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ABSTRACT: In this article, we study the effect of invisible neutrino decay of the third
neutrino state for accelerator neutrino experiments at two different baselines, 1300 km with
a liquid argon time projection chamber (LArTPC) detector (similar to DUNE) and 2588
km with a water Cherenkov detector (similar to P20). For such baselines, the matter effect
starts to become important. Our aim is to ascertain the sensitivity to mass hierarchy and
octant of O3 in these two experiments in the presence of a decaying neutrino state. We
also compare and contrast the results of the two experimental setups. We find that, in
general, hierarchy sensitivity decreases in the presence of decay. However, if we consider
decay only in the opposite hierarchy (test scenario), in the 2588 km setup, the hierarchy
sensitivity with the true hierarchy as IH is larger than the no decay case. We also study
the dependence of hierarchy sensitivity with true f93. We find that the dominant muon
background in P20 plays an important role in how the hierarchy sensitivity depends on
f23. The octant sensitivity for both setups increases in the presence of decay except for the
LArTPC setup in case true o3 = 49°. To understand the octant sensitivity results in the
two setups, we check the synergy between electron and muon channels as a function of test
f23. We also study the degeneracies in the test o3 — dcp plane and find that combined
analysis of the two setups removes all the degeneracies at 5o significance.
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1 Introduction

Neutrino oscillations, which involve the conversion of one neutrino flavor into another,
have been detected across various neutrino sources, including the sun, the atmosphere,
reactors, and accelerators, utilizing a diverse range of detection techniques in terrestrial
experiments|1-5]. These findings conclusively establish the three-neutrino oscillation paradigm,
with a substantial portion of the parameter space governing the phenomenon accurately
established. However, there are still open challenges and unanswered questions, namely, the
ordering of neutrino masses (mass hierarchy), the exact value (i.e., octant) of the mixing
angle A3, and the value of the CP phase. Many ongoing, upcoming, and proposed experi-
ments are expected to address these issues. Although neutrino oscillation is established as
a leading solution to the solar and atmospheric neutrino anomalies corroborated by reactor
and accelerator experiments, imprints of physics beyond the standard model can appear
as sub-leading effects. Many studies have been performed to explore a multitude of new
physics scenarios. Neutrino decay is one such solution.

Massive neutrinos can decay in general. Neutrino decay was first proposed as a solu-
tion to the solar neutrino problem|6, 7] and has since been thoroughly explored in scientific
research. Neutrino decay in the Standard Model, whether radiative or non-radiative, is
constrained by cosmological observations due to precise measurements of the cosmic mi-
crowave background.|8, 9].

In contrast, processes involving neutrino decay in physics beyond the Standard Model



(BSM) such as v; — vy + Xy are much less constrained. Here v; denotes the mass states
(i=1,2,3), and vy and X are the final state particles. From a phenomenological perspective,
there are two types of neutrino decay: visible decay and invisible decay. In visible decay,
the neutrinos in the final state are active and can be detected. This type of decay would
result in the observable event rates at the detector being impacted by the decay products,
which would have lower energies than the parent particle. A typical signature of visible
neutrino decay would be a concentration of events at low energies[10-14]. In invisible decay,
the neutrino in the final state is not observable in the detector. This could occur if the
neutrino in the final state is a light sterile neutrino (lighter than the active ones, allowing for
the decay kinematically). Another possibility is that the decay product involves an active
neutrino, which, due to its low energy, is unobservable. We are interested in discussing the
phenomenon of invisible neutrino decay. In this particular scenario, a beam of relativistic
neutrinos (v;) with a lifetime of 7; and mass m; is subject to depletion as a consequence of
invisible decay by a factor of

&L, E) = exp(—ai%) = exp(—kK;) (1.1)

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

m; L

Q; = ;, R; = aiE (1.2)
is the decay parameter. It is evident that, for a given ratio of L/E, neutrino decay is only

