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ABSTRACT

%1073

Recent reactor neutrino oscillation experiments reported precision 10
measurements of sin*(26,3) and Am?, under the standard 3v oscillation Al
framework. However, inter-experiment consistency checks through the
parameter goodness-of-fit test reveal proximity to tension boundary, with 28
the Double Chooz, RENO, and Daya Bay ensemble yielding ppg = 0.14 vs
threshold a =0.1. Anisotropic Lorentz invariance violation (LIV) can
accommodate this tension by introducing a location-dependent angle ¢
relative to the earth’s axis. It is found that anisotropic LIV improve the fit
to data up to 1.90 confidence level significance, with the coefficient
Agcl([)) =243 x 1077 MeV yielding the best fit, while Parameter Goodness-
of-fit (PG) is significantly improved within the LIV formalism.
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1 Introduction

It is a great success to describe fundamental particles
and their interactions in Standard Model (SM) [1].
However, SM does not include gravity, one of the four
fundamental interactions, and is incompatible with
general relativity. There is a strong quest for new
physics beyond SM. Discovery of neutrino oscillations is
the first direct experimental evidence beyond SM, pointing
to the massive neutrinos and leaving room for imaginations
in new physics [2]. It is suggested that SM is a low-
energy effective theory of a high-energy unified picture
at the Planck scale [3, 4]. These grand unified theories,
such as quantum gravity [5, 6], string theory [7, 8], and
supersymmetry models [9], have been subject to consid-
erable discussion and often predicted the broken Lorentz
symmetry and CPT symmetry, where the product of
charge conjugation (C), parity transformation (P) and
time reversal (T) are not kept invariant.

CPT symmetry and Lorentz invariance are closely
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related [10]. These symmetries are fundamental symmetries
of SM in particle physics [11, 12], as they ensure that
physics stays the same regardless of the observer. Thus,
CPT and Lorentz invariance violation (LIV) suggests
the presence of new interactions and gives rise to
distinctive phenomena [13, 14]. These phenomena manifest
not only in astrophysical neutrinos beyond TeV [15-17],
but also in modifications to neutrino oscillations at the
SM scale [18].

The most popular model in the study of effective field
theories for Lorentz and CPT violation is the SME
(Standard Model Extension), which includes all possible
Lorentz invariance violating operators [19-21]. Following
this model, LIV study has been applied in many
neutrino experiments, including MINOS [22-24], LSND
[25], INO [26-28], IceCube [29], SuperK [30],
T2K/T2HK [28, 31-33], NOvA [34], MiniBooNE [35],
Daya Bay [36], Double Chooz [37], JUNO [38] and
DUNE [28, 32, 39, 40]. Among these, reactor neutrino

oscillation experiments provide the most precise
=
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measurement of standard neutrino oscillation parame-
ters, mainly facilitating tests of the anisotropic LIV
mechanism by search for a time-varying neutrino oscilla-
tion, while the static anisotropic LIV effects received
scant attention.

Current reactor neutrino oscillation experiments
primarily focus on mixing angle 6,3 and the effect mass
squared difference Am?2,, represented by short-baseline
reactor neutrino experiments, such as Double Chooz
[41], RENO [42], and Daya Bay [43]. They nailed down
the sub-percent precision on 6,5. However, the consistency
between the the best-fit results from three reactor
neutrino experiments in the standard neutrino oscillation
picture demonstrates Parameter Goodness-of-fit [44]
(ppg = 0.14), residing the proximity to the tension
boundary. It is a question whether the incompatibility
points to new physics beyond three neutrino oscillations.
For example, an anisotropy caused by the LIV mechanism
could logically lead to a discrepancy, since neutrinos
propagate in different directions for these reactor experi-
ments. Then it deserves investigating the effects of
anisotropic LIV on the analyses of 63 and Am2, in the
Double Chooz, RENO, and Daya Bay reactor neutrino
experiments. This paper aims to further extend the
study to anisotropic Lorentz invariance violating
phenomena in reactor neutrino oscillation experiments,
focusing on inherent directional differences rather than
the traditional time-dependent sidereal effects.

The structure of the article is as follows: In Section 2,
we Dbriefly introduce the theoretical framework of
anisotropic LIV. In Section 3, we describe the experimental
data and numerical methods adopted in this work.
Section 4 presents the impact of anisotropic LIV effects
on the analysis of existing short-baseline reactor
neutrino oscillation data. In the end, Section 5 gives the
summary and conclusion.

