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Abstract: We study the consequences of invisible decay of neutrinos in the context of

the DUNE experiment. We assume that the third mass eigenstate is unstable and decays

to a light sterile neutrino and a scalar or a pseudo-scalar. We consider DUNE running

in 5 years neutrino and 5 years antineutrino mode and a detector volume of 40 kt. We

obtain the expected sensitivity on the rest-frame life-time τ3 normalized to the mass m3 as

τ3/m3 > 4.50× 10−11 s/eV at 90% C.L. for a normal hierarchical mass spectrum. We also

find that DUNE can discover neutrino decay for τ3/m3 > 4.27×10−11 s/eV at 90% C.L. In

addition, for an unstable ν3 with an illustrative value of τ3/m3 = 1.2× 10−11 s/eV, the no

decay case could get disfavoured at the 3σ C.L. At 90% C.L. the expected precision range

for this true value is obtained as 1.71× 10−11 > τ3/m3 > 9.29× 10−12 in units of s/eV. We

also study the correlation between a non-zero τ3/m3 and standard oscillation parameters

and find an interesting correlation in the appearance and disappearance channels with the

mixing angle θ23. This alters the octant sensitivity of DUNE, favorably (unfavorably) for

true θ23 in the lower (higher) octant. The effect of a decaying neutrino does not alter the

hierarchy or CP violation discovery sensitivity of DUNE in a discernible way.
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1 Introduction

Neutrino oscillation experiments have established that neutrinos are massive and there is

mixing among all the three flavors. The neutrino oscillation parameters — namely the two

mass squared differences ∆m2
21

= m2
2
−m2

1
and |∆m2

31
| = |m2

3
−m2

1
|, m1,m2,m3 being the

mass states and the three mixing angles θ12, θ13 and θ23 have been determined with consid-

erable precision by global oscillation analysis of world neutrino data [1, 2]. The unknown

oscillation parameters are: (i) the neutrino mass hierarchy i.e whether m3 > m2 > m1

leading to normal hierarchy (NH) or if m3 < m2 ≈ m1 resulting in inverted hierarchy

(IH); (ii) the octant of θ23 — if θ23 < 45◦ it is said to be in the lower octant (LO) and

if θ23 > 45◦ it is in the higher octant (HO); (iii) the CP phase δCP. There are some in-

dications of these quantities from the recent results of the ongoing experiments T2K [3]

and NOνA [4, 5]. However no clear conclusions have been reached yet. While more

statistics from these experiments will be able to give some more definite ideas regarding

the three unknowns, the precision determination is expected to come from the Fermilab

based broadband experiment DUNE which has a baseline of 1300 km. With a higher

baseline than T2K and NOνA, DUNE is more sensitive to the earth matter effect which

gives it an edge to determine the mass hierarchy and octant and hence δCP by resolving

the wrong-hierarchy/wrong-CP or wrong-octant/wrong-CP solutions. Thus, it is expected

that DUNE will be able to determine the above three outstanding parameters with consid-

erable precision with its projected run. For a recent analysis, in view of the latest NOνA

results see [6].
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This capability of DUNE, to make precision measurements also makes it an ideal ex-

periment to test sub-dominant new physics effects. One of the widely studied subdominant

effect, in the context of neutrino experiments, is the “invisible decay” of neutrinos i.e. decay

to sterile states. This can arise if neutrinos are: (i) Dirac particles and there is a coupling

between the neutrinos and a light scalar boson [7, 8]. This allows the decay νj → ν̄iR + χ

where ν̄iR is a right-handed singlet and χ is an iso-singlet scalar carrying a lepton number.

(ii) Majorana particles with a pseudo-scalar coupling with a Majoron [9, 10] and a sterile

neutrino giving rise to the decay νj → νs + J . The Majoron should be dominantly singlet

to comply with the constraints from LEP data on the Z decay to invisible particles. Such

models have been discussed in [11]. In both the cases all the final state particles are sterile

and invisible. The other possibility of “visible decay” occurs if neutrinos decay to active

neutrinos [12–14]. The decay modes are νj → ν̄i + J or νj → νi + J . For Majorana neutri-

nos both ν̄i (νi) can interact as a flavor state ν̄α(να) according to U2
αi and thus the decay

product can be observed in the detector. For recent studies on implications of visible decay

for long baseline experiments see [15, 16].

Neutrino decay manifests itself through a term of the form exp(−miL
τiE

) which gives the

fraction of neutrinos of energy E that decays after travelling through a distance L. Here,

τi denotes the rest frame life time of the state with mass mi.

Neutrino decay as a solution to explain the depletion of the solar neutrinos has been

considered very early [17]. Subsequently, many authors have studied the neutrino oscillation

plus decay solution to the solar neutrino problem and put bounds on the lifetime of the

unstable state [8, 18–24]. These studies considered ν2 to be the unstable state and obtained

bounds on τ2. This is plausible, since, Ue3 being relatively small, the admixture of ν3 state in

the solar νe can be taken to be small. Note that most of these studies have been performed

prior to the discovery of non-zero θ13. Typical bounds obtained from solar neutrino data

is τ2/m2 > 8.5× 10−7 s/eV [23]. A recent study performed in ref. [25] has obtained bound

on both τ2 and τ1 including low energy solar neutrino data. Bound on τ2 or τ1 can also

come from supernova neutrinos. The bound obtained in ref. [26] is τ/m > 105 s/eV from

SN1987A data.

