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Abstract

In this study, we explore two intriguing new physics scenarios: the theory of Large Extra Di-
mensions (LED) and the theory of neutrino decay. We analyze the impact of LED on neutrino
oscillations in the contexts of Protvino to Super-ORCA (P2SO), DUNE, and T2HK, with a par-
ticular emphasis on P2SO. In contrast, the effects of neutrino decay are examined exclusively in
the context of P2SO. For the LED scenario, we find that combining data from P2SO, DUNE,
and T2HK can yield tighter constraints than current bounds, but only if all oscillation parameters
are measured with high precision. In the case of neutrino decay, P2SO can achieve slightly bet-
ter bounds compared to ESSnuSB and MOMENT, although its bounds remain weaker than those
provided by DUNE and T2HK. Regarding sensitivities to unresolved oscillation parameters, the
existence of LED has a minimal impact on the determination of CP violation, mass ordering and
octant. However, neutrino decay can significantly influence the sensitivities related to CP violation

and octant in a non-trivial manner.
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1. Introduction

The existence of neutrino mass has been conclusively established through the observation
of neutrino flavor oscillations. The flavor and mass eigenstates of neutrinos are not identical;
instead, they are related by the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
(U), which is characterized by three mixing angles and one CP-violating phase. Neutrino
oscillation physics has now entered an era of precision, with current and upcoming long-
baseline experiments set to determine oscillation parameters with percent-level accuracy.
This precision enables the investigation of sub-leading effects arising from various beyond
the Standard Model (BSM) scenarios at neutrino detectors. In this paper, we focus on two
such BSM scenarios: a) large extra dimensions (LED) [IH5] and b) neutrino decay [6HI1] in
the context of the proposed long-baseline neutrino experiments, mainly focusing on Protvino
to Super-ORCA (P2S0). The first part of the paper focuses on LED, while the second part
discusses the neutrino decay.

LED was proposed to address the hierarchy problem, which arises from the large dis-
crepancy between the electroweak scale (Mgw ~ 10° GeV) and the Planck scale (Mp; ~
10* GeV), where gravitational effects become significant. This model assumes that there is
only one fundamental scale, the electroweak scale. In four dimensions, the Planck scale is
much larger than the electroweak scale, but in higher-dimensional space (4+ N dimensions),
they become equivalent, i.e., Mp; ~ Mgw. In this framework, all Standard Model (SM) par-
ticles are confined to the four-dimensional space, while gravity can propagate into the higher
dimensions. This propagation makes gravity appear much weaker in the four-dimensional
space. The inclusion of higher dimensions also affects the known laws of gravity. For N = 1,
gravity would be modified at the solar system scale, and this scenario is ruled out by exper-
imental observations. However, the N = 2 case is consistent with experimental data. We
consider an asymmetric space where only one extra dimension is significantly larger than the
others, effectively making the space five-dimensional. Similar to gravity, the small neutrino
mass can be naturally explained in this model. The right-handed SM singlet neutrino fields
can propagate in the higher dimensions, and the suppression of the field in the 4-dimension
by the volume of the extra dimension makes the neutrino mass very small [1, 12, 13]. When
viewed from the 4-dimensional perspective, these singlet fields can be represented as a tower
of Kaluza-Klein (KK) modes. These modes do not completely decouple from the system and
exhibit mixing with the active neutrinos. Consequently, this mixing affects neutrino oscil-
lations, providing a means to test the model in neutrino oscillation experiments. In recent
years, numerous studies have been conducted to constrain the parameters of LED using neu-
trino oscillation experiments [I4H26]. In this article, we investigate LED in the contexts of
P2S0, Deep Underground Neutrino Experiment (DUNE), and Tokai-to-Hyper-Kamiokande
(T2HK), with particular emphasis on P2SO. While studies of LED in the context of DUNE
[25-27] and T2HK [24] have been carried out previously, those works primarily focus on
deriving bounds on the LED parameters. Moreover, Ref. [16] demonstrates that the current
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bounds on LED parameters from MINOS/MINOS+, Daya Bay, and KATRIN are stronger
than the projected bounds from DUNE and T2HK. The primary objective of this paper is
to estimate the bounds on the LED parameter from P2SO and assess whether the combined
constraints from DUNE, P2SO, and T2HK can improve upon the existing limits. We also
explore the impact of marginalization over oscillation parameters and the effects of system-
atic uncertainties on these bounds. In addition, if LED exists in nature, it is important to
explore how it could affect the CP violation, mass ordering, and octant sensitivities of these

experiments. For the first time, we systematically examine the impact of LED on these
standard sensitivities of P2SO, DUNE, and T2HK.

In the second part of the paper, we shift our focus on neutrino decay. The massive nature
of neutrinos allows for the possibility of fast neutrino decay within BSM scenarios. Neutrinos
could decay into either a lighter active neutrino or a sterile neutrino. When the final state
includes an active neutrino, it is termed visible decay [28-35], whereas decay into a lighter
sterile state is referred to as invisible decay [36, 37]. This paper focuses on the invisible
decay scenario. Depending on the nature of the neutrino i.e., whether it is a Dirac or
Majorana particle, decay can occur through two different ways. For Dirac neutrinos, decay
can produce a right-handed sterile neutrino along with an iso-singlet scalar |38, [39]. In the
case of Majorana neutrinos, decay can result in a sterile neutrino and a Majoron|6, [40-42].
The effect of decay on neutrino oscillation depends on the mass (m;) and lifetime (7;) of the
m; L
Ty Loy
of propagation and energy of the neutrino, respectively. Various experiments place strong

neutrino, represented by the factor exp (— ) , where L and FE, correspond to the length