sensitive when «; > L/F, and the no decay limit is a; — 0.
Constraints on 7; have been established using various neutrino sources. Neutrino de-
cay as a possible explanation for the decrease in solar neutrinos has been explored early
on[11, 15, 16]. Subsequently, many studies have investigated the combination of neutrino
oscillation and decay as a solution to the solar neutrino problem, setting limits on the
lifetime of the unstable state[17-21]. These studies assumed that v, is the unstable state
and derived constraints on 75. The possibility of decay of Dirac/Majorana neutrino to a
pseudo scaler has been studied from solar neutrino appearance in [22]|. A recent study|23]
has established constraints on both 71 and 7 using low-energy solar neutrino data. Addi-
tional bounds have been obtained from the observation of SN1987A data [24, 25]. On the
other hand, atmospheric neutrinos or long-baseline neutrino data have been used so far to
bound the 73/ms3 [26-32]. The combined analysis of Super-Kamiokande data together with
long-baseline data from K2K and MINOS provides a lower bound on the decay parameter
m3/m3 > 9.3x 1071 s/eV at 99% C.L[33]. Recent analysis[34] of the MINOS (using the full
charged-current and neutral-current data sample) and T2K (charged-current data) imply
m3/m3 > 2.8 x 10712 5/eV at 90% C.L. bound on 73/m3 > 1.5 x 107'2 s/eV was obtained
from combined analysis of NOvA and T2K data [35]. However, adding MINOS data with
T2K and NOvA leads to 73/mg > 2.4x 107! s /eV [36] at 90% C.L. for both mass hierarchy.
The decay of ultrahigh energy astrophysical neutrinos has been considered by many
authors|37-39]. The IceCube experiment, as shown in [40], can reach a sensitivity of 7/m >
10 s/eV for both hierarchies for 100 TeV neutrinos coming from a source at a distance of 1



Gpc. Moreover, in [41], the invisible neutrino decay with 7/m > 10% s/eV has been shown
to explain the discrepancy seen in the track and cascade data set of high-energy neutrinos.
The implications of invisible neutrino decay for future experiments like JUNO[42], RENO-
50[43], DUNE [44], T2HK, and T2HKK [45, 46] have been investigated. In DUNE, the
bound of 5.1 x 107! s/eV is shown to be obtained [47] in 90% C.L. The sensitivity to
lifetimes of all neutrino mass states has been discussed in [48] using solar, supernova and
DSNB neutrinos in upcoming neutrino observatories.

In this paper, our focus is on investigating invisible neutrino decay of the third neutrino
state for long baseline experiments. Toward this goal, we choose two setups: (i) A water
Cerenkov detector at a distance of 2588 km from an accelerator beam. This baseline is
proposed to be realized by the Protvino to ORCA (P20) experiment; (ii) A liquid Argon
time projection chamber (LArTPC) detector at a distance of 1300 km from a beam source
of neutrinos, similar to the upcoming DUNE experimental setup. For these baselines, the
matter effect starts becoming important. We include this in our study. Note that the 2588
km baseline of the P20 experiment closely corresponds to the bi-magic baseline of 2540
km [49-51]. We examine how the bi-magic condition [50], which implies near-independence
of the probabilities on dcp for a particular hierarchy at specific energies, gets affected in
the presence of neutrino decay. Furthermore, we seek to investigate how the three-neutrino
oscillation phenomenology is modified in the presence of neutrino decay. Our particular
interest lies in understanding the impact of the decay of the third mass state (v3) on the
determination of both neutrino mass hierarchy and the octant of f23. In addition to studying
the mass hierarchy, octant of 63, the study also probes the degeneracies in 633 — dop plane
to determine if combining the results from the two baselines can resolve these ambiguities.

The paper is organized as follows. To start with, in section 2, we have discussed the
analytical framework for neutrino oscillation in the presence of decay and the oscillation
probabilities. Then, in section 3, we study the effects of decay in P, P, in the context
of determining mass hierarchy and octant of f235. The details of experimental setups have
been written in section 4. Next, in section 5, we discuss the results of sensitivity to mass
hierarchy and octant of #23. Finally, we summarize our findings in section 6.

2 Neutrino oscillations in the presence of neutrino decay

In the presence of decay of neutrino states, the total Hamiltonian is non-Hermitian due to
the contribution of decay, ‘
i
Hyp = HEM — 3T (2.1)
In the presence of neutrino decay of the third mass state v, the total Hamiltonian of the
system is given by,

1 00 O 00 O A0O
H=— f — .
2EU 0Ayy O |+|0O0 O U +2E 0001, (2.2)
0 0 A31 00 —103 000
where U is the PMNS matrix, A;; = mf — mj2 are mass-squared differences and A =

