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Abstract

Results from experiments like LSND and MiniBooNE hint towards the possible presence of an extra
eV scale sterile neutrino. The addition of such a neutrino will significantly impact the standard three fla-
vor neutrino oscillations. In particular, it can give rise to additional degeneracies due to additional sterile
parameters. For an eV scale sterile neutrino, the cosmological constraints dictate that the sterile state is
heavier than the three active states. However, for lower masses of sterile neutrinos, the sterile state can be
lighter than one and/or more of the three states. In such cases, the mass ordering of the sterile neutrinos
also becomes unknown, along with the mass ordering of the active states. In this paper, we explore the mass
ordering sensitivity in the presence of a sterile neutrino assuming the mass squared difference |A4| to be
in the range 1074 —1eV2. We study (i) how the ordering of the active states, i.e. the determination of the
sign of A3 gets affected by the presence of a sterile neutrino in the above mass range, (ii) the possible
determination of the sign of A4 for A4 in the range 10~% — 0.1 eV2. This analysis is done in the context
of a liquid argon detector using beam neutrinos traveling a distance of 1300 km and atmospheric neutrinos
that propagate through a distance ranging from 10 - 10000 km, allowing resonant matter effects. Apart from
presenting separate results from these sources, we also do a combined study and probe the synergy between
these two in giving an enhanced sensitivity.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

Neutrino oscillations, in which one flavor of neutrinos gets converted to others, have been
discovered using diverse neutrino sources: from the sun to the atmosphere, from reactors to ac-
celerators, and a variety of detection techniques in different terrestrial experiments. This has
validated the three neutrino oscillation picture, and most of the parameters governing the phe-
nomenon have been determined with sizable precision. These parameters are the mass squared
differences Ajq, |A31|, and mixing angles 612, 613 and 6»3. The remaining unknowns of the three
flavor paradigm are the atmospheric mass ordering (the sign of Azj), the octant of the mixing
angle 6,3, and the CP phase §¢ p. The next generation beam based experiments like DUNE [1,2],
T2HK [3], ESSvSB [4] are expected to resolve these issues. These experiments plan to use a
beam of higher intensity and larger volume detectors which can increase the statistics as com-
pared to the current generation accelerator experiments T2K [5] and NOvA [6]. Apart from these,
there are dedicated future atmospheric neutrino experiments like Hyper Kamiokande [7], India-
based Neutrino Observatory [8], IceCube and Pingu [9] which can also help in throwing light on
the final frontier of the three neutrino oscillation. The liquid argon detector in DUNE will also
be able to observe atmospheric neutrinos [10—-12]. Apart from the determination of parameters
in the standard three flavor oscillation, these next generation experiments also open up the possi-
bility of probing beyond standard model (BSM) physics, which can occur at a sub-leading level.
Several new physics scenarios like light sterile neutrinos, non-standard interactions, long-range
forces, neutrino decay, and violation of fundamental symmetries like CPT, Lorentz-invariance,
etc have been explored in the context of neutrino oscillation experiments [13,14].

Among these, the light sterile neutrino scenario is motivated by three long-standing anoma-
lies that have served as primary drivers in the development of a vibrant short-baseline neutrino
program over the last decade. Two of these pieces of evidence come from the apparent oscil-
latory appearance of electron (anti)neutrinos in muon-(anti)neutrino beams originating from
charged-pion decay-at-rest in the LSND experiment [15,16], and charged-pion decay-in-flight
in the MiniBooNE experiment [17,18]. There has also been an anomaly associated with an over-
all normalization discrepancy of electron (anti)neutrinos expected in the radioactive decay of
Gallium-71 [19-21]. One of the most theoretically motivated frameworks considered for the in-
terpretation of these anomalies is that of the presence of light (= 1 eV) sterile neutrino state [22].

A sterile neutrino is a neutral SU(2) x U(1) singlet with no ordinary weak interaction except
those induced by the mixing. Very heavy sterile neutrinos (10'4 — 10!® GeV) are proposed as
the mediators in the type I seesaw model [23-25] which can give rise to small neutrino masses.
Such neutrinos also play a significant role in leptogenesis [26,27]. Such neutrinos are natural
candidates in grand unified theories. Sterile neutrinos of TeV energies have also been studied
in the context of low-scale seesaw models [28,29]. Sterile neutrinos of keV mass are especially
interesting because the sterile neutrinos would be a viable dark matter candidate [30].

The existence of an eV scale sterile neutrino motivated by the short-baseline anomalies is
in strong tension from cosmological bound on the effective number of neutrinos N.rs and the
sum of total masses of light neutrinos. From the recent measurement of Planck data [31] and
combining together with the Hubble parameter measurement [32] and Supernova Ia data from
the Pantheon sample [33], the extended fit to the parameters are

Nepr = 3.111037(95% CL)

(D
va <0.16 eV
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In order to get around cosmological constraints, we need to introduce new physics that directly
affects the cosmological phenomenology of the light sterile states. Since the main problem of the
canonical light sterile neutrino is that its thermalization in the early universe raises Nsr to an
unacceptably large level for BBN and CMB/LSS constraints. All known new physics solutions
so far involve tampering with the thermalization process, in order to maintain N,y as close to
the SM value as possible. A number of ideas have been proposed and explored throughout the
years, e.g., large chemical potentials or, equivalently, number density asymmetries for the active
neutrinos [34]; secret interactions of the sterile neutrinos [35,36] and low reheating temperature
of the universe [37], etc. To explain the sterile neutrino mass & eV, a recent theoretical model [38]
has been developed by sourcing the sterile neutrino mass from ordinary matter via an ultralight
scalar, which will be viable cosmologically as well as consistent with the terrestrial hints and
solar constraints.

Can there be sterile neutrinos lighter than the eV scale? In the presence of a sterile neutrino,
there is a new mass squared difference A4y = mi - m% A very light sterile neutrino corre-
sponding to the mass-squared difference in ranges 10™* — 0.1 eV? is expected to be consistent
with cosmological mass bounds. It was suggested in ref. [39] that the existence of a very light
(~ 1073¢V?) sterile neutrino can provide the explanation for the lack of upturn in the solar
neutrino oscillation probability below ~ 8 MeV. A recent study has probed the possibility of
alleviating the tension between the results of the ongoing beam experiments, T2K and NOvA
for the value é,, using very light sterile neutrino with a wide mass difference range of 107:0.1
eV?2 [40].

We focus our study on only one sterile neutrino added to the three light neutrinos, namely
the 3+1 framework, and consider a wide mass range for | A4 | varying in the range of 10~% — 1
eV2. The cosmological constraints on the sum of all the neutrino masses imply that the sign
of A4 can not be negative for A4y > 0.1 eV2. However, for lower mass squared differences,
both signs of A4; are possible. In this work, we investigate the possibility of determining (i)
the sign of A3p in the presence of a sterile neutrino corresponding to a) A4y = 1 eVZ, b)Aa;
in the range of 107 — 0.1 eV?; (ii) the sign of A4 for the mass range 10~* — 0.1 eV?2. To
answer these questions, we use a liquid argon time projection chamber (LArTPC) capable of
detecting both beam and atmospheric neutrinos. The typical baseline we have used for the beam
neutrinos is ~ 1300 km which is similar to the DUNE experiment. We delineate the sensitivities
to mass ordering by performing a combined analysis of beam and atmospheric neutrinos, along
with a separate study for each. Additionally, we present the results, including the charge tagging
capability of muon capture in liquid argon, allowing one to differentiate between u* and u™
events in the context of atmospheric neutrinos.

The mass ordering in the presence of a light sterile neutrino has been studied in ref. [41] with
the additional mass squared difference varying in a wide range in the context of a magnetized
iron calorimeter detector proposed by the India-based Neutrino Observatory (INO) collaboration.
Recently the sensitivity of the sterile mass ordering in the same mass range has been studied in
reference [42] in the context of the DUNE experiment using beam neutrinos. We perform our
study in the context of a liquid argon time projection chamber detector as in DUNE, using both
beam and atmospheric neutrino events separately as well as in a combined analysis.