constraints on the neutrino decay parameter (7;/m;). Solar neutrino data establishes a lower
bound on 75 /my [43H47|, assuming the decay of the v, state only. The KamLAND reactor
experiment constrains the decay parameter 71 /m; [44]. Additionally, supernova neutrino
data sets stringent constraints on the neutrino decay hypothesis. Observations of neutrinos
from supernova SN1987A place strong constraint on the decay of v, state [48]. Analysis of
MINOS/MINOS+, T2K and NOvA data provided bounds on 73/mg [49-51]. The differences
in track and cascade spectra of the IceCube data prefers the invisible neutrino decay scenario
at more than 30 C.L. [28,30]. Projected sensitivities from the upcoming experiments such as
DUNE, ESSnuSB, and T2HK on 73/m3 can be found in [52H56]. These bounds are stronger
than the current bounds on 73/mg. In this paper, for the first time we examine the effect
of decay in the P2SO experiment and provide the projected bounds on 73/m3 parameter,
and compare our results with existing constraints. We also show how the marginalization
of oscillation parameters affects 73/ms3 bounds and the effect of decay in measuring CP

violation and octant sensitivities.

The structure of this paper is as follows: Section [2] presents an overview of the key
features of the three long-baseline neutrino experiments P2SO, DUNE, and T2HK. Section
outlines the statistical methods and simulation techniques employed in this work. The

analysis of the LED scenario is detailed in Section [d] while Section [5] focuses on the study
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of invisible neutrino decay. Finally, Section [f] summarizes our findings and concludes the
paper, highlighting the results from both new physics scenarios.

2. Experimental details

In this section, we outline the key details of three experiments considered in the analysis
for the LED and neutrino decay.

2.1. P2SO

In the case of the P2SO experiment, which is a future long-baseline neutrino experiment
with a baseline of 2595 km, we formulate our simulation details using the technical design
report from Refs. [57), 58]. For more detailed description of the P2SO experimental setup,
see the Refs. [59-61]. The experiment will feature a few megatonnes of fiducial detector
volume and a beam power of 450 kW, corresponding to 4 x 10% protons-on-target (POT).
For the purpose of simulation, we consider a total runtime of 6 years, with 3 years dedicated
to neutrino mode and 3 years to antineutrino mode. The systematic uncertainty values are
taken from Ref. [57].

2.2. DUNE

The DUNE is one of the most promising upcoming long-baseline neutrino experiments,
with a 1300 km baseline spanning from the Fermi National Accelerator Laboratory (FNAL)
to the Sanford Underground Research Facility (SURF). For the simulation of DUNE ex-
periment, we use the official files associated with the technical design report [62]. The files
represent an exposure of 624 kt-MW-years which corresponds to 6.5 years of run each in
neutrino (FHC) and antineutrino (RHC) modes, using a 40 kt fiducial mass liquid argon
time-projection chamber (LArTPC) far detector and a 120-GeV, 1.2 MW beam. This con-
figuration is equivalent to ten years of data collection, following the nominal staging assump-
tions outlined in [63]. For systematic errors, we use the numerical values from Ref. [62].

2.3. T2HK

The T2HK experiment is another proposed long-baseline neutrino project, with a 295
km baseline and an off-axis angle of 2.5°, producing a very narrow neutrino beam. For the
T2HK simulation, we adopt the configuration details from Ref. [64]. The neutrino source,
located at J-PARC, will operate with a beam power of 1.3 MW, delivering a total exposure
of 27 x 10*! protons-on-target (POT), which is equivalent to ten years of operation. We

consider an equal runtime for neutrino and anti-neutrino modes; each of five years. For
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Oscillation parameters Best-fit values + 1o
sin® 012 0.30375:015
sin? 013 0.022251 0 05025
sin? fa3 0.4487001%
dop 270°
Am3, (eV?) 7.417020 % 1077
Am3, (eV?) 2.50770-026 x 1073

TABLE I: Values of the oscillation parameters used in our analysis, for both LED and
neutrino decay, are taken from Ref. [69]. We consider normal ordering for the entire

analysis and vary dcp in full range.

the systematic errors, we take the values from the paper [64]. The detector technology will
utilize a water Cherenkov detector with a fiducial volume of 374 kt.

3. Statistical method and simulation details

To simulate P2SO, DUNE and T2HK experiments, we use the General Long-Baseline Ex-
periment Simulator (GLoBES) software [65], [66]. We have modified the probability engine to
incorporate the effects of the large extra dimension scenario and neutrino decay. This engine
calculates the exact neutrino oscillation probabilities in matter. To estimate sensitivity we
consider the Poisson log-likelihood formula:

n IV test
X2 _ 22 |:Nitest _ Nitrue . Nitrue log ( 1ruc>:| ’ (1)
i=1 '

)

where N and Nf** represent the event numbers in the true and test spectra, respectively,

@
1

and “i” denotes the number of energy bins. The true values of the oscillation parameters are
taken from Table [l All the relevant oscillation parameters are marginalized in our analysis.
We use the method of pull [67, 68] to include the effect of systematic uncertainties. For
systematic errors, we consider an overall normalization error corresponding to signal and
background. We present our results considering normal ordering of the neutrino masses.
Throughout the simulation, we consider only charged current (CC) interactions as the signal,
since neutral current (NC) interactions have a marginal impact on the bounds in both

scenarios.



