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Long-baseline neutrino oscillation experiments offer a unique laboratory to test the fundamental Lorentz
symmetry, which is at the heart of both the standard model of particle and general relativity theory. The
sidereal modulation in neutrino events will act as the smoking-gun experimental signature of Lorentz and
CPT violation. In this study, we investigate the impact of the sidereal effect on standard neutrino oscillation
measurements within the context of the NuMI Off-Axis νe Appearance Experiment (NOνA) experiment.
Additionally, we assess the sensitivity of the NOνA experiment to detect Lorentz-violating interactions,
taking into account the sidereal effect. Furthermore, we highlight the potential of the NOνA experiment to
set new constraints on anisotropic Lorentz-violating parameters.
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I. INTRODUCTION

Lorentz symmetry is a key assumption in our present
understanding of high-energy processes and ensures that
all inertial observers perceive the physical phenomenon
identically. This symmetry, however, raises the question
of testability in ultrahigh-energy theories at the Planck-
scale physics such as string theory [1,2], loop quantum
gravity [3], and braneworld scenarios [4]. These theories
unify the gravity and gauge fields of the Standard Model
(SM) of particle physics by allowing small perturbation of
Lorentz symmetry, so-called Lorentz invariance violation
(LIV) [5]. The Standard Model extension (SME) serves as
an effective theory of above-mentioned ultrahigh-energy
theories. The SME incorporates a complete range of particles
and interactions of SM, as well as all possible Lorentz
violation operators; therefore, it provides a feasible frame-
work for LIV searches in a variety of scenarios like gravity,
charged leptons, photons, nucleons, and neutrinos [6–8].
The discovery of “finite neutrino masses and mixings”

with various neutrino sources is the first evidence of the
existence of physics beyond the SM [9–11]. Over the last
two decades, there has been tremendous development
in neutrino experiments, allowing us to enter the era of
precision measurement and the exploration of physics

beyond the Standard Model. The neutrino sector, therefore,
offers a novel venue to explore the LIV effect. LIV
parameters are classified as isotropic and anisotropic. In
experiments where both the neutrino source and detector
are located on the Earth, the observed sidereal modulation
in neutrino events provides the smoking-gun signature
of a nonzero anisotropic LIV parameters. Several neutrino
experiments have performed the analysis to study the
anisotropic LIV parameters including Liquid Scintillator
Neutrino Detector (LSND) [12], Main Injector Neutrino
Oscillation Search-Near Detector (MINOS-ND) [13,14],
Mini Booster Neutrino Experiment (MiniBooNE) [15],
IceCube [16], Double Chooz Reactor Neutrino
Experiment (Double Chooz) [17], Tokai to Kamioka
(T2K) [18], Daya Bay Reactor Neutrino Experiment
(DayaBay) [19], etc. Previous experimental searches for
LIV using the sidereal effect have primarily concentrated
on short-baseline neutrino oscillation experiments. In long-
baseline experiments, using MINOS-FD [20] and Super-K
[21], an analysis was conducted on the directional and
isotropic components of LIV, respectively.
The aim of this work is to expand and improve the

sensitivity of LIV parameters in the nonisotropic time-
dependence scenario. We investigate the sensitivity of the
experiment towards non-isotropic LIV parameters in both
appearance and disappearance channels by incorporating
an effective Hamiltonian into the GLoBES software package.
This allowed us to study the sidereal modulation of LIV
parameters in the context of a long baseline neutrino
experiment. This study mainly focuses on the FAR detector
of NOνA experiment [22].
The article is structured as follows: The general formu-

lation of the effective Hamiltonian is discussed in Sec. II.
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The effective Hamiltonian is also rearranged in simplified
form to study the sidereal effect. Our approach to simulation,
adopted experimental design, and standard oscillation
parameters is outlined in Sec. III. In Sec. IV, we present
the sensitivity of the NOνA experiment to explore LIV
parameters with the marginalization over full parameter
space of CP-violating phase (δCP) and θ23. Additionally,
we present upper limits for LIV parameters under sidereal
analysis with realistic exposure for the NOνA experiment
and compare them with existing upper limits of LIV
parameters from the literature. The summary is given
in Sec. V.

