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Ve appearance data are compatible with the null sidereal variation hypothesis to more than 5%. Using
an unbinned likelihood fit with a Lorentz-violating oscillation model derived from the Standard Model
Extension (SME) to describe any excess events over background, we find that the v, appearance data
prefer a sidereal time-independent solution, and the v, appearance data slightly prefer a sidereal time-
Keywords: dependent solution. Limits of order 1072° GeV are placed on combinations of SME coefficients. These
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limits give the best limits on certain SME coefficients for v, — v, and v, — V. oscillations. The fit val-
ues and limits of combinations of SME coefficients are provided.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction to Lorentz violation

Violation of Lorentz invariance and CPT symmetry is a pre-
dicted phenomenon of Planck-scale physics, especially with a spon-
taneous violation [1], and it does not require any modifications
in quantum field theory or general relativity. Since neutrino os-
cillation experiments are natural interferometers, they can serve
as sensitive probes of spacetime structure. Thus, neutrino oscilla-
tions have the potential to provide the first experimental evidence
for Lorentz and CPT violation through evidence of oscillations that
deviate from the standard L/E dependence [2], or that show side-
real time-dependent oscillations as a consequence of a preferred
direction in the universe [3].

In this Letter, we test the MiniBooNE v;, — ve and V;, — Ve 0s-
cillation data [4,5] for the presence of a Lorentz violation signal.
Similar analyses have been performed in other oscillation exper-
iments, including LSND [6], MINOS [7], and IceCube [8]. Naively,
experiments with longer baselines and higher energy neutrinos
would be expected to have better sensitivity to Lorentz violation
because small Lorentz-violating terms are more prominent at high
energy, where neutrino mass terms are negligible. However, some
Lorentz-violating neutrino oscillation models mimic the standard
massive neutrino oscillation energy dependence [9]. Then, in this
case, the signal may only be seen in sidereal variations of oscilla-
tion experiments.

2. MiniBooNE experiment

MiniBooNE is a v, (Ve) appearance short baseline neutrino os-
cillation experiment at Fermilab. Neutrinos are created by the
Booster Neutrino Beamline (BNB), which produces a 93% (83%)
pure v, (v, ) beam in neutrino (anti-neutrino) mode, determined
by the polarity of the magnetic focusing horn. The MiniBooNE
Cherenkov detector, a 12.2 m diameter sphere filled with mineral
oil, is used to detect charged particles from neutrino interactions
and is located 541 m from the neutrino production target. It is
equipped with 1280 8 inch PMTs in an optically separated inner
volume and 240 8 inch veto PMTs in an outer veto region. De-
tails of the detector and the BNB can be found elsewhere [10,11].
Charged leptons created by neutrino interactions in the detector
produce Cherenkov photons, which are used to reconstruct charged
particle tracks [12]. The measured angle and kinetic energy of the
charged leptons are used to reconstruct the neutrino energy, EgE,
for each event, under the assumption that the target nucleon is at
rest inside the nucleus and the interaction type is charged current
quasielastic (CCQE) [13].

For this analysis, we use the background and error estimates
from [14] (neutrino mode) and [15] (anti-neutrino mode). For neu-
trino mode, data from 6.46 x 10?° protons on target (POT) are
used. An excess in the “low-energy” region (200 < Eg (MeV) <
475) was observed, with 544 events reported as compared to the
prediction, 409.8 + 23.3(stat.) + 38.3(syst.). Interestingly, this ex-
cess does not show the expected L/E energy dependence of a
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simple two massive neutrino oscillation model. Additionally, it is
not consistent with the energy region expected for the “LSND” sig-
nal [16]. For the anti-neutrino mode analysis (5.66 x 102 POT),
MiniBooNE observed a small excess in the low-energy region, and
an excess in the region 475 < EgE(MeV) < 1300. The excess in
this “high-energy” region is found to be consistent with the LSND
signal, assuming a two massive neutrino hypothesis, but remains
statistically marginal. In the “combined” region (200 < ESE (MeV) <
1300), MiniBooNE observed 241 v, candidate events as compared
to the prediction, 200.7 4= 15.5(stat.) & 14.3(syst.).

Although the conflict between MiniBooNE neutrino and anti-
neutrino mode results can be resolved in models without CPT vi-
olation [17], CPT violation is a viable option. Since CPT violation
necessarily implies violation of Lorentz invariance within interac-
tive quantum field theory [18], we are in a well-motivated position
to search for Lorentz and CPT violation using the MiniBooNE data.
In fact, proposed models motivated by Lorentz violation [19,20]
can already accommodate world data including the MiniBooNE and
LSND excesses with a small number of free parameters. Evidence
for sidereal variation in the MiniBooNE excesses would provide a
distinctive direct signal of Lorentz violation.

3. Analysis

We use the SME formalism for the general search for Lorentz
violation [21]. The SME is an effective quantum field theory and
the minimum extension of the Standard Model including particle
Lorentz and CPT violation [21]. A variety of data have been an-
alyzed under this formalism [22], including neutrino oscillations
[6-8]. In the SME formalism for neutrinos, the evolution of a neu-
trino can be described by an effective Hamiltonian [3],

1
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Here, E and p,, are the energy and the four-momentum of a neu-
trino, and (aL)ffb and (cL)ffb” are CPT-odd and CPT-even SME coef-
ficients in the flavor basis. Under the assumption that the baseline
is short compared to the oscillation length [23], the v, — v, o0s-
cillation probability takes the form,
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This probability is a function of sidereal time, Tg. Four parame-
ters (As)ew, (Acdepr (Bs)ey, and (Bc)ey, are sidereal time depen-
dent, and (C)e is a sidereal time-independent parameter. We use
a baseline distance of L = 522.6 m, where the average pion de-
cay length is subtracted from the distance between the neutrino
production target and detector. And wg is the sidereal time an-
gular frequency described shortly. These parameters are expressed
in terms of SME coefficients and directional factors [23]. The same
formula describes the v, — V. oscillation probability by switching
the signs of the CPT-odd SME coefficients. We neglect the standard
neutrino mass term, mgu/E < 10720 GeV, which is well below our
sensitivity, discussed later.

For this analysis, we convert the standard GPS time stamp for
each event to local solar time (period 86,400.0 s) and sidereal time
(period 86,164.1 s). We then define the local solar time angular
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