2V2GrN,E is the matter potential of neutrino. Because of the non-Hermitian nature of



the Hamiltonian, the calculation of the probabilities in the presence of decay in matter is not
straightforward. It has been discussed in [52] that in matter, the decay and mass eigenstates
are necessarily different, and even if one starts with one decaying state in a vacuum, other
states eventually also develop decaying components. Three generation probabilities in the
presence of decay have been discussed in [53]. The probability in the presence of decay can
be written as [53],
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where A = A/Asy, B = Ao /A3y, and A = As1L/E. Now, for the bi-magic baseline,
putting sin [(A — 1)A] = 0 in the above equations will lead to,
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To retrieve the no decay limit, we put az — 0 in the above equations to get,

in?[(A —1)A] sin AA sin[(A — 1)A]
PSM g2, 52 S [(A + 23513 sin 26012 sin 2623 cos|A — 6, - -
e 1395 1y Bsis 12 23 COS| cpl 1 A1)
(2.7)
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PSM —1 _sin® 2093 sin® A + — 575 5107 2093 A sin[2A] — 457553 L
e 23 P 23A sin[2A] — 4s73s33 (A1)
7 2 n 525 sin? 203 sin A cos[AA] LA_UA] + Beiysin? 2093 A sin[2A]  (2.8)

3 Probability level Analysis

In this section, we present the probabilities P, (top panel) and P,, (bottom panel) for
both the baselines of 2588 km (left) and 1300 km (right) in Figure 1. The red (NH) and
blue (IH) colored solid shaded bands correspond to decay, while the hatched area is for no
decay. The width of these curves is due to the variation of dop in the range —180° : 180°.
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Figure 1. P,. (top) and P,, (bottom) as a function of energy E at 2588 km (left) and 1300 km
(right) without decay (hatched band) and with decay (solid band) for NH (red) and IH (blue).



The separation between NH and IH probability bands can give an idea about the
hierarchy sensitivity. We observe the following points from these figures

e The shaded probability bands for different hierarchies are lower in the presence of
decay than the standard scenario with no decay. Comparing the dominant first terms
in eq. 2.3 and eq. 2.7, the 723 term leads to the lowering of P, in the presence of
decay. Similarly, P,, is affected due to the presence of €725 in the second term in
eq.2.4 relative to eq. 2.8.

e In the appearance channel, decay affects NH more than IH as the shift in bands of NH
is greater than that of the bands of IH. This can lead to lower hierarchy sensitivity

in the presence of decay.

e The width of the bands is narrower in the disappearance channel than the appearance
channel as there is no dependence on dop in leading terms as seen from eq.2.4, but
higher order terms show dcp dependence [54]. The probability bands in the disap-
pearance channel get lower when decay is present. However, there is no noticeable
change in separation between the NH and IH bands near maxima in the decay case
as compared to no decay. This can be understood more clearly from the insets in the

lower panels.

e Near the minima of appearance probability curves, there are points where dcp depen-
dence vanishes in the standard scenario. However, the inclusion of decay introduces
dependence to dop in these energies, e.g., 2 GeV, 3.5 GeV at 2588 km baseline, as can
be seen from the inset of the plots in the upper panel. Thus, decay induces a slight
dependence on dcp at the energies corresponding to the bimagic condition for 2588
km. Similar signatures can also be observed in 1300 km at 1.1 GeV and 1.5 GeV. The
broadening of bands at minima can be explained by the dependence of the second

term in eq. 2.5 on d¢op only in the presence of decay.

Now, we discuss the change in the appearance and disappearance probabilities for
different values of fs3 for two different setups. In figure 2, the probability curves are
depicted for no decay (red) and with decay using ag = 2 x 107! s/eV (red) with different
values of #23 = 41°(solid), 45° (dotted), 49°(dashed) while considering both NH and IH. We
also show an enlarged view of the first oscillation maximum of P,, in the bottom panel.
We can infer the following from the above plots:

e Both decay and 6.3 can lower the probability amplitude near oscillation maxima.
Thus, the effect of decay can mimic the effect of a lower f23 and no decay near
oscillation maxima.

e In the appearance channel (P,.), the differences between probabilities corresponding
to different fo3 are almost similar for decay and no decay scenarios near maxima.

e In the disappearance channel (P,,), the blue curves (decay) for different values of 3
are more dispersed than the red curves in no decay case. This effect is relevant near



0,12

1300 km, NH . 2588 km, NH
b0 —— 41°, Decay Sl o
S a3l=2x10gey LM g3 =2 X107 e
g B R e RTIS 45°, Decay e S
»»»»»»» 45°, SM
---- 49°, Decay
S
S

Probability (Pye)
0, 06

0.0,
Probability (Pye)