II. FORMALISM

In a lepton sector, the Lorentz-violating part of the SME
Lagrangian can be divided into CPT-even and CPT-odd
terms. The general form of Lorentz-violating part of the
SME Lagrangian can be expressed as [6]

LCPT−even
LIV ¼ −

1

2
ðHlÞμνABl̄AσμνlB þ −

1

2
iðclÞμνABl̄AγμDν

↔
lB

þ −
1

2
iðdlÞμνABl̄Aγ5γμDν

↔
lB; ð1Þ

where ðHlÞμνAB are antisymmetric coupling coefficients
with dimensions of mass. ðclÞμνAB and ðdlÞμνAB are sym-
metric and antisymmetric Hermitian dimensionless CPT-
even LIV coupling coefficients, respectively.

LCPT−odd
LIV ¼ −ðalÞμABl̄AγμlB − ðblÞμABl̄Aγ5γμlB; ð2Þ

where ðalÞμAB and ðblÞμAB are Hermitian CPT-breaking
LIV coupling coefficients with dimension of mass.
In the Hamiltonian picture, the effective Hamiltonian

ðHeffÞαβ of neutrinos with small LIV and CPT-violating
perturbation is generally written as [23]

ðHeffÞαβ ¼ ðHoÞαβ þ ðHLIVÞαβ; ð3Þ

where ðHoÞαβ is a conventional standard neutrino
Hamiltonian that describes the Lorentz-invariant neutrino
oscillation and ðHLIVÞαβ is a perturbative Hamiltonian
including LIV contributions. The indices α and β represent
the three neutrino flavors. In general, ðHeffÞ is a 6 × 6
matrix which can be represented as

ðHeffÞ¼
�ðHoÞνν 0

0 ðHoÞν̄ν̄

�
þ
�ðHLIVÞνν ðHLIVÞνν̄
ðHLIVÞν̄ν ðHLIVÞν̄ν̄

�
; ð4Þ

where ðHoÞννððHoÞν̄ ν̄Þ is a standard neutrino (antineutrino)
Hamiltonian term, which is responsible for standard neu-
trino (antineutrino) oscillations. Diagonal terms ðHLIVÞνν

and ðHLIVÞν̄ ν̄ contribute to neutrino-neutrino oscillation
and antineutrino-antineutrino oscillation, respectively. Off-
diagonal components, namely ðHLIVÞνν̄ and ðHLIVÞν̄ν,
govern neutrino-antineutrino oscillations and vice versa.
The standard neutrino(antineutrino) oscillation is para-

metrized by two mass-square differences Δm2
21, Δm2

31,
three mixing angles θ12, θ23, θ13, and a phase δcp. In this
study, we solely conform to neutrino-neutrino oscillation,
and corresponding Hamiltonian can be explicitly written as

ðHoÞνν¼
1

E

2
64U

0
B@
0 0 0

0 Δm2
21 0

0 0 Δm2
31

1
CAU†þVmatter

3
75; ð5Þ

where the Pontecorvo–Maki–Nakagawa–Sakata (PMNS)
matrix U is parameterized as Ref. [24] and Vmatter is matter
potential including the matter effect. In the minimal SME,
the interactions and neutrino propagation are both governed
by the following leading-order effective Hamiltonian [25]:

ððHeffÞννÞαβ¼jp⃗jδαβþ
1

jp⃗j ½ðaLÞ
μpμ−ðcLÞμνpμpν�αβ; ð6Þ

where ðaLÞμ and ðcLÞμν can be expressed as

ðaLÞμ ¼
1

2
ððalÞ þ ðblÞÞμ; ðcLÞμν ¼

1

2
ððclÞ þ ðdlÞÞμν: ð7Þ

For simplicity we have dropped the suffix L in coef-
ficients, which represents Left-handedness. ðaLÞμ and
ðcLÞμν are 3 × 3 complex matrices that represent LIV
coefficients with mass dimensions 1 and 0, respectively.
The 4-momentum pμ ¼ ðjp⃗j; p⃗Þ introduces the energy
and momentum dependencies in the Hamiltonian. It
implies that the mixing behavior of neutrino flavor
depends on the direction of neutrino propagation which
causes the rotational-symmetry violation. For the Earth-
based experiment, where the source and detector are fixed
on the Earth’s surface, the rotation of the Earth around its
axis generates sidereal variation in oscillation probabil-
ities. This variation has a modulation with the Earth’s
sidereal rotation period (23 h 56 min solar hour). In order
to compare the results from different experiments, it is
convenient to adopt a common inertial frame. In the
literature, measurements and sensitivities are convention-
ally expressed in terms of LIV coefficients defined in a
Sun-centered celestial equatorial frame with coordi-
nates (T; X; Y; Z).
The effective Hamiltonian with sidereal time dependen-

cies in the Sun-centered celestial equatorial frame from
Ref. [26] is restructured as follows:
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ðHLIVÞαβ ¼ ðCÞαβ þ R½aXαβ − 2EðcTXÞαβ þ 2ENzðcXZÞαβ� sinðω⊕T −ΦorientationÞ
− R½aYαβ − 2EðcTYÞαβ þ 2ENzðcYZÞαβ� cosðω⊕T −ΦorientationÞ

þ R2½E 1

2
ððcXXÞαβ − ðcYYÞαβÞ� cosð2ðω⊕T þΦorientationÞÞ

þ R2½EðcXYÞαβ� sinð2ðω⊕T −ΦorientationÞÞ; ð8Þ

where T is the sidereal time, which describes the Earth’s
rotationwith respect to a sidereal star in a Sun-centered frame.
Amplitude ðCÞαβ, Φorientation, and R can be expressed in the
directional factors NX, NY , NZ in the following manner:

Φorientation ¼ tan−1ðNY=NXÞ;
R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2

X þ N2
Y

q
;

ðCÞαβ ¼ ðaÞTαβ − NZðaÞZαβ þ E

�
−
1

2
ð3 − NZNZÞðcÞTTαβ

þ 2NZðcÞTZαβ þ 1

2
ð3 − NZNZÞðcÞZZαβ

�
: ð9Þ

The directional factors (NX,NY ,NZ) are further expressed in
termsof the angle between thebeamand thevertically upward
direction (θ) known as “zenith” angle; the angle between the
beam and the south measured towards the east (ϕ) known as
“bearing” angle; and the colatitude of the detector as (χ) [26]:

NX ¼ cos χ sin θ cosϕþ sin χ cos θ;

NY ¼ sin θ sinϕ;

NZ ¼ − sin χ sin θ cosϕþ cos χ cos θ: ð10Þ

The LIV coefficients ðaÞμαβ are solely governed by the
baseline, while coefficients ðcÞμναβ are subject to control
from both the baseline length and the energy of the
neutrinos. The parameters ðaÞTαβ, ðaÞZαβ, ðcÞTTαβ , ðcÞTZαβ; and
ðcÞZZαβ belong to ðCÞαβ and have no sidereal time
dependency in the perturbation, while the parameters
ðaÞXαβ, ðaÞYαβ, ðcÞTXαβ , ðcÞTYαβ , ðcÞXXαβ , ðcÞXYαβ , ðcÞXZαβ , ðcÞYYαβ; and
ðcÞYZαβ are responsible for sidereal modulation of per-
turbed Hamiltonian terms. Nonisotropic LIV parameters
suggest that the Universe has some preferred direction,
i.e., the Universe is anisotropic in nature. However,
there is no observed evidence supporting such
anisotropy. Our objective of this study is to analyze
the sensitivity of NOνA experiment, and set constraints
on all 27 nondiagonal LIV parameters under the null
hypothesis.
If the contribution of LIV perturbation in Eq. (3) is

sufficiently small, the oscillation probabilities for both the
appearance and disappearance channels can be expressed
up to the leading order for the μe and μμ channels, similarly
as presented in Refs. [27–34],

