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The sidereal time dependence of MiniBooNE v, and 7. appearance data are analyzed to search
for evidence of Lorentz and CPT violation. An unbinned Kolmogorov-Smirnov test shows both the
ve and U, 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 7. appearance data slightly
prefer a sidereal time-dependent solution. Limits of order 1072° GeV are placed on combinations of
SME coefficients. These are the best limits of SME coefficients for v, — v. and 7,, — . oscillations.
The fit values and limits of combinations of SME coefficients are provided.

PACS numbers: 11.30.Cp, 14.60Pq, 14.60.St

Violation of Lorentz invariance and CPT symmetry is a predicted phenomenon of Planck scale physics, especially
with a spontaneous violation ﬂ], and it does not require
any modifications in quantum field theory or general rel-
ativity. Since neutrino oscillation experiments are nat-
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tions that deviate from the standard L/FE dependence E],
or that show sidereal time dependent oscillations as a
consequence of a preferred direction in the universe B]

In this paper, we test the MiniBooNE v, — v, and
v, — U oscillation data M, B] for the presence of a
Lorentz violation signal. Similar analyses have been
performed in other oscillation experiments, including
LSND [6], MINOS [7], and IceCube |§]. Naively, experi-
ments 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 E] In this case, one can
expect sidereal variations in short baseline, low energy
neutrino oscillation experiments.

MiniBooNE is a v, (7.) appearance short baseline neu-
trino oscillation experiment at Fermilab. Neutrinos are
created by the Booster Neutrino Beamline (BNB), which
produces a 93% (83%) pure v, (7,) beam in neutrino
(anti-neutrino) mode, determined by the polarity of the
magnetic focusing horn. The MiniBooNE Cherenkov de-
tector, a 12.2 m diameter sphere filled with mineral oil,
is used to detect charged particles from neutrino interac-
tions and is located 541 m from the neutrino production
target. It is equipped with 1,280 8” PMTs in an op-
tically separated inner volume, and 240 8" veto PMTs
in an outer veto region. Details of the detector and
the BNB can be found elsewhere ﬂE, |J__1|] Charged lep-
tons created by neutrino interactions in the detector pro-
duce Cherenkov photons, which are used to reconstruct
charged particle tracks ﬂﬂ] The measured angle and
kinetic energy of charged leptons from neutrino interac-
tions are used to reconstruct the neutrino energy, E¢F
for each event, under the assumption that the target nu-
cleon is at rest inside the nucleus and the interaction type
is a charged current quasielastic (CCQE) interaction ]

For this analysis, we use the background and error esti-
mates from M] For neutrino mode, data from 6.46 x 102°
protons on target (POT) are used. An excess in the “low
energy” region (200< E%F(MeV)<475) was observed,
with 544 events reported as compared to the prediction,
409.8 + 23.3(stat.)+38.3(syst.). Interestingly, this excess
does not show the expected L/E energy dependence of
a simple two massive neutrino oscillation model. Addi-
tionally, it is not consistent with the energy region ex-
pected for the “LSND” signal ] 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< E@F(MeV)<1300. The excess in this
“high energy” region is found to be consistent with the
LSND signal, assuming a two massive neutrino hypoth-
esis, but remains statistically marginal. In the “com-
bined” region (200< E$¥(MeV)<1300), MiniBooNE ob-
served 241 v, candidate events as compared to the pre-

diction, 200.7 £ 15.5(stat.)+14.3(syst.).

Although the conflict between MiniBooNE neutrino
and anti-neutrino mode results can be resolved in models
without CPT violation [16], CPT violation is a viable op-
tion. Since CPT violation necessarily implies violation of
Lorentz invariance within interactive quantum field the-
ory ﬂﬁ], 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 viola-
tion HE, ] can already accommodate world data in-
cluding the MiniBooNE and LSND excesses with a small
number of free parameters. Evidence for sidereal varia-
tion in the MiniBooNE excesses would provide a distinc-
tive direct signal of Lorentz violation.

We use the Standard Model Extension (SME) formal-
ism for the general search for Lorentz violation h] The
SME is an effective quantum field theory, and the min-
imum extension of the Standard Model including parti-
cle Lorentz and CPT violation @] A variety of data
have been analyzed under this formalism ], including
neutrino oscillations ﬂa@] In the SME formalism, the
evolution of a neutrino can be described by an effective
Hamiltonian [3],

1

(hew)ay ~ F(ar)"pu = (c2)" Pupvlab - (1)
Here, £ and p, are the energy and the 4-momentum
of a neutrino, and (az)!, and (cp)", are CPT-odd and
CPT-even SME coefficients in the flavor basis. Under
the assumption that the baseline is short compared to the
oscillation length [22], the v, — v, oscillation probability
takes the form,

L2

P~ ()2

[(C)ep + (As)ep sinwe T + (Ac)epn cos weTe
+(Bs)ep sin 2we Ty 4 (Be)ep cos 2waT|?. (2)

This probability is a function of sidereal time Tg. Four
parameters, (As)eu, (Ac)ep, (Bs)eu, and (Be)e, are side-
real time dependent, and (C).,, is a sidereal time indepen-
dent parameter. The baseline of neutrinos is L, and wg
is the sidereal time angular frequency described shortly.
These parameters are expressed in terms of SME coef-
ficients and directional factors @] The same formula
describes the v, — . oscillation probability by switch-
ing the signs of the CPT-odd SME coefficients.

For this analysis, we convert the standard GPS
time stamp for each event to local solar time (period
86400.0 sec) and sidereal time (period 86164.1 sec). We
then define the local solar time angular frequency wg =

g5 (rad/s) and the sidereal time angular frequency
we = gee7 (rad/s). The time origin can be arbi-

trary, but we follow the standard convention with a Sun-
centered coordinate system ﬂa] We choose a time-zero of
58 min after an autumnal equinox of 2002 (September 23,
04:55GMT), so that this serves not only as the sidereal
time-zero, but also as the solar time-zero since Fermilab is
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FIG. 1: The top plot shows the v,CCQE local solar time
distribution. The bottom plot shows the same events after
correcting for variations in POT. The x? of this distribution
with a flat hypothesis is 53.9/49 (29.3% compatibility).

on the midnight point at this time. The local coordinate
of the BNB are specified by three angles ﬂﬂ], colatitude
x = 48.2°, polar angle # = 89.8°, and azimuthal angle
¢ = 180.0°.

Any time dependent background variation, such as the
time variation of detector and BNB systematics, are im-
portant. To evaluate these, we use our high statistics
v, CCQE sample (Figure [ top). This data sample is
the same as our v, CCQE double differential cross section
measurement sample ] composed of 146,070 events
(5.58 x 10%° POT). The v,CCQE local solar time dis-
tribution exhibits +6% variation. The same variation
in local solar time is observed in the POT. After cor-
recting for variations in the POT, the resulting v, CCQE
distribution in local solar time is consistent with a flat
distribution (Figure [l bottom). Due to the extensive
running time of MiniBooNE (8 years), the variation in
solar time is completely lost when the v, events are plot-
ted in sidereal time. The much lower statistics of the v,
(7e) signal candidates further reduce the impact of any
day-night variations to a negligible level in either solar
or sidereal time, therefore no correction is applied in the
analysis of v, (7.) candidate events that follows.

To check for a general deviation from a flat distribu-
tion (null sidereal variation hypothesis), we perform an
unbinned Kolmogorov-Smirnov test (K-S test) [24] as a
statistical null hypothesis test for both the v, and v, sam-
ples. The K-S test is suitable in our case because it is
sensitive to runs in distributions, which may be a charac-
teristic feature of the sidereal time dependent hypothesis.
Table [l gives the result. The K-S test is applied to the
low energy, high energy, and combined regions, for both
neutrino, and anti-neutrino mode data. To investigate
the time dependent systematics, we also apply the K-S

low energy high energy combined

solar sidereal  solar sidereal solar sidereal

Neutrino mode
< E,> 036 GeV 0.82 GeV 0.71 GeV
#evt 544 420 964
P(KS) 042 0.13 0.81 0.64 0.64 0.14
Anti-neutrino mode

< Ey > 0.34 GeV 0.78 GeV 0.60 GeV
#evt 119 122 241
P(KS) 062 0.15 0.79 0.39 0.69 0.08

TABLE I: A summary of K-S test results on the sidereal and
local solar time distributions. The top table is for v, candidate
data, and the bottom table is for 7. candidate data. The
three rows show the average neutrino energy of each sample,
number of events, and the K-S test compatibility with the null
hypothesis. The test is performed in three energy regions, and
for both solar local time and sidereal time distributions.

test to the local solar time distribution. The test shows
none of the twelve samples has less than 5% compatibil-
ity (~ 20), which we chose as a benchmark prior to the
analysis. Hence, all samples are compatible with the null
sidereal variation hypothesis. Interestingly, the sidereal
time distributions tend to show lower compatibility with
a flat hypothesis, but not by a statistically significant
amount. These results indicate that any sidereal vari-
ation extracted from our data, discussed below, is not
expected to be statistically significant.

To fit the data with the sidereal time-dependent
model, we use_a generalized unbinned maximum likeli-
hood method ﬂﬁ] This method finds the best fit model
parameters by fitting data with a log likelihood function
£. Tt is suitable for our analysis because this method
has the highest statistical power for a low statistics sam-
ple. In this method, the log likelihood function ¢ is con-
structed by adding /¢; from each event. After dropping
all constants, ¢; has the following expression,

—\ 2
b= —%(us + o) + Infps Fy + o Fp] — % (—”babub> -(3)
Here, N is the number of observed candidate events,
is the predicted number of signal events, u; is the pre-
dicted number of background events, F; is the probabil-
ity density function (PDF) for the signal and is a func-
tion of sidereal time and the fitting parameters (Eq.
with proper normalization), 73 is the PDF for the back-
ground, o} is the 1o error on the predicted background,
and Tip is the central value of the predicted total back-
ground events. The parameter space is scanned (grid
search method) to find the largest ¢, or the maximum
log likelihood (MLL) point, and this MLL point provides
the combination of the best fit (BF) parameters. The
log likelihood function includes six parameters, five that
are functions of SME coefficients, and one for the back-
ground. However the background term is constrained



within a +1¢ range. Neither the neutrino nor the anti-
neutrino mode data allow us to extract errors if we fit
all five parameters at once, due to the high correlation
of parameters. Therefore, we set (Bs)ey and (Be)ey to
zero and concentrate on three parameters ((C)ep, (As)epu,
and (A;)ep) for the uncertainty estimates. Since the five
parameter fit is quantitatively similar to the three pa-
rameter fit, we will focus the discussion on the results on
the three parameter fits. This three parameter fit also
corresponds to the case with only CPT-odd SME coefhi-
cients [22].

Figure 2lshows the neutrino mode low energy region fit
results. The top three plots show the three projections
of three dimensional parameter space. Because of the
square of fitting parameters in the PDF, the BF point
has a sign ambiguity and is always duplicated. The 1o
and 20 contours are formed from a constant slice of the
log likelihood function in the three dimensional param-
eter space. These slices enclose 68% (10) or 95% (20)
of BF points for the three parameter fit of simulated, or
“fake” data sets with the signal. Note that because fit-
ting parameters are not linear in the PDF, twice the 1o
error does not yield the 20 error.

A null sidereal variation hypothesis, or a flat solu-
tion, is equivalent to a three or five parameter fit so-
lution where only the (C)., parameter is nonzero. The
fit to neutrino data favors a nonzero solution only for
the (C)e, term. The bottom plot in Figure 2] shows data
plotted against curves corresponding to the flat solution
and the best fits for three and five parameter functions.
Since all three curves are close to each other, the solu-
tion of neutrino mode is dominated by the sidereal time-
independent component. To find the significance of time
dependence over the flat distribution, fake data sets with-
out the signal are formed where the v, candidate events
are simulated without any time structure. The MLL dif-
ference between the three parameter fit and flat solution
is used to form a Ax?2, and the expected Ax? distribution
is determined by testing 500 random distributions from
the fake data sets. This test shows that there is a 26.9%
chance that a random distribution of v, candidate events
would yield a Ax? value equal to, or greater than, the
value observed for the data.

Figure Bl shows the analogous fit results for the anti-
neutrino mode combined energy region. Due to lower
statistics, the combined region is used rather than di-
viding the data into two subsets. Unlike the neutrino
mode low-energy region, the (C)., parameter no longer
significantly deviates from zero. The fit to anti-neutrino
data favors a non-zero solution for the (As)e, and (Ae)ep
parameters at the nearly 2o level. Performing the same
Ax? test as is outlined above results in only 3.0% of the
random distributions from the 7, candidate events having
a Ax? value exceeding the value observed for the data.
Note that this is consistent with the 8% compatibility
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FIG. 2: (color online) Three parameter fit results for the neu-
trino mode low energy region. The top three plots show the
projection of three dimensional parameter space. The dark
(light) shaded area shows the 1o (20) contour in each projec-
tion. The stars show the BF points. The bottom plot shows
the curves corresponding to the flat solution (dotted), three
parameter fit (solid), and five parameter fit (dash-dotted),
together with binned data (marker). Here, the fitted back-
ground is shown as a dashed line, and the BF value is 1.00
(i.e., equivalent to the central value of the predicted back-
ground).
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FIG. 3: Three parameter fit results for the anti-neutrino

mode combined region. Notations are the same as Fig.
Here, the BF value for the fitted background is 0.97 (3% lower
than the central value of the predicted background).

with a flat hypothesis found with the K-S test (Tab. ).

Table[[Tlshows fit parameters for the neutrino mode low
energy region and anti-neutrino mode combined region.
All errors are estimated from lo contours of parameter
space projections. Errors are asymmetric, but we choose
the larger excursions as the symmetric errors for simplic-
ity. The 20 contours provide the limits. In principle,
these fit parameters are complex numbers. Here all pa-



v—mode BF 20 limit 7—mode BF 20 limit

SME coefficients combination (unit 10729 GeV)

[(C)ep| 31406409 <4.2
[(As)ep| 0.6+0.94+0.3 <3.3
[(Ac)en| 04409404 < 4.0

0.1£08£01 <26
24+13+£05 <39
214+12+£04 <37

*((az)T, +0.75(ar)Z,]— < E > [1.22(cr)IT 4 1.50(cz) L7 + 0.34(cL)27]

+[0.66(ar)Y,]— < E > [1.33(cp)LY +0.99(cr)Y 2

£[0.66(ar)X,]— < E > [1.33(c)IX +0.99(c) X2

ep

TABLE II: The fit parameters for the neutrino mode low energy region and the anti-neutrino mode combined region. The
BF points are the MLL points of the log likelihood function, and 1o statistical and systematic errors are shown as well as 20
limits. Detailed expressions of each sidereal fit parameter are shown in terms of SME parameters, and directional factors Iﬁ]
The upper (lower) sign of (ar)?,, terms is applied for neutrino (anti-neutrino) results, due to the CPT-odd nature. The average
neutrino energy “< E >”" is 0.36 GeV for the neutrino mode low energy region and 0.60 GeV for the anti-neutrino mode

combined region (Tab. [I).

rameters are assumed to be real. A naive estimation from
Tab. [ indicates possible SME coefficients to satisfy the
MiniBooNE data are of order 1072° GeV (CPT-odd),
and 10720 to 10719 (CPT-even). However, these SME
coefficients are too small to produce a visible effect for
LSND ﬂa] On the other hand, any SME coeflicients ex-
tracted from LSND ﬂa] predict too large of a signal for
MiniBooNE. Therefore, a simple picture using Lorentz
violation to explain both data sets leaves some tension,
and a mechanism to cancel the Lorentz violating effect
at high energy E, 18, ] is needed.

In summary, we performed a sidereal time variation
analysis for MiniBooNE v, and 7, appearance candidate
data. For the neutrino mode low energy region, K-S test
statistics indicate the null hypothesis is compatible at the
13% level, and the relative improvement in the likelihood
between the null hypothesis and the three parameter fit
occurs 26.9% of the time in random distributions from a
null hypothesis. Analysis of the combined energy region
in anti-neutrino mode results in a K-S test that indicates
a 8% compatibility with the null hypothesis, however the
relative improvement in the likelihood between the null
hypothesis and the three parameter fit only occurs 3.0%
of the time in random distributions from a null hypothe-
sis. The limit of fit parameters, 1072° GeV, is consistent
with Planck scale suppressed physics, and is currently
the best limit for both v, — v, and v,, — v, oscillations.
This limit can be significantly improved by long baseline
Ve () appearance experiments, such as T2K [26] and
NOvA [27].
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