4. Large Extra dimension

In this section, we discuss the framework of LED, and in the subsequent section, we
examine neutrino decay. We begin with a brief overview of the theoretical framework of LED
in the context of neutrino oscillations, followed by an exploration of its impact on neutrino
oscillation probabilities and the expected event rates. Next, we estimate the bounds on LED
parameters in the context of P2SO, DUNE+T2HK, and DUNE+T2HK+P2SO experimental
configurations. In this context, we also analyze the effects of systematic uncertainties and
the impact of marginalization of the oscillation parameters. Finally, for the very first time we
show how the CP violation, mass ordering and octant sensitivities of individual experiments
i.,e., P2SO, DUNE and T2HK get altered in presence of LED. We explained our numerical

results using analytical expressions.

4.1. Theoretical framework

In the framework of LED, all the SM particles are restricted to four dimensional space,
while the gravity could propagate through all dimensions, including the large extra dimen-
sions. This produces weak gravitational field in the four dimensional space. Similar to
the gravity, we can generate the small neutrino mass by introducing the SM singlet neutri-
nos that propagate all dimensions. We extend the SM sector by adding three 5-D singlet
fermionic fields W§ p corresponding to three SM active neutrino fields vf. After the com-
pactification of the fifth dimension on a circle of radius Rgp, those fields can be decomposed
as a tower of Kaluza-Klein (KK) modes (wz%) ,n = —00..00). The fields that couple to the
SM neutrinos are redefined as, 1/;(0) = ;(0) and 1/2(2) = (ﬁ(};) + @bg(g”)) /V/2. Using this
notation, the mass term of the Lagrangian [70] can be expressed as

Linass = (VR v+ \/_Z 1/0‘(” vy) + Z —ﬂ;(n Vg " 4 he., (2)

where mP” is the Dirac mass matrix. The diagonalization of the mass matrix is carried

out in two steps. We first introduce two 3 x 3 matrices U and r that diagonalize m” i.e.
mf,, = r'mPU = diag(mp, m3, m3) and
vy = Uo‘il/Li(O) (3)
o) roiym = 0...00 (4)
R = r sn=0.
VL(") = ro‘iuz(n),n =1..00 (5)
T

In the pseudo mass basis, v/ = (v, 13 ) and vj = (V1O 10 @), ..)T the

mass term in Eq. [2] takes the form

Linass = »_ VRM'} + h.c. (6)



where M; represents an infinite-dimensional matrix,

1 \/émZDREDlOO

The infinite-dimensional matrix M can be diagonalized to obtain the true mass basis. We
need two infinite-dimensional matrices (L and R) for the diagonalization of M’ which makes
RZT M*L;, a diagonal matrix. The actual mass basis is related to the pseudo mass basis by
vi = L'} and v, = R, The flavor neutrinos at the four dimensional space are related
to the mass basis as

vy = Z UL, (8)

Here, L can be calculated by diagonalizing the Hermitian matrix MTM [1-4] as
2
D 2 ) D 2’
1+ w2 (m Rep)” + <)\i ) / (m;’ Rep)

(L) = (9)

2
The eigenvalues of the matrices R%, M) M; are represented by ()\Z(-n)) . These values can be
obtained by solving the following equation

A" — 7 (mP Rep)” cot (mg”)> —0. (10)

The mass of v\ is A" /Rgp and

: 2jmP R
o V2R (11)

(A)2 = 72
where 7 = 1..00 and n = 0..00. We focus on the scenario where the impact of LED can be
perceived as a small perturbation to the standard neutrino oscillation and this suggests that

mP Rgp << 1 H On the basis of this assumption, we can write

2 ; o1
A =mP Rep (1 - E(mlpRED)Z +.), W =g+ ;(mszED)Q + ..
2 . 2mPR
L0=1- %(m?RED)2 ¥ LY = vam?Rep
J
; omPR y D Rep)?
Lgoz_@%_w LV :1_(mlj—2ED)+”’ (12)

L This assumption is adopted throughout the analysis.



and LY = O((mPRgp)?) for k # j = 1..0o. In the presence of LED, the oscillation
probability of a specific neutrino flavor v, to v is given by

3
Pus(L.E,) = | Y U“UP AL, B,)", (13)

=1

where
On
ng (L ? exp ( 2E I ) . (14)

The first term of Eq. |12 relates Dirac masses (mP) and the neutrino masses ()\Z(O) /Rgp) of

the active neutrinos. From this, we can write AmZ;Rgp, = ()\(0))2 - (/\5-0))2. Two parameters
(m%,m?) can be eliminated from the theory using the known values of the solar (Am3,)
and atmospheric (Am2;) mass squared differences. As a result, the oscillation probability
depends on the two extra parameters, m? (= mg) and Rgp. Matter modifies the vacuum
neutrino oscillation probability which in the presence of LED is governed by the following

equation [71]:

22 MTMVzL + Z ( Vij 01><n> Vz{L] Z Ua;j (506‘/0(] + VNC)
Jj= n— 00

nXl Onxn
a=e,[1,T

. d /
1—V,; =
dt 1L

(15)

where the charged and neutral current matter potentials are represented by Voo = V2G pn,
and Vyo = —1/ V2Gpn, respectively. The electron and neutron number densities are
denoted by n. and n,, respectively. For various baselines, we keep the matter density
constant during the neutrino evolution while taking into account the equal number density
of electrons and neutrons. For our numerical analysis, we assume two KK modes, and we
have checked that, the inclusion of the larger number of modes has minimal effect on the

outcome.