2 Anisotropic Lorentz invariance violation
in neutrino oscillation

We will briefly review the mathematical formulation of
neutrino oscillation theory with LIV in this section and
provide the effective expression for the survival probability
of electron antineutrinos. The theoretical model originates
from Ref. [45], while the simplification of effective
parameter is similar to Ref. [46]. Since the mass of
neutrinos is extremely small, smaller than 0.8 eV based
on the latest KATRIN results [47], the LIV energy-
momentum dispersion relation can be expressed under
extreme relativistic approximation [48]:

2 o0
m _
E~pl+ 5=+ yvalp/" " (1)
2‘p| n=1

In Eq. (1), the second term on the right-handed side is a
perturbative expansion of the neutrino mass term, and

the third term predicts subtle LIV suppressed by the
Planck scale Ep ~ 10 GeV [49]. Ignoring neutrino-
antineutrino mixing, the LIV Lagrangian in the neutrino
sector of SME is given by [50, 51]

Lp= —T7, (a#'Yu + b“757u)yﬂ

1 >
S ale 4 d55)7,0 2)
The subscripts a, 3 = e, u, 7 of the neutrino field correspond
to different lepton flavors. If we assume that the mass
eigenstates of neutrinos are the physical states propagating
with LIV in vacuum, the effective Hamiltonian for
neutrino oscillations in flavor eigenstates with LIV can
be expressed as [52]

M2

H,ejfz = []Jr (QE, + HLIV) U + Vmatter~ (3)
The unitary matrix U is the PMNS matrix [53], and
Vinater 18 the matter potential term. After removing the
LIV term, (H,,)ex is the effective Hamiltonian for standard
neutrino oscillations. In the leading-order perturbative
expansion approximation, considering the Sun-centered
reference frame with the Earth’s rotation axis as the z-
axis [46], the Hamiltonian term #H{%, = Diagonal(0, Avay,
A~s1) causing anisotropic LIV can be reconstructed into
a form depending on directional factors,

Avi; = (AL + AV E) singHY
+ (.Ag-(o) + Ag(l)E) cos 911

+ BZSJ-E sin(260MY) + B%E cos(26™), (4)
where the A, B parameters are effective LIV coefficients
in general form for a several year experiment. A© would
undergo a sign inversion by CPT transformation in the
antineutrino case. The LIV correction term depends only
on the polar angle 6"V in the direction. The relation
between SME coefficients and effective anisotropic LIV
parameters can be found in the Appendix A.

OV is the angle betwenn the neutrino beam and the
Earth’s rotation axis, given by

gLV (5)
as zenith angle approximates right angle for reactor
neutrino experiments. y is the co-latitude of the location
of the detector, while ¢ is the angle between the
neutrino beam and the south measured towards the east.
cos ¢ reflects the projection of the beam in the due south
direction, which contributes to the axial component, as
shown in Fig. 1. Since eastward or westward displacement
does not alter this axial projection, "V does not change
by the Earth’s rotation without inducing a time-dependent
sidereal effect.

The survival probability of reactor electron antineutrinos
with anisotropic LIV in short-baseline reactor experiments

= arccos(— sin x cos ¢),
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Fig. 1 The sketch to show how antineutrinos propagate
along the Earth’s surface. The silhouette of Earth’s northern
hemisphere is with the rotation axis as the zaxis. The red
dot represents the geographical location of the detector,
while the label “S” marks the due south at this point.

can be written as follows:

Am? A
Py =1 — sin2(26‘13) sin? [(ﬁ + 731) L}

4F 2

Am2 Aoy
— cos? 013 sin?(2615) sin 21 2L,
cos” 013 sin”(2612) sin 1B + 5

(6)

Here, Am?2, = cos? 619Am3, + sin® 10 Am3,.

In the LIV framework, neutrino oscillations acquire
linear phase terms with energy dependence, which grow
in magnitude with increasing energy in contrast to standard
neutrino oscillation phases Am?2L/E, thereby allowing
for a more flexible fit to the reconstructed neutrino
energy spectrum. Moreover, 6V in Ay depends on
specific propagation direction, leading to LIV phase vari-
ations across different experiments and resulting in
inconsistent survival probabilities even at identical
energy and baseline. Thus, these subtle LIV-induced
differences may help explain the discrepancies between
the best-fit results of short-baseline reactor neutrino
experiments when LIV effects are neglected.