The plan of the paper is as follows. In section 2, we present the 3+1 framework which is used
for the analysis. In section 3, we show the probability level study of Py, P, in the presence of
a sterile neutrino and explore the effect of sterile mixing and point out where these effects will be
significant. Simulation procedures used for the neutrinos coming from the beam and atmosphere,
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Fig. 1. The 3+1 mass spectrum: ordering of mass states in the presence of an extra sterile neutrino state m4 (blue)
corresponding to two different sterile mass squared difference: A. [Agq1]| ~ 1 eV2,B. [Agqq]| ~ 10~4 eV2. The atmospheric
mass ordering A3y lead by m3 (red) and sterile mass ordering A4 both can be normal (> 0) and inverted (< 0).

detector specification, and numerical analysis are given in section 4. Next, in section 5, we present
and discuss the results. Finally, we conclude in section 6.

2. The 3+1 framework:

The minimal scheme postulated to explain the LSND and MiniBooNE results is the addition
of one light sterile neutrino of mass of the order of eV scale to the three active neutrinos in
the SM [15,22,43—47]. In this case, there is one additional independent mass squared difference
which we take as A4 = mi — m%

The possible mass orderings, in this case, are shown in Fig. 1. We will refer to the sign of A3
as the atmospheric mass ordering (AMO) and the sign of A4 as sterile mass ordering (SMO)
throughout the paper. NO(IO) and SNO(SIO) will signify normal (inverted) ordering for AMO

and SMO, respectively. There can be four possibilities as follows,

(i) SNO-NO: where A41 > 0and A3z > 0. The positioning of the 4th state depends on the value
of A4y. For Agq; > 1073 eV?2, the 4th state lies above the 3rd state while if Agq; < 1073 eV?
it lies below the 3rd state.

(i) SNO-IO: in this case A4 > 0 and A3z < 0 corresponding to inverted ordering of the light
active neutrino. The 4th state lies above the three active states with positioning depending
on the value of Ay;.

(iii)) SIO-NO: this signifies to As; < 0 and A3y > 0. The 4th state will always lie below the
lightest active states with the placement depending on the value of Ay4j.

(iv) SIO-IO: for this case both A4y and Aj3; are < 0. For A4 < 1073 eV2, the 4th state lies
above ms3.
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Table 1

30 Levels and Best fit values extracted from [48].
Parameters 30 range Best Fit
sin?20;4 0.04 - 0.09 0.079
014 5.76° —8.73° 8.15°
sin2 64 6.7 x 1073 —0.022 0.015
624 4.68° — 8.6° 7.08°

Note that the usual 3+1 picture corresponds to the cases (i) and (ii) with A4y ~ eV2. The cases
(iii) and (iv) with A4 ~ eV? are disfavored from cosmology.

For the 3 4 1 oscillation framework, the new mixing matrix U will have three additional
mixing angles 014, 64, 634 corresponding to mixing between the extra light sterile neutrino vy
and the active sector neutrinos along with two new CP phases 814, §34 and can be expressed as
follows,

U = R34(634, 834) R24(624) R14 (014, 814) X R23(623) R13(613, 813) R12(612) (2)

where Iétﬂi = Ul.‘sj (ij)Rij (9,-/~)U1.Tj‘S (8ij), Rij(6;j)’s are rotational matrices in i-j plane and Ul.‘i. =
diag(1,1,1, e“sff) with §;;’s being the CP phases.

The global analysis of data performed in ref. [48] gives the best-fit values and sterile mixing
angles for Aq; =1.3 eV2 as given in Table 1, However, the analysis performed in [49] including
the MINOS+ data disfavored the allowed regions in 64 from above with a new bound at 90%
C.L. sin? 624 < 0.006, i.e., 4 < 4.5°. Also, the analysis of DayaBay and Bugey3 gives at 90%
C.L.sin? 26014 <0.046. 1.e., 014 < 6.2°. The bounds on these sterile mixing angles vary with Ayj.
For values of Ay in the range 1074 : 0.1 eV2, the 90% C.L. bounds vary from 614 <25°:014 <
2°, and B4 < 56° : 6h4 < 4°. Recent study [50] regarding the impact of sterile neutrino mixing on
the solar neutrino data shows that the sensitivity to 612 measurement is independent of the sterile
neutrino mixing when A4; > eV. However, the authors also claim that the same argument might
not be true in the MSW resonance region with lighter sterile neutrino mass and needs to be tested.

The effective interaction Hamiltonian in matter for the 3+1 framework in flavor basis is given
as follows,

Hin =diag(Vee, 0,0, =Vne)
=diag(vV2G N, 0,0,v2G N, /2), 3)
where Vo = V2G F N, is the charge current interaction potential, Vyc = -V2G FN, /2 is the
neutral current interaction potential and G is the Fermi coupling constant with N,, N, corre-

sponding to the density of electron and neutron respectively of the medium in which neutrinos
travel. In the presence of matter, the total Hamiltonian in flavor basis is expressed as follows,

0 0 0 0 A 00 0
1 oAy 0o o+, 1000 0
=350 0 aw o |YT2E 10 00 0 @
0 0 0 Ay 000 %

where the propagation medium has been considered to be the Earth’s matter with neutron density
being equal to electron density, i.e., N, = N,, and the matter potential term is A = 23/2GFN,E,
for neutrino with energy E,.
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3. Oscillation probabilities in the presence of a sterile neutrino

In this section, we present both the appearance probability P, and disappearance probabil-
ity Py, at baselines of 1300 km and 7000 km for different sterile parameters. As in the three
flavor framework, there are two useful approximate methods to calculate the oscillation proba-
bility in the matter: (i) @ — 513 approximation [42], (ii) A>; = 0 approximation [51]. In the first
case o = 2—;1, sin 013 are considered small parameters whereas in the second case Ayj is consid-
ered as negligible. The probabilities evaluated in these approximations considering 834 = 0° are
presented in the following section.

3.1. o — s13 approximation

In the o — 513 approximation, the probabilities are computed by series expansion in the small
parameters o = Ay /A3 ~ 0.03 and sin® 013 ~ 0.02. The appearance probability calculated us-
ing @ — s13 approximation in [42] is well suited for a baseline of 1300 km and can be expressed
as,

-2 /
5 o sin“[(A"—1DA]
P;Lne 24813523—

(A" —1)?
sin[A’A] sin[(A" — DA
+ 8as13512¢12523¢23 (A A] sinl( ) ]COS(A +813) %
A’ A —1
sin[(A’— DA] . = o
+ 4S13S14S24S23T[P14 sinédy4 + Pj,cosd14]

where the terms corresponding to sterile neutrino are,

sin[(R — 1+ 4) Al sin[(R — 4)A]

1
Py = R[EA/C23 + (R = 1)(1+533)]

Al A

Ij,_ e k=2 ©)
! sin[(R + 5)A
+ ReZysin[(R — 1 — —)A][(—%)]
2 R+ %4
R 1 1 A sin[(R — 4)A]
c _ ™ -2 S R
Py = R % <[R 2s23 2]cos[(R 1 > )A] R AT/
A’ sin[(R—1+ ANA
53R~ Deosl(R — 2y a1 20 28] : ™
2 R—1+%
. . Al
, sin[(A" = 1A] 2 ! sin[(R + 5)A]
523T + RC23 COS[(R —1 + T)A]T%
where A’ = Ai“, R = ﬁ—:i, A= 1'27#, 814 =813 + 814 and cij ~ cosb;j, sij ~ sinf;;, at limit
R>>1,forR >> A%,approximatelyR—AT/:R—i—%/:R,alsoR—%:R,R—%s%—%:R
s 1, sin[(R—DA] |, . .
Py~ EA cz_o,T sin[RA] + 2sin[(R — 1)A]sin[RA]
1