4.2. Probability and event rates in presence of LED

In this section, we discuss the behavior of the oscillation probabilities and event rates
in presence of LED. Fig. [I| represents the appearance and disappearance probabilities for
neutrino and antineutrino modes. The left column corresponds to neutrinos, and the right
column to antineutrinos. The upper row displays appearance probabilities, while the lower
row shows disappearance probabilities under various conditions. The light orange (gray)
shaded region depicts the shape of the v, (7,) flux of the P2SO experiment. For this figure
we consider dcp = 270°. The cyan curves depict the probabilities without LED, while brown
(blue) curve shows the probability with Rgp = 0.5 pum keeping my = 0 (0.05) eV.
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FIG. 1: Probability plot as a function of neutrino energy for P2SO. Upper (lower) row
shows the appearance (disappearance) probability for different combinations of mg and
Rpp values. Left (right) column shows the results for neutrino (antineutrino). The legend
of each panel has the form (d¢p [°] —mg [eV] — Rgp [um)].

From the panels we see that the presence of LED parameters results a decrease of oscilla-
tion probability from standard case. Most importantly, here we also see a distortion in the
spectrum due to fast oscillations. This distortion increases when we consider non-zero value
of mgy. To understand these behaviors, we calculate the analytical probability expression in

vacuum for the electron neutrino appearance channel as EL

LAmM2 LAmM2 I
PulLiB)) = PSL.E,) + B[ A + Beos (L2051 i, )

2B, 5“’) * C<C°S< 2E,  2E,RZ%,

= cos <—2Ef§-zg )] (16)

2 Note that though Eq. is derived in vacuum, this equation is sufficient to explain the main features of
Fig. |I| which is generated in matter.



where,

2
I

1.2 x 1075 cos 6cp sin 2695 eV?
B = —1.6 x 107°sin26y; eV?
C = 0.0871Am3, sin? 3. (17)

In the above equation, we consider mg = 0 €V. Here, Rgp, L and FE, are in eV~!, eV !
and eV respectively. The expression consists of two terms: the first, PE!, represents the
standard appearance probability [72], and the second term incorporates the dependence on
Rpp. Here we note that the LED term is proportional to R%,. By putting the values of
the parameters A, B, and C, it can be shown that an overall negative sign appears with the
new physics LED term. This explains why the probabilities in presence of LED are smaller
than the standard scenario. In this equation we clearly identify the factor L/2FE, R%,, which
is responsible for the fast oscillation. Additionally, a non-zero value of my can also amplify
these fast oscillations (cf. Eq.[14). This is true for both neutrinos and antineutrinos in the

appearance and disappearance channels.

In Fig. [2], we show the event rates for electron and muon neutrinos in the P2SO exper-
iment, with and without the LED parameters using the same color scheme as in Fig.
The left (right) panel of the figure shows the event rates for the appearance (disappearance)
channel under different LED parameter conditions. We observe that, with a non-zero value
of Rgp, the event rate decreases, and the overall amplitude decreases even further when my
is non-zero. The nature of the event rate is identical to the probability plots shown in Fig.

@
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FIG. 2: Event rates in the presence and absence of LED parameters for P2SO. Left (right)
panel depicts the event rate for appearance (disappearance) channel. Color code is given in
the legend. The legend of each panel has the form (dcp [°] — mg [eV] — Rgp [um)].
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FIG. 3: Bound plot in (mg — Rgp) plane for P2SO (left of upper row), DUNE+T2HK
(right of upper row), and DUNE+T2HK+P2SO (lower row). The bounds are shown for

different conditions, as indicated in the legend.

4.3. Results for LED

4.3.1 Bound on LED parameters

In this section, we project the bounds on the LED parameters mq and Rgp, in different
combinations of future long-baseline neutrino experiments. As mentioned in the introduc-
tion, the constraints on LED parameters have been previously studied for DUNE [24] and
T2HK [24]. In this study, we aim to explore whether combining these experiments can
impose stronger constraints than the P2SO experiment and identify the conditions under
which this is possible.

We present our results in Fig. [3|and summarize them in Table[[] under different marginal-
ization conditions. To generate each curve in Fig. 3| we assume standard interactions (i.e.,
Rgp = 0 pm and mg eV) for the true spectrum, while in the test spectrum, we vary two LED
parameters to obtain 90% confidence level (C.L.) bounds. The left (right) panel of the upper
row in the figure shows the constraint on my — Rgp plane for the P2SO (DUNE+T2HK)
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Setup Conditions Rep(um) at mp=0 eV
P250 all-fixed-no-sys 0.194
all-fixed-with-sys 0.232
dcp-free-with-sys 0.230
ocp — O3 — Amgl—free—no—sys 0.236
dcp — Oo3-free-with-sys 0.265
Am3,-free-with-sys 0.345
Scp — 023 — Am3,-free-with-sys 0.361
all-free-with-sys 0.361
DUNE+T2HK all-fixed-no-sys 0.229
dcp — Ooz — Am%l—free-no—sys 0.235
all-fixed-with-sys 0.317
dcp-free-with-sys 0.317
d0cp — Oo3-free-with-sys 0.317
Am3,-free-with-sys 0.390
Oocp — O3 — Amgl—free—with—sys 0.414
all-free-with-sys 0.414
DUNE+T2HK+P250 all-fixed-no-sys 0.175
all-fixed-with-sys 0.208
dcp-free-with-sys 0.215
Ocp — Boz — Am%l—free—no—sys 0.222
d0cp — Oo3-free-with-sys 0.232
Am3,-free-with-sys 0.299
dcp — Oog — Amgl—free—with—sys 0.320
all-free-with-sys 0.320

TABLE II: Bounds on Rgp at 90% C.L. for three setups: P2SO, DUNE+T2HK, and
DUNE+T2HK+P2SO with different conditions.

experiment. The lower row shows the bound plots for the combination of DUNE, T2HK,
and P2S0O. In each panel, the red solid and green dashed curves represent results without
any systematic errors, while the cyan solid, blue dashed, brown dashed, and purple solid
curves show the results with systematic errors. To analyze the effect of each oscillation
parameter, we consider different maginalization combinations. For instance, the red solid
and blue dashed curves are generated when all oscillation parameters are fixed in the test
spectrum of the x?, whereas the cyan solid (brown dashed) curve is produced by varying

dcp (dcp,Ba3, and AmZ,). The purple curve is obtained by allowing only AmZ, to vary.
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FIG. 4: Bounds as a function of systematics for P2SO, DUNE+T2HK, and
DUNE+T2HK-+P2SO.