PLIV
μe ≃ x2f2 þ 2xyfg cosðΔþ δCPÞ þ y2g2 þ 4rAjhLIVeμ j

n
xf

�
fs223 cosðϕLIV

eμ þ δCPÞ þ gc223 cosðΔþ δCP þ ϕLIV
eμ Þ�

þ yg
�
gc223 cosϕ

LIV
eμ þ fs223 cosðΔ − ϕLIV

eμ Þ�oþ 4rAjhLIVeτ js23c23
n
xf

�
f cosðϕLIV

eτ þ δCPÞ − g cosðΔþ δCP þ ϕLIV
eτ Þ�

− yg
�
g cosϕLIV

eτ − f cosðΔ − ϕLIV
eτ Þ�oþ 4r2Ag

2c223jc23jhLIVeμ j − s23jhLIVeτ jj2 þ 4r2Af
2s223js23jhLIVeμ j þ c23jhLIVeτ jj2

þ 8r2Afgs23c23
n
c23 cosΔ

�
s23ðjhLIVeμ j2 − jhLIVeτ j2Þ þ 2c23jhLIVeμ jjhLIVeτ j cosðϕLIV

eμ − ϕLIV
eτ Þ�

− jhLIVeμ jjhLIVeτ j cosðΔ − ϕLIV
eμ þ ϕLIV

eτ Þ
o
þOðs213a; s13a2; a3Þ; ð11Þ

PLIV
μμ ≃ 1 − sin2 2θ23 sin2Δ − jhLIVμτ j cosϕLIV

μτ sin 2θ23½ð2rAΔÞ sin2 2θ23 sin 2Δþ 4 cos2 2θ23rA sin2Δ�
þ ðjhLIVμμ j − jhLIVττ jÞ sin2 2θ23 cos 2θ23½ðrAΔÞ sin 2Δ − 2rA sin2 Δ�; ð12Þ

where

sij ¼ sin θij; cij ¼ cos θij; x ¼ 2s13s23; y ¼ 2rs12c12c23; r ¼ jΔm2
21=Δm2

31j; Δ ¼ Δm2
31L

4E
;

VCC ¼
ffiffiffi
2

p
GFNe; rA ¼ 2E

Δm2
31

; f ¼ sin½Δð1 − rAðVCC þ hLIVee ÞÞ�
1 − rAðVCC þ hLIVee Þ ; g ¼ sin½ΔrAðVCC þ hLIVee Þ�

rAðVCC þ hLIVee Þ : ð13Þ
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The antineutrino probability PLIV
μ̄ ē (PLIV

μ̄ μ̄ ) can be obtained
from Eq. (11) [Eq. (12)] by replacing VCC → −VCC,
δCP → −δCP, and aαβ → −a�αβ. Similar expression for
inverse hierarchy can be obtained by substituting
Δm2

31 → −Δm2
31, i.e., Δ → −Δ and rA → −rA.

III. NUMERICAL PROCEDURE OF SIMULATION

NuMI Off-Axis νe Appearance Experiment (NOνA), a
long baseline experiment at Fermilab, examines neutrino
oscillations using a high-intensity and high-purity beam of
either muon neutrinos or muon antineutrinos. The experi-
ment utilizes two identical detectors: a far detector (FD) and
a near detector (ND). The fiducial mass of FD is 14 kTon,
and it is situated 810 KM away from the target and 14 mRad
off axis [35]. As a fixed baseline experiment, NOνA can
observe the sidereal variation in the neutrino event rate in
FD arising due to the Earth’s rotation. In order to study the
oscillation probabilities and event rate for NOνA experi-
ment, we adopted the GLoBES [36,37] software package
with suitable modifications in snu:c plugin to include the
sidereal effect. A exposure total of 2.5 × 1021 protons on
target (POT) is utilized for the analysis of neutrinos, and an
identical exposure is applied for antineutrinos. The POT is
independent of sidereal time and remains constant through-
out the time bin. For both the appearance and disappearance
channels, the energy window is fixed from 1.0 to 5.0 GeV,
with a peak value at 2.0 GeV.
Table I provides a summary of the standard oscillation