~ (ﬁA/cB +2)sin[RA)? 8)
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pe ) ) 2 ) 5 sin[(A" — DA]
14 2 (14-c33) cos[(R — 1) A]sin[RA]+s55 cos| RA]sin[(R — 1)A]+s23ﬁ

, sin[(A’ — 1)A]

~ Sln[QRA] + $73 A — ] (9)

3.2. Ap; =0 approximation

As Ajp) << A3z < A4y, in the calculation of probability in the two mass scale dominance
(TMSD) approximation [51], the terms with Aj; are neglected. This is valid for Ay L/E << 1,
e.g., at 7000 km baseline around the resonance energy (7 GeV). The dominant term in the v, — v,
oscillation probability in TMSD approx. is given by,

1.27A% L
Plig = 4082 013, OS> 0147 SINZ O13, (COS% Oapy SiN® 023 — SIn® B4y SIN° Or41) sin2[4E 37
3 2 . . . ) . L27A% L
+ 12c0s” 013, COS” 14y, SIN O35, SIN B4y, SiN 2024, Sin O3 Sin [T‘]
. 127AZ L
X sin[ ————— + 813 — 614]
2 .3 . . . . L27A% L
— 12086013, COS“ B4, SIN° 613, SIN O] 45, SN 26024, SINGo3 Sin [ ————
. 127AZ L
X sm[T‘ — 813 + 814]

10)

where 013, 014m, 024, are modified mixing angles, Al’.’; ’s are modified mass-squared differences
as defined in ref. [51].

3.3. Effect of sterile parameters on sign of A3

In this section, we discuss the dependence of the probabilities on the sterile parameters. For
our study, we chose two illustrative mixing angles 614 = 624 = 4° and/or 7°. The phases §13 and
814 are varied in the range —180° to 180°, unless otherwise mentioned. The probabilities for
both 634 = 0° and non-zero 634 = 7° are discussed. In this section, the GLoBES [52] package
is used to generate the probabilities. We consider constant matter density for the plots in this
section. Matter density is taken as 2.85 g/cc and 3.95 g/cc for 1300 km and 7000 km baseline,
respectively.

3.3.1. Effect of non-zero 614, 624

We have plotted the appearance (left), and disappearance (right) probabilities in Fig. 2 as a
function of the neutrino energy varying the phases 813, 814. The blue[NO] and orange[IO] bands
at the top (bottom) panels refer to mixing angles 014 = 64 = 4°(7°) in the 3+1 framework.
Whereas, the regions between cyan and yellow lines correspond to the variation of §13 in three
generation framework in NO and IO, respectively. In the right panel, we also show P, over
2 — 4 GeV in a magnified inset. The important observations are as follows,

e In the 3+1 framework, the probability bands corresponding to NO and IO are closer than
those in the three generation framework. This suggests a reduced hierarchy sensitivity in the
3+1 framework.
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Fig. 2. Probabilities Py, (left) and Py, (right) as a function of energy E, due to variation of phases 813, 814 for NO
and IO at 1300 km baseline for Ay; =1 eVZ2. Blue and orange bands in top (bottom) panels refer to varied phases for
014 = 4° (7°), 634 = 4° (7°) corresponding to NO and IO respectively. The regions between cyan (yellow) curves are
due to the variation of §13 in 3v case for NO(IO).

e The gap between NO and IO bands increases with the decreasing values of the sterile mixing
angles.

e In P, channel, for the 3+1 framework, the difference between the two probability bands is
seen in the energy range 1-3 GeV.

e The disappearance channel probability P, doesn’t depend on the phases, as can be seen
from the narrow bands in NO and IO cases for both three and 3+1 frameworks.

e The P, curves for opposite mass orderings are hard to separate from each other at energies
lower than 2 GeV. However, some demarcation is visible at energies in the range of 2-7 GeV
for both three generation and 3+1 generation, as shown in the right panels.

o In the disappearance channel, we don’t see a significant effect of variation of the sterile-
active mixing angles 614, 624 on the probability bands.

In Fig. 3, the appearance (left) and disappearance (right) probabilities have been shown at
7000 km baseline. Such baselines will be relevant for atmospheric neutrinos. The significant
observations are as follows,

e There is a prominent difference between the probability bands of NO and IO, implying sen-
sitivity to mass ordering at 7000 km baseline in the 3+1 framework. The difference decreases
for sterile case w.r.t. the standard one.
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Fig. 3. Probabilities Py, (left) and Py, (right) as a function of energy E, at 7000 km baseline for A4y =1 eV2. The
shaded bands of blue and orange refer to varied phases 813, 814 for 814 = 4° (7°) for NO(IO). The regions between cyan
(yellow) curves are due to the variation of 613 in 3v case for NO(IO).

e Also, with lower values of 614, 624, the gap between the probability bands of opposite mass
ordering increases.

e For P, channel, a significant gap exists between bands of opposite mass orderings at en-
ergies higher than 4 GeV whereas, in P, channel, the gap is present even at much lower
energies of 3 GeV.

e From P, plot, at 7 GeV, the gap between NO and IO bands is around 0.23 that is similar to
what has been calculated using eq. (12).

In order to understand the features of the Fig. 2, 3 from analytical expression, we compute
the minimum difference in the probability P, for two different mass orderings by varying the
phases,

AP =[P, 8140) = PiiC (19, 81 min (11

where the other parameters have been kept fixed. Using only the dominant first term of (10), the
difference in probability can be expressed as,

AP = APy + Ay[sin®(M — N) cos V9 — sin®(M + N) cos 8791+

(12)
As[sin2(M — N)sin8™ 9 +sin2(M + N)sins' 9]

where APy, is the part with no phases involved and is given as follows,

APy = cos? O14m sin? 2013m (sin2 Gr4m sin? O14m — cos? Or4m sin? 6r3)sin2M sin2N  (13)

The other part containing the phases depends on the amplitude parameters A, A, and the fre-
quency parameters M, N that are defined as,

A= cos? O14m €08 20135, Sin 2013, Sin O14;,, Sin 2024y, Sin6r3 (14)

Ay = cos? 014, sin 2013, Sin 014, sin 2024;;, Sin 6>3 (15)
1.27L

M = A3z1c0s2(013 — O13m) X 7 (16)

N = Acos26013, (1 + cos” O14 + cos” 014 8in” Op4) X (17
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Fig. 4. Py, as a function of energy E, with the variation of phases 813, 814, 834 for NO (blue) and IO(orange), Aq; =1
eV2 at 1300 km (left) and 7000 km (right). Shaded blue (orange) bands refer to 614, 624, 634 = 7° for NO(IO). Regions
between cyan (yellow) curves are due to variation of 813 in 3v case for NO(IO).

We use Az =2.5 x 1073 eV2, 6rg =17°, 014 =T7°, 63 = 45° to calculate the AP at the first
oscillation maxima. For L = 1300 km at £ = 2.5 GeV, AP < 0, which means the minima of the
NO curve is below the maxima of the IO curve. This implies the overlap of NO and IO bands
suggesting the presence of degeneracy. Whereas, for 7000 Km at E =7 GeV, AP > 0, i.e., mass
ordering can be determined even with varying the phases 613 and §14.

3.3.2. Effect of non-zero 634

In Fig. 4, the appearance probability is plotted as a function of neutrino energy at 1300 km
(left) and 7000 km (right) baseline for 614, 624, 634 = 7°. The shaded blue (yellow) bands are
due to the variation of the phases §13, 614, 634 for NO(IO). The regions between the solid cyan
(yellow) curves correspond to the variation of §13 in the 3v framework for NO(IO). The most im-
portant observation is a notable decrease in the gap between NO and IO bands at both baselines.