3 Simulation details

In the present work, we focus on data analysis from
short-baseline reactor experiments Double Chooz, RENO
and Daya Bay. These experiments relied on large flux of
v, from reactors and detected 7, in liquid scintillator
(LS) by inverse-beta-decay (IBD). Then the energy
of v, is inferred from a prompt-energy (E; ~ Epompt

0.78 MeV). Recent published data from Double Chooz,
RENO, and Daya Bay [43, 54, 55] are reproduced within
the GLoBES framework [56-59]. Main configuration for
each experiment is shown in Table 1 [60].

Since the results from GLoBES are consistent with
that from reference, we investigate the effects of
anisotropic LIV on the measurements of 6,3 and Am2,.
In this section, we briefly introduce the mock data
preparations in each experiment and present the data
analysis methods used in the study. Detailed computational
procedures and their implementations can be accessed
through the public GitHub repository [61].

3.1  Double Chooz experiment

The Double Chooz experiment made good use of Chooz
reactors, which are located at Chooz in France with a co-
latitude of x = 39.9°, with total power of 8.5 GWy,. The
near detector (ND) and the far detector (FD) are
located approximately at 400 m and 1050 m from reactor
cores, respectively. The far detector was put to the east
of the reactors at an angle of ¢ = 63.4°, corresponding to
OV = 1.86 rad.

The core of the Double Chooz detector contained
10.3 m® of LS with 0.1% Gd concentration [63]. According
to the latest Double Chooz data [54], the near detector
collected 412k IBD signals over 587 days, while the far
detector took data of 125k IBD signals over 1276 days.
We intend to utilize all data in analysis to examine new
physics. The energy binning for ND and FD is identical,
with the positron events divided into 38 bins in the
energy range [1.0,20.0] MeV.

3.2  RENO experiment

The full name of the RENO experiment is the Reactor
Experiment for Neutrino Osscillation, located near the
Hanbit Nuclear Power Plant in Korea yielding a total
thermal power of 6 x 2.8GWy. RENO employed a dual
detector design similar to that of Double Chooz, with
two detectors located approximately 300 m and 1400 m
from the reactors, respectively. The far detector of
RENO was placed at ¢ =39.2° to the southeast of the
reactors, with a co-latitude of x = 54.6°, resulting in
oMV = 2.25 rad.

The neutrino target of the RENO detector is similar
in material to that of the Double Chooz, consisting of
16.5 tons of hydrocarbon LS mixed with 0.1% Gd
concentration [64]. Our simulation analyzes about 120k
IBD signal data from the far detector over approximately
2900 days until 2022, and includes around 990k data
from the near detector over about 2500 days [55, 62],
which are divided into 57 bins in the range [1.2,8.4] MeV.
We investigate neutrino oscillation by the data from the
far detector divided into 45 bins in the energy range
[1.2,8.0] MeV.

Hai-Xing Lin, et al., Front. Phys. 21(1), 016200 (2026)
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Table 1 Summary of reactor neutrino experimental configurations
. Double Chooz RENO Daya Bay
Experiment
ND FD ND FD EH1 EH2 EH3

Source France Korea China
Power [GWy] 4.25 x 2 2.8 %6 2.9 %6

LS mass 10.6 t 10.6 t 15.4 ¢ 154 ¢ 40.0 t 40.0 t 80.0 t

Baseline 400 m 1050 m 300 m 1400 m 512 m 561 m 1579 m
Data source Ref. [54] Refs. [55, 62] Ref. [43]

v 1.86 2.25 0.74

3.3  Daya Bay experiment

Daya Bay experiment is near the Daya Bay Nuclear
Power Plant. There are three pairs of reactors, each
with a power of 2.9 GW,. The reactor neutrino experiments
took a further step by placing detectors in three different
orientations. The three experimental halls EH1, EH2,
and EH3, were arranged with a baseline of 512 m, 561
m, and 1579 m from the reactor cores, respectively [65].
The farthest EH3 was located at the northwest of the
reactor with ¢ = 216.6° at y = 67.4°, from which the LIV-
related angle is calculated to be 65y 5, = 0.74 rad.

Analogous to the Double Chooz and RENO detectors,
the core of the Daya Bay detectors consisted of 20 tons
of LS with 0.1% Gd concentration. We reproduced the
data in the simulation tool with approximately 2.2
million IBD rates allocated to EH1, 2.5 million to EH2,
and 764k to EH3, respectively. The data samples are
divided into 26 bins in the energy range [0.7,12.0] MeV.
In the analysis, all data from the three experimental
halls are used to quantify the neutrino oscillation and its
new physics potentials.