Bounds on the ν3 lifetime have been obtained in the context of atmospheric and long-

baseline (LBL) neutrinos. A pure neutrino decay solution (without including neutrino

mixing into account) to the atmospheric neutrino problem was discussed in [27] and it

was shown that this solution gives a poor fit to the data. Neutrino decay with non-zero

neutrino mixing angle was first considered in [28, 29] where it was assumed that the state

νµ has an unstable component. It was shown that the neutrino decay with mixing can

reproduce the L/E distribution of the SuperKamiokande (SK) data. Later this scenario

was reanalyzed in [30] using the zenith angle dependence of the SK data rather than the

L/E dsitribution and it was shown that this gives a poor fit to the SK data. In [28] and [30]

the ∆m2 dependent terms were averaged out since it was assumed that ∆m2 > 0.1 eV2 to

comply with the constraints coming from K decays [28]. However, these constraints can

be evaded if the unstable state decays to some state with which it does not mix. Two

scenarios have been considered in the literature in this context. The first analysis was

done in ref. [31], where ∆m2 was kept unconstrained and it explicitly appeared in the
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probabilities. It was shown that if one fits SK data with this scenario then the best-fit

comes with a non-zero value of the decay parameter and ∆m2 ∼ 0.003 eV2, implying that

oscillation combined with small decay can give a better fit to the data. Later in ref. [32]

the possibility that ∆m2 ≪ 10−4 eV2 was considered. In this case also the probability does

not contain ∆m2 explicitly and the scenario correspond to decay plus mixing. In [32] it

was shown that this scenario can give a good fit to the SK data but subsequent analysis

by the SK collaboration revealed that the decay plus mixing scenario of [32] gives a poorer

fit to data than only oscillation [33]. A global analysis of atmospheric and long-baseline

neutrino data in the framework of the oscillation plus decay scenario considered in [31] was

done in [34]. Although only oscillation gave the best- fit to the SK data, a reasonable fit

was also obtained with oscillation plus decay. However, with the addition of the data from

the LBL experiment MINOS, the quality of the fit became poorer. They put a bound on

τ3/m3 ≥ 2.9× 10−10 s/eV at the 90% C.L. Subsequently, analysis of oscillation plus decay

scenario with unconstrained ∆m2 have been performed in [35] in the context of MINOS

and T2K data and the bound τ3/m3 > 2.8× 10−12 s/eV at 90% C.L. was obtained.1 Most

of the above analyses have been performed in the two generation limit and matter effect in

presence of decay, in the context of atmospheric and LBL neutrinos have not been studied.

Expected constraint on τ3/m3 > 7.5×10−11 s/eV (95% C.L.) in the context of the medium

baseline reactor neutrino experiment like JUNO has been obtained in ref. [37] using a full

three generation picture in vacuum.

Decay of ultrahigh energy astrophysical neutrinos have been considered by many au-

thors [38–41]. A recent study performed in ref. [42] states that the IceCube experiment

can reach a sensitivity of τ/m ≥ 10 s/eV for both hierarchies for 100TeV neutrinos coming

from a source at a distance of 1 Gpc.

In this paper we study the constraints on τ3/m3 from simulated data of the DUNE

experiment assuming invisible decay of the neutrinos. We perform a full three flavor study

and include the matter effect during the propagation of the neutrinos through the Earth.

We obtain constraints on the life time of the unstable state from the simulated DUNE data.

For obtaining this we assume the state ν3 to be unstable and obtain the constraints on

τ3/m3. We also study the discovery potential and precision of measuring τ3/m3 at DUNE

assuming decay is present in nature. In addition, we explore how the decay lifetime τ3 is

correlated with the mixing angle θ23 leading to approximate degeneracy between the two

parameters. We will study how this affects the sensitivity of DUNE to the mixing angle θ23
and its octant. The sensitivity of DUNE, to determine the standard oscillation parameters

like the mass hierarchy and δCP could also in principle get affected if the heaviest state is

unstable, and we study this here.

The plan of the paper is as follows. In the next section we discuss the propagation of

neutrinos through earth matter when one of the state undergoes decay to invisible states.

Section 3 contains the experimental and simulation details. The results are presented in

the section 4 and finally we conclude in section 5.

1Currently NOνA and T2K are taking data. It will be interesting to see the bounds from these experi-

ments in the context of neutrino decay [36].
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2 Neutrino propagation in presence of decay

Assuming the ν3 state to decay into a sterile neutrino and a singlet scalar (ν3 → ν̄4 + J),

the flavor and mass eigenstates get related as,
(

να
νs

)

=

(

U 0

0 1

)(

νi
ν4

)

. (2.1)

Here, να with α = e, µ, τ denote the flavor states and νi, i = 1, 2, 3 denote the three mass

states corresponding to the active neutrinos. U is the standard 3×3 PMNS mixing matrix.

We assume that m3 > m2 > m1 > m4 for NH while m2 ≈ m1 > m3 > m4 for IH. This

implies that for both NH and IH the third mass state can decay to a lighter sterile state.

