion probability given by the combina-
tion of flavor oscillations and the invisible decay of the ν3
mass eigenstate. We provide a general analysis for any
value of L=E, comparing the behavior of Pμτ for the
OPERA experiment with that for the Minos and T2K
experiments. In Sec. III we use the recent results on the
number of observed ντ events reported by the OPERA
collaboration in [17] to derive a best-fit value and the upper
limit value for α3. We draw our conclusions in Sec. IV.

II. COMBINING NEUTRINO OSCILLATION AND
DECAY: THE MODEL

Let us assume that active neutrinos are subject to both
standard mixing and invisible decays. Therefore, propa-
gating neutrinos mix among flavor eigenstates in an

oscillatory time-reversible manner and disappear due
to time-irreversible decay. In this hypothesis, the mass
eigenstates evolution is given by

jνiðtÞi ¼ jνið0Þie−iEit−
Γi
2
t; ð5Þ

where Ei ≃ pþm2
i =ð2pÞ and Γi ¼ αi=Ei. Clearly, mas-

sive neutrinos of any flavor can decay by invisible
processes. In the two neutrino flavor approximation, which
is adequate to describe long-baseline experiments, both ν3
and ν2 can decay. However, bearing in mind that the
baseline of the OPERA experiment is L0 ≃ 730 km, the
mean neutrino energy is E0 ≃ 17 GeV and the stringent
limits on the value of α2 found both with solar and SN data
(see Sec. I), we can set α2 ¼ 0 in our considerations. Note
that this is implicitly assumed in the analysis reported in
[14–16] where, in a two-flavor approximation, only ν3 is
allowed to decay through the process ν3 → νs þ X while ν2
is considered stable.
Assuming that the flavor eigenstates are obtained by

rotation with the standard mixing matrix,

U ¼
�

cos θ23 sin θ23
−sin θ23 cos θ23

�
; ð6Þ

and upon substituting Γi ¼ δi3αi=Ei in Eq. (5), we find, in
agreement with [16], the survival probability

PμμðE;L; α3Þ ¼
�
cos2θ23 þ sin2θ23e−

α3
2EL

�
2

− 4cos2θ23sin2θ23e−
α3
2ELsin2

�
Δm2

23L
4E

�
;

ð7Þ

and the conversion probability

PμτðE;L; α3Þ ¼ cos2θ23sin2θ23
�
1 − e−

α3
2EL

�
2

þ 4cos2θ23sin2θ23e−
α3
2ELsin2

�
Δm2

23L
4E

�
;

ð8Þ
where Δm2

23 ¼ m2
3 −m2

2 and we replaced t → L. These
probabilities depend on the combination of three different
effects:
(1) The flavor eigenstates are superposition of the mass

eigenstates, leading to the θ23 dependence.
(2) The mass eigenstates have different masses, leading

to the Δm2
23 dependence.

(3) The mass eigenstate ν3 can decay, leading to the α3
dependence.

An interesting aspect is that Pμμ þ Pμτ ¼
1 − sin2 θ23ð1 − e−

2α3
2E LÞ, meaning that the total number of

neutrinos is not conserved if α3 ≠ 0. Moreover, the
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conversion probability is nonzero even for Δm2
32 → 0,

corresponding to the pure decay case. First introduced
by Barger in [21], the pure decay case is ruled out at more
than 3σ by SK [22] atmospheric neutrino data and at 7σ by
the Minos data analysis [23].
The plots in Fig. 1 represent the survival probability (top

panel) and the conversion probability (bottom panel) as a
function of L=E in the two-flavor approximation. In these
plots we used mBF

23 ¼ Δm2
23 ¼ 2.44 × 10−3 eV2, θBF23 ¼

sinðθ23Þ2 ¼ 0.452 corresponding to the best-fit values of
the global analysis of [24]. The general effect of the
neutrino decay is a damping of the standard oscillation
amplitude. With increasing values of α3, i.e., decreasing the
neutrino lifetime, the damping effect is stronger. For very
short decay times the neutrino oscillations are strongly
suppressed even for low values of the ratio L=E. For very
high values of L=E, or equivalently allowing the neutrino to
propagate through very long distances at a fixed neutrino
source energy, the neutrino conversion probability tends to
the constant value cos2 θ23 sin2 θ23. The pure decay case is

shown in Fig. 1 with the green solid line for
α3 ¼ 1011 eV=s.
As discussed in Sec. I, the analysis of disappearance data