parameters used in this work. Since NOνA is not sensitive
for the mixing angles θ12 and θ13 [38] and these parameters
are well measured by other neutrino oscillation experi-
ments, hence their values are fixed in simulation. As the
sidereal effect is time dependent, the flux variation with
sidereal time may alter the event to local sidereal time
(LST) spectra. Since there are no prior experimental data
available on flux variation with LST, an average constant
flux over the entire sidereal period is considered.
The latest data of NOνA experiment favor the normal

neutrino mass hierarchy by 1.9σ [22]; therefore, the normal
mass ordering is also fixed throughout the simulation.
Details on the beam orientation and FD of NOνA experi-
ment, which is employed for the simulation, are represented

in Table II. The value of Φorientation is fixed for the NOνA
experiment using the colatitude, zenith, and bearing angle.

IV. RESULTS AND DISCUSSION

The standard neutrino oscillation probability spectrum
without LIV parameters for appearance and disappearance
channels with respect to energy and local sidereal time
(LST) is depicted at the top and bottom of Fig. 1,
respectively. All energies of neutrinos have a smooth

TABLE II. NOνA FD orientation details used in the simu-
lation [35].

Parameter Value

χ colatitude 48.3793°
θ zenith angle 84.26°
ϕ bearing 204.616°

TABLE I. The standard oscillation parameters are used in this
work [39].

Parameter True value Test value

θ12 33.48°
θ13 8.5°
θ23 45.0° ð41.0°; 52.0°Þ
δcp 195.0° ð0°; 360.0°Þ
△m2

21 7.55 × 10−5 eV2

△m2
31 2.50 × 10−3 eV2

FIG. 1. The standard neutrino oscillation 1D probability spec-
trum in terms of energy, as well as the probability distribution in
terms of local sidereal time (LST) and energy for the appearance
channel (top) and disappearance channel (bottom) without taking
LIV parameters into account. The oscillation parameters listed in
Table I are adopted to calculate the probability distribution.
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probability distribution throughout the whole sidereal time.
However, there is a considerable distortion in the standard
neutrino oscillation probability distribution when LIV
parameters are taken into account. In order to analyze
the impact of individual LIV parameters on the probability-
LST distribution, all LIV parameters, excluding the one
under consideration, are set to zero. The nonzero value
of the mass dimension LIV parameter ðaÞμ is set to
1 × 10−23 GeV, and a dimensionless parameter ðcÞμν is
assigned the same order of value. The probability distri-
bution difference between SM and LIV for the appearance
and disappearance channels is shown in Figs. 2 and 3,
respectively. The first, second, third, fourth, and fifth panels
(from left to right) of Figs. 2 and 3 illustrate the distortion in
the standard neutrino oscillation probability distribution,
when ðaXÞαβ, ðcTXÞαβ, ðcXXÞαβ, ðcXZÞαβ, and ðcXYÞαβ
parameters are set to nonzero value, respectively. The
top, middle, and bottom panels represent αβ ¼ eμ, eτ,
and μτ coefficients, respectively.
As we move from left to right in the top panel of Figs. 2

and 3, the probability modulates as ω⊕, ω⊕, 2ω⊕, ω⊕, and
2ω⊕. This nature is fairly evident for eμ and eτ coefficients
in the appearance channel as well as μτ coefficients in the
disappearance channel. Such modulations in the data serve
as a smoking-gun signature for LIV.
One can notice that the amplitude of modulation due to