Note that ∆m2
34

is unconstrained from meson decay bound since m4 is the mass of a sterile

state with which the active neutrinos do not mix. The effect of decay can be incorporated

in the propagation equation by introducing a term m3/τ3 in the evolution equation:2

i
d

dx







νe
νµ
ντ






=






U







1

2E







0 0 0

0 ∆m2
21

0

0 0 ∆m2
31






− i

m3

2Eτ3







0 0 0

0 0 0

0 0 1












U † +







A 0 0

0 0 0

0 0 0



















νe
νµ
ντ






,

(2.2)

where the term A = 2
√
2GFneE represents the matter potential due to neutrino electron

scattering in matter, GF denotes the Fermi coupling, E is the energy, and ne the electron

density. For the antineutrinos the matter potential comes with a negative sign. The fourth

sterile state being decoupled from the other states except through the interaction which

induces the decay, does not affect the propagation. We solve the eq. (2.2), in matter

numerically using Runge-Kutta technique assuming the PREM density profile [44] for the

Earth matter. In section 4 we will show the plots of the appearance channel probability

Pµe and disappearance channel probability Pµµ as a function of neutrino energy as well as

a function of θ23 for a fixed neutrino energy.

3 Experiment and simulation details

DUNE (Deep Underground Neutrino Experiment) is a long baseline neutrino oscillation

experiment proposed to be built in U.S.A.. DUNE will consist of a neutrino beam from

Fermilab to Sanford Underground Research Facility [45–48]. The source of the beam will

consist of a 80–120GeV proton beam which will give the neutrino beam eventually. There

will be a 34–40 kt liquid Argon time projection chamber (LArTPC) at the end of the

beam, at 1300 km from the source. We use the GLoBES package [49, 50] to simulate the

DUNE experiment. In our simulation, we have used neutrino and antineutrino flux from a

120GeV, 1.2 MW proton beam at Fermilab and a 40 kt far detector. All our simulations are

for a runtime of 5+5 years (5 years in ν and 5 years in ν̄) and we take both appearance and

disappearance channels into account, unless otherwise stated. For the charged current (CC)

events we have used 20% energy resolution for the µ and 15% energy resolution for the e.

2This implicitly assumes that the neutrino mass matrix and the decay matrix can be simultaneously

diagonalised and the mass eigenstates are the same as the decay eigenstates [26, 43].
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The primary background to the electron appearance and muon disappearance signal

events come from the neutral current (NC) background and the intrinsic νe contamina-

tion in the flux. In addition, there is a wrong-sign component in the flux. The problem

of wrong-sign events is severe for the antineutrino run, since the neutrino component in

the antineutrino flux is larger than the antineutrino component in the neutrino flux. We

have taken all these backgrounds into account in our analyses. In order to reduce the

backgrounds, several cuts are taken. The effects of these cuts have been imposed in our

simulation through efficiency factor of the signal. We have included 2% (10%) signal (back-

ground) normalization errors and 5% energy calibration error as systematic uncertainties.

The full detector specification can be found in ref. [46] and we have closely followed it. A

final comment on our treatment of the NC backgrounds is in order. Since neutrino decay

is a non-unitary phenomenon, we expect that the NC events at DUNE would be impacted

depending on the decay lifetime. Hence, one would expect that the NC background too

would depend on the decay lifetime. However, we have checked that for standard three-

generation oscillations, the NC background is 71 events out of a total of 347 background

events. In presence of decay (τ3/m3 = 1.2 × 10−11 s/eV), the NC background changes to

65, while the total background is 338. This implies that the NC background changes by

about 8.5% only. We have also checked that including decay in the NC background changes

the χ2 only in the first place in decimal and is not even visible in the plots. Hence, for

simplicity we keep the NC background fixed at the standard value.

Throughout this paper we use the following true values for the standard oscillation

parameters: θ12 = 34.8◦, θ13 = 8.5◦, ∆m2
21

= 7.5× 10−5 eV, ∆m2
31

= 2.457× 10−3 eV and

δCP = −90◦. The true value of θ23 will be specified for every plot that we will present.

We marginalize our χ2 over θ13, θ23, δCP and ∆m2
31
, which are allowed to vary within

their allowed 3σ ranges. We add a Gaussian prior on θ13 with the current 1σ range on

this parameter. We keep the hierarchy normal in the simulated data for all the results

presented in this paper. In this paper we have used “true” to specify the parameters used

for generating the simulated data and “test” to specify the parameters in the fit.

4 Results

We will first present results on how well DUNE will be able to constrain or discover the

lifetime of the unstable ν3 state. We will then turn our focus on how the measurement of

standard oscillation physics at DUNE might get affected if ν3 were to be unstable.

4.1 Constraining the ν3 lifetime

The left panel of figure 1 shows the potential of DUNE to constrain the lifetime of ν3
normalized to its mass m3. In order to obtain this curve we generate the data for a no-

decay case and fit this data for an unstable ν3. The data was generated at the values of

oscillation parameters given in section 3 and θ23 = 42◦. We marginalize the χ2 over all

standard oscillation parameters as mentioned above. We see that at the 3σ level DUNE

could constrain τ3/m3 > 2.38×10−11 s/eV, whereas at 90% C.L. the corresponding expected

limit would be τ3/m3 > 4.50 × 10−11 s/eV. This can be compared with the current limit

– 5 –
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Figure 1. The left panel of this figure shows the expected sensitivity of DUNE to constraining the

decay parameter τ3/m3. The right panel of this figure presents the potential of DUNE to discover

a decaying ν3. See text for details.

on τ3/m3 > 2.8× 10−12 s/eV that we have from combined MINOS and T2K analysis [35].