3.4  Statistical method

The data analysis is based on the likelihood method for
each experiment with the x? function defined as follows:

Xowp (013, AmZ,, Ay)

ee’

. Oia—T; § P
~ ming [Z(( a oTifZ({g})) )+Z i] -

i

where O;, is the observed events for each detector in
each experiment, while the subscript i iterates over all
energy bins, as d represents different detectors. Theoreti-
cally predicted events T; ; are represented by 7% without
oscillation, based on experimental configurations given
in Table 1. Our simulations were carried out using
GLoBES [56, 57], with anisotropic LIV effects implemented
in its neutrino oscillation calculation engine, where
sin? 15 = 0.304 and Am}; = 7.42 x 1075 eV? [66] are used
as input to the fit. Additionally, due to the short base-
line, the uncertainties of matter density and 65, Am2,
can be neglected.

Meanwhile, the systematic uncertainties are introduced
with a set of nuisance parameters ¢ by the pull method
[67], where normalization and energy calibration errors
are taken into account. The normalization errors include
reactor neutrino flux, detection efficiency and energy
scale uncertainties, and the energy calibration error
refers to the precision of neutrino energy reconstruction.
These systematic errors are implemented via AEDL rule
definitions in GLoBES [68], while the values of the
systematical uncertainties o, are adopted from Refs.
[41-43].

In total, 12 LIV parameters are tested sequentially in
terms of both Standard Gooness-of-fit (SG) and Parameter
Goodness-of-fit (PG) [44, 66]. SG is evaluated by the
total y2,

(8)

X3osu corresponding to standard neutrino oscillations is
a special case with the LIV parameter Ay = 0. Thus, we
can test an extended LIV term by

2 .2 2 2
X5G6 = XDouble Chooz T XRENO T XDaya Bay-

©)

asymptotically following a chi-square function with one
degree of freedom. It is noteworthy that we have fixed
Am?, = 2519 x 1073 eV? in x? of the Double Chooz, since
it only provided a precise measurement of sin®(26;3) in
the reference [41]. On the other hand, we have PG by

2 .2 2
Axsg = XSG,sM — XSG»

exp

X%G(eli’n Amge’ A,YLIV) = X%G - Z X12",min‘ (10)

X;min 18 the minimum with the data only from a single
experiment, while x%; is involved with all three experi-
ments. The p-value associated with the yZ; in statistics
can be calculated for both the standard neutrino oscillation
and the LIV scenario, taking into account their respective
degrees of freedom (3 and 5).

By computing AxZ,, we evaluate the extent to which
introducing a LIV parameter improves the global fit of
the theoretical prediction confronted with the combined
experimental results. However, given that the three reactor
experiments exhibit distinct sensitivities to LIV due to
their different configurations represented by 6“1V, the
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Table 2 Fit results by minimizing x2; and ya; with each anisotropic LIV parameter. y3; is characterized by 3 d.o.f. in
standard neutrino oscillation and 5 d.o.f. under the LIV scenario.

Parameter LIV value sin?(2013) Am2,(107%eV?) Axd Xag p-value

SM - 0.0873 2.535 - 5.55 0.14
A0 11710717 MeV 0.0889 2.503 0.23 6.37 0.27
A5 ~3.34x10718 0.0889 2.511 0.77 5.95 0.31
A5 —7.44x107%° MeV 0.0873 2.536 ~0 6.61 0.25
A5 ~2.69x107'8 0.0880 2.518 0.62 6.29 0.28
B3 —2.21x107'8 0.0880 2.516 0.78 6.13 0.29
BS —2.92x10~17 0.0874 2.533 0.17 6.74 0.24
A5 ~1.88x107'7 MeV 0.0877 2.459 1.00 6.53 0.26
A5 7.70x1071 0.0875 2.525 0.10 6.77 0.24
A 2.43x10717 MeV 0.0866 2.621 3.67 3.87 0.57
ASH ~3.44x107'8 0.0866 2.572 2.06 4.82 0.44
BS, —2.50x10~17 0.0866 2.570 2.16 4.72 0.45
BS -3.00x10~%7 0.0873 2.538 0.20 6.68 0.25