CPT-conserving parameters ðcÞTX, ðcÞXZ, ðcÞXX, and ðcÞXY
is more significant than those of the CPT-violating
parameters ðaÞX or ðaÞY in the probability difference

distribution for both the appearance and disappearance
channels. This increase in amplitude is attributed to the
presence of neutrino energy in CPT-conserving terms.
The strength of modulation in ðcÞTXeμ and ðcÞXZeμ is stronger
than other CPT-conserving parameters due to the orienta-
tion of the NOνA experiment. The LIV parameters asso-
ciated with the eμ and eτ coefficients do not play a
significant role in the disappearance channel. This is
evident as they do not appear in the leading-order term
of the disappearance channel probability.
Figures 8 and 9 as shown in the Appendix illustrate the

nature of the contribution of Y-type components (aY , cTY ,
cYY , cYZ). The phase shift between X-type (aX, cTX, cXX,
cXZ) and Y-type (aY , cTY , cYY , cYZ) components is 6
sidereal hour, and this shift can be understood with the
structure of the Hamiltonian of the LIV perturbation as
shown in Eq. (8), since X-type components appear with a
sinusoidal term while Y-type components appear with a
cosine term. In the null-hypothesis analysis for individual
components, the constraints will be the same for X- and
Y-type LIV parameters. Hence, the next sections exclu-
sively focus on the discussion and graphical representation
of parameters aX, cTX, cXX, cXZ, cXY .
The primary objectives of all ongoing and prospective

high-precision, long-baseline neutrino oscillation experi-
ments are to determine the precise CP-violating phase (δcp)
and the octant of θ23, as well as to resolve the mass
hierarchy. However, there are significant uncertainties in
the current measurement of the θ23 and δcp phase. In the

FIG. 2. The probability difference distribution for the appearance channel for X-type components (aXαβ, c
TX
αβ , c

XX
αβ , c

XZ
αβ , c

XY
αβ , with

αβ ¼ eμ, eτ, and μτ). In each panel, one specific LIV parameter is set to 1 × 10−23, while the others are set to 0.
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case of long-baseline searches, standard oscillation param-
eters mix with the LIV parameter. The unknown standard
oscillation parameters (δCP, θ23) introduce a level of
uncertainty that can potentially reduce the sensitivity of
the experiment to detect the sidereal signal. We therefore
investigate the correlations between the LIV parameters
and conventional oscillation parameters θ23 and δCP.
In order to derive the sensitivity, we adopt the Poisson-

likelihood chi-square statistics. The Poisson-likelihood
chi-square function for NOνA experiment can be written
as [40]

χ2totalðNtest; NtrueÞ

¼
X
i;j;k

2

�
Nijk

test − Nijk
true þ Nijk

true × ln

�
Nijk

true

Nijk
test

��
; ð14Þ

where “i” stands for LST bins, “j” for appearance and
disappearance channels, and “k” for the beam’s neutrino
and antineutrino modes. “Ntrue” represents the total number
of events in each sidereal bin for an energy window of 1 to
5 GeV in the SM case, while “Ntest” represents the same
quantity in the case of LIV. We adopt 24 sidereal bins, each
spanning one sidereal hour, covering the entire duration of
a sidereal day. The total 5% of systematic uncertainty is
considered in the final analysis. Systematics is incorporated
using the so-called pull method.
The strength of a LIV parameter depends on its phase;

therefore, the sensitivity of an experiment to a particular
LIV parameter is influenced by the phase of that parameter.
As the phases of these parameters are unknown, we

perform the marginalization over the full parameter space
of the LIV phase (ϕparameter) along with the uncertainty
range of δCP to investigate the correlation between LIV
parameters and θ23. Figure 4 illustrates the correlation
between δCP and nondiagonal LIV parameters (aXαβ, c