0.0,

0.09

[<) (=]
~ 1300 km, NH ~ 2588 km, NH  __ 41° pecay
6cp=0° 6cp =0
az;l=2x1071 s/ev
® olN N
o o Ry N
=) 3
€8 SN
Z 2z
H 3
S+ S+
[SRS) [SES)
a o
LA I | . S S v
| £\ L .. (=)
asl=2x10"1 s/e
° °
S 2 3 5 6 7 S 2 3 5 6 7

Figure 2. P, (first row), P,, (second row) as a function of energy for 43 = 2 x 107! s/eV (blue),
no decay (red) in 2588 km (left) and 1300 km (right) baseline for NH. The solid, dotted, and dashed
lines refer to values of a3 of 41° (LO), 45°, and 49°(HO).

both the first and second maxima of P,,. This indicates that including decay may
lead to higher octant sensitivity with a bigger contribution coming from F,,.

4 Experiment and Simulation details

To facilitate the simulation of the neutrino beams in LArTPC and P20 setups at 1300 km
and 2588 km, we have employed the GLoBES [55] software package. We have described
two different experimental setups used for this analysis below.

4.1 A water Cherenkov detector configuration (2588 km)

The Protvino accelerator facility, situated in the Moscow region, Russia, can be utilized as
a robust platform for conducting extensive experimental research in the realm of neutrino
physics. At its core is the U-70 synchrotron, with a circumference of 1.5 km, capable of
accelerating protons up to 70 GeV and delivering a substantial annual proton-on-target



Rule Signal Coefficient | Background Coefficients

Ve Appearance 0.9 vr Appearance: 0.78

v,, Disappearance: 0.45
Neutrino Beam: 0.9

Neutrino Misidentification: 0.2

Neutral-Current Background: 0.9

v, Disappearance 0.7 vr Appearance: 0.22
Neutral-Current Background: 0.18
Ve Appearance: 0.15

U, Appearance 0.9 vr Appearance: 0.78

v,, Disappearance: 0.45
Antineutrino Beam: 0.9
Antineutrino Misidentification: 0.2
Neutral-Current Background: 0.9

v, Disappearance 0.7 Neutral-Current Background: 0.18
v, Appearance: 0.22

ve Appearance: 0.15

Table 1. Signal and Background coefficient for different rules in GLoBES file for P20.

(POT) yield of 4 x 10%°. This proton beam serves as the foundation for generating a
neutrino beam with a power of 90 kW [56].

The directed neutrino beam can be aimed at the ORCA detector, a component of the
KM3NeT collaboration, strategically positioned 2588 km away from the Protvino acceler-
ator facility. The ORCA detector, with a fiducial target mass of 4 Mton, is assumed to be
operating in an environment characterized by an average matter density of 3.4 g/cc.

The experiment is envisioned to span three years each in the neutrino and antineutrino
modes, leading to a total exposure of 2160 MW.Kton.yr. The energy resolution is mod-
eled as a Gaussian distribution with a width of 30%. This setup enables an exploration
of neutrino oscillation phenomena in the presence of matter effects. The rules represent-
ing different (anti)neutrino channels along with the corresponding signal and background
coefficients are listed in table 1.

4.2 A liquid Argon detector setup (1300 km)

The experimental setup under consideration consists of a megawatt-scale muon neutrino
beam source, a near detector (ND), and a far detector(FD). The ND will be placed close to
the beam’s source, while the FD, comprising a 40 Kton LArTPC detector, will be placed
at a distance of 1300 km away from the neutrino source. In our study, we have considered
events from FD only. The large LArTPC at an underground observatory can also ob-
serve atmospheric neutrinos. The proposed DUNE experiment has a similar experimental
configuration[57]. In this analysis, a beam-power of 1.2 MW leading to a total exposure of
1 x 102! POT/yr has been implemented for the numerical analysis. The energy resolutions,
efficiency, and systematic errors are taken as per the .glb file in [57]. We assume the exper-



iment will run for five years each in the neutrino and antineutrino modes, corresponding to
a total exposure of 480 MW.Kton.yr. We have considered a constant matter density of 2.85
g/cc. The various background channels for different rules have been mentioned in table 2,
and each of these backgrounds is listed in files as a function of energy.

Rule
ve Appearance

Background Channels

Ve, Ve, Vs Uy, Vg, Uz, v NC, 7 NC
Ve, Ury v NC, v NC
Ve, Ve, Vyy Uy, Vry Uz, v NC, 7 NC

Vr, Ur, v NC, v NC

v,, Disappearance

V. Appearance

v,, Disappearance

Table 2. Background channels for different GLoBES rules in LArTPC detector.