In the case of 7000 km, there is still a gap between the opposite mass ordering bands, which gets
diminished for a non-zero 634.

3.3.3. Effect of |A41|

In this section, the sensitivity to atmospheric mass ordering is studied at the probability level,
with the sterile mass squared difference A4 in the range 1074 -0.1eV2,

To understand the effect of A4 on sensitivity to atmospheric mass ordering, we probe the
difference in the appearance probability A P, as a function of A4y,

APy =P (A31, 813, 814) — PLg (= A5y, 8135 814) lmin (18)

We compute the minimum difference A P, (using GLoBES), by considering a particular AMO
with constant 813, 814 in P/}"¢ whereas Pj%’" is calculated for the opposite AMO by varying
the phases and |A31|. The phases are varied over their full range, and for Az, variation over
the current 30 range in the opposite mass ordering is considered. In Fig. 5, we illustrate the

probability difference APy, in the A4y — E, plane at 1300 km. The important observations are
as follows,

e Around Agqy =2.5 x 1073 eV2, AP, is either very high or low depending upon the values
of §13 and NO/IO.
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Fig. 5. The difference in appearance channel probability A P, for opposite AMO as a function of Af{l”e and E, at 1300
km baseline for SNO-NO (above) and SNO-IO (below). The plots in the left (right) panel has 8’1’3”8 =90°(—90°) and
fixed 8§14 = 0°.

e We observe an oscillating pattern of AP, along Ay for a fixed energy. This oscillation
becomes rapid at higher A4 values.

o Significant contribution to A Py, is seen for energies in the range of 1.5 — 4 GeV.

e For the SNO-NO case (top panels), the occurrence for maxima and minima reverses for
813 =90°, and —90°.

e However, for the SNO-IO case, the maxima and minima occur at the same A4 for §13 =
90°, —90°. Although, the magnitude is higher for §;3 = 90°.

3.4. Effect of the sign of A4y in Py, channel

As we consider Ay in the rage 5 x 107*: 10~! eV?, the sterile mass ordering also becomes
unknown, giving us four possibilities depending on the ordering of the three active states. The
difference in the probability for the opposite signs of A4 is defined as,

APy =P (041,813, 814) — Pl (= ALy, 8135 814) Imin 19)

We plot A Py (using GLoBES) by marginalizing over A, in opposite SMO and phases &5, ],
in Fig. 6 for appearance (left) and disappearance channel (right) over a wide range of the sterile
mass squared difference and neutrino energy at 1300 km baseline (top) and 7000 km (bottom).
We have taken constant values of 014,04 = 7°, 813 = —90°, 814 = 90° in P[L’e”fm It can be
observed that the high values of A P, are mostly concentrated in the mass square range of 1073 :
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Fig. 6. Difference in the appearance probability A P;,.(left), and disappearance probability A Py, (right) for different
sterile mass ordering in the A4 — E), plane at 1300 km(top), 7000 km(bottom).

1072 eV? range. In P, channel, the contribution is lower than P,,,. The difference is observed
to be larger at higher baselines.

In P, channel, probability difference is higher around A4y =1—2 x 1073 eV? while a dip is
found immediately after around A4y =2.5 —3 x 1073 eV2. In Py, channel for energy below 4
GeV, a similar pattern is observed. However, at higher energies, a higher A P value is observed.

4. Simulation procedure and details of the experimental setup

The experimental setup under consideration consists of a megawatt-scale muon neutrino beam
source accompanied by a near detector (ND) and a far detector(FD). The ND will be placed close
to the source of the beam, while the FD, comprising a 40 Kton LArTPC detector, is placed at
a distance of 1300 km away from the neutrino source. The large LArTPC at an underground
observatory is also capable of observing atmospheric neutrinos. The proposed DUNE experiment
has a similar experimental configuration [1]. In this analysis, both neutrino beam coming from
the accelerator and the atmospheric neutrinos have been considered.

4.1. Events from accelerator beam

A beam-power of 1.2MW leading to a total exposure of 10 x 102! pot has been imple-
mented for the numerical analysis. The neutrino beam simulation has been carried out using
the GLoBES [52] software. We assume the experiment to be running for 3.5 years each in the

neutrino mode and the antineutrino mode. We consider a constant matter density of 2.85 g/cc.

12
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Table 2
Assumptions of the LArTPC far detector parameters and uncer-
tainties.

Parameter Uncertainty Value

wt/= Ao 2.5°

et/= ng 3.0°

(ut/~, et/~) Energy GLB files for each E bin [1]
Detection efficiency GLB files for each E bin [1]
Flux normalization 20%

Zenith angle dependence 5%

Cross section 10%

Overall systematic 5%

Tilt 5%

4.2. Atmospheric events

The atmospheric neutrinos produce muons and electrons. These event rates corresponding to
an energy bin of width dE and in a solid angle bin of width d€2 are expressed as,

d’N,, _acDeffK o, >P +( d>®, )P ] 20)
dQdE~ 27 dcos6dE) " " \dcos#dE) |

>N ocDesr [< o, )P +< d*®, )P} en
dQdE =~ 27 dcos§ dE /) ¢ " \dcos#dE/)

Here &, and ®. stands for the v, and ve atmospheric fluxes [53] respectively, the disappearance
and appearance probabilities are given as Py, and P, respectively, o is the total CC cross
section and Deyr is the detector efficiency. The energy and angular resolutions for the LArTPC
detector, implemented using Gaussian resolution function R, are defined as follows,

1 (Em —E)?
Re(Br En) =~ exp |~ 5 |. (22)
0 _em 2 : 20 — m 2
R (2, 2m) = Nexp [—( ) J;(SZQ)Z‘ @ = fm) ] 23)

where N is the normalization constant. Here, E,, (2;,) and E; (£2;), denote the measured and true
values of energy (angle) respectively. The smearing width ¢ is a function of E;. The smearing
function for the zenith angle is a bit more complicated. The direction of the incident (measured)
neutrino is specified by two variables: the polar angle 6;(6,) and the azimuthal angle ¢(¢m),
denoted together by 2((21,). The measured direction denoted by 2y, is expected to be within a
cone of half angle A6 of the true direction. The far detector (LArTPC) parameters assumed are
mentioned in Table 2[54].

4.2.1. Charge identification using muon capture in argon

The charge id of the muon can be identified using the capture vs decay process of the muon
inside the argon [55]. The working principle of charge id of the muon is as follows: a fraction of
the ™ like events that undergo the capture process are identified using capture fraction efficiency

13
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and the rest of the muons as well as all the u+ undergo muon decay. We have implemented these
as mentioned in [51].

4.3. x? analysis

We have evaluated the x2 for a fixed set of parameters using the method of pulls. We can
tackle various statistical and systematic uncertainties directly through this method. The flux,
cross sections, and other systematic uncertainties are taken into account by allowing these inputs
to vary from their standard values in the computation of the expected rate in the i-j™ bin, NIJh Let

the k™ input deviate from its standard value by oy & with oy denoting the uncertainty. The value
of Ng1 with the modified inputs is given by,

npull
NP =Ni*(std) + ) ché, (24)
k=1
where N}Jh(std) gives the expected rate obtained with the standard values of the inputs in the

i-j bin and npull is the total number of sources of uncertainty (5 for our case). The &’s are
the pull variables and they determine the number of ¢’s by which the k™ input deviates from its
standard value. In eq. (24), cﬁ signifies the change in ijh when the k™ input is changed by o (i.e.
by 1 standard deviation). The uncertainties in the inputs being not very large, we only consider
changes in Ngl that are linear in & . Hence we evaluate the modified x?2 as,

2
[ Wity + S ke~ Nge |
j k=1 ~ij ij
E =Y e + D&, (25)
i k=1

iJj

where the additional Slf-dependent term is added due to the penalty imposed for moving the value
of the k™ input away from its standard value by oy &. x2 in the case of the standard LArTPC
detector and for a detector with change id for muons are evaluated as,

2 2 2
Xstandard = Xp—4p+ + Xe—tet (26)

2 2 2 2
Xcharge—id = Xp- + Xyt + Xo= ot (27)

The X2 with pulls, which includes the effects of all theoretical and systematic uncertainties, is
obtained by minimizing (&) with respect to all the pulls &.