From the figure we see that the weakest bound on Rgp corresponds to mg = 0 eV
and as myg increases, the bound becomes more stringent. Further, we observe that for
each experimental setup, the strongest bound on Rgp arises in the ideal case where all
oscillation parameters are known and no systematic errors are included. The bound gets
weaken as we include systematic errors in the analysis. We also notice significant changes
in the Rgp bound when different oscillation parameters are allowed to vary. When all the
oscillation parameters are kept free, we obtain the weakest bound on Rgp. Additionally,
when only Am2, is marginalized, the bound on Rpp becomes much weaker compared to
the marginalization of other parameters. This behavior holds true across all setups: P2SO,
DUNE+T2HK, and DUNE-+T2HK-+P2SO. Among the different setups, the bound on Rgp
from the P2SO experiment alone is stronger than the combination of DUNE and T2HK.
However, the synergy of all three experiments provides a more stringent bound on the LED
parameter compared to the DUNE+T2HK and P2SO setups individually. When all the
oscillation parameters are marginalized and when we include systematics, the bound on
Rgp at 90% C.L. is 0.361 um for P2SO, 0.414 um for DUNE+T2HK, and 0.320 pm for
DUNE-+T2HK+P2SO. If we compare the current bound with our results then we find that
our results at 90% C.L. corresponding to DUNE+T2HK+P2SO including systematics and
considering all the oscillation parameters known (Rgp < 0.208 pum ) is better than the
current bound obtained by the combined results from MINOS/MINOS+, Daya Bay, and
KATRIN (Rgp < 0.250 pm) [16].

To examine the impact of systematics on the bound on Rgp into more detail, in Fig.
we show the bound as a function of systematic error with the red, blue, and purple curves
representing the P2SO, DUNE+T2HK, and DUNE+T2HK+P2SO setups, respectively. The
systematics mentioned in the figure represent the uncertainty from the overall normalization

errors. We have generated this panel for Rgp = 0.5 pm and my = 0 eV. From this figure we
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FIG. 5: Left (right) panel of upper row shows the CPV (mass ordering) sensitivity as a

function of Rgp (in um). Lower row depicts the octant sensitivity of fy3 as a function of

Rgp. In each panel, purple, green, and blue curves are the sensitivity results for DUNE;,
P2S0, and T2HK experiments respectively.

see that sensitivity drops significantly as systematic uncertainty increases from 0% to 10%.
For DUNE+T2HK+P2SO, the sensitivity falls from more than 6o ﬁ to less than 30 when

systematics increases from 0% to 10%. Beyond that, the sensitivity mostly remains flat.

4.3.2 Physics sensitivities in presence of LED

In this subsection, we examine how LED parameters affect CP violation (CPV), mass
ordering, and the octant sensitivity of the neutrino oscillation experiments under consider-
ation. CPV sensitivity refers to the ability of an experiment to distinguish a CP-conserving
phase (dcp = 0° or 180°) from a CP-violating phase. Mass ordering sensitivity is the capabil-
ity of any experiment to exclude a true hierarchy from the test hierarchy. Octant sensitivity

3 Here /Ax2 = o for 1 degree of freedom.
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Experiment || Sensitivity ||| A/Ax2]
P250 CpPV 0.18 o

Mass 147 o

Octant 0.35 o

DUNE CPV 0.37 o
Mass 0.52 o
Octant 0.56 o

T2HK CPV 0.02 ¢
Mass 0.53 o
Octant 1.31 o

TABLE III: Change of sensitivity when the Rgp parameter varied from 0 to 0.5 um.

represents the capability of an experiment to distinguish the lower octant from the upper
octant of the atmospheric mixing angle #,3. Fig. |9| illustrates our results where we have
considered LED in both true and test spectrum of the x? with mo = 0 eV. For this figure,
we have considered the true value of dcp as 270°. In the top row, the left panel shows the
CPV sensitivity as a function of the LED parameter Rgp, while the right panel shows mass
ordering sensitivity with respect to Rgp, lower row depicts the octant sensitivity. For mass
ordering sensitivity analysis, we assume normal ordering in the true spectrum, while in the
test scenario, we consider inverted ordering. In each panel, the purple, green, and blue
curves represent results for the P2SO, DUNE, and T2HK experiments, respectively.

From all the three panels of this figure we can see that the sensitivity remains almost flat
when Rgp is not very large i.e., < 0.3 pm. This signifies the fact that presence of LED does
not affect the sensitivity to the standard parameters of the long-baseline neutrino oscillation
experiments for small Rgp. This behavior can be understood by looking at Eq. [16] From
this equation we can see that the new physics coefficients involving LED, i.e., A, B and C'
are very small as compared to the leading order standard scenario term. Because of this,
the change in the sensitivity in presence of LED will only become relevant when Rgp is very
high. This is also evident from this figure where we see the sensitivity changes slightly for
Rpp > 0.3 pym. In the lower panel, we observe a very rapid change in the sensitivity for
P2SO when Rgp > 0.3 pm. We have checked that, this wiggles appear due to the matter
effect. If we consider no matter effect in P2SO, then the curve becomes smoother.