statistic measure y3; becomes essential to rigorously 3.0°10°

assess the inter-experiment consistency of the LIV A" o Lanadard oscillation

parameters. Our analysis aims to demonstrate that the

LIV-modified oscillation framework not only provides a

superior phenomenological description of data but also 281

fulfills the universality requirement across reactor experi-

ments, thereby supporting its validity as a generalized o

extension in new physics searches. 2261

3
4 Numerical results
2.4

In this work, we investigate the effect of the anisotropic

LIV in the leading-order perturbation without a loss of

generality. Numerical results based on Ay, and y3; are 22 : :

presented in light of 12 anisotropic LIV parameters, 0.06 0.08 sin (26,) 0.10 0.12

which can be sequentially examined. It is essential to
check whether LIV can accommodate the tension
between different experiments and improve the global fit
to data in three reactor neutrino oscillation experiments.
SG are PG complementary to examine the impact of
LIV parameters, while the best-fit points in x2; and x2;
are identical. The fit results of sin*(26,3), Am2, and the
corresponding LIV values are presented in Table 2.

For yZ;, LIV parameters A5, AS©, AS™ and B
exhibit an enhancement beyond 1o, with Agl(o), Agl(l)
and B§, to demonstrate more pronounced effects, while
Agcl(()) yields the largest enhancement of about 1.90 confi-
dence level (C.L.) in standard goodness of fit. The
anisotropic LIV parameters cause very little shift in the

fitting results of sin?(26;3) and Am2,_, where their impact
is represented by ASCI(O) =243 x 107" MeV shown in
Fig. 2.

When it comes to xZ;, we have p-value to quantify
PG before and after an introduction of each LIV param-

Fig. 2 Shifts of neutrino oscillation parameters under LIV
effects. The red and blue correspond to the 90% C.L. analysis
results of standard neutrino oscillation and LIV oscillation
respectively, assuming normal mass hierarchy.

eter. In the standard neutrino oscillation framework, yZ;
is characterized by three degrees of freedom, whereas in
LIV scenario, it extends to five degrees of freedom.
Bearing an increase of degrees of freedom in mind, we
focus on the LIV parameters AS”, A" and B$, that
demonstrate the most significant improvements. When
adopting o =0.1 as the compatibility threshold, the
standard neutrino oscillation with p = 0.14 barely satisfies
the threshold requirement, while the LIV framework
with A;(O) achieves high confidence level at p=0.57.
The consistency across experimental data samples from
short-baseline reactor neutrino experiments is improved

Hai-Xing Lin, et al., Front. Phys. 21(1), 016200 (2026)
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9 =
A3C1(O) ——- Double Chooz standard
—— RENO standard
——- Daya Bay standard
—— Double Chooz with LIV
74 —— RENO with LIV
—— Daya Bay with LIV
5
=
<
3
14
0.06 0.08 0.10 0.12
sin?(26,;)

Fig. 3 x? curves for sin?(2013) analysis of each experiment
after introducing the LIV parameter AS® = 2.43 x 1077 MeV.
The red, green, and blue colors correspond to the Double
Chooz, RENO, and Daya Bay experiments, respectively. The
solid lines represent the x? curves under the effect of LIV,
while the dashed lines are in the standard neutrino oscillation
case. Am2, is fixed at 2.519 x 1072 eV?, assuming normal mass
hierarchy.

significantly, as shown in Figs. 3 and 4. The fit results of
RENO and Daya Bay tend to unify, while the result of
Double Chooz is almost the same as the result given by
the standard neutrino oscillation. Due to the coupling
between Ac and cos 'Y, Double Chooz remains relatively
insensitive to LIV effects since its 'V is close to 7/2. In
contrast, RENO and Daya Bay each exhibit appreciable
cos OV value with opposite signs, leading to antithetical
LIV effects that help reconcile the discrepancies among
the results.

The best-fit LIV parameters in A~y are almost at the
same order consistent with the previous experimental
limits [69], including those published by the reactor
neutrino experiments Daya Bay [36] and Double Chooz
[37].

5 Conclusion

Lorentz invariance violation has profound impacts on
the data analysis and physics interpretation in the labo-
ratory frame, which may not only lead to periodic variations
in the reactor neutrino survival probability but also
induce discrepancies between the results of different
experiments. In the present work, the latest data from
short-baseline reactor neutrino experiments were used to
explore the effects of anisotropic LIV. We analysed
dataset from Double Chooz, RENO, and Daya Bay by
incorporating the LIV mechanism into the mass eigenstates
of neutrinos.
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Fig. 4 90% C.L. space of neutrino oscillation parameters
for the RENO and Daya Bay experiments after introducing
AS® =243 x 107" MeV. The red and blue colors represent
the results of Daya Bay and RENO, respectively. The star
markers indicate the best-fit points, assuming normal
neutrino mass hierarchy. Double Chooz is excluded owing to
its absence of a precise Am?2, measurement [41].