Xgan =Ming, [ (&0 ] 28)

Finally, we marginalize the x 2 over the allowed range of the oscillation parameters as mentioned
in Table 3. For the combined analysis we add the chi-square for beam and atmospheric and
then marginalize over the oscillation parameters. The marginalization has been performed in
023, 014, 624, 813, 814 over the range specified in Table 3 for all cases unless otherwise mentioned.

5. Results and discussion

In this section, we present the results for the analysis of beam, atmospheric, and a combination
of both data for the following cases,

14
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The table depicts true values of all the parameters and their range of marginaliza-

tion as used in our analysis.

Parameter True Values Marginalization Range
012 33.47° N.A.

013 8.54° N.A.

693 45° 39°:51°

014,624 7° 0°:10°

014,624 4° 0°:6°

634 0°,7°,15° 0°:17°

Ary 7.42 x 1079 eV?2 N.A.

A31(NO) 25x% 1073 ev? —(2.42:2.62) x 1073 eV?2
A31(10) —25x 1073 ev? (2.42:2.62) x 1073 ev2
A4 (for AMO) 1ev2 N.A.

A4 (for SMO) 0.0005 : 0.01 eV?2 +15% of — Ay

813 many —180° : 180°

14 0°,90°, —90° —180° : 180°

e determination of the sign of A3; (AMO) for Ay = 1eV?
e determination of the sign of A3 for Ay4; in the range of 5 x 1074:0.1 eV?
e determination the sign of A4y (SMO) when it’s value lies in the range of 5 x 1074: 0.1 eV?

5.1. Sensitivity to the AMO for |Aq1| =1 eV?

In Fig. 7, the sensitivity to the atmospheric mass ordering (AMO) is presented as a func-
tion of §{5"¢ in standard three flavor framework (black) for normal (left) and inverted (right)
ordering. We also present the sensitivity in the presence of a sterile neutrino corresponding to
SNO-NO (left), and SNO-IO (right) for true values of 514 = 0°(blue), 90°(green), —90°(orange),
180°(red). We will call —180° < 813 < 0° as the lower half plane[LHP] and 0° < §13 < 180° as
the upper half plane[UHP] throughout this section. The important points to be noted are,

e The sensitivity decreases in the presence of a sterile neutrino compared to the three flavor
case.

e The sensitivity for the sterile cases depends on the true values of §14, §13.

e For 6014, 024 = 4°, the sensitivity is higher than that of 614, 624 = 7° and also closer to the
standard 3v case. This is due to the fact that the smaller the sterile mixing angles are the
more the sensitivity of the sterile case gets closer to the results of the standard 3v case.

e For NO, in the LHP of true &3 the highest sensitivity is observed for 8¢ = —90°, and the
lowest sensitivity for 81 = 90° whereas in the UHP, this order gets reversed.

e For 10, §{/* = 0° (blue) shows the lowest sensitivity in the LHP of true §;3 and also the
highest sensitivity in UHP.

Next, in Fig. 8, the AMO sensitivity is shown as a function of true §3 corresponding to the
analysis of only beam (red), only atmospheric (blue) and a combination of both beam and atmo-

spheric(green) simulated data. The cases with charge identification in atmospheric only (violet)
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Fig. 7. The sensitivity to the atmospheric mass ordering as a function of true 813 for various §{/*¢ values at 1300 km
baseline considering normal (left), inverted (right) ordering.

and combined analysis (orange) are also depicted. The representative sensitivity curves are ob-
tained for 614, 624 = 7°, §14 = 0° corresponding to true hierarchy considered as normal (left) and
inverted (right). The observations from Fig. § are following,

e Sensitivity for atmospheric neutrinos doesn’t have significant dependence on §13.

e Combined sensitivity of beam and atmospheric is greater than the sum of individual sensi-
tivities of these two, which demonstrates the synergy between them.

e We observe slightly higher sensitivity when we use partial charge identification for atmo-
spheric neutrinos. This also leads to higher sensitivity for combined analysis.

In Fig. 9, we present the effect of 634 on the sensitivity to the atmospheric mass ordering. In
this plot, the sensitivity is shown as a function of true §;3 for various combinations of true values
of 634, §34. We consider for beam only analysis, 834 = 0°, §34 = 0°(green dotted), and 634 = 7°,
834 = 90°(red dotted) along with the sensitivity curve for standard three flavors (black). We
also plot the sensitivity with combined beam and atmospheric analysis 634 = 7°,834 = 90° (red-
dashed). Other sterile parameters are fixed as §14 = 90°, 014 = 64 = 7°. The observations are as
follows,

e The sensitivity decreases as 634 becomes higher.
e In the combined analysis of beam and atmospheric data, the sensitivity is higher than the

beam analysis, compensating for the decrease due to non-zero 634.
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Fig. 8. Atmospheric mass ordering sensitivity as a function of 81’3”8 corresponding to the analysis of only beam (red),
only atmospheric (violet), combined atmospheric+beam (green) neutrinos for normal (left) and inverted (right) hierarchy
with 400 kt-yr exposure of LArTPC.
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Fig. 9. The sensitivity to mass ordering as a function of S’ig”e for various 052”8 values for beam neutrinos with 1300 km
baseline for normal (left), inverted (right) ordering.

5.2. Sensitivity to the AMO for |A41| = 107%*: 107! eV?

In this section, we study how the sensitivity to the sign of Az behaves with A4y where the
latter varies in the range of 107%: 107! eV2. Note that for Aq; ~ 1 eVZ2, only SNO-NO, SNO-IO
cases are cosmologically allowed. However, for Ag; = 10~*: 10~! eV? all the four possibilities
depicted in Fig. 1 are admissible. In Fig. 10, the AMO sensitivity is shown as a function of §};*
at various true values of A4;. The upper (lower) panels correspond to the true value in SNO (SIO)
cases, while the left (right) panels are for NO(IO). During the computation of x2, the |Asq] is

fixed in true and test cases for this plot. The observations of significance in Fig. 10 are as follows,

e The nature of variation of sensitivity with §{5"¢ doesn’t change significantly for different true
values of Ay;.

e Sensitivity gets notably reduced for A4; = 0.001 eV?(blue) for the most of values of Sig"e
in the UHP in SNO-NO and SIO-IO case. In SNO-IO and SIO-NO cases, blue curves give
minimum sensitivity over the full range of §13

e However, sensitivity for A4; = 0.001 eV? is very high in the LHP of 815" in SNO-NO,
SIO-10.
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Fig. 10. Sensitivity to atmospheric mass ordering as a function of 8r "¢ in SNO(top), SIO (bottom) scenarios with true
A3 for different values of A’ € at 1300 km baseline.

e The maximum sensitivity is observed for A4y = 0.01 eVZ(violet) in SIO-NO and SIO-IO
case over almost the full range of §75*°.