The table 3
parameters used in the simulation. The true and test values of #15 and 613 are fixed at
33.4° and 8.42° respectively along with Asj at 7.53 x 107> eV2. In this analysis, both the
true and test values of dcp have been varied in a range from —180° to 180° with a step size
of 15°. The exploration of az ' extends from 1.0 x 107! s/eV to 3.0 x 107!} s/eV, with
the true value set at 2.0 x 107! s/eV. For hierarchy sensitivity, the sign of Ag; is reversed,

provides a summary of the true and test values of various oscillation

whereas, for octant sensitivity analyses, the test value is varied in the opposite octant in

the range as specified in table 3 for a true value of fa3.

Parameters True values Test values

012 33.4° 33.4°

013 8.42° 8.42°

093 (Hierarchy) 41°,45° 49° 39° : 51°

23 (Octant) 41° (49°) 45° 1 51° (39° : 45°)

dcp —180° : 180° —180° : 180°

dcp(CP discovery) —90°,0°,90° —180°, 0, 180°

Aoy 7.53 x 107° eV? 7.53 x 107° eV?

As; (Hierarchy) +2.45 x 1073 eV2 | F[2.35 : 2.6] x 1073 eV?

Ag1(Octant) +2.45 x 1073 eV2 | £[2.35 : 2.6] x 1073 eV?

ozt 2.0x 107" s/eV | [1.0: 3.0 x 107! s/eV
Table 3. True and test values of oscillation parameters.

5 Results

In this section, we evaluate the sensitivity of the two above-mentioned experiments re-
garding the determination of the mass hierarchy, the octant of f23, and CP violation within
scenarios involving potential invisible decay of the v state. Initially, we examine the ability
of these experiments to detect such decay by assessing its sensitivity under the assumption
of no decay.



5.1 Decay sensitivity of the two experimental setups

First, we have evaluated the sensitivity of the detectors to decay. The simulated true data
is generated assuming no decay scenario, while decay is introduced in the test. All the
oscillation parameters are kept fixed in true and test as in table 3 while fo3 = 45°, 6cp =
0°. Our findings indicate that a 3o sensitivity level can be achieved at a decay rate of
approximately 2.9 x 10711 s/eV (3.3 x 107! s/eV) and a 50 sensitivity level at around
1.7 x 107" s/eV (1.9 x 1071 s/eV) for LArTPC (P20) setup Sensitivity for NH and IH,
as given by red and blue curves, are almost identical.

30 30

1300 km, no decay intrue ¢ NH 588 km, no decay intrue ¢ NH
0,3=45", 6cp=0" e M 3=45", 6cp=0" ° M

25

20

10

10722 1074 1012 1071
T3/m3 [Test] (s/eV) T3/m3 [Test] (s/eV)

Figure 3. Sensitivity of LArTPC (left), P20 (right) setups to detect decay as a function of decay
parameter o ' = 73/ms3 in test for fa3 = 45°, 6cp = 0° for NH (red) and IH (blue).

5.2 Mass Hierarchy Sensitivity

In the figure 4, the sensitivity to the mass hierarchy has been depicted considering fo3 = 41°
(left), 45° (middle) and 49°(right) for true hierarchy taken as normal (top) and inverted
(bottom). The green curve shows the mass hierarchy sensitivity for a standard scenario
without decay. We consider two different decay scenarios: the blue curve shows the same
in the presence of decay in both the true and test, while the orange curve shows sensitivity
in the presence of decay only in the test, i.e., in the opposite hierarchy. The observations

from the plots in figure 4, are as follows,

e In the presence of decay (decay is considered in true and test), there is a decrease in
hierarchy sensitivity for both NH and IH compared to the standard scenario. However,
when decay is considered only in the test, for true IH, the hierarchy sensitivity is more
than the no decay case. This is because the decay affects NH more as seen in the
probability plots in figure 1.

e If we compare the plots in the first row for NH, hierarchy sensitivity is seen to rise
with the true value of 693 for all the cases. But, while considering IH as the true
hierarchy, the highest sensitivity is observed for the maximal value of 023 = 45°.

~10 -
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Figure 4. Sensitivity to mass hierarchy as a function of true dcp for true values of fy3 = 41°
(top), 45° (middle), 49° (bottom) considering az' = 2.0 x 107! s/eV at 2588 km for NH (top),
IH (bottom). The green curves correspond to the standard without decay scenario. The blue and
orange curves are for decay present in both true and test, and only in the test, respectively.