In Table [[T]] we have listed the change of the sensitivity corresponding to CPV, mass
ordering and octant for all the three experiments when Rgp varies from 0 pym to 0.5 pm.
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5. Invisible Decay

This section explores the propagation of neutrinos in the context of invisible neutrino
decay. Following a structure similar to the discussion of LED, we begin by outlining the
theoretical framework for invisible decay of v3 state. We then analyze its influence on
oscillation probabilities and event rates. Subsequently, we estimate bounds on the decay
parameter in the context of the P2SO experiment, considering the effects of minimization
over different oscillation parameters. Next, we discuss how invisible neutrino decay impacts
CP violation and the octant sensitivity of P2SO. These results are further explained using
analytical expressions to provide deeper insights into the numerical findings. It is important
to note that this section focuses exclusively on P2SO, as studies on invisible neutrino decay
for the other two experiments are already available in the literature. Additionally, combining
results from multiple experiments is not addressed here, given that the projected limits
from individual future experiments are expected to be significantly stronger than current
constraints. Lastly, we do not explore the mass ordering in the presence of decay. This is
because, in the inverted ordering, v3 is not the heaviest mass state and thus has a lower
probability of decay compared to 5. The latter is already tightly constrained by solar
neutrino data [44], 46], [73] and observations from supernova SN1987A [48].

5.1. Theoretical framework

We consider a BSM scenario where neutrino could decay to a lighter neutrino and a
massless Majoron at the tree level, described by the following interaction Lagrangian [74-
76):

1
L= 5[957¢VjJ + 19, U515, (18)

where g, and g, are the scalar and pseudoscalar coupling constants respectively.

This framework permits the heaviest state v;, to decay into the lighter one v; and a
Majoron J. In case of invisible decay, this lighter state could be a sterile neutrino (+') and
provide the v; — v/ 4 J decay. To isolate the effects of neutrino decay, we assume alignment
of the mass basis (/) and flavor basis (v) of the sterile neutrino. This assumption eliminates
any potential impact of sterile neutrinos on the oscillation probabilities and there exists a

unitary relation that links the mass and flavor bases:

£)-GE)

where U is the PMNS matrix, f = e, u,7 and 7 = 1,2,3. In this study, we examine the
decay of the v3 state in the presence of matter, described by the following Hamiltonian:

Htot - U[Hvac + ]_—’dec](]Jf + Hmata (2())
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where

[0 0o A (0000
m
Hvac =—10 Amgl 0 , Hdec = 31 0 0 0 ) Hmat = Dlag (VCC7 07 O)
2F, ) 2, |
0 0  Amg, 0 0 —ivy,

(21)

Here H,u, Hpat, and Hge. correspond to Hamiltonian components that govern neutrino

propagation in vacuum, matter, and in the presence of decay, respectively. The term ~,, =

A;Lg 73 is always a real quantity. The decay term makes the Hamiltonian non-Hermitian,
31 73

resulting in a loss of total probability, which indicates neutrino depletion in the system, i.e.,

> P.s <1 (where a = e, u, 7). The transition probability from flavor a to /5 has been
B=e,u,T
analytically calculated for a two-flavor oscillation scenario in Ref. [77], and for a three-flavor

scenario in Refs. [53] [75], [78-81].

5.2. Oscillation probability and events in presence of decay

In this section, we examine the impact of invisible decay on neutrino oscillation proba-
bilities. The expression for the appearance and disappearance probabilities in the presence

of decay can be written as [79] 8T]

1442
P . = 2 2 m
pe = 513523 (A — 1242
a$13 sin 2601 sin 2093 sin(A,,A)
(Am —1)* + 7, Am

{1 —2co0s [2(4, — 1)A]e ™A + e’47mA}

{(Am —1- ’721) SlIl(AmA + 6@13)

(22)
+sin [(An — 2)A — dep| (An — 1 — 72 )e 2ma
+ A Ym |:COS(AmA + dcp) — cos [(Am —2)A — 5cp}e_27mﬁ] }’

where s;;(c;;) = sin;;(cos 0;5), « = Am, /Am3,, A = Am3,L/AE, and A,, = 2V,.E,/AmZ,.
Fig. [0] displays the appearance and disappearance probabilities for neutrino and antineu-
trino modes in the upper and lower panels, respectively. These probabilities are plotted for
dcp = 270°. The orange and gray shaded regions depict the same fluxes as mentioned in
Fig. [I Throughout all panels, the cyan and blue curves represent the scenario of no decay
and decay respectively. We consider a fixed value for the decay parameter 73/ms = 3 x 107
s/eV in all the decay probabilities. We observe that for both neutrinos and antineutrinos,
decay leads to a decrease in the appearance probability at its peak value, a slight reduction

in the disappearance probability at the point where P,, peaks, and a small increase at
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FIG. 6: The appearance and disappearance probabilities for both the neutrino and
antineutrino modes, considering the cases of decay and no decay, in P2SO experiment. The
shaded area illustrates the flux in arbitrary unit associated with the respective oscillation
channel.

the point where P,, reaches its minimum. These behaviors can be explained using the
probability expressions given in Eqs. and 23] This we do in the next paragraph.