We note that for the difference in the probability between the opposite AMO, the dependence
on A4 will come from the last term in eq. (5). The probability difference for fixed values of
013, 623, 014, 624, 813, 814 and a given SMO can be expressed as,

AP, = P (i1 841, 1 A31) — Plie" " (2841, jaA31)

o< 4513514524523 A P4 sin 514 + APfycosdial, >
where we define;
. LA —1 i1 A
A =D jrA
W}’ (12A41 J2A31) G0

Depending upon the true value considered in a certain mass ordering, there can be four scenarios
with i1, i2, j1, jo signifying the sign of mass squared differences, as follows

e SNO-NO: i1 =ir =+, ji=+and j, =—
e SNO-10: i; =ip =+, j1 = —and jo =+
e SIO-NO: ij =iy =—, ji =+ and jo = —
e SIO-IO: iy =iy =—, ji=—and jo =+
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Fig. 11. Sensitivity to atmospheric mass ordering as a function of Af{l”e with marginalization in A3 for Gég"e =45°,
i =00, 814 = —90°(red), 90° (blue) at 1300 km baseline. The violet curve shows APy, at 2.5 GeV.

Note that APl‘Yf for different cases are connected as,

AP} IsNo-No = —A Py |sNo-10, (3D
AP Isio-No =—AP} Isi0-10 (32)

In Fig. 11, we have depicted the sensitivity to AMO as a function of |A4| with marginaliza-
tion performed only over A3z; with all other parameters being fixed. The red (blue) curve refers
to 813 = —90°(90°). We also show the difference in probability term A P}, (30) evaluated at 2.5
GeV by the violet curve. The understandings from Fig. 11 are as follows,

e Since we have chosen 814 = 0°~f0r 813 = 90° and —90°, the value of sin 514 =sin[§13 + 814]
is +1, -1 respectively and cosd14 = 0. For the fixed phases and mixing angles in both true
and test cases, the difference in probability (29) between NO and IO will only depend on
AP}, as

14 95

AP}, = 4513514524523 A P}y sind14 (33)

This means AP;Q will be opposite for §13 = 90° and —90° leading to the opposite nature of
chi-square.

o In the case of SNO-NO, for §;3 = 90°, we have AP;ite o AP},Isno—No- This can be seen
from the top-left panel which shows that the nature of the blue and violet curves are similar.
For §;3 = —90°, AP;ite o« —A P}, |sNo—No which is reflected in the red curve being opposite
to the violet curve.
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Fig. 12. Sensitivity to atmospheric mass ordering as a function of A" for 6,5 = 45°, §7/*° = 0°, §{5*° = —90

(red), 90° (blue) at 1300 km baseline.

e The sensitivity for SNO-IO is just opposite in nature to SNO-NO as shown in eq. (31).
Therefore, in the top-right panel, the red curve for §13 = —90° is similar to the violet curve
here, and the blue curve for §13 = +90° is the opposite of the violet curve.

e In SIO-NO, and SIO-IO cases, we also observe similar patterns as SNO-NO and SNO-IO,
respectively.

e The sensitivity is seemed to be almost constant for R >> 1, i.e., A4; >> A3zy. This can be
understood analytically as follows. The difference in P, for fixed energy and phases will
only depend on A P, and can be evaluated using eq. (30) for Ag4y >> 1 limit as,

., (sinl(A'— AT sin[(4’+ DA] A , ,
AP14_< v v >x{(2Rcz3+2)sm[RA], (34)

where the term in the braces is dependent on A4j. For R >> 1 the term sin[RA] shows fast
oscillation. Summing over energies, sin[RA], will give a constant value that is reflected in
the sensitivity curves.

In Fig. 12, we depict the sensitivity to the sign of A3; as a function of true Ay4; for §;3 =
—90°(red), 90° (blue), and 614 = 0° at 1300 km. For this figure, we have marginalized over the
parameters as mentioned in Table 3. Some interesting features of sensitivity to the AMO as seen
from Fig. 12 are as follows,
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Fig. 13. Sensitivity to sterile mass ordering as a function of Af{l“e for A3 > 0 [NO](left), < O [IO](right) and A4y >0
[SNO](top), < 0 [SIO](bottom) using different values of §77*¢, 873 at 1300 km.

e For SNO-NO (top-left panel) and SIO-IO (bottom-right panel) cases we observe a contrast-
ing nature of the sensitivity between §13 = 90° and —90°. Note that a similar contrasting
nature has been observed in the top two panels of Fig. 5 showing the oscillogram of A Py,.
For instance, in SNO-NO, at A4; = 3 x 1073 eV? a maxima of sensitivity occurs for
813 = 90° whereas minima occurs for §13 = —90°.

e However, the nature of the sensitivity curves for §13 = 90° and —90° is similar in SNO-IO
(top-right panel) and SIO-NO (bottom-left panel) cases. This behavior was also observed in
APy, oscillogram in the bottom panels of Fig. 5 for SNO-IO case.

e In all the cases the minima and maxima are observed in the range of 0.001 — 0.01 eV2.
Beyond that, the sensitivity is relatively flat with A4g.

5.3. Sensitivity to the sign of A41 (SMO)

In this section, we present the sensitivity of the sign of A4 considering its values in the range
of [5 x 107 :107"] eV? for which all four possibilities depicted in Fig. 1 will be viable. In
Fig. 13, the sensitivity of the sign of sterile mass squared differences are depicted as a function
of the true value of A4 for various true values of 813, 614[56]. The salient features of the Fig. 13
are as follows,

e The sensitivity curves for SNO-NO and SIO-IO show two prominent maxima around true
values of Aq; =1 x 1073 V2, 5 x 1073 eV? cases. There is a dip in sensitivity when true
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Fig. 14. Sensitivity to sterile mass hierarchy as a function of Af{l“e using combined beam and atmospheric neutrinos at
1300 km baseline.

A4 is around 2.5 x 1073 eV? due to its proximity to atmospheric mass squared difference
as discussed in ref. [42].

e In the case of SNO-IO and SIO-NO, the maxima occurs around A4; =2.5 x 1073 eV2, ie.,
when the sterile mass squared difference is close to the atmospheric mass squared difference
Az

e The SNO-IO and SIO-IO cases provide relatively higher sensitivity than the SNO-NO and
SIO-IO cases.

e The features of sensitivity in SNO-NO can be qualitatively understood from the plot of prob-
ability difference in top panels of Fig. 6.

In Fig. 14, we have used the simulated data from atmospheric neutrino analysis to perform a
combined analysis of beam and atmospheric neutrinos and get the sensitivity of the sterile mass
ordering as a function of the true value of A4 for the true value of phases §;3 = —90°(left),
814 = 90°(right). In these four panels, it is observed that the sensitivity to SMO is bettered in
combined analysis than the beam neutrinos. The nature of the sensitivity is almost similar for
beam and atmospheric analysis. This can be understood from the similar profile of difference in
probabilities AP, AP, at 1300 km and 7000 km as shown in Fig. 5. The combined sensitivity
is above 30 for most of the parameter space up to A4y = 1072 eV?. For the values of A4; greater
than that, even with the addition of atmospheric neutrinos, we get a fixed sensitivity of 1.5¢0 —20o.
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6. Conclusions

Our work focuses on the effect of an additional light sterile neutrino with a mass squared
difference in the range of 107* : 1 eV?2 on the determination of atmospheric mass ordering and
sterile mass ordering. For our study, we use a liquid argon detector for a) beam neutrinos (baseline
1300 km), and b) atmospheric neutrinos.

The main new aspect of our study is to do a combined analysis of beam and atmospheric
neutrinos to determine the sign of A3y and A4 when the latter is varied in the range 1074 —1
eV2. We also study in detail the impact of various sterile parameters.

The sensitivity to the sign of A31(AMO) for A4y =1 eV?2 gets diminished w.r.t. the 3v case in
the presence of a sterile neutrino. The decrement in the sensitivity is higher for larger values of
014, 624. The values of XZ also depend on 813, §14. The sensitivity to AMO decreases further in
the presence of a non-zero 634. However, with the combined analysis of beam and atmospheric
neutrino, we are able to recover the sensitivity over 10o, irrespective of the choice of true values
of 813, 814. The presence of a light sterile neutrino gives the possibility of both positive and
negative values of A41. Our study also demonstrates for the first time the dependence of the
atmospheric mass ordering sensitivity on the absolute value of A4; as well as the on the nature
of the 3+1 mass spectrum (SNO-NO, SNO-IO, SIO-NO, SIO-10).