In figure 5, the sensitivity to mass hierarchy as a function of d¢op is depicted for the
LArTPC detector setup for true values of fa3 = 41° (left), 45° (middle) and 49° (right). In
this case, dop affects the sensitivity to mass hierarchy more than it does in the case of P20.
The variation of sensitivity is around 100 between the maxima and minima of the plots in
LArTPC compared to around 4o variation in P20. The sensitivity with decay (blue curves)
in true and test cases is lowest, while the w/o decay scenario and Decay|Test| scenarios have
higher sensitivity. The sensitivity for all three scenarios increases with 63, i.e., from the
left panel to the right panel in NH. In the case of IH, the sensitivity is higher for o3 = 45°
than 41° but is similar for 45° and 49°. We probe further into dependence on true value of
fo3 in figures 6,7.
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Figure 5. Sensitivity to mass hierarchy as a function of true dcp for true values of fy3 = 41°
(top), 45° (middle), 49° (bottom) considering az' = 2.0 x 107" s/eV at 1300 km for NH (top),
IH (bottom). The green curves correspond to the standard without decay scenario. The blue and
orange curves are for decay present in both true and test, and only in the test, respectively.
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Figure 6. Sensitivity to mass hierarchy as a function of 3 for without decay scenario (solid) and
with decay (dotted) in 2588 km (top) and 1300 km (bottom) for NH (red), IH (blue).
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In figure 6, the sensitivity to MH in the presence of decay (dashed) in both true and
test along with standard no decay scenario (solid) are plotted as a function of the true
value of f3 with the red (blue) curves corresponding to sensitivity for the true hierarchy of
NH (IH) at P20 (top) and LArTPC (bottom) setups. We see that both with and without
decay scenarios, the sensitivity gradually increases with 693 for NH, whereas, for IH, the
sensitivity falls on both sides of some 63 value for P20 and remains almost constant for
O23 = (44°,48°) for LArTPC setup. To understand this behavior, we have plotted the
sensitivity from v. (v,) channels in second (third) column in figure 6. The sensitivity of
Ve channel for P20 is mostly similar to total sensitivity in IH, but in NH, sensitivity at
first decreases till 23 = 42° and then increases slowly. The contribution from v,, channel is
similar in both NH and IH, with a sudden decrease at first and then slightly rising before
further decreasing with 63. In the case of the LArTPC detector, sensitivity from the v,
channel rises linearly with 623 in both NH and IH. However, the sensitivity in the v, channel
shows an oscillatory nature for NH, while in IH, the sensitivity attains a minima around
Aoz = 45°.

100 20
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Figure 7. Sensitivity to mass hierarchy as a function of a3 for the electron (left) and muon (right)
channels without background and marginalization at 2588 km (top) and 1300 km (bottom).
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To inspect this different kind of behavior of sensitivity for IH, we have further plotted
the contribution from electron and muon channels in figure 7 without background (b/g)
contributions mentioned in table 1, 2 and no marginalization in the test scenario. We see
from figure 7 that without the b/g contributions, in the electron channel, the sensitivity
increases with @3 that can be explained by the leading term in P, varies with sin® O3
in eq. 2.3. While, in the muon channel, the sensitivity decreases with o3 after initially
increasing, and this nature can be understood from the leading terms in P,, in eq. 2.4
depending on sin? 263. It shows that the muon background present in the electron channel
is the reason why the sensitivity in IH is only rising till 23 ~ 46° and then decreasing in
2588 km and is constant for fa3 = [44°,48°] in 1300 km. This background effect is also
present in the true NH scenario; however, in that case, sensitivity w/o background in the
electron channel is smaller compared to the muon background.

5.3 Octant Sensitivity

In this section, we discuss the results of octant sensitivity in the presence of invisible decay.

Octant Sensitivity ® w/o Decay Octant Sensitivity ¢ w/o Decay
® with Decay 9231= 49, NH ® with Decay
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5 51 2588 km
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o3 g 0342 e e Tt eeess
6,3 =41, NH
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T 6 T
Octant Sensitivity & w/o Decay Octant Sensitivity & w/o Decay
9231= 41, H e with Decay 623 =49, IH e with Decay
a3l =2x10"% s/ev| a3t =2 %1071 s/eV|
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Wﬂw
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6cp (°) 6cp (°)

Figure 8. Sensitivity to octant of 23 as a function of true dcp considering true o3 = 41° (left),
49° (right) for without decay (green) and with decay (blue) considering true ag' = 2.0 x 1071
s/eV for NH (top) and IH (bottom) at 2588 km baseline.
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Figure 9. Sensitivity to octant of 23 as a function of true dcp considering true o3 = 41° (left),
49° (right) for without decay (green) and with decay (blue) considering true az' = 2.0 x 107!
s/eV for NH (top) and IH (bottom) at 1300 km baseline.