Our results indicated that anisotropic LIV model
provides a better fit to the total data with respect to
standard neutrino oscillation up to 1.90 C.L., with
A5 =243 x 10~17 MeV, sin?(26;3) = 0.0866, Am2, = 2.621x
1073 eV? yielding the best-fit. Meanwhile, the LIV A"
demonstrated the best parameter goodness-of-fit, resolving
the tension between short-baseline reactor neutrino
experiments data (ppg = 0.57), whereas the standard
neutrino oscillation fit remains proximity to the tension
boundary (ppg = 0.14) with an acceptance criterion of
a=0.1. The inclusion of LIV effects caused minimal
changes to the best-fit values of sin?(26;3) and Am?2, for
the overall dataset, while the results from RENO and
Daya Bay show convergence.

We anticipate that the next-generation neutrino oscil-
lation experiments like Jiangmen Underground Neutrino
Observatory (JUNO) [70] will be able to examine such
LIV effects soon.

6 Note added

During the editing process, the updated results from the
RENO experiment [71] indicate observable deviations
from the dataset utilized in this analysis. While the
conclusions derived from the data released by the RENO
experiment until 2020 [55] remain valid, the newly
reported measurements suggest a mitigated sensitivity to
the anisotropic LIV effect.
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Appendix A: The relation between SME
coefficients and effective anisotropic LIV
parameters

In the leading-order perturbative expansion approxima-
tion, the effective Hamiltonian with SME coefficents can
be written as

(Huw)ij = == (afpp — < pupn)is,

> (A1)

i,j =1,2,3 correspond to different mass states of neutri-
nos. The LIV coefficients in mass eigenstates have a
linear correspondence with the coefficients in Eq. (2),

(@4})ij = Uia(a" + 0")ap(U")g;,

(f)ij = Uia(c™ + d"™)ap(UT)g;. (A2)

We assume that the mass states of neutrinos during
propagation are physical states, without mixing effects
between mass states. Diagonal elements of the Hamiltonian
are real numbers required by hermiticity. Therefore, a;;
and ¢;; can be regarded as 3 x 3 diagonal real matrices,
with mass dimensions of 1 and 0, respectively. For
antineutrinos, a;, — —ar .

As mentioned in Eq. (4), the Hamiltonian term causing
anisotropic LIV can be reconstructed into a form dependent
on directional factors,

Hiw)ij ={af cos(wt) + a¥ sin(wt) — 2[cEX cos(wt

J L L L
+ Y sin(wt)]E'} sin "' + (aZ — QCEZE> cos g1V
— [¢¥Z cos(wt) + ¢} Z sin(wt)] F sin(20MY)

1 1 1
by (e g o g)

1
+ E(cfx — YY) cos(2uwt)

+c¥ sin(2wt)} E cos(20Y).
(A3)

Here, 6"V is the same as that in Eq. (4), and ¢"V = wt
corresponds to the azimuthal angle in the XY plane of
this Sun-center reference frame, while the zenith angle is

approximated as m/2. Following the form of mass-
squared differences term in standard neutrino oscillation
Hamiltonian, the effective LIV Hamiltonian can be
expressed as

i, = Diagonal(0, Aya1, Aysq),

(alLLpu - Clepupu)jj] .

(A4)

1 v
Avij = [(af Py — 4 Pupw)ic —

This expression is equivalent to Eq. (A1) for neutrino
oscillations. In neutrino experiments conducted over
several years, the effects of the azimuthal angle ¢V can
be represented by the mean value of the periodic func-
tion, retaining only the directional dependence on the
polar angle V. After integration, the general form of
the anisotropic LIV Hamiltonian in Eq. (4) can be
obtained,

Ary(at, ") — Avy(A, B).

The neutrino oscillation probability calculated from the
former is a periodic function dependent on sidereal time,
while the oscillation probability calculated from the
latter equals the average value of this periodic function,

(AS)

1 T
P(A, B) >~ T/O P,je_>pe (alz,Clzy,t)dt.

The neutrino beam traverses all azimuths in
T = 2r/w = 23 h 56 min due to the Earth’s rotation.
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