We also study the sensitivity to the sign of A4; (SMO) for the Ag; =5 % 1074 :0.1 eV?
in different scenarios of the 3+1 mass spectrum. The sensitivity gets reduced when Ay is in
the proximity of A3 for the SNO-NO and SIO-IO cases, whereas in the SNO-IO and SIO-NO
cases, the sensitivity gets enhanced. The addition of atmospheric neutrinos boosts the sensitivity
over 30 for Ay < 1072 eV2, However, for higher values of A4, the sensitivity falls off to
~ 1.50 — 20 for the combined analysis.

CRediT authorship contribution statement

Animesh Chatterjee: Formal analysis, Methodology, Software, Writing — original draft,
Writing — review & editing. Srubabati Goswami: Conceptualization, Supervision, Validation,
Writing — review & editing. Supriya Pan: Formal analysis, Methodology, Software, Validation,
Visualization, Writing — original draft.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal rela-
tionships that could have appeared to influence the work reported in this paper.

Data availability

No data was used for the research described in the article.
Acknowledgements

AC acknowledges the University of Pittsburgh, where the initial phase of the work has been
done. AC also acknowledges the Ramanujan Fellowship (RJF/2021/000157), of the Science and
Engineering Research Board of the Department of Science and Technology, Government of

India. AC also acknowledges CERN for providing facilities. SG acknowledges the J.C. Bose

23



A. Chatterjee, S. Goswami and S. Pan Nuclear Physics B 996 (2023) 116370

Fellowship (JCB/2020/000011) of the Science and Engineering Research Board of the Depart-
ment of Science and Technology, Government of India. It is to be noted that this work has been
done solely by the authors and is not representative of the DUNE collaboration.

References

[1] T. Alion, et al., DUNE, arXiv:1606.09550 [physics.ins-det], 2016.
[2] B. Abi, et al., DUNE, arXiv:2002.03005 [hep-ex], 2020.
[3] K. Abe, et al., Hyper-Kamiokande, ICRR-REPORT 701 (2016) 1, KEK-PREPRINT-2016-21.
[4] A. Alekou, et al., https://doi.org/10.1140/epjs/s11734-022-00664-w, arXiv:2206.01208 [hep-ex], 2022.
[5] K. Abe, et al., T2K, Nature 580 (2020) 339;
K. Abe, et al., T2K, Erratum, Nature 583 (2020) E16, arXiv:1910.03887 [hep-ex].
[6] D.S. Ayres, et al., NOVA, https://doi.org/10.2172/935497, 2007.
[7] K. Abe, et al., Hyper-Kamiokande Proto-, PTEP 2015 (2015) 053C02, arXiv:1502.05199 [hep-ex].
[8] S. Ahmed, et al., ICAL, Pramana 88 (2017) 79, arXiv:1505.07380 [physics.ins-det].
[9] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. Lett. 117 (2016) 071801.
[10] V. Barger, A. Bhattacharya, A. Chatterjee, R. Gandhi, D. Marfatia, M. Masud, Phys. Rev. D 89 (2014) 011302,
arXiv:1307.2519 [hep-ph].
[11] K.J. Kelly, P.A.N. Machado, I. Martinez-Soler, Y.F. Perez-Gonzalez, J. High Energy Phys. 05 (2022) 187, arXiv:
2110.00003 [hep-phl].
[12] C.A. Argiielles, P. Fernandez, I. Martinez-Soler, M. Jin, arXiv:2211.02666 [hep-ph], 2022.
[13] B. Abi, et al., DUNE, Eur. Phys. J. C 81 (2021) 322, arXiv:2008.12769 [hep-ex].
[14] C.A. Argiielles, et al., Rept. Prog. Phys. 83 (2020) 124201, arXiv:1907.08311 [hep-ph].
[15] A. Aguilar, et al., LSND, Phys. Rev. D 64 (2001) 112007, arXiv:hep-ex/0104049.
[16] B. Armbruster, et al., KARMEN, Phys. Rev. D 65 (2002) 112001, arXiv:hep-ex/0203021.
[17] A.A. Aguilar-Arevalo, et al., MiniBooNE, Nucl. Instrum. Meth. A 599 (2009) 28, arXiv:0806.4201 [hep-ex].
[18] A.A. Aguilar-Arevalo, et al., MiniBooNE, Phys. Rev. Lett. 98 (2007) 231801, arXiv:0704.1500 [hep-ex].
[19] W. Hampel, et al., GALLEX, Phys. Lett. B 420 (1998) 114.
[20] J.N. Abdurashitov, et al., SAGE, Phys. Rev. C 59 (1999) 2246, arXiv:hep-ph/9803418.
[21] V.V. Barinov, et al., Phys. Rev. C 105 (2022) 065502, arXiv:2201.07364 [nucl-ex].
[22] K.N. Abazajian, et al., arXiv:1204.5379 [hep-ph], 2012.
[23] P. Minkowski, Phys. Lett. B 67 (1977) 421.
[24] R.N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.
[25] J. Schechter, JJW.F. Valle, Phys. Rev. D 22 (1980) 2227.
[26] M. Fukugita, T. Yanagida, Phys. Lett. B 174 (1986) 45.
[27] S. Davidson, E. Nardi, Y. Nir, Phys. Rep. 466 (2008) 105, arXiv:0802.2962 [hep-ph].
[28] T. Appelquist, R. Shrock, Phys. Lett. B 548 (2002) 204, arXiv:hep-ph/0204141.
[29] T. Appelquist, R. Shrock, Phys. Rev. Lett. 90 (2003) 201801, arXiv:hep-ph/0301108.
[30] S. Dodelson, L.M. Widrow, Phys. Rev. Lett. 72 (1994) 17, arXiv:hep-ph/9303287.
[31] N. Aghanim, et al., Planck, Astron. Astrophys. 641 (2020) A6;
N. Aghanim, et al., Planck, Erratum, Astron. Astrophys. 652 (2021) C4, arXiv:1807.06209 [astro-ph.CO].
[32] A.G.Riess, S. Casertano, W. Yuan, L. Macri, J. Anderson, J.W. MacKenty, J.B. Bowers, K.I. Clubb, A.V. Filippenko,
D.O. Jones, B.E. Tucker, Astrophys. J. 855 (2018) 136.
[33] D.M. Scolnic, et al., Pan-STARRS, Astrophys. J. 859 (2018) 101, arXiv:1710.00845 [astro-ph.CO].
[34] R. Foot, R.R. Volkas, Phys. Rev. Lett. 75 (1995) 4350, arXiv:hep-ph/9508275.
[35] B. Dasgupta, J. Kopp, Phys. Rev. Lett. 112 (2014) 031803, arXiv:1310.6337 [hep-ph].
[36] X. Chu, B. Dasgupta, M. Dentler, J. Kopp, N. Saviano, J. Cosmol. Astropart. Phys. 11 (2018) 049, arXiv:1806.10629
[hep-ph].
[37] C.E. Yaguna, J. High Energy Phys. 06 (2007) 002, arXiv:0706.0178 [hep-ph].
[38] H. Davoudiasl, P.B. Denton, arXiv:2301.09651 [hep-ph], 2023.
[39] P.C. de Holanda, A.Y. Smirnov, Phys. Rev. D 83 (2011) 113011, arXiv:1012.5627 [hep-ph].
[40] A. de Gouvéa, G. Jusino Sdnchez, K.J. Kelly, Phys. Rev. D 106 (2022) 055025, arXiv:2204.09130 [hep-ph].
[41] T. Thakore, M.M. Devi, S. Kumar Agarwalla, A. Dighe, J. High Energy Phys. 08 (2018) 022, arXiv:1804.09613
[hep-ph].
[42] D.S. Chattopadhyay, M.M. Devi, A. Dighe, D. Dutta, D. Pramanik, S.K. Raut, J. High Energy Phys. 02 (2023) 044,
arXiv:2211.03473 [hep-ph].