In figure 8 and 9, the octant sensitivity with and without decay scenarios have been
shown as a function of true dcp for true 63 = 41° (left), 49° (right) for NH (top) and IH
(bottom) for the detector setups at 2588 km and 1300 km respectively. We present two

scenarios: one where decay is present in the true and test scenario (blue dashed), and in

another case, the decay is absent in both true and test, i.e., the standard scenario (green

solid). In all the cases, the marginalization has been done in 653 in opposite octant, |As;],

dcp and ag (in the presence of decay). The main observed features are;

e For 2588 km (fig. 8), in the presence of decay (blue), the sensitivity is higher than
that of the standard no decay scenarios (green). The increase in sensitivity is higher
for 053 in LO (41°) as compared to HO (49°).

e In the case of 1300 km (fig. 9), the octant sensitivity in the presence of decay (blue)
is lower for A55*¢ in HO and higher for 645%

in LO relative to the no-decay scenario.

Since the synergy between electron and muon channel is the main contributor in en-
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Figure 10. Octant sensitivity as a function of test #3 showing contribution from v, (orange) and
v, (green) and total (blue) events for 623 in LO (left) and HO (right) in 2588 km (top) and 1300
km (bottom). The solid (dashed) curves signify no decay (decay) scenarios.

hancing the octant sensitivity, in order to understand the nature of curves in figures 8, 9,
we have plotted the contributions from these two channels along with total sensitivity in
the test 033 plane in figure 10 for 2588 km (top) and 1300 km (bottom). In figure 10, the
sensitivity without decay and with decay is shown by solid and dashed curves, respectively.
For the P, channel (c.f. eq.2.7,2.3), the leading contribution goes as sin? A3, and the chi-
square in the opposite octant increases with 623 as can be seen from the bottom-left panel
in figure 10 for the LArTPC setup. However, for the P20 setup (c.f. the top-left panel),
due to the presence of 45% muon background (c.f. Table 1), the nature of the chi-square
curve in the electron channel gets modified, and it’s not a monotonic function of sin? fa3
any longer. For the muon channel (c.f. eq.2.8,2.4), the leading term in the probability
proportional to sin? 2623 doesn’t offer octant sensitivity. However, due to the matter effect
at large baselines like 1300 km and 2588 km, the contribution from the term proportional
to sin? 3 becomes significant, and some octant sensitivity comes from this channel as well.
The position of the minima of the total sensitivity curve is governed mainly by the P,
channel, but there is an octant sensitive contribution coming from P,. channel, enhancing
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the chi-square. Since the chi-square from P, channel at P20 is flatter, this octant sensitive
contribution is less, and thus, the overall sensitivity is more for the DUNE-like setup, as can
be seen from figure 10. In addition, from the top-left panel, it is seen that in the presence
of decay, the minima of the total chi-square shifts from 49.5° to 50.5° where the value of
chi-square is higher in both v,, v, channels as compared to the no decay case, leading to
an elevated total sensitivity. Similarly, from the top-right panel (655 in HO), the minima
of the total sensitivity shifts from 42.5° to 44°, where the contribution of v, is similar but
Ve is slightly more than no decay scenario, leading to a smaller increase in total sensitivity.
In the case of 1300 km also, we can see enhanced sensitivity due to the synergy between
ve and v, channels for both decay and no decay scenarios. For 623 in LO (the bottom-left
panel), in the presence of decay, the minima of v, channel shifts to larger #23 with the
value of chi-square higher than that of no decay, resulting in enhanced total sensitivity.
However, in 1300 km for HO (the bottom-right panel), it is observed in the presence of
decay that minima of the combined sensitivity shifts to a higher 63 (towards 45°) driven
by the v, channel. For such values, the contribution from the v, channel is lower, resulting
in a reduced total sensitivity as compared to the no decay case.