It is crucial to note that the condition ~,, = 0 represents the case of a stable neutrino.
When decay is present, the two coefficients in Eq. decrease as functions of ~,,. Fur-
thermore, near the oscillation peak, the rate of this decrease becomes steeper due to the
presence of terms that are multiplied by integer powers of e 2. In case of disappearance
channel, we focus around 4.9 GeV energy because dip contributes more in the sensitivity
analysis in the presence of decay. The bottom row of Fig. [0] illustrates that the probability
of disappearance rises with the introduction of decay at the dip. This aspect of probability
can be understood using the Eq. 23] where 7, dependent terms, namely the integer powers
of e=A  decreases with increasing 7,,. Further, near E, ~ 4.9 GeV, cos2A approaches
—1 and therefore, the term involving cos 2A e~2"2 transforms into an increasing function,

thereby influencing the overall characteristics of the disappearance probability. Fig. [7] pro-
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FIG. 7: Event rates for v, appearance and v, disappearance channels for P250 experiment

with and without neutrino decay.

vides the event rates for v, and v, corresponding to a specific value of 73/m3 and dcp = 270°
with 200 MeV energy bin. The events represented by cyan correspond to no decay scenario
whereas events in blue corresponding to a decay scenario with 73/m3 = 3 x 107! s/eV. Tt is
noted that for v, events, there is a decrease in event rates around the energy (~ 4.9 GeV),
where events peak when compared to the no decay scenario, whereas an opposite trend is
observed in the v, events. As energy increases, the impact of decay on the event count
becomes negligible.

5.3. Results

5.3.1 Bound on neutrino decay

The capability of the P2SO experiment to constrain the decay parameter 73/ms is assessed
by simulating results under the assumption of stable neutrinos in the true scenario and
decaying neutrino in the test values. The results are depicted in Fig.[8l The curves in purple,
cyan, and dotted orange represent three distinct scenarios of marginalization. The cyan curve
corresponds to marginalization solely over dcp, while the dotted orange curve is derived
from marginalization exclusively over Am2,. The purple curve results from marginalizing
simultaneously over o3, Am3,, and dcp. It is evident that marginalizing only over Ams3,
and dcp yields a similar effect on the bound curve; however, the inclusion of 6,3 significantly
decreases sensitivity.

For a comprehensive comparison of the 73/m3 parameter values obtained in this study
with those from other experiments, we have included Table [[V] which presents the 30 C.L.
bounds from P2SO alongside MOMENT, ESSnuSB, DUNE, and T2HK experiments. For
additional comparisons with other experiments, see the Table 3 in Refs. [54, 56]. We find
that P2S0 gives slightly better bound than MOMENT and ESSnuSB experiments but not
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FIG. 8: Sensitivity bound plot for neutrino decay parameter with different marginalization

conditions.

as good as DUNE and T2HK experiments, which is because of large background of P2SO.

Exp.
) P MOMENT [82]| ESSnuSB [54]|  P2SO T2HK [55] | DUNE [56]
T3/13

30 C.L.[s/eV]|| 1.6 x 107 | 1.68 x 107 | 2.11 x 1071 | 2.72 x 10711 | 4.22 x 1071

TABLE IV: Projected sensitivities of MOMENT, ESSnuSB, P2SO, DUNE, and T2HK
experiments in constraining the 73/m3 parameter. Shaded region indicates the bounds

obtained in this work.

5.3.2 Physics sensitivity in presence of neutrino decay

1. CPV sensitivity:
In this section, we examine the impact of invisible neutrino decay on the sensitivity
measurements of CPV at P2SO experiment. The left panel of Fig. [ depicts the sen-
sitivity to CPV as a function of 73/ms (true). The parameter 73/ms is kept same
in both true and test cases simultaneously. It is observed that as the 73/ms value
increases, the sensitivity to distinguish between the CP conserving and violating sce-
narios also increases, eventually stabilizing at higher values of 73/m3. An increased
73/mg3 clearly approaches the scenario without decay. This implies that the sensitivity
to CPV deteriorates in the presence of neutrino decay. To understand this, we show
the v, appearance probability as a function of d¢p for different values of 75/m3 in the

right panel of Fig. [0l The black curve represents the scenario without decay, while the
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FIG. 9: For P250 experiment, the left panel shows the expected sensitivity to CP
violation in the presence of neutrino decay, while the right panel illustrates the oscillation
appearance probability. The curves in the right panel correspond to different values of

73/m3 and are plotted at a neutrino energy of 4.9 GeV.

red, green, and blue curves correspond to 73/ms values of 5 x 10712 s/eV, 1.7 x 10712
s/eV, and 0.8 x 10712 s/eV, respectively. As the value of 73/m3 decreases from the no
decay scenario, the red, blue and green curves exhibit a tendency to flatten, thereby
indicating a lack of distinction between CP conserving and violating cases. This na-
ture of curve can also be explained by the probability expression given in Eq. [81].
The term which is mainly contributing to the difference in probabilities at two specific

values of dqp for different values of 7, is:

a$13 8in 2015 sin 20,3 sin(A,, A)
D2t A,

sin [(Ap, — 2)A — 0cp| (A — 1 —72,) e 22 (24)

The above mentioned term is positive and a decreasing function of ~,, for dcp = 270°.
We take two particular values of dcp in test and checked that the x? minima occurs at
dcp = 180°. Now, the same term is found to be negative and an increasing function
of v, for dcp = 180°. The 73/m3 parameter shows opposite behavior compared to ~,,.
Thus, a decrease in 73/mg3 leads to a reduced separation between the CP violation and
CP conservation probabilities. This is the main reason, the CP violation sensitivity

decreases when one deviates from the standard scenario.

2. Octant sensitivity

The capability of the P2SO experiment to exclude the wrong octant is shown in the
top panel of Fig. (10 which presents the combined \/Ax? from both disappearance and
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FIG. 10: For P250 experiment, in the top panel, the expected octant sensitivity is
presented in the presence of neutrino decay while the bottom left (bottom right) panel
portrays oscillation appearance (disappearance) probability as a function of sin® o3 for
various values of 73/mg, including the no decay scenario in black color. The probability

panels correspond to neutrino energy of 4.9 GeV and dcp = 270°.

appearance channels as a function of 73/mg3 (true). The analysis of the plot reveals
that the sensitivity begins to rise from a low value of 73/mg, subsequently reaching a
peak before it starts to decline. Eventually, it converges with the standard scenario at

larger values of 73/ms.