of atmospheric and long baseline experiments led to the
limits on the value of α3 reported in Eq. (4). The same
parameter can be studied with the appearance data of the
long baseline OPERA experiment. Figure 2 shows a zoom
of the conversion probability Pμτ in the region of L=E
relevant for OPERA, Minos and T2K. The dotted blue line
corresponds to the oscillation-only scenario, the red dashed
line refers to the oscillation plus decay hypothesis for α3 ¼
1011 eV=s while the black solid line refers to the oscillation
plus decay hypothesis for α3 ¼ 1013 eV=s. Arrows in the
figure indicate the characteristic ratio R̂ ¼ L0=E0 for the
different long-baseline experiments, where L0 is the
baseline and E0 is the average neutrino beam energy.
In particular, R̂OPERA ≃ 730=17 km=GeV, R̂Minos ≃
730=3 km=GeV and R̂T2K ≃ 295=2.6 km=GeV. These
ratios determine the phase of the transition probability
Pμτ of Eq. (8). When the decay is turned off, i.e., α3 ¼ 0,
Eq. (8) reduces only to the last term due to the interference
between the massive components. For the value R̂OPERA a
situation of destructive interference occurs giving the very
small value Pμτ ≃ 0.02. On the other hand, for α3 → ∞,
Eq. (8) reduces only to the constant term cos2 θ23 sin2 θ23
and Pμτ ≃ 0.25 (with θBF23 ). As a consequence, the OPERA
experiment is the only one characterized by an enhance-
ment of the conversion probability when the decay mecha-
nism is turned on with respect to the oscillation-only
hypothesis. The opposite situation happens in the case of
Minos and T2K, for which the conversion probability
decreases for nonvanishing α3 with respect to the oscil-
lation-only hypothesis. Clearly, an increase of the0 2000 4000 6000 8000 10000
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FIG. 1. Survival probability (top panel) and conversion prob-
ability (bottom panel), as a function of the ratio L=E in the two-
flavor approximation. The dotted blue lines correspond to the
oscillation-only scenario. The red dashed lines refer to the
oscillation plus decay hypothesis for α3 ¼ 1011 eV=s. The black
solid lines correspond to the oscillation plus decay hypothesis for
α3 ¼ 1013 eV=s. The green solid lines represent the pure decay
case with α3 ¼ 1011 eV=s.
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FIG. 2. Conversion probability in the region of L=E inves-
tigated by OPERA, Minos and T2K experiments. The dotted blue
line corresponds to the oscillation-only scenario. The red dashed
line refers to the oscillation plus decay hypothesis for
α3 ¼ 1011 eV=s. The black solid line refers to the oscillation
plus decay hypothesis for α3 ¼ 1013 eV=s. The arrows indicate
the characteristic L=E of OPERA, Minos, and T2K.
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conversion probability leads to an increase of the number of
expected ντ events in OPERA. We will discuss this issue in
the next section.

III. ANALYSIS OF THE OPERA νμ → ντ
APPEARANCE RESULTS

The OPERA collaboration recently reported the obser-
vation of the fifth candidate ντ event found in the analysis
of an enlarged data sample. The total numbers of expected
events were 2.64� 0.53 and 0.25� 0.05 for signal and
background respectively, obtained by assuming Δm2

23 ¼
2.44 × 10−3 eV2 and sin2ð2θ23Þ ¼ 1. This result provides a
5.1σ evidence for the presence of νμ → ντ oscillations in the
three neutrino flavors framework [17]. In the neutrino
decay plus oscillation hypothesis, the number of expected
ντ events can be obtained combining the oscillation
probability in Eq. (8) with the beam and detector character-
istics as follows:

Nth
ντ ðα3Þ ¼ ϵnp:o:tNPb

Z
dEΦμðEÞσντðEÞPμτðE;L0; α3Þ;

ð9Þ

where ΦμðEÞ is the CNGS νμ flux [25], np:o:t ¼ 17.97 ×
1019 is the total number of delivered protons on target
(p.o.t.) in five years of data taking (from 2008 to 2012) [17],
σντðEÞ is the ντ CC cross section [26], NPb ¼ NA ×M is
the number of nucleon contained in the 1.2 kton of OPERA
lead target [19]. Finally, the factor ϵ is the overall
experimental ντ detection efficiency.
In order to estimate the efficiency factor ϵ, we consider

the oscillation-only hypothesis, i.e., α3 ¼ 0, with Δm2
23 ¼

2.44 × 10−3 eV2 and sin2ð2θ23Þ ¼ 1. Using Eq. (9) and
setting the efficiency to 1, the number of expected ντ
events is ∼43.5. Comparing this value with the one
quoted by the OPERA collaboration 2.64, we assume
ϵ ¼ 2.64=43.5≃ 6%.
The dependence of Nth