TX
αβ ,

cXXαβ , c
XY
αβ , c

XZ
αβ with αβ ¼ eμ, eτ, and μτ) at the 2σ, 2.5σ, and

3σ significance level. The contribution of LIV parameters
corresponding to the eτ coefficient for the appearance
channel in oscillation probability is suppressed by approx-
imately a factor of 2, due to the sinðθ23Þ cosðθ23Þ term.
Therefore, the sensitivity of these parameters degrades as
compared to the LIV parameters corresponding to eμ
coefficient for the appearance channel. Figure 5 shows
correlation between δCP phase and nondiagonal LIV
parameters at 2σ, 2.5σ, and 3σ significance level with
marginalizing over both ϕparameter and θ23. To assess the
sensitivity of NOνA to the nondiagonal LIV parameters
and across the entire range of corresponding phase values,
we marginalize over the θ23 and δCP phase. Figure 6
illustrates the allowed region of nondiagonal LIV param-
eters with respect to the entire range of corresponding
ϕparameter at 2σ, 2.5σ, and 3σ significance levels. The
nondiagonal LIV parameters associated with μτ occur
with the δCP phase, whereas the parameters linked to eμ
and eτ do not exhibit such dependency. The sensitivity of
nondiagonal LIV parameters corresponding to the μτ
disappearance channel is enhanced when the parameter
is purely real compared to purely imaginary. On the
contrary, the nondiagonal LIV parameters corresponding
to eμ and eτ appearance channels exhibit a less-pronounced

FIG. 3. The probability difference distribution for the disappearance channel for X-type components (aXαβ, c
TX
αβ , c

XX
αβ , c

XZ
αβ , c

XY
αβ , with

αβ ¼ eμ, eτ, and μτ). In each panel, one specific LIV parameter is set to 1 × 10−23, while the others are set to 0.
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manifestation of this characteristic due to the marginali-
zation over the δCP phase.
Figure 7 illustrates the χ2 sensitivity of the LIV param-

eters in both the appearance and disappearance channels,
considering both neutrino and antineutrino modes. By
adopting a one-parameter-at-a-time analysis, the upper

limits at the 3σ level of all 27 LIV parameters are listed
in Table III. We note that sidereal analysis with FAR
detector provides more stringent constraints on the 3σ level
for the CPT-violating coefficient aXeμ (aYeμ) in the null
hypothesis. These constraints are now suppressed by three
orders of magnitude compared to the previously reported

FIG. 5. Correlations between the nondiagonal parameters (aXαβ, c
TX
αβ , c

XX
αβ , c

XZ
αβ , c

XY
αβ with αβ ¼ eμ, eτ, and μτ) and Dirac CP phase δCP

at 2σ, 2.5σ, and 3σ CL.

FIG. 4. Correlations between the nondiagonal parameters (aXαβ, c
TX
αβ , c

XX
αβ , c

XZ
αβ , c

XY
αβ with αβ ¼ eμ, eτ, and μτ) and mixing angle θ23 at

2σ, 2.5σ, and 3σ confidence level (CL).
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results [14,20]. This significant improvement in aXeμ (aYeμ) is
attributed to the extended baseline and the combined
analysis of both neutrino and antineutrino modes. In this
analysis, we present the first time constraint on

nondiagonal LIV parameters corresponding to the eτ
coefficient, which has never been reported previously by
any neutrino experiment. Only specific channels have been
used in previous studies of the sidereal impact in neutrino

FIG. 7. Sensitivity plots of the LIV parameters for μe, μμ, μ̄ ē, μ̄ μ; and all channels combined with 2σ and 3σ cut.

FIG. 6. Correlations between the nondiagonal parameters (aXαβ, c
TX
αβ , c

XX
αβ , c

XZ
αβ , c

XY
αβ with αβ ¼ eμ, eτ, and μτ) andΦparameter at 2σ, 2.5σ,

and 3σ CL.
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sectors. The NOνA experiment is explicitly designed for
the appearance channel. Nevertheless, the sensitivity of μτ
parameters is more evident in the disappearance channel.
As a result, the NOνA experiment exhibits less constraint
power over μτ parameters compared to existing bounds.