Therefore, DUNE is expected to improve the bounds on ν3 lifetime by at least one order of

magnitude.3 The right panel of figure 1 shows the discovery potential of a decaying neutrino

at DUNE. To obtain this curve we generated the data taking a decaying ν3 into account

and fitted it with a theory for stable neutrinos. True value of θ23 = 42◦ for this plot and the

other oscillation parameters are taken as before. The χ2 so obtained is then marginalized

over the standard oscillation parameters in the fit. The resultant marginalized χ2 is shown

in the right panel of figure 1 as a function of the τ3/m3(true). DUNE is expected to discover

a decaying neutrino at the 3σ C.L. for τ3/m3 > 2.38 × 10−11 s/eV and the 90% C.L. for

τ3/m3 > 4.27× 10−11 s/eV.

Assuming that the ν3 is indeed unstable with a decay width corresponding to

τ3/m3 = 1.2× 10−11 s/eV, we show in figure 2 how well DUNE will be able to constrain

the lifetime of the decaying ν3. It is seen from the figure that in this case not only

can DUNE exclude the no decay case above 3σ, but can also measure the value of the

decay parameter with good precision. The corresponding 3σ and 90% C.L. ranges are

2.63 × 10−11 > τ3/m3 > 7.62 × 10−12 and 1.71 × 10−11 > τ3/m3 > 9.29 × 10−12 in units

of s/eV, respectively.

4.2 Constraining θ23 and its octant

Figure 3 gives the neutrino oscillation probability for both the appearance and disappear-

ance channels. The left panels give the probability for the appearance channel while the

right panels show the probability for the disappearance channel. The top panels show the

3Note that by the time DUNE will be operative, the current experiments would have improved their

statistics and hence bounds on standard and non-standard parameters. Even then after the full run of these

experiments, DUNE will have more sensitivity compared to the full run of NOνA and T2K [36].

– 6 –
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Figure 2. The χ2 as a function of τ3/m3(test), showing the precision with which τ3/m3 could be

measured at DUNE when its true value is 1.2× 10−11 s/eV.

impact of decay on the probabilities for τ3/m3 = 1.2× 10−11 s/eV while the bottom panels

show the effect when τ3/m3 = 1.0× 10−12 s/eV. The solid lines and the short-dashed lines

show the probabilities for the standard stable case. The blue solid lines in all the four

panels are for θ23 = 42◦ and θ13 = 8.5◦ and no decay. The change in the probabilities when

decay is switched on for the same set of oscillation parameters is shown in all the panels

by the red long-dashed line. The first thing to note from this figure is that Pµe decreases

while Pµµ increases at the oscillation maximum. The opposite trend is seen for the case

when the oscillatory term goes to zero. However, net probability for both appearance as

well as disappearance channels decrease in the case of decay. This is because in our model

the ν3 decays to invisible states which do not show-up at the detector. As expected, the

extent of decrease of the probability increases as we lower τ3/m3 or in other words increase

the decay rate, as can be seen by comparing the top panels with the bottom ones. For

τ3/m3 = 1.0×10−12 s/eV we see a drastic change in the probability plots, thereby allowing

DUNE to restrict these values of τ3/m3, as we had seen in the previous section.

Next we turn to show the correlation between the decay lifetime τ3/m3 and the mixing

angles, in particular, the mixing angle θ23. In figure 3 we show that the appearance channel

probability Pµe for the case with decay (shown by the red long-dashed lines) can be mim-

icked to a large extent by the no decay scenario if we reduce the value of θ23. These proba-

bility curves are shown by the green short-dashed lines. For the top panels we can achieve

reasonable matching between the decay and no decay scenario if the θ23 is reduced from 42◦

to 41.3◦ and θ13 is slightly changed from 8.5◦ to 8.3◦. The matching is such that the green

dashed lines is hidden below the red dashed lines in the top panels. In the lower panels,

since the ν3 lifetime is chosen to be significantly smaller, we see a more drastic effect of θ23.

In the lower panels the with decay case for Pµe at θ23 = 42◦ can be somewhat matched by

the no decay case if we take a much reduced θ23 = 28◦. However, the disappearance chan-

nel is not matched between the red long-dashed and green short-dashed line for the value

of θ23 that is needed to match the appearance channel for the decay and no decay cases.

– 7 –
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Figure 3. The appearance (left panels) and disappearance (right panels) channel neutrino proba-

bilities as a function of neutrino energy. The different lines are described in the legends and also in

the text. The top panels show the effect of ν3 decay for a larger value of τ3/m3 while the bottom

panels show the effect for a smaller value of τ3/m3.

This correlation between τ3/m3 and θ23 in Pµe can be understood as follows. No decay

corresponds to infinite τ3/m3. As we reduce τ3/m3, ν3 starts to decay into invisible states

reducing the net Pµe around the oscillation maximum. This reduction increases as we

continue to lower τ3/m3. On the other hand, it is well known that Pµe increases linearly

with sin2 θ23 at leading order. Therefore, it is possible to obtain a given value of Pµe either

by reducing τ3/m3 or by reducing sin2 θ23. Therefore, it will be possible to compensate the

decrease in Pµe due to decay by increasing the value of sin2 θ23. Hence, if we generate the

appearance data taking decay, we will be able to fit it with a theory for stable neutrinos

by suitably reducing the value of sin2 θ23.