24


http://refhub.elsevier.com/S0550-3213(23)00299-7/bib61640A6BB664363D1F67BA387E5A1AF9s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib3822E61A528142BE323281803ED9F744s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibF7EBAF279C72E148EEAFE160B658174Bs1
https://doi.org/10.1140/epjs/s11734-022-00664-w
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib84C4F3031A602A4A27370E2E31E590D2s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib84C4F3031A602A4A27370E2E31E590D2s2
https://doi.org/10.2172/935497
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibF3D01F1E419A3E7AB26492B2F02EB330s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibC956A233FAE255D7A384FF95E105FEE9s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib411FC53389A5A1C8DEDFF4C86982542Bs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibEFBC346901A0AC197F3B7FAEFF23E684s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibEFBC346901A0AC197F3B7FAEFF23E684s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibF0D9383AE3E3D9FBE20EDAF76506945Es1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibF0D9383AE3E3D9FBE20EDAF76506945Es1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibE8DC5E0B70161A3BBE1D814AC2EECDBAs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibE1E18144763E4ECC5379915CEFF62F42s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib7C5DB3B7FAA97F4FD538312CC8DB39AFs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibD8669C064233B2F442C2AC0E04EAC38Ds1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib1807B456F31D122B04E20B195BE9F425s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib97A1270CD4A05BFFECE98C8CA84DD846s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib24D692268A1716F6F4F0E03C613F5190s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib9D7E6387D6B3197F91CDF094F4E67924s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib892F7FD7EC25723C2F9A04202A29FFD8s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibD9CC19A2442A468F296F8A2BA33DCD16s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib1BCC46B1843D316D81463699D161DBEFs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibADD2B090BFBF49417BB3AB7A01295D54s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib60265ADB237F230363000E5769FFD3FCs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib6BE2131ED68EAF99B55EC9FEFA33B69Es1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib654E1CF8D16D30855CCC736EBFFAD418s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib34BA88000BD29BC7BA0B320DC3C6B126s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib3BECCCEAC752B7E8F0932E385DA3EE51s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibBD711C45EE0B24142BAE743FE3316755s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib2BD79D213159D13E9BA5CAC03A37CE6Ds1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibABEC1E802ECA32346320483308E43AABs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibABEC1E802ECA32346320483308E43AABs2
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib3B3252DF217D5845B376B30EF2AFB9FBs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib3B3252DF217D5845B376B30EF2AFB9FBs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibD9F2AD745A421C068BB2243737317F37s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib66163FD591CFF1F875DFA1D5EE117921s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib2741B82A85ED1C8959FCC1F8B02C1BBCs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib60ACD8ECAD2F09C1E1B473408945FD96s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib60ACD8ECAD2F09C1E1B473408945FD96s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibE72E9DB336BD4FD9BA02BB211E543562s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib4E7EF50DFB63EBCAA8B100ABFEF341C0s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibD9A7DFB2EE50F767C170E405A6906B1As1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib4CEC1931CD4092179E2DCFD04F3970DAs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibA20BB0A62147560847068418620BB33Fs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibA20BB0A62147560847068418620BB33Fs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib8E7512B440D11BC4C372141C2B59AFEEs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib8E7512B440D11BC4C372141C2B59AFEEs1

A. Chatterjee, S. Goswami and S. Pan Nuclear Physics B 996 (2023) 116370

[43] S. Goswami, Phys. Rev. D 55 (1997) 2931, arXiv:hep-ph/9507212.

[44] K.N. Abazajian, et al., arXiv:1204.5379 [hep-ph], 2012.

[45] A. Donini, M. Lusignoli, D. Meloni, Nucl. Phys. B 624 (2002) 405, arXiv:hep-ph/0107231.

[46] D. Meloni, J. Tang, W. Winter, Phys. Rev. D 82 (2010) 093008, arXiv:1007.2419 [hep-ph].

[47] J. Kopp, P.A.N. Machado, M. Maltoni, T. Schwetz, J. High Energy Phys. 05 (2013) 050, arXiv:1303.3011 [hep-ph].

[48] S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li, J. High Energy Phys. 06 (2017) 135, arXiv:1703.00860 [hep-ph].

[49] P. Adamson, et al., MINOS+, Daya Bay, Phys. Rev. Lett. 125 (2020) 071801, arXiv:2002.00301 [hep-ex].

[50] K. Goldhagen, M. Maltoni, S.E. Reichard, T. Schwetz, Eur. Phys. J. C 82 (2022) 116, arXiv:2109.14898 [hep-ph].

[51] A. Chatterjee, S. Goswami, S. Pan, arXiv:2212.02949 [hep-ph], 2022.

[52] P. Huber, M. Lindner, W. Winter, Comput. Phys. Commun. 167 (2005) 195, arXiv:hep-ph/0407333 [hep-ph].

[53] M. Honda, M.S. Athar, T. Kajita, K. Kasahara, S. Midorikawa, Phys. Rev. D 92 (2015) 023004.

[54] V. Barger, A. Bhattacharya, A. Chatterjee, R. Gandhi, D. Marfatia, M. Masud, Int. J. Mod. Phys. A 31 (2016)
1650020, arXiv:1405.1054 [hep-ph].

[55] C.A. Ternes, S. Gariazzo, R. Hajjar, O. Mena, M. Sorel, M. Tértola, Phys. Rev. D 100 (2019) 093004.

[56] This plot has been presented in Ref. [42] for fixed values of §13 =0°, 814 =0°.

25


http://refhub.elsevier.com/S0550-3213(23)00299-7/bib2CCE99631E85DEF2469CE725C3683F60s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibBD45D34BD7F874A8BA4981B958E89040s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib857BA90EE4F4ED055E08D2E5899C1BF7s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bibA523A1333032449DC4C753500A6F9333s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib3955BD294856EB4A046F0BBE42BB9F82s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib9A11AF50C9A15D1A21955D1579455F82s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib26A956F4C35B120FCB1A063CEE242C05s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib5889315692FACA1516A336D0474861C6s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib883787BB2753A75B60E1C311D4FBA095s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib5554E88A296D12FF59B25AC33EA3BA4Cs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib2776FADD258E6A6D4E1862307BB1C9E2s1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib9ADA8C27BB63E6163C153DAE3093A6CAs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib9ADA8C27BB63E6163C153DAE3093A6CAs1
http://refhub.elsevier.com/S0550-3213(23)00299-7/bib8E36DCDDD4BE01D9E12D6C572CE1A746s1

	Probing mass orderings in presence of a very light sterile neutrino in a liquid argon detector
	1 Introduction
	2 The 3+1 framework:
	3 Oscillation probabilities in the presence of a sterile neutrino
	3.1 α−s13 approximation
	3.2 ∆21=0 approximation
	3.3 Effect of sterile parameters on sign of ∆31
	3.3.1 Effect of non-zero θ14,θ24
	3.3.2 Effect of non-zero θ34
	3.3.3 Effect of |∆41|

	3.4 Effect of the sign of ∆41 in Pμe channel

	4 Simulation procedure and details of the experimental setup
	4.1 Events from accelerator beam
	4.2 Atmospheric events
	4.2.1 Charge identification using muon capture in argon

	4.3 χ2 analysis

	5 Results and discussion
	5.1 Sensitivity to the AMO for |∆41|=1 eV2
	5.2 Sensitivity to the AMO for |∆41|=10−4:10−1 eV2
	5.3 Sensitivity to the sign of ∆41 (SMO)

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