ντ on α3 is reported in Fig. 3 with a
solid black line; the dotted red line represents the observed
number of events in OPERA. The number of expected ντ
events Nth

ντ increases as a function of the parameter α3 and
saturates to about 67 events when the decay is complete,
i.e., α3 → ∞.
The best-fit value for the decay parameter α3 can be

estimated by maximizing the Poisson likelihood functions,

Lðα3Þ ∝ λn × e−λ; ð10Þ

where λ ¼ Nth
ντ ðα3Þ þ b, n are the observed events, b ¼

0.25 are the background events quoted by the OPERA
collaboration. The normalized likelihood function is
reported in Fig. 3 in arbitrary units with a dashed blue
line. In this case the oscillation parameters sin2 θ23 and

Δm2
23 are fixed to their best-fit values provided by the

global analysis of oscillation data [24]. The corresponding
Δχ2 function is reported in Fig. 4 with a dashed blue line.
We find that OPERA data show a 1σ preference for the
oscillations plus decay model with respect to the oscil-
lation-only hypothesis. Indeed the minimum for the χ2 is
characterized by αBF3 ≃ 4.4 × 1012 eV=s. To understand the
role of the other oscillation parameters we include sin2 θ23
and Δm2

23 as free parameters of the likelihood function.
By maximizing the new Poisson likelihood function we
find αBF3 ≃ 3.8 × 1012 eV=s, ðsin2 θ23ÞBF ¼ 0.458 and
ðΔm2

23ÞBF ¼ 2.42 × 10−3 eV2. In Fig. 4 we show with a
black solid line the Δχ2 function obtained by marginalizing
with respect to the other two oscillation parameters, i.e.,
allowing them to fluctuate inside their 3σ ranges of
uncertainty [1]. The preference for a value of α3 different
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FIG. 3. Expected number of ντ events (solid black line) from
Eq. (9) as a function of the decay parameter α3 and for mBF

23 , θ
BF
23

[24]. The blue dashed line shows, in arbitrary units, the
normalized likelihood function. The dotted red line is the number
of observed ντ events in OPERA.
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FIG. 4. Value of Δχ2 as a function of α3 considering the other
two oscillation parameters fixed to their best-fit values, i.e., mBF

23 ,
θBF23 (blue dashed line) and when the likelihood is marginalized
with respect to these two (black solid line). The horizontal lines
correspond to the 1σ (solid red line) and 90% confidence level
(dotted red line).
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from zero is stable, however α3 ¼ 0 is now excluded only at
Δχ2 ¼ 0.5. Using this Δχ2, we can finally set our upper
limit at 90% confidence level for the neutrino
decay lifetime of α3 ≲ 7.7 × 1012 eV=s, or τ3=m3 ≳
1.3 × 10−13 s=eV.

IV. CONCLUSIONS

Motivated by the recently released OPERA results in the
ντ appearance channel we have performed an analysis of
the conversion probability in the presence of neutrino
invisible decays. Remarkably, neutrino decay enhances
the conversion probability for the OPERA experimental
setup, indeed data show a mild preference for a decay
constant different to zero. We have demonstrated that for
the ratio L=E characteristic of the OPERA experiment the
oscillations plus decay model can provide an enhancement
of the conversion probability Pμτ with respect to the
oscillation-only hypothesis. This enhancement results in
a corresponding increase of the expected number of ντ CC

interactions that better fits the observed number of events
(let us remind that the probability of observing five or more
candidates with an expectation of 2.64 signal plus 0.25
background events is 17% from Poisson statistics [17]).
Due to the small statistics, the best-fit value we have found
for α3 has less than 1σ significance. Unfortunately this
effect weakened the upper limit at 90% confidence level for
the neutrino decay lifetime which is not competitive with
respect to the one already provided by the combined
analysis of SK, Minos and T2K, see Eq. (4). However,
this analysis provides the first upper limit for the neutrino
decay lifetime of α3 by using the ντ appearance channel.
This channel can provide complementary information and
could be interesting to strengthen this analysis by including
the larger data sets of the SK detector in this channel [27].
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