To understand this behavior, we plot P,. and P,, as a function of sin® y3 for various
values of 73/mg3 as shown in left and right column of lower row of Fig. We will
first examine P,.. It is observed that as we progress from a scenario without decay
to one that includes decay, the slope of curves keep decreasing, thereby indicating a

lower sensitivity with decreasing 75/m3. The P,. channel does not adequately explain
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6.

the combined characteristics of the octant sensitivity curve. We will now turn our
attention to the P,, curve displayed in the right panel. From this panel the octant
degeneracy in the standard scenario is completely visible as one can have exactly same
value of P,, for two different values of 0»3; one lying in lower octant and the other
lying in upper octant. However, once decay is introduced, the degeneracy gets lifted
and as 73/ms decreases, the disappearance channel becomes more sensitive to the
octant. This phenomenon is a result of the degeneracy between the 75/mg and fa3
parameters, as elaborated in Ref. [55]. This pattern is further clarified from the P,,
expression given in Eq. where the second term is sensitive to the octant. But as it

contains a damping factor e~*m4

, sensitivity increases with -, i.e., with decreasing
73/mg. However, this does not explain the peak in the octant sensitivity curve. The
peak of octant sensitivity curve appears mainly because of the functional form of y?
distribution. To understand it better, we refer to Table [V] In this table, for different
values of 73/mg3, we have listed the two disappearance probabilities : P, at the true
values of oscillation parameters, and P, at the test values of oscillation parameters
that yield the minimum of Ay% We also present the corresponding x? values in the
last column. The data indicates that as we begin with the smallest value of 73/m;
and move towards standard no decay scenario, the difference between the true and
test probabilities tends to decrease. However, for the x? distribution function, we see
that it rises to a peak at 73/ms = 1.7 x 107'2 s/eV, which signifies an increase in
octant sensitivity as 73/mg rises. Following this peak, it begins to decrease, ultimately

approaching a minimal octant sensitivity in the standard no decay case.

73/ms [s/eV] P, Piest Py — Prest |X2 = W
1.0 x 10713 0.3097 0.2552 0.0545 0.0095

6.0 x 10713 0.2194 0.1655 0.0539 0.0132

1.7 x 10712 0.1015 0.0578 0.0437 0.0188

1.0 x 1071 0.0364 0.0137 0.0227 0.0142

2.0 x 1071 0.0307 0.0191 0.0116 0.0044

no decay 0.0253 0.0260 -0.0006 1.54 x 107°

TABLE V: Obtained values of v,-disappearance probabilities for P2SO experiment and
neutrino energy of 4.9 GeV at different values of 73/ms for true value of sin® fp3 = 0.448

and dcp = 270°.

Concluding remarks

Future long-baseline experiments will play a pivotal role in exploring physics beyond the

standard three-neutrino paradigm. In this paper, we focus on two such new physics scenarios,

23



namely LED and neutrino decay, in the context of long-baseline neutrino experiments, with
a special emphasis on the P2SO detector. The LED model offers an elegant solution to
the hierarchy problem and can naturally generate small neutrino masses. We introduce
three 5-dimensional fermionic fields in addition to the SM fields. Compactifying the fifth
dimension on a circle of radius Rgp produces KK states, which mix with the lowest-lying
active neutrinos, thereby affecting neutrino oscillations. The impact of LED on neutrino
propagation can be described by two free parameters: mg and Rgp. We illustrate the
effects of these parameters on probabilities and events and provide a simplified expression
of the appearance probability. The presence of LED parameters introduces a fast-changing
phase which results in rapid oscillations (wiggles) in the probability and it also causes a
reduction in the probabilities. We present bound on the LED parameters under various
marginalization conditions for the proposed experiments: P2SO, the combination of DUNE
and T2HK and the synergy of three experiments. Marginalization over the Am3, parameter
significantly affects the sensitivity. We also examine the effect of systematic uncertainties and
observe that it impacts the sensitivity significantly. In the ideal scenario (i.e., without any
systematic error and all the oscillation parameters are measured without any uncertainty),
the combined experiments (DUNE+T2HK+P2S0O) can exclude Rgp > 0.175 pm at 90%
C.L. However, including both uncertainties weakens the bound, allowing exclusion of values
of Rgp > 0.320 um at 90% C.L. Notably, P2SO provides a much stronger bound on Rgp
compared to DUNE and T2HK combined. We further investigate the impact of LED on
CPV, neutrino mass ordering and octant of o3, and found that the LED parameters have
only a mild effect on these sensitivities if Rgp is small.

Next, we investigate the impact of the invisible decay of v3 into a sterile state (v') and
a Majoron in the context of the P2SO experiment. We present the probability and event
rates in the presence of the decay parameter. Neutrino decay leads to an overall decrease
in probability, with a slight increase observed in the disappearance channel near the first
oscillation maximum. The marginalization over 53 has a significant effect on constraining
the decay parameter 73/mgs. Using the P2SO setup, one can exclude 73/ms < 2.11 x 1071
s/eV at 30 C.L. Additionally, we examine the effect of decay on CPV and octant of 3
sensitivities as functions of 73/m3 and found that the presence of decay reduces the CP
violation sensitivity in the P2SO experiment. In contrast, octant sensitivity exhibits a
unique behavior with respect to 73/ms. Starting with a small 73/m3 value, the x? initially
increases up to a certain point, then decreases as 73/mg3 grows. This distinctive pattern
arises due to the degeneracy between 63 and the 73/m3 parameter.
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