– 8 –
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The correlation between τ3/m3 and θ23 for the survival channel on the other hand is

complicated. For simplicity, let us understand that within the two-generation framework

first, neglecting matter effects. The effect of three-generations will be discussed a little

later and the effect of earth matter is not crucial for the DUNE energies in this discussion.

The survival probability in the two-generation approximation is given by [35]

P 2G
µµ =

[

cos2 θ23 + sin2 θ23e
−

m3L

τ3E

]2

− sin2 2θ23e
−

m3L

2τ3E sin2
(

∆m2
31
L

4E

)

. (4.1)

The eq. (4.1) shows that decay affects both the oscillatory term as well as the constant

term in Pµµ, causing both to reduce. Therefore, it is not difficult to see that with decay

included, the value of θ23 should be increased to get the same Pµµ as in the no decay case.

Hence, in this case again if we generate the disappearance data taking decay, we will be able

to fit it with a theory for stable neutrinos by suitably reducing the value of θ23. However,

note that the dependence of Pµµ on θ23 and τ3/m3 is different from the dependence of Pµe

on θ23 and τ3/m3 and hence we never get the same fitted value of θ23 for the two channels.

This is evident in figure 3 where in the lower panel the appearance probability fits between

decay case and θ23 = 42◦ and no decay case and θ23 = 28◦. However, this does not fit the

disappearance probability simultaneously. One can check that the above understanding of

the correlation between θ23 and τ3/m3 is true for the full three-generation case too. We

will show below the probabilities for the full three-generation case with decay and matter

effects obtained by an exact numerical computation.

In order to see the correlation between τ3/m3 and θ23 at the event level, we plot in

figure 4 the appearance (electron) and disappearance (muon) events for 5 years of running

of DUNE in the neutrino channel. One will expect a similar behaviour for the antineutrinos

as well. The respective panels and the three plots in each panel are arranged in exactly the

same way as in figure 3. We note that all the features that were visible at the probability

level in figure 3 are also seen clearly at the events level in figure 4. Neutrino events are seen

to reduce with the onset of neutrino decay, with the extent of reduction increasing sharply

with the value of the decay rate (1/τ3). The electron event spectrum for the case with

decay can be seen to be roughly mimicked with that without decay but with a lower value

of the θ23, the required change in the value of θ23 increasing with the decay rate (1/τ3). On

the other hand for the lower panel, the muon spectrum in absence of decay (shown by the

green lines) would need a different value of θ23 to match the muon spectrum in presence

of decay (shown by the red lines). This mismatch between the fitted value of θ23 between

the appearance and disappearance channels can hence be expected to be instrumental in

breaking the approximate degeneracy between τ3/m3 and θ23.

In order to study the impact of decay on the expected θ23 sensitivity of DUNE, we

show in figure 5 the χ2 as a function of θ23(test). The left panel is for the case when

the data is generated at θ23 = 42◦, middle panel is for data at θ23 = 48◦ and the right

panel is for data at θ23 = 49.3◦. The dark red solid curves are for the standard case when

both data and fit are done within the three-generation framework of stable neutrinos.

The green dashed curves are for the case when the data is generated for unstable ν3 with

τ3/m3 = 1.2 × 10−11 s/eV but it is fitted assuming stable neutrinos. For generating the

– 9 –
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Figure 4. Same as in figure 3 but showing neutrino events at DUNE instead of probabilities.

The left panels show the electron appearance events, while the right panels show the muon

disappearance events. The top panels shows the impact of a larger τ3/m3, while the bottom panels

are for a smaller τ3/m3.

data all other oscillation parameters are taken as mentioned before in section 3. The fits

are marginalised over θ13, δCP and ∆m2
31

in their current 3σ ranges. Before we proceed

to look at the impact of decay on the measurement of θ23 at DUNE, let us expound some

features of θ23 for standard three-generation oscillation scenario. A comparison of the red

curves in the three panels of figure 5 shows that the left panel and the right panel look

like near mirror images of each other, while the middle panel looks different. Note that

42◦ is as far removed from θ23 = 45◦ as 48◦, however the χ2 curves for the θ23 = 42◦ and

θ23 = 48◦ cases appear different. This is due to three-generation effects coming from the

non-zero θ13 [51]. The values of θ23 in HO and LO that correspond to the same effective
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Figure 5. χ2 as a function of θ23(test). The left, middle and right panels are for the cases when the

data is generated at θ23 = 42◦, θ23 = 48◦ and θ23 = 49.3◦, respectively. The dark red solid curves

are for the standard case when both data and fit are done within the three-generation framework of

stable neutrinos. The green dashed curves are for the case when the data is generated for unstable

ν3 with τ3/m3 = 1.2× 10−11 s/eV but it is fitted assuming stable neutrinos.

mixing angle θµµ and which gives the same Pµµ are given as [51]

sin θLO23 =
sin θLOµµ

cos θ13
; sin θHO

23 =
sin θHO

µµ

cos θ13
(4.2)

θLOµµ = 90◦ − θHO
µµ , (4.3)

which gives θ23 = 49.3◦ as the mixing angle that gives the same Pµµ as θ23 = 42◦ instead

of θ23 = 48◦, as we would expect in the two-generation case. In order to further illustrate

this point, we show in figure 6 the survival probability Pµµ (blue lines) as a function of