5.4 Sensitivity in 6s3 — dcp Plane

In this section, we explore the degenerate solutions in the presence of decay in the test
023 — dcp plane for fixed mass hierarchy in the case of the LArTPC detector (DUNE-
like) and the water Cherenkov detector (P20) as well the combination of these setups. In
figures 11 and 12, we have plotted regions of [30, 5o| sensitivity in 023 — dcp plane for no-
decay (decay) scenarios by shaded contours (contour lines) in P20 [dark red and light red|,
DUNE-like |blue and cyan| setup and the combined analysis [dark green and light green]
of these two setups, respectively. We considered different combinations of true values in
the case of both NH (first and second rows) and IH (third and fourth rows) as the true
hierarchy. In case of decay, the true value of ag Lis 2 x 107! s/eV and marginalization is
over [1:3] x 107! s/eV. The main observations from figures 11, 12 are as follows,

e The allowed contours are larger for P20, signifying a lower sensitivity in #o3 and dop
than the DUNE-like setup for both decay and no-decay cases.

e Comparing the decay and no-decay scenarios, for P20, allowed regions in 6,3 are
seen to be more restrictive in the presence of decay. This is consistent with the
earlier observation that octant sensitivity is enhanced in the presence of decay in
P20. This also leads to the removal of wrong octant solutions at 3¢ in some cases,
c.g., 023 = 490,5CP = OO, and 923 = 410,5CP = —90°.

e For the DUNE-like setup, the allowed regions are almost identical for decay and no-
decay cases at 3o, and there are no wrong octant solutions. However, at 50, the
sensitivity of fo3 decreases for f23 = 49° in the presence of decay, and in some cases,
the regions extend to opposite octant.

e The wrong octant and wrong dop solutions are removed with combined analysis as
seen from light green contours in figure 12 even at 50 in decay and no-decay scenarios.
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e The CP sensitivity is more for LArTPC setup as compared to P20. Moreover, in the
case of P20, the sensitivity for IH is less than that of NH. For P20, the red-dashed
regions cover the entire parameter space of dcp in most of the panels in figure 12,
signifying no sensitivity to dop at 50. But for a combined analysis of the two setups,
the wrong dcp solutions are excluded even at 5o significance.

6 Conclusions

In this work, we have studied the effects of invisible decay of the third neutrino state on
the determination of mass hierarchy and octant of #93 in the context of two different long
baseline experimental setups: a LArTPC setup (similar to DUNE) at 1300 km and a water
Cherenkov setup (proposed by P20) at 2588 km. For mass hierarchy sensitivity, we explored
two scenarios in the presence of decay: (i) decay in both true and test cases and (ii) no
decay in true and decay in the test case for the opposite hierarchy. We find that the mass
hierarchy sensitivity is reduced in the first case compared to the no-decay scenario in both
setups. However, the sensitivity increases in the second case compared to the first case. In
the water Cherenkov setup, the mass hierarchy sensitivity is seen to be increasing steadily
with 23 for true NH but peaks at 693 ~ 46° for true IH. This nature of sensitivity is due
to a higher muon background of 45% in P20 in the electron channel. We also noticed the
mass hierarchy sensitivity to be flat between 033 = 44° — 46° for true IH in the LArTPC
setup in 1300 km, which can be attributed to the presence of muon backgrounds.

In the study of the sensitivity to octant of f23, we have only considered the presence of
decay (in both true and test) and compared it with the no-decay scenario. It is observed
that in the presence of decay, the sensitivity is increased for both the setups for true values
of 023 in LO due to enhanced contribution from the v, channel. For 63 in HO, we see
reduced sensitivity in the P20 setup as compared to 23 in LO but still higher than the
no-decay scenario. In the LArTPC setup, the sensitivity in presence decay for f93 in HO
is lower than the no decay. These features are explained by the synergy between electron
and muon channels.

We also explore the degeneracies present in the test 623 — dop plane for various com-
binations of true values in the presence of decay in both true and test and compare with
the no decay scenario. In the P20 setup, the wrong octant solutions exist at 3o (for cer-
tain combinations of true values) and 50 in no-decay scenarios. However, the inclusion of
decay elevates the octant sensitivity, resulting in the removal or reduction of wrong octant
solutions. The 30 contours of DUNE-like setups are similar for the decay and no-decay
cases, and there is no wrong octant solution in 3o. In the case of a DUNE-like setup, the
sensitivity is lower in the presence of decay for 623 in HO, leading to enlarged contours
extending to opposite octant at 50. When we do the combined analysis of these setups, the

wrong solutions disappear even at 5o.
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and dcp

The shaded contours are for the decay case,

and the contours encompassed by curves are for the no-decay case. The dark red and light red

41°,49°,
correspond to 30, 50 contours in P20, while blue and cyan stand for 3o, 50 contours in LArTPC.
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Figure 11. Sensitivity in the test 0235 — dcp plane for true values of a3

—90°,0°,90° for both normal and inverse hierarchy.
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