V. SUMMARY AND CONCLUSION

The presented work focuses on investigating LIV
through the sidereal effect within the context of the
NOνA experiment. Oscillation probabilities and events
are simulated using the GLoBES software with the NOνA
experimental configurations. This analysis examines the
influence of the sidereal effect on various LIV parameters
within the oscillation probability spectra. It is demonstrated
that LIV parameters exhibit complementary characteristics
in the appearance and disappearance channels. Certain
parameters predominantly affect the appearance channel,
while others primarily impact the disappearance channel.
This pattern is also reflected in the sensitivity analysis, as
sensitivity is specific to each channel.
The study suggests that the far detector of the NOνA

experiment possesses the potential to enhance the
existing constraints on LIV parameters. However, it is
important to note that not all parameters can be

thoroughly explored to achieve improved limits. Using
all channels along both neutrino and antineutrino modes,
far-detector data of the NOνA experiment can establish
new constraints on LIV parameter values with a con-
fidence level of 3σ under the null hypothesis. It is also
noted that uncertainties of θ23 and δCP can reduce the
sensitivity of sidereal parameters. Moreover, the sidereal
parameters are highly influenced by the baseline length
and neutrino energy. Future long-baseline experiments
with longer baselines and higher energies, such as
DUNE, T2HKK, and P2O may offer enhanced sensitivity
to nonisotropic LIV parameters.
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TABLE III. Summary of upper limits at 95 and 99.7% CL for all 27 LIV parameters under sidereal anaylsis.

Parameter Previous limit 3σ References This work 95% CL This work 99.7% CL

jaXeμj ¼ jaYeμj 2.2 × 10−20 GeV [14,20] 3.68 × 10−23 GeV 6.18 × 10−23 GeV

jaXeτj ¼ jaYeτj � � � 6.2 × 10−23 GeV 9.64 × 10−23 GeV

jaXμτj ¼ jaYμτj 1.8 × 10−23 GeV [16] 4.13 × 10−23 GeV 6.75 × 10−23 GeV

jcTXeμ j ¼ jcTYeμ j 9.0 × 10−23 [14,20] 8.0 × 10−24 1.32 × 10−23

jcTXeτ j ¼ jcTYeτ j � � � 1.66 × 10−23 2.5 × 10−23

jcTXμτ j ¼ jcTYμτ j 3.7 × 10−27 [16] 8.2 × 10−24 1.32 × 10−23

jcXXeμ j ¼ jcYYeμ j 4.6 × 10−21 [14,20] 4.38 × 10−23 7.57 × 10−23

jcXXeτ j ¼ jcYYeτ j � � � 9.26 × 10−23

jcXXμτ j ¼ jcYYμτ j 2.5 × 10−23 [13] 4.54 × 10−23 7.35 × 10−23

jcXZeμ j ¼ jcYZeμ j 1.1 × 10−21 [14,20] 1.1 × 10−23 2.04 × 10−23

jcXZeτ j ¼ jcXZeτ j � � � 2.46 × 10−23 3.72 × 10−23

jcXZμτ j ¼ jcXZμτ j 0.7 × 10−23 [13] 1.21 × 10−23 3.78 × 10−23

jcXYeμ j 2.2 × 10−21 [14,20] 2.18 × 10−23 3.78 × 10−23

jcXYeτ j � � � 4.62 × 10−23 6.93 × 10−23

jcXYμτ j 1.2 × 10−23 [13] 2.27 × 10−23 3.67 × 10−23
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APPENDIX

FIG. 8. The probability difference distribution for the appearance channel for Y-type components (aYαβ, c
TY
αβ , c

YY
αβ , c

YZ
αβ with αβ ¼ eμ, eτ,

and μτ). In each panel, one specific LIV parameter is set to 1 × 10−23, while the others are set to 0.

FIG. 9. The probability difference distribution for the disappearance channel for Y-type components (aYαβ, c
TY
αβ , c

YY
αβ , c

YZ
αβ with αβ ¼ eμ,

eτ, and μτ). In each panel, one specific LIV parameter is set to 1 × 10−23, while the others are set to 0.
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