θ23 for the standard case (solid line) and decay case (dashed line). Also shown are the

corresponding oscillation probability Pµe (magenta lines) for the standard case (solid line)

and decay case (dashed line). The plots have been drawn for the DUNE baseline and

E = 2.5GeV, taking all oscillation parameters as mentioned in section 3. The energy

2.5GeV corresponds to oscillation maximum at the DUNE baseline where the DUNE flux

peaks. We note that for the standard oscillations case, Pµµ ≃ 0 corresponds to a value of

θ23 ≃ 46◦ and not 45◦ as in the two-generation case. We also note that Pµµ at θ23 = 42◦

in LO is matched by the Pµµ at θ23 ≃ 49.9◦ in HO, the small difference between the value

of θHO
23

derived from eq. (4.3) and the exact numerical results shown in figure 6 come from

earth matter effects mainly.

The solid red curves in figure 5 showing the χ2 vs. θ23(test) for the standard oscillation

case match well with the solid blue probability curves in figure 6. For the left panel, data

is generated at θ23 = 42◦ and the absolute and fake minima come at θ23(test) = 42◦ and

49.5◦, respectively. On the other hand for the right panel, data is generated at θ23 = 49.3◦

and the absolute and fake minima come at θ23(test) = 49.3◦ and 43.0◦, respectively. Note

that since Pµµ is nearly matched at the true and fake minima points, the disappearance

data would return a χ2 ≃ 0 at both the true as well as fake minima points giving an

exact octant degeneracy. The main role of the disappearance data is only to determine the

position of the minima points in θ23. The oscillation probability Pµe on the other hand
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Figure 6. The probabilities Pµµ (blue lines) and Pµe (magenta lines), shown as a function of

θ23. The plots have been drawn for the DUNE baseline and E = 2.5GeV, taking all oscillation

parameters as mentioned in section 3. The left and right panels are identical apart from the

horizontal and vertical lines which show the probabilities for the cases when the data is generated

at θ23 = 42◦ (left panel) and θ23 = 49.3◦ (right panel). The solid curves show the probabilities for the

standard case while the dashed curves are for the case for unstable ν3 with τ3/m3 = 1.2×10−11 s/eV.

The probabilities are shown for the full three-generation framework including earth matter effect.

The black dot shows the point at which data is generated for the decay case, while the green dots

show the points which give the same Pµµ as the black dot, but for the standard case. The red dots

show the Pµµ for the data generated for the standard case at θ23 = 42◦ (left panel) and θ23 = 49.3◦

(right panel) and the corresponding fake minima when fitted by the standard case.

is very different between the true and fake minima points as can be seen from the solid

magenta line in figure 6. Hence, the appearance channel distinguishes between the two

and gives a non-zero χ2 at the fake minima and breaks the octant degeneracy. We can

see from figure 5 that for the θ23 = 42◦ case (left panel), the χ2 corresponding to the

wrong octant minima is 16.6 while for θ23 = 49.3◦ case (right panel) it is 17.1. Hence,

for standard oscillation the octant sensitivity at θ23 = 42◦ is only slightly worse than the

octant sensitivity at θ23 = 49.3◦. The reason for this is that the χ2 for octant sensitivity

is given in terms of the difference between the appearance channel event spectra for the

true and fake θ23 points. One can see from the solid magenta lines in figure 6 that this

difference is almost the same for the left and right panels for the standard oscillations case

and hence the χ2 of the fake minima for the solid red lines in the left and right panels in

figure 5 are nearly the same. The octant sensitivity for the middle panel (θ23 = 48◦) is

significantly poorer since for this case, the difference in the appearance channel probability

is much smaller. This happens because this value of θ23 is too close to effective maximal

mixing for Pµµ (cf. eqs. (4.2) and (4.3)).

Next we look at the impact of including neutrino decay in data on θ23 measurement at

DUNE, shown by the green dashed lines in figure 5. These lines are obtained by generating

data including decay but fitting them with standard three-generation oscillations with
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stable neutrinos. We notice that compared to the red solid lines for the standard case, the

position of minima as well as the χ2 at the fake minima have changed. For the left panel

(θ23 = 42◦ in data) the minima points shift to θ23(test) = 41.0◦ in LO and θ23(test) = 50.0◦

in HO. Thus, for data with θ23 in LO, the minima point shifts to lower θ23(test) in LO and

higher θ23(test) in HO. On the other hand for right panel (θ23 = 49.3◦ in data) the minima

points shift to θ23(test) = 44.5◦ in LO and θ23(test) = 47.5◦ in HO. Thus, for data with

θ23 in HO, the minima point shifts to higher θ23(test) in LO and lower θ23(test) in HO.

Note that none of the minima now correspond to the true value of θ23 at which the data

is generated. Note also that the gap between the two minima points has increased for the

case with data in LO and decreased for the case with data in HO.

The shifting of minima for both the LO and HO data points can be understood easily

in terms of the left and right panels of figure 6, respectively. This figure shows Pµµ (and

Pµe) at the oscillation maximum as a function of θ23. The solid lines are for no decay while

the dashed lines are for decay and oscillations. An important thing we can note in this

figure is that with decay the Pµµ curve gets shifted towards the right. Even the effective

maximal mixing point gets shifted further towards higher values of θ23. The left panel of

figure 6 shows the data point for the disappearance channel for θ23 = 42◦ by the black

point on the blue dashed line, which includes decay. This Pµµ has to be reproduced by the

no decay theory in the fit. The corresponding minima points can be obtained by following

the blue solid line and are shown by the green dots, at θ23 = 41.1◦ and θ23 = 50.8◦. This

matches well with the minima on the green dashed line in the left panel of figure 5. The

point where data is generated for the HO case in figure 5 is shown by the black dot in

the right panel of figure 6. The corresponding fit points coming from Pµµ can be seen at

the green dots in this panel at θ23 = 43.7◦ and θ23 = 48.1◦. Note that since the decay

causes the Pµµ curve to shift towards the right, all minima points in θ23 are shifted towards

the left. However, when one compares the minima in the true and fake octants, it turns

out that the two minima get further separated for the LO case (left panel), while for the

HO case (right panel) they come closer together. This is consistent with the gap between

the minima increasing for the left panel and decreasing for the right panel in figure 5. As

mentioned before, the disappearance data plays the role of determining the minima in the

true and fake octant, but brings no significant octant sensitivity since Pµµ can be matched

at the true and fake minima, at least at the oscillation maximum. The octant sensitivity

comes from the difference in the number of appearance events at the minima points at

the true and fake octant. Therefore, since the minima points in the LO case gets further

separated for the decay case compared to no decay, the octant sensitivity for LO increases

as can be seen from the Pµe curve in figure 6. We can read from the left panel of figure 5

that the χ2 at the minima in the fake octant is 22.6, higher than the case for standard

oscillations. On the other hand for the right panel, the minima points come closer in

the case of the dashed green lines and the octant sensitivity coming from the appearance

channel drops significantly to χ2 = 4.1 for the wrong octant since the difference in Pµe

between the minima points reduces, as can be seen from the right panel of figure 6.

The impact of decay on the expected constraints in the two-dimensional θ23 − θ13
plane is shown in figure 7. As in figure 5, the left panel shows the results when the data is
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Figure 7. The plots show the expected 3σ C.L. contours in the θ23 − θ13 plane for the case when

the data is simulated at θ23 = 42◦ (left panel), θ23 = 48◦ (middle panel), and θ23 = 49.3◦ (right

panel). The value of θ13 = 8.5◦ in all panels. The black stars show the data points in the plane.

The dark red solid curves show the expected 3σ contour for the standard scenario in absence of

decay in data and theory. The green dashed curves show the 3σ contour for the case when the data

corresponds to a decaying ν3 with τ3/m3 = 1.2 × 10−11 s/eV, which is fitted with a theory where

all neutrinos are taken as stable.

generated at θ23 = 42◦, middle panel is for θ23 = 48◦, while the right panel gives the results

for data corresponding to θ23 = 49.3◦. The point where the data is generated is marked

by a star in the θ23 − θ13 plane. The expected contours correspond to 3σ C.L. The dark

red solid lines are obtained for the standard case when neutrinos are taken as stable in

both the data as well as the fit. The green dashed ones are obtained when we simulate the

data assuming an unstable ν3 with τ3/m3 = 1.2× 10−11 s/eV, but fit it with the standard

case assuming stable neutrinos. The contours are marginalized over test values of δCP

and ∆m2
31

within their current 3σ ranges. The impact of decay is visible in all panels.

Though the contours change in both mixing angles, the impact on θ23(test) is seen to be

higher than the impact on θ13(test). As we had seen in details above in figure 5, the green

contours are shifted to lower values of θ23 in both the left and right panels. The one-to-one

correspondence between the allowed θ23(test) values at 3σ between this figure and figure 5

can be seen. The mild anti-correlation between the allowed values of θ23(test) and θ13(test)

for the green dashed lines comes mainly from the appearance channel which depends on

the product of sin2 θ23 sin
2 2θ13 at leading order. This anti-correlation is seen to be more

pronounced for the middle and right panels because for these cases the θ23 sensitivity of

the data falls considerably in presence of decay and the χ2 drops.

The figure 8 shows the octant sensitivity for 5+5 years of (ν + ν̄) running of DUNE.

The dark-red solid curve shows the octant sensitivity for the standard case with stable

neutrinos. The green dashed curve is for the case when ν3 is taken as unstable with

τ3/m3 = 1.2× 10−11 s/eV in the data, but in the fit we keep it to be stable. We note that

the octant sensitivity of DUNE improves for the green dashed line in the lower octant, but

in the higher octant it deteriorates. This is consistent with our observations in figure 5.

For detailed explanation of this, we refer the reader to the detailed discussion above.
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Figure 8. Expected octant sensitivity at DUNE. The dark red solid curve is for standard case

of stable neutrinos. The green dashed curve is for the case when ν3 is taken as unstable with

τ3/m3 = 1.2× 10−11 s/eV in the data, but in the fit we keep it to be stable.

4.3 CP-violation and mass hierarchy sensitivity

In figure 9 we show the expected CP-violation sensitivity at DUNE. As before, the dark

red solid curve is for standard case of stable neutrinos. The green dashed curve is for the

case when ν3 is taken as unstable with τ3/m3 = 1.2 × 10−11 s/eV in the data, but in the

fit we keep it to be stable. The data was generated at the values of oscillation parameters

given in section 3 and θ23 = 42◦. Decay in the data is seen to bring nearly no change to

the CP-violation sensitivity of DUNE, with only a marginal increase in the CP-violation

sensitivity seen at δCP(true)≃ ±90◦.

The impact of decay on the expected mass hierarchy sensitivity at DUNE is shown

in figure 10 for both normal hierarchy (NH) true (left panel) and inverted hierarchy (IH)

true (right panel). As in all figures shown so-far, the dark red solid curve is for standard

case of stable neutrinos. The data was generated at the values of oscillation parameters

given in section 3 and θ23 = 42◦. The green dashed curve is for the case when ν3 is

taken as unstable with τ3/m3 = 1.2 × 10−11 s/eV in the data, but in the fit we keep it to

be stable. For IH true, the effect of decay in data is to marginally reduce the expected

mass hierarchy sensitivity for all values of δCP(true). The impact for the NH true case

is more complicated with the expected sensitivity increasing for some values of δCP(true)

and decreasing for others. However, the net change in the expected sensitivity is seen to

be very small compared to the expected mass hierarchy sensitivity at DUNE. Therefore,

we conclude that the expected CP-violation sensitivity and mass hierarchy sensitivity at

DUNE remain largely unmodified, whether or not neutrinos decay.
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Figure 9. Expected CP-violation sensitivity at DUNE. The dark red solid curve is for standard

case of stable neutrinos. The green dashed curve is for the case when ν3 is taken as unstable with

τ3/m3 = 1.2× 10−11 s/eV in the data, but in the fit we keep it to be stable.

Figure 10. Expected mass hierarchy sensitivity at DUNE. The dark red solid curve is for standard

case of stable neutrinos. The green dashed curve is for the case when ν3 is taken as unstable with

τ3/m3 = 1.2 × 10−11 s/eV in the data, but in the fit we keep it to be stable. The left panel is for

NH true while the right panel is for IH true.

5 Summary & conclusion

We studied the impact of invisible neutrino decay for the DUNE experiment. We assumed

that the third mass eigenstate is unstable and decays to a very light sterile neutrino. The

mass of this state m4 is assumed to be smaller than the mass of the third mass eigenstate

m3 irrespective of the hierarchy. We did a full three-generation study incorporating matter
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effects in our numerical simulations. First, we studied the sensitivity of DUNE to constrain

the parameter τ3/m3 and obtained the expected sensitivity τ3/m3 > 4.50× 10−11 s/eV at

90% C.L. for NH, 5+5 year of DUNE data and a 40 kt detector volume. This is one

order of magnitude improvement over the bound obtained in [35] from combined MINOS

and T2K data. Of course the bound from T2K and NOνA is expected to improve in

the future, but here we have concentrated only on the prospective bounds from DUNE.

Note that bound on decay from DUNE is expected to be better than that expected from

the full run of current experiments. We also studied the potential of DUNE to discover

neutrino decay, should it exists in nature and found that DUNE can discover a decaying

neutrino scenario for τ3/m3 > 4.27 × 10−11 s/eV at 90% C.L. with its projected run.

In addition, we explored how precisely DUNE can constrain the decay parameter and

showed that for an unstable ν3 with τ3/m3 = 1.2 × 10−11 s/eV, the no decay case gets

excluded at 3σ. At 90% C.L. the allowed range corresponding to this true value is given

as 1.71× 10−11 > τ3/m3 > 9.29× 10−12 in units of s/eV.

We showed that an interesting correlation exists between the decay lifetime and the

parameter θ23 both in the appearance probability Pµe as well as the disappearance prob-

ability. For values of τ3/m3 for which fast invisible decay relevant for the baseline under

consideration occurs, the probability Pµe decreases. This decrease can be compensated by

a higher value of sin2 θ23. Alternatively, if we assume decay to be present in the data then

it can be mimicked by a no decay scenario for a lower value of θ23 leading to an erroneous

determination of the latter. Since it is well known that determination of θ23 is correlated

with the value of θ13, we presented contours in the θ23 − θ13 plane assuming decay in data

and fitting it with a model with no decay. We found that the contours show a trend to

move towards lower θ23 value. The allowed range of θ13 also spreads as compared to the

only oscillation case, but the effect is more drastic for θ23.

We performed a detailed study of the correlation between decay and θ23 for the disap-

pearance channel Pµµ and studied how decay affects the θ23 octant sensitivity in DUNE.

Since the position of the minima in both the true and fake octant is determined by the

disappearance data while the χ2 at the fake minima is determined by the appearance data,

the effect of decay appears through both channels to affect the octant sensitivity at DUNE

and we discussed this in detail. We showed how and why the octant sensitivity of DUNE

improved for the lower octant and reduced for the higher octant. We also studied the

impact of a decaying neutrino on the determination of hierarchy and δCP at DUNE. The

invisible decay scenario considered in this work affects the hierarchy and CP sensitivity

of DUNE nominally. In conclusion, the DUNE experiment provides an interesting testing

ground for the invisible neutrino decay hypothesis for τ3/m3 ∼ 10−11 s/eV.

Note added. While we were finalizing this work, ref. [15] came, which also addresses

exploration of neutrino decay at DUNE. Their emphasis is more on visible decay though

they also provide a comparison with the invisible decay case. We consider invisible decays

to light sterile neutrinos and have explored different parameter spaces. Hence the two

works supplement each other. We also discussed the impact of decay on the determination

of θ23 and its octant. In addition we also studied the effect of decay on mass hierarchy and

δCP discovery at